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Abstract High precision single-differentialW±-boson pro-
duction cross-sections as a function of electron or muon
transverse momentum pT or their pseudorapity η, as well as
double-differential cross-sections as functions of these vari-
ables, are measured in proton–proton collisions at centre-of-
mass energies

√
s = 5.02 TeV and 13 TeV. The W -boson

charge asymmetry as a function of lepton η is also measured.
The data, collected in dedicated runs at reduced instantaneous
luminosity with the ATLAS detector at the Large Hadron
Collider, correspond to integrated luminosities of 255 pb−1

at 5.02 TeV and 338 pb−1 at 13 TeV. The measurements are
in agreement with Standard-Model predictions calculated at
next-to-next-to-leading-order in the strong coupling constant
αs including transverse-momentum resummation at next-to-
next-to-leading logarithmic accuracy using several parton
distribution functions. The impact of the measured differen-
tial cross-sections as a function of lepton η on the determina-
tion of these functions is studied using a profiling technique.
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1 Introduction

Precise measurements of the differential cross-sections for
W±-boson production at hadron colliders provide a sensi-
tive probe of perturbative quantum chromodynamics (QCD).
Of particular interest is the ability of such measurements to
discriminate between different parton distribution functions
(PDFs) [1–7], since the W -boson rapidity is strongly cor-
related with the initial-state parton momentum fraction x .
In high-energy proton–proton (pp) collisions at the Large
Hadron Collider (LHC), the main production mechanism of
single W bosons is a quark annihilating with a sea antiquark.
The production at higher x is enhanced by the valence quark
contribution which leads to an increase of W bosons boosted
in the valence quark direction. Since the proton contains two
valence u quarks and one valence d quark, there is a produc-
tion asymmetry between W+ and W− bosons (referred to
as the W -boson charge asymmetry), which also varies as a
function of rapidity. The boson rapidity cannot be determined
unambiguously in leptonic decays of theW boson (W → �ν)
because the neutrino passes through the detector unobserved.
The charge asymmetry can instead be measured as a function
of pseudorapidity (η) of the charged lepton, which is strongly
correlated with the rapidity of the W boson. In addition, the
transverse momentum (pT) distribution of the charged lepton
is sensitive to the mass of the W boson.

High precision predictions with increasingly higher-order
corrections are available to compare with data. These pre-
dictions incorporate the fixed-order corrections, known up
to third order in the strong coupling constant αs [8–10], and
the resummation of logarithmic terms from soft and collinear
emissions [11–13].

This paper presents a high precision measurement of
single-differential cross-sections for W±-boson production
as a function of lepton |η| (dσ/d|η|) and lepton transverse
momentum pT (dσ/dpT) in the electron and muon (� = e, μ)
final states. Double-differential cross-sections as functions
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of lepton |η| and pT (d2σ/d|η|dpT) are also measured. The
measurements are based on dedicated data samples collected
by the ATLAS experiment at the LHC with low instanta-
neous luminosity at centre-of-mass energies

√
s = 5.02 TeV

and 13 TeV. These datasets correspond to about 255 pb−1

and 338 pb−1, respectively, with on average two inelastic
pp collisions taking place in the same bunch crossing (pile-
up). These low pile-up datasets provide unique and excellent
experimental conditions for high precision measurements.
This analysis shares the same datasets, analysis techniques
and systematic studies as Ref. [14], where further details
of many aspects can be found. The measurements of the
dσ/d|η|, dσ/dpT and d2σ/d|η|dpT presented here com-
plement the inclusive cross-sections and single-differential
cross-sections as a function of the transverse momentum
of the W+, W− and Z vector bosons (V = W, Z ) from
ATLAS in Ref. [14] and the inclusive cross-sections from
the CMS experiment [15] using similar data samples. Single-
differential cross-sections of W -boson production as a func-
tion of η have also been measured previously by ATLAS at
5.02 TeV using a much smaller data sample [16], 7 TeV [17]
and 8 TeV [18], by CMS at 8 TeV [19], and by LHCb in the
forward region at 7 TeV and 8 TeV [20–22]. The W -boson
double-differential cross-section as functions of lepton η and
pT has been measured by CMS at

√
s = 13 TeV [23].

This paper also presents a measurement of the W -boson
charge asymmetry (A�) as a function of lepton |η|. The W -
boson charge asymmetry has been measured by ATLAS at
5.02 TeV, 7 TeV and 8 TeV [16–18], by CMS at 7 TeV [24,
25], 8 TeV [19] and

√
s = 13 TeV [23], and by LHCb at 7 TeV

and 8 TeV [20–22]. It has also been measured in proton–
antiproton collisions by the CDF and D0 collaborations [26–
29].

The measurements in the electron and muon channels
are combined, and then compared with theoretical predic-
tions at next-to-next-to-leading-order (NNLO) in αs includ-
ing transverse-momentum resummation at next-to-next-to-
leading logarithmic (NNLL) accuracy with different PDF
sets [1–7]. The impact of the measured dσ/d|η| on the PDFs
is further studied using a profiling technique [30,31].

2 ATLAS detector

The ATLAS detector [32] at the LHC covers nearly the entire
solid angle around the collision point.1 It consists of an
inner tracking detector surrounded by a thin superconducting

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle θ

solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measure-
ments per track, the first hit generally being in the insertable
B-layer (IBL) installed before Run 2 [33,34]. It is followed
by the SemiConductor Tracker (SCT), which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
|η| = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold correspond-
ing to transition radiation.

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

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the super-
conducting 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 con-
sisting of layers of monitored drift tubes, cover the region
|η| < 2.7, complemented by cathode-strip chambers in the
forward region, where the background is highest. The muon
trigger system covers the range |η| < 2.4 with resistive-plate
chambers in the barrel, and thin-gap chambers in the endcap
regions.

The luminosity is measured mainly by the LUCID–2 [35]
detector that records Cherenkov light produced in the quartz
windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system imple-
mented in custom hardware, followed by selections made
by algorithms implemented in software in the high-level

footnote 1 continued
as η = − ln tan(θ/2) and is equal to the rapidity y = 1

2 ln
(
E+pz
E−pz

)
in

the relativistic limit. Angular distance is measured in units of 
R ≡√
(
y)2 + (
φ)2.
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trigger [36]. The first-level trigger accepts events from the
40 MHz bunch crossings at a rate close to 100 kHz, which
the high-level trigger further reduces in order to record com-
plete events to disk at about 1.25 kHz.

A software suite [37] is used in data simulation, in the
reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and simulated event samples

This analysis is performed using datasets corresponding to
integrated luminosities of 254.9 ± 2.6 pb−1 at 5.02 TeV and
338.1 ± 3.1 pb−1 at 13 TeV [38]. They were recorded in
2017 and 2018 during dedicated LHC low pile-up runs with
an average number of pp interactions of about two, which
is about a factor 20 smaller than that of the nominal LHC
Run 2 operation between 2015 and 2018. The data was col-
lected with triggers that require at least one muon or electron
with transverse momentum thresholds of 14 GeV and 15 GeV,
respectively [39–41].

Samples of Monte Carlo (MC) simulated events are used
to model the signal and background processes, except mul-
tijet production that is modelled from data as discussed in
Sect. 5. All MC samples were processed through the full
ATLAS detector simulation [42] based onGeant4 [43] using
settings specific to the low pile-up run conditions. The effects
of pile-up collisions in the same or neighbouring bunch
crossings were included in the MC simulation by overlay-
ing inelastic pp interactions produced using Pythia8.1 [44]
with the NNPDF2.3LO set of PDFs [45] and the A3 set of
tuned parameters (tune) [46].

The event samples for signal W -boson and background Z -
boson production were generated using the Powheg event
generator at next-to-leading-order (NLO) in QCD [47–50]
using the CT10 PDF [51], interfaced toPythia8.2 [52] using
the AZNLO tune [53]. These Powheg+Pythia8 samples
were interfaced to Photos++ [54] to simulate the effect of
final-state QED radiation. Alternative samples were prepared
with Sherpa2.2.1 (for 13 TeV) and 2.2.5 (for 5.02 TeV) [55]
using the NNPDF3.0 NNLO PDFs [56] and merging matrix
element calculations from Comix [57] and OpenLoops [58–
60] for V + 0, 1, 2 partons at NLO accuracy with V + 3, 4
partons at leading-order (LO) accuracy in the MEPS@NLO
scheme [61–65]. The W -boson signal samples are used to
evaluate the uncertainty arising from the choice of MC
generator. The W and Z -boson samples are normalised to
NNLO calculations performed using the DYTurbo pro-
gram [13,66–68], an optimised version of DYNNLO [69,70],
using the MMHT2014 NNLO PDF set [71]. The contribu-
tion to the electron and muon final states from leptonically

decaying τ -leptons in W -boson decays is treated as back-
ground [72].

Background processes from top-antitop-quark pair (t t̄)
production and single-top-quark production (Wt associ-
ated production, t-channel, s-channel) were generated with
Powheg+Pythia8 [73] and normalised to the NNLO pre-
dictions with resummation at NNLL accuracy [74–76]. Dibo-
son production VV was generated with Sherpa2.2.1 in all
decay channels with at least one real lepton in the final state
and treated as background [72].

4 Event reconstruction and selection

Events are selected if they include exactly one electron or
muon candidate that is matched to a corresponding trig-
ger lepton candidate. Events are also required to have at
least one reconstructed collision vertex with two or more
charged-particle tracks [77]. The vertex with the largest sum
of squared transverse 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 ID [78]. Electrons
are required to be within the coverage of the ID and the
precision region of the EM calorimeter, |η| < 2.47. Elec-
trons in the transition region between the barrel and endcap
calorimeters, 1.37 < |η| < 1.52, are excluded. Electron
candidates are required to have a transverse momentum of
pT > 25 GeV and pass the Medium likelihood identifica-
tion requirements [78]. They are also required to be isolated
from nearby activity, as measured by tracks in a cone of size

R < 0.2 around the candidate. The scalar sum of the pT

of these tracks (pcone20
T ) is required to be less than 10% of

the electron pT and may not exceed 5 GeV for electrons with
pT > 50 GeV, i.e. pcone20

T / min(pT, 50 GeV) < 0.1.
The muon reconstruction is performed independently in

the ID and in the MS, and a muon candidate is formed using
the combined information from the MS and ID tracks [79].
The muon candidates are required to have an absolute pseu-
dorapidity of |η| < 2.4, a transverse momentum of pT >

25 GeV and to satisfy the Medium identification criteria [79].
Muons are required to be isolated from nearby activity with
the same criterion as electrons.

Lepton candidates are required to originate from the pri-
mary vertex. The track transverse impact parameter signif-
icance, |d0/σd0 |, calculated relative to the beam line, must
be smaller than three for muons and smaller than five for
electrons. Furthermore, the longitudinal impact parameter,
z0 (the difference between the z-coordinate of the point on
the track at which d0 is defined and the longitudinal position
of the primary vertex), is required to satisfy |z0 sin(θ)| <

0.5 mm. Dedicated lepton calibrations and efficiency cor-
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rections are applied to the reconstructed electron and muon
candidates as described in Ref. [14].

The missing transverse momentum, �pmiss
T , with its magni-

tude Emiss
T , represents a measure of the transverse momentum

of the neutrino. It is defined as �pmiss
T = − ( �pT + �uT) using

the lepton �pT and hadronic recoil �uT. 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 ID and energy deposits in the
calorimeter [80,81]. The hadronic recoil is calibrated using
Z → �+�− events by comparing uT with p��

T , the trans-
verse momentum of the dilepton system [14]. The resolution
of the uT is mainly affected by the event activity variable
�ET, which represents the scalar sum of the transverse ener-
gies of all PFOs included in the recoil objects. The modified
event activity � ĒT, defined as � ĒT = �ET −uT, primarily
reflects contributions from the underlying event and pile-up,
and is used to characterise the hadronic recoil resolution.
The low pile-up datasets used in this analysis significantly
improve the resolution of the recoil measurement.

The background from QCD multijet events is reduced
by the requirement Emiss

T > 25 GeV. Furthermore, the W -

boson transverse mass mT =
√

2pTEmiss
T (1 − cos 
φ�ν)

must exceed 50 GeV, where 
φ�ν is the azimuthal angle
between the lepton �pT and �pmiss

T . After all selections, the
numbers of W → eν and W → μν candidates for the
5.02 TeV dataset are 7.1×105 and 7.5×105, respectively, and
the corresponding number for the 13 TeV dataset is around
2.2 × 106 for both channels.

5 Background estimates and event yields

Electroweak backgrounds include W → τν decays where
the τ -lepton decays leptonically, and Z → �+�− events
where one lepton escapes detection. In the electron chan-
nel, the W → eν background also includes a contribution
from signal W → eν events where the charge of the electron
is misreconstructed, forming a background in the oppositely-
charged signal sample. In the muon channel, such a charge
misreconstruction is negligibly small. There are also back-
ground contributions from diboson production and from top
quark events that mainly contribute at high lepton pT.

Background from QCD multijet (MJ) production cannot
be reliably simulated and has to be derived from data [14].
Depending on the lepton flavour, the MJ background has sig-
nificant contributions from leptons produced in semileptonic
decays of heavy quarks, pion and kaon decays, or photon con-
versions. The multijet yields in the electron and muon chan-
nels are estimated separately for positively and negatively
charged W -boson samples, and also for different centre-of-
mass energies.

Four selection regions are used for the multijet background
estimate. The signal region (SR) is defined by events sat-
isfying all selection criteria described in Sect. 4, including
Emiss

T > 25 GeV and mT > 50 GeV. As multijet production
is concentrated at lower values of pT, Emiss

T and mT as com-
pared to the signal, a fit region (FR) is constructed with the
requirements on Emiss

T and mT dropped, while other selec-
tions remain the same as in the SR. Two control regions,
CR1 and CR2, are defined, corresponding to the FR and SR,
respectively, except that the lepton in CR1 and CR2 fails the
isolation condition.

The number of multijet events in the FR is derived from a
template fit to the data distributions as a function of pT, Emiss

T
or mT, exploiting the different shapes of multijet events,
W → �ν signal, electroweak and top-quark background
components in these variables. The multijet template used
in the FR is derived from the data distributions in the CR1,
after subtracting the small W → �ν signal and non-multijet
background components using simulation. The other compo-
nents in the FR are taken from simulation. In a final step, the
multijet yields in the SR are determined by multiplying the
FR yields by a transfer factor that corrects for the acceptance
of the Emiss

T and mT selections and the dependence on the
isolation requirement. The transfer factor is determined by
calculating the ratio of multijet event yields in the CR2 and
the CR1. As the transfer factor depends on the isolation cri-
terion, mutually exclusive intervals in the isolation variable
are chosen to create statistically independent samples that are
progressively closer to the signal-candidate selection. Fig-
ure 1 shows the dependence on the isolation variable interval
of multijet yields derived using these transfer factors, taking
the mT variable as an example. A linear extrapolation to the
signal region is performed, with the difference in normalisa-
tion with respect to a quadratic extrapolation included as an
additional systematic uncertainty. The other dominant multi-
jet yield uncertainties include the statistical uncertainty from
the finite data and MC sample size in the fit regions, and those
arising from the linear extrapolation to the average isolation
value in the signal region and the possible mismodelling of
the jet activity in those regions failing the isolation require-
ment [14]. In addition, a shape uncertainty is obtained by
taking the difference between the extrapolated shape in the
SR and the multijet shape in the isolation interval [0.1, 0.2] in
the CR2. The multijet yields are estimated by using template
fits performed as functions of pT, Emiss

T and mT separately.
The results are found to be consistent and their average is
used for the final result.

The expected event yields for signal and background pro-
cesses are shown in Table 1. The total background level
ranges between 3% and 7% depending on the channel and
the centre-of-mass energy. Figure 2 shows the detector-level
|η| and pT distributions for two selected channels at 5.02 TeV
and 13 TeV. The two-dimensional distributions of η and pT

123



Eur. Phys. J. C           (2025) 85:729 Page 5 of 32   729 

Fig. 1 Relative multijet event yield in data extrapolated in the sig-
nal region from its dependence as a function of isolation variable
pcone20

T /min(pT, 50 GeV) is shown as an example for W− → e−ν̄

at 5.02 TeV using the mT distribution. The vertical error bar on the sig-
nal region point at 0.025 represents the total uncertainty including the
difference between the linear and quadratic fits

are presented as consecutive distributions of |η| for differ-
ent ranges of pT, as shown in Fig. 3. Overall, good agree-
ment is observed between the data and the expectations in
all the kinematic distributions. The choice of the bin bound-
aries for the |η| distribution is different for the electron and
muon channels, driven by details of the detector geome-
try. The bin boundaries for the pT distribution are the same
for electrons and muons, and correspond to those for the
unfolded fiducial cross-section as discussed in Sect. 6. The
hole in the |η| distributions in the electron channel corre-
sponds to the excluded barrel-endcap calorimeter transition
region (1.37 < |η| < 1.52) in the selection. The differ-
ences between the electron and muon distributions reflect
both the different efficiencies for reconstructing and select-
ing the two lepton flavours, and the intrinsic kinematic differ-
ences between W+-boson events at 5.02 TeV and W−-boson
events at 13 TeV.

6 Measurement procedure

The differential cross-sections at the particle level are mea-
sured in the same fiducial phase space as in Ref. [14], corre-
sponding to Born-level leptons with pT > 25 GeV, |η| < 2.5,
mW

T > 50 GeV and pν
T > 25 GeV. The bins defined by

particle-level kinematics for the single-differential cross-
sections in lepton |η| and pT are:

• |η|: [0, 0.42, 0.84, 1.05, 1.37, 1.52, 1.95, 2.5],
• pT: [25, 30, 35, 40, 45, 50, 60, 80, 100]GeV.

The bins are chosen by considering the sensitivity to the
underlying physics, detector resolution effects, detector
geometry, and the statistical precision in each bin. To sim-

plify the combination process described below, a common
binning scheme is chosen for the electron and muon chan-
nels. For the double-differential cross-section measurement,
the |η| bin boundaries from the single-differential measure-
ment are used, while the last three pT bins from 50 to
100 GeV are merged into a single bin due to the small number
of events with high pT.

To derive the differential cross-sections, the distributions
observed at the detector level after analysis selection and
background subtraction are corrected for detector effects
using an iterative Bayesian unfolding method [82,83]. First,
the data are corrected for events that pass the detector-level
selection but not the particle-level selection, with purity cor-
rection factors derived from simulated samples. The iterative
Bayesian unfolding technique is then used to correct for the
finite detector acceptance, resolution and reconstruction effi-
ciency in order to estimate the true underlying distribution.
Simulated events are used to determine the response matri-
ces needed to correct for the migration between bins in the
detector-level distributions. The unfolding procedure follows
Ref. [14] and determines the best estimate of the underlying
distribution using:

ũ j =
∑
i

U ji (di − bi )pi , (1)

where the indices i and j refer to bin i and j in the detector-
level and unfolded or true distributions, respectively, ũ j

is the unfolded spectrum, and U symbolically represents
the unfolding transformation, which in the simplest case is
just the inverse of the response matrix. The background-
subtracted data distribution di −bi is multiplied by the purity
correction factors pi . The purity correction factors pi are
defined by the number of generated and reconstructed events
in bin i divided by the number of reconstructed events in the
bin. The number of iterations in the unfolding procedure is
optimised to minimise the total measurement uncertainty, and
specifically the uncertainty related to possible biases induced
by the unfolding. Finally, the differential cross-section in bin
j is derived by dividing ũ j by the product of the luminos-
ity, bin width and efficiency correction factors. The latter are
defined by the number of generated and reconstructed events
in bin j divided by the number of generated events in the bin.

The W -boson production differential cross-sections are
measured separately in the electron and muon channels. The
measured cross-sections in the two channels are compared
and are found to be consistent within the uncorrelated uncer-
tainties. They are then combined as in Ref. [14] by using
an iterative implementation [84] of the best linear unbiased
estimator (BLUE) method [85,86]. The iterative procedure
reduces the bias resulting from non-Gaussian uncertainty
sources.
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Table 1 Observed and expected event yields for theW -boson selections
in the 5.02 TeV and 13 TeV datasets for the electron and muon chan-
nels split by the charge of the reconstructed lepton. Fractions in percent
for the signal and background processes relative to the total expected
event yield are also shown, where the uncertainties for the multijet

background correspond to the total uncertainties. The uncertainty in the
expected event yield includes the simulation statistical uncertainty and
that of the multijet background. The category W → �ν BG refers to
background from W → τν as well as charge misidentification in the
electron channels

Channel Observed Expected Signal [%] W → �ν BG [%] Z → �� [%] Top [%] Diboson [%] Multijet [%]

√
s = 5.02 TeV W → �ν

W− → e−ν̄ 274,375 276,000 ± 1000 95.8 2.6 0.4 0.3 0.1 0.8 ± 0.4

W+ → e+ν 430,662 431,000 ± 1000 96.8 2.1 0.3 0.2 0.1 0.5 ± 0.2

W− → μ−ν̄ 288,026 289,000 ± 1000 94.8 1.8 2.9 0.3 0.1 0.1 ± 0.3

W+ → μ+ν 457,223 457,000 ± 1000 95.8 1.7 2.1 0.2 0.1 0.1 ± 0.2√
s = 13 TeV W → �ν

W− → e−ν̄ 949,297 947,000 ± 6000 92.6 2.4 0.7 1.3 0.2 2.9 ± 0.6

W+ → e+ν 1,207,652 1,192,000 ± 7000 93.7 2.1 0.6 1.1 0.1 2.4 ± 0.6

W− → μ−ν̄ 964,514 966,000 ± 4000 92.9 1.5 3.5 1.2 0.2 0.6 ± 0.4

W+ → μ+ν 1,245,755 1,230,000 ± 4000 93.8 1.5 3.1 1.0 0.1 0.5 ± 0.3

The W -boson charge asymmetry A� is extracted using the
formula:

A�(|η|) =
dσW+
d|η| − dσW−

d|η|
dσW+
d|η| + dσW−

d|η|
, (2)

where the differential cross-sections as a function of lepton
|η| are obtained from the combination of the electron and
muon channels.

7 Systematic uncertainties

The uncertainties in the integrated luminosities are 1.0% and
0.92% for the 5.02 TeV and 13 TeV datasets, respectively,
following the methodology discussed in Ref. [38], using
the LUCID-2 detector [35] for the primary luminosity mea-
surements, complemented by measurements using the inner
detector and calorimeters. These are the leading systematic
uncertainties for the single-differential cross-section mea-
surements except at the high lepton pT tails.

The electron efficiency corrections and corresponding
uncertainties as functions of lepton pT and |η| are determined
following the strategies outlined in Ref. [78]. The recon-
struction efficiency is extrapolated from corrections derived
using datasets with high pile-up conditions [14]. The remain-
ing efficiency corrections and their corresponding uncertain-
ties are obtained using Z → e+e− events in the low pile-
up datasets. The electron energy calibration uncertainty is
also determined using the low pile-up datasets and the meth-
ods described in Ref. [78]. These uncertainties are typically
below 0.3% for the single-differential cross-section measure-
ments except at the low and high lepton pT regions, where
they reach up to 1%. The charge misidentification probability

and the corresponding uncertainties are evaluated as a func-
tion of lepton η. The impact of charge misidentification is
very small for the cross-section measurement but contributes
up to 0.4% when determining the charge asymmetry.

The muon efficiency corrections and corresponding uncer-
tainties follow a similar approach to those for electrons. Most
of the efficiencies are measured using Z → μ+μ− events in
the low pile-up dataset following Ref. [79], while the recon-
struction efficiency is extrapolated from datasets with high
pile-up conditions [14]. The muon energy calibration uncer-
tainty is derived using the Run 2 dataset with high pile-up
conditions [87] and then extrapolated to the low pile-up con-
ditions. These uncertainties are typically at up to a few per-
mille level.

The uncertainties arising from the hadronic recoil calibra-
tion are grouped into several categories [14]. The primary
uncertainty arises from the corrections derived from Z -boson
events. The corrections to the simulation to account for mis-
modelling of the data � ĒT distribution give rise to subdom-
inant uncertainty sources in the single-differential lepton pT

cross-section measurements in the high lepton pT regions.
Uncertainties due to the unfolding procedure are deter-

mined following Ref. [88], based on the regularisation and
differences in shape between the data and MC simulations.
The particle-level spectra in simulation are reweighted using
a smooth function so that the reconstructed-level spectra
match the data distributions. The reweighted MC spectra are
then treated as pseudodata and unfolded back to the particle-
level. The differences between the unfolded and reweighted
particle-level spectra are considered as the unfolding bias,
which has only a negligible effect on the results.

The uncertainties originating from the finite size of the MC
simulation samples are treated as systematic uncertainties,
and they are estimated by using the bootstrap method [89].
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Fig. 2 Detector-level distributions of lepton |η| in the (a) 5.02 TeV
W+ → μ+ν and (b) 13 TeV W− → e−ν̄ channels for data, and
expected signal and various background contributions normalised to
the integrated luminosity of the data sample. Similar detector-level dis-
tributions of lepton pT in the (c) 5.02 TeV W+ → μ+ν and (d) 13 TeV
W− → e−ν̄ channels. The last pT bin has a width of 5 GeV but includes

all events with pT > 100 GeV. The bottom panel displays the ratio of
data over expectation, with the data statistical error shown by the error
bar on the points. The dark shaded band represents the total system-
atic uncertainty, while the light shaded band shows the total systematic
uncertainty excluding the luminosity uncertainty

They only have a sizeable impact in the highest lepton pT

bin of the single-differential lepton pT distributions. They
have also a contribution around 0.5% for the W -boson charge
asymmetry measurement.

The uncertainties arising from the choice of the generator
for the W± signal samples are estimated by using alternative
SherpaW± samples, which are reweighted to have the same
PDFs and calibrated to the default Powheg+Pythia W±
samples for modelling the hadronic recoil and primary vertex
reconstruction efficiency [14]. They are the dominant or next-
most-dominant systematic uncertainty affecting the cross-

section results by up to 5% at the highest pT bin at 5.02 TeV
and the charge asymmetry results by up to 1.5%.

The uncertainties related to the background modelling of
the electroweak and top-quark background processes are esti-
mated from simulated samples by varying the PDF input, αs,
and QCD renormalisation and factorisation scales to cover
for missing higher-order contributions. They are 5% for the
electroweak backgrounds involving W and Z bosons, 7% for
t t̄ processes, and 10% for diboson and single-top processes.
They have negligible impact on the cross-section measure-
ments given the small background contributions. On the other
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Fig. 3 Detector-level distributions of lepton |η| for various ranges of
lepton pT in the (a) 5.02 TeV W+ → μ+ν and (b) 13 TeV W− → e−ν̄

channels for data, and expected signal and various background contri-
butions normalised to the integrated luminosity of the data sample. The
bottom panel displays the ratio of data over expectation, with the data

statistical error shown by the error bar on the points. The dark shaded
band represents the total systematic uncertainty, while the light shaded
band shows the total systematic uncertainty excluding the luminosity
uncertainty

hand, the multijet background uncertainty is dominant at
13 TeV in particular in the low lepton pT region.

The combination of the electron and muon decay channel
results, and the determination of the W -boson charge asym-
metry, require a model for the correlation of systematic uncer-
tainties between decay channels and W -boson charges. The
PDF profiling study described in Sect. 8.3 also requires the
correlations between centre-of-mass energies. The follow-
ing correlation model of the uncertainties is applied across
the various lepton decay channels, W -boson charges and
centre-of-mass energies [14]. The lepton efficiency correc-
tions, trigger efficiency, and energy calibrations are con-
sidered fully correlated for the measurements at the same

centre-of-mass energy, but uncorrelated between different
energies. The latter choice has, however, a negligible impact
on the results related to the PDF study. The recoil calibra-
tion uncertainty, determined using Z -boson events, is treated
as fully correlated across the W+ and W− measurements
and between lepton flavours. However, the recoil calibra-
tion remains independent between the 5.02 TeV and 13 TeV
datasets. The subdominant component, which accounts for
discrepancies between data and MC in

∑
ĒT distributions, is

treated as uncorrelated. Uncertainties in electroweak and top-
quark backgrounds, are assumed to be fully correlated across
all measurements. For the multijet background uncertainty,
the statistical component is considered uncorrelated between

123



Eur. Phys. J. C           (2025) 85:729 Page 9 of 32   729 

different lepton decay channels, W -boson charges and beam
energies, while methodological variations are assumed to
be fully correlated among all measurements. The unfolding
bias uncertainty is treated as uncorrelated between different
measurements. Generator uncertainties are fully correlated
between all measurements.

8 Results

In this section, the single- and double-differential cross-
section results are presented first, followed by the W -boson
charge asymmetry results. The impact of the new single-
differential cross-sections as a function of lepton |η| on PDFs
is then presented. When integrating the differential cross-
sections over all the full fiducial phase space defined in
Sect. 6, the inclusive cross-section values are compatible with
those reported in Ref. [14].

8.1 Differential cross-sections

The combined single-differential cross-sections are shown
as a function of lepton |η| in Fig. 4 and lepton pT in Fig. 5.2

The total uncertainty for the former is around 1.2% with little
variation as a function of lepton |η| and is dominated by the
luminosity uncertainty, while the latter has a similar precision
around the Jacobian peak and increases slightly up to 2% at
low lepton pT and up to 6% for 5.02 TeV and 3% for 13 TeV
at the highest lepton pT bin, where the dominant uncer-
tainties are from the choice of generator and the hadronic
recoil measurement. The combined two-dimensional cross-
sections as functions of |η| and pT are presented in Fig. 6. The
total uncertainty of the combined double-differential cross-
sections is typically around 2% and is dominated at low pT

by the lepton-related uncertainty for 5.02 TeV and the multi-
jet background uncertainty for 13 TeV and at high pT by the
data statistical and generator uncertainties.

The measured cross-sections are compared with the theo-
retical predictions calculated using DYTurbo [13,66–68]
with recent NNLO PDF sets: CT18 [1], MSHT20 [2–4],
NNPDF3.1 [5], NNPDF4.0 [6] and ATLASpdf21 [7]. The
corresponding uncertainties of the predictions include the
statistical and systematic ones accounting for variations in
the PDF input, αs, and QCD renormalisation and factorisa-
tion scales to cover for missing higher-order contributions.
The calculation precision is NNLO in QCD with NNLL terms
in the fiducial phase space. The prediction with NNPDF4.0
has the highest precision, followed by NNPDF3.1, MSHT20,

2 Unlike the previous ATLAS W -boson differential cross-section pub-
lications (e.g. Ref. [17]), the differential cross-sections as a function of
lepton |η| presented here are the sum of contributions from leptons with
negative and positive η, rather than the average contributions.

CT18 and ATLASpdf2.1 due to different input datasets and
tolerance values used in the definition of 1σ error. The pre-
dictions with NNPDF3.1 and NNPDF4.0 provide the best
description of the dσ/d|η| measurements over the full range
and of dσ/dpT for lepton pT up to 45 GeV. Good agreement
is also observed between the measurements and the predic-
tions with the other PDF sets in all the channels and at both
energies except in the high pT tail where all the predictions
are somewhat lower than the measurement in particular for
the 5.02 TeV W−-boson channel.

8.2 W -boson charge asymmetry

Using Eq. (2) in Sect. 6, the W -boson charge asymmetry A�

as a function of lepton |η| is derived from the corresponding
W+ and W−-boson single-differential cross-sections. The
correlations in uncertainties between the two measurements
are taken into account, which significantly reduce the exper-
imental uncertainties which are dominated by the statistical
and generator uncertainties. The total uncertainty is below
1.8% and 3% for 5.02 TeV and 13 TeV, respectively. Figure 7
presents the comparison between measured and predicted
W±-boson charge asymmetry. Good agreement is observed
in the full |η| range and the measurements are more precise
than the predictions, demonstrating the potential for addi-
tional constraints on the PDFs.

8.3 PDF profiling

Before investigating the impact of the cross-sections dσ/d|η|
on PDFs, it is possible to quantitatively compare the agree-
ment between these cross-sections and the predictions using
the recent NNLO PDF sets in terms of χ2 defined as

χ2( �βexp, �βth) =
Ndata∑
i

⎛
⎝σ

exp
i −σ th

i

(
1−∑

j β
exp
j γ

exp
i j − ∑

k βth
k γ th

ik

)


i

⎞
⎠

2

+
Nexp,sys∑

j

(
β

exp
j

)2 +
Nth,sys∑

k

(
βth
k

)2
, (3)

where the index i runs over all Ndata data points [17]. The
measurements and the theory predictions are given by σ

exp
i

and σ th
i , respectively. The correlated experimental and the-

oretical uncertainties are included using the corresponding
vectors �βexp and �β th. Their influence on the data and theory
predictions is described by the matrices γ

exp
i j and γ th

ik , where
the indices j and k correspond to the experimental (Nexp,sys)
and theoretical (Nth,sys) uncertainty sources. The statistical
and uncorrelated experimental uncertainties are included in

i . For the experimental uncertainties, the correlation model
described in Sect. 7 is employed.

The PDF sets considered are CT18, MSHT20, NNPDF4.0
and ATLASpdf21. These PDF sets are determined using
datasets that include the LHC data from W -boson produc-
tion at

√
s = 7 and 8 TeV but not at

√
s = 5.02 TeV and
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Fig. 4 Differential (a, c) W− and (b, d) W+-boson cross-section as
a function of |η| for the combination between the electron and muon
channels at (a, b) 5.02 TeV and (c, d) 13 TeV. The data are presented
with systematic (excluding luminosity) and total uncertainties and com-

pared with the theory predictions with the corresponding uncertainties
calculated with DYTurbo with different PDF sets. The ratios of the
predictions to the data are shown in the lower panels

13 TeV. The theoretical prediction is calculated using Mad-

Graph5_aMC@NLO [90] at NLO level, which is interfaced
to APPLgrid [91] using aMCfast [92]. In a further step,
the bin-by-bin NNLO corrections are applied by comparing
NLO predictions with NNLO+NNLO predictions calculated
using DYTurbo for the same PDF, in terms of K -factors,
KNLO→ NNLO QCD:

KNLO→NNLO QCD
i

=
(
dσ

NNLO+NNLL QCD
PDF /d|η|

)
i
/
(
dσ

NLO QCD
PDF /d|η|

)
i
,

(4)

where i denotes the bin number. The resulting χ2 values per
number of degrees of freedom (ndof) comparing the mea-
sured cross-sections and predictions for each of the PDF sets
are shown in Table 2. The partial χ2 value for each dataset
corresponds to that of the first term on the right-hand side of
Eq. (3), while the correlated χ2 value is from the other two
terms. The measurements are well described by these PDFs
in particular for CT18 and MSHT20 given their large tol-
erance values used in the uncertainty definition, while they
exhibit slight tension with ATLASpdf21 and NNPDF4.0.

The impact of new data on these PDF sets can be estimated
in a quantitative way with a profiling technique [17,30]. The
profiling is performed in the xFitter framework [93–95]
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Fig. 5 Differential (a, c) W− and (b, d) W+-boson cross-section as
a function of pT for the combination between the electron and muon
channels at (a, b) 5.02 TeV and (c, d) 13 TeV. The data are presented
with systematic (excluding luminosity) and total uncertainties and com-

pared with the theory predictions with the corresponding uncertainties
calculated with DYTurbo with different PDF sets. The ratios of the
predictions to the data are shown in the lower panels

using the above χ2 formula, except that the correlated exper-
imental and theory uncertainties are now treated as nuisance
parameters. When the χ2 function is minimised, the values
of the nuisance parameters at the minimum can be inter-
preted as an optimisation (‘profiling’) of PDFs to describe
the data [30].

Taking NNPDF4.0 as an example, the profiled parton
distributions with reduced uncertainties incorporating the
new measurements in comparison with the original ones are
shown in Fig. 8 for up- and down-valence quarks (xuv and
xdv) as well as the ratio of strange quark to light sea quark
distributions (Rs = (s + s̄)/(ū + d̄)). The latter was cho-
sen since it has been observed [96,97] to be higher in some

PDF fits than previously expected. Figure 9 displays the cor-
responding change on the relative uncertainties of the par-
ton distributions. Most of the constraining power arises from
the

√
s = 13 TeV measurement. Sizeable improvements in

the uncertainties in the quark distributions are observed. The
largest reduction of about a factor two is achieved around
x = 0.004 for the valence quarks. Similar improvement is
also observed for the CT18, MSHT20 and ATLASpdf21 PDF
sets.
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Fig. 6 Differential (a, c) W− and (b, d) W+-boson cross-section as
functions of |η| and pT for the combination between the electron and
muon channels at (a, b) 5.02 TeV and (c, d) 13 TeV. The data are pre-
sented with systematic (excluding luminosity) and total uncertainties

and compared with the theory predictions with the corresponding uncer-
tainties calculated with DYTurbo with different PDF sets. The ratios
of the predictions to the data are shown in the lower panels
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Fig. 7 The measured W -boson charge asymmetry as a function of |η|
for the combined electron and muon channels at (a) 5.02 TeV and (b)
13 TeV. The data are presented with total uncertainties and compared

with the theory predictions with the corresponding uncertainties using
different PDF sets. The differences between the predictions and the
measurement are shown in the lower panels

Table 2 Values of χ2 with the corresponding numbers of degree of free-
dom (ndof) comparing the data and unprofiled predictions with various
PDF sets. The χ2 values are split by dataset, providing a detailed break-

down of the agreement between the data and predictions. Additionally,
the contribution of the correlated terms arising from the experimental
and theoretical correlated uncertainties is also listed

Dataset Ndof CT18 MSHT20 ATLASpdf21 NNPDF4.0

W− → �−ν̄ 5.02 TeV 7 1.7 2.0 6.0 6.7

W+ → �+ν 5.02 TeV 7 3.7 5.1 6.8 6.1

W− → �−ν̄ 13 TeV 7 7.0 7.6 7.5 9.2

W+ → �+ν 13 TeV 7 4.0 3.9 5.6 3.5

Correlated χ2 11 16 30 25

Total χ2 28 28 35 56 50

Fig. 8 Original (red) and profiled (blue) PDF distributions of the NNPDF4.0 PDF set at Q2 = m2
W using the measured differential cross-sections

in |η| at 5.02 TeV and 13 TeV. The distributions of (a) xuv , (b) xdv , and (c) (s + s̄)/(ū + d̄) PDFs are presented
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Fig. 9 The relative uncertainties of original (red) and profiled (blue) PDF distributions of the NNPDF4.0 PDF set at Q2 = m2
W using the measured

differential cross-sections in |η| at 5.02 TeV and 13 TeV for (a) xuv , (b) xdv , and (c) (s + s̄)/(ū + d̄)

9 Conclusions

High precision single-differential cross-sections as a func-
tion of lepton transverse momentum pT or lepton pseudo-
rapidity |η| in the electron and muon channels of the W±-
boson decays, as well as double-differential cross-sections
of these variables, are measured in proton–proton collisions
at

√
s = 5.02 TeV and 13 TeV. The single-differential cross-

sections in pT and the double-differential cross-sections are
the first such measurements from ATLAS. They are based
on data samples collected in dedicated low pile-up runs with
the ATLAS detector at the LHC, corresponding to integrated
luminosities of 255 pb−1 and 338 pb−1, respectively. The
cross-sections are measured to an experimental precision bet-
ter than 0.5% in the bulk phase space, apart from the normal-
isation uncertainty of the luminosity determination, which is
1% and 0.92% for the 5.02 TeV and 13 TeV datasets, respec-
tively. The combined cross-sections of the electron and muon
channels are compared with predictions at NNLO including
transverse momentum resummation at NNLL accuracy in
QCD using different PDF sets and overall good agreement is
observed. The W -boson charge asymmetry as a function of
lepton |η| is also measured at both centre-of-mass energies
and the measurements are in good agreement with the corre-
sponding predictions. In addition, the expected impact of the
measured single-differential cross-sections as a function of
lepton |η| on several recent PDF sets is estimated, showing
their constraining power on various quark PDFs.
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K. W. Woźniak87 , S. Wozniewski55 , K. Wraight59 , C. Wu161 , C. Wu21 , M. Wu114b , M. Wu116 ,
S. L. Wu176 , S. Wu14 , X. Wu56 , X. Wu62 , Y. Wu62 , Z. Wu4 , J. Wuerzinger112,ai , T. R. Wyatt103 ,
B. M. Wynne52 , S. Xella43 , L. Xia114a , M. Xia15 , M. Xie62 , A. Xiong126 , J. Xiong18a , D. Xu14 ,
H. Xu62 , L. Xu62 , R. Xu131 , T. Xu108 , Y. Xu142 , Z. Xu52 , Z. Xu114a, B. Yabsley153 , S. Yacoob34a ,
Y. Yamaguchi84 , E. Yamashita159 , H. Yamauchi163 , T. Yamazaki18a , Y. Yamazaki85 , S. Yan59 , Z. Yan105 ,

123

http://orcid.org/0000-0003-0362-8795
http://orcid.org/0000-0002-3659-7270
http://orcid.org/0000-0003-1251-3332
http://orcid.org/0000-0002-9252-7605
http://orcid.org/0000-0002-9296-7272
http://orcid.org/0000-0002-0584-8700
http://orcid.org/0000-0002-5060-2208
http://orcid.org/0000-0002-4244-502X
http://orcid.org/0000-0002-3893-8016
http://orcid.org/0000-0001-5785-7548
http://orcid.org/0000-0002-1535-9732
http://orcid.org/0000-0002-3335-6500
http://orcid.org/0000-0003-1583-2611
http://orcid.org/0000-0003-3348-0234
http://orcid.org/0000-0001-8760-7259
http://orcid.org/0000-0002-1831-4871
http://orcid.org/0000-0002-6596-9125
http://orcid.org/0009-0003-7413-3535
http://orcid.org/0000-0001-9977-3836
http://orcid.org/0000-0003-4803-5213
http://orcid.org/0000-0001-6520-8070
http://orcid.org/0000-0003-0132-5723
http://orcid.org/0000-0003-3388-3906
http://orcid.org/0000-0003-1274-8967
http://orcid.org/0000-0002-8768-2272
http://orcid.org/0000-0003-0134-4377
http://orcid.org/0000-0002-6558-7311
http://orcid.org/0000-0002-9746-4172
http://orcid.org/0000-0001-9454-2481
http://orcid.org/0000-0001-6965-6604
http://orcid.org/0000-0001-7050-8203
http://orcid.org/0000-0002-6239-7715
http://orcid.org/0000-0001-6031-2768
http://orcid.org/0009-0006-4037-0972
http://orcid.org/0009-0009-3407-6648
http://orcid.org/0000-0001-8739-9250
http://orcid.org/0000-0002-9634-0581
http://orcid.org/0000-0002-8023-6448
http://orcid.org/0000-0003-0439-9795
http://orcid.org/0000-0002-5886-6339
http://orcid.org/0000-0002-3698-3585
http://orcid.org/0000-0002-7332-5098
http://orcid.org/0000-0002-4934-1661
http://orcid.org/0000-0003-2445-1132
http://orcid.org/0000-0003-2433-231X
http://orcid.org/0000-0001-7170-410X
http://orcid.org/0000-0002-1128-4200
http://orcid.org/0000-0003-4666-3208
http://orcid.org/0000-0001-8777-0590
http://orcid.org/0000-0002-8286-8780
http://orcid.org/0009-0001-5506-3573
http://orcid.org/0000-0002-4603-2070
http://orcid.org/0000-0001-8127-9653
http://orcid.org/0000-0003-2911-8910
http://orcid.org/0000-0003-0822-1206
http://orcid.org/0000-0002-5507-7924
http://orcid.org/0000-0001-9898-480X
http://orcid.org/0000-0001-6485-2227
http://orcid.org/0000-0002-1647-4329
http://orcid.org/0000-0001-5543-6192
http://orcid.org/0000-0002-9820-1729
http://orcid.org/0000-0002-7051-1223
http://orcid.org/0000-0002-8224-6105
http://orcid.org/0000-0002-6127-5847
http://orcid.org/0000-0001-5913-0828
http://orcid.org/0000-0001-6204-4445
http://orcid.org/0000-0001-8249-7150
http://orcid.org/0000-0002-5151-7101
http://orcid.org/0000-0001-6938-5867
http://orcid.org/0000-0001-7878-6435
http://orcid.org/0000-0002-4728-9150
http://orcid.org/0000-0002-8761-4632
http://orcid.org/0000-0002-6393-2302
http://orcid.org/0000-0002-6632-0440
http://orcid.org/0000-0002-2119-8875
http://orcid.org/0000-0002-6071-3104
http://orcid.org/0000-0002-9104-2884
http://orcid.org/0000-0002-8784-5684
http://orcid.org/0000-0002-8965-6676
http://orcid.org/0000-0001-8157-6711
http://orcid.org/0000-0002-2055-4364
http://orcid.org/0000-0001-6263-9879
http://orcid.org/0000-0001-8212-6894
http://orcid.org/0000-0002-5865-183X
http://orcid.org/0000-0001-6307-1437
http://orcid.org/0000-0001-5384-3843
http://orcid.org/0000-0001-6506-3123
http://orcid.org/0000-0002-0726-5648
http://orcid.org/0000-0001-8740-796X
http://orcid.org/0000-0001-9471-8627
http://orcid.org/0000-0001-6131-5725
http://orcid.org/0000-0002-8363-1072
http://orcid.org/0000-0002-0410-0055
http://orcid.org/0000-0002-0296-4028
http://orcid.org/0000-0002-9813-7931
http://orcid.org/0000-0002-0789-7581
http://orcid.org/0000-0001-7725-8227
http://orcid.org/0000-0001-8130-7423
http://orcid.org/0000-0002-1384-286X
http://orcid.org/0000-0002-3274-6531
http://orcid.org/0000-0002-7633-8441
http://orcid.org/0000-0001-8309-2227
http://orcid.org/0000-0001-5032-7907
http://orcid.org/0000-0002-4241-8937
http://orcid.org/0000-0003-1950-0307
http://orcid.org/0009-0000-2512-020X
http://orcid.org/0000-0002-7110-8065
http://orcid.org/0000-0001-9584-0392
http://orcid.org/0000-0001-8703-6978
http://orcid.org/0000-0003-1492-5007
http://orcid.org/0000-0002-0393-666X
http://orcid.org/0000-0001-9362-8451
http://orcid.org/0000-0001-9931-2896
http://orcid.org/0000-0002-0486-9569
http://orcid.org/0000-0003-2044-6539
http://orcid.org/0000-0002-9776-5880
http://orcid.org/0000-0002-9784-5477
http://orcid.org/0000-0002-5496-349X
http://orcid.org/0000-0002-3953-3117
http://orcid.org/0000-0002-3895-8084
http://orcid.org/0000-0002-2254-125X
http://orcid.org/0000-0002-2854-3811
http://orcid.org/0000-0002-2093-763X
http://orcid.org/0000-0002-7227-4006
http://orcid.org/0000-0003-3728-5102
http://orcid.org/0000-0002-7969-0301
http://orcid.org/0000-0001-7074-5655
http://orcid.org/0000-0002-9701-792X
http://orcid.org/0000-0003-2684-276X
http://orcid.org/0009-0007-3175-5325
http://orcid.org/0000-0001-6581-9410
http://orcid.org/0000-0003-3453-6156
http://orcid.org/0000-0001-6814-4674
http://orcid.org/0000-0002-9866-6040
http://orcid.org/0000-0002-2814-1337
http://orcid.org/0000-0001-7820-9144
http://orcid.org/0000-0001-6733-4310
http://orcid.org/0000-0002-0734-4442
http://orcid.org/0000-0003-4375-5190
http://orcid.org/0000-0003-1017-1295
http://orcid.org/0000-0001-8415-0759
http://orcid.org/0000-0003-2517-8502
http://orcid.org/0000-0003-2460-1276
http://orcid.org/0009-0005-8446-5255
http://orcid.org/0000-0002-9780-099X
http://orcid.org/0000-0003-0855-0958
http://orcid.org/0000-0002-1351-6757
http://orcid.org/0000-0001-5284-2451
http://orcid.org/0000-0003-2432-3309
http://orcid.org/0009-0009-4142-3409
http://orcid.org/0000-0003-1827-2955
http://orcid.org/0000-0002-5956-4244
http://orcid.org/0000-0002-2598-2659
http://orcid.org/0000-0002-3368-3413
http://orcid.org/0000-0001-5246-0779
http://orcid.org/0000-0002-3713-8033
http://orcid.org/0000-0001-8209-4757
http://orcid.org/0000-0002-3228-6715
http://orcid.org/0000-0001-8060-2228
http://orcid.org/0000-0001-5468-2025
http://orcid.org/0000-0003-4378-5736
http://orcid.org/0000-0002-0235-1053
http://orcid.org/0000-0001-8669-9139
http://orcid.org/0000-0002-7223-2965
http://orcid.org/0000-0002-7011-9432
http://orcid.org/0000-0002-5102-9140
http://orcid.org/0000-0002-1596-2611
http://orcid.org/0000-0002-6497-6809
http://orcid.org/0000-0002-0237-292X
http://orcid.org/0000-0002-6270-9176
http://orcid.org/0000-0003-2281-3822
http://orcid.org/0000-0002-9181-8048
http://orcid.org/0000-0002-0048-4602
http://orcid.org/0000-0002-4839-6281
http://orcid.org/0000-0002-5338-8972
http://orcid.org/0000-0001-9156-970X
http://orcid.org/0000-0003-0097-123X
http://orcid.org/0000-0003-2987-3772
http://orcid.org/0000-0001-8891-8606
http://orcid.org/0009-0005-7503-3370
http://orcid.org/0000-0002-3429-4778
http://orcid.org/0000-0002-3114-3798
http://orcid.org/0000-0001-8899-4027
http://orcid.org/0000-0003-2607-7287
http://orcid.org/0000-0002-7110-8516
http://orcid.org/0000-0001-8474-5357
http://orcid.org/0000-0002-4157-0996
http://orcid.org/0000-0002-7561-204X
http://orcid.org/0000-0003-2541-4827
http://orcid.org/0000-0001-5415-5225
http://orcid.org/0000-0003-4477-9733
http://orcid.org/0000-0001-8083-0001
http://orcid.org/0000-0002-6251-1178
http://orcid.org/0000-0003-3208-9209
http://orcid.org/0000-0003-3473-7038
http://orcid.org/0000-0003-0472-3516
http://orcid.org/0009-0008-7683-7428
http://orcid.org/0009-0004-5387-7866
http://orcid.org/0000-0002-8600-9799
http://orcid.org/0000-0002-5588-0020
http://orcid.org/0000-0002-9198-5911
http://orcid.org/0000-0002-6324-8551
http://orcid.org/0000-0003-0616-7330
http://orcid.org/0009-0006-1584-6916
http://orcid.org/0000-0002-9039-8758
http://orcid.org/0000-0001-8535-4809
http://orcid.org/0000-0002-0385-3784
http://orcid.org/0000-0002-7867-7922
http://orcid.org/0000-0002-4848-5540
http://orcid.org/0000-0001-5551-5456
http://orcid.org/0000-0003-2482-711X
http://orcid.org/0000-0001-9116-055X
http://orcid.org/0000-0002-8487-8480
http://orcid.org/0000-0003-3952-8139
http://orcid.org/0000-0002-5246-5497
http://orcid.org/0000-0002-1024-0687
http://orcid.org/0000-0001-7613-5997
http://orcid.org/0000-0001-9839-608X
http://orcid.org/0000-0001-8530-6487
http://orcid.org/0000-0002-5821-4875
http://orcid.org/0000-0001-7477-4955
http://orcid.org/0000-0002-1152-2221
http://orcid.org/0009-0000-3537-0747
http://orcid.org/0000-0002-7184-9891
http://orcid.org/0000-0001-9714-9319
http://orcid.org/0000-0002-2411-7399
http://orcid.org/0000-0001-5173-2234
http://orcid.org/0009-0002-2575-2260
http://orcid.org/0000-0003-4693-5365
http://orcid.org/0009-0003-3345-4359
http://orcid.org/0000-0002-0928-2070
http://orcid.org/0000-0002-9862-3091
http://orcid.org/0000-0003-0756-0206
http://orcid.org/0000-0002-8178-5705
http://orcid.org/0000-0002-2298-7315
http://orcid.org/0009-0008-9698-5372
http://orcid.org/0000-0002-8268-8325
http://orcid.org/0000-0002-6382-1573
http://orcid.org/0000-0001-7052-7973
http://orcid.org/0000-0003-3704-5782
http://orcid.org/0000-0002-9724-2684
http://orcid.org/0000-0003-3352-126X
http://orcid.org/0000-0002-0753-7308
http://orcid.org/0000-0003-0872-8920
http://orcid.org/0000-0002-5294-6856
http://orcid.org/0000-0002-8659-5767
http://orcid.org/0000-0002-5074-0539
http://orcid.org/0000-0002-2770-9031
http://orcid.org/0000-0002-2841-1616
http://orcid.org/0000-0001-9524-8452
http://orcid.org/0000-0001-9725-2316
http://orcid.org/0000-0002-5158-307X
http://orcid.org/0000-0003-4563-2346
http://orcid.org/0000-0003-2165-871X
http://orcid.org/0000-0002-6456-6834
http://orcid.org/0000-0002-5450-2511
http://orcid.org/0000-0002-8678-893X
http://orcid.org/0000-0003-1623-3899
http://orcid.org/0000-0002-4375-5265
http://orcid.org/0000-0001-9971-0077
http://orcid.org/0000-0002-8192-8999
http://orcid.org/0000-0002-9507-1869
http://orcid.org/0000-0003-0714-1466
http://orcid.org/0000-0001-8315-9778
http://orcid.org/0000-0001-5474-4580
http://orcid.org/0000-0002-2005-3113
http://orcid.org/0000-0002-2711-4820
http://orcid.org/0000-0003-3605-3633
http://orcid.org/0000-0001-9232-4827
http://orcid.org/0000-0002-9569-2745
http://orcid.org/0000-0001-6219-8946
http://orcid.org/0000-0002-8483-9502
http://orcid.org/0000-0003-0924-7889
http://orcid.org/0000-0002-5646-1856
http://orcid.org/0000-0001-6174-401X
http://orcid.org/0000-0002-4120-1453
http://orcid.org/0000-0002-7811-7474
http://orcid.org/0000-0002-3307-903X
http://orcid.org/0000-0001-5038-1399
http://orcid.org/0000-0003-1532-6399
http://orcid.org/0000-0001-8290-3200
http://orcid.org/0000-0001-9606-7688
http://orcid.org/0000-0002-0688-3380
http://orcid.org/0000-0001-5100-2522
http://orcid.org/0000-0001-9184-2921
http://orcid.org/0000-0002-9588-1773
http://orcid.org/0000-0003-3089-022X
http://orcid.org/0000-0002-3865-4996
http://orcid.org/0000-0003-4273-6334
http://orcid.org/0000-0003-1171-0887
http://orcid.org/0000-0001-8563-0412
http://orcid.org/0000-0002-3298-4900
http://orcid.org/0009-0000-1342-3641
http://orcid.org/0000-0003-3700-8818
http://orcid.org/0000-0001-5283-4080
http://orcid.org/0000-0002-5252-2375
http://orcid.org/0000-0001-5866-1504
http://orcid.org/0000-0002-3176-1748
http://orcid.org/0000-0001-7655-389X
http://orcid.org/0009-0002-0828-5349
http://orcid.org/0000-0002-1528-4865
http://orcid.org/0000-0002-5392-902X
http://orcid.org/0000-0002-4055-218X
http://orcid.org/0000-0001-9690-2997
http://orcid.org/0000-0001-9895-4475
http://orcid.org/0000-0002-0988-1655
http://orcid.org/0000-0003-3073-3662
http://orcid.org/0009-0007-3125-1880
http://orcid.org/0000-0001-6707-5590
http://orcid.org/0009-0005-0548-6219
http://orcid.org/0000-0002-4853-7558
http://orcid.org/0000-0001-6355-2767
http://orcid.org/0000-0001-6110-2172
http://orcid.org/0000-0001-8997-3199
http://orcid.org/0000-0002-1928-1717
http://orcid.org/0000-0002-0215-6151
http://orcid.org/0000-0001-9563-4804
http://orcid.org/0000-0001-9571-3131
http://orcid.org/0000-0002-2680-0474
http://orcid.org/0000-0001-6977-3456
http://orcid.org/0000-0002-3725-4800
http://orcid.org/0000-0003-1721-2176
http://orcid.org/0000-0003-2123-5311
http://orcid.org/0000-0003-0411-3590
http://orcid.org/0000-0003-3710-6995
http://orcid.org/0000-0002-1512-5506
http://orcid.org/0000-0002-2483-4937


Eur. Phys. J. C           (2025) 85:729 Page 27 of 32   729 

H. J. Yang144a,144b , H. T. Yang62 , S. Yang62 , T. Yang64c , X. Yang37 , X. Yang14 , Y. Yang159 , Y. Yang62,
W-M. Yao18a , C. L. Yardley152 , H. Ye55 , J. Ye14 , S. Ye30 , X. Ye62 , Y. Yeh98 , I. Yeletskikh39 , B. Yeo18b ,
M. R. Yexley98 , T. P. Yildirim129 , P. Yin42 , K. Yorita174 , C. J. S. Young37 , C. Young149 , N. D. Young126,
Y. Yu62 , J. Yuan14,114c , M. Yuan108 , R. Yuan144a,144b , L. Yue98 , M. Zaazoua62 , B. Zabinski87 , I. Zahir36a ,
A. Zaio57a,57b, Z. K. Zak87 , T. Zakareishvili169 , S. Zambito56 , J. A. Zamora Saa140d , J. Zang159 , D. Zanzi54 ,
R. Zanzottera71a,71b , O. Zaplatilek135 , C. Zeitnitz177 , H. Zeng14 , J. C. Zeng168 , D. T. Zenger Jr27 ,
O. Zenin38 , T. Ženiš29a , S. Zenz96 , D. Zerwas66 , M. Zhai14,114c , D. F. Zhang145 , J. Zhang143a , J. Zhang6 ,
K. Zhang14,114c , L. Zhang62 , L. Zhang114a , P. Zhang14,114c , R. Zhang176 , S. Zhang91 , T. Zhang159 ,
X. Zhang144a , Y. Zhang142 , Y. Zhang98 , Y. Zhang62 , Y. Zhang114a , Z. Zhang18a , Z. Zhang143a , Z. Zhang66 ,
H. Zhao142 , T. Zhao143a , Y. Zhao35 , Z. Zhao62 , Z. Zhao62 , A. Zhemchugov39 , J. Zheng114a , K. Zheng168 ,
X. Zheng62 , Z. Zheng149 , D. Zhong168 , B. Zhou108 , H. Zhou7 , N. Zhou144a , Y. Zhou15 , Y. Zhou114a ,
Y. Zhou7, C. G. Zhu143a , J. Zhu108 , X. Zhu144b, Y. Zhu144a , Y. Zhu62 , X. Zhuang14 , K. Zhukov68 ,
N. I. Zimine39 , J. Zinsser63b , M. Ziolkowski147 , L. Živković16 , A. Zoccoli24a,24b , K. Zoch61 , T. G. Zorbas145 ,
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