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Abstract The angular distributions of Drell-Yan lepton
pairs provide sensitive probes of the underlying dynamics
of quantum chromodynamics (QCD) effects in vector-boson
production. This paper presents for the first time the mea-
surement of the full set of angular coefficients together with
the differential cross-section as a function of the transverse
momentum of the W boson, in the full phase space of the
decay leptons. The measurements are performed separately
for the W~ and W channels. The analysis uses proton—
proton collision data recorded by the ATLAS experiment at
the Large Hadron Collider in 2017 and 2018, during spe-
cial low-luminosity runs with a reduced number of inter-
actions per bunch crossings (pile-up). The data correspond
to an integrated luminosity of 338 pb~! at a centre-of-mass
energy of /s = 13 TeV. The low pile-up environment pro-
vides excellent experimental conditions for high-precision
measurements of W-boson production. All results agree with
theoretical predictions incorporating finite-order QCD cor-

rections up to order a%.
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1 Introduction and motivation

The angular distributions of lepton pairs produced in hadron
collisions via the Drell-Yan process are governed by the spin
correlation effects between the initial-state partons and the
final-state leptons, mediated by a spin-1 intermediate state,
such as in the case of the process p1 + p» — W — {v,
where p; and p», are the incoming partons [1,2]. These spin
correlations are described by a set of nine helicity density
matrix elements, which can be calculated within the context
of the parton model using perturbative quantum chromody-
namics (QCD). The full differential cross-section describing
the kinematics of the two leptons arising from the decay of
a W boson can be decomposed as a sum of harmonic poly-
nomials, which depend on the lepton polar and azimuthal
angles, denoted by 6 and ¢, multiplied by the corresponding
helicity-dependent cross-sections which depend on the W-
boson transverse momentum, p{y , invariant mass, m", and
rapidity, y". It is a standard convention to factorise out the
unpolarised cross-section, denoted by ¥+~ and to present
this differential cross-section as an expansion into the nine
harmonic polynomials and eight dimensionless angular coef-
ficients A; [3-5], which represent ratios of helicity cross-
sections relative to the unpolarised one, oV +L.

All eight Z-boson angular coefficients were measured at
a centre-of-mass energy of /s = 8 TeV by the ATLAS
Collaboration as a function of both the Z-boson transverse
momentum, p%, and rapidity, yZ, using Z — {{ events,
where £ = {e, u} [6,7]. Other measurements of the Z-boson
angular coefficients were also extracted as a function of p%
from Z — pp events by the LHCb Collaboration [8] and
the CMS Collaboration [9], resulting in the extraction of four
and five of the eight coefficients, respectively. Prior to these
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measurements at the Large Hadron Collider (LHC) [10], four
of the eight coefficients as a function of p% were measured
by the CDF Collaboration at the Tevatron from Z — ee
events [11].

Direct measurements of only two of these angular coef-
ficients for the W boson have previously been performed.
The A, and A3z angular coefficients were extracted as a func-
tion of p}” by the CDF Collaboration from W — £v events,
where ¢ = {e, 1} [12]. However, other measurements of the
W-boson polarisation were previously done by the ATLAS
Collaboration [13] and by the CMS Collaboration [14,15].
These polarisation fraction measurements are related to the
Ao and Ay coefficients and so can be used to probe their
values.

The angular coefficients of the W boson are related to the
nature of electroweak processes, the W-boson polarisation,
and the presence of QCD effects. They are important for mod-
elling QCD effects in the production of W bosons and have
a direct impact on the precision of other measurements, such
as the determination of the W-boson mass [16]. Currently,
the validation of the modelling of these coefficients for the
W-mass measurements at the LHC relies on extrapolations
from the predictions and measurements of the angular coeffi-
cients of the Zboson, thereby contributing to larger uncertain-
ties [17-19]. Precise determinations of the W-boson trans-
verse momentum spectrum and its angular coefficients offer
direct experimental insights into the proton structure and par-
ton density and consequently to the production dynamics of
the W and enable stringent comparisons with state-of-the-art
QCD predictions. This model-independent approach exploits
the spin-one nature of the gauge boson and the spin-1/2 nature
of the decay leptons, constrained by angular momentum con-
servation. This method bypasses the need for detailed mod-
elling of the gauge-boson polarisation and decay, and instead
isolates the production dynamics. Consequently, it mitigates
theory uncertainties associated with spin correlations and
the resummation of fiducial power corrections, which can
be sizeable [20-23].

This paper presents, for the first time, simultaneous mea-
surements of the full set of W-boson angular coefficients A;
and the differential cross-section ddTGT as functions of pFFV s
performed in the full phase space of the decay leptons using
W* — ¢+ events, where £ = {e, u}. This represents a
complementary approach to previous precise measurements
of W-boson differential cross-section [24,25], which were
limited to the fiducial phase space. The measurements are
based on dedicated proton-proton (pp) collision data sam-
ples collected by the ATLAS experiment at the LHC with
low instantaneous luminosity at a centre-of-mass energy of
s = 13 TeV, corresponding to 338 pb~! of integrated lumi-
nosity. The mean number of additional pp interactions per
bunch crossing (pile-up events) in the dataset is approx-
imately two. This low pile-up dataset provides excellent
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experimental conditions for high-precision measurements of
W-boson production.

While this analysis is based on the same dataset and sys-
tematic uncertainty evaluations as in Refs. [24,25], the use of
differential angular distributions introduces additional sen-
sitivity to certain experimental systematic effects. Notably,
these angular observables are not directly involved in the
detector calibration procedures, thereby providing comple-
mentary and independent constraints.

The structure of the paper is as follows: Sect. 2 details the
ATLAS detector and Sect. 3 describes the methodology used
to extract the angular coefficients and the differential cross-
section in the full phase space of the decay leptons. Section 4
outlines the experimental set-up, including the dataset, event
selection, and background estimate. The impact of system-
atic uncertainties in the final results is discussed in Sect. 5.
Finally, the results are presented in Sect. 6.

2 ATLAS detector

The ATLAS experiment [26] at the LHC is a multipurpose
particle detector with a forward—backward symmetric cylin-
drical geometry and a near 47 coverage in solid angle.!
It consists of an inner tracking detector surrounded by a
thin superconducting solenoid providing a 2T axial mag-
netic field, electromagnetic and hadronic calorimeters, and
a muon spectrometer. The inner tracking detector covers the
pseudorapidity range |n| < 2.5. It consists of silicon pixel,
silicon microstrip, and transition radiation tracking detec-
tors. Lead/liquid-argon (LAr) sampling calorimeters provide
electromagnetic (EM) energy measurements with high gran-
ularity within the region || < 3.2. A steel/scintillator-tile
hadronic calorimeter covers the central pseudorapidity range
(In] < 1.7). The endcap and forward regions are instru-
mented with LAr calorimeters for EM and hadronic energy
measurements up to |n| = 4.9. The muon spectrometer sur-
rounds the calorimeters and is based on three large supercon-
ducting air-core toroidal magnets with eight coils each. The
field integral of the toroids ranges between 2.0 and 6.0 T m
across most of the detector. The muon spectrometer includes
a system of precision tracking chambers up to |n| = 2.7 and
fast detectors for triggering up to || = 2.4. The luminosity
is measured mainly by the LUCID-2 [27] detector, which

I 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, ¢)
are used in the transverse plane, ¢ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle 6

as n = —Intan(6/2) and is equal to the rapidity y = %ln (gfﬁ) i

the relativistic limit. Angular distance is measured in units of AR =

V(AY)? + (Ag)2.

=
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is located close to the beampipe. A two-level trigger system
is used to select events [28]. The first-level trigger is imple-
mented in hardware and uses a subset of the detector infor-
mation to accept events at a rate close to 100 kHz. This is fol-
lowed by a software-based trigger that reduces the accepted
rate of complete events to 1.25 kHz on average depending
on the data-taking conditions. A software suite [29] 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 Measurement methodology

This methodology used for this analysis relies on the same
formalism already developed and published for the ATLAS
extraction of the Z-boson angular coefficients and full phase-
space cross-section [7]. The full five-dimensional differential
cross-section describing the kinematics of the two Born-level
leptons from the W-boson decay can be decomposed as:

do 3 doU+L

dpl dyW dm¥ dcosd dp 16w dpW dyW dmW

1
{(1 + cosZ6) + 5 Aol —3cos20) + A; sin20 cos¢
1
+ 3 Ay sin2 @ cos2¢ + Az sinf cos¢ + Ay cosb

+ As sin 6 sin2¢ 4+ Ag sin26 sin¢g + A7 sin6 sin¢}. €))

The dependence of the differential cross-section on the lep-
ton angular cos 6 and ¢ distributions in the Collins—Soper
(CS) frame [1] is analytical and fully contained in the nine
harmonic polynomials P;(cos 8, ¢) given in the equation. On
the other hand, the dependence on p¥V ,yWandm" isentirely
contained in the unpolarised cross-section, oU+L andin the
Ao—7 angular coefficients. Therefore, all hadronic dynam-
ics from the production mechanism are factorised from the
decay kinematics in the W-boson rest frame.

If the W boson is produced with no initial-state radiation,
it is polarised along the beam axis, due to the vector minus
axial vector, V-A, nature of the weak interaction and helicity
conservation. In that case, A4 is the only non-zero coefficient.
If the W boson is produced with non-negligible transverse
momentum balanced by the associated production of one or
more jets, the Ag_3 angular coefficients become non-zero
and hence the cross-section depends on the azimuthal angle,
¢, as well. The remaining three angular coefficients, As_7,
are non-zero only if gluon loops of O(af) are present in the
production of the W boson.

The Lam-Tung relation [30-32], which predicts that Ag —
Ay = 01is a consequence of the spin-1 nature of the gluon, is

expected to hold up to O(wy), but can be violated at higher
orders. Such violations were experimentally confirmed in
Z-boson events [6], while this has yet to be confirmed in
W-boson events.

The W-boson kinematic dependence of the coefficients
varies strongly with the choice of the spin quantisation axis
in the W-boson rest frame (z-axis). In the CS reference frame
adopted for this analysis, the z-axis is defined in the W-boson
rest frame as the external bisector of the angle between the
momenta of the two protons, as is described in more detail
in Ref. [6]. The positive direction of the z-axis is defined by
the direction of positive longitudinal W-boson momentum
in the laboratory frame. At detector level, the directions of
the leptons in the CS frame are defined by two angles, 6cs
and ¢cs. The angle Ocs is defined as the angle between the
momentum of the negatively charged lepton and the z-axis.
In the case of W, there is no negatively charged lepton and
instead the direction of the neutrino is used [3].

For the leptonic decay modes, W-bosons have the disad-
vantage relative to Z-bosons that the v decay kinematics
cannot be completely reconstructed due to the inability to
fully reconstruct the longitudinal momentum of the neutrino
in a hadron collider. The neutrino transverse components p;
and py are determined from measurable laboratory-frame
quantities, while the longitudinal component p) is deter-
mined only up to a sign. This twofold sign ambiguity in the
reconstruction of the neutrino momentum in the CS frame
translates into an ambiguity on the sign of cos Ocs, while ¢cs
is determined. This effect dilutes the sensitivity of the mea-
surement to the coefficients that directly depend on cos fcs
namely A and A4.

3.1 Inferring the neutrino p) information

The unmeasured longitudinal momentum of the neutrino is
inferred by assuming that the dilepton system from the Drell—
Yan process has an invariant mass equal to the measured
mass of the W boson [33]. In the laboratory frame, both
the charged lepton and the neutrino are treated as massless
particles. By imposing the my constraint and expressing the
resulting condition in terms of the neutrino’s unknown longi-
tudinal component, a quadratic equation is obtained. Solving
this equation yields two possible real solutions for the neu-
trino’s longitudinal momentum, p, . For this analysis, one of
the two solutions for the neutrino longitudinal momentum
is chosen randomly, with equal probability. As an illustra-
tion, the resulting rapidity distributions obtained with this
random choice are shown in Fig. 1 for the W~ — e~ v and
W+ — ptv channels.

As mentioned already in Sect. 3, the z-axis of the CS
frame is defined along the direction of the W-boson’s longi-
tudinal momentum, leading to the transformation cos 6cs —
cosfcs x sign(y?”), where y*¥ is the W-boson rapidity.
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Fig. 1 W-boson rapidity distributions for events reconstructed with
the correct or the wrong sign of cos Ocs for the a W~ — e~ v and the
b W* — pTv channels. Events with the chosen solution closest to the
true p) are labelled as right p.. Events with an unambiguous deter-
mination of cos fcs are labelled as right cos 6cs sign. The differences
between the electron and muon distributions reflect both the different

Under this convention, events for which the two real p)
solutions yield opposite signs for y*¥ correspond to cases
where the ambiguity in the sign of cos f¢cs cancels, resulting
in an unambiguous determination of cos f¢cs. Nevertheless,
an ambiguity in the sign of the W-boson rapidity remains.
These events, which predominantly occur at central rapidities
(see Fig. 1), allow for the resolution of the cos fcg sign ambi-
guity in an additional 25% of the dataset, enabling a direct
measurement of the forward—backward asymmetry, associ-
ated with the A4 coefficient, in W-boson production.

Events for which the quadratic equation yields no real
solution are still included in the analysis. In these cases, the
reconstructed neutrino kinematics are adjusted by applying
a momentum imbalance constraint, which modifies the input
to ensure a unique, real-valued solution. This approach fol-
lows a methodology similar to that described in Ref. [34].
The fraction of events with no real solution increases with
the reconstructed transverse momentum of the W boson, p%”.
It is approximately 15% at low p%” and rises to around 60%
for p%" values exceeding 250 GeV. This behaviour is primar-
ily driven by the limited resolution in the reconstruction of
the neutrino transverse momentum at detector level, which
degrades with increasing p4”.

@ Springer

efficiencies for reconstructing and selecting the two lepton flavours, and
the intrinsic kinematic differences between W~ and W*-boson events.
The ratio panel shows the fraction of events with an unambiguous deter-
mination of cos Ocs relative to all events with a real-valued solution for

2

3.2 Extraction of angular coefficients and differential
cross-sections

The angular coefficients, A;, and the differential cross-
sections as a function of p}v R 0;11,—‘;, are extracted from the
data by performing a template fit to the polynomial terms
P;(cos 6, ¢) defined in Eq. (1) to the two-dimensional recon-
structed angular distributions, using a binning of 10 x 8 in the
(cos Ocs, ¢cs) plane. This procedure is performed separately
for W~ and W candidates. The particle-level distributions
are related to the reconstructed angular distributions using a
folding procedure, which accounts for detector effects and
bin migrations in the (cos fcs, ¢cs) plane. Compared to the
methodology employed in Refs. [6,7], the binning in cos Ocs
is modified to account for events without a real solution for
p.. Events with a real solution, as described in Sect. 3.1, are
assigned to one of eight same-size cos Ocs bins, distributed
over the range [—1, 1], while events without a real solution
are included as overflow in the tenth bin in cosfcs. The
ninth cos Ocg bin serves as an empty separator. This approach
ensures that events lacking a real p} solution contribute to
the fit, thereby preserving sensitivity to the ¢cs distribution
and avoiding distortions in the cos fcs shape.
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Each template is normalised by a free parameter for its
corresponding polynomial coefficient, Ag_7, and by a com-
mon parameter representing the unpolarised cross-section,
oU*L . The polynomial 1 4 cos? 6 in Eq. (1) is normalised
only by the parameter for the unpolarised cross-section. All
of the angular coefficients together with the corresponding
unpolarised cross-section parameters are measured in each
of the analysis bins in the p%" space. The binning in p%" is
chosen based on the experimental resolution at low p%" and
on the number of events at high p%”, and has the following
boundaries:

p%" =10, 8, 17,27, 40, 55, 75, 110, 150, 210, 600] GeV.
@

In the same way as described in Ref. [7], a likelihood is
built as a product of Poisson probabilities across all the bins
in the reconstructed cos Ocs, ¢cs, and p%” distributions and of
auxiliary constraints for each nuisance parameter. A profile
likelihood ratio method is used to extract the best fit values of
the parameters of interest (POIs) and their uncertainties. The
POIs include the angular coefficients, A;;, and the cross-
sections, o;Y "L, in each j-th measurement bin defined in
Eq. (2).

4 Analysis

The analysis is performed with leptonically decaying W-
boson events, W — £v, where here the charged lepton refers
to electrons and muons, ¢ = e, u. The analysis is carried out
separately for positively and negatively charged leptons. The
hadronic recoil, iT, reconstructed in the plane transverse to
the beam using charged-particle tracks and energy deposits is
used to infer the transverse momentum of the decay neutrino,
pr- The extraction of the angular coefficients and the differ-
ential cross-section as a function of the W-boson transverse
momentum are first performed separately for the electron
and muon channels. After confirming the compatibility of
the results, the electron and muon channels are combined,
taking into account correlations between systematic uncer-
tainties.

In this analysis, the full set of angular coefficients is mea-
sured, along with the difference A9 — A,. Given the level
of statistical precision provided by the data, only the coeffi-
cients Ag, A2, A3, and A4 are measured to be significantly
different from zero. The sensitivity to A, the higher-order
coefficients As_7, and the difference Ay — A5 is limited. Nev-
ertheless, these coefficients are included in the likelihood fit,
and the results are reported.

4.1 Data and simulated-event samples

The data were collected by the ATLAS detector in 2017
and 2018 at a centre-of-mass energy of /s = 13TeV,
and correspond to a total integrated luminosity of 338.1 £+
3.1pb~! [35]. These data were collected during dedicated
LHC low pile-up runs, where the average number of addi-
tional pp interactions was approximately two, which is about
a factor 20 smaller than that of the nominal LHC Run 2
13 TeV operation between 2015 and 2018. To fully exploit
these low pile-up conditions, the thresholds applied to sup-
press noise in the reconstruction of clusters of energy in the
calorimeters were lowered, thereby optimising the recon-
struction of the hadronic recoil, as is discussed in Ref. [24].

Samples of Monte Carlo (MC) simulated events are used
to model the signal and all background processes except for
QCD multijet production. All of the samples were processed
with the GEANT4-based simulation [36] of the ATLAS detec-
tor [37] using settings specific to the low pile-up run condi-
tions. The effects of pile-up collisions in the same or neigh-
bouring bunch crossings were included in the MC simula-
tion by overlaying inelastic pp interactions produced using
PyYTHIA 8 [38] with the NNPDF2.3LO set of parton distri-
bution functions (PDFs) [39] and the A3 set of parameters
(tune) [40].

The main signal event samples for W-boson and for
background Z-boson production were generated using the
POWHEG event generator at next-to-leading-order (NLO)
in QCD [41-44] using the CT10 PDFs [45], interfaced
to PYTHIAS [46] using the AZNLO tune [47]. These
POWHEG+PYTHIA8  samples were interfaced to
PHOTOS++ [48] to simulate the effect of final-state quantum
electrodynamics (QED) radiation. The effective sample size
is typically 10-20 times larger than the data, to minimise the
impact of MC statistical uncertainties.

Alternative signal samples were prepared with SHERPA
2.2.1 [49] using the NNPDF3.0 next-to-next-to-leading-
order (NNLO) PDFs [50] and merging matrix element cal-
culations from CoMIX [51] and OPENLOOPS [52-54] for
vector-boson V 4 0, 1,2 partons at NLO accuracy with
V + 3,4 partons at leading-order (LO) accuracy in the
MEPS@NLO scheme [55-59]. These samples are used to
evaluate the uncertainty arising from the choice of the model
used to simulate the signal events.

The W-boson samples were normalised to NNLO cal-
culations using the DYTURBO [60-63] program with the
MMHT2014 NNLO PDF set [64]. A total uncertainty of
+5% was taken on the predictions normalised using these
cross-sections, and accounts for uncertainties in the choice
of PDF set and corresponding variations (3 — 4%), as well
as variations in the value of the strong coupling constant «g
(1 — 2%), and missing higher order corrections (1%).
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Backgrounds arising from top-antitop-quark-pair (¢7) pro-
duction as well as single-top-quark production (Wt associ-
ated production, ¢-channel and s-channel) were generated
with POWHEG+PYTHIA 8 [65] and normalised to the NNLO
predictions with resummation at next-to-next-to-leading-
logarithmic (NNLL) accuracy [66—72]. Diboson production
VV(V = W, Z) was generated with SHERPA in all decay
channels with at least one real lepton in the final state and is
considered as background in this analysis [73].

In addition, two auxiliary MC samples are used to model
backgrounds from non-prompt leptons. The first, generated
with PYTHIA 8 and EVTGEN1.2.0 [74], simulates b- and c-
hadron decays. The second models backgrounds to prompt
photon and electron production and includes all tree-level
2 — 2 QCD processes, top-quark pair, and weak vector-
boson production, generated with PYTHIA 8 using the A14
tune [75] and the NNPDF2.3LO PDF set [39].

4.2 Analysis overview and event selection

The data were collected with triggers that require at least
one electron or one muon with transverse momentum p% >
15GeV or p% > 14 GeV, respectively [28,76,77]. Loose
electron and muon identification criteria are applied at the
trigger level. Events are selected if they include exactly
one electron or muon candidate matched to a correspond-
ing trigger-lepton candidate.

Events are also required to have at least one recon-
structed collision vertex with two or more charged-particle
tracks [78]. The vertex with the largest sum of squared trans-
verse momenta of its associated tracks is taken as the primary
vertex.

Electron candidates are reconstructed from clusters of
energy deposited in the electromagnetic calorimeter and
associated with at least one track in the inner detector [79].
Electron candidates are required to fall within the cover-
age of the inner detector and the precision region of the
EM calorimeter, namely || < 2.47. Electrons in the tran-
sition region between the barrel and endcap calorimeters,
1.37 < |n| < 1.52, are excluded. Electron candidates are
required to have pt > 25GeV and satisfy the Tight likeli-
hood identification requirements [79].

Muon reconstruction is first performed independently in
the inner detector and in the muon spectrometer. A muon
candidate is then formed using the combined information
from both detectors [80]. The muon candidates are required
to have an absolute pseudorapidity of || < 2.4, a transverse
momentum of pr > 25GeV, and to satisfy the Medium iden-
tification criteria [80].

Both electron and muon candidates are also required to be
isolated from nearby activity, as measured by tracks in a cone
of size AR < 0.2 around the candidate lepton. The scalar

sum of the pr of these tracks, p%"“ezo, is required to be less
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than 10% of the lepton pt and may not exceed 5GeV for
leptons with pr > 50GeV, i.e. p$*?°/ min(pr, 50 GeV) <
0.1.

Dedicated lepton calibrations and efficiency corrections
are applied to the reconstructed electron and muon candidates
as described in Ref. [24].

The charged-lepton candidates are required to originate
from the primary vertex. The track transverse impact param-
eter significance, |dy/og4,|, calculated relative to the beam
line, must be smaller than three for muons and five for elec-
trons. Furthermore, the longitudinal impact parameter, zg,
which is the difference between the z-coordinate of the point
on the track at which dj is defined and the longitudinal posi-
tion of the primary vertex, is required to satisfy |z sinf| <
0.5 mm.

The missing transverse momentum, ﬁ%‘i“, with its mag-
nitude E %‘iss, represents a measure of the transverse momen-
tum of the neutrino. It is defined as p' = — (pr + iir)
using the lepton pr and hadronic recoil #it. The hadronic
recoil is reconstructed in the plane transverse to the beam
using particle-flow objects (PFOs), that combine information
from charged-particle tracks in the inner detector and energy
deposits in the calorimeter [81,82]. The hadronic recoil is cal-
ibrated using Z — £¢ events by comparing ut with p-lfe, the
transverse momentum of the dilepton system [24]. The low
pile-up datasets used in this analysis significantly improve the
resolution of the recoil measurement and therefore the overall
resolution of the detector-level measurement of the neutrino-
related observables and the reconstructed p%v , referred to in
the following as p-?’.

The background from QCD multijet events is reduced
by the requirement E‘TniSS > 25GeV. Furthermore, the W-

2pTESS(1 — cos Agyy) is
required to exceed 50GeV, where A¢y, is the azimuthal
angle between the lepton pr and piiss.

After all selections, the numbers of W — ev and W —
(v candidates used in this analysis are approximately 1.95 x
10 and 2.21 x 10, respectively.

In each of the analysis p%" bins defined in Eq. (2), two-
dimensional (cosfcs, ¢cs) angular distributions are mea-
sured separately for positively and negatively charged lep-
tons. Those two-dimensional distributions serve as the basis
for the simultaneous extraction of all the angular coefficients
and of the differential cross-sections, following the method-
ology described in Sect. 3.2.

boson transverse mass mr =

4.3 Background estimates

Background contributions from electroweak processes such
as single-boson (in this analysis, W — tv and Z-boson pro-
duction Z — 17 and Z — {{ are treated as backgrounds)
and diboson production, as well as background arising from
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one obtained from data in the first anti-isolation interval, as an exam-
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ple. Multijet templates for the |A¢y, | distribution in the signal region
intheb W~ — e“vandd WH — pTv channel, derived from two
anti-isolation intervals and compared with the final multijet template

shown in black
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region represents the total uncertainty in the signal region

Table 1 Observed and expected event yields for candidate W~ and W™ events in the electron and muon channels. The uncertainty in the expected
event yields includes only the statistical uncertainty of the simulation, whereas the total uncertainty is given for the multijet background

Channel W~ = e v Wt — ety W™ — v Wt - utv

W — ev 802370 £ 260 1019420 + 290 - -

W — uv - - 893900 + 270 1153450 + 310
W — tv 14950 + 110 18260 + 130 14670 &= 110 18210 + 130
Z — ee 4953 £ 17 5227 £ 17 - -

Z — up - - 33469 + 42 37148 + 44
Z— 1T 1106 £ 32 1183 £ 32 1705 £ 51 1663 + 49
Top 11928 + 47 12372 + 49 11948 + 47 12516 + 49
Diboson 1581 £ 43 1605 £ 46 1617 £ 43 1718 £ 44
Multijet 17200 + 1600 18600 % 1900 6800 £ 1300 7400 £ 1400
Total expected 854000 + 1700 1076600 4 2000 964100 £ 1400 1232100 %+ 1500
Data 857807 1093356 964514 1245755

processes involving the top-quark, such as 7 and single-top-
quark production, are directly estimated from the MC simu-
lation samples described in Sect. 4.1.

The background from QCD multijet (MJ) production can-
notbe reliably simulated and so is derived from data. Depend-
ing on the lepton flavour, the MJ background has significant
contributions from leptons produced in semileptonic decays
of heavy quarks (beauty or charm), pion and kaon decays,

@ Springer

and in the case of electron candidates photon conversions
and hadronic activity faking a lepton.

The multijet yields are estimated following an approach
similar to that described in Ref. [24], performed separately in
the electron and muon channels, as well as for negatively and
positively charged W-boson candidates. Differences relative
the previous method are discussed below.

As multijet production mainly arises at lower values of
p%, E%‘iss, and mt as compared with the signal, this back-
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Fig. 5 The cosfcs and ¢cs angular distributions, integrated over p%”
for the W — ev channel for a, b negative and ¢, d positive leptons.
The expected distributions are shown separately for the signal and the
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different background sources contributing to each channel. The grey
band represents the total experimental uncertainties. Events without a
real solution for p, are included as overflow bin in cos Ocs distribution
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Fig. 7 The breakdown into statistical and systematic components of all the uncertainties for the measured a Ag, b As, ¢ Az and d A4 angular
coefficients as a function of ]}YY in the W~ — £~ v channel, as obtained from the full fit. The values are given as absolute uncertainty

ground is estimated by using a template fit to these three
kinematic distributions in the so-called fit region (FR), which
is defined as the signal region with the ETmiSS and mr selec-
tions removed. As this analysis involves angular observables,
the |A¢y, | variable is also included. As an example, the dis-
tribution of |A¢y,| in the fit region is shown in Fig. 2a for
W~ — e~ vandinFig. 2c for Wt — pv events where the
shape difference between signal and multijet background is
clearly visible and exploited in the fit.

The multijet kinematic distributions used in the template
fit are derived from data in anti-isolation regions (i.e. regions
where the isolation requirement is inverted), after correcting
for contamination from the W — £v signal and other non-
multijet backgrounds using simulation. As shown in Fig. 2b,
d, the shape of the multijet templates depends on the value of
the isolation criterion. Mutually exclusive intervals in the iso-
lation variable are defined to create statistically independent

@ Springer

multijet templates that approach progressively to the signal-
candidate selection. Following the procedure described in
more detail in Ref. [24], the soft-energy activity in the anti-
isolated regions is further corrected to reduce biases in the
multijet kinematics arising from the dependence on the anti-
isolation requirement.

For each kinematic distribution, the template fit in the fit
region is repeated multiple times, each time using a differ-
ent multijet template. Each multijet yield extracted in this
way is then scaled by a transfer factor that corrects for the
acceptance of the E%‘iss and mT selections in the signal
region. As an example, Fig. 3 shows for the W= — e v
and W+ — p v channels the variation of the extracted MJ
yields as a function of the isolation interval used to define the
template, together with a linear fit used to extrapolate to the
average isolation value in the signal region. Alternative func-
tional forms were tested for the extrapolation and found to
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Fig. 8 The breakdown into statistical and systematic components of all the uncertainties for the measured a Ag, b As, ¢ A3z and d A4 angular
coefficients as a function of ]}YY in the W — €% v channel, as obtained from the full fit. The values are given as absolute uncertainty

give consistent results within the associated uncertainties in
the yield. The final MJ yield is determined by averaging the
extrapolated values from the four kinematic variables. The
dominant uncertainties in this procedure arise from the linear
extrapolation to the isolated region, the subtraction of signal
and other backgrounds contamination in the anti-isolation
regions, and the mismodelling of the soft energy activity in
the anti-isolated regions. The final uncertainty in the MJ yield
is about 10% in the electron channel and around 20% in the
muon channel.

Similarly to the yield extraction, the shapes of the MJ
kinematic distributions in the signal region are determined
by linearly extrapolating the shapes observed in the mutually
exclusive anti-isolation intervals into the isolated region, as
illustrated by the black histograms in Fig. 2b, d. Additional
corrections to the shapes of the angular distributions of the
MJ background in the signal region are applied to account

for the strong dependence of the two-dimensional (cos Ocs,
¢cs) distributions on p%", as shown in Fig. 4. To derive these
corrections, MJ background templates are constructed inde-
pendently in three broad p%" intervals: p%" e [0,17) GeV,
[17,40) GeV, and [40, 600) GeV. Within each p%" inter-
val, acceptance corrections derived from MC simulation are
applied to the MJ angular distributions to account for kine-
matic differences between the broad p%" intervals used in the
estimate and the finer binning defined in Eq. (2) for the final
measurement. The dominant sources of uncertainty in the
corrected multijet angular distributions arise from the lim-
ited data statistics in the anti-isolated regions of each pff"
interval, the limited size of the MC samples used to derive
acceptance corrections, and differences in the modelling of
non-prompt lepton backgrounds between data and simula-
tion.
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Fig. 9 The breakdown into statistical and systematic components of all the uncertainties for the measured a A, b As, ¢ Ag and d A7 angular
coefficients as a function of ]}YY in the W~ — £~ v channel, as obtained from the full fit. The values are given as absolute uncertainty

The final multijet background yields, as well as the two-
dimensional angular distributions in (cos fcs, ¢cs), are pro-
vided for each p%" bin as input for the likelihood fit described
in Sect. 3.2. This information is given separately for W~ and
W in each channel. The corresponding uncertainties, both
in normalisation and shape, are propagated to the subsequent
stages of the analysis.

4.4 Event yields and detector-level distributions

Projections of the detector-level distributions of the angular
distributions cos Ocs and ¢¢s integrated over p%" are shown
for W~ and W in Fig. 5 for the electron channel and in
Fig. 6 for the muon channel.

The differences between the electron and muon distribu-
tions reflect the different efficiencies for reconstructing and
selecting the two lepton flavours. Intrinsic kinematic dif-
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ferences between W~-boson events and Wt-boson events
at /s = 13TeV are also observed when comparing the
two charged channels. Overall, good agreement is observed
between the data and the expectations in all the kinematic
distributions. Small normalisation differences between the
data and the MC distributions are observed at the level of
a few percent, compatible with the combined uncertainties
in the integrated luminosity and signal cross-section. The
measurement of the angular coefficients is, however, inde-
pendent of the normalisation between data and simulation in
each measurement bin.

The expected event yields for signal and background pro-
cesses are shown in Table 1, along with the yields as mea-
sured in data. The total MJ background yield and total uncer-
tainty described in Sect. 4.3 are also presented in Table 1. The
estimated multijet background fractions represent 2.0% and
0.7% of the total number of observed W™ candidate events
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Fig. 10 The breakdown into statistical and systematic components of all the uncertainties for the measured a Aj, b As, ¢ Ag and d A7 angular
coefficients as a function of ]}YY in the W — €% v channel, as obtained from the full fit. The values are given as absolute uncertainty

in the electron and muon channels, respectively. The corre-
sponding numbers for W+ candidate events are 1.6% and
0.6%, respectively.

5 Systematic uncertainties

Several sources of statistical and systematic uncertainty
affect the extraction of the angular coefficients and differen-
tial cross-sections presented in this paper. Systematic uncer-
tainties are incorporated into the likelihood fit as constrained
nuisance parameters, and their categorisation follows the
methodology outlined in Ref. [6]. The overall impact of
experimental and theory uncertainties in the values of Ag 2—4
is illustrated in Figs. 7 and 8 for the W~ and W™ channels
respectively, while the corresponding results for A; 5_7 are
shown in Figs. 9 and 10. The uncertainties in the Ay 5_7

coefficients are generally larger than those for A 2_4, due to
their suppressed contribution. The dependence of the uncer-
tainties in the differential cross-section, LZTGT’ as a function of

p{y , is also shown in Fig. 11 separately for the W~ and W+
channels. The impact of all uncertainty sources on the final
results is evaluated after combining the electron and muon
channels (see Sect. 6 for a discussion of their compatibility).
A detailed discussion of these uncertainties is presented in
this section.

The dominant contribution arises from the statistical
uncertainty associated with the limited size of the dataset.
Although the harmonic polynomials used in this method-
ology are completely orthogonal in the full phase space,
detector-level resolution and acceptance effects lead to non-
zero correlations between the measured coefficients. Due to
the limited resolution and the intrinsic twofold ambiguity in
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Fig. 11 The breakdown into statistical and systematic components of all the uncertainties for the measured jp—{’rin thea W= — ¢~ vand b

W+ — £ v channel, as obtained from the full fit. The values are given as relative uncertainty. The uncertainty of 0.92% in the integrated luminosity

is included

the reconstruction of the neutrino momentum, the templates
used to extract the cross-sections and angular distributions
measured in bins of (reconstructed) p%" receive contribu-
tions from a broad range of (true) p%’ values. This migra-
tion leads to correlations between the measured coefficients
which increase their statistical uncertainties. For the cross-
section measurements, the number of data events available
is the largest source of uncertainty at large p%v where data
statistics are limited, but otherwise the dominant source of
uncertainty arises from bin-to-bin migration, making it the
leading contributor to the overall statistical uncertainty.
Monte Carlo simulation is used to build the folding tem-
plates for the likelihood fit, as described in Sect. 3.2, and
for modelling event migration between truth and recon-
structed bins. The statistical uncertainty from MC simula-
tion is treated as uncorrelated between each bin of the three-
dimensional ( pf}”, cos Ocs, ¢cs) distribution and represents
a non-negligible, though subdominant, contribution towards
the total uncertainty. To ensure the statistical stability of the
folding procedure, a threshold is applied such that templates
contributing less than 2% of the expected number of events
in a given truth bin are excluded. This cut-off value is deter-
mined by generating pseudo-data through random fluctua-
tions of the expected MC yields and performing a series
of likelihood fits with varying threshold values; the optimal
cut-off is defined as the point where the variation in the x>
between successive fits is minimised. The systematic uncer-
tainty associated with this choice is quantified separately for
the W~ and W channels, by varying the threshold up and
down by 50% . The lower variation (1%) corresponds to the
minimum value of the cut-off required to remove potential
biases in the folded results, while the upper variation (3%)

@ Springer

accounts for additional uncertainties arising from the reduced
event information in the folding migrations. Both the direct
impact on the fit results and the induced uncertainty due to
event migration are taken into account. This uncertainty is
added post-fit to the total systematic uncertainty. The W~
channel exhibits larger sensitivity to this variation, resulting
in a systematic uncertainty that becomes comparable to the
statistical uncertainty in the cross-section measurement at
intermediate values of pJ' .

Experimental systematic uncertainties affect both the
cos Ocs and ¢cs distributions used to construct the templates
and the event weights applied to the simulation. The main
experimental uncertainties affecting the measurements arise
from the hadronic recoil calibration. The uncertainties in
the scale and resolution of the hadronic recoil are discussed
in greater detail in Ref. [24]. In this analysis, the hadronic
recoil systematic uncertainty remains below 1% across the
entire p%v range. Lepton-related systematic uncertainties due
to energy/momentum scale and resolution as well as recon-
struction and selection efficiency corrections are propagated
considering the statistical and systematic uncertainties in the
procedures, as detailed in Ref. [24]. They have only a small
impact on both the A; and cross-section measurements.

Uncertainties arising from the use of MC simulation to
estimate the backgrounds are obtained by independently
varying their corresponding cross-sections. An additional
uncertainty in the 77 background is evaluated using alterna-
tive MC samples, where the modelling parameter associated
with high- pt radiation is varied. This variation impacts both
the normalisation and the shape of the ¢7 background contri-
bution. Systematic uncertainties affecting both the yield and
shape of the multijet background are evaluated separately for
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Fig. 12 The measureda Ag,b A>, ¢ A3z and d A4 coefficients extracted
for the W~ — £~ v channel as a function of p%v with comparison to
the predictions from DYTURBO, POWHEG, and SHERPA. The errors on
the data points represent the total uncertainty in the measurement. The-

W~ and W candidate events, as detailed in Sect. 4.3, and
are treated as uncorrelated between the electron and muon
channels. This choice is motivated by the use of independent
MC samples to correct the acceptance of the angular distribu-
tion templates in p ¥ bins for each lepton flavour. The overall
impact of background-related uncertainties in the A; coeffi-
cients is subdominant but for the differential cross-sections,
the uncertainty reaches up to 3% for W~ and 2% for W™ at
high py’.

The overall uncertainty in the integrated luminosity of
the 13TeV low pile-up datasets is 0.92% [35]. The inte-
grated luminosity uncertainty affects the absolute cross-
section measurements, as shown in Fig. 11, but it is neg-
ligible in the A; measurements because the coefficients are
effectively cross-section ratios.

ory uncertainties in the DYTURBO predictions include variations of the
renormalisation and factorisation scales, as well as PDF uncertainties
for the CTISNNLO PDF set

Theory systematic uncertainties due to the choice of par-
ton distribution functions, parton shower modelling and the
underlying event are also considered. Other theory uncer-
tainties due to QCD renormalisation and factorisation scales,
MC event generator modelling, and QED/EW (electroweak)
corrections are not considered in this measurement as they
were found to contribute negligibly in the previous, more
precise, ATLAS measurement of Zangular coefficients [6].
The PDF-related uncertainties are evaluated using the CT10
eigenvector variations after rescaling them by a factor of 1.64
to obtain 68 % confidence level (CL) variations. The resulting
impact on the angular coefficients is subdominant, and the
effect on the differential cross-section remains below ~ 1%.
Systematic uncertainties related to the underlying event and
parton shower modelling (PS) are evaluated using a dedicated
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Fig. 13 The measureda Ag,b A, ¢ A3z and d A4 coefficients extracted
for the W+ — £ v channel as a function of p%v with comparison to
the predictions from DYTURBO, POWHEG, and SHERPA. The errors on
the data points represent the total uncertainty in the measurement. The-

SHERPA sample reweighted to match the W-boson kinemat-
ics of the nominal POWHEG prediction. Folding templates
derived from the SHERPA sample are used to extract the angu-
lar coefficients and differential cross-sections, and the abso-
lute difference relative to the nominal result defines the uncer-
tainty. This uncertainty is evaluated per channel and included
post-fitin the total systematic uncertainty. The impact is gen-
erally subdominant, except in the highest pl}" bin, where it
becomes comparable to or exceeds the statistical uncertainty.

6 Results

This section presents the measurements of the full set of angu-
lar coefficients, Ap—7, together with the differential cross-

@ Springer

ory uncertainties in the DYTURBO predictions include variations of the
renormalisation and factorisation scales, as well as PDF uncertainties
for the CTISNNLO PDF set

sections as functions of pr?/ in the full phase space of the
leptons from W-boson decays, shown separately for W~ and
W™ -boson production.

The results are first measured separately in the electron and
muon channels with the methodology detailed in Sect. 3.2.
The compatibility of the two channels is assessed with a x>
test. The results are found to agree within their statistical
uncertainties, with compatibility p-values of 0.92 for the W™~
channel and 0.98 for the W channel. The electron and muon
channels are subsequently combined.

The measured angular coefficients, obtained from the
combination of the electron and muon channels, are com-
pared with theory predictions from the POWHEG+PYTHIA and
SHERPA MC generators, as well as to fixed-order predictions
at O(af) in perturbative QCD, calculated with the DYTURBO
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Fig. 14 Thea Ay, b As, ¢ Ag and d A7 coefficients extracted for the
channel W~ — £~ v asa function of p%v with comparison to the predic-
tions from DYTURBO, POWHEG, and SHERPA. The errors represent the
total uncertainty in the measurement. As described in the text, a post-fit
rebinning is applied in which two adjacent bins are averaged, effec-

program. Theory uncertainties in the DYTURBO predictions
are evaluated by varying the nominal factorisation and renor-
malisation scales independently up and down by a factor of
two, excluding variations in opposite directions. In this anal-
ysis the theory uncertainties associated with the choice of
these scales are varied simultaneously in the numerator and
denominator of the cross-section ratios used to define the
angular coefficients. The resulting envelope of all variations
is taken as the uncertainty. Alternative treatments may yield
larger uncertainties as described in Ref. [83]. PDF uncer-
tainties for the CTISNNLO [84] set are evaluated using the
standard eigenvector method and combined accordingly.
The results for the leading four angular coefficients, Ag
and Aj_4 are shown in Figs. 12 and 13. These coefficients

(d

tively reducing the number of bins by a factor of two to mitigate strong
bin-to-bin anticorrelations induced by statistical fluctuations. The error
bars for the predictions show the total uncertainty for DYTURBO, but
only the statistical uncertainties for POWHEG+PYTHIA8 and SHERPA MC
generators

are clearly determined and show good agreement with theory
predictions. This analysis provides the first direct measure-
ment of the Ag and A4 coefficients as a function of p%v in both
W~ and W boson production. The precision achieved in the
measurement of the A3 coefficients exceeds that of any pre-
vious measurement. The measurement is intrinsically more
sensitive to coefficients that do not depend on cos 8, as they
are less affected by the twofold sign ambiguity in the angu-
lar reconstruction of the neutrino momentum. Owing to the
statistics-limited nature of the measurement, strong bin-to-
bin anticorrelations are present, reaching about 80% negative
correlation in the low- p¥v region.

Although the data statistics are not enough to distinguish
overall non-zero values for the smaller angular coefficients,
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Fig. 15 Thea Ay, b As, ¢ Ag and d A7 coefficients extracted for the
channel W+ — ¢+ as a function of p%v with comparison to the predic-
tions from DYTURBO, POWHEG, and SHERPA. The errors represent the
total uncertainty in the measurement. As described in the text, a post-fit
rebinning is applied in which two adjacent bins are averaged, effec-

A1 57, these results are included for completeness. Despite
their limited sensitivity, the extraction of these coefficients
and of the Lam-Tung relation provides a useful consistency
check and may inform future analyses with larger datasets.
To improve the readability of the results, a post-fit rebinning
procedure is applied, reducing the number of measurement
bins by a factor of two. This step is motivated by the pres-
ence of strong bin-to-bin anticorrelations observed during the
extraction of the A;. The rebinning enhances the stability of
the results and allows for a clearer interpretation of potential
trends, even in regions dominated by statistical uncertain-
ties. The measured A s_7 coefficients are shown in Figs. 14
and 15. The A7 coefficient is expected to be larger in W-
boson production compared with Z-boson production due
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tively reducing the number of bins by a factor of two to mitigate strong
bin-to-bin anticorrelations induced by statistical fluctuations. The error
bars for the predictions show the total uncertainty for DYTURBO, but
only the statistical uncertainties for POWHEG+PYTHIA8 and SHERPA MC
generators

to the parity-violating nature of the weak interaction (see
Refs. [85-87]). A slight deviation from zero is visible in
the intermediate pt range, though still limited by statistical
uncertainties. The Lam-Tung relation, Ag — A2 = 0, is stud-
ied using the combined-fit results, and shown in Fig. 16 for
W~ and W production. Uncertainties in the measurements
are derived from the full covariance matrix to account for cor-
relations between Ag and A,. The data measurements lack
the precision needed to probe potential deviations from zero,
which are expected from calculations including higher-order
diagrams.

As described in Sect. 3.2, the profile likelihood ratio fit
is used to simultaneously extract the angular coefficients
and the differential cross-sections in each measurement bin.



Eur. Phys. J. C (2026) 86:483 Page 21 of 41 483
~ 10 Ty ———— ——] ~ 10 — — —
<F L ATLAS ] <F [ ATLAS ]
> 0.8 - (s=13TeV, 338 pb™’ - > 0.8 |- Vs=13 TeV, 338 pb™ .
C W S Iy 7 < C WS Iy ]
0.6 — - Data - 0.6 — - Data 4
C Powheg+Pythia8 AZNLO ] C Powheg+Pythia8 AZNLO ]
04 F Sherpa 2.2.1 1 04 Sherpa 2.2.1 __
[ 4% DYTurbo NNLO CT18NNLO ] [ 4% DYTurbo NNLO CT18NNLO ]
0.2 — - 0.2 — =

H
I

-0.2

-0.4

lllllll

-0.6 —

N
-
o
N
o
N

(2)

Fig. 16 Comparison between the measured values of Ao — A3 as func-
tion of p¥/ and predictions from the POWHEG and SHERPA event gener-
ators, as well as from DYTURBO for a W~ and b W . The error bars for
the DYTURBO predictions show the total theory uncertainty. The data

The resulting [ZT"TWithin the full phase space of the decay
leptons are shown in Fig. 17 for W~ and W™ channels,
together with the predicted values from POWHEG+PYTHIA8
and SHERPA 2.2.1 MC generators and the analytical pre-
dictions computed with the DYTURBO program. The pre-
dictions are computed by performing the resummation of
logarithmically-enhanced contributions in the small trans-
verse momentum region of the lepton pairs at NNLL accu-
racy and also include the corresponding finite-order QCD
contributions at NNLO (corrections up to (’)(asz) ). Non-
perturbative contributions to the initial-state partons trans-
verse momentum are included in DYTURBO as in Ref. [88].
Theory uncertainties are estimated through up and down
variations of the nominal factorisation, renormalisation, and
resummation scales by a factor of two, excluding variations
in opposite directions, and taking the envelope of all varia-
tions. The PDF uncertainties for the CTISNNLO PDF sets
are estimated by calculating the variations for all eigenvectors
or replicas and combining the results following the prescrip-
tions.

The differential cross-sections are measured with a preci-
sion of 3% at low p%v . Owing to the threefold (cos 0,9, p%v )
nature of the measurement and the statistical nature of its lim-
itations, strong bin-to-bin anticorrelations of up to about 70%
are observed. The DY TURBO resummed predictions show the
best agreement across the full spectrum. The theory uncer-
tainties at very low p?’ are dominated by the PDF uncertainty
but at higher p}}v are dominated by the scale variations. The
MC predictions describe the low- p}}v region reasonably well.
At higher transverse momenta, SHERPA 2.2.1 provides an
overall good description, whereas POWHEG+PYTHIA8 shows
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points are shown with their total uncertainties. As described in the text,
a post-fit rebinning is applied in which two adjacent bins are averaged,
effectively reducing the number of bins by a factor of two to mitigate
strong bin-to-bin anticorrelations induced by statistical fluctuations

worse agreement for p}}v > 40GeV, as expected. Overall,
the W™ measurements show the largest deviation from the
predictions.

7 Conclusions

This paper presents for the first time the measurement of
the full set of angular coefficient for the W-boson and a
differential measurement in p}v of absolute cross-sections
within the full phase space of the decay leptons. Such a mea-
surement is achieved by exploiting the methodology already
developed and published for the extraction of the Z-boson
angular coefficients. The twofold ambiguity in the recon-
struction of the neutrino momenta in the CS frame and the
corresponding ambiguity on the sign of cosfcs is solved
on a statistical basis by imposing a simple m" constraint.
The measurement is performed using the data samples col-
lected in dedicated low pile-up runs with the ATLAS detec-
tor at the LHC, corresponding to an integrated luminosity of
338pb~! at \/s = 13 TeV. These low pile-up datasets offer a
much improved resolution of the hadronic recoil compared
with that from the nominal high pile-up Run 2 LHC proton—
proton data, enabling the success of the challenging task of
measuring neutrino-related observables. A profile likelihood
fit extracts the eight angular coefficients and the correspond-
ing unpolarised cross-section simultaneously as parameters
of interest in each measurement bin in p}’V space. The uncer-
tainties in these measurements are mostly statistical in nature
and the experimental and theory systematic uncertainties are
at the percent level over most of the range.

@ Springer



483 Page 22 of 41 Eur. Phys. J. C (2026) 86:483
;‘ T T T T T T TTT 13 C1_77 T T T T T 1717 T T T 11T 1]
> — ] o t ATLAS 1
o | - 1 216} {s=13TeV, 338 pb” ]
= o E W T 1
< 10%F . ® FW sy ]
P} E —— 3 5_ 1.5 -eData 7
=z = F 3 r Powheg+Pythia8 AZNLO ]
Q L = ] 8 14 —Sherpa2241 ]
S - < 7T r —DYTurbo NNLO+NNLL CT18NNLO ]
© 10 E E '2 F Scale unc. ]
© B —e E E 1.3 3 PDF+Scale unc. E
- ATLAS N 1 o12f ]
1E Vs=13 TeV, 338 pb”’ ER- I + ]
FW Sy - 1 M | * + E
| —*Data i o 1F I —— | paimnian ]
1075 — Powheg+Pythias AZNLO 3 i | T ]
C Sherpa 2.2.1 ] 0.9 o ]
| — DYTurbo NNLO+NNLL CT18NNLO — b E
2 _ 0.8F .
1 0 I I | ‘ I T ‘ L 13 l I T I | ‘ I ‘ I |
1 10 10? 1 10 102
pY [GeV] pY [GeV]
(@) (b)
-—|1O3V T T T T T T T 11T L C17, T T T T T T T T T T T L
O : — 1 B 1.6F (s=13TeV, 338 pb™ ]
Q r = 1 2 WS Iy 1
— 10%E — '5_1.5?+Data ]
z E === 3 r Powheg+Pythia8 AZNLO ]
o F - ] 8 1.4 —Shepa221 7
o C ] < 7 r —DYTurbo NNLO+NNLL CT18NNLO 1
o) == E F Scale unc. ]
T 10 - > 1.3F PDF+Scale unc. + .
F = 3 e B 1
- ATLAS . o 1.2F _+_ ]
" Vs= : L ;
(s=13 TeV, 338 pb™ = o g ;i
TEw S = = 11 E
E — I A% - 3 T T +
[ -e Data — ] o 1E I | =i} + =l ]
1071 L Powheg+Pythia8 AZNLO i 0.9 3 E
E Sherpa 2.2.1 E If ]
[ — DYTurbo NNLO+NNLL CT18NNLO —e— 0.8 2 -
Il Il I I | ‘ Il Il L1111l ‘ Il Il L1 | ' : I I | ‘ I ‘ 11 :
1 10 107 1 10 102
pY [GeV] Py [GeV]
(©) (d)
Fig. 17 Comparison of the measured absolute differential cross- b W~ and d W. Theory uncertainties in the DYTURBO predictions
sections % fora W~ and ¢ W7 bosons with predictions from POWHEG include variations of the renormalisation, factorisation, and resumma-

and SHERPA event generators, as well as from DYTURBO. The quoted
cross-sections include the branching ratio to a single lepton flavour.
Ratio of the measured jp—"r and the MC predictions to DYTURBO for
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tion scales, as well as PDF uncertainties. The data points are shown
with their total uncertainties
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The angular coefficients Ap2—4 measured for both W~
and W bosons, are found to be significantly differ-
ent from zero. These measurements are compared with
DYTURBO predictions computed at (9(0(3) (NNLO). The
j%distributions, measured within the full phase space of the

decay leptons, are also compared with DY TURBO predictions
at NNLO, including transverse momentum resummation at
NNLL accuracy in QCD and using various PDF sets. Overall,
good agreement between the measurements and the theory
predictions is observed.
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