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Fiducial and total W* and Z boson cross sections, their ratios and the ratio of top-antitop-quark pair and
W -boson fiducial cross sections are measured in proton-proton collisions at a centre-of-mass energy of \/_ =
13.6 TeV, corresponding to an integrated luminosity of 29 fb~! of data collected in 2022 by the ATLAS experiment

at the Large Hadron Collider. The measured fiducial cross-section values for W+ — v, W~ - ¢~v, and Z —
£*¢~ (¢ = e or u) boson productions are 4250 + 150 pb, 3310 + 120 pb, and 744 + 20 pb, respectively, where the
uncertainty is the total uncertainty, including that arising from the luminosity of about 2.2%. The measurements
are in agreement with Standard-Model predictions calculated at next-to-next-to-leading-order in a,, next-to-next-
to-leading logarithmic accuracy and next-to-leading-order electroweak accuracy.

1. Introduction

Precision measurements of the W= and Z cross sections and their
ratios at the Large Hadron Collider (LHC) provide an excellent probe of
quantum chromodynamics (QCD) and of the proton structure. Measure-
ments of W* and Z cross sections have been performed by the ATLAS
Collaboration [1] at centre-of-mass energies of 2.76 TeV [2], 5 TeV [3],
7 TeV [4], 8 TeV [5,6], and 13 TeV [7,8] and by the CMS [9] Collabo-
ration at centre-of-mass energies of 7 TeV [10,11], 8 TeV [12,13], and
13 TeV [14]. The experimental precision of such measurements per-
formed within the fiducial region defined by the detector acceptance
has reached percent level, with sub-percent level precision for cross-
section ratios.

In this letter, measurements of the inclusive fiducial and total cross
sections of W+ — ¢£tv, W~ — ¢, their ratio, and their ratios to the
Z — ¢£*¢~ cross section are presented. The measurements are made
at an increased LHC centre-of-mass energy of 13.6 TeV, using a data
sample corresponding to 29 fb~!, with # referring to muons or elec-
trons. The fiducial cross section for Z — #*#~ production in the same
data sample from this analysis has been published together with the
top-antitop-quark pair #f production cross section and their ratio in
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Ref. [15]. Here, the first measurement of the ratios between ¢7 and W *-
boson fiducial cross sections in the same data sample is also presented
to probe different parton densities of the proton.

The measurements are performed by using profile-likelihood (PLH)
fits [16] to the inclusive data in the four fiducial single-lepton channels
Wt sety, WH - utv, W= - e v, and W~ — u~, and the two fidu-
cial dilepton channels Z — ete™ and Z — u*u~ to extract the W and
Z boson cross sections, and their ratios oy +_ s+, Op- -5 Op=_pys
6z-¢+¢-> Rysyz, and Ry + jy . Similarly, combined fits of the four
W -boson channels, the two Z-boson channels, and the two #f chan-
nels from Ref. [15] are used to extract the cross-section ratios Ry =,
Rtf/W+’ and Rtf/W— .

The measurements are compared with theoretical predictions cal-
culated at next-to-next-to-leading-order (NNLO). The predictions are
supplemented by the resummation of logarithmically enhanced con-
tributions in the low transverse-momentum region of the lepton pairs
at next-to-next-to-leading-logarithmic (NNLL) accuracy in QCD, plus
next-to-leading-order (NLO) electroweak (EW) accuracy, using various
state-of-the-art parton distribution functions (PDFs). The dependence of
the cross sections on the centre-of-mass energy is also tested.

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, ¢) 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(f/2) and is equal to the rapidity y = % In ( Ltp.c )

in the relativistic limit. Angular distance is measured in units of AR =
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The ATLAS Collaboration
2. The ATLAS detector

The ATLAS experiment [1,17] at the LHC is a multipurpose particle
detector with a forward-backward symmetric cylindrical geometry and
a near 4z coverage in solid angle.! It consists of an inner tracking detec-
tor (ID) surrounded by a thin superconducting solenoid providinga 2 T
axial magnetic field, electromagnetic and hadronic calorimeters, and a
muon spectrometer. The inner tracking detector covers the pseudora-
pidity range |5| < 2.5. It consists of silicon pixel, silicon microstrip, and
transition radiation tracking detectors. Lead/liquid-argon (LAr) sam-
pling calorimeters provide electromagnetic (EM) energy measurements
with high granularity within the region || < 3.2. A steel/scintillator-
tile hadronic calorimeter covers the central pseudorapidity range (|| <
1.7). The endcap and forward regions are instrumented with LAr
calorimeters for EM and hadronic energy measurements up to |5| =4.9.
The muon spectrometer surrounds the calorimeters and is based on
three large superconducting air-core toroidal magnets with eight coils
each. The field integral of the toroids ranges between 2.0 and 6.0 Tm
across most of the detector. The muon spectrometer includes a system
of precision tracking chambers up to |#| = 2.7 and fast detectors for
triggering up to |5| = 2.4. The luminosity is measured mainly by the
LUCID-2 detector [18] which is located close to the beampipe. A two-
level trigger system is used to select events [19]. The first-level trigger
is implemented in hardware and uses a subset of the detector informa-
tion to accept events at a rate below 100 kHz. This is followed by a
software-based trigger that reduces the accepted event rate to 3 kHz on
average, depending on the data-taking conditions. A software suite [20]
is used in data simulation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data ac-
quisition systems of the experiment.

3. Data and MC samples

The analysis is performed using data collected in 2022, the first year
of the Run 3 data taking period, by the ATLAS detector in pp collisions
at /s = 13.6 TeV, corresponding to an integrated luminosity of 29.0 +
0.6 fb~! [21], after applying data-quality requirements [22].

Monte Carlo (MC) simulated events are used to optimise the se-
lection, determine all backgrounds except for the multi-jet process,
calculate the detector acceptance factor and to perform the final signal-
extraction fit.

The production of Z and W bosons decaying to e, u signal or
background final states was simulated with the SHERPA 2.2.12 gener-
ator [23] using NLO matrix elements (MEs) for up to two additional
partons, and leading-order (LO) ME for up to five additional partons cal-
culated with the Comix [23] and OPENLOOPS [24-26] libraries. They
were matched with the SHERPA parton shower (PS) [27] using the
MEPS@NLO prescription [28] and the set of tuned parameters devel-
oped by the SHERPA authors. The NNPDF 3.0 NNLO PDF set [29] was
used and the samples were normalised to a NNLO prediction [30].

Samples of diboson final states were simulated with SHERPA 2.2.12,
including off-shell effects and Higgs boson contributions where appro-
priate. Fully leptonic final states and semi-leptonic final states were
generated using MEs at NLO accuracy in QCD for up to one additional
parton and at LO accuracy for up to three additional parton emissions.

The production of a top-quark pair #f and the associated produc-
tion of a single top-quark and a W boson (W't) were modelled using
the POWHEGBOX v2 generator [31-34] interfaced to PYTHIA 8.307 [35]
with the parton shower tune A14 [36]. The MEs were calculated at NLO
precision in QCD using the NNPDF 3.0 NNLO PDF set. The #7 sample
was normalised to the cross-section prediction at NNLO in perturbative
QCD including the resummation of NNLL soft-gluon terms calculated
using Top++ 2.0 [37-43].

The effect of multiple interactions in the same and neighbouring
bunch crossings (pile-up) was modelled by overlaying [44] the original
hard-scattering event with simulated inelastic pp events generated by

Physics Letters B 854 (2024) 138725

EPOS 2.0.1.4 [45,46] and PYTHIA 8.307. The events generated with
EPOS used the EPOS LHC tune, while the PYTHIA8 events used the
NNPDF 2.3 LO PDF set [47] and the A3 tune [48]. The ATLAS de-
tector response was simulated by the GEANT4 toolkit [49] with the full
simulation of the ATLAS detector [50]. The simulated samples were
then processed with the same software framework as the data.

4. Object definition and event selection

Events are selected if they include at least one lepton that is matched
to an object identified by a single-lepton trigger. The lowest transverse
momentum p; threshold in the single-lepton triggers is 26 GeV for elec-
trons and 24 GeV for muons [19,51,52]. Events are also required to
have at least one reconstructed collision vertex with two or more asso-
ciated tracks with p; > 500 MeV. The vertex with the highest ) p% of
the associated tracks is taken as the primary vertex.

Electron candidates are reconstructed from clusters in the EM
calorimeter matched to charged tracks measured in the ID. The elec-
tron candidates are required to satisfy Tight identification criteria [53],
validated to be still working well for data taking at 13.6 TeV, and to
have pr > 27 GeV and |y| < 2.47, excluding the transition region be-
tween the barrel and endcap calorimeters, 1.37 < || < 1.52.

Muon candidates are reconstructed from tracks in the muon spec-
trometer matched to tracks from the ID. The muon candidates are
required to satisfy Medium identification criteria [54], adapted for data
taking at 13.6 TeV, with pr > 27 GeV and || <2.5.

Leptons must originate from the primary vertex by requiring
|zysin@]| < 0.5 mm, where z; is the z-coordinate of the track at the
point of closest approach to the z-axis. Furthermore, the significance of
the transverse impact parameter, defined by the distance of closest ap-
proach of the track to the primary vertex point in the r — ¢ projection
|dyl, divided by its estimated uncertainty o(d,), is required to satisfy
|dyl/o(dy) < 5 for electrons and |dy|/o(dy) < 3 for muons.

To select prompt leptons, tight isolation criteria are imposed on the
charged leptons. Requirements are applied on the transverse momen-
tum sum of all ID tracks within a variable cone around the lepton,
p%a'“’“em, where the maximum cone size is AR = 0.3, shrinking for
larger pr [53], and on the transverse energy E%"“ezo in a cone of
AR =0.2 around the lepton: p%arc‘mem /pr <0.06 and E%Onezo /pr <0.06
for electrons and p%"““"em /pr <0.04 and E%O“ezo /pr <0.15 for muons.

Jets are used for the calculation of the missing transverse momen-
tum (see below). They are reconstructed using a particle flow algo-
rithm [55] that exploits both calorimeter and ID informations. The
anti-k, algorithm [56,57] with a radius parameter R = 0.4 is used. The
jet energy calibration is based on Run 3 simulation and in-situ calibra-
tion [58], adapted for data taking at 13.6 TeV. Calibrated jet candidates
are required to have pp > 20 GeV for |y| < 2.5 and pr > 30 GeV for
2.5 < |n| < 4.5. To suppress jets originating from pile-up, jets with py
below 60 GeV are required to satisfy a neural-network-based jet vertex
tagger (NNJVT) discriminant, a successor of the jet vertex tagger algo-
rithm [59] used during the Run 2 data taking period in the years 2015
to 2018.

To remove the ambiguity when one physical object is reconstructed
as multiple objects, the following algorithm is used, with each operation
applied in the given order. If any electron candidate is found sharing a
track with any other electron candidates, the candidate with smaller py
is removed. Any electron candidate found to share a track with a muon
is removed. The closest jet found within a AR of 0.2 of an electron can-
didate is removed. Any electron candidate subsequently found within
AR of 0.4 of a jet is removed. Jets with less than three tracks associ-
ated to it found within AR of 0.2 or with a muon inner-detector track
ghost-associated to it are removed, then muon candidates found within
AR of 0.4 of a jet are removed.

The missing transverse momentum i)‘T“iSS, with magnitude E%"iss, is
defined as the negative of the sum of the transverse momenta of the
reconstructed and calibrated physical objects, and a soft term built from
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Table 1
Summary of the event selection requirements.

Electron selections pr > 27 GeV

|n| <2.47 and veto of 1.37 < || < 1.52

Muon selections pr > 27 GeV

Inl <2.5

W -boson selections ~ Exactly one lepton
ERss > 25 GeV

myp > 50 GeV

Z-boson selections Exactly two same flavour opposite charged leptons

66 <m;, <116 GeV

all tracks that are associated with the primary vertex, excluding those
used in the physics objects, is also included [60].

The object reconstruction for the 7 analysis is described in detail
in Ref. [15]. In addition to the objects defined above, jets containing
b-hadrons are identified, using the 77% efficiency working point of the
DL1d b-tagging algorithm [61,62].

The Z-boson decays into a pair of electrons or muons with opposite
electric charge, thus two dilepton channels, ee and up, are defined.
In the case of the W-boson, the ones decaying into one lepton and
a neutrino are considered, so four single lepton channels are defined
according to the lepton flavour and electric charge: e~ v, e*v, u~ ¥, and
utv.

Events in the dilepton channels are required to have exactly two
same-flavour leptons (electrons or muons) with opposite electric charge.
The invariant mass of the dilepton pairs is required to be in the mass
range 66 < my, < 116 GeV. In the single-lepton channels, events are re-
quired to have exactly one identified and isolated lepton, E?iss greater

than 25 GeV, and a transverse mass m?/ = \/ 2p‘1‘3i55p§(1 —cosAg,,)

greater than 50 GeV, where A¢,, is the azimuthal angle between the
charged lepton transverse momentum ﬁ? and FT’“SS.

The event selections for the W and Z boson analysis are sum-
marised in Table 1. The Z — £¢ selection is the same as in Ref. [15]
that also describes the event selection for the # analysis. Selected 7
candidates are required to have exactly one electron and one muon of
opposite charge. No dilepton mass, E}“i“ or m! requirements are im-

T
posed but the events are required to have one or two b-tagged jets.

5. Background estimation and yields

Background contributions to the W and Z boson final states corre-
spond to two main categories: EW and top-quark processes, estimated
by using MC simulations, and the multi-jet (MJ) background, estimated
using a data-driven technique.

The EW background contributions include single-boson and diboson
productions. The single-boson productions correspond to W* — t*y
and Z — 7+7~ for both channels, where the subsequent leptonic de-
cays of the t leptons are also treated as background, Z — eTe™ and
Z — utyu~ for the W channels and W* — e*v and W* — u*v for the
Z-boson channels. Diboson productions, WW , W Z, and Z Z can have
similar signatures to W or Z events if one of the bosons decays hadron-
ically or invisibly or if leptonic decay products fail to satisfy the object
selection. Likewise, #7 pair and Wt production can result in similar sig-
natures to W or Z events, if one or two W bosons decay leptonically.
For W -boson selections, the contribution of both the diboson and top-
quark events to the background is small due to the lower production
cross section. For Z-boson selections, all EW background contributions
are at sub-percent level.

The MJ background stems from QCD jet production, where particles
within the jets are mistakenly identified as prompt isolated leptons. It
has major contributions from collimated charged and neutral pions and
from non-prompt real leptons produced e.g. in semi-leptonic decays of
heavy quarks or in-flight pion decays. Although this type of background
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processes is efficiently rejected by the isolation selection and, in the
W -boson case, by the lepton pr, E;‘iss, and m‘T’V requirements, MJ pro-
cesses still dominate the background in W -boson measurements at high
pile-up due to the large production cross section and large E{f‘iss gener-
ated through jet energy mis-measurements in the event, contributing to
around 3—7% of data events. Because of the difficulties in the precise
simulation of these processes, data-driven techniques are used for the
estimation of the MJ background [7].

The MJ background in the four W -boson channels is estimated by
performing PLH fits to the data in a fitting region enriched with MJ
contribution, where the signal and background kinematic distributions
have sufficient discriminating power. The discriminating variables used
in these fits are E‘Tniss and m?’ . The signal region (SR) is defined by the
full event selection, in particular, E}“iss> 25 GeV and m;’,‘/ > 50 GeV. The
fitting region (FR) is defined similarly to the SR except that E;‘iss< 25
GeV and m?’ < 50 GeV are required. The signal, EW, and top-quark
background contributions in this region are estimated by using MC
simulations, while the MJ distributions are derived in a control region
(CR1) with similar kinematic selection as the FR, but where the lepton
is required to fail to satisfy the track isolation requirement, denoted as
anti-isolated. Similarly, another control region (CR2) is defined where
the lepton is also required to fail isolation but has the same kinematic
selection as the SR. The contamination from signal and other back-
grounds in the CR1 and CR2 is estimated by using MC simulations and
subtracted from the data to obtain the MJ templates in these regions.
Pre-scaled supporting triggers with looser or without isolation require-
ments corresponding to a smaller integrated luminosity value than the
nominal one are used to populate sufficiently the CR1 and CR2. These
triggers have similar kinematic requirements to the nominal ones used
to select events in the SR.

Several MJ templates are created for each W -boson decay channel
by slicing the CR1 and CR2 as explained in the following. Four mutually
exclusive isolation slices are defined by varying the track isolation vari-
able progressively further from the signal region, while the calorimeter
isolation is kept at the nominal value. The slices in the track isolation
variable are equal in width and have an upper limit corresponding to
0.3 and 0.2 in the electron and muon channels, respectively. For each
isolation slice, the normalisation of the corresponding MJ template in
the FR is extracted using a PLH fit to the measured E;“iss or m?/ dis-
tribution. A transfer factor, calculated using the ratio of the MJ yields
in the CR1 and CR2, is used to obtain the SR MJ yield from the FR fit
result. This procedure leads to two sets of four SR MJ yields (two fit
variables and four isolation slices) for each of the four W -boson chan-
nels. To reduce the bias due to the track isolation on the MJ yield in
the SR, the MJ estimates obtained from each isolation slice are used to
build an extrapolation to the track isolation selection used in the SR.

Fig. 1 shows the linear (dashed line) and quadratic (solid line) fits to
the relative MJ yields as a function of the track isolation slice, where the
average value of the track isolation of the events in the respective iso-
lation slice is used as the central value. For each point, the uncertainty
of the MJ fit in the FR is propagated into the MJ yield and enters the
uncertainty of the final extrapolation. The quadratic fits are observed
to have better performance than the linear fits in each channel, verified
with a y2 criterion. The combined mean of the two quadratic extrapo-
lations using the E;“iss or m?’ distribution is used as the central value
for the final MJ yield in each channel, denoted f]a‘} in the figure. The
first contribution to the uncertainty in the mean is calculated as the sum
in quadrature between the combined error from the m?’ and E%"iss fits,

and the difference between the m?’ and E?iss fit results. The second
contribution to the systematic uncertainty is derived from the differ-
ence between the linear and quadratic fit results, which constitutes the
dominant contribution.

In the Z-boson channels, a conservative upper limit on the MJ back-
ground is estimated from the number of charge misidentified leptons,

calculated using the m,, sidebands from a same-sign lepton selection.
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Fig. 1. Relative multi-jet yield in the SR as a function of the track isolation variable for the (a) W~ —» e v, (b) W* > e*v, (¢) W~ - p v, and (d) Wt - utv
channels, shown with squares and triangles, respectively for the E;"i“ and m?’ input measurements. The curves represent the extrapolation of the points to the SR
using a quadratic function (solid curves) or a linear function (dashed lines). The x-axis corresponds to the position of the average of a track-isolation slice in the track
isolation. The star represents the final MJ fraction ( fI\SAI}) and is calculated using the combined average of the quadratic fits in each channel. The first uncertainty
corresponds to the combined uncertainty including the difference between the m%V and E?‘“ quadratic fits, while the second uncertainty is due to the difference

between linear and quadratic fit results.

In the case of the electron channel, this is found to be of sub-percent
level, while the contribution in the muon channel is found to be even
smaller. The systematic uncertainties are also negligible. The MJ contri-
bution in the Z-boson channels is hence not considered in this analysis.

The event yields of background processes together with those from
signal processes are shown in Table 2. Fig. 2 shows the m‘T’V distributions
in data and predictions for the four W -boson channels. The data agrees
with the prediction within the uncertainties indicated by the hashed
band. The m,, distributions for the Z — £¢ analysis are presented in
Ref. [15].

6. Systematic uncertainties

The uncertainty of the integrated luminosity is 2.2%, based on the
LUCID-2 detector [18] estimate, which is used for the primary lumi-
nosity measurements. For the electron efficiency corrections [53], extra
systematic uncertainties are considered by comparing the simulations

between Run 2 and Run 3. The uncertainty of the muon efficiency cor-
rections is obtained using the Run 3 data sample and simulations by
independently varying the inner detector and muon spectrometer com-
ponents, as determined from Z — u*u~ events, following Ref. [54].
The electron energy calibration uncertainty is derived using Run 2 data
sample and simulations, as described in Ref. [53], with dedicated uncer-
tainties covering the difference between Run 2 and Run 3 simulations.
The muon energy calibration uncertainty is obtained using Run 3 data,
based on the approach described in Ref. [54]. The lepton trigger un-
certainties are obtained by comparing the trigger efficiency results of
Run 3 data with simulations. The jet energy scale and resolution uncer-
tainties are estimated by using the Run 2 data sample, as described in
Ref. [58], and an additional uncertainty is used to cover the difference
between Run 2 and Run 3 by comparing simulations, as described in
Ref. [15]. A conservative 10% uncertainty per jet is considered to cover
the differences between data and simulations in the measured NNJVT
efficiencies. Besides the propagation of systematic uncertainties of all
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Table 2
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Event yields of data and predictions after selections. Only MC statistical uncertainties are shown for the EW and
top-quark processes. For the multi-jet process, the normalisation uncertainty is displayed instead. Rounding has been

applied to all the yields except for those of the data.

W->uv W > uty

W-—=e v W+ —ety
W —ev 43,650,000 + 70,000 55,370,000 + 80,000
W — uv - -
W —1v 684,000 + 8,000 819,000 + 9,000
Z —>eelup 1,416,000 =+ 4,000 1,459,000 =+ 4,000
Z -1t 88,000 + 1,000 91,000 + 1,000

ti+single-top 863,800 + 400
Vv 93,500 + 300
Multi-jet

Total predicted 51,000,000 + 1,000,000 63,000,000 =+ 1,000,000 66,400,000 + 700,000

905,400 + 500
97,600 + 300
4,000,000 + 1,000,000 4,000,000 + 1,000,000 2,100,000 =+ 700,000

57,760,000 + 80,000 74,900,000 + 90,000
906,000 + 10,000 1,120,000 + 10,000
4,638,000 + 8,000 4,903,000 =+ 8,000
107,000 + 1,000 111,000 + 1,000
802,200 =+ 400 843,400 + 400
98,500 + 300 102,800 + 300
2,200,000 + 800,000

84,200,000 + 800,000

Data 50,748,537 62,610,338 65,053,470 82,360,980

Z —ete” Z - utu

Z —ee 7,710,000 + 10,000 -

Z > up - 13,961,000 + 10,000

Z -1t 2,500 + 200 3,900 + 200

W = ¢v 139 + 57 40 + 27

ti+single-top 24,950 + 50 37,000 = 50

1424 14,960 + 80 23,800 + 100

Total predicted

Data 7,812,978

7,750,000 + 10,000

14,030,000 + 10,000

14,242,875

other physics objects, those of the track soft term are also considered for
E{,‘“iss [60]. The uncertainty in the pile-up is determined by varying the
average number of interactions per bunch-crossing by 4% in the sim-
ulation and it is accounted for with dedicated studies. The systematic
uncertainties arising from normalisation of the multi-jet background are
described in Section 5.

The theoretical uncertainties are categorised into two distinct com-
ponents: the uncertainty 6 A on the acceptance A, the ratio of the number
of events in the fiducial volume and the total phase space at the particle
level, and the uncertainty 6C on the correction factor C, the ratio of the
expected signal events at the detector level and at the particle level in
the fiducial volume, defined by lepton p,? > 27 GeV, lepton |47 | < 2.5,
E;‘iss> 25 GeV and m‘T’V > 50 GeV for the W -boson processes and the
same pi and || selections and 66 < m,, < 116 GeV for the Z-boson
processes. For each theoretical uncertainty, 6A is propagated into the
measurement of the total cross section, whereas 6C is included as a nui-
sance parameter in the PLH fit used to extract the fiducial cross section.

Various sources of the theoretical uncertainty are evaluated us-
ing the SHERPA signal samples. The QCD scale uncertainty is defined
by the symmetrised envelope of seven-point variations of the renor-
malisation and factorisation scales, corresponding to varying up and
up independently by factors of 1/2 and 2 to the combinations of
(Upstp) = (UR/2.up/2), Qur.2p1p), (Mg, 2up), Cug. up), (R, up/2),
and (ugr/2, up). The PDF uncertainty is estimated based on the internal
replicas of the NNPDF 3.0 NNLO set, which enter the fit as individ-
ual nuisance parameters. The PDF choice uncertainty is estimated by
comparing the predictions calculated with NNPDF 3.0 NNLO and with
PDF4LHC21 [63]. The @, uncertainty is calculated by comparing two
different a; values used in PDFALHC21.

The contribution of each of the background processes based on sim-
ulated samples is at percent level or smaller. A conservative modelling
uncertainty of 5% covering the PDF input, a,, and QCD scale variations,
is assigned for background processes from the W and Z bosons and the
theoretical uncertainty is 10% for the diboson processes. The modelling
uncertainties are 5.1% and 3.5% for the 7 and single-top processes, re-
spectively, as evaluated in Ref. [15].

The results for the Z boson production are derived from fits to the
two Z-boson channels as reported in Ref. [15]. The other results are
derived from simultaneous fits of the four W -boson and the two Z-

boson channels. The lepton efficiency corrections, trigger efficiency and
energy calibration uncertainties are treated as uncorrelated between
electron and muon channels. The multi-jet background uncertainty is
also considered to be uncorrelated. Other experimental uncertainties
(uncertainty sources related to jet, EEF“iSS, pile-up and luminosity) are
considered to be fully correlated. The modelling uncertainties of elec-
troweak and top-quark processes are regarded as fully uncorrelated. The
uncertainties in signal modelling are fully correlated when combining
electron and muon channels for the same boson. However, when com-
bining channels of different bosons, these uncertainties are treated as
uncorrelated sources due to the different production modes at the LHC.

The dominant uncertainty sources are channel dependent. The Z-
boson cross sections are limited by the luminosity and lepton correc-
tion uncertainties. For the W -boson cross sections, the multi-jet back-
ground and jet-related uncertainties play important roles. However, for
W+ /W ~-boson cross-section ratios, the dominant experimental uncer-
tainty sources largely cancel out. The multi-jet background uncertain-
ties become dominant sources for W /W ~-boson cross-section ratios
since the multi-jet W™* and W~ boson uncertainties in each lepton
channel are regarded as independent sources. Similarly, in the ratio
of W=*-boson and Z-boson cross sections, the jet and multi-jet back-
ground uncertainties only affect the W -boson cross section but have no
impact on the Z-boson cross section so they become dominant sources.
In terms of the ratio of the #f and W fiducial cross section, the #f mod-
elling and multi-jet background uncertainties are significant as they do
not cancel out and, additionally, uncertainties stemming from jet and
lepton trigger efficiency, as well as background modelling except the
multi-jet, also do not fully cancel out and so they also play important
roles.

7. Results

The cross sections oy +_, s+, Oy -_s—p> Ow+_py, and 6,_ o+, are
extracted from PLH fits to the inclusive data in the four fiducial single-
lepton channels W+ — etv, Wt - ytv, W™ e v,and W~ - u™ v,
and the two fiducial dilepton channels Z — e*e™ and Z — utpu~. The
statistical model of the PLH fits is constructed in the following form:

LGipg.6)= ] Poistngalu,.S.6)+ B.6) [] 6. @

cechannels ieNPs
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Fig. 2. Comparison of data (dots) and predictions (histograms) for the m.Y.V distributions in the (@) W~ = e v, (b)) Wt s etv, @) W~ -y v,and (d) W+ — utv
channels. The hashed band in the ratio plot denotes the total systematic uncertainty in the prediction. The rightmost bins contain the overflow events.

where y; is the signal strength, which represents the ratio of the mea-
sured signal cross section over the predicted value, S, is the expected
number of signal events, and B, is the expected background. The nor-
malisation of the background contributions is determined by the fit and
constrained by the background cross-section uncertainties. The quan-
tity 6; is a nuisance parameter (see Section 6) which is constrained by a
Gaussian term G(6;). The probability model is the product of the Pois-
son distributions (“Pois”) in each channel. The theoretical uncertainties
of the W- and Z-boson signal processes are incorporated into the fit-
ting by introducing normalisation factors on the signal samples. The
normalisation factors are calculated by comparing the correction fac-
tors of the nominal and theoretical variations, and taking the relative
difference.

The ratios of the fiducial cross sections are extracted using fits as
well. For the W* /W ~-boson cross-section ratio, Ry + -, the W*-
boson signal strength uy,+ is expressed as the product Ry, + /y - py- in
Eq. (1), thus the likelihood formula for the ratio is written as:

Lau.0)=  []

c€EW* channels

POiS(gara| Ry+ i~ ty-Se(0) + Bo(6))x

[  Poistigual - S.(6) + B.(6)x

ceW~ channels

[] PoistrluzS.6)+ B.@) [] G@n.
c€Z channels ieNPs
The ratios Ry +/7, Rjw=, Riw+, and Ry - are extracted in the
same manner. In the latter cases, the #7 inputs and uncertainties are
obtained from the #7 cross-section analysis at 13.6 TeV [15].

Fiducial cross sections, of'9, are calculated by multiplying the signal-
strength parameter y with the nominal predicted fiducial cross section
calculated with the SHERPA signal samples (see Section 3). Uncertainties
in the signal-strength parameter y are propagated into o9,

Total cross sections, o', are calculated by dividing ¢ by the
acceptance A. This correction is calculated with the SHERPA signal sam-
ples by dividing the predicted fiducial cross section by the predicted
total cross section at the particle level, the latter derived without any
kinematic cuts in the W -boson case and only with an invariant mass
window 66 < m,, < 116 GeV in the Z-boson case. The acceptance A
includes theory uncertainties (Section 6), which are then propagated
into o',
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Table 3
Observed impact (in %) of the different sources of uncertainty on the measured fiducial cross sections. Flavour-tagging uncertainties and
top-quark modelling uncertainties are taken from Ref. [15].

Category o(Z—ee) o(Z-puu) o(Z-¢6) oW —e V) oWr-oetv) oW —-uv) oWt-uty)
Luminosity 2.2 2.2 2.2 2.5 2.5 25 2.4
Pile-up 1.2 0.3 0.8 1.1 1.1 0.3 0.4
MC statistics <0.2 <0.2 <0.2 <0.2 0.4 <0.2 0.4
Lepton trigger 0.2 0.4 0.2 1.2 1.3 1.0 1.0
Electron reconstruction 1.4 - 0.9 0.7 0.8 - -
Muon reconstruction - 21 1.4 - - 1.0 1.0
Multi-jet - - - 2.9 2.4 1.3 1.1
Other background modelling  <0.2 <0.2 <0.2 <0.2 <0.2 0.5 0.4
Jet energy scale - - - 1.4 1.4 1.3 1.4
Jet energy resolution - - - <0.2 0.3 0.2 0.2
NNJVT - - - 1.6 1.5 1.3 1.3
Ess track soft term - - - <02 0.4 <02 <02
PDF 0.2 0.2 <02 0.8 0.8 0.6 0.5
QCD scale (ME and PS) 0.6 <0.2 0.3 1.3 1.2 0.6 0.6

Flavour tagging - - - - - -
17 modelling - - - - - - _

Total systematic impact [%] 3.0 3.1 2.7 5.0 4.5 3.8 3.6
Statistical impact [%] 0.04 0.03 0.02 0.02 0.01 0.01 0.01
Category oW~ =270 oWt =cty)  o(WE—=Ev) Ry py- Ry:)z Rijw=
Luminosity 2.5 2.4 2.4 <0.2 0.3 <0.2
Pile-up 0.5 0.7 0.6 <02 <02 <02
MC statistics <02 0.2 <02 <02 <02 <02
Lepton trigger 1.0 0.9 0.9 <02 0.7 0.8
Electron reconstruction 0.4 0.5 0.4 <0.2 0.5 0.4
Muon reconstruction 0.6 0.6 0.6 0.2 0.8 0.6
Multi-jet 1.2 1.2 1.2 1.6 1.1 1.0
Other background modelling 0.4 0.4 0.4 <02 0.3 0.9
Jet energy scale 1.3 1.3 1.3 <0.2 1.3 1.3
Jet energy resolution <0.2 0.2 <0.2 <0.2 <0.2 <0.2
NNJVT 1.4 1.3 1.3 <0.2 1.3 <0.2
E'ss track soft term <02 0.3 0.3 <02 0.3 0.3
PDF 0.5 0.5 0.3 0.5 0.2 0.4
QCD scale (ME and PS) 0.8 0.7 0.6 <0.2 0.7 0.7
Flavour tagging - - - - - <0.2
tf modelling - - - - - 1.1
Total systematic impact [%] 3.7 3.5 3.5 1.7 2.4 2.5
Statistical impact [%] 0.01 0.01 0.01 0.01 0.02 0.32
2 T T T T @ T T T T
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Fig. 3. Comparison of the number of data events in each channel (dots) with the predictions (stacked histograms) shown (a) before and (b) after the fits. The dashed
error band in the pre-fit figure gives the total systematic uncertainty before the fit, while in the post-fit figure, it represents the statistical uncertainty derived from
the fit.
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Table 4

The measured cross sections using the profile likelihood method. The
quoted uncertainty corresponds to the total uncertainty (the statistical un-
certainty is negligibly small). Rounding has been applied to all quoted
numbers.

Channel 619 £ 56, ys [PP]  Acceptance A 6" £ 60y, gy [PDI
Z —ete” 740 +22 0.374 +0.011 1981 + 82
Z—>utu 74723 0.374+0.011 1997 £ 82
Z e 744 +20 0.374+0.011 1989 +77
W~ —ev 3380+ 170 0.381 +0.009 8880 +490
W= —uv 3310+ 130 0.381 +0.009 8680 + 390
W~ —=¢7v 3310+ 120 0.381 +0.009 8690 + 390
Wt - ety 4350 + 200 0.366 + 0.009 11880 + 620
W+ > uty 4240 + 160 0.365+0.010 11620 + 530
Wt >ty 4250 £ 150 0.366 + 0.009 11620 + 520
Wt -ty 7560 + 270 0.372 +0.009 20310 + 890

Ratio R+ R, @syst

Wt /w- 1.286 + 0.022

w*/Z 10.17+£0.25

/W= 0.256 +0.008

/W 0.199 + 0.006

t/Ww* 0.112 +0.003

The impact of the uncertainties in the measured fiducial cross sec-
tions arising from different sources is summarised in Table 3. The un-
certainties are grouped into distinct categories. To estimate the impact
associated with each category, the nuisance parameters belonging to
the category are fixed at the best-fit values and set as constants. Then
a fitting process is performed again, resulting in a decreased uncer-
tainty compared to the nominal uncertainty values. The difference in
quadrature between the new and the nominal uncertainty is the im-
pact of this category. The luminosity uncertainty values vary slightly
from one channel to another due to different background contributions
in each channel. The statistical impact is obtained by repeating the fit
after having fixed all nuisance parameters to their fitted values.

The comparison of data and predictions before and after fits in all
regions is shown in Fig. 3. Good agreement is observed in the single lep-
ton and same flavour di-lepton regions while in the ey regions the data
event yields are slightly lower than the predictions. The measured fidu-
cial and total cross-section results and the corresponding acceptance
with their respective uncertainties are summarised in Table 4. The Z-
boson cross sections (6, p+¢-> 67, ,+,-> and 6,_,s+,-) are obtained
through individual fits to the two same flavour dilepton regions. The
W -boson cross sections and the fiducial ratios (Ry -+, - and Ry -+, ;)
are fitted using the four single lepton and the two same flavour dilepton
regions. Several fits are performed, using the same inputs but chang-
ing the parameters of interest each time. The Wt — etv, Wt — utv,
W~ — e v,and W~ — u~V cross sections are obtained simultaneously.
The W™- and W ~-boson cross sections are also derived in a simul-
taneous fit. The W*-boson cross section, the Ry + - ratio, and the
Ry =, ratio are obtained in separate fits. The 17 to W -boson cross-
section ratios Rj/y+, Rj/w+, and Ry - are derived in separate fits
to the four W -boson channels, the two Z-boson channels, and the two
tf ey channels from Ref. [15].

Fig. 4 compares the measured results for the W=, W, and Z
boson fiducial cross sections and Ry s,z Ry+ /-, and t7/W ra-
tios to the Standard-Model (SM) theory predictions with different
PDF sets: PDF4LHC21 [63], CT18, CT18A [64], MSHT20 [65-67],
NNPDF4.0 [68], ABMP16 [69], and ATLASpdf21 [70]. The predic-
tions are calculated at NNLO+NNLL QCD and NLO EW accuracy using
DYTURBO-1.3.1 [71-74] and RENESANCE-1.3.3 [75,76], and combin-
ing them with an additive prescription, as used in Ref. [4]. The nominal
tf predictions for all PDFs are calculated at NNLO in QCD including
the resummation of NNLL soft-gluon terms calculated using Top++
2.0 [37-43] based on m, = 172.5 GeV. Theoretical uncertainties arising

Physics Letters B 854 (2024) 138725

from normalisation and factorisation scale variations for missing higher
orders, the variation of the strong coupling constant «,, and variations
of the input PDFs are evaluated. The latter source dominates in most
cases as indicated with the inner error bars. Scale variations are taken
as uncorrelated between different bosons and between bosons and t7,
but the PDF variations are treated as correlated.

For the W—, W™, and Z boson fiducial cross sections and their ra-
tios, an overall good agreement is observed, while the #7/W ratio results
are slightly lower than the predictions for most of the PDFs considered.
This is consistent with the results of the Run 3 #7 cross-section measure-
ment [15], where the measured 7 cross-section is measured to be lower
than the predicted value. The predictions based on the PDF4LHC21 set
with m, =171.5 GeV and m, = 173.5 GeV are also included in Fig. 4.

The measured total cross section is shown as a function of /s, to-
gether compared with the CT14NNLO predictions [77] in Fig. 5. Good
agreement is observed between data and prediction.

8. Conclusion

A measurement of the inclusive W- and Z-boson production cross
sections with decays into final states with electrons or muons, their
ratios, and the ratios of 77 to W -boson fiducial cross sections were
performed using LHC pp collision data corresponding to 29 fb~! col-
lected by the ATLAS experiment at a new centre-of-mass energy of
13.6 TeV. The cross sections are measured for Z-boson production
in a fiducial phase space corresponding to p,f > 27 GeV, |n,| < 2.5,
and 66 < my, < 116 GeV and for W -boson production in a fiducial
region corresponding to p,f: > 27 GeV, |ny| <2.5, m?’ > 50 GeV, and
E;“iss > 25 GeV. The measured fiducial cross-section values for W+,
W~, and Z boson productions are 4250 + 150 pb, 3310 + 120 pb,
and 744 + 20 pb, respectively, where the uncertainty corresponds to
the total uncertainty, including that arising from the luminosity, which
amounts to about 2.2%. The measured values for the ratios of fiducial
cross sections are: Ry -+ y- = 1.286 +0.022, Ry+,; = 10.17 £ 0.25,
and R+ =0.112 + 0.003, where the uncertainty is the total uncer-
tainty. The total cross sections are also measured in the mass range
66 GeV < my, <116 GeV for Z-boson production and in the full phase
space for W -boson production. Measurements are performed on oy, +,
Ow-» Ow=, 0z, Ry w-, Ryre;z, Riyywe, R+, and Ry, -. The
measured W - and Z-boson cross sections are in good agreement with
the SM predictions whereas the 7 over W -boson fiducial cross-section
ratios are slightly overestimated by some of the theoretical predictions.
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