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production in proton–proton collisions at
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Differential cross-section measurements are presented for the production of a , boson in

association with a photon. The analysis is performed using proton–proton collision data

collected by the ATLAS experiment at
√
B = 13 TeV, corresponding to an integrated luminosity

of 140 fb−1. The differential cross sections are measured in the ,W → ℓaW decay channel

(ℓ = 4, `) as a function of 16 observables. Collectively, these observables probe the kinematic

properties of the,W system, the radiation amplitude zero effect predicted for the,W final state,

the polarisation of the , boson, the charge conjugation and parity structure of the ,,W triple

gauge coupling, and the parton distribution functions of the proton. The data are corrected

for the effects of detector inefficiency and resolution and are sufficiently precise that they can

be used to distinguish between different state-of-the-art theoretical predictions provided by

Sherpa, MadGraph5_aMC@NLO, and Geneva. The differential cross sections are used to

search for anomalous weak-boson self-interactions induced by dimension-six operators within

an effective field theory. For CP-odd operators, dedicated detector-corrected observables based

on the outputs of neural networks are found to be particularly sensitive to the interference

between the Standard Model and dimension-six scattering amplitudes. Constraints are placed

on the Wilson coefficients of the O, , O�,�, O,̃ and O�,̃� operators in the effective field

theory. The sensitivity to the O�,̃� operator is improved by a factor of 2.5 compared to

previous measurements in other final states.
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1 Introduction

The production of a , boson in association with a photon in proton–proton collisions is sensitive to a

diverse range of physical phenomena. The B-channel scattering amplitude contains the ,,W triple gauge

coupling as shown in Figure 1. Interference between the B-channel scattering amplitude and the C- and

D- channel scattering amplitudes results in a complete cancellation at certain points in the phase space

[1–5], a feature known as radiation amplitude zero. Radiation amplitude zero is an effect that occurs only

at leading-order (LO) in the Standard Model (SM) and the effect is removed when either (i) higher-order

quantum chromodynamic (QCD) corrections are included, or (ii) when the ,,W coupling deviates from

the SM prediction [5]. Measurements of inclusive ,W production can therefore be used to study QCD

calculations, to stress-test the gauge structure of the electroweak interaction, and to search for new physics

beyond the SM (BSM physics).

Inclusive ,W production is particularly sensitive to the dimension-six operators in effective field theory

(EFT) that induce anomalous electroweak-boson self-interactions or anomalous interactions between the

electroweak bosons and the Higgs boson. The anomalous interactions induce small deviations from the SM
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Figure 1: ,W production in the B-channel (left) and C-channel (right). The B-channel scattering amplitude contains

the ,,W triple gauge coupling.

predictions and the largest effects should arise from the interference between the SM scattering amplitude

and the BSM scattering amplitude (which contains the anomalous interaction). However, for diboson

production, there exists a no-interference theorem [6] that states that the interference is suppressed because

the dominant contributions to the SM and BSM scattering amplitudes occur for different , boson helicity.

Despite this, it has been shown that interference effects can be restored by accessing the off-diagonal

elements of the , boson spin density matrix via either (i) measurements of the , boson decay angles [7],

or (ii) measurements of angular correlations between the , boson decay products and the photon [8, 9].

Measurements of these angular observables in the , → ℓa decay channel (ℓ = 4, `) provide competitive

sensitivity to operators that conserve charge conjugation and parity (CP) [10], and have been proposed as

the most sensitive observables for studying CP-violating operators [9].

Measurements of inclusive ,W production can also be used to test the state-of-the-art predictions provided

by analytical QCD calculations and Monte Carlo event generators. Analytical calculations have shown

that the next-to-leading-order (NLO) inclusive ,W cross section is a factor of three larger than the LO

cross section [5, 11], with next-to-next-to-leading-order (NNLO) corrections further increasing the cross

section by about 20% [12, 13]. Differential cross section measurements of the ,W final state can test these

calculations across a wide kinematic region. Alternatively, restricting the quark/gluon radiation in the final

state by applying a jet veto suppresses the higher-order contributions and allows the radiation amplitude

zero effect to be studied. Finally, inclusive ,W production can also be used to probe the parton distribution

functions (PDFs) of the proton. The charge of the lepton from the , boson decay determines whether the

dominant contributions to the initial state arise from D3̄ or 3D̄ at leading order. The photon preferentially

couples to up-type partons and differential measurements of inclusive ,W boost asymmetries can then help

untangle the contributions of the valence quark and sea quark contributions [14].

In this paper, differential cross sections are measured for inclusive ,W production in the , → ℓa decay

channel using proton–proton collision data collected at a centre-of-mass energy
√
B = 13 TeV and with an

integrated luminosity of 140 fb−1. The measurements are divided into five categories:

Inclusive ]$ kinematic observables probe the basic kinematic properties of the ,W system. Differential

cross sections are measured as a function of the photon transverse momentum1, ?
W

T
, the charged-lepton

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 I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upwards.

Polar coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity is

defined in terms of the polar angle \ as [ = − ln tan(\/2) and is equal to the rapidity H =
1
2

ln
(

�+?I
�−?I

)

in the relativistic limit.

Angular distance is measured in units of Δ' ≡
√

(ΔH)2 + (Δq)2.
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Figure 2: The reference frame used to measure the , → ℓa decay angles, \ 5 , and q 5 , is constructed as follows. First,

the measured missing transverse momentum is taken as a proxy for the neutrino transverse momentum; the neutrino

longitudinal momentum is determined, with a two-fold ambiguity, by assuming a , → ℓa decay and imposing a ,

boson mass constraint on the ℓaW system. One of the two solutions is chosen at random. Second, the I axis is taken to

be the , boson direction in the centre-of-mass frame of the ℓaW system. A vector, r̂, is defined in the centre-of-mass

frame that defines the boost direction to the lab frame. The H axis is defined by ŷ = ẑ × r̂ and the G axis is defined

as x̂ = ŷ × ẑ. The azimuthal decay angle, q 5 , is taken to be the azimuthal angle of the negative helicity fermion

( 5−) in this special frame. The polar decay angle, \ 5 , is defined in the rest frame of the , boson relative to the ,

boost direction.

transverse momentum, ?ℓ
T
, the photon pseudo-rapidity, [W , the invariant mass of the lepton-photon system,

<ℓW , and the transverse mass of the ,W system, <
ℓaW

T
[5].

Radiation amplitude zero is probed by measuring the differential cross section as a function of the

difference in pseudorapidity between the charged lepton and the photon, Δ[ℓW .

Polarisation-sensitive observables are constructed from the , → ℓa decay angles (\ 5 , q 5 ), which are

defined using the negative helicity fermion from the , boson decay and measured in a special reference

frame [7], which is shown in Figure 2. A double-differential cross section is measured as a function of \ 5

and q 5 , which directly probes the , boson spin density matrix. In addition, a double differential cross

section is measured as a function of q 5 and ?
W

T
, which is sensitive to EFT interference effects that grow

with energy.

CP-sensitive observables are designed to be sensitive to the interference effects caused by anomalous

CP-violating ,,W interactions [8, 9]. Two types of CP-sensitive differential cross sections are measured.

The first is the differential cross section as a function of the pseudorapidity-ordered azimuthal angle between

the lepton and the photon, ΔqℓW = q8 − q 9 (with [8 > [ 9). The second is the differential cross section

as a function of an optimised observable, $NN, which is constructed from the outputs of a multi-class

neural network [9]. ΔqℓW is intrinsically CP-sensitive as a parity-odd observable, whereas $NN is trained

to optimally separate the constructive- and destructive- interference contributions for a given operator in

the effective field theory. The construction of $NN is discussed further in Section 6.

PDF-sensitive observables: The boost asymmetry is defined as

�
,W

boost
=

ffwd
W − fcent

W

ffwd
W + fcent

W

,
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where ffwd
W is the cross section for events with |[W | > |[ℓ | and fcent

W is the cross section for events with

|[W | < |[ℓ |. The boost asymmetry is measured separately for events containing leptons and antileptons and

as a function of the photon pseudorapidity and the (anti)lepton pseudorapidity.

Previous measurements of inclusive ,W production have been carried out at the D0 and CDF experiments

in proton–antiproton collisions at
√
B = 1.96 TeV [15–17]. At the LHC, the ATLAS and CMS experiments

have measured inclusive ,W production in proton–proton collisions at
√
B = 7 TeV [18, 19] . More recently,

the CMS experiment has measured the inclusive ,W fiducial and differential cross sections at
√
B = 13 TeV,

providing the most precise measurements to date and setting tight constraints on anomalous CP-conserving

,,W interactions [10, 20]. The measurements presented in this paper go beyond those studies in three

ways, by providing (i) new sensitivity to the ,-boson spin density matrix via the double differential cross

sections as a function of \ 5 and q 5 , (ii) new sensitivity to CP-violation via the differential cross sections

as a function of ΔqℓW and $NN, (iii) new sensitivity to PDFs via the boost asymmetry. In addition, the

differential cross section measurements as a function of the various kinematic observables has comparable

precision to that achieved previously.

2 ATLAS detector

The ATLAS detector [21] 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 |[ | < 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 [22, 23]. 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 |[ | = 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 |[ | < 4.9. Within the region |[ | < 3.2,

electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)

calorimeters, with an additional thin LAr presampler covering |[ | < 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 |[ | < 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 |[ | < 2.7,

complemented by cathode-strip chambers in the forward region, where the background is highest. The

muon trigger system covers the range |[ | < 2.4 with resistive-plate chambers in the barrel, and thin-gap

chambers in the endcap regions.
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The luminosity is measured mainly by the LUCID–2 [24] detector that records Cherenkov light produced

in the quartz windows of photomultipliers located close to the beampipe.

Events were 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 [25, 26]. The first-level

trigger accepted events from the 40 MHz bunch crossings at a rate close to 100 kHz, which the high-level

trigger further reduced in order to record complete events to disk at about 1.25 kHz.

A software suite [27] 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 Monte Carlo simulation

The inclusive ,W → ℓaW (ℓ = 4, `) signal is modelled using two different Monte Carlo (MC) event

generators, Sherpa and MadGraph5_aMC@NLO. The first sample is generated using Sherpa 2.2.11 [28]

with matrix elements at NLO accuracy in perturbative QCD for up to one additional parton in the final

state and at LO accuracy for up to four additional partons. The matrix element calculations were matched

and merged with the Sherpa parton shower based on Catani–Seymour dipole factorisation [29, 30] using

the MEPS@NLO prescription [31–34]. The virtual QCD corrections were provided by the OpenLoops

library [35–37]. The NNPDF3.0nnlo [38] set of parton distribution functions were used, along with the

dedicated set of tuned parton-shower parameters developed by the Sherpa authors. The second inclusive

,W sample is generated using MadGraph5_aMC@NLO [39–42]. This sample uses matrix elements at

NLO accuracy in perturbative QCD for up to one additional parton in the final state. The PDF set used in

the calculation is NNPDF3.0nlo. The matrix elements are matched to the Pythia8 parton shower [43]

using the FxFx scheme [42]. Pythia8 is also used to model the hadronisation and underlying event, with

the A14 set of tuned parameters [44]. This sample is referred to as MG5+Py8. In both the Sherpa and

MG5+Py8 samples, the Frixione isolation parameters for fragmentation photons [45] are set to X0 = 0.1,

n = 0.1 and = = 2.

The electroweak production of dijets in association with the ,W system constitutes approximately 1%

of the signal process and is not included in the samples discussed above. A sample of these EW ,W99

events is produced with Sherpa 2.2.12 and added to the signal predictions. The sample is generated using

matrix elements with up to one additional parton at LO in perturbative QCD. The PDF set used in the

calculation is NNPDF3.0nnlo. The matrix elements are matched to the Sherpa parton shower using the

MEPS@NLO prescription. The Frixione isolation parameters are X0 = 0.1, n = 0.1 and = = 2.

The production of ,W with the , boson decaying first to a g-lepton and then subsequently to an electron or

muon is treated as a background in this measurement. Samples of these events are produced using Sherpa

and MG5+Py8 in the same way as for the signal process (including the EW ,W99 contribution). /W events

also act as a source of background when one of the leptons from the / boson decay is not reconstructed

by the detector. An inclusive /W sample is generated using Sherpa 2.2.11 using the same settings as for

inclusive ,W production. The /W sample is scaled by a factor of 1.08 to match the signal strength reported

in recent ATLAS measurements [46]. A sample of EW /W99 events is produced with Sherpa 2.2.12 and

added to the prompt background, using the same event generator settings as for EW ,W99 events.

The production of CC̄W, C,W and C@W is another source of prompt background. These events are modelled

using the MadGraph5 event generator at LO accuracy in QCD, with the NNPDF2.3lo [47] PDF sets.

The events were interfaced with Pythia8 to model the parton shower, hadronisation, and underlying
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event, using the A14 set of tuned parameters [44]. For all backgrounds with prompt photons, the Frixione

isolation parameters are defined in the same way as for the signal samples. The CC̄W sample is scaled by a

factor of 1.44 to match the signal strength reported in recent ATLAS measurements [46, 48].

Diphoton production acts as background when one of the photons is misidentified as an electron. Samples

of these events are produced using Sherpa 2.2.4 with matrix elements accurate to NLO in QCD for zero or

one partons in the final state and LO in QCD for up to three additional partons. The NNPDF3.0nnlo PDF

set was used and the matrix elements were matched to the Sherpa parton shower using the MEPS@NLO

prescription.

Background processes that do not contain prompt leptons or prompt photons are estimated using data-driven

techniques as outlined in Section 5. The data-driven method to determine the background from / → 4+4−

events in which one electron is reconstructed as a photon (referred to as 4 → W) applies scale factors to

correct MC simulations. A / + jets sample is produced using Sherpa 2.2.11 at NLO accuracy in QCD for

up to two additional partons in the final state and at LO accuracy for up to 5 additional partons in the final

state. NNPDF3.0nnlo set of parton distributions are used and the MEPS@NLO prescription is used to

match the matrix elements to the parton shower. The data-driven estimate to determine the background

from events in which a jet is misidentified as a lepton ( 9 → ℓ) makes use of a dijet control region to

estimate the 9 → ℓ efficiency. Backgrounds in this control region arise from , + jets, / + jets and W + jets

production and are subtracted from the data. The , + jets sample is produced using the same settings as

for / + jets production. The W + jets sample is produced using Sherpa 2.2.2 with matrix elements accurate

to NLO in QCD for up to one parton in the final state and to LO in QCD for up to four additional partons.

NNPDF3.0nnlo set of parton distributions are used and the MEPS@NLO prescription is used to match

the matrix elements to the parton shower.

EFT studies are facilitated using dedicated samples produced using the MadGraph5 event generator at

LO accuracy in QCD for up to one additional parton in the final state. The NNPDF2.3lo PDFs are used

in the calculation. Pythia8 is used for parton showering, hadronisation and underlying event with the

A14 set of tuned parameters. The matrix elements are matched to the Pythia8 parton shower using the

CKKW-L procedure [49, 50]. The anomalous coupling effects predicted by EFT operators in the Warsaw

basis are implemented in SMEFTSim 3.0 [51, 52]. Samples are produced for the O,̃ , O�,̃�, O, and

O�,� operators. The ", scheme is chosen for the EW sector in the SMEFTSim configuration and a

* (2)3 symmetry is adopted for light quark transformations. The masses and Yukawa couplings of all

fermions except top and bottom quark are set to zero and the CKM matrix is set to the identity matrix.

All MC samples are passed through a detailed simulation of the ATLAS detector [53] based on Geant4 [54].

The effect of multiple proton–proton interactions (pile-up) in each bunch crossing is accounted for using

simulations of inelastic ?? collisions produced with Pythia8 [55]. These inelastic ?? interactions are

added to the signal and background simulations and weighted to ensure that the distribution of the average

number of pile-up interactions matches that observed in the data. Residual differences between lepton

trigger, identification and isolation efficiencies are corrected on an event-by-event basis using ?T and [

dependent scale factors. A similar approach is adopted to account for residual differences in the photon

identification and isolation efficiencies.
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4 Event and object selection

The measurements are performed using proton–proton collision data collected at a centre-of-mass energy of√
B = 13 TeV, with an integrated luminosity of 140 fb−1 [56]. The events are required to pass unprescaled

single-lepton triggers [57, 58]. The minimum transverse momentum thresholds applied to leptons in the

trigger depend on the lepton flavour, lepton isolation criteria, and data-taking period, and vary between

20 − 26 GeV. Events are required to satisfy stringent data quality criteria, which ensure that the ATLAS

detector was fully operational during stable beam conditions [59]. Events are also required to have at least

one reconstructed interaction vertex [60], where each candidate vertex has at least two charged-particle

tracks with ?T > 500 MeV. The primary vertex is defined as the vertex with the highest scalar sum of track

?2
T
.

Muons are reconstructed by matching tracks in the inner detector to tracks in the muon spectrometer and

have ?T > 7 GeV and |[ | < 2.5. Muons are required to pass the Loose identification working point and the

PflowLoose_VarRad isolation working point [61]. In addition, muons must originate from the primary

vertex by requiring |30/f30
| < 3 and |I0 sin\ | < 0.5 mm, where 30 is the distance of closest approach to

the primary vertex in the transverse plane, f30
is the corresponding uncertainty, and I0 is the longitudinal

distance between the primary vertex and the point at which 30 is defined.

Electrons are reconstructed from clusters of energy deposits in the electromagnetic calorimeter matched to

tracks reconstructed in the inner detector and have ?T > 7 GeV and |[ | < 2.47 (but excluding a calorimeter

crack region 1.37 < |[ | < 1.52). Electrons are required to satisfy the Loose identification working

point [62], the Loose_VarRad isolation working point [63], |30/f30
| < 5, and |I0 sin\ | < 0.5 mm.

Photons are also reconstructed from clusters of energy deposits in the electromagnetic calorimeter and are

subsequently defined as converted or unconverted. Converted photons are clusters that are matched to

one or two inner detector tracks commensurate with a W → 4+4− conversion vertex, whereas unconverted

photons are required to be unmatched to both inner detector tracks and photon conversion vertices. Photons

are required to have ?T > 12 GeV and |[ | < 2.37, excluding the crack region 1.37 < |[ | < 1.52. In

addition, photons are required to satisfy the Loose identification working point and the Loose isolation

working point [62].

Jets are reconstructed using the anti-:C algorithm [64, 65] with a distance parameter of ' = 0.4. The

inputs to the jet algorithm are calorimeter topoclusters and inner detector tracks, which are combined

using particle-flow algorithms [66]. The jet energy scale and resolutions are calibrated using ?T- and

|[ |- dependent correction factors determined from MC simulations and data-driven methods [67]. Jets

are required to have ?T > 20 GeV and |[ | < 4.4. Jets are also required to pass the tight working point of

the jet vertex tagging algorithm [68], which ensures that the jets originate from the primary vertex. Jets

containing a 1-hadron are identified with the DL1r tagger [69] with an average efficiency of 70% for true

1-jets, as estimated in ttbar events.

The magnitude of the missing transverse momentum, ?miss
T

, and the associated azimuthal direction, are

calculated from the negative vector sum of the transverse momenta of the muons, electrons, photons, jets,

and a track-based soft term [70]. The soft term is calculated from all inner-detector tracks that are not

matched to any of the reconstructed muons, electrons, photons or jets.

An object overlap removal procedure is applied to remove ambiguities in the object reconstruction. Electrons

are removed if they share an ID track with a muon. Jets are removed if they have Δ' < 0.2 with respect to

an electron or Δ' < 0.4 with respect to a photon. Jets are also removed if they have less than three tracks
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and have Δ' < 0.2 with respect to a muon. Photons are rejected if they have Δ' < 0.4 with respect to an

electron or a muon. Electrons and muons are then removed if they have Δ' < 0.4 with respect to a jet.

Following the overlap removal, events are required to contain exactly one lepton, at least one photon,

and have ?miss
T

> 40 GeV. The leading photon and the lepton are required to have ?
W

T
> 30 GeV and

?ℓ
T
> 30 GeV, respectively. The photon is then required to pass the Tight identification working point and

the TightCaloOnly isolation working point [62]. The identification and isolation criteria for the lepton

are also tightened; the Tight identification working point and Tight_VarRad isolation working point are

required for electrons, whereas the Tight identification working point and the PflowTight_VarRad isolation

working point are required for muons. Events are rejected if they contain any 1-jets with ?T > 20 GeV and

|[ | < 2.5, to reject backgrounds containing one or more top quarks. Similarly, events are rejected if the

invariant mass of the lepton-photon system is in the range 81 < <ℓW < 101 GeV, to reject backgrounds

arising from / → 4+4− with one of the electrons reconstructed as a photon. Finally, the separation of

the lepton and the photon is required to satisfy Δ' > 0.8. The majority of the differential distributions

are measured in this baseline region. The exceptions are the differential cross sections as a function of

ΔqℓW and Δ[ℓW , which are measured in a jet veto region in which events are required to have no jets with

?T > 30 GeV, in addition to the selections that define the baseline region. The double differential cross

section as a function of q 5 and ?
W

T
is measured in both the baseline and jet veto regions.

Figure 3 shows the number of events measured as a function of ?
W

T
, [W , <ℓW and Δ[ℓW . The data are

compared to a combined prediction containing the signal and all background processes. The signal and

prompt backgrounds are modelled using the MC simulations discussed in Sec. 3. The other backgrounds

are determined using the data-driven methods discussed in Sec. 5. The data are in reasonable agreement

with the combined predictions for the ?
W

T
, [W and <ℓW distributions, which are measured in the baseline

region. The combined prediction is below the data for the Δ[ℓW distribution, which is measured in the jet

veto region. The theoretical uncertainties on the signal and prompt backgrounds are much smaller in the jet

veto region and it is possible that they are underestimated due to the application of a jet veto [71].

The number of events selected in the data is 264094, with background processes accounting for 38% of the

yield. The dominant source of background is 9 → W background (40% of total background), followed by

prompt backgrounds (27%), the ℓ → W background (18%), the 9 → ℓ background (8%), and the pile-up W

background (7%). The agreement between data and combined prediction has also been checked separately

in the electron and muon channels, with good agreement and similar signal strengths observed in each

channel.

5 Background estimation

The backgrounds relevant to this analysis can be grouped into three categories. The first category comprises

prompt backgrounds that arise from processes that produce genuine photons and leptons in the final

state, such as , (→ ga)W, /W, CC̄W, C,W, and C@W. These contributions are estimated from Monte Carlo

simulation as discussed in Section 3. The theoretical and experimental uncertainties on these backgrounds

are discussed in Section 8.

The second category consists of non-prompt or fake backgrounds, where a reconstructed object is

misidentified as a photon or a lepton. These contributions are not reliably modelled in simulation and are

therefore determined with data-driven techniques based on template fits, control regions, and sideband

methods, with associated systematic uncertainties derived from these procedures.
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Figure 3: Predicted and observed yields as a function of (a) ?
W

T
, (b) [W , (c) <ℓW and (d) Δ[ℓW . The data are represented

as black points and the associated error bars represent the statistical uncertainty. Background processes with prompt

leptons and photons, such as /W production and the fully leptonic decays of CC̄W production, are estimated by using

simulations and labelled as ‘Prompt.’ Backgrounds arising from non-prompt leptons ( 9 → ℓ), non-prompt photons

( 9 → W), electrons-faking-photons (4 → W) and pile-up photons are estimated using data-driven techniques as

outlined in Section 5. The total uncertainty on the combined signal and background prediction is shown as a grey

band (the calculation of these uncertainties is outlined in Section 8).
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Finally, the pile-up background arises when a genuine photon from an additional proton–proton interaction

in the same bunch crossing is combined with a lepton from the hard-scatter , boson decay. Although

the photon is real, the combination fakes the ,W signal. This background is estimated separately using

data-driven techniques that exploit the separation between the photon and the primary vertex along the

beam axis.

The remainder of this section describes the estimation of the non-prompt and pile-up backgrounds, which

together constitute the dominant reducible contributions to the background of the analysis.

5.1 Jets faking photons

The dominant background for this analysis is due to ,+jets events where either a jet is misidentified

as a photon or a real photon produced within a hadronic jet passes the photon selection criteria. These

contributions, referred to as 9 → W, are estimated using a data-driven method. It is based on template fits

to the photon isolation distribution, and validated using an independent sideband (ABCD) method [72].

The measurement of the boost asymmetry uses an independent estimation of this background that follows

the same template-fit strategy.

Photon candidates in the analysis are required to pass tight identification and isolation criteria. The

calorimeter isolation variable, defined from the transverse energy within a cone of size Δ' = 0.4 around

the photon axis, is effective at separating real photons from jets. Prompt photons produce a narrow peak

near zero isolation, while jets give rise to a broad tail at higher isolation values. This separation is exploited

by constructing isolation templates for signal and background.

The signal template is obtained from simulated ,W events containing a Tight photon. The background

template is derived from data using events in which the photon passes a Loose identification working

point but fails the Tight requirement, thereby enriching the sample in jet-induced photons. A small signal

leakage into this control sample is estimated using simulation and corrected for in the template construction.

A binned fit to the isolation distribution then determines the relative contributions of real photons and

jet-induced photons. The 9 → W background yield is obtained by integrating the fitted jet-induced photon

template within the isolation range used in the analysis. This procedure is performed bin-by-bin for each

observable relevant to the differential cross section measurements.

An independent cross-check is performed using an ABCD method, in which photon identification and

isolation are treated as approximately uncorrelated variables. Four regions are defined: the signal region

(tight ID, isolated), and three control regions corresponding to either looser identification or inverted

isolation. The number of jet-induced photons in the signal region is then predicted from the control regions

after correcting for signal leakage and prompt-photon contamination. The method provides good statistical

precision and a conceptually simple validation of the template fit. Some discrepancies are observed in the

highest ?T and most forward bins in [, where correlations between the two variables are significant, and

the ABCD method is expected to become less reliable.

The dominant sources of systematic uncertainty in the 9 → W estimate are associated with the construction

of the background template and with the modelling of the prompt photon template. For the systematic

uncertainty associated with the background template, alternative loose identification working points are

used to construct the background templates. The spread of the 9 → W predictions obtained from fitting the

isolation distribution with different background templates is taken as the systematic uncertainty, which is

typically around 12% . For the systematic associated with the modelling of the prompt photon template,
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different event generators (Sherpa and MG5+Py8) are used in the fit to the isolation distribution and the

observed differences of around 4% are propagated as uncertainties.

5.2 Jets faking leptons

Events in which a jet is misidentified as a lepton, or where a non-prompt lepton is produced inside a

hadronic shower and satisfies the analysis selection, constitute another source of background for this

analysis. In the electron channel, such contributions originate mainly from Dalitz decays or misidentified

hadrons, while in the muon channel, they arise predominantly from semileptonic decays of heavy-flavour

hadrons. Since the modelling of these processes is affected by large uncertainties in hadronisation and the

detector response, a fully data-driven strategy is adopted for each lepton channel.

Two complementary approaches are considered: the matrix method, extended with a Poisson likelihood fit,

and the fake factor method [73]. Both rely on defining two nested lepton selections. “Baseline” leptons

satisfy looser identification and isolation criteria, chosen to enhance the contribution of fakes, while “tight”

leptons correspond to the signal definition used in the analysis. By construction, every tight lepton is also a

baseline lepton. The probability for a baseline lepton to pass the tight requirements is measured separately

in samples enriched in prompt leptons, providing the real efficiency nA , and in samples enriched in fake

leptons, giving the fake efficiency n 5 .

The real efficiency is measured using / → ℓℓ events. Events with exactly two oppositely charged,

same-flavour leptons with invariant mass within 10 GeV of the / boson mass are selected. To reduce

diboson and top-quark backgrounds, requirements on missing transverse energy and a 1-jet veto are applied.

The leading lepton is required to pass the tight selection and to match the trigger, while the subleading

lepton is used as a probe. The fraction of probe leptons passing the tight criteria defines nA as a function

of ?T and [. This region is very pure in / boson events, and comparisons of data and simulation show

excellent agreement.

The fake efficiency is measured in a dijet sample selected with one baseline lepton and at least one jet with

?) ≥ 35 GeV. Requirements on the azimuthal separation between the lepton and the jet (|Δq(ℓ, 9) | > 2.8),

as well as low missing transverse momentum (?miss
T

< 25 GeV), suppress contributions from ,+jets and

/+jets events with prompt leptons. Residual prompt contributions are subtracted using simulation, and

systematic uncertainties are assigned to this subtraction. To obtain stable estimates in bins of lepton ?T

and [, a bootstrap resampling technique [74] is employed to determine both the central value and statistical

uncertainty of n 5 .

The efficiencies are applied in an “application region” defined by the baseline lepton selection. The

matrix method relates the observed numbers of tight and non-tight leptons to the underlying real and fake

components via nA and n 5 . In the fake factor method, the prompt contribution in the application region

is subtracted before applying the fake factor. The resulting 9 → ℓ yields are computed separately in the

electron and muon channels and for each observable used in the measurement.

The matrix method is taken as the nominal estimate, with the difference to the fake factor method assigned

as an uncertainty that is typically about 4%. Additional systematic uncertainties are considered, including

the statistical precision of the control region measurements, the subtraction of prompt leptons in the dijet

region, and differences in fake composition between control and signal regions. Validation regions, defined

with inverted missing transverse momentum requirements, provide further cross-checks. In all cases, the

data are well described by the background model within the assigned uncertainties.
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5.3 Electrons faking photons

In the electromagnetic calorimeter, electrons and photons both produce narrow, localised energy deposits,

making it possible for prompt electrons to be misidentified as photons. This background, denoted 4 → W,

is expected to contribute at the ∼10% level to the selected data sample. This background contribution is

estimated using a data-driven fake factor method, which corrects the simulation with scale factors measured

in control regions.

The basic observable is the ‘4 → W fake rate’,

�4→W =
#4W

#44

,

defined as the ratio of reconstructed / → 4W candidates, where one electron candidate is misidentified as a

photon, to reconstructed / → 44 events, where both electron candidates are identified as electrons. The

4 → W fake rate can be measured both in data and in the simulation, using / → 44 events. The ratio of the

two defines a scale factor

SF =

�data
4→W

�MC
4→W

,

which quantifies the mismodelling of the mis-identification rate in simulation. The method is applied

by reweighting simulated events that contain an electron reconstructed as a photon with the scale factor

evaluated as a function of the transverse momentum and pseudorapidity of the misidentified photon

candidate.

The event yields in the 4 → W fake rate are measured using a tag-and-probe method in control regions

enriched in / → 44 events. The leading electron candidate is required to satisfy Tight identification and

isolation criteria, while the second candidate electron is treated as the probe. When the probe electron

candidate is reconstructed as an electron, the event is selected for the 44 control region, and when it is

reconstructed as a photon, it is selected for the 4W control region. Fits to the invariant mass of the 44 or 4W

system in the range 70 < <ℓℓ < 110 GeV are used to extract the yields of true / boson events, separating

them from background contributions. The scale factors obtained from the extracted yields are in agreement

with those obtained in earlier ATLAS measurements [75]. The dominant systematic uncertainties arise

from electron and photon identification efficiencies, energy resolution, and pile-up modelling. The <ℓℓ

range used in the fit to extract the /-boson yields is also varied. These uncertainties typically result in 5%

variations in the 4 → W background estimate, corresponding to a 0.5% effect on the total event yield.

5.4 Pile-up backgrounds

In proton–proton collisions at the LHC, multiple interactions typically occur within the same bunch

crossing. As the position of the photon production vertex is not well measured in the absence of an ID

track, a selected photon can originate from an interaction that is different from the one producing the

lepton from the , → ℓa decay. Such mis-associations produce a background that mimics the ,W signal.

Although small in absolute size, this pile-up background contribution is non-negligible.

The method to estimate the pile-up background relies on the longitudinal separation along the beam axis

between the reconstructed photon position, extrapolated to the beam line (IW), and the primary vertex

associated with the lepton (IPV). The distribution of

ΔI = IW − IPV

13



is used to distinguish genuine ,W events from pile-up. For signal and background events where the

reconstructed photon and lepton originate from the same vertex, ΔI is sharply peaked at zero, with a width

determined by the detector resolution. In contrast, for pile-up events the two quantities are uncorrelated,

giving a broader Gaussian distribution with width ∼50 mm, consistent with the longitudinal spread of two

independent proton–proton collisions.

The determination of IW depends on the photon type. For converted photons, IW is obtained from tracks

associated with the conversion vertex, providing sub-millimetre precision when the conversion occurs

inside the silicon detectors. For unconverted photons, IW is estimated by calorimeter pointing, using the

shower profile of the photon in the first two calorimeter layers [76]. Since the resolution of converted

photons is significantly better, the analysis uses this category to obtain a more precise estimate.

The fraction of pile-up events is extracted by comparing the observed ΔI distribution in data to the

expectation from simulated ,W events. The signal component is normalised to the data in the central

region around ΔI ≈ 0, while the tails at |ΔI | > 50 mm, which are dominated by pile-up, are used to

measure that contribution. This approach yields an overall pile-up fraction of 5PU = (4.8 ± 0.3)%. To

avoid double-counting with the jet-induced photon background, which is treated separately, a photon purity

correction is applied [77]. The resulting estimate for the pile-up photon background is 5PU = (2.6 ± 0.4)%.

For the kinematic measurements presented in this paper, the estimate is performed independently for each

measured bin.

6 Construction of CP-sensitive observables using neural networks

Anomalous interactions are typically described using EFT, in which the SM Lagrangian is augmented with

dimension-six operators, i.e.,

L = LSM +
∑

8

28

Λ2
O8 (1)

where LSM is the SM Lagrangian, the O8 are a set of the dimension-six operators, and the 28/Λ2 are Wilson

coefficients that specify the strength of the anomalous interactions. The dimension-six operators can be

CP-even or CP-odd. The squared scattering amplitude for the effective field theory prediction can be

written as

|M|2 = |MSM |2 + 2 Re(MSM
∗Md6) + |Md6 |2, (2)

where MSM is the SM scattering amplitude and Md6 is a ‘dimension-six’ scattering amplitude that

contains the anomalous interaction. The cross-section therefore contains three contributions: the SM

contribution, the interference between the SM amplitude and the dimension-six amplitude, and a pure

dimension-six contribution. The SM contribution and the pure dimension-six contributions are always

CP-even, regardless of the nature of the operator. However, the interference contribution will be CP-even for

CP-even operators and CP-odd for CP-odd operators. For CP-odd operators an equal amount of constructive

interference and destructive interference occurs, meaning that the interference term integrates to zero for

CP-even observables. The presence of CP-odd anomalous interactions can therefore only be probed using

appropriately constructed CP-odd observables, such as ΔqℓW .

The EFT samples described in Section 3 are produced using a decomposition scheme, whereby the

SM, interference and pure-dimension-six contributions are produced separately. Following the approach

outlined in Refs. [9, 78], an optimised CP-sensitive observable is constructed using a neural network (NN).
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The NN is trained to distinguish between constructive interference, destructive interference, and the SM.

The outputs of the neural network are then used to construct a new observable,

$NN = %+ − %−, (3)

where %+ is the probability of the event to be constructive interference and %− is the probability of the

event to be destructive interference. The sum of probabilities is %+ + %− + %(" = 1, where the %(" is the

probability of the event to be a SM contribution.

The NN used in this method is a multilayer perceptron (MLP), which is composed of multiple layers of

neurons, including input layer, output layer, and multiple hidden layers. All layers are arranged in a hierarchy

structure and are fully connected to the subsequent layer. A dedicated MLP is trained for each CP-odd EFT

operator using SM events and the related EFT interference samples. The EFT interference sample is split

according to the MC event weight into two classes: positively-weighted events and negatively-weighted

events, which capture the constructive and destructive interference, respectively. The MC event weight

is only used to define the classes and is not used in the MLP training. The SM events make up the third

class.

The MLP is constructed using Keras [79] and TensorFlow [80]. The Sequential model is chosen with three

hidden layers of 100, 50 and 20 neurons, respectively, each employing a ReLU activation function [81]. Ten

variables are input to the network: the transverse momentum, pseudo-rapidity, azimuthal angle and charge

of the lepton, the transverse momentum, pseudo-rapidity and azimuthal angle of the photon, the magnitude

and azimuthal angle of the missing transverse momentum, and the leading jet transverse momentum. To

avoid inefficient training and biased learning, the input variables are scaled: the angular variables and

the lepton charge are linearly scaled to the range [0,1], whereas the momentum-based variables are first

log transformed and then linearly scaled to the range [0,1]. The scaling parameters for each variable are

determined using the training dataset. There are three output classifications, SM, constructive interference,

and destructive interference. The output layer therefore has three neurons and uses softmax activation

functions. The categorical cross-entropy [82] loss function is chosen (with one-hot encoding) alongside

the Adam optimiser [83] for the network weights and biases. The batch size is chosen to be 5000 and the

networks are trained for up to 200 epochs. Early stopping is implemented with a min-delta of zero and a

patience of 3 or 10, for the O�,̃� and O,̃ operators, respectively. The min-delta and patience choices

were chosen to avoid the training being stopped too early, a situation that can arise due to the kinematic

similarity between the constructive- and destructive- interference classes.

For both classifiers, the input data is split into training data (80%), validation data (10%) and test data

(10%). The training data is used to train the MLPs and the validation data is used in the early stopping

criteria. The test data is used to test for overtraining, with no obvious biases observed in the reconstructed

$NN distributions. Each MLP achieves an accuracy of around 56%, which is reasonable compared to

random chance (33%). Receiver-operating characteristics are checked for each class in the model using

the test data and the area-under-the-curve found to be between 0.71 and 0.81 depending on the class and

model.

Figure 4 shows the number of events measured in the baseline region as a function of $NN for the O�,̃�

and O,̃ operators. The data are in good agreement with the combined prediction containing the signal and

all background processes. The signal and prompt backgrounds are modelled using the MC simulations

discussed in Sec. 3. The other backgrounds are determined using the data-driven methods discussed

in Sec. 5. A data augmentation approach is taken when deriving the data-driven backgrounds for $NN

(and ΔqℓW): the distributions are filled twice using values of $NN and $NN,CP, where $NN,CP is the
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Figure 4: Predicted and observed yields as a function of $NN for (a) the O�,̃� operator and for (b) the O,̃ operator.

The data are represented as black points and the associated error bars represent the statistical uncertainty. Background

processes with prompt leptons and photons are estimated by using simulations and labelled as ‘Prompt’. Backgrounds

arising from non-prompt leptons ( 9 → ℓ), non-prompt photons ( 9 → W), electrons-faking-photons (4 → W) and

pile-up photons are estimated using data-driven techniques. The total uncertainty on the combined signal and

background prediction is shown as a grey band.

observable obtained after applying a CP-transform to the data. A weight of 0.5 is used for each event when

filling the histograms twice to preserve the overall normalisation. The data augmentation ensures that

the data-driven backgrounds are CP-even in the observable and improves the statistical accuracy of the

data-driven background by a factor of
√

2.

7 Correction for detector effects

Differential cross sections for inclusive ,W production are measured at the particle level, by subtracting

the backgrounds from the observed event yields in each bin of each distribution and then correcting for the

effects of detector inefficiency and resolution.

The particle level is defined using objects and selections that closely resemble the detector-level selections

presented in Section 4. Final state particles are defined as those with 2g > 10 mm. Prompt particles

are defined as those that do not originate from the decay of a hadron. Charged leptons are defined by

dressing prompt electrons and prompt muons with all nearby prompt photons, i.e. those within a distance

Δ' < 0.1. Leptons from g decays are ignored. Dressed electrons are required to have ?T > 7 GeV and

|[ | < 2.47, but excluding the region 1.37 < |[ | < 1.52. Dressed muons are required to have ?T > 7 GeV

and |[ | < 2.5. Photons are required to be prompt and satisfy ?T > 12 GeV and |[ | < 2.37, but excluding

the region 1.37 < |[ | < 1.52. Jets are defined using the anti-:C algorithm with radius parameter of ' = 0.4

and are required to have ?T > 20 GeV and |H | < 4.4. The input to the jet finding algorithm are all final
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state particles excluding prompt leptons. Jets are identified as 1-jets if they contain a �-hadron with

?T > 5 GeV within Δ' < 0.3 of the jet centre. The missing transverse momentum is defined as the vector

sum of all final-state non-interacting prompt particles. An overlap removal procedure is then applied to the

reconstructed leptons, photons and jets to mimic the procedure applied at detector level. Jets are removed

if they are within Δ' < 0.4 of a photon or Δ' < 0.2 of a lepton. Following this, photons and jets are

removed if they are within Δ' < 0.4 of a lepton.

The baseline fiducial region for the majority of the differential measurements is defined as containing

exactly one lepton, at least one photon, zero 1-jets, and ?miss
T

> 40 GeV. The lepton and the leading

photon are required to have ?T > 30 GeV. Photons are also required to be isolated, i.e. the scalar sum

of transverse momenta of all interacting particles within Δ' < 0.4 of the photon is required to satisfy

?iso
T

< 0.026?
W

T
+ 8.21 GeV. The photon and lepton are required to be separated by Δ' > 0.8 and have

an invariant mass of <ℓW < 81 GeV or <ℓW > 101 GeV. For the differential cross sections measured as a

function of ΔqℓW and Δ[ℓW , events are also required to have no jets with ?T > 30 GeV; this is referred to as

the jet veto fiducial region. The double differential cross section as a function of ?
W

T
and q 5 is measured in

both the baseline and jet veto regions. Finally, the measurements of the boost asymmetry are unfolded to a

common phase space for leptons, i.e. |[ℓ | < 2.5.

Each distribution is unfolded to particle level using D’Agostini’s iterative unfolding method [84]. This

method uses Monte Carlo simulations to (i) remove events that are reconstructed at detector level but

not in the fiducial region at particle level (fiducial fraction), (ii) reverse the migrations between bins of

distributions, and (iii) correct for events that are in the fiducial region at particle level but not reconstructed

at detector level (reconstruction efficiency). The Sherpa ,W sample is used as the default simulation

for unfolding, with the EW ,W99 contribution included. The binning of each distribution is chosen such

that the purity of each bin is typically greater than 60% and that the expected statistical accuracy of the

background-subtracted data is around 1-2%. The number of iterations is chosen to minimise the overall

uncertainty, accounting for statistical uncertainties and bias in the unfolding method. The unfolding bias

is determined using a data-driven method and described in Sec. 8. Two iterations are chosen for all

distributions except $�,̃�
NN

and $,̃
NN

, where three iterations are needed.

The unfolding procedure introduces statistical correlations between neighbouring bins in the measured

distributions. These correlations are small (1-4%) for the ?
W

T
, ?ℓ

T
, [W , Δ[ℓW , ΔqℓW and <ℓW distributions,

but rise to 10% for the <
ℓaW

T
distribution. The largest correlations (around 20%) are observed for some bins

in the $,̃
NN

and $�,̃�
NN

distributions, and for the double differential distributions involving the , boson

decay angles.

8 Systematic uncertainties

Experimental systematic uncertainties arise from lepton reconstruction, photon reconstruction, jet re-

construction, 1-jet identification, missing transverse momentum reconstruction, the pile-up of multiple

proton–proton interactions, and the luminosity of the dataset.

The lepton trigger efficiencies and lepton and photon reconstruction, identification and isolation effi-

ciencies in simulation are corrected on an event-by-event basis using scale factors as outlined in Sec. 3.

Systematic uncertainties associated with this procedure are determined by varying the scale factors by

their corresponding uncertainties [61–63, 85, 86]. Lepton and photon energy and momentum scales are

also calibrated using data and the calibrations are accounted for by scaling and smearing the lepton and
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photon transverse momenta accordingly. The overall impact of the muon uncertainties and the electron

efficiency uncertainties on the measured differential cross sections is typically less than 1%. The impact of

photon efficiency uncertainties is larger, being about 2.5% at low ?
W

T
and 1.5% at high ?

W

T
. The impact of

electron/photon energy scale and resolution systematics rises from sub-percent at low ?
W

T
to 3% at high ?

W

T
.

For the boost asymmetry measurements, the lepton and photon uncertainties impact the numerator and

denominator of the ratio in a correlated way and largely cancel.

The jet energy scale is calibrated using ?T- and [- dependent correction factors as described in Sec. 4.

Systematic uncertainties on these correction factors are propagated through the analysis by scaling and

smearing the reconstructed jet momentum accordingly [87, 88], which accounts for residual differences

between data and simulation in the jet energy scale and resolution. Uncertainties due to the inefficiency of

the jet vertex tagger [68] and 1-jet identification [69, 89] algorithms are evaluated by applying scale factors

to the MC event weights. The impact of jet energy scale and resolution uncertainties on the measured

differential cross sections are typically around 2%, except in the jet veto phase space and at low <
ℓaW

T
,

where the impact is 5% and 6%, respectively. The impact of flavour-tagging uncertainties is less than 0.5%.

Again, these experimental uncertainties largely cancel for the boost asymmetry measurements.

The missing transverse momentum is evaluated using the negative vector sum of all identified electrons,

muons, photons and jets, as well as a soft-term to account for low-?T activity. The uncertainties in the

leptons, photons and jets reconstruction and calibration are propagated directly to the missing transverse

momentum calculation. An additional uncertainty associated with the energy scale and resolution of

the soft term is evaluated independently [70] and found to have an impact of about 1% – 1.5% on the

differential cross sections.

The uncertainty in the luminosity at ATLAS is determined to be 0.83% for the Run 2 dataset [56], using

a combination of Van Der Meer beams scans and measurements taken by the LUCID-2 detector [24].

The pile-up modelling in simulation involves overlaying the simulated hard-scatter events with inelastic

proton–proton collisions as described in Sec. 3. The uncertainty in the pile-up modelling is obtained by

reweighting the distributions to account for residual differences between the data and simulation. The

impact of this uncertainty is typically less than 1%, but as high as 1.5% at very low ?ℓ
T
.

Prompt backgrounds are impacted by all of the experimental uncertainties discussed above. Theoretical

uncertainties in the estimation of the prompt backgrounds are obtained by independently varying the

renormalisation scale, `R, and factorisation scale, `F, by factors of 0.5 and 2.0, with the added requirement

that 0.5 < `R/`F < 2.0. This produces six possible variations, each of which changes the normalisation

and shape of the background. These variations are propagated through the analysis. The final uncertainty in

the differential cross section is taken to be the envelope of the results obtained from the six variations. PDF

uncertainties are accounted for using the quadrature sum of the deviations induced by the 100 eigenvectors

of the Hessian NNPDF set. The uncertainty in the PDFs due to the choice of U( is estimated separately by

NNPDF by varying the value of U( by ±0.001; this is added in quadrature with the uncertainty obtained

from the eigenvectors. The combined impact of scale and PDF variations in the prompt backgrounds is

found to be typically 2%. Statistical uncertainties in the prompt backgrounds are propagated through the

analysis directly and found to be typically 0.2%.

The uncertainties in the data-driven background estimates for 9 → W, 9 → ℓ, 4 → W, and pile-up (PU)

photons, are described in Sec. 5. These uncertainties are propagated directly through the analysis chain.

The statistical uncertainties in these estimates arise from data and are included in the statistical uncertainty

of the unfolded measurement. The largest systematic uncertainty is associated with the 9 → W estimate,

which is around 4% at low ?
W

T
but falling to 1% at high ?

W

T
. The systematic uncertainty associated with
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the 9 → ℓ estimate is typically about 1.5% but rises to 4% for low ?ℓ
T
. The impacts of the systematic

uncertainties in the PU photon estimate and in the 4 → W estimate are negligible.

The unfolding procedure is outlined in Sec. 7 and uses inclusive ,W simulations produced with Sherpa

to correct the background-subtracted event yields for the effects of detector inefficiency and resolution.

The signal simulations are affected by all of the experimental uncertainties discussed above. In addition,

theoretical uncertainties in the signal modelling are evaluated in four ways. First, the factorisation scales

and renormalisation scales in the default Sherpa simulation are varied by factors of 0.5 and 2.0, with the

restriction that 0.5 < `R/`F < 2.0. Second, the uncertainty due to PDF choice is evaluated in the same

way as for the prompt backgrounds, using the 100 eigenvector variations of the NNPDF set and by varying

the choice of U( used in the PDFs. Third, a data-driven test of the bias in the unfolding is estimated by

independently reweighting the response matrix such that the Sherpa simulation better matches the data for

each measured distribution. Finally, the impact of the choice of event generator is determined by using the

MG5+Py8 simulation of ,W events, but after reweighting the MG5+Py8 response matrix to match the

Sherpa response matrix to avoid double counting the uncertainty estimated using the data-driven bias

test. The latter is the largest of the four contributions, which are treated as independent and uncorrelated

estimates of the signal modelling uncertainty. The overall impact of the signal modelling uncertainties

on the differential cross sections is typically 2-3%, but can rise to over 10% at high |$NN | and at high

transverse momentum in the ?
W

T
× q 5 distributions.

The impact of each source of uncertainty on the differential cross sections is shown in Figure 5 for the ?
W

T
,

[W , Δ[ℓW and $NN distributions. The systematics associated with the data-driven background are typically

the dominant uncertainties in the measurements, with signal modelling uncertainties being important at

high-?
W

T
and high-|$NN |.

9 Results

In this section, the detector-corrected measurements that probe the kinematic properties of the ,W system

are presented. This includes differential cross sections sensitive to the radiation amplitude zero effect, the

polarisation of the , boson, and the CP-structure of the ,,W triple gauge interaction, as well as boost

asymmetry observables that can be used in global PDF fits.

The differential cross sections are compared to four different Standard Model particle-level predictions

for inclusive ,W production. Two of these are constructed from the Sherpa and MG5+Py8 samples

presented in Section 3. Sherpa is accurate to NLO in QCD for zero and one jets in the final state and

to LO for up to four additional jets. MG5+Py8 is accurate to NLO in QCD for zero and one jets in the

final state. Geneva [13, 90–93] is used to provide an inclusive ,W prediction that is accurate to NNLO in

QCD. Geneva matches a resummed soft collinear effective field theory prediction to fixed order NNLO

predictions and is interfaced to Pythia8 for parton showering, hadronisation and underlying event. The

NNPDF3.1nnlo PDF is used and the CP5 set of tuned parameters [94]. This prediction is referred to as

Geneva+Py8. A final prediction is produced by scaling the Geneva+Py8 prediction with virtual EW

corrections estimated with Sherpa. This prediction is referred to as Geneva+Py8+EWvirt in the subsequent

discussion. Uncertainties on the Sherpa and MG5+Py8 predictions are determined by independently

varying the renormalisation and factorisation scales by factors of 0.5 and 2.0 and taking the envelope of all

such variations. Uncertainties on the Geneva+Py8 prediction arise from renormalisation/factorisation scale

variations as well as variations in the resummation scales (beam scale, soft scale, and profile transition).

The total uncertainty on Geneva+Py8 is taken to be the quadrature sum of two envelopes, one formed
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Figure 5: Relative uncertainties on the differential cross-sections as a function of (a) ?
W

T
, (b) [W , (c) Δ[ℓW and (d) $NN.

Sources of uncertainty are grouped together for clarity. The total systematic uncertainty is shown as the quadrature

sum of each source of uncertainty.

from the renormalisation and factorisation scale variations and one formed from the resummation scale

variations. The uncertainty on Geneva+Py8 is propagated to the Geneva+Py8+EWvirt prediction.

Figures 6 (a)-(c) show the differential cross section measurements as a function of ?
W

T
, [W , and <ℓW in the

baseline fiducial region. The Sherpa prediction is in agreement with the data for all three distributions but

has large theoretical uncertainties. The MG5+Py8 prediction has smaller uncertainties than Sherpa and is

in agreement with the data at low ?
W

T
but it overestimates the cross section at high-?

W

T
. The Geneva+Py8

prediction has smaller uncertainties than both Sherpa and MG5+Py8 but also overestimates the cross

section at high-?
W

T
. The Geneva+Py8+EWvirt prediction has the best agreement with the data across all

kinematic regions, with the NLO EW virtual corrections playing a crucial role at high momentum scales.

Figure 6 (d) shows the differential cross section as a function of Δ[ℓW in the jet veto fiducial region. This

variable can be used to probe the radiation amplitude zero (RAZ) effect, which is predicted at LO in QCD

but is removed when higher-order QCD corrections are included in the calculation. Imposing the jet veto

restricts real emissions and enhances the RAZ effect. The data and the theoretical predictions demonstrate

the dip at |Δ[ℓW | = 0 that is a characteristic of RAZ. Although all theoretical predictions are below the data
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Figure 6: Differential cross sections measured as a function of (a) ?
W

T
, (b) [W , (c) <ℓW and (d) Δ[ℓW . The unfolded data

are shown as black points, with the statistical uncertainty represented by an error bar and the systematic uncertainty

represented as a grey band. The data are compared with theoretical predictions produced by Sherpa (orange points),

MG5+Py8 (blue points) and Geneva+Py8 (green points). The Sherpa and MG5+Py8 predictions are accurate

to NLO in QCD for zero and one jets. Geneva+Py8 is accurate to NNLO for inclusive ,W production. The

Geneva+Py8+EWvirt prediction (pink points) is accurate to NNLO in QCD and NLO for virtual EW corrections.

Uncertainty bands derived from scale variations are shown for all four theoretical predictions. Each theory prediction

is slightly offset from the bin centre to avoid overlap.
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at high values of |Δ[ℓW |, it is possible that their uncertainties are underestimated due to the application of a

jet veto when measuring a process that has large higher-order corrections [71].

Figure 7 (a) shows the double differential cross section as a function of \ 5 and q 5 , which are the polar and

azimuthal angles of the negative helicity fermion from the , boson decay as reconstructed in the special

reference frame defined in Section 1. This distribution is measured in the baseline fiducial region. These

angular variables probe the polarisation state of the , boson and provide direct sensitivity to the , boson

spin-density matrix. The measured angular distributions are in good agreement with the Standard Model

predictions, indicating the data are consistent with the expected , boson polarisation states for inclusive

,W production.

Figure 7 (b) shows the double differential cross sections as a function of q 5 and ?
W

T
. The q 5 observable is

sensitive to the interference between scattering amplitudes that contain , bosons in different polarisation

states. The q 5 observable was proposed in Ref. [7] as a way to probe EFT interference effects for CP-even

operators. Measuring the double differential distribution as a function of q 5 and ?
W

T
then increases these

interference effects because contributions from dimension-six EFT operators are typically enhanced with

respect to the SM at high momentum scales. The measurement is performed in the jet veto fiducial region,

which additionally suppresses the SM with respect to the EFT contributions due to the RAZ effect. The

data are again in good agreement with the SM predictions, except at lower ?
W

T
values. This discrepancy

may be related to the use of a jet veto, where scale variations may not provide a reliable estimate of the

theoretical uncertainty.

Figure 8 shows the differential cross section as a function of the optimised observables, $NN, which are

constructed from the outputs of a multiclass neural network (described in Section 6). The $NN observables

allow the interference effects predicted by anomalous CP-violating ,,W interactions to be probed. The

measured distributions are in good agreement with the Standard Model expectations.

Additional differential cross sections, measured as a function of ?ℓ
T
, <

ℓaW

T
and ΔqℓW , are presented in

the Appendix. The ?ℓ
T

and <
ℓaW

T
distributions are measured in the baseline regions, whereas the ΔqℓW

measurement is performed in the jet veto region. In addition, a double differential cross section as a

function of q 5 and ?
W

T
in the baseline fiducial region is also presented. The agreement between the data

and the theoretical predictions is similar to the other observables shown in this section.

PDF-sensitive observables are studied using the ,W boost asymmetry, �
,W

boost
, defined in Section 1. The

detector corrected differential cross sections that are used in the boost asymmetry calculation are measured

separately for events containing leptons and antileptons, and also separated by lepton flavour. They are

unfolded to the modified baseline fiducial region discussed in Section 7 that uses a common selection for

lepton/antilepton pseudorapidity. The electron and muon channel measurements are then combined to

reduce the statistical uncertainty using the BLUE method [95]. The measured boost asymmetries are

�
,−W
boost

= −0.091 ± 0.012(stat.) ± 0.017(sys.) ± 0.002(th.), (4)

�
,+W
boost

= 0.033 ± 0.012(stat.) ± 0.009(sys.) ± 0.003(th.). (5)

These are in good agreement with the predicted values of −0.101 ± 0.003 for the ,−W process and

0.043 ± 0.003 for the ,+W process, obtained using Sherpa with the NNPDF3.0nnlo PDF set.

Differential measurements of the boost asymmetry as a function of |[W | are shown in Figure 9 for both ,+W
and ,−W production. The data are compared to Sherpa predictions produced with different PDF sets [96–

99]. Boost asymmetries contain complementary information that can help untangle the contributions
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Figure 8: Differential cross sections as a function of (a) $�,̃�
NN

and (b) $,̃
NN

, which are CP-sensitive observables

constructed from the outputs of neural networks, as discussed in Section 6. The data and theoretical predictions are

presented in the same way as for Figure 6.
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Figure 9: Differential measurements of the boost asymmetry as a function of |[W | for (a) for ,+W production and

for (b) ,−W production. The data are presented in the same way as for Figure 6 and compared to theoretical

predictions obtained with Sherpa but using different PDF sets. The uncertainty on the theoretical predictions include

renormalisation/factorisation scale variations and PDF uncertainties.
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of valence quarks and sea quarks [14]. The measurements are well described by the Standard Model

predictions for all PDF sets considered. Additional differential measurements of the boost asymmetry as a

function of |[ℓ | are presented in the Appendix.

10 EFT interpretation

The differential cross section measurements for inclusive ,W production can be interpreted in terms of

physics beyond the Standard Model, using the framework of the Standard Model Effective Field Theory

(SMEFT), introduced in Section 6. For ,W production, the focus is on the operators O�,�, O, , O�,̃�

and O,̃ , which modify the weak-boson self-interactions and the interaction between the weak bosons and

the Higgs boson.

Each operator in the SMEFT (O) has an associated Wilson coefficient (2/Λ2) that describes the strength

of the anomalous interactions. The scattering amplitude squared contains three contributions: the SM

contribution, an interference term proportional to 2/Λ2, and a pure dimension-six contribution proportional

to 22/Λ4, as shown in Equation 2. The SMEFT prediction in bin 8 of a differential distribution is therefore

parametrised as

fSMEFT
8 = fSM

8 + 2

Λ2
fint + 22

Λ4
fd6 (6)

where fSM
8

is the SM cross section and fint and fd6 are the interference and pure dimension-six

contributions, respectively, evaluated at a Wilson coefficient of unity. The interference and pure dimension-

six contributions are determined from the SMEFT simulated samples presented in Sec. 3.

Figure 10 shows the deviations from the SM prediction induced by each operator as a function of ?
W

T
and

q 5 . The deviations are presented at representative values of the Wilson coefficients and broken down

into the interference contribution, the pure dimension-six contribution, and both contributions combined.

The interference terms for CP-even (CP-odd) operators induce symmetric (antisymmetric) deformations

relative to the SM as a function of q 5 . Furthermore, as expected the EFT effects typically increase with ?
W

T

relative to the SM. Figure 11 shows the deviation from the SM predictions induced by the CP-odd operators

as a function of ΔqℓW and $NN. The interference (pure dimension-six) contributions are asymmetric

(symmetric). The interference contribution is larger, relative to the SM, for the $NN distributions than for

the ΔqℓW distribution, indicating a better separation of the constructive and destructive interference.

The CP-odd operators, O�,̃� and O,̃ , are constrained using the differential cross section measurements

as a function of the optimised observables based on neural network discriminants, $�,̃�
NN

and $,̃
NN

,

respectively. Constraints on the CP-even operators, O�,� and O, , are extracted in the baseline and jet

veto regions, respectively, using the double-differential cross section measurements as a function of ?
W

T
and

q 5 . The most sensitive distribution for each operator was evaluated using Asimov data constructed from

the Sherpa simulation. The $NN observables improve the expected limits on the CP-odd operators by a

factor of nearly two compared to the use of ΔqℓW alone.

The SMEFT simulations are produced at LO accuracy in QCD for zero and one jets in the final state, and are

therefore well below the accuracy of the SM predictions presented in this paper. :-factors can be applied to

the interference and pure-dimension-six contributions to recover the higher-order QCD corrections, under

the assumption that they factorise from the EFT corrections. The :-factors are determined bin-by-bin using

the SM prediction, i.e. : = fSM
Sherpa

/f2 9=0

EFT
, where fSM

Sherpa
is the SM prediction evaluated using Sherpa
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Table 1: Expected and observed 95% confidence-level (CL) intervals on selected dimension-six Wilson coefficients

derived from the ,W differential cross-section measurements. For each coefficient, limits are obtained using

the observable providing the strongest sensitivity and are shown for all combinations of inclusion of the pure

dimension-six contribution (|M36 |2) and application of a :-factor.

Wilson

coefficient
Observable Includes |M36 |2 :-factor

95% CL [TeV−2]

Expected Observed

2,/Λ2 q 5 × ?
W

T

no no [−0.37, 0.38] [−0.42, 0.36]
yes no [−0.12, 0.11] [−0.06, 0.06]
no yes [−0.23, 0.25] [−0.28, 0.21]
yes yes [−0.09, 0.09] [−0.05, 0.05]

2,̃/Λ2 $,̃
NN

no no [−0.53, 0.54] [−0.74, 0.23]
yes no [−0.61, 0.36] [−0.67, 0.19]
no yes [−0.32, 0.32] [−0.45, 0.14]
yes yes [−0.43, 0.25] [−0.54, 0.11]

2�,�/Λ2 q 5 × ?
W

T

no no [−1.21, 0.90] [−0.67, 1.21]
yes no [−0.97, 0.82] [−0.47, 0.67]
no yes [−0.84, 0.62] [−1.09, 0.50]
yes yes [−0.76, 0.60] [−0.58, 0.38]

2�,̃�/Λ2 $�,̃�
NN

no no [−0.39, 0.39] [−0.59, 0.13]
yes no [−0.39, 0.39] [−0.60, 0.13]
no yes [−0.20, 0.21] [−0.31, 0.07]
yes yes [−0.20, 0.21] [−0.31, 0.07]

region, the theoretical uncertainties are evaluated with the Stewart-Tackmann method [71], which provides

a conservative treatment of scale variations in exclusive jet bins. Confidence levels are calculated using the

profile-likelihood test statistic, which is assumed to follow a j2 distribution with one degree of freedom

[101]. This allows the 95% confidence intervals to be constructed for each Wilson coefficient.

The expected and observed 95% confidence intervals on the Wilson coefficients are reported in Table 1.

The results are derived for each Wilson coefficient after setting the other Wilson coefficients to zero.

Constraints are presented with and without the application of a :-factor to account for missing higher-order

corrections in the EFT predictions. The constraints on the Wilson coefficients are up to a factor of two

stronger with the :-factor applied, highlighting the importance of developing EFT predictions that include

higher-order QCD effects for all SMEFT operators. Constraints are also derived with and without the

inclusion of the pure dimension-six term as a way to assess the impact of higher-order EFT contributions.

Robust EFT interpretations are typically obtained when constraints on the Wilson coefficients are driven by

the interference term, which is formally the leading deformation to the SM prediction as it is $ (Λ−2). The

constraints on the CP-odd operators are largely unaffected by the inclusion of the pure-dimension six term,

with O�,̃� unchanged. Conversely, the constraints on the Wilson coefficient of the CP-even operator O,

tighten significantly when the pure dimension-six contribution is included in the EFT prediction. The

sensitivity to the Wilson coefficients is limited by statistical uncertainties.

The constraints on 2�,̃�/Λ2 represent a substantial improvement over previous measurements. The

most stringent prior limits on 2�,̃�/Λ2 were obtained using measurements of � → 4ℓ [102] with 95%
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confidence intervals of [−0.72, 0.72] TeV−2 (expected) and [−0.97, 0.98] TeV−2 (observed). Even without

the application of a :-factor, the observed constraints on this operator are improved by a factor of 2.5 using

the inclusive ,W measurements presented in this paper. With the application of the :-factor, the observed

constraints are improved by a factor of 5. The inclusion of the inclusive ,W measurements in global fits for

CP-violation in the Higgs sector [103] would therefore improve the constraints on 2�,̃�/Λ2 considerably.

For 2,/Λ2, when using a :-factor to account for missing higher-order QCD corrections, the constraints

are similar to both the constraints obtained by the CMS Collaboration in the ,W final state [10] and to the

constraints obtained in the ATLAS measurement of EW /99 production [104].

11 Conclusions

Differential cross sections for inclusive ,W production have been measured in proton–proton collisions at√
B = 13 TeV using the full Run 2 ATLAS dataset of 140 fb−1. The analysis is performed in the ,W → ℓaW

(ℓ = 4, `) channel and the measurements are unfolded to a particle-level fiducial phase space that closely

matches the detector-level selection.

A comprehensive set of 16 observables is studied that collectively probe the kinematic properties of

the ,W system, the radiation amplitude zero effect predicted in the ,W final state, the polarisation of

the , boson, the charge conjugation and parity structure of the ,,W triple gauge coupling, and the

parton distribution functions of the proton. The measurements achieve sufficient precision to discriminate

between state-of-the-art theoretical predictions including higher-order NNLO QCD and (virtual) NLO EW

corrections. Novel observables based on the output of neural networks are used to construct CP-sensitive

observables that are highly sensitive to anomalous CP-violating ,,W interactions. Furthermore, double

differential cross sections are measured as a function of the , → ℓa decay angles, providing sensitivity to

the , boson spin density matrix.

Within the framework of a dimension-six effective field theory, constraints are placed on the Wilson

coefficients of the O, , O,̃ , O�,� and O�,̃� operators using the differential cross section measurements.

Constraints are placed on the Wilson coefficients of four operators: O, , O�,�, O,̃ and O�,̃�. The

sensitivity to the O�,̃� operator is improved by a factor of at least 2.5 relative to previous measurements

in other final states.
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Appendix

Figure 12 shows the differential cross sections measured as a function of ?ℓ
T
, <

ℓaW

T
and ΔqℓW . The ?ℓ

T
and

<
ℓaW

T
distributions are measured in the baseline region, whereas the ΔqℓW measurement is performed in

the jet veto region. Figure 13 presents the double differential cross section as a function of q 5 and ?
W

T
in

the baseline fiducial region. Figure 14 shows the boost asymmetry measured as a function of |[ℓ |. In all

cases, the agreement between data and the theoretical predictions is similar to the observables shown in the

main body of the paper.
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Figure 12: Unfolded differential cross sections measured as a function of (a) ?ℓ
T
, (b) <

ℓaW

T
and (c) ΔqℓW .The data and

theoretical predictions are presented in the same way as for Figure 6.
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Figure 13: Double differential cross section of inclusive ,W production as a function of q 5 and ?
W

T
in the baseline

fiducial region. The data and theoretical predictions are presented in the same way as for Figure 7.
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Figure 14: Boost asymmetry measured as a function of |[ℓ | for (a) ,−W production and (b) ,+W production (b). The

data and theoretical predictions are presented in the same way as for Figure 9.
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