
Phys. Lett. B 854 (2024) 138725

Available online 17 May 2024
0370-2693/© 2024 The Author(s). Published by Elsevier B.V. Funded by SCOAP³. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Letter

Measurement of vector boson production cross sections and their ratios 

using 𝑝𝑝 collisions at 
√
𝑠 = 13.6TeV with the ATLAS detector

.The ATLAS Collaboration ⋆

A R T I C L E I N F O A B S T R A C T

Editor: M. Doser

Dataset link: https://hepdata .cedar .ac .uk

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 

√
𝑠 =

13.6TeV, corresponding to an integrated luminosity of 29 fb−1 of data collected in 2022 by the ATLAS experiment 
at the Large Hadron Collider. The measured fiducial cross-section values for 𝑊 + → 𝓁+𝜈, 𝑊 − → 𝓁−𝜈̄, and 𝑍 →
𝓁+𝓁− (𝓁 = 𝑒 or 𝜇) boson productions are 4250 ± 150pb, 3310 ± 120pb, and 744 ± 20pb, 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 𝛼𝑠 , 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 + → 𝓁+𝜈, 𝑊 − → 𝓁−𝜈̄, their ratio, and their ratios to the 
𝑍 → 𝓁+𝓁− 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−1, with 𝓁 referring to muons or elec-
trons. The fiducial cross section for 𝑍 → 𝓁+𝓁− production in the same 
data sample from this analysis has been published together with the 
top-antitop-quark pair 𝑡𝑡 production cross section and their ratio in 

⋆ E-mail address: atlas .publications @cern .ch.
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the 𝑧-axis along the beam 

pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-axis points upwards. Polar coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙 being 
the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2) and is equal to the rapidity 𝑦 = 1

2
ln
(
𝐸+𝑝𝑧𝑐
𝐸−𝑝𝑧𝑐

)
in the relativistic limit. Angular distance is measured in units of Δ𝑅 ≡

√
(Δ𝑦)2 + (Δ𝜙)2.

Ref. [15]. Here, the first measurement of the ratios between 𝑡𝑡 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 
𝑊 + → 𝑒+𝜈, 𝑊 + → 𝜇+𝜈, 𝑊 − → 𝑒−𝜈̄, and 𝑊 − → 𝜇−𝜈̄, and the two fidu-
cial dilepton channels 𝑍 → 𝑒+𝑒− and 𝑍 → 𝜇+𝜇− to extract the 𝑊 and 
𝑍 boson cross sections, and their ratios 𝜎𝑊 +→𝓁+𝜈 , 𝜎𝑊 −→𝓁− 𝜈̄ , 𝜎𝑊 ±→𝓁𝜈 , 
𝜎𝑍→𝓁+𝓁− , 𝑅𝑊 ±∕𝑍 , and 𝑅𝑊 +∕𝑊 − . Similarly, combined fits of the four 
𝑊 -boson channels, the two 𝑍-boson channels, and the two 𝑡𝑡 chan-
nels from Ref. [15] are used to extract the cross-section ratios 𝑅𝑡𝑡∕𝑊 ± , 
𝑅𝑡𝑡∕𝑊 + , and 𝑅𝑡𝑡∕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.
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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 4𝜋 coverage in solid angle.1 It consists of an inner tracking detec-
tor (ID) surrounded by a thin superconducting solenoid providing a 2 T 
axial magnetic field, electromagnetic and hadronic calorimeters, and a 
muon spectrometer. The inner tracking detector covers the pseudora-
pidity range |𝜂| < 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 |𝜂| < 3.2. A steel/scintillator-
tile hadronic calorimeter covers the central pseudorapidity range (|𝜂| <
1.7). The endcap and forward regions are instrumented with LAr 
calorimeters for EM and hadronic energy measurements up to |𝜂| = 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 T m 
across most of the detector. The muon spectrometer includes a system 
of precision tracking chambers up to |𝜂| = 2.7 and fast detectors for 
triggering up to |𝜂| = 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−1 [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, 𝜇 signal or 𝜏
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 𝑡𝑡 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 𝑡𝑡 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 

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 𝑝T 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 𝑝T > 500 MeV. The vertex with the highest 

∑
𝑝2T 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 𝑝T > 27 GeV and |𝜂| < 2.47, excluding the transition region be-
tween the barrel and endcap calorimeters, 1.37 < |𝜂| < 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 𝑝T > 27 GeV and |𝜂| < 2.5.

Leptons must originate from the primary vertex by requiring |𝑧0 sin𝜃| < 0.5 mm, where 𝑧0 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 − 𝜙 projection |𝑑0|, divided by its estimated uncertainty 𝜎(𝑑0), is required to satisfy |𝑑0|∕𝜎(𝑑0) < 5 for electrons and |𝑑0|∕𝜎(𝑑0) < 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, 
𝑝varcone30T , where the maximum cone size is Δ𝑅 = 0.3, shrinking for 
larger 𝑝T [53], and on the transverse energy 𝐸cone20

T in a cone of 
Δ𝑅 = 0.2 around the lepton: 𝑝varcone30T ∕𝑝T < 0.06 and 𝐸cone20

T ∕𝑝T < 0.06
for electrons and 𝑝varcone30T ∕𝑝T < 0.04 and 𝐸cone20

T ∕𝑝T < 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-𝑘𝑡 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 𝑝T > 20 GeV for |𝜂| < 2.5 and 𝑝T > 30 GeV for 
2.5 < |𝜂| < 4.5. To suppress jets originating from pile-up, jets with 𝑝T
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 𝑝T
is removed. Any electron candidate found to share a track with a muon 
is removed. The closest jet found within a Δ𝑅 of 0.2 of an electron can-
didate is removed. Any electron candidate subsequently found within 
Δ𝑅 of 0.4 of a jet is removed. Jets with less than three tracks associ-
ated to it found within Δ𝑅 of 0.2 or with a muon inner-detector track 
ghost-associated to it are removed, then muon candidates found within 
Δ𝑅 of 0.4 of a jet are removed.

The missing transverse momentum 𝑝miss
T , with magnitude 𝐸miss

T , 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 𝑝T > 27 GeV
|𝜂| < 2.47 and veto of 1.37 < |𝜂| < 1.52

Muon selections 𝑝T > 27 GeV
|𝜂| < 2.5

𝑊 -boson selections Exactly one lepton
𝐸miss

T > 25 GeV
𝑚T > 50 GeV

𝑍-boson selections Exactly two same flavour opposite charged leptons
66 < 𝑚𝓁𝓁 < 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 𝑡𝑡 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 𝜇𝜇, 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−𝜈̄, 𝑒+𝜈, 𝜇−𝜈̄, and 
𝜇+𝜈.

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 <𝑚𝓁𝓁 < 116 GeV. In the single-lepton channels, events are re-
quired to have exactly one identified and isolated lepton, 𝐸miss

T greater 

than 25 GeV, and a transverse mass 𝑚𝑊
T =

√
2𝑝miss

T 𝑝𝓁T(1 − cosΔ𝜙𝓁𝜈)
greater than 50 GeV, where Δ𝜙𝓁𝜈 is the azimuthal angle between the 
charged lepton transverse momentum 𝑝𝓁T and 𝑝miss

T .
The event selections for the 𝑊 and 𝑍 boson analysis are sum-

marised in Table 1. The 𝑍 → 𝓁𝓁 selection is the same as in Ref. [15]
that also describes the event selection for the 𝑡𝑡 analysis. Selected 𝑡𝑡
candidates are required to have exactly one electron and one muon of 
opposite charge. No dilepton mass, 𝐸miss

T or 𝑚𝑊
T requirements are im-

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 ± → 𝜏±𝜈
and 𝑍 → 𝜏+𝜏− for both channels, where the subsequent leptonic de-
cays of the 𝜏 leptons are also treated as background, 𝑍 → 𝑒+𝑒− and 
𝑍 → 𝜇+𝜇− for the 𝑊 channels and 𝑊 ± → 𝑒±𝜈 and 𝑊 ± → 𝜇±𝜈 for the 
𝑍-boson channels. Diboson productions, 𝑊𝑊 , 𝑊𝑍 , and 𝑍𝑍 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, 𝑡𝑡 pair and 𝑊 𝑡 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 

processes is efficiently rejected by the isolation selection and, in the 
𝑊 -boson case, by the lepton 𝑝T, 𝐸miss

T , and 𝑚𝑊
T 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 𝐸miss

T 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 𝐸miss

T and 𝑚𝑊
T . The signal region (SR) is defined by the 

full event selection, in particular, 𝐸miss
T > 25 GeV and 𝑚𝑊

T > 50 GeV. The 
fitting region (FR) is defined similarly to the SR except that 𝐸miss

T < 25
GeV and 𝑚𝑊

T < 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 𝐸miss

T or 𝑚𝑊
T 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 𝜒2 criterion. The combined mean of the two quadratic extrapo-
lations using the 𝐸miss

T or 𝑚𝑊
T distribution is used as the central value 

for the final MJ yield in each channel, denoted 𝑓SR
MJ 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 𝑚𝑊

T and 𝐸miss
T fits, 

and the difference between the 𝑚𝑊
T and 𝐸miss

T 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 𝑚𝓁𝓁 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−𝜈̄, (b) 𝑊 + → 𝑒+𝜈, (c) 𝑊 − → 𝜇−𝜈̄, and (d) 𝑊 + → 𝜇+𝜈

channels, shown with squares and triangles, respectively for the 𝐸miss
T and 𝑚𝑊

T 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 (𝑓 SR

MJ ) 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 𝑚𝑊

T and 𝐸miss
T 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 𝑚𝑊

T 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 𝑚𝓁𝓁 distributions for the 𝑍 → 𝓁𝓁 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 → 𝜇+𝜇− 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

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 − → 𝑒− 𝜈̄ 𝑊 + → 𝑒+𝜈 𝑊 − → 𝜇− 𝜈̄ 𝑊 + → 𝜇+𝜈

𝑊 → 𝑒𝜈 43,650,000 ± 70,000 55,370,000 ± 80,000 − −
𝑊 → 𝜇𝜈 − − 57,760,000 ± 80,000 74,900,000 ± 90,000
𝑊 → 𝜏𝜈 684,000 ± 8,000 819,000 ± 9,000 906,000 ± 10,000 1,120,000 ± 10,000
𝑍 → 𝑒𝑒∕𝜇𝜇 1,416,000 ± 4,000 1,459,000 ± 4,000 4,638,000 ± 8,000 4,903,000 ± 8,000
𝑍 → 𝜏𝜏 88,000 ± 1,000 91,000 ± 1,000 107,000 ± 1,000 111,000 ± 1,000
𝑡𝑡+single-top 863,800 ± 400 905,400 ± 500 802,200 ± 400 843,400 ± 400
𝑉 𝑉 93,500 ± 300 97,600 ± 300 98,500 ± 300 102,800 ± 300
Multi-jet 4,000,000 ± 1,000,000 4,000,000 ± 1,000,000 2,100,000 ± 700,000 2,200,000 ± 800,000

Total predicted 51,000,000 ± 1,000,000 63,000,000 ± 1,000,000 66,400,000 ± 700,000 84,200,000 ± 800,000

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

𝑍 → 𝑒+𝑒− 𝑍 → 𝜇+𝜇−

𝑍 → 𝑒𝑒 7,710,000 ± 10,000 −
𝑍 → 𝜇𝜇 − 13,961,000 ± 10,000
𝑍 → 𝜏𝜏 2,500 ± 200 3,900 ± 200
𝑊 → 𝓁𝜈 139 ± 57 40 ± 27
𝑡𝑡+single-top 24,950 ± 50 37,000 ± 50
𝑉 𝑉 14,960 ± 80 23,800 ± 100

Total predicted 7,750,000 ± 10,000 14,030,000 ± 10,000

Data 7,812,978 14,242,875

other physics objects, those of the track soft term are also considered for 
𝐸miss

T [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 𝛿𝐴 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 𝛿𝐶 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 𝑝𝓁T > 27 GeV, lepton |𝜂𝓁| < 2.5, 
𝐸miss

T > 25 GeV and 𝑚𝑊
T > 50 GeV for the 𝑊 -boson processes and the 

same 𝑝𝓁T and |𝜂𝓁| selections and 66 < 𝑚𝓁𝓁 < 116 GeV for the 𝑍-boson 
processes. For each theoretical uncertainty, 𝛿𝐴 is propagated into the 
measurement of the total cross section, whereas 𝛿𝐶 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 𝜇𝑅 and 
𝜇𝐹 independently by factors of 1/2 and 2 to the combinations of 
(𝜇𝑅, 𝜇𝐹 ) = (𝜇𝑅∕2, 𝜇𝐹 ∕2), (2𝜇𝑅, 2𝜇𝐹 ), (𝜇𝑅, 2𝜇𝐹 ), (2𝜇𝑅, 𝜇𝐹 ), (𝜇𝑅, 𝜇𝐹 ∕2), 
and (𝜇𝑅∕2, 𝜇𝐹 ). 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 𝛼𝑠 uncertainty is calculated by comparing two 
different 𝛼𝑠 values used in PDF4LHC21.

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, 𝛼s, 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 𝑡𝑡 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, 𝐸miss

T , 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 𝑡𝑡 and 𝑊 fiducial cross section, the 𝑡𝑡 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 𝜎𝑊 +→𝓁+𝜈 , 𝜎𝑊 −→𝓁− 𝜈̄ , 𝜎𝑊 ±→𝓁𝜈 , and 𝜎𝑍→𝓁+𝓁− are 
extracted from PLH fits to the inclusive data in the four fiducial single-
lepton channels 𝑊 + → 𝑒+𝜈, 𝑊 + → 𝜇+𝜈, 𝑊 − → 𝑒−𝜈̄, and 𝑊 − → 𝜇−𝜈̄, 
and the two fiducial dilepton channels 𝑍 → 𝑒+𝑒− and 𝑍 → 𝜇+𝜇−. The 
statistical model of the PLH fits is constructed in the following form:

𝐿(𝑛;𝜇𝑠, 𝜃) =
∏

𝑐∈channels
Pois(𝑛data|𝜇𝑠,𝑐𝑆𝑐(𝜃) +𝐵𝑐(𝜃))

∏
𝑖∈NPs

𝐺(𝜃𝑖) , (1)
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Fig. 2. Comparison of data (dots) and predictions (histograms) for the 𝑚𝑊
T distributions in the (a) 𝑊 − → 𝑒−𝜈̄, (b) 𝑊 + → 𝑒+𝜈, (c) 𝑊 − → 𝜇−𝜈̄, and (d) 𝑊 + → 𝜇+𝜈

channels. The hashed band in the ratio plot denotes the total systematic uncertainty in the prediction. The rightmost bins contain the overflow events.

where 𝜇𝑠 is the signal strength, which represents the ratio of the mea-
sured signal cross section over the predicted value, 𝑆𝑐 is the expected 
number of signal events, and 𝐵𝑐 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 𝜃𝑖 is a nuisance parameter (see Section 6) which is constrained by a 
Gaussian term 𝐺(𝜃𝑖). 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, 𝑅𝑊 +∕𝑊 − , the 𝑊 +-
boson signal strength 𝜇𝑊 + is expressed as the product 𝑅𝑊 +∕𝑊 −𝜇𝑊 − in 
Eq. (1), thus the likelihood formula for the ratio is written as:

𝐿(𝑛;𝜇𝑠, 𝜃) =
∏

𝑐∈𝑊 + channels
Pois(𝑛data|𝑅𝑊 +∕𝑊 − 𝜇𝑊 −𝑆𝑐(𝜃) +𝐵𝑐(𝜃))×

∏
𝑐∈𝑊 − channels

Pois(𝑛data|𝜇𝑊 −𝑆𝑐(𝜃) +𝐵𝑐(𝜃))×

∏
𝑐∈𝑍 channels

Pois(𝑛data|𝜇𝑍𝑆𝑐(𝜃) +𝐵𝑐(𝜃))
∏
𝑖∈NPs

𝐺(𝜃𝑖) .

The ratios 𝑅𝑊 ±∕𝑍 , 𝑅𝑡𝑡∕𝑊 ± , 𝑅𝑡𝑡∕𝑊 + , and 𝑅𝑡𝑡∕𝑊 − are extracted in the 
same manner. In the latter cases, the 𝑡𝑡 inputs and uncertainties are 
obtained from the 𝑡𝑡 cross-section analysis at 13.6 TeV [15].

Fiducial cross sections, 𝜎f id, are calculated by multiplying the signal-
strength parameter 𝜇 with the nominal predicted fiducial cross section 
calculated with the SHERPA signal samples (see Section 3). Uncertainties 
in the signal-strength parameter 𝜇 are propagated into 𝜎f id.

Total cross sections, 𝜎tot , are calculated by dividing 𝜎f id 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 < 𝑚𝓁𝓁 < 116 GeV in the 𝑍-boson case. The acceptance 𝐴
includes theory uncertainties (Section 6), which are then propagated 
into 𝜎tot .
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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 𝜎(𝑍 → 𝑒𝑒) 𝜎(𝑍 → 𝜇𝜇) 𝜎(𝑍 → 𝓁𝓁) 𝜎(𝑊 − → 𝑒− 𝜈̄) 𝜎(𝑊 + → 𝑒+𝜈) 𝜎(𝑊 − → 𝜇− 𝜈̄) 𝜎(𝑊 + → 𝜇+𝜈)

Luminosity 2.2 2.2 2.2 2.5 2.5 2.5 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 – 2.1 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
𝐸miss

T track soft term – – – < 0.2 0.4 < 0.2 < 0.2
PDF 0.2 0.2 < 0.2 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 – – – – – – –
𝑡𝑡 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 𝜎(𝑊 − → 𝓁− 𝜈̄) 𝜎(𝑊 + → 𝓁+𝜈) 𝜎(𝑊 ± → 𝓁𝜈) 𝑅𝑊 +∕𝑊 − 𝑅𝑊 ±∕𝑍 𝑅𝑡𝑡∕𝑊 ±

Luminosity 2.5 2.4 2.4 < 0.2 0.3 < 0.2
Pile-up 0.5 0.7 0.6 < 0.2 < 0.2 < 0.2
MC statistics < 0.2 0.2 < 0.2 < 0.2 < 0.2 < 0.2
Lepton trigger 1.0 0.9 0.9 < 0.2 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 < 0.2 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
𝐸miss

T track soft term < 0.2 0.3 0.3 < 0.2 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
𝑡𝑡 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

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 
7

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 𝜎f id ± 𝛿𝜎stat⊕ syst [pb] Acceptance 𝐴 𝜎tot ± 𝛿𝜎stat⊕ syst [pb]

𝑍 → 𝑒+𝑒− 740 ± 22 0.374 ± 0.011 1981 ± 82
𝑍 → 𝜇+𝜇− 747 ± 23 0.374 ± 0.011 1997 ± 82
𝑍 → 𝓁+𝓁− 744 ± 20 0.374 ± 0.011 1989 ± 77

𝑊 − → 𝑒− 𝜈̄ 3380 ± 170 0.381 ± 0.009 8880 ± 490
𝑊 − → 𝜇− 𝜈̄ 3310 ± 130 0.381 ± 0.009 8680 ± 390
𝑊 − → 𝓁− 𝜈̄ 3310 ± 120 0.381 ± 0.009 8690 ± 390

𝑊 + → 𝑒+𝜈 4350 ± 200 0.366 ± 0.009 11880 ± 620
𝑊 + → 𝜇+𝜈 4240 ± 160 0.365 ± 0.010 11620 ± 530
𝑊 + → 𝓁+𝜈 4250 ± 150 0.366 ± 0.009 11620 ± 520

𝑊 ± → 𝓁±𝜈 7560 ± 270 0.372 ± 0.009 20310 ± 890

Ratio 𝑅± 𝛿𝑅stat⊕ syst

𝑊 +∕𝑊 − 1.286 ± 0.022
𝑊 ±∕𝑍 10.17 ± 0.25
𝑡𝑡∕𝑊 − 0.256 ± 0.008
𝑡𝑡∕𝑊 + 0.199 ± 0.006
𝑡𝑡∕𝑊 ± 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 𝑒𝜇 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 (𝜎𝑍→𝑒+𝑒− , 𝜎𝑍→𝜇+𝜇− , and 𝜎𝑍→𝓁+𝓁− ) are obtained 
through individual fits to the two same flavour dilepton regions. The 
𝑊 -boson cross sections and the fiducial ratios (𝑅𝑊 +∕𝑊 − and 𝑅𝑊 ±∕𝑍 ) 
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 𝑊 + → 𝑒+𝜈, 𝑊 + → 𝜇+𝜈, 
𝑊 − → 𝑒−𝜈̄, and 𝑊 − → 𝜇−𝜈̄ 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 𝑅𝑊 +∕𝑊 − ratio, and the 
𝑅𝑊 ±∕𝑍 ratio are obtained in separate fits. The 𝑡𝑡 to 𝑊 -boson cross-
section ratios 𝑅𝑡𝑡∕𝑊 ± , 𝑅𝑡𝑡∕𝑊 + , and 𝑅𝑡𝑡∕𝑊 − are derived in separate fits 
to the four 𝑊 -boson channels, the two 𝑍-boson channels, and the two 
𝑡𝑡 𝑒𝜇 channels from Ref. [15].

Fig. 4 compares the measured results for the 𝑊 −, 𝑊 +, and 𝑍
boson fiducial cross sections and 𝑅𝑊 ±∕𝑍 𝑅𝑊 +∕𝑊 − , and 𝑡𝑡∕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 
𝑡𝑡 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 𝑚𝑡 = 172.5 GeV. Theoretical uncertainties arising 

from normalisation and factorisation scale variations for missing higher 
orders, the variation of the strong coupling constant 𝛼𝑠, 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 𝑡𝑡, 
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 𝑡𝑡∕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 𝑡𝑡 cross-section measure-
ment [15], where the measured 𝑡𝑡 cross-section is measured to be lower 
than the predicted value. The predictions based on the PDF4LHC21 set 
with 𝑚𝑡 = 171.5 GeV and 𝑚𝑡 = 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 𝑡𝑡 to 𝑊 -boson fiducial cross sections were 
performed using LHC 𝑝𝑝 collision data corresponding to 29 fb−1 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 𝑝𝓁T > 27 GeV, |𝜂𝓁| < 2.5, 
and 66 < 𝑚𝓁𝓁 < 116 GeV and for 𝑊 -boson production in a fiducial 
region corresponding to 𝑝𝓁T > 27 GeV, |𝜂𝓁| < 2.5, 𝑚𝑊

T > 50 GeV, and 
𝐸miss

T > 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: 𝑅𝑊 +∕𝑊 − = 1.286 ± 0.022, 𝑅𝑊 ±∕𝑍 = 10.17 ± 0.25, 
and 𝑅𝑡𝑡∕𝑊 ± = 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 < 𝑚𝓁𝓁 < 116 GeV for 𝑍-boson production and in the full phase 
space for 𝑊 -boson production. Measurements are performed on 𝜎𝑊 + , 
𝜎𝑊 − , 𝜎𝑊 ± , 𝜎𝑍 , 𝑅𝑊 +∕𝑊 − , 𝑅𝑊 ±∕𝑍 , 𝑅𝑡𝑡∕𝑊 ± , 𝑅𝑡𝑡∕𝑊 + , and 𝑅𝑡𝑡∕𝑊 − . The 
measured 𝑊 - and 𝑍-boson cross sections are in good agreement with 
the SM predictions whereas the 𝑡𝑡 over 𝑊 -boson fiducial cross-section 
ratios are slightly overestimated by some of the theoretical predictions.
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Fig. 5. The measured 𝑊 and 𝑍 boson total production cross sections in the leptonic decay channel at different values of centre-of-mass energy. For comparison, the 
central values of the NNLO predictions based on the CT14NNLO PDF set are included.

References

[1] ATLAS Collaboration, The ATLAS experiment at the CERN Large Hadron Collider, 
J. Instrum. 3 (2008) S08003.

[2] ATLAS Collaboration, Measurement of 𝑊 ±-boson and 𝑍-boson production cross-
sections in 𝑝𝑝 collisions at √𝑠 = 2.76 𝑇 𝑒𝑉 with the ATLAS detector, Eur. Phys. J. C 
79 (2019) 901, arXiv :1907 .03567 [hep -ex].

[3] ATLAS Collaboration, Measurements of 𝑊 and 𝑍 boson production in 𝑝𝑝 collisions 
at √𝑠 = 5.02 𝑇 𝑒𝑉 with the ATLAS detector, Eur. Phys. J. C 79 (2019) 128, arXiv :
1810 .08424 [hep -ex]; Erratum: Eur. Phys. J. C 79 (2019) 374.

[4] ATLAS Collaboration, Precision measurement and interpretation of inclusive 𝑊 + , 
𝑊 − and 𝑍∕𝛾∗ production cross sections with the ATLAS detector, Eur. Phys. J. C 
77 (2017) 367, arXiv :1612 .03016 [hep -ex].

[5] ATLAS Collaboration, Measurement of the Drell–Yan triple-differential cross section 
in 𝑝𝑝 collisions at √𝑠 = 8 𝑇 𝑒𝑉 , J. High Energy Phys. 12 (2017) 059, arXiv :1710 .
05167 [hep -ex].

[6] ATLAS Collaboration, Measurement of the cross-section and charge asymmetry of 
𝑊 bosons produced in proton–proton collisions at √𝑠 = 8 𝑇 𝑒𝑉 with the ATLAS 
detector, Eur. Phys. J. C 79 (2019) 760, arXiv :1904 .05631 [hep -ex].

[7] ATLAS Collaboration, Measurement of 𝑊 ± and 𝑍-boson production cross sections 
in 𝑝𝑝 collisions at √𝑠 = 13 𝑇 𝑒𝑉 with the ATLAS detector, Phys. Lett. B 759 (2016) 
601, arXiv :1603 .09222 [hep -ex].

[8] ATLAS Collaboration, Measurement of the transverse momentum distribution of 
Drell–Yan lepton pairs in proton–proton collisions at √𝑠 = 13 𝑇 𝑒𝑉 with the AT-
LAS detector, Eur. Phys. J. C 80 (2020) 616, arXiv :1912 .02844 [hep -ex].

[9] CMS Collaboration, The CMS experiment at the CERN LHC, J. Instrum. 3 (2008) 
S08004.

[10] CMS Collaboration, Measurement of the inclusive 𝑊 and 𝑍 production cross sec-
tions in 𝑝𝑝 collisions at √𝑠 = 7 𝑇 𝑒𝑉 with the CMS experiment, J. High Energy Phys. 
10 (2011) 132, arXiv :1107 .4789 [hep -ex].

[11] CMS Collaboration, Measurement of the differential and double-differential Drell-
Yan cross sections in proton–proton collisions at √𝑠 = 7 𝑇 𝑒𝑉 , J. High Energy Phys. 
12 (2013) 030, arXiv :1310 .7291 [hep -ex].

[12] CMS Collaboration, Measurement of inclusive 𝑊 and 𝑍 boson production cross 
sections in 𝑝𝑝 collisions at √𝑠 = 8 𝑇 𝑒𝑉 , Phys. Rev. Lett. 112 (2014) 191802, arXiv :
1402 .0923 [hep -ex].

[13] CMS Collaboration, Measurements of differential and double-differential Drell-Yan 
cross sections in proton–proton collisions at √𝑠 = 8 𝑇 𝑒𝑉 , Eur. Phys. J. C 75 (2015) 
147, arXiv :1412 .1115 [hep -ex].

[14] CMS Collaboration, Measurements of the 𝑊 boson rapidity, helicity, double-
differential cross sections, and charge asymmetry in 𝑝𝑝 collisions at √𝑠 = 13 𝑇 𝑒𝑉 , 
Phys. Rev. D 102 (2020) 092012, arXiv :2008 .04174 [hep -ex].

[15] ATLAS Collaboration, Measurement of the 𝑡𝑡 cross section and its ratio to the 𝑍 pro-
duction cross section using pp collisions at √𝑠 = 13.6 TeV with the ATLAS detector, 
Phys. Lett. B 848 (2024) 138376, arXiv :2308 .09529 [hep -ex].

[16] W.A. Rolke, A.M. Lopez, J. Conrad, Limits and confidence intervals in the presence 
of nuisance parameters, Nucl. Instrum. Methods A 551 (2005) 493, arXiv :physics /
0403059.

[17] ATLAS Collaboration, The ATLAS experiment at the CERN Large Hadron Collider: a 
description of the detector configuration for Run 3, arXiv :2305 .16623 [physics .ins -
det], 2023.

[18] G. Avoni, et al., The new LUCID-2 detector for luminosity measurement and moni-
toring in ATLAS, J. Instrum. 13 (2018) P07017.

[19] ATLAS Collaboration, The ATLAS trigger system for LHC Run 3 and trigger perfor-
mance in 2022, arXiv :2401 .06630 [hep -ex], 2024.

[20] ATLAS Collaboration, The ATLAS collaboration software and firmware, ATL-SOFT-
PUB-2021-001, https://cds .cern .ch /record /2767187, 2021.

[21] ATLAS Collaboration, Preliminary analysis of the luminosity calibration of the AT-
LAS 13.6 TeV data recorded in 2022, ATL-DAPR-PUB-2023-001, https://cds .cern .ch /
record /2853525, 2023.

[22] ATLAS Collaboration, ATLAS data quality operations and performance for 
2015–2018 data-taking, J. Instrum. 15 (2020) P04003, arXiv :1911 .04632 [physics .
ins -det].

[23] E. Bothmann, et al., Event generation with Sherpa 2.2, SciPost Phys. 7 (2019) 034, 
arXiv :1905 .09127 [hep -ph].

[24] F. Buccioni, et al., OpenLoops 2, Eur. Phys. J. C 79 (2019) 866, arXiv :1907 .13071
[hep -ph].

[25] F. Cascioli, P. Maierhöfer, S. Pozzorini, Scattering amplitudes with open loops, Phys. 
Rev. Lett. 108 (2012) 111601, arXiv :1111 .5206 [hep -ph].

[26] A. Denner, S. Dittmaier, L. Hofer, Collier : a fortran-based complex one-loop library 
in extended regularizations, Comput. Phys. Commun. 212 (2017) 220, arXiv :1604 .
06792 [hep -ph].

[27] S. Schumann, F. Krauss, A parton shower algorithm based on Catani–Seymour dipole 
factorisation, J. High Energy Phys. 03 (2008) 038, arXiv :0709 .1027 [hep -ph].

[28] S. Höche, F. Krauss, M. Schönherr, F. Siegert, QCD matrix elements + parton show-
ers. The NLO case, J. High Energy Phys. 04 (2013) 027, arXiv :1207 .5030 [hep -ph].

[29] NNPDF Collaboration, R.D. Ball, et al., Parton distributions for the LHC run II, J. 
High Energy Phys. 04 (2015) 040, arXiv :1410 .8849 [hep -ph].

[30] C. Anastasiou, L. Dixon, K. Melnikov, F. Petriello, High-precision QCD at hadron 
colliders: electroweak gauge boson rapidity distributions at next-to-next-to leading 
order, Phys. Rev. D 69 (2004) 094008, arXiv :hep -ph /0312266.

[31] S. Frixione, G. Ridolfi, P. Nason, A positive-weight next-to-leading-order Monte 
Carlo for heavy flavour hadroproduction, J. High Energy Phys. 09 (2007) 126, 
arXiv :0707 .3088 [hep -ph].

[32] P. Nason, A new method for combining NLO QCD with shower Monte Carlo algo-
rithms, J. High Energy Phys. 11 (2004) 040, arXiv :hep -ph /0409146.

[33] S. Frixione, P. Nason, C. Oleari, Matching NLO QCD computations with parton 
shower simulations: the POWHEG method, J. High Energy Phys. 11 (2007) 070, 
arXiv :0709 .2092 [hep -ph].

[34] S. Alioli, P. Nason, C. Oleari, E. Re, A general framework for implementing NLO 
calculations in shower Monte Carlo programs: the POWHEG BOX, J. High Energy 
Phys. 06 (2010) 043, arXiv :1002 .2581 [hep -ph].

[35] C. Bierlich, et al., A comprehensive guide to the physics and usage of PYTHIA 8.3, 
SciPost Phys. Codeb. 2022 (2022) 8, arXiv :2203 .11601 [hep -ph].

[36] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data, ATL-PHYS-PUB-2014-
021, https://cds .cern .ch /record /1966419, 2014.

[37] M. Beneke, P. Falgari, S. Klein, C. Schwinn, Hadronic top-quark pair production 
with NNLL threshold resummation, Nucl. Phys. B 855 (2012) 695, arXiv :1109 .1536
[hep -ph].

http://refhub.elsevier.com/S0370-2693(24)00283-1/bib056639B7F1021D88F8AB6CE16DFB6236s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib056639B7F1021D88F8AB6CE16DFB6236s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib59B889656FAB3B665D84CD06AA9C0927s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib59B889656FAB3B665D84CD06AA9C0927s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib59B889656FAB3B665D84CD06AA9C0927s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib44D16EAF3EFF563ED2C409FC43083436s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib44D16EAF3EFF563ED2C409FC43083436s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib44D16EAF3EFF563ED2C409FC43083436s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibF0B1507DE4BE2C046CDB4D6C5E86D1C3s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibF0B1507DE4BE2C046CDB4D6C5E86D1C3s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibF0B1507DE4BE2C046CDB4D6C5E86D1C3s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib427655C3FE8FA1292E1BA37A84C38F9Es1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib427655C3FE8FA1292E1BA37A84C38F9Es1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib427655C3FE8FA1292E1BA37A84C38F9Es1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibFA4005B1C2C8AF27819FE067148C3105s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibFA4005B1C2C8AF27819FE067148C3105s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibFA4005B1C2C8AF27819FE067148C3105s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibB9D93E1D079EDB09F74FBD2AA4B2A5F3s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibB9D93E1D079EDB09F74FBD2AA4B2A5F3s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibB9D93E1D079EDB09F74FBD2AA4B2A5F3s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibED5FC335BCB72AEDE9FF32DD1315DF38s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibED5FC335BCB72AEDE9FF32DD1315DF38s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibED5FC335BCB72AEDE9FF32DD1315DF38s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib773D3551C24DB4A596E536888F08F96Cs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib773D3551C24DB4A596E536888F08F96Cs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib63E9A2AA6F5D0541ED5575ADB4B9E001s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib63E9A2AA6F5D0541ED5575ADB4B9E001s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib63E9A2AA6F5D0541ED5575ADB4B9E001s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib39B7BD21CB864C44CF7109D630DDBB78s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib39B7BD21CB864C44CF7109D630DDBB78s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib39B7BD21CB864C44CF7109D630DDBB78s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0D11AFBE7050BBD3C358864389E2DFE4s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0D11AFBE7050BBD3C358864389E2DFE4s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0D11AFBE7050BBD3C358864389E2DFE4s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibD7AA87BDA1CA4F0BA79ED0E0D8522D05s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibD7AA87BDA1CA4F0BA79ED0E0D8522D05s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibD7AA87BDA1CA4F0BA79ED0E0D8522D05s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib1FE6EDC545DDCB6E60DEDF693F9562B7s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib1FE6EDC545DDCB6E60DEDF693F9562B7s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib1FE6EDC545DDCB6E60DEDF693F9562B7s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib3D2CAE6EBD9D5249B9F58D1547C77041s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib3D2CAE6EBD9D5249B9F58D1547C77041s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib3D2CAE6EBD9D5249B9F58D1547C77041s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib7D7CEED4A0EC3572CAED5135A1EC0702s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib7D7CEED4A0EC3572CAED5135A1EC0702s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib7D7CEED4A0EC3572CAED5135A1EC0702s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib23B9C67DF1B7F32F960C313662D670A6s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib23B9C67DF1B7F32F960C313662D670A6s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib23B9C67DF1B7F32F960C313662D670A6s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib3F91DBBA2C1D7625AE177DAF7139FD49s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib3F91DBBA2C1D7625AE177DAF7139FD49s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0CC18F4B5A058D336571F10C5FD64BEAs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0CC18F4B5A058D336571F10C5FD64BEAs1
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2853525
https://cds.cern.ch/record/2853525
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0A2507F0E08277FFB87BD64ECBABF729s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0A2507F0E08277FFB87BD64ECBABF729s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0A2507F0E08277FFB87BD64ECBABF729s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib07B905BF0FB4F00A48FAEE4450E06B6As1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib07B905BF0FB4F00A48FAEE4450E06B6As1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibC688A2D7209865FE58AF3E01832F61EAs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibC688A2D7209865FE58AF3E01832F61EAs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0180B187EF62C83C3A9C22DC5BEA0A4Es1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib0180B187EF62C83C3A9C22DC5BEA0A4Es1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibF0CEC92976921A08C49689D87E652473s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibF0CEC92976921A08C49689D87E652473s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibF0CEC92976921A08C49689D87E652473s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibAB19568B47A51A33925F85309D928E62s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibAB19568B47A51A33925F85309D928E62s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibFC91AA1E8C9BF5888F9E2C40C9327E6Fs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibFC91AA1E8C9BF5888F9E2C40C9327E6Fs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibCC774FD737F8B6E920C074760BBF9777s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibCC774FD737F8B6E920C074760BBF9777s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib989EE18ADDDE29A18C93F695C477F7C4s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib989EE18ADDDE29A18C93F695C477F7C4s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib989EE18ADDDE29A18C93F695C477F7C4s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib5376190004CDC080F6DAC56D21DF84DEs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib5376190004CDC080F6DAC56D21DF84DEs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib5376190004CDC080F6DAC56D21DF84DEs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib3A24A19433E33759C33299ED983D19A0s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib3A24A19433E33759C33299ED983D19A0s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibB0C1000ED892F16F66601C3580FB1EBAs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibB0C1000ED892F16F66601C3580FB1EBAs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibB0C1000ED892F16F66601C3580FB1EBAs1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibDDFEA1053A8FCE3847301EAC77C0B1A7s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibDDFEA1053A8FCE3847301EAC77C0B1A7s1
https://cds.cern.ch/record/1966419
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibA0BE9F13B43F496966EBEF4BEAF18EB4s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibA0BE9F13B43F496966EBEF4BEAF18EB4s1
http://refhub.elsevier.com/S0370-2693(24)00283-1/bibA0BE9F13B43F496966EBEF4BEAF18EB4s1


Physics Letters B 854 (2024) 138725

12

The ATLAS Collaboration

[38] M. Cacciari, M. Czakon, M. Mangano, A. Mitov, P. Nason, Top-pair production at 
hadron colliders with next-to-next-to-leading logarithmic soft-gluon resummation, 
Phys. Lett. B 710 (2012) 612, arXiv :1111 .5869 [hep -ph].

[39] P. Bärnreuther, M. Czakon, A. Mitov, Percent-level-precision physics at the tevatron: 
next-to-next-to-leading order QCD corrections to 𝑞𝑞 → 𝑡𝑡 +𝑋, Phys. Rev. Lett. 109 
(2012) 132001, arXiv :1204 .5201 [hep -ph].

[40] M. Czakon, A. Mitov, NNLO corrections to top-pair production at hadron colliders: 
the all-fermionic scattering channels, J. High Energy Phys. 12 (2012) 054, arXiv :
1207 .0236 [hep -ph].

[41] M. Czakon, A. Mitov, NNLO corrections to top pair production at hadron colliders: 
the quark-gluon reaction, J. High Energy Phys. 01 (2013) 080, arXiv :1210 .6832
[hep -ph].

[42] M. Czakon, P. Fiedler, A. Mitov, Total top-quark pair-production cross section at 
hadron colliders through 𝑂(𝛼4

𝑆
), Phys. Rev. Lett. 110 (2013) 252004, arXiv :1303 .

6254 [hep -ph].
[43] M. Czakon, A. Mitov, Top++: a program for the calculation of the top-pair cross-

section at hadron colliders, Comput. Phys. Commun. 185 (2014) 2930, arXiv :1112 .
5675 [hep -ph].

[44] ATLAS Collaboration, Emulating the impact of additional proton–proton interac-
tions in the ATLAS simulation by presampling sets of inelastic Monte Carlo events, 
Comput. Softw. Big Sci. 6 (2022) 3, arXiv :2102 .09495 [hep -ex].

[45] S. Porteboeuf, T. Pierog, K. Werner, Producing hard processes regarding the com-
plete event: the EPOS event generator, arXiv :1006 .2967 [hep -ph], 2010.

[46] T. Pierog, I. Karpenko, J.M. Katzy, E. Yatsenko, K. Werner, EPOS LHC: test of col-
lective hadronization with data measured at the CERN Large Hadron Collider, Phys. 
Rev. C 92 (2015) 034906, arXiv :1306 .0121 [hep -ph].

[47] NNPDF Collaboration, R.D. Ball, et al., Parton distributions with LHC data, Nucl. 
Phys. B 867 (2013) 244, arXiv :1207 .1303 [hep -ph].

[48] ATLAS Collaboration, The Pythia 8 A3 tune description of ATLAS minimum bias and 
inelastic measurements incorporating the Donnachie–Landshoff diffractive model, 
ATL-PHYS-PUB-2016-017, https://cds .cern .ch /record /2206965, 2016.

[49] GEANT4 Collaboration, S. Agostinelli, et al., Geant4 – a simulation toolkit, Nucl. 
Instrum. Methods A 506 (2003) 250.

[50] ATLAS Collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 
(2010) 823, arXiv :1005 .4568 [physics .ins -det].

[51] ATLAS Collaboration, Performance of electron and photon triggers in ATLAS during 
LHC Run 2, Eur. Phys. J. C 80 (2020) 47, arXiv :1909 .00761 [hep -ex].

[52] ATLAS Collaboration, Performance of the ATLAS muon triggers in Run 2, J. Instrum. 
15 (2020) P09015, arXiv :2004 .13447 [physics .ins -det].

[53] ATLAS Collaboration, Electron and photon performance measurements with the AT-
LAS detector using the 2015–2017 LHC proton–proton collision data, J. Instrum. 14 
(2019) P12006, arXiv :1908 .00005 [hep -ex].

[54] ATLAS Collaboration, Muon reconstruction and identification efficiency in ATLAS 
using the full Run 2 𝑝𝑝 collision data set at √𝑠= 13 𝑇 𝑒𝑉 , Eur. Phys. J. C 81 (2021) 
578, arXiv :2012 .00578 [hep -ex].

[55] ATLAS Collaboration, Jet reconstruction and performance using particle flow with 
the ATLAS detector, Eur. Phys. J. C 77 (2017) 466, arXiv :1703 .10485 [hep -ex].

[56] M. Cacciari, G.P. Salam, G. Soyez, The anti-𝑘𝑡 jet clustering algorithm, J. High En-
ergy Phys. 04 (2008) 063, arXiv :0802 .1189 [hep -ph].

[57] M. Cacciari, G.P. Salam, G. Soyez, FastJet user manual, Eur. Phys. J. C 72 (2012) 
1896, arXiv :1111 .6097 [hep -ph].

[58] ATLAS Collaboration, Jet energy scale and resolution measured in proton–proton 
collisions at √𝑠 = 13 𝑇 𝑒𝑉 with the ATLAS detector, Eur. Phys. J. C 81 (2021) 689, 
arXiv :2007 .02645 [hep -ex].

[59] ATLAS Collaboration, Performance of pile-up mitigation techniques for jets in 𝑝𝑝
collisions at √𝑠 = 8 𝑇 𝑒𝑉 using the ATLAS detector, Eur. Phys. J. C 76 (2016) 581, 
arXiv :1510 .03823 [hep -ex].

[60] ATLAS Collaboration, 𝐸miss
T

performance in the ATLAS detector using 2015–2016 
LHC 𝑝𝑝 collisions, ATLAS-CONF-2018-023, https://cds .cern .ch /record /2625233, 
2018.

[61] ATLAS Collaboration, ATLAS flavour-tagging algorithms for the LHC Run 2 𝑝𝑝 col-
lision dataset, Eur. Phys. J. C 83 (2023) 681, arXiv :2211 .16345 [physics .data -an].

[62] ATLAS Collaboration, Deep sets based neural networks for impact parameter flavour 
tagging in ATLAS, ATL-PHYS-PUB-2020-014, https://cds .cern .ch /record /2718948, 
2020.

[63] R.D. Ball, et al., The PDF4LHC21 combination of global PDF fits for the LHC Run 
III, J. Phys. G 49 (2022) 080501, arXiv :2203 .05506 [hep -ph].

[64] T.-J. Hou, et al., New CTEQ global analysis of quantum chromodynamics with high-
precision data from the LHC, Phys. Rev. D 103 (2021) 014013, arXiv :1912 .10053
[hep -ph].

[65] T. Cridge, L.A. Harland-Lang, A.D. Martin, R.S. Thorne, An investigation of the 𝛼𝑆
and heavy quark mass dependence in the MSHT20 global PDF analysis, Eur. Phys. 
J. C 81 (2021) 744, arXiv :2106 .10289 [hep -ph].

[66] S. Bailey, T. Cridge, L.A. Harland-Lang, A.D. Martin, R.S. Thorne, Parton distribu-
tions from LHC, HERA, Tevatron and fixed target data: MSHT20 PDFs, Eur. Phys. J. 
C 81 (2021) 341, arXiv :2012 .04684 [hep -ph].

[67] T. Cridge, L.A. Harland-Lang, A.D. Martin, R.S. Thorne, QED parton distribution 
functions in the MSHT20 fit, Eur. Phys. J. C 82 (2022) 90, arXiv :2111 .05357 [hep -
ph].

[68] NNPDF Collaboration, R.D. Ball, et al., The path to proton structure at 1% accuracy, 
Eur. Phys. J. C 82 (2022) 428, arXiv :2109 .02653 [hep -ph].

[69] S. Alekhin, J. Blümlein, S. Moch, R. Plačakytė, Parton distribution functions, 𝛼𝑠 , 
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The inclusive top-quark-pair production cross section 𝜎𝑡𝑡 and its ratio to the 𝑍-boson production cross section 
have been measured in proton–proton collisions at 

√
𝑠 = 13.6 TeV, using 29 fb−1 of data collected in 2022 

with the ATLAS experiment at the Large Hadron Collider. Using events with an opposite-charge electron-muon 
pair and 𝑏-tagged jets, and assuming Standard Model decays, the top-quark-pair production cross section is 
measured to be 𝜎𝑡𝑡 = 850 ±3(stat.)±18(syst.)±20(lumi.) pb. The ratio of the 𝑡𝑡 and the 𝑍-boson production cross 
sections is also measured, where the 𝑍-boson contribution is determined for inclusive 𝑒+𝑒− and 𝜇+𝜇− events in 
a fiducial phase space. The relative uncertainty on the ratio is reduced compared to the 𝑡𝑡 cross section, thanks 
to the cancellation of several systematic uncertainties. The result for the ratio, 𝑅𝑡𝑡∕𝑍 = 1.145 ± 0.003(stat.) ±
0.021(syst.) ± 0.002(lumi.) is consistent with the Standard Model prediction using the PDF4LHC21 PDF set.
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1. Introduction

Measurements of the top-quark production cross section in hadron-
hadron collisions at the LHC provide essential tests of Quantum Chro-
modynamics (QCD) and parton distributions functions (PDFs). This 
quantity has been measured by ATLAS [1–4] and CMS [5–9] at ener-
gies between 5 and 13 TeV, and by LHCb [10,11] at energies between 
7 and 13 TeV, with percent-level precision. Theory calculations with 
similar precision are available [12–17] and are found to be in good 
agreement with the measurements.

⋆ E-mail address: atlas .publications @cern .ch.

In the ratio of the 𝑡𝑡 to the 𝑍-boson production cross section, sev-

eral experimental uncertainties cancel, so that it can be obtained very 
precisely. Since 𝑡𝑡 production proceeds preferentially via a gluon-gluon 
initial state while 𝑍-boson production is dominated by 𝑞𝑞, the ratio of 
these cross sections at a given centre-of-mass energy has a significant 
sensitivity to the gluon-to-quark PDF ratio [18,19]. ATLAS published 
such ratios at various centre-of-mass energies in Ref. [20]. Predictions 
for the 𝑍-boson production cross section are available at NNLO QCD 
plus next-to-leading-order (NLO) electroweak (EW) accuracy [21–25].
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The analysis uses proton–proton collision data delivered by the LHC 
at CERN in 2022 at a new centre-of-mass energy of 

√
𝑠 = 13.6 TeV

and recorded with the ATLAS detector, representing an integrated lu-
minosity of 29 fb−1. Due to the steep rise of the PDFs towards lower 
Bjorken-𝑥, a 12% increase of the 𝑡𝑡 cross section at 13.6 TeV is ex-
pected with respect to 13 TeV, which should be visible already with the 
present precision on the detector calibration.

This letter reports the measurement of the 𝑡𝑡 cross section in the full 
phase-space and of the ratio of the 𝑡𝑡 and 𝑍-boson cross sections. The 
CMS experiment has published a measurement of the 𝑡𝑡 cross section at √
𝑠 = 13.6 TeV [26] using an integrated luminosity of 1.21 fb−1, without 

including the ratio to the 𝑍-boson cross section.

2. Analysis strategy

Top-quark pair production is analysed in the channel in which one 
top-quark decays into an electron, a neutrino and a 𝑏-quark, and the 
other top-quark into a muon, a neutrino and a 𝑏-quark. For 𝑍-bosons, 
decays to a pair of electrons or muons are considered. Three channels 
are thus defined using electrons and muons of opposite electric charge: 
𝑒𝑒, 𝜇𝜇 and 𝑒𝜇.

In the 𝑒𝜇 channel, the presence of additional 𝑏-tagged jets is re-
quired. The analysis uses the method already employed in Ref. [2,27], 
where the numbers of events with one and two 𝑏-tagged jets are counted 
separately, allowing the 𝑡𝑡 cross section to be extracted together with 
the efficiency to identify a 𝑏-tagged jet. Opposite-sign electron-muon 
pairs are selected and the numbers of events that have one 𝑏-tagged jet 
(𝑁1) and two 𝑏-tagged jets (𝑁2) are counted. The event yields are given 
by

𝑁1 =𝐿𝜎𝑡𝑡𝜖𝑒𝜇2𝜖𝑏
(
1 −𝐶𝑏𝜖𝑏

)
+𝑁

bkg
1 , (1)

𝑁2 =𝐿𝜎𝑡𝑡𝜖𝑒𝜇𝐶𝑏𝜖
2
𝑏
+𝑁

bkg
2 , (2)

where 𝐿 is the integrated luminosity, 𝜎𝑡𝑡 is the measured 𝑡𝑡 cross sec-
tion, 𝜖𝑏 is the combined probability to reconstruct and 𝑏-tag a 𝑏-jet after 
the selection, and 𝜖𝑒𝜇 is the efficiency for a 𝑡𝑡 event to pass the opposite-
sign 𝑒𝜇 selection. The tagging correlation coefficient 𝐶𝑏 = 𝜖𝑏𝑏∕𝜖2𝑏 , where 
𝜖𝑏𝑏 represents the probability to reconstruct and tag both 𝑏-jets, may 
deviate slightly from unity due to kinematic correlations of the 𝑏-jets 
produced in a 𝑡𝑡 event and is estimated from simulation. The nominal 
value for 𝐶𝑏 is found to be 1.0068.

For the same-flavour channels (𝑒𝑒, 𝜇𝜇), the reconstructed invariant 
mass of the lepton pair, 𝑚𝓁𝓁 , is required to be 66 < 𝑚𝓁𝓁 < 116 GeV. 
These channels are then used to extract the cross section for 𝑍-boson 
production

𝑁𝑒𝑒 =𝐿𝜎𝑍𝜖𝑒𝑒 +𝑁
bkg
𝑒𝑒 , (3)

𝑁𝜇𝜇 =𝐿𝜎𝑍𝜖𝜇𝜇 +𝑁
bkg
𝜇𝜇 , (4)

where 𝑁𝑒𝑒 (𝑁𝜇𝜇) is the selected number of events passing the 𝑒𝑒 (𝜇𝜇) 
selection. Parameters 𝜖𝑒𝑒 and 𝜖𝜇𝜇 are the efficiencies for a 𝑍-boson 
event to pass the opposite-sign 𝑒𝑒 and 𝜇𝜇 selection, respectively.

The fiducial phase-space for 𝑍-boson production is defined by the 
transverse momentum of the leptons 𝑝T > 27 GeV, the absolute value 
of the leptons’ pseudorapidity |𝜂| < 2.5 and the invariant mass of 66 <
𝑚𝓁𝓁 < 116 GeV for 𝓁 = 𝑒, 𝜇.1 Within this phase space, an almost pure 
𝑍-boson contribution is obtained, with about 99.5% of events in the 
simulation originating from 𝑍-boson production.

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. Cylindrical coordinates (𝑟, 𝜙) are used in the transverse plane, 
𝜙 being the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined 
in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2). Angular distance is measured 
in units of Δ𝑅 ≡

√
(Δ𝜂)2 + (Δ𝜙)2.

The total 𝑡𝑡 production cross section and the ratio of the cross sec-
tions, 𝑅𝑡𝑡∕𝑍 , are measured in a common fit to the same- and different-
flavour channels, using a binned profile-likelihood technique. To un-
derstand the cancellation of uncertainties in the cross section ratio, the 
fiducial 𝑍-boson production cross section 𝜎f id.

𝑍→𝓁𝓁 is measured in a sepa-
rate fit using same-flavour dilepton events only, within the same phase 
space as used for the ratio measurement.

3. ATLAS detector

The ATLAS experiment [28,29] at the LHC is a multipurpose particle 
detector with a forward–backward symmetric cylindrical geometry and 
a near 4𝜋 coverage in solid angle. It consists of an inner tracking de-
tector (ID) surrounded by a thin superconducting solenoid providing a 
2 T axial magnetic field, electromagnetic and hadron calorimeters, and 
a muon spectrometer (MS). The inner tracking detector covers the pseu-
dorapidity range |𝜂| < 2.5. It consists of silicon pixel, silicon microstrip, 
and transition radiation tracking detectors. Lead/liquid-argon (LAr) 
sampling calorimeters provide electromagnetic (EM) energy measure-
ments with high granularity. A steel/scintillator-tile hadron calorimeter 
covers the central pseudorapidity range (|𝜂| < 1.7). The endcap and 
forward regions are instrumented with LAr calorimeters for both the 
EM and hadronic energy measurements up to |𝜂| = 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 and fast detectors for triggering. A two-level trigger 
system is used to select events. The first-level trigger is implemented in 
hardware and uses a subset of the detector information 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. An extensive software suite [30] is used in 
data simulation, in the reconstruction and analysis of real and simulated 
data, in detector operations, and in the trigger and data acquisition sys-
tems of the experiment.

4. Data and MC samples

The analysis is performed using the data collected between Au-
gust and October 2022 with the ATLAS detector, in 𝑝𝑝 collisions at √
𝑠 = 13.6 TeV. After applying data-quality requirements [31], the data 

sample corresponds to an integrated luminosity of 29 fb−1 . The average 
number of inelastic 𝑝𝑝 collisions in the dataset is about 42. MC simu-
lated samples are used in the analysis to optimise the event selection, 
estimate the selection efficiencies and correlation for the efficiencies 
of identifying and reconstructing two 𝑏-tagged jets, represented by the 
𝐶𝑏 parameter, and predict contributions from various background pro-
cesses. If not stated otherwise, a top-quark mass of 𝑚𝑡 = 172.5GeV is 
used, in the MC simulated samples and cross-section calculations.

The production of 𝑡𝑡 events was simulated using the POWHEG BOX v2 
[32–35] generator at next-to-leading-order (NLO) with the NNPDF3.
0NLO [36] PDF set and the ℎdamp parameter set to 1.5𝑚𝑡 [37].2

The events were interfaced to PYTHIA 8.307 [38] to model the par-
ton shower, hadronisation, and underlying event, with parameters set 
according to the A14 tune [39] and using the NNPDF2.3LO set of 
PDFs [40]. The decays of bottom and charm hadrons were performed 
with EVTGEN 2.1.1 [41]. The 𝑡𝑡 sample was normalised to the cross-
section prediction at next-to-next-to-leading-order (NNLO) in QCD in-
cluding the resummation of next-to-next-to-leading-logarithm (NNLL) 

2 The ℎdamp parameter is a resummation damping factor and one of the pa-
rameters that controls the matching of POWHEG matrix elements to the parton 
shower and thus effectively regulates the high-𝑝T radiation against which the 𝑡𝑡
system recoils.
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soft-gluon terms calculated using TOP++ 2.0 [12–17,42]. For proton–
proton collisions at a centre-of-mass energy of 

√
𝑠 = 13.6TeV, this 

cross-section corresponds to 𝜎(𝑡𝑡)NNLO+NNLL = 924+32−40 pb, including all 
𝑡𝑡 decay channels, using the PDF4LHC21 PDF set [43]. The uncertainty 
includes variations in the renormalisation and factorisation scale, 𝛼s and 
PDFs. For the nominal prediction, the renormalisation and factorisation 
scales were set equal to the top-quark mass, and the strong coupling 
constant was set to 𝛼s(𝑚𝑍 ) = 0.118. Samples of 𝑡𝑡 and 𝑡𝑊 events with a 
different top-quark mass have been simulated to estimate the variation 
of the reconstruction efficiency as a function of this mass.

Events of 𝑍∕𝛾∗ → 𝓁+𝓁− production were simulated with the
SHERPA 2.2.12 [44] generator using NLO matrix elements (ME) for up 
to two partons, and up to five partons at leading-order (LO) calculated 
with the Comix [45] and OPENLOOPS [46–48] libraries. They were 
matched with the SHERPA parton shower [49] using the MEPS@NLO
prescription [50–53] using the set of tuned parameters developed by 
the SHERPA authors. The NNPDF3.0NNLO set of PDFs was used. De-
cays of 𝑍∕𝛾∗ → 𝑒+𝑒−, 𝑍∕𝛾∗ → 𝜇+𝜇− and 𝑍∕𝛾∗ → 𝜏+𝜏− were simu-
lated. The inclusive cross sections of the MC samples are normalised 
to NNLO in QCD and NLO in EW predictions, calculated using the 
MATRIX [54] program with the PDF4LHC21 PDF set. In both the 
MC generator requirement and in the MATRIX calculation, leptons 
before QED radiation are used. In the fiducial phase-space defined 
with lepton 𝑝T > 27 GeV, |𝜂| < 2.5 and 66 < 𝑚𝓁𝓁 < 116 GeV, the pre-
dicted cross-section at NNLO in QCD and NLO in EW is 𝜎(𝑍)f id. =
746 ± 0.7(integration)+3−5(scale) ± 21(PDF) pb for the 𝑍-boson decaying 
into a single lepton flavour and leptons before QED radiation.3

For the calculation of the 𝑡𝑡 to the 𝑍-boson production cross-
section ratio, several PDF sets are considered: PDF4LHC21, CT18 [55], 
CT18A [55], MSHT20 [56], NNPDF4.0 [57], ABMP16 [58] and AT-
LASpdf21 [59]. The uncertainties from the QCD scale variations are 
assumed to be uncorrelated between the processes, while the PDF vari-
ations are fully correlated in the calculation of the uncertainty. The QCD 
scale uncertainty is evaluated by restricting the variations of the renor-
malisation and factorisation scales, where 𝜇r and 𝜇f are independently 
varied by a factor of two while meeting the requirement that they never 
differ from each other by more than a factor of two. The predicted cen-
tral values for the ratios for the different PDF sets vary between about 
1.13 for the ABMP16 and 1.27 for the CT18 PDF set. The uncertainties 
on the predictions range from about 4.5% up to 9%.

The associated production of single top quarks with 𝑊 bosons (𝑡𝑊 ) 
was modelled with the POWHEG BOX v2 generator at NLO in QCD us-
ing the five-flavour scheme and the NNPDF3.0NLO set of PDFs [36]. 
The diagram-removal scheme [60] was used to remove interference and 
overlap with 𝑡𝑡 production. The events were interfaced to PYTHIA 8.307 
using the A14 tune and the NNPDF2.3LO set of PDFs. The inclusive 
cross-section was corrected to the theory prediction calculated at ap-
proximate N3LO in QCD using the PDF4LHC21 PDF set [61]. The cross-
section corresponds to 𝜎(𝑡𝑊 )aN3LO = 87.9+2.0−1.9(scale)± 2.4(PDF) pb.

Single-top-quark 𝑡-channel production was modelled with the
POWHEG BOX v2 generator at NLO in QCD using the four-flavour scheme 
and the corresponding NNPDF3.0NLO set of PDFs. The events were in-
terfaced with PYTHIA 8.307 using the A14 tune and the NNPDF2.3LO

set of PDFs. Single-top-quark 𝑠-channel production was modelled us-
ing the POWHEG BOX v2 [33–35,62] generator at NLO in QCD in the 
five-flavour scheme with the NNPDF3.0NLO [36] PDF set. The events 
were interfaced with PYTHIA 8.307 using the A14 tune [39] and the
NNPDF2.3LO PDF set. However, 𝑡-channel and 𝑠-channel productions 
contribute only via fake and non-prompt leptons.

The production of 𝑊 +jets was simulated with the SHERPA 2.2.12 
generator with the same settings as the 𝑍-boson sample. The events 

3 The integration uncertainty represents the uncertainty due to the finite num-
ber of points used in the MC integration of the phase-space integrals.

were normalised to NNLO in QCD with NLO EW corrections calculated 
using the MATRIX software with the PDF4LHC21 PDF set.

Samples of diboson final states (𝑉 𝑉 ) were simulated with the
SHERPA 2.2.12 generator, including off-shell effects and Higgs bo-
son contributions where appropriate. Fully-leptonic final states and 
semileptonic final states, where one boson decays leptonically and the 
other hadronically, were generated using matrix elements at NLO accu-
racy in QCD for up to one additional parton and at LO accuracy for up 
to three additional parton emissions.

Samples of associated production of top-quark pairs with a 𝑍-boson 
or a 𝑊 -boson are simulated using the SHERPA 2.2.12 generator. Events 
with at least two leptons in the final state are considered.

The effect of multiple interactions in the same and neighbouring 
bunch crossings (pile-up) was modelled by overlaying [63] the origi-
nal hard-scattering event with simulated inelastic 𝑝𝑝 events generated 
by EPOS 2.0.1.4 [64,65] and PYTHIA 8.307. The events generated with 
EPOS used the EPOS LHC tune, while the PYTHIA 8 events used the 
NNPDF2.3 LO set of PDFs and parameter values set according to the A3 
tune [66]. PYTHIA simulates events that contain at least one high trans-
verse momentum (𝑝T) jet, isolated photon or lepton from the decay of 
𝑏-hadrons, while EPOS simulates all remaining events in the sample. 
The events are generated independently and a filter is applied to EPOS 
generated events to veto the events simulated by PYTHIA. The simula-
tion has been reweighted to match the distribution of the number of 
primary vertices seen in data.

After the event generation, the ATLAS detector response is simulated 
by the toolkit GEANT4 [67] with the full simulation of the ATLAS detec-
tor [68]. The simulated samples are processed with the same software 
framework as the real data.

5. Object definitions and event selection

Events are selected if they include at least one lepton that is matched 
to a lepton identified by a single-lepton trigger. The lowest 𝑝T thresh-
old in the single-lepton triggers is 26 GeV for electrons and 24 GeV for 
muons. Events are also required to have at least one reconstructed col-
lision vertex with two or more associated tracks with 𝑝T greater than 
500 MeV. The vertex with the highest 

∑
𝑝2T of the associated tracks is 

taken as the primary vertex.
Electron candidates are reconstructed from clusters of energy de-

posits in the electromagnetic calorimeter which are matched to particle 
tracks inside the ID. The candidates need to pass the Tight likelihood-
based identification criteria [69]. Furthermore, they should pass the 
kinematic requirements 𝑝T > 27 GeV and |𝜂| < 2.47, with the transition 
region between the barrel and the endcap calorimeters at 1.37 < |𝜂| <
1.52 excluded. Additionally, electron candidates need to fulfil impact 
parameter selection criteria: |𝑧0 sin𝜃| < 0.5 mm and |𝑑0∕𝜎(𝑑0)| < 5.4

Muon candidates are reconstructed from tracks from the MS 
matched to tracks from the ID. The candidates are required to pass 
Medium identification criteria [70] as well as 𝑝T > 27 GeV and |𝜂| < 2.5. 
Additionally, muon candidates need to pass the selection of |𝑧0 sin𝜃| <
0.5 mm and |𝑑0∕𝜎(𝑑0)| < 3.

To suppress non-prompt electrons or muons, isolation criteria are 
imposed. The isolation is imposed by requiring the energy deposited in 
the calorimeter in a cone Δ𝑅 < 0.2 around the object, divided by the 
object 𝑝T, to be smaller than 0.15 and the momentum, reconstructed by 
the ID, in a cone Δ𝑅 < 0.3 around the object, divided by the object 𝑝T, 
to be smaller than 0.04.

Dedicated scale factors (SFs) are used to correct the identification, 
reconstruction, isolation and trigger efficiencies to match the efficien-
cies in data. For electrons, the identification SFs are calculated by 

4 𝑑0 is the distance of closest approach of the track to the primary vertex 
point, in the 𝑟—𝜙 projection and |𝑧0| is the 𝑧-coordinate of the track at the 
point of closest approach to the global 𝑧-axis.
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reconstructing Run 2 data using the same software as used for Run 3 
and following the methodology described in Refs. [69,71]. The nomi-
nal reconstruction and isolation SFs are assumed to be one, with the 
differences observed between data and MC efficiencies being covered 
by the uncertainties in the SFs. For muons, the reconstruction, identifi-
cation, isolation and track-to-vertex-association (i.e. impact parameter 
requirements) efficiency SFs have been measured using the Run 3 data, 
using the methodology described in Ref. [72]. The electron (muon) mo-
mentum is corrected using calibrations obtained from Run 2 (Run 3) 
with conservative uncertainties. Trigger SFs for both electron and muon 
triggers are measured in Run 3 in various data-taking periods and are 
applied to the simulation reflecting the relative luminosity of the indi-
vidual periods.

Jets are reconstructed using a Particle Flow algorithm [73] that ex-
ploits both the calorimeter and ID information. The anti-𝑘𝑡 [74] jet 
algorithm is used with radius parameter 𝑅 = 0.4 implemented in the 
FastJet [75] software. The calibration of jets uses simulation, repre-
senting the Run 3 conditions, to correct the jet-energy scale in both 
simulation and data. Furthermore, the jet-energy scale in data is cor-
rected using the in-situ calibration measured in Run 2 [76]. Any residual 
difference between Run 2 and Run 3 conditions after applying the cal-
ibration is considered as a systematic uncertainty estimated from the 
simulation. After the calibration, jet candidates are required to have 
𝑝T > 30 GeV and |𝜂| < 2.5. To suppress jets originating from pile-up, 
jets need to pass a neural-network-based Jet Vertex Tagger (NNJVT) 
discriminant for jets with 𝑝T below 60 GeV. This is a successor of the 
Jet Vertex Tagger [77].

Jets containing 𝑏-hadrons are identified (𝑏-tagged) using the DL1d 
algorithm. The DL1d tagger uses a similar architecture as its predeces-
sor DL1r, described in Ref. [78], but employs DeepSets [79] instead 
of a recurrent neural network for the processing of the track impact 
parameters. The DL1d algorithm returns the probability of a jet be-
ing light-flavour, 𝑐-jet and 𝑏-jet, which is then combined into a single 
discriminant. The jets are considered as 𝑏-tagged if the value of the dis-
criminant passes the requirement corresponding to a 77% efficiency for 
tagging a true 𝑏-jet. The charm-jet (light-flavour-jet) rejection factor for 
jets with 𝑝T > 20 GeV is about 6 (260) in 𝑡𝑡 events. Dedicated SFs are ap-
plied to the simulation to correct for the efficiency of tagging a true 𝑏-jet 
as a function of jet 𝑝T. No SFs are applied for the mis-tagging of 𝑐 and 
light-flavour jets, but their uncertainty is still considered. To remove 
the ambiguity when one physical object is reconstructed as multiple 
objects, the overlap-removal algorithm used in Ref. [80] is employed.

Selected events are required to have exactly two leptons (electrons 
or muons) of opposite electric charge. In the same-flavour channels, 
events are required to have 66 < 𝑚𝓁𝓁 < 116 GeV. No dilepton mass 
criteria are imposed on the 𝑒𝜇 channel, but the events are required 
to have one or two 𝑏-tagged jets, as described in Section 2.

Hadrons mis-identified as electrons as well as electrons from photon 
conversions and leptons from heavy flavour decays can be identified 
as prompt leptons. These contributions are collectively referred to as 
fake or non-prompt leptons. To estimate the contribution of fake or 
non-prompt leptons, for each simulated event, the MC particle-level in-
formation is checked to determine if the event that passed the selection 
contains a fake lepton or non-prompt lepton. Based on this particle-level 
information, the events are split into real and fake or non-prompt lep-
ton contributions. The events classified as containing at least one fake or 
non-prompt lepton are combined into a single distribution, representing 
the estimate of this lepton contribution in data. In the 𝑒𝜇 channel, the 
expected contribution from the events with fake or non-prompt leptons 
accounts for about 1% of all events, while in the same-flavour channels 
the contribution is below 0.1% in both channels.

Fig. 1(a) compares the multiplicity of 𝑏-tagged jets for data and 
prediction in the inclusive 𝑒𝜇 channel. The distribution of the leading 
lepton 𝑝T in the 𝑒𝜇 channel with at least one 𝑏-tagged jet, which is dom-
inated by 𝑡𝑡 production, is shown in Fig. 1(b). Figs. 1(c) and (d) compare 
the data and prediction for the leading lepton 𝑝T distribution in the 𝑒𝑒

channel and 𝜇𝜇 channel, respectively, dominated by 𝑍-boson produc-
tion. Figs. 1(e) and (f) show the comparison of data and prediction for 
the invariant mass of the dilepton system in the 𝑒𝑒 and 𝜇𝜇 channel, re-
spectively. The observed 𝑝T distribution of the selected leptons with the 
highest 𝑝T in an event is harder than expected in the same-flavour chan-
nels and softer in the 𝑒𝜇 channel. However, in both cases the data agree 
with the prediction within the uncertainties indicated by the hashed 
band for the low-𝑝T regions that are relevant for this measurement as 
the lepton uncertainties impact the fitted cross section only via accep-
tance.

Table 1 shows the predicted and measured event yields in the dif-
ferent dilepton categories. The 𝑒𝜇 inclusive region is only used in the 
simulation to calculate 𝐶𝑏.

6. Systematic uncertainties

The uncertainty in the integrated luminosity for data recorded in 
2022 is 2.2% [81], following the methodology discussed in Ref. [82], 
using the LUCID-2 detector [83] for the primary luminosity measure-
ments, complemented by measurements using the inner detector and 
calorimeters. The uncertainty is dominated by effects from horizontal-
vertical correlations, known as non-factorisation, in the bunch-density 
distributions during the beam-separation scans used to determine the 
absolute luminosity scale, as well as by uncertainties in transferring 
this calibration from the data-taking conditions of the absolute luminos-
ity calibration to the conditions of routine physics data-taking. Various 
beam-, calibration-method-, consistency-, reproducibility- and stability-
related effects provide smaller contributions to the overall uncertainty. 
The uncertainty in the pile-up modelling is estimated by varying the 
average number of interactions per bunch-crossing by 4% in the simu-
lation.

For the electron energy corrections, uncertainties obtained from the 
Run 2 calibrations using 𝑍 → 𝑒𝑒, as described in Ref. [69], are in-
creased, covering the differences in the reconstruction between Run 2 
and Run 3 of the LHC as estimated from the simulation. The uncertainty 
in the muon momentum correction is estimated by separately varying 
the ID and MS components as estimated from 𝑍 → 𝜇𝜇 events, similarly 
to Ref. [70]. The uncertainties in the corrections are split into several 
components both for electrons and muons.

The uncertainties in the electron identification SFs are computed 
comparing simulation between Run 2 and Run 3. It was checked that 
the SFs in Run 3 are within the estimated uncertainties in Run 2. The 
uncertainties on the muon SFs have been calculated using the methods 
described in Ref. [72]. The trigger efficiencies with their uncertainties 
are measured using the Run 3 data. Most events can be triggered by 
either lepton, reducing the systematic uncertainty from the modelling 
of the trigger efficiencies.

The lepton efficiencies (trigger, identification, reconstruction and 
isolation) are generally the dominant detector uncertainties on the mea-
surements. They depend on the lepton 𝑝T, 𝜂 and 𝜙. In the calculation 
of the uncertainty in 𝑅𝑡𝑡∕𝑍 , the nuisance parameters (NPs) correspond-
ing to each systematic uncertainty for the detector related uncertainties 
are taken to be fully correlated between the 𝑡𝑡 and 𝑍-boson processes. 
Correlating or treating the lepton isolation uncertainties separately be-
tween the 𝑡𝑡 and 𝑍-boson processes has no significant impact on the 
central value nor the total uncertainty in the 𝑅𝑡𝑡∕𝑍 fit.

The uncertainties in the jet-energy scale (JES) [84] and jet-energy 
resolution (JER) [85] are considered, as estimated in Run 2. Addition-
ally, dedicated uncertainties due to the differences in reconstruction 
between Run 2 and Run 3 are considered; these are estimated from sim-
ulation. A 10% uncertainty per 𝑏-tagged jet is considered for events in 
the 𝑒𝜇 channel to cover the discrepancies between data and simulation 
for the NNJVT discriminant. The uncertainty is not applied to simulated 
𝑡𝑡 events, as the jet reconstruction and tagging probability is eventually 
determined in data as the 𝜖𝑏 parameter.
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Fig. 1. Comparison of observed data and predictions for (a) the distribution of the number of 𝑏-tagged jets in the inclusive 𝑒𝜇 channel, (b) the 𝑝T of the leading 
lepton in the 𝑒𝜇 channel with at least one 𝑏-tagged jet, (c) the leading lepton 𝑝T in the 𝑒𝑒 channel, (d) the leading lepton 𝑝T in the 𝜇𝜇 channel, the invariant mass of 
the dilepton system in (e) the 𝑒𝑒 channel and (f) the 𝜇𝜇 channel. The expected yields are calculated by normalising the MC prediction to the product of integrated 
luminosity and predicted cross section for each process. The “Other SM” represents all non-𝑍-boson SM processes merged into a single distribution. The “Misid. 
leptons” label represents fake or non-prompt leptons. The hashed band represents the total uncertainty. The bottom panel shows the ratio of data to the prediction. 
The rightmost bins contain the overflow events.

The 𝑏-tagging efficiencies for the 𝑡𝑊 process and other backgrounds 
are estimated from the simulation. The uncertainty in the 𝑏-jet effi-
ciency, binned in jet 𝑝T, is estimated using dilepton 𝑡𝑡 events, employing 
a simplified version of the method described in Ref. [86]. Separate, 𝑝T-
independent uncertainties are assigned to the charm- and light-flavours 
for the efficiency of (mis-)tagging. These are 20% for the 𝑐-mis-tag effi-
ciency and 40% for the light-flavour-mis-tag efficiency. The uncertain-
ties cover the differences in the modelling of the discriminant between 
data and simulation in 𝑡𝑡 lepton+jets events for the charm mis-tag rate 

and in events with a 𝑍-boson and at least one jet for the light-flavour 
mis-tag rate.

The impact of using a different parton shower and hadronisation 
model is evaluated by comparing the nominal 𝑡𝑡 sample with another 
sample produced by interfacing the POWHEG BOX v2 [32–35] genera-
tor using the NNPDF3.0NLO [36] PDF set with HERWIG 7.2.3 [87–89]. 
Uncertainties due to the modelling of the 𝑡𝑡 signal are estimated consid-
ering independent variations of the renormalisation and factorisation 
scales in the ME of the nominal 𝑡𝑡 sample by factors of 0.5 and 2, exclud-
ing variations that differ by a factor of four, but normalising the signal 
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Table 1

Predicted and observed event yields in the different dilepton regions after event selection. Systematic uncertainties, repre-
senting all considered sources, are shown for the predicted yields.

Process Region

𝑒𝜇 inclusive 𝑒𝜇 1 𝑏 𝑒𝜇 2 𝑏 𝑒𝑒 𝜇𝜇

𝑡𝑡 177000 ± 5000 87400 ± 2600 52700 ± 1600 22300 ± 1200 33500 ± 1900
𝑍 → 𝑙𝑙 13100 ± 600 270 ± 70 14.2 ± 3.0 77490000 ± 230000 14100000 ± 400000
SingleTop 𝑡𝑊 -channel 19000 ± 9000 10200 ± 700 1720 ± 290 2250 ± 120 3410 ± 200
Diboson 17000 ± 8000 230 ± 120 5.3 ± 3.0 9000 ± 5000 18000 ± 9000
𝑡𝑡𝑉 220 ± 110 100 ± 50 69 ± 35 240 ± 120 250 ± 130
Fake/non-prompt leptons 2800 ± 1400 1100 ± 500 500 ± 500 6000 ± 6000 6000 ± 6000

Total prediction 229000 ± 14000 99200 ± 3000 55000 ± 1700 7780000 ± 230000 14100000 ± 400000

Data 222711 92385 50956 7812978 14242875

to the nominal cross section. Additionally, variations of the renormal-
isation and factorisation scales are considered for the parton shower 
simulation affecting the initial- and final-state radiation, where the for-
mer is represented by the variation of the Var3c parameter of the A14 
tune [90]. The uncertainty due to the choice of the ℎdamp parameter is 
estimated by increasing it by a factor of two. To account for the un-
certainty due to the top-quark 𝑝T distribution mismodelling [27], the 
nominal 𝑡𝑡 sample is compared with the same sample reweighted to 
match the top-quark 𝑝T distribution computed at NNLO in QCD preci-
sion using the MATRIX program.

Several sources of systematic uncertainties in the modelling of the 
𝑍-boson events are considered. Independent renormalisation and fac-
torisation scale variations in the ME as well as the simultaneous varia-
tions of the ME and the parton shower by a factor of 0.5 and 2, exclud-
ing variations that differ by a factor of four, are tested. The variation 
with the maximum impact on the yields is symmetrised and used to es-
timate the uncertainty in the analysis. This variation originates from the 
simultaneous variation of the renormalisation and factorisation scale by 
a factor of 0.5 in the ME and the parton shower. For all modelling uncer-
tainties in the 𝑍-boson production, the systematic variation is rescaled 
to have the same cross section in the fiducial phase-space.

A normalisation uncertainty of 3.5% is assigned to the 𝑡𝑊 process, 
reflecting the theoretical uncertainty in the cross section. Similarly to 𝑡𝑡
uncertainties, scale variations in the ME, Var3c and for the final-state 
radiation of the parton shower are considered for the single-top quark 
processes. Furthermore, an uncertainty due to the interference between 
the 𝑡𝑊 and 𝑡𝑡 processes is obtained by comparing the diagram-removal 
scheme with the diagram-subtraction scheme [60]. Scale variations be-
tween the 𝑡𝑡 and 𝑡𝑊 production processes are assumed to be uncorre-
lated, but this assumption is found to have no significant impact on the 
total expected uncertainty.

The PDF uncertainty for 𝑡𝑡 and 𝑍 modelling is estimated by con-
sidering the internal variations of the PDF4LHC21 PDF set [43]. This 
uncertainty is correlated between processes. Only the acceptance effects 
are considered for the PDF and the modelling uncertainties.

A normalisation uncertainty of 50 (100)% is assigned for the fake 
and non-prompt lepton background in the 𝑒𝜇 channel for events with 1 
(2) 𝑏-tagged jets as estimated from the simulation, similarly to Ref. [91]. 
An uncertainty of 100% is assigned on the normalisation of the fake 
and non-prompt lepton background in the 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇 events. 
A 50% uncertainty is considered for the normalisation of the diboson 
processes and processes with associated production of the top-quark 
pairs with a 𝑍-boson or a 𝑊 -boson. These normalisation uncertainties 
have no significant impact on the total uncertainty of the measurement.

7. Results

Fig. 2 shows the distributions used in the fit to extract the 𝑡𝑡 cross 
section and the ratio of the cross sections. A profile-likelihood fit is used 

to extract 𝜎𝑡𝑡 and 𝑅𝑡𝑡∕𝑍 together with the 𝑏-tagging efficiency 𝜖𝑏. The 
results of the fit are:

𝜎𝑡𝑡 = 850 ± 3(stat.) ± 18(syst.) ± 20(lumi.) pb,

𝑅𝑡𝑡∕𝑍 = 1.145 ± 0.003(stat.) ± 0.021(syst.) ± 0.002(lumi.),

𝜖𝑏 = 0.544 ± 0.001(stat.) ± 0.004(syst.) ± 0.001(lumi.),

where the 𝑍-boson cross section in 𝑅𝑡𝑡∕𝑍 is measured in a fiducial 
phase-space defined by lepton 𝑝T > 27 GeV, lepton |𝜂| < 2.5 and an 
invariant mass of 66 <𝑚𝓁𝓁 < 116 GeV for 𝓁 = 𝑒, 𝜇.

This procedure takes into account all correlations among systematic 
uncertainties in the 𝑡𝑡 and 𝑍-boson cross section measurements. The 
obtained values for the parameters 𝜎𝑡𝑡 and 𝑅𝑡𝑡∕𝑍have a positive corre-
lation of about 0.6. The result for 𝜎𝑡𝑡 is reported for a fixed top quark 
mass of 𝑚𝑡 = 172.5 GeV, and depends on the assumed value according 
to (1∕𝜎𝑡𝑡)d𝜎𝑡𝑡∕d𝑚𝑡 = −0.36%∕GeV, as estimated from a variation of the 
top-quark mass in the 𝑡𝑡 and 𝑡𝑊 samples to 171.5 GeV and 173.5 GeV.

The predicted values for the 𝑡𝑡 cross section and the ratio 𝑅𝑡𝑡∕𝑍 ex-
trapolated to the full phase assuming a top-quark mass of 172.5 GeV
and using the PDF4LHC21 PDF set are:

𝜎
theory
𝑡𝑡

= 924+32−40 (scale+PDF+𝛼𝑠) pb,

𝑅
theory
𝑡𝑡∕𝑍 = 1.238+0.063−0.071 (scale+PDF+𝛼s).

The 𝜖𝑏 value in the 𝑡𝑡 simulation is 0.5431 ± 0.0003 (MC stat.), 
compatible within the per mille uncertainty with the fitted value. No 
significant pulls or constrains of the NPs are present, with the exception 
of a NP for the uncertainty in the isolation of muons, that is constrained 
to about 75% of its pre-fit uncertainty. The low constraining power in 
the fit is due to the presence of three unconstrained parameters in the 
likelihood.

Fig. 3 shows the measured 𝑡𝑡 cross section as a function of the 
centre-of-mass energy compared to the theory prediction using the 
PDF4LHC21 PDF set. The 13.6 TeV measurement is slightly lower than 
the prediction but compatible within 1.5 standard deviations, when 
adding the downward uncertainty on the prediction and upward mea-
surement uncertainties in quadrature. In Fig. 4, the ratio of the 𝑡𝑡 and 
𝑍-boson production cross sections is compared to the prediction for 
several PDF sets. The measured ratio is compatible with the SM predic-
tion based on the PDF4LHC21 set at 1.3 standard deviations assuming 
a top-quark mass of 172.5 GeV.

To understand the cancellation of the systematic uncertainties, the 
𝑍-boson cross section has been obtained from a fit to same-flavour 
events only. The result of the fit is:

𝜎f id.
𝑍→𝓁𝓁 = 744 ± 11 (stat.+ syst.) ± 16 (lumi.) pb,

using the same fiducial phase-space as was used for 𝑅𝑡𝑡∕𝑍 . The statisti-
cal uncertainty is negligible compared to the systematic uncertainty.
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Fig. 2. Comparison of data and prediction for the event yields before (left) and after the fit (right) in the regions used in the 𝑡𝑡 fit. The bottom panel shows the ratio 
of data over the prediction. The hashed bands represent the total uncertainty. Correlations of the NPs as obtained from the fit are used to build the uncertainty band 
in the post-fit distribution. The error bars on the data points are smaller than the displayed points.

Fig. 3. Comparison of the measured 𝑡𝑡 cross sections at various centre-of-mass 
energies and the theory predictions using the PDF4LHC21 PDF set. Measure-
ments using the 𝑒𝜇 final state (𝑒𝜇 + 𝑏-tagged jets); 𝑒𝑒, 𝜇𝜇 and 𝑒𝜇 final states 
(𝑙𝑙+ 𝑏-tagged jets); single lepton final states (𝑙+ jets); as well as combinations 
of final states (combined) are compared. The bottom panel shows the ratio of 
the measured values and three predictions that either contain only the uncer-
tainties originating from the QCD scale variations (black), only the variations 
in the PDF uncertainties (red) or the total uncertainty in the prediction (blue).

In the 𝑍-boson cross section fit, a supplementary normalisation un-
certainty of 5.1% is applied on the 𝑡𝑡 sample, according to the theoret-
ical uncertainty on the predicted cross section value. The only pull and 
constraint on nuisance parameters can come from the requirement that 
the 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇 cross sections are equal. Since these two cross 
section measurements agree to better than 0.5 standard deviations, no 
pulls are observed.

The theory prediction for the fiducial 𝑍 → 𝓁𝓁 cross section is

𝜎
fid.,theory
𝑍→𝓁𝓁 = 746+21−22 (scale+PDF+𝛼s) pb,

agreeing with the measurement within 1 standard deviation. Table 2
shows the impact of the systematic uncertainties grouped by their ori-
gin. The largest source of systematic uncertainty in the individual cross 
sections originates from the uncertainty in the luminosity estimation, 
followed by electron and muon reconstruction. For the 𝑡𝑡 cross section, 

Fig. 4. Ratio of the 𝑡𝑡 to the 𝑍-boson cross section compared to the predictions 
for several sets of parton distribution functions. The total cross section for 𝑡𝑡
production and the fiducial cross section for 𝑍-boson production are used. If not 
explicitly mentioned, a top-quark mass of 172.5 GeV is assumed. The hatched 
box represents the PDF+𝛼S component of the uncertainty on the prediction. 
For the PDF4LHC21 PDF set, predictions for different assumptions about the 
top-quark mass are also displayed.

the uncertainty in the parton shower and hadronisation modelling also 
has a significant impact on the precision. For the cross section ratio, 
several sources of the systematic uncertainties partially cancel out. The 
dominant uncertainty for the cross section ratio originates from 𝑡𝑡 mod-
elling, as it does not cancel out. Other significant uncertainties on the 
ratio include uncertainty in the trigger efficiencies and lepton recon-
struction efficiencies. The trigger efficiency uncertainty does not fully 
cancel out as there are different 𝜂 and 𝑝T distributions in 𝑡𝑡 and 𝑍-boson 
events, and different combinations of triggers employed.

The simulated distribution of the 𝑝T of the dilepton pair is known 
to not be accurately modelled by the MC simulation [92]. As a cross 
check, the simulated distribution of the 𝑝T of the dilepton pair has been 
reweighted to match the data in 𝑒𝑒 and 𝜇𝜇 events, assuming that only 
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Table 2

Observed impact of the different sources of uncertainty on the 𝑡𝑡 and 𝑍-
boson cross sections and their ratio 𝑅, grouped by category. The 𝑡𝑡 cross 
section and 𝑅 are obtained in a simultaneous fit to the four regions shown 
in Fig. 2, while the 𝑍-boson cross section is obtained from a fit to same-
flavour events only. The impact of each category is obtained by repeating 
the fit after having fixed the set of nuisance parameters corresponding 
to that category, and subtracting that uncertainty in quadrature from the 
uncertainty found in the full fit. The statistical uncertainty is obtained by 
repeating the fit after having fixed all nuisance parameters to their fitted 
values. Only the acceptance effects are considered for the PDF and the 
modelling uncertainties.

Category Uncertainty [%]

𝜎𝑡𝑡 𝜎fid.
𝑍→𝓁𝓁 𝑅𝑡𝑡∕𝑍

𝑡𝑡 𝑡𝑡 parton shower/hadronisation 0.9 < 0.2 0.9
𝑡𝑡 scale variations 0.4 < 0.2 0.4
𝑡𝑡 normalisation - < 0.2 -
Top quark 𝑝T reweighting 0.6 < 0.2 0.6

𝑍 𝑍 scale variations < 0.2 0.4 0.3
Bkg. Single top modelling 0.6 < 0.2 0.6

Diboson modelling < 0.2 < 0.2 0.2
𝑡𝑡𝑉 modelling < 0.2 < 0.2 < 0.2
Fake and non-prompt leptons 0.6 < 0.2 0.6

Lept. Electron reconstruction 1.2 1.0 0.4
Muon reconstruction 1.4 1.4 0.3
Lepton trigger 0.4 0.4 0.4

Jets/tagging Jet reconstruction 0.4 - 0.4
Flavour tagging 0.4 - 0.3

PDFs 0.5 < 0.2 0.5
Pileup 0.7 0.8 < 0.2
Luminosity 2.3 2.2 0.3

Systematic uncertainty 3.2 2.8 1.8
Statistical uncertainty 0.3 0.02 0.3

Total uncertainty 3.2 2.8 1.9

𝑍-boson events contribute. After the reweighting, the impact on the 
total predicted yields was found to be below 0.13%, thus negligible.

8. Conclusions

The first ATLAS measurements of the inclusive 𝑡𝑡 production cross 
section and the ratio of the 𝑡𝑡 to the 𝑍-boson cross section at the new 
LHC centre-of-mass energy of 13.6 TeV are presented, using 29 fb−1

of data collected in 2022. The 𝑡𝑡 cross section is measured to be 
𝜎𝑡𝑡 = 850 ± 3(stat.) ± 18(syst.) ± 20(lumi.) pb. The measured value for 
the ratio is 𝑅𝑡𝑡∕𝑍 = 1.145 ± 0.003(stat.) ± 0.021(syst.) ± 0.002(lumi.). 
Both measurements agree with the Standard Model predictions of 
924+32−40(scale+PDF+𝛼s) pb for the 𝑡𝑡 cross section and of 𝑅theory

𝑡𝑡∕𝑍 =
1.238+0.063−0.071(scale+PDF+𝛼s) for the ratio, using the PDF4LHC21 PDF 
set. The absolute cross section measurement is limited by the uncer-
tainty in the luminosity measurement as well as the lepton efficiency 
uncertainties. In the ratio of the 𝑡𝑡 and 𝑍 cross sections, however, the 
luminosity uncertainty and lepton uncertainties cancel out to a large ex-
tent resulting in the total uncertainty of about 1.9%. A top-quark mass 
of 172.5 GeV is assumed for the prediction and for the simulation used 
to correct data. The dependence on the Monte Carlo top-quark mass 
parameter on the cross section is provided.
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