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1. Introduction

Collisions of protons at the Large Hadron Collider (LHC) at the energy and luminosity frontier, provide a unique
opportunity to study the strong, quantum chromodynamics (QCD), and electroweak (EW) interactions in unprecedented
detail. Run 1 of the LHC left a legacy of pioneering Standard Model (SM) measurements, covering the inclusive production
of photons, jets, massive single gauge bosons and pairs of gauge bosons and the first electroweak production processes of
gauge bosons, including vector-boson-fusion (VBF) and vector-boson scattering (VBS), were established. Hadronic event
shapes and the substructure of jets were studied, as well as processes at energy scales below where perturbative QCD
(pQCD) is applicable. Precision studies of b-hadrons and first measurements of fundamental SM parameters (W mass,
Weak Mixing angle and the strong coupling constant) were performed. With the start of the LHC Run 2 in 2015, partial
data samples were used to probe the energy dependence of the cross-sections of basic SM processes and establish some
rarer processes for the first time. From 2018 onwards, with the full Run 2 data sample available, ATLAS is able to probe
new kinematic regions previously inaccessible to measurements and perform more differential measurements. New rare
processes, especially in the electroweak sector, are accessible and the measurement of their differential distributions has
allowed ATLAS to perform model-independent searches for new physics.

For Run 2, the LHC increased the centre-of-mass energy (+/s) in pp collisions from 8 to 13 TeV. A significant increase
in the beam intensity allowed more luminosity to be collected, but also led to a significant increase in the mean number
of pp interactions per bunch crossing (pile-up), with correspondingly higher particle multiplicities and trigger rates. This
effect was only partially offset by the reduction of the bunch spacing from 50 ns to 25 ns and required the development
of many new techniques to mitigate the adverse effects of these conditions on the measurements.

In parallel with the increased statistical and systematic precision and the increased energy reach, the accuracy of
theoretical predictions have substantially advanced for both Monte Carlo (MC) simulations and fixed-order calculations
(see e.g. [1-3] and references therein). Regarding the former, the combination of next-to-leading order (NLO) in pQCD
with a parton shower (PS) is now considered the standard for most analyses and the first predictions at next-to-next-
leading order (NNLO) QCD merged with a PS (NNLO+PS) are available. Substantial modelling and computational progress
has also been achieved in multi-leg MC generators that combine matrix elements (ME) of various orders in pQCD with
a PS [4-10]. New developments aim for next-to-leading-logarithmic (NLL) PS accuracy [11]. Higher-order EW corrections
are increasingly included in MC generators and fixed-order predictions [12-15]. For fixed-order calculations of 2 — 2
processes, NNLO QCD is now the standard and often combined with next-to-next-to-leading logarithmic (NNLL) order
in QCD as NLL/NNLL QCD resummation. First NNLO QCD calculations for 2 — 3 processes [16,17] and N*LO QCD and
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N3LL QCD calculations for 2 — 2 processes [ 18] have been published. In addition, different settings of model parameters
optimised to reproduce experimental results based on the LHC Run 1 data are used in the simulation of QCD phenomena
at low energy scales [19,20]. While infrared-safe algorithms are routinely used for inclusive jets at the LHC, a variety of
such algorithms has now also been developed for flavoured jets [21-23].

The measurements described in this paper, unless stated otherwise, are based on the pp data sample recorded at
/s = 13 TeV corresponding to an integrated luminosity of 140.1 & 1.2 fb~! [24]. Some results are based on pp and
lead-lead (Pb+Pb) data recorded at lower nucleon centre-of-mass energies. This review covers measurements published
until spring 2024.

This paper is organised as follows. The ATLAS detector and its performance are described in Sections 2 and 3,
respectively. Section 4 describes the total, elastic and inelastic pp cross-section measurements. Measurements of inclusive
production of charged particles down to low energies are discussed in Section 5. Sections 6 and 7 summarise measure-
ments with inclusive jets and isolated photons, respectively. Section 8 presents the measurements of single gauge (W or
Z) bosons, while the measurements involving the production of two and three gauge bosons are summarised in Sections 9
and 10, respectively. Measurements involving photon-photon interactions are summarised in Section 11. These photon-
induced measurements utilise pp collisions, but also Pb+Pb collision data recorded in 2015 and 2018. Measurements of
fundamental parameters of the SM are presented in Section 12. Sections 13 and 14 discuss the studies of heavy-flavour
hadrons, including charmonium and exotic states. Finally, Section 15 summarises the conclusions of the paper.

2. ATLAS detector in run 2 of the LHC

The ATLAS detector [25] at the LHC covers nearly the entire solid angle around the collision point. It consists of an
inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic (EM) and hadron calorimeters,
and a muon spectrometer incorporating three large superconducting air-core toroidal magnets. ATLAS is also equipped
with several forward detectors that monitor collision conditions, provide instantaneous luminosity estimates and measure
particles scattered at small angles.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle tracking in
the range of |n| < 2.5. The high-granularity silicon pixel detector covers the vertex region and typically provides four
measurements per track, the first hit normally being in the insertable B-layer (IBL) installed before Run 2 [26,27]. It is
followed by the silicon microstrip tracker, which usually provides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT), which enables radially extended track reconstruction up to
|[n] = 2.0. The TRT also provides electron identification information based on the fraction of hits (typically 30 in total)
above a higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range of || < 4.9. Within the region || < 3.2, EM calorimetry
is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) calorimeters, with an additional thin LAr
presampler covering |n| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadron calorimetry
is provided by the steel/scintillator-tile calorimeter, segmented into three barrel structures within |p| = 1.7, and two
copper/LAr hadron endcap calorimeters. The solid angle coverage is completed with forward copper/LAr and tungsten/LAr
calorimeter modules optimised for EM and hadronic energy measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the superconducting air-core toroidal magnets. The field integral of the
toroids ranges between 2.0 and 6.0 T m across most of the detector. Three layers of precision chambers cover the region
|n] < 2.7. They consist of layers of monitored drift tubes, complemented by cathode-strip chambers in the forward region,
where the background is highest. The muon trigger system covers the range of || < 2.4 with resistive-plate chambers
in the barrel, and thin-gap chambers in the endcap regions.

The ALFA detector [28] is a specific part of the ATLAS experiment designed to measure the trajectory of elastically
scattered protons during dedicated runs with special LHC optics. Because the elastic scattering typically leads to deviations
in the proton trajectory by very small angles, these detectors are placed close to the beam and far from the IP. Two stations
with scintillating fibre detectors are placed on either side of the central ATLAS detector, located at distances of +237 m
(inner stations) and 4245 m (outer stations) from the IP. The detectors are housed in ‘Roman pots’ (RPs), an upper one
and a lower one, which are movable and can approach the circulating beam in the vertical direction to within 1 mm.

The ATLAS forward proton (AFP) spectrometer [29] is designed to measure protons emerging intact from the inter-
actions with significant energy loss, for example, from photon-induced pp interactions. The AFP system consists of four
tracking units located along the beam pipe at 205 m and +217 m from the IP, referred to as near and far stations,
respectively. Each station houses a silicon tracker comprising four planes of edgeless silicon pixel sensors. Movable RPs
at each station insert the tracker along the x direction in the beam pipe. Data taking with the AFP commences once the
trackers are at a position where the innermost silicon edge is within 2 mm of the beam centre during stable beams.

2 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, ¢) are
used in the transverse plane, where ¢ being the azimuthal angle around the z-axis and r is the distance from the IP in theﬁransverse plane. The
pseudorapidity is defined in terms of the polar angle 6 as n = —Intan(f/2). Angular distance is measured in units of AR= " (An)? + (A¢)?.
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Fig. 1. (a) Evolution of the single-electron trigger efficiency as a function of the pile-up during Run 2 [32]. (b) Distribution of the offline dimuon
invariant mass for events collected by various dimuon triggers corresponding to different mass ranges (shown in different colours) and different
muon pr thresholds (different shades) in 2018 data taking [33]. The dashed line represents the events collected by the lowest unprescaled dimuon
trigger that is inclusive of the full mass range of interest.

The ATLAS zero-degree calorimeters (ZDC) consist of four longitudinal compartments on each side of the IP, each
with one nuclear interaction length of tungsten absorber, with the Cherenkov light read out by 1.5 mm quartz rods. The
detectors are located 140 m from the IP in both directions, covering |n| > 8.3. They detect neutral particles such as
neutrons emitted from interacting nuclei.

The ATLAS minimum-bias trigger scintillators (MBTS) consist of scintillator slats positioned between the ID and the
endcap calorimeters, with each side having an outer ring of four slats segmented in azimuthal angle, covering 2.07 <
In] < 2.76, and an inner ring of eight slats, covering 2.76 < |n| < 3.86.

The ATLAS LUCID-2 detector [30] consists of 32 photomultiplier tubes for luminosity measurements and luminosity
monitoring. Its two modules are placed symmetrically at about 17 m from the IP.

Interesting events are selected by the first-level trigger system (L1) implemented in custom hardware, followed by
selections made by algorithms implemented in software in the high-level trigger (HLT) [31]. The first-level trigger reduces
the rate of accepted events from the 40 MHz bunch crossing rate to below 100 kHz, which the high-level trigger further
reduces to record events to disk at about 1 kHz.

Most of the analyses described in this report use events recorded with single-lepton (electron or muon), single-photon
or single-jet triggers [32-35]. Fig. 1(a) shows the evolution of the single-electron trigger efficiency as a function of pile-up
during Run 2. The trigger efficiency was almost independent of the pile-up towards the end of Run 2.

Some measurements make use of dilepton and diphoton trigger configurations, benefiting from lower pr thresholds
compared to the corresponding thresholds of single-object triggers. In particular, the B hadron physics programme of
ATLAS is mostly based on events triggered by the presence of two muons at L1 that are subsequently reconstructed in
the HLT and successfully fit to a common vertex. Starting from late 2016, a new topological processor was introduced,
allowing for a selection based on various kinematic properties of L1 objects to be applied. To reduce the L1 dimuon
trigger rates, the two triggering L1 muon objects were required to satisfy both AR and invariant mass criteria. With those
improvements the pr thresholds on muons in such triggers were maintained mostly at the level of 4-6 GeV during Run 2
(with the lowest-threshold running typically at the end of LHC fills when the instantaneous luminosity drops sufficiently).
Certain analyses still gain much of their sensitivity from earlier data where most of events were collected with the triggers
having 4 GeV threshold for both the muons. Fig. 1(b) shows the dimuon invariant mass distribution for events collected by
various triggers of this type. To further reduce the dimuon trigger rate at HLT and to achieve as low a muon pr as possible,
some triggers used the information about other ID tracks to reconstruct the full final states of particular B hadron decays,
such as B) — J/¥(u* ™ )p(KTK™),

An extensive software suite [36] is used in data simulation, in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment. To cope with a fourfold
increase of the peak LHC luminosity from 2015 to 2018, and a similar increase in the number of interactions per beam-
crossing to about 60, trigger and offline reconstruction algorithms were optimised to control the rates and retain a high
efficiency for physics analyses.

3. Run 2 detector performance

Several upgrades were made to the ATLAS detector between Run 1 and Run 2. A major improvement of the ID system
was the installation of a fourth pixel layer, the IBL [26,27], together with a new beam pipe in 2014. The IBL provides
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Fig. 2. Transverse impact parameter resolution for reconstructed charged-particle tracks measured in 2015 and 2012 data as a function of (a) track
pr and (b) track n [37].

a hit measurement at an average radius of 33.3 mm, significantly closer to the interaction point than the closest pixel
layer in Run 1 (radius of 50.5 mm). It improves significantly the track and vertex reconstruction performance at higher
instantaneous luminosities during Run 2 and mitigates the impact of radiation damage to the previous innermost layer of
the pixel detector, resulting in improved tagging of jets containing b-hadrons (b-tagging), r-lepton identification, and
reconstruction of inclusive and exclusive b- and c-hadron decays. The improvement in reconstructing the transverse
impact parameter of charged-particle tracks, defined as the shortest distance between a track and the beam line in the
transverse plane, is shown in Fig. 2.

In addition, the reconstruction and calibration of physics objects in ATLAS benefited from several improvements made
prior to or during Run 2. Electrons and photons are reconstructed in ATLAS from clusters of energy deposits in the
EM calorimeter cells [38]. Electrons are additionally required to have a matching track reconstructed in the ID. The
identification of electrons and photons was revisited in Run 2 to capitalise on the improved cell clustering procedure.
Muons are identified using information from various parts of the detector, the ID, the MS, and the calorimeters [39]. The
performance of the electron, photon and muon reconstruction and identification algorithms was improved to be almost
insensitive to the harshening data-taking conditions with increasing pile-up.

Jets in ATLAS are reconstructed using two different input types: topo-clusters formed from energy deposits in
calorimeter cells [40], and an algorithmic combination of charged-particle tracks with those topo-clusters, referred to as
the ATLAS particle-flow reconstruction method [41]. Fig. 3(a) provides a comparison of the relative jet energy resolution
for particle-flow jets and jets reconstructed using only calorimeter-based energy information. The latter was the primary
jet definition used in ATLAS physics results by the end of Run 2. The resulting improvement in the jet energy resolution
at low pr is clearly visible. Similarly, systematic uncertainties in the jet energy scale (JES) can reach a sub-percent level
for a large range of high-pr jets [42].

The b-jet identification combines the results of several low-level algorithms with multivariate classifiers into high-
level algorithms. The low-level algorithms either exploit the large impact parameters of the tracks originating from the
b-hadron decay products or attempt to directly reconstruct heavy-flavour hadron decay vertices. The analysis of the data
from Run 2 of the LHC is marked by improvements and retuning of the low-level algorithms, first introduced during
Run 1, but also by the introduction of new low- and high-level algorithms respectively based on recurrent and deep
neural networks (NNs) [43]. This yields considerable improvements over previous work [44], which was based on boosted
decision trees or likelihood discriminants, as shown in Fig. 3(b).

The luminosity determination for the ATLAS detector uses the absolute luminosity scale determined using van der
Meer beam separation scans during dedicated LHC fills for each data-taking period, which is extrapolated to the physics
data-taking regime using complementary measurements from several luminosity-sensitive detectors [24]. The resulting
total uncertainties in the integrated luminosities for each data-taking period of LHC Run 2, including dedicated runs with
reduced instantaneous luminosity and Pb+Pb runs, range from 0.9% to 2.1%.

4. Total, elastic and inelastic pp cross-section measurements

The total cross-section for pp interactions (o) characterises a fundamental process of the strong interaction. Its energy
evolution has been studied at each new range of centre-of-mass energies available. Measurements of oy, give unique
experimental access to non-perturbative dynamics, which cannot be calculated from first principles.

The total cross-section at the LHC is measured via elastic scattering using the optical theorem [45]:
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Fig. 3. (a) Comparison of the relative jet energy resolution between fully calibrated particle-flow jets (PFlow+]ES) and jets reconstructed using only
calorimeter-based energy information (EM+JES) as a function of jet pr [42]. (b) The factor of light-flavour jet rejection for a given b-tagging algorithm
at a fixed b-tagging efficiency of 77% as a function of jet pr for several high-level taggers: DL1r, DL1 (based on recurrent and deep neural networks),
and MV2c10 (based on boosted decision trees) [43]. The lower panel shows the ratios of the taggers to MV2c10.
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which relates oy, to the elastic-scattering amplitude extrapolated to the forward direction f.(t), with t being the four-
momentum transfer squared. The total cross-section can be extracted in different ways using the optical theorem.
ATLAS uses the luminosity-dependent method that requires a measurement of the luminosity to normalise the elastic
cross-section, oe. With this method, o is given by the formula:

167t dog
14+ p% dt

where p represents a small correction arising from the ratio of the real to the imaginary part of the elastic-scattering
amplitude in the forward direction. The p-parameter is sensitive not only to the high-energy evolution of the total
hadronic cross-section but also to the fundamental structure of the elastic-scattering amplitude. Traditionally, the elastic-
scattering amplitude at energies well above 100 GeV is believed to be dominated by the t-channel Pomeron exchange
(see e.g. Ref. [46]). In QCD the Pomeron is represented by a two-gluon colourless state with spin-parity-charge quantum
numbers J*¢ = 0%, The additional possible presence of a three-gluon colourless state with J** = 17—, the ‘Odderon’ [47],
can also influence the value of the p-parameter. Thus, measurements of the p-parameter at the highest energy of the LHC
are essential.

ATLAS previously reported a measurement of o, and consequently oy, at 7 and 8 TeV [48,49]. The measurements
were performed with the ALFA sub-detector of ATLAS. However, those measurements did not extend to the region of
very small |t|-values where the differential cross-section is sensitive to the p-parameter. Such small |t|-values require
measurements of angles in the microradian range, which in turn need even smaller divergence of the beam at the IP.

A new ATLAS measurement of oy using pp collision data at /s = 13 TeV, corresponding to an integrated luminosity
of 340 mb~! [50] extends |t| by an order of magnitude lower compared to previous ATLAS results. For the first time,
the ATLAS measurement reaches the region of small scattering angles where the Coulomb interaction plays an important
role. The necessarily small divergence of the beam at the IP is achieved by using very high-8* optics® (B* = 2.5 km),
producing a large beam spot size but very small beam divergence. From a fit to the differential elastic cross-section, the
total cross-section and p-parameter are determined to be:

Otwt(pp — X) = 1047 £ 1.1 mb, p = 0.098 £ 0.011.

The new ATLAS measurement of p is compatible within uncertainties with the recent TOTEM measurement [51], but the
TOTEM value of the total cross-section is about 5% higher, which corresponds to approximately two standard deviation
(o) tension assuming uncorrelated uncertainties. A similar difference was already observed at 7 and 8 TeV [48,49]. The
difference has been traced back to the normalisation of the differential elastic cross-section as measured by ATLAS and
TOTEM.

The new data for oy, and p are compared with previous measurements (including lower-energy data), and the energy
evolution of these data is analysed in the context of model studies of the evolution in Fig. 4. This study shows that the

(2)

Otot =
t—0

3 The B-function determines the variation of the beam envelope around the LHC ring and depends on the focusing properties of the magnetic
lattice.
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Fig. 4. Measurements of (a) o and (b) the p-parameter at different centre-of-mass energies compared with different model predictions [50].

commonly accepted energy evolution as implemented in the COMPETE model [46] is in tension with the 13 TeV elastic-
scattering data. Further research is needed to understand whether the low value of p can be attributed to the Odderon,
as suggested by the TOTEM+DO0 observations [52], or other effects in strong interactions.

The ATLAS analysis of oy at 13 TeV also measures the inelastic cross-section, using the relation oine; = Otot — Oel-
The result is o2fA = 77.4 + 1.1 mb. This result using ALFA proton spectrometers can be compared with the ATLAS
measurement of the inelastic cross-section using two sets of scintillation counters in a data sample corresponding to
an integrated luminosity of 60 mb~! collected in 2015 [53]. In inelastic interactions, one or both protons dissociate as a
result of coloured (non-diffractive) or colourless (diffractive) exchange. The counters are insensitive to elastic pp scattering
and diffractive dissociation processes in which neither proton dissociates into a system, X, of mass myx > 13 GeV. The
measurement is performed in such a fiducial region, and the result is extrapolated to the total inelastic cross-section
using models of inelastic interactions: oM5™ = 78.1 & 2.8 mb. The two ATLAS measurements of oine; and other LHC
measurements at 13 TeV [54,55] are compatible within uncertainties, while the ALFA measurement is the most precise

of the four available LHC measurements.

5. Production of charged particles in pp interactions

Measurements of charged-particle distributions in pp collisions probe the strong interaction in the non-perturbative
regime of QCD characterised by small momentum transfers. In this region, charged-particle interactions are typically
described by QCD-inspired models implemented in MC event generators and measurements are used to constrain the free
parameters of these models. An accurate description of low-energy strong interaction processes is, for example, essential
for simulating single pp interactions to estimate the effects of pile-up at high instantaneous luminosity in hadron colliders.

5.1. Charged-particle distributions

Inclusive measurements of primary charged particles with pr > 500 MeV in pp collisions at v/s = 13 TeV, using data
corresponding to an integrated luminosity of approximately 170 mb~! are performed by ATLAS [56]. A follow-up ATLAS
analysis [57] extends the measurements to particles with pr > 100 MeV. While this nearly doubles the overall number
of particles in the kinematic acceptance, the measurements are rendered more difficult due to multiple scatterings and
imprecise knowledge of the material in the detector. The results are defined only by the final state and include all processes
in pp interactions and no attempt is made to correct for certain types of process such as diffraction. Corrections for detector
effects are made to present these measurements as distributions of primary charged particles in a well-defined fiducial
phase space region: events are required to have at least one primary charged particle with pr > 500 MeV, or two with
pr > 100 MeV, and absolute pseudorapidity |n| < 2.5 to be within the geometrical acceptance of the tracking detector.

The measured charged-particle multiplicities are shown in Fig. 5. The data are compared with predictions from various
MC generators. The results highlight clear differences between MC models and the measured distributions. Among the
models considered, EPOS [20] reproduces the data the best, PyTHIA 8 [58] give reasonable descriptions of the data and
QGsJET-11 [59] provides the worst description of the data.
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Fig. 5. (a) Primary charged-particle multiplicities as a function of pseudorapidity in events with at least one primary charged particle with
pr > 500 MeV and |n| < 2.5 [56]. (b) Primary charged-particle multiplicities as a function of transverse momentum in events with at least two
primary charged particles with pr > 100 MeV and |n| < 2.5 [57]. The dots represent the data and the curves the different MC model predictions.
The lower panels show the ratios of the predictions to the data.

5.2. Underlying event studies

A typical ‘hard’ pp collision studied at the LHC consists of a short-distance process and accompanying activity
collectively termed the underlying event (UE). Mechanisms that produce the UE include partons not participating in the
hard-scattering process (beam remnants), radiation processes and additional hard and semi-hard scatters in the same pp
collision, termed multiple parton interactions (MPI). Phenomenological models are required to describe these processes
using several free parameters determined from experiment.

It is impossible to uniquely separate the UE from the hard scattering process on an event-by-event basis, but
observables can be defined that are particularly sensitive to the properties of the UE. Typically, an object with high
transverse momentum such as a Z boson or the leading pr charged-particle is identified. The UE activity is then
characterised relative to the scale of the momentum transfer in the hard interaction and the azimuthal distribution of
energy and particle flow.

The ATLAS measurements of UE activity at /s = 13 TeV exploit distributions constructed using charged particles
with |n| < 2.5 and with pr > 500 MeV, in events with at least one such charged particle with transverse momentum
above 1 GeV [60], or in events containing two muons originating from the decay of a singly produced Z boson [61]. These
measurements use the established form of UE observables, in which the azimuthal plane of the event is segmented into
several distinct regions with differing sensitivities to the UE (Fig. 6). In particular, the two transverse regions, defined
relative to the leading particle (either the Z boson or the highest pr track), are differentiated on an event-by-event basis
by their scalar sum of charged-particle pr. The one with the larger sum is labelled trans-max and the other trans-min. The
trans-min region is most sensitive to the UE activity because it contains less activity from hard jets. Several distributions
are studied to understand the UE activity, including mean densities of charged-particle multiplicity and the mean scalar
pr sum of charged particles per unit n-¢.

The topolpgy of the tracks in the event can be further characterised by the transverse thrust
e 3)

i IPT,i
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Fig. 6. (a) Illustration of away, transverse, and towards regions in the transverse plane defined relative to the direction of a high transverse momentum
object (a Z boson, for example). (b) Illustration of an isotropic and a balanced event topology in the transverse plane with their corresponding values
of thrust.
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Fig. 7. (a) Mean density of charged-particle multiplicity as a function of leading charged-particle pr in the trans-min azimuthal region [60]. (b) Mean
scalar pr sum of charged particles as a function of the Z boson pr for T, > 0.75 in the trans-min azimuthal region [61]. The lower panels show the
ratios of the predictions to the data.

where the thrust axis 7 is the unit vector that maximises T,. The transverse thrust has a maximum value of one for
a back-to-back dijet topology and a minimum value of 2/7 for a circularly symmetric distribution of particles in the
transverse plane, as illustrated in Fig. 6.

Examples of measured UE distributions are shown in Fig. 7. The prominent features are a turn-on effect, i.e., the rising
activity as a function of the hard-scatter scale (here the Z boson pr or leading charged particle pr), and a saturation of the
activity at higher values of pr. Comparisons with predictions from several commonly used MC generator configurations
indicate that for most observables the models show significant deviations from the data distributions regardless of the
observable. In particular, events with higher values of T, show that the simulation of contributions other than MPI to the
UE activity needs to be improved.

6. Inclusive production of jets

Precise measurements of processes with jets are crucial in understanding physics at hadron colliders. In QCD, jets are
interpreted as resulting from the fragmentation of quarks and gluons produced in a short-distance hard scattering process.
Jet cross-sections provide valuable information about the strong coupling constant, «, and the structure of the proton. In
addition, jet formation is a complex multi-scale problem, including important contributions from QCD effects that cannot
be described by perturbation theory alone. In the measurements described below, jets are identified using the anti-k;
algorithm [62,63] with a radius parameter value of R = 0.4, unless stated otherwise.
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6.1. Inclusive jet and dijet cross-section measurements

Inclusive jet and dijet cross-sections are measured in pp collisions at /s = 13 TeV in ATLAS [64]. The measurements
use a data sample with an integrated luminosity of 3.2 fb~! recorded in 2015. The inclusive jet cross-sections are measured
double-differentially as a function of the jet transverse momentum and rapidity. The double-differential dijet production
cross-sections are presented as a function of the dijet mass and the half absolute rapidity separation between the two
leading jets. Fig. 8 shows the measured inclusive jet and dijet cross-sections and the corresponding ratios of the predictions
to the data for the inclusive jet measurement. Overall, fair agreement between the measured cross-sections (that span
several orders of magnitude) and the fixed-order NNLO pQCD calculations, corrected for non-perturbative and electroweak
effects, is observed. For example, in the case of jet cross-sections in individual jet rapidity bins independently, the p-values
are in the percent range. However, when considering data points from all jet transverse momentum and rapidity regions in
the inclusive jet measurement, a significant tension between data and theory is observed. Resolving this tension requires a
good understanding of the correlations of the experimental and theoretical systematic uncertainties in jet pr and rapidity.
A related jet measurement is performed by the CMS Collaboration [65].

6.2. Event shapes and azimuthal correlations in multijet events

Event shapes are a class of observables that describe the dynamics of energy flow in multijet final states. These
observables are sensitive to different aspects of the theoretical description of these strong-interaction processes. They
are defined to be infrared (soft and/or collinear) safe, which enables their calculation in pQCD. They can therefore be used
to precisely test pQCD calculations and additionally to extract the value of ;. Hard, wide-angle radiation is studied by
investigating the tails of the event-shape distributions. These configurations are sensitive to higher-order corrections to
the dijet cross-section. Other regions of the event-shape distributions provide information about anisotropic, back-to-back
configurations, which are sensitive to the details of the resummation of soft logarithms in the theoretical predictions.

Event-shape observables are measured in pp collisions at the LHC by the ALICE, CMS and ATLAS Collaborations [69-
73]. In the ATLAS study at /s = 13 TeV, different event-shape variables are investigated to probe the properties of the
multijet energy flow at the TeV energy scale [74]. The distributions of event-shape observables are normalised to the
inclusive two-jet cross-section to reduce correlated experimental uncertainties. Measurements are compared with fixed-
order matrix elements matched to parton shower MC predictions. An example of such an event-shape distribution, shown
in Fig. 9, is the transverse thrust, t; = 1 — T, where T, is defined according to Eq. (3). Lower values of 7, indicate a
back-to-back, ‘dijet-like’ configuration, and higher values of t, indicate a larger energy flow orthogonal to the thrust axis.
All the predictions qualitatively describe the main features of the data, but none of them gives a good description of all
distributions within the experimental uncertainties. The discrepancies between data and all the MC samples investigated
show that further refinement of the current MC predictions is needed to describe the data in some regions, particularly
at high jet multiplicities. Moreover, these discrepancies show that these data provide a powerful testing ground for the
understanding of the strong interaction at high energies.

A particularly interesting event-shape observable is the transverse energy-energy correlation (TEEC) function, defined
as the transverse-energy-weighted distribution of the azimuthal differences between jet pairs in the final state, i.e.,

1 dx 1 XX EE,
odcos¢p N

ﬂBT(S(COS ¢ — COs @),
n=1 ij kETk
where the expression is valid for a sample of N multijet events, labelled by the index n, and the indices i, j and k run
over all jets in a given event. Here, ¢;; is the angle in the transverse plane between jet i and jet j and §(x) is the Dirac
delta function, which ensures ¢ = ¢;. The normalisation to the total dijet cross-section, o, ensures that the integral of
the TEEC function over cos ¢ is unity.

The TEEC function is sensitive to gluon radiation and shows a clear dependence on the strong coupling constant.
The recent publication of the NNLO corrections to three-jet production in pp collisions [16] provides an important
improvement in the theoretical precision of predictions of these observables. In particular, the theoretical uncertainties
due to the choice of the renormalisation and factorisation scales are significantly reduced as compared to NLO calculations.
This allows more precise tests of pQCD and an important reduction of the uncertainty in the determination of the «s.

The new ATLAS analysis of TEEC performed at /s = 13 TeV [78] extends previous measurements [79,80] to higher
energy scales Q and improves the experimental precision. High-energy multijet events are selected by requiring the scalar
sum of pr of the two leading jets, Hr,, to be above 1 TeV, and the data are binned in this variable to study the scale
dependence of these observables. The agreement between data and NNLO pQCD predictions is good, thus providing a
precision test of QCD at large Q. A simultaneous fit to all TEEC distributions across different kinematic regions yields
a value ag(mz) = 0.1175 £ 0.0006 (exp.) fg:gg%‘ (theo.). Fig. 10 presents «s extracted from these fits differentially as a
function of Q, showing a good agreement with the energy-scale dependence of o predicted by the renormalisation group
equation and with previous analyses.

A novel class of event shape observables was recently proposed to quantify the isotropy of collider events [81]. These
observables, broadly called event isotropy, measure how ‘far’ a collider event is from a symmetric radiation pattern in
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Fig. 8. The measured (a) inclusive jet and (b) inclusive dijet cross-sections at /s = 13 TeV, shown as a function of the jet transverse momentum
or dijet invariant mass in several jet rapidity bins [64]. (c) The ratios of NLO and NNLO pQCD predictions [66-68] to the measured inclusive jet
cross-sections. The theory uncertainties are shown by the lines and the shaded bands show the total data uncertainty including both the systematic
and statistical uncertainties.

terms of a Wasserstein distance metric [82]. This distance is evaluated by solving optimal transport problems, using the
‘energy-mover’s distance’ [83]. Event isotropies are shown to have increased sensitivity to isotropic multijet events when
compared to other event shapes such as the transverse thrust. They are capable of exposing a remote region of QCD phase
space that is difficult to model and relevant to many searches for physics beyond the SM (BSM).

ATLAS has measured cross-sections in multijet events at /s = 13 TeV differentially relative to three event-isotropy
observables in inclusive bins of jet multiplicity (Nje;) and Hr, [84]. The measured data are compared with the predictions
of several state-of-the-art MC event generators. Fig. 11 shows an example event isotropy variable measured by ATLAS in
the region of Hr, > 1 TeV and Nje; > 5. Overall, agreement between the unfolded data and the simulated events tends to
be best in balanced, dijet-like arrangements and deteriorates in more isotropic configurations.

6.3. Properties of jet formation and structure

The study of the internal structure of jets has become a very active area of research at the LHC. The large difference
between the energy scale of the hard-scattered parton and the measured final-state hadrons creates a wide phase space

67



The ATLAS Collaboration

)

Physics Reports 1116 (2025) 57-126

= 6F S _
% 106{ATLAS [ Syst. uncert.  —¢= Total uncert. = 8 o;l)
e 105k e -3[x102] Vs=13TeV, 13917 ] 5%
L 1045 mi-4[x10'] 10<H,<15Tev 3 = &
= 3 jot _ 0, = Sherpa2.1.1 -
N oE AT =5[x10°] o i 8005 1821
A 10°8 Y >6[x10"] —MG5 amMC233 B A
T oF —Herwig 7.13 (ang. ord) § =" 1
= 10°r — Herwig 7.1.3 (dipole) g'—E/OS
© F E :
= 10E=vemn 14
~ F 1 s&15
15— Al O 1
F ol a4 =
10 s et ke Q% 5
HAF e L E '
2 by
10°F » N
E Lecooed § &15
190
. 4 o5
10 il ittt .] =05 3

0.15 0.2 025 0.3 0 0.05 01 015 02 025 03
Tl TJ.

Fig. 9. Comparison between data [74] and MC simulation [8,75-77] as a function of the transverse thrust t;, = 1—T, for different jet multiplicities.
The panels on the right show the ratios between the MC and the data distributions.

0

0.05 0.1

o 016 I DZ R I D@ incl
~ CMS Z incl. jet
5‘” A TLAS * arXiv:1307.1907 - alev'1237RAQs7 o arXiv:0911.2710
0.14 . COMSM, , CMSR,, v CMSincl. jet
- arXiv:1412.1633 arXiv:1304.7498 arXiv:1609.05331
o ATLASR,, 4 TEEC7TeV
arXiv:1805.04691 arXiv:1508.01579
0.12 o TEEC 8TeV

arXiv:1707.02562

TEEC 13 TeV

0.10

0.08— NNLO pQCD; MMHT 2014 (NNLO) R a,}; I
— a(m,)=0.1175 f;’f;f (TEEC Global) ‘}

0.06— \\ a(m,) = 0.1179 + 0.0009 (PDG 2022)

10°

102

Q[GeV]

Fig. 10. Comparison of the values of «s(Q) determined from fits to the TEEC functions with the QCD prediction using the world average as input
(hatched band) and the value obtained from the global fit (solid band) [78]. Results from previous analyses, both from ATLAS and from other
experiments, are also included, showing an excellent agreement with the current measurements and with the world average.

for jet fragmentation processes. To fully probe different regions of this phase space, a multitude of jet-substructure
measurements is required.

Basic properties of track-based jet fragmentation functions in pp collisions at /s = 13 TeV are measured by ATLAS [89)].
Multiple jet properties, including the charged-particle multiplicity, the momentum fraction carried by charged particles,
and angular properties of the radiation pattern inside jets are studied. The forward and central jet spectra are considered
separately to study distributions in quark- and gluon-induced jets, as presented in Fig. 12(a). The simulations based on the
PyTHIA fragmentation model provide a reasonable description of the quark-induced data across the jet pr range presented,
but the gluon-induced jets have systematically fewer charged particles than the simulation. In addition, measurement
of the charged-particle multiplicity using model-independent jet labels (topic modelling) [90] provides a promising
alternative to traditional extraction of quark- and gluon-induced jets using input from simulation.

In addition, ATLAS studies the fragmentation properties of jets containing B mesons at /s = 13 TeV [91]. The B mesons
are reconstructed using the decay of B* into J/y¥K*, with the J/4 decaying into a pair of muons. The measurement
determines the longitudinal and transverse momentum profiles of the reconstructed B mesons relative to the axes of
the jets to which they are geometrically associated. These distributions are measured in intervals of the jet transverse
momentum, ranging from 50 GeV to above 100 GeV. The results are compared with several MC predictions using different
parton shower and hadronisation models. This is presented in Fig. 12(b). Generally, the best description of the longitudinal
profile is provided by the PYTHIA 8 and SHERPA [76] samples making use of the string hadronisation model, which provide
similar descriptions for all values of the jet transverse momentum.
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The observables sensitive to the fragmentation of b-quarks into b-hadrons are also measured in ATLAS from a sample
of dileptonic top-quark pair (tt) events [92]. The measurements provide a test of heavy-quark-fragmentation modelling at
the LHC in a system where the top-quark decay products are colour-connected to the proton beam remnants. The unfolded
distributions (not shown) are compared with the predictions of several MC parton-shower generators and sets of tuned
generator parameters (tunes). The generators tuned to a combination of lepton- and hadron-collider measurements yield
predictions that are found to agree with the observed data.

Grooming techniques systematically remove soft and wide-angle radiation, making the structure of the jet robust
against contamination from pile-up, final-state radiation and the underlying event. Jet substructure quantities are
measured using jets groomed with the soft-drop grooming procedure [94] in dijet events at /s = 13 TeV with the ATLAS
detector [95,96]. Similar measurements in pp collisions are performed by the CMS, STAR and ALICE Collaborations [97-
99]. Jets are clustered using the anti-k; algorithm with radius parameter R = 0.8. Unfolded measurements of several
substructure observables are provided for both the calorimeter-based observables and track-based observables. For
observables that are sensitive to the angular distribution of radiation within a jet, track-based observables are found
to be more precise than calorimeter-based observables, due to the better angular resolution of tracks. The measurements
are performed in different pseudorapidity regions, which are then used to extract quark and gluon jet shapes using the
predicted quark and gluon fractions in each region. An example jet substructure observable is the jet mass, defined as the
norm of the four-momentum sum of constituents inside a jet. The measurement of this observable, shown in Fig. 13(a),
is performed for a dimensionless version of the jet mass: the relative mass p = log(m?/pr?). Overall, all of the parton
shower and analytical calculations provide a good description of the data in most regions of phase space.

Groomed large-radius jets (R = 1.0) are also studied in ATLAS in events from inclusive multijet and tt production [100].
Dedicated event selections are used to study jets produced by light quarks or gluons, and hadronically decaying top quarks
and W bosons. The observables measured (not shown here) are sensitive to substructure, and therefore are typically
used for tagging large-radius jets from boosted massive particles. The data discriminate between the various MC models.
Overall, PyTHIA 8 for light-quark/gluon large-radius jet observables, and PyTHIA 8 matched to NLO QCD matrix element
generators as well as SHERPA for top quark and W boson large-radius jet observables, describe the data better than other
models. These measurements will be useful in improving the modelling of these substructure variables in MC generators.
Since searches that utilise boosted topologies use these observables, or combinations of them, in tagging large-radius jets,
a better modelling of them will help to increase the sensitivity of such searches.

In the soft gluon picture of jet formation, a quark or gluon radiates a haze of relatively low energy and statistically
independent gluons. As QCD is nearly scale-invariant, this emission pattern is approximately uniform in the two-
dimensional space spanned by In(1/z) and In(1/60), where z is the momentum fraction of the emitted gluon relative
to the primary quark or gluon core and 6 is the emission opening angle. This space is called the Lund jet plane [102]. A
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Fig. 12. (a) The dependence on jet transverse momentum of the mean charged-particle multiplicity for quark and gluon jets in data and in
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is normalised to the data in the sixth jet pr bin, called the anchor bin and indicated by an arrow [89]. (b) Distribution of the transverse momentum
profile for B mesons inside b-jets relative to the b-jet axis [91], together with different predictions from parton shower MC models [6,8,75]. The
lower panels show the ratios of the predictions to the data.
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Fig. 13. (a) Comparison of the quark and gluon unfolded relative jet mass distributions for the track-based soft-drop jet substructure measure-
ment [96]. The lower panel shows the ratio of the gluon data and predictions to those for quarks. (b) Differential measurement of charged-particle
activity inside jets in the Lund plane [101]. Unfolded data are compared with particle-level simulation from several MC generators [6,8,58,75,85-88].
The uncertainty bands include all sources of systematic and statistical uncertainty. The middle panel shows the ratios of the predictions to data
while the bottom panel shows the relative uncertainty.

measurement of the jet substructure based on the Lund jet plane is reported by ATLAS in Ref. [101]. The measurement is
performed on an inclusive selection of dijet events, and their associated charged-particle tracks are used to construct the
observables of interest. Several parton shower MC models are compared with the data, see Fig. 13(b). No single model is
found to be in agreement with the measured data across the entire plane.

In a follow-up study ATLAS measures a differential cross-section of Lund subjet multiplicities in dijet events [103].
The Lund subjet multiplicity counts the number of subjets above a specified transverse momentum requirement in a jet's
angle-ordered clustering history. The experimental precision achieved in the measurement allows tests of higher-order
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Fig. 14. (a) Measured ratios of the differential cross-sections for inclusive isolated-photon production for isolation-cone radii of R=0.2 and R = 0.4
at /s = 13 TeV as functions of the photon transverse energy in different regions of photon pseudorapidity [106]. (b) Differential cross-sections for
prompt photon pair production at /s = 13 TeV measured as a function of diphoton invariant mass, m,,, [107]. The measurements are compared with
various theoretical predictions [6,109-114]. The shape of the m,, distribution in (b) is governed by the transverse-momentum requirements placed
on the individual photons, with the low-mass region being suppressed and only populated through yy+multi-jet configurations. Such configurations
are not modelled well at NLO accuracy (DIPHOX curve).

effects in QCD predictions. Most available predictions fail to accurately describe the measured data, particularly at large
values of jet transverse momentum accessible at the LHC.

The unfolded ATLAS data on jet substructure provide a valuable input to help improve both perturbative and non-
perturbative aspects of fragmentation modelling. Including the present measurements in a future tune of the MC
predictions can improve the description and reduce the theoretical uncertainties of many processes with jets in the final
state.

7. QCD studies based on measurements with isolated photons

Prompt photons with large transverse momenta constitute colourless probes of the hard interaction with the highest
reach in energy scale and provide another testing ground for pQCD in hadronic collisions. While not explored further in
this section, these measurements have the potential to further constrain the parton distribution functions in the proton,
particularly the gluon density, within a global QCD fit. Prompt photons are defined as those that are not secondaries from
hadron decays. Prompt-photon production via hadron collisions is understood to proceed via two processes: the photon
may arise directly from the hard interaction (direct process) or the photon may be emitted in the fragmentation of a high
transverse momentum parton (fragmentation process). Due to the abundance of photons from neutral-hadron decays and
the contribution from the fragmentation process, prompt-photon production in hadron collisions is studied by requiring
the photons to be isolated. An isolation requirement is also essential in theoretical calculations to avoid divergencies in the
matrix elements when the photon is collinear with a parton. This is achieved by using the method based on the Frixione
criterion [104].

Differential cross-sections for inclusive isolated-photon and photon pair production in pp collisions at v/s = 13 TeV
are measured by ATLAS [105-107]. For inclusive photon production, the cross-sections are measured as functions of the
photon transverse energy in different regions of photon pseudorapidity. In addition, the dependence of the inclusive-
photon production on the photon isolation is investigated by measuring the fiducial cross-sections as functions of the
isolation-cone radius (R) and the ratios of the differential cross-sections with different radii in different regions of photon
pseudorapidity [106]. Measuring ratios provides a stringent test of pQCD with reduced experimental and theoretical
uncertainties. Photon pair production allows uniquely precise studies in events with two vector bosons. Differential cross-
sections are measured as functions of several observables of the diphoton system, including the transverse momenta of the
leading and sub-leading photon, the invariant mass and transverse momentum of the diphoton system. For all of these
single-photon and photon-pair measurements, good agreement is generally found with the predictions at the highest
theoretical precision, as presented in Fig. 14. The improvement observed when taking into account higher-order terms
beyond NLO is impressive and (only) fixed-order NNLO calculation, as implemented by NNLOJET [108], give a satisfactory
description of both inclusive photon and diphoton data in pQCD.

The production of prompt photons can be further studied using the jet dynamics in events with at least one hard jet,
e.g., via the measurements of angular correlations between the photon and jets. Measurements of the cross-sections for
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the production of an isolated photon in association with one or two jets at /s = 13 TeV are provided by ATLAS [115,116].
Cross-sections are measured as functions of a variety of observables, including angular correlations and invariant masses
of the objects in the final state. Measurements are also performed in phase-space regions enriched in each of the
two underlying physical mechanisms, namely direct and fragmentation processes. The tree-level plus parton-shower
predictions (normalised to the integrated measured cross section) and the NLO QCD predictions are compared with the
measurements. The multi-leg NLO QCD plus parton-shower calculations of predictions from SHERPA describe the data
adequately in shape and normalisation except for regions of phase space such as those with high values of the invariant
mass of the photon and jets (see Fig. 15), where the predictions overestimate the data.

8. Strong and electroweak production of single gauge bosons

Measurements of single gauge boson production provide an excellent probe of pQCD and of the proton structure. In
association with jets, they become a probe of higher-order QCD corrections. Measurements of jet flavour activity provide
insights into gluon splitting and into the proton structure functions (PDF) of heavier quarks. The production of gauge
bosons with jets also constitutes one of the most important backgrounds for Higgs boson measurements and for various
BSM searches, and is hence considered a very important input for the tuning of MC simulations. Single gauge boson
production can also be used to explore EW physics and to precisely measure fundamental SM parameters (see Section 12).

With the increased centre-of-mass energy in Run 2, the LHC experiments can probe more energetic phase spaces. New
reconstruction and analysis techniques allow for more precise measurements. This goes hand-in-hand with improvements
in the theory sector, both in fixed-order calculations and in multi-leg ME+PS generators [4].

The fiducial phase space for these analyses typically requires leptons, usually electrons or muons, £, with || < 2.5
and minimum p¥, in the range of 25-30 GeV. In the Z case,* a window on the dilepton mass my, of £20-25 GeV is
selected around the Z mass, whereas a typical W selection requires E{“iss > 25-30 GeV and a minimum transverse mass
Mmiss of 50-60 GeV. Systematic uncertainties in inclusive W and Z distributions are typically dominated by electron and
muon reconstruction and calibration, whereas the systematic uncertainties in distributions of jets or hadrons produced in
association with a gauge boson are typically dominated by jet calibration and the identification efficiency for heavy-flavour
hadrons or jets.

8.1. Inclusive W and Z production in early run 2 data

A small amount of the first Run 2 data taken in 2015, 81 pb”, was used to measure fiducial cross-sections for W+, W~
and Z production at the new centre-of-mass energy [117]. W(Z) fiducial cross-sections were measured with a systematic
precision of 2(1)% and a luminosity uncertainty of 2%, as shown in Fig. 16. Their ratios are determined with a precision
of just under 1% and 2% for ow+/ow- and o=+ /o7 respectively. The measured cross-sections agree in general with

4 In the following, Z refers implicitly to neutral current Z/y*exchange including interference effects.
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Fig. 16. (a) Measured inclusive W and Z cross-sections as a function of the pp centre-of-mass energy [134] and (b) o+ /ow- at 13 TeV compared
with NNLO predictions [118] using various PDF sets [117].

predictions of NNLO accuracy in pQCD [18,118-121] using NLO EW corrections [122-126,126-130] and various NNLO
PDF sets. The o+ /oy - ratio allows the best distinction between the PDF sets. The systematic precision of the 13 TeV
Z cross-section measurement has been slightly improved using a larger data sample of 36.1 fb~! [131] (see below). The
improved systematic precision of 0.5% in the W channel together with a reduced uncertainty of 1% in the integrated
luminosity, have allowed even more precise cross-section measurements using a low pile-up data sample, corresponding
to an integrated luminosity of 338 pb~' [132]. Fig. 16(a), also shows a recent measurement of the W and Z cross-sections
performed with 25 pb~! of pp collision data taken at an energy of 5.02 TeV [133].

8.2. W and Z transverse momentum and ¢,

The Z transverse momentum, p‘ is an excellent probe of initial-state quark and gluon emission and of intrinsic parton
transverse momentum. Low—pfZ ranges are typically modelled via resummed approaches whereas high—pg domains are
described by perturbative QCD. A partial data sample of 36.1 fb~! is used to perform a measurement of pfz and the
alternate variable ¢, calculated from angular variables [135], normalised to the total fiducial cross-section. A precision
of 0.2% is reached for low values of p?. A prediction by PyTHIA8 [8] at LO in QCD, supplemented by a parton shower, and
NLO descriptions by POWHEG+PYTHIA8 [87,136-138], both tuned on ATLAS 7 TeV data (AZ/AZNLO tune) [139], provide
a good description in the low and medium-energy range (see Fig. 17(a)). The high—pg range is well described by a
fixed-order NNLO calculation by NNLOjet [140]. The best prediction is provided by the fixed-order RADISH program at
NNLO+N3LL [141,142], which agrees with the data over the full p%‘and ¢, spectra, except for a small region at very low
p4¢ that is sensitive to non-perturbative effects.

A low pile-up data sample corresponding to 338 pb~!is used to derive precise cross-sections as a function of p.‘r‘ and
p¥v in the regime pr < 100 GeV [132]. The data is described reasonably well by W and Z predictions at NNLO+NNLL in
pQCD (see Fig. 17(b) for p?’ ). The two generators tuned to 7 TeV ATLAS data describe reasonably well the low—p‘T’V regime
but fail to describe data with p} > 40 GeV.

8.3. Precise 2D Z cross-section measurement in full phase space

The 5-dimensional differential Z (or W) cross-section Mm with lepton angles 6 and ¢ in the Collins-Soper

. . . U+l . .
frame [143] can be described as the product of an unpolarised cross-section df)‘T’ dyzm with the sum of spherical harmonic

polynomials multiplied by eight angular coefficients [144]. The Run 1 /s = 8 TeV data sample with an integrated
luminosity of 20.2 fb~"! was used previously to extract the angular coefficients [145] as a function of p{* and y*. A novel
measurement using the same data sample [146] now also extracts the unpolarised cross-section as a function of p‘{"’ and
y** in a complex fit with templates corresponding to the spherical polynomials. The measurement is corrected for lepton
acceptance effects, enabling more precise theoretical interpretations than a classic fiducial measurement. The differential
cross-sections are determined at percent accuracy level. The uncertainties are statistically dominated, followed by the
one order smaller lepton identification and calibration uncertainties. The much smaller PDF uncertainties constitute the
only non-negligible theory uncertainty, as the QCD uncertainties are negligible per design. QED/EW effects break the
factorisation assumption underlying the above expression of the differential cross-section but the uncertainty on the QED
FSR radiation is contained in the lepton uncertainties and the contributions of other higher-order QED/EW corrections,
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Fig. 18. (a) Measured absolute differential cross-sections as a function of pi* for each |y| bin and (b) ratio comparisons between the differential
cross measurements as a function of |y| and NNLO QCD predictions obtained from DYTurBo [18,118,120] using different NNLO PDF sets [146].

such as initial-final state interference diagrams, are expected to be negligible at the Z pole [145,147]. The measurements
are consistent with state-of-the-art QCD perturbative predictions based on gr-resummation at approximate N*LL accuracy
matched to fixed-order O(as>) calculations at high p%‘; [18,118,120] (see Fig. 18).

8.4. Z bosons in association with highly energetic jets

The measurement of Z boson production in association with high-energy jets, provides a powerful probe of perturbative
QCD and its interplay with higher-order EW processes [13,148-152], especially the collinear emission of a Z boson from
a dijet configuration and combined higher-order QCD and EW correction in back-to-back Z+jets constellations [13], with
a clean experimental signature from the leptonic Z decay. While a Run 2 measurement of Z+jets cross-sections with a
partial data sample of 3.2 fb~! provided an early probe of pQCD predictions for the new centre-of-mass energy [153], the
full Run 2 data sample allows much higher energies to be probed [154]. For very high-pr jets, a collinear enhancement is
expected in the angle between the Z boson and the closest jet. The measurement focuses on the study of two topologies
in events with a leading jet with pr > 500 GeV: events where the jet and the Z boson are back-to-back, and those
where they are collinear. Distinct patterns in jet multiplicities, momentum ratios and angular distributions are observed.
The systematic uncertainty of typically 5% is dominated by the jet calibration uncertainty and statistical uncertainties
in differential distributions are of similar size. Fig. 19(a) shows the transverse momentum of the leading jet. A good
modelling by NLO multi-leg generators [4,6,9] is observed. Fixed-order NNLO predictions [155,156] agree with the data
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Fig. 19. Z+jets cross-section as a function of (a) the pr of the leading jet and (b) the angle between the Z and the closest jet for events with
prji1 > 500 GeV [154]. The lower panels show the ratios of the predictions [4,6,7,9,155,156] to the data.

at a high level of precision. The slight overestimate at very high jet transverse momenta could be due to missing NLO
EW corrections. Fig. 19(b) shows the minimum angle between the Z and the closest jet with pr > 100 GeV, a quantity
also probed with W events in Run 1 data [157]. It shows the clear collinear enhancement of events with a low-energy Z
boson (AR(Z, j) < 1.4) and the back-to-back region AR(Z,j) ~ m where a high-momentum Z boson recoils against the
high-pr jet.

8.5. Z bosons in association with b-jets

Measurements of Z bosons produced in association with b- and c-jets are interesting not the least because theoretical
calculations are confronted with a choice of flavour and mass schemes, which converge as more higher orders are
included [158-160]. They also provide an important test of b and ¢ quark PDFs. Inclusive and differential cross-sections
are measured for various observables for events with at least one b-jet, at least two b-jets (see Fig. 20(a)) and at least
one c-jet (see Fig. 20(b)) [161] with precisions of 6%, 9% and 13% respectively. The extraction of the Z+jets backgrounds
with different parton flavours is performed via a fit to the flavour-tagging discriminant in each bin of the observable.
The observables are compared with a variety of predictions of different orders in QCD, different flavour schemes and
different PDFs. The best overall description is provided by 5-flavour scheme (5FS) multi-leg generators [6,9] and 5FS NNLO
predictions with the ‘flavour-dressing’ approach [21]. Calculations in the 4-flavour scheme are found to be not suitable
for selections with at least one b-jet, but can produce acceptable estimates for final states with at least two b-jets. None
of the predictions describes the full range of the my;, distribution and all generators underestimate the Z + c-jet cross-
sections. PDFs with different intrinsic-charm content [162] are compared with PDF-sensitive Z + c-jet distributions but
no significant difference between the various PDFs is found.

In very high-energy events with at least two b-jets, a topology that can constitute a major background in the search for
massive BSM particles, the two b-jets may not be resolved into two separate jets. Instead, they may be reconstructed as a
single large-radius jet. Ref. [163] shows results derived on a partial data sample of 36 fb~!, where ‘trimmed’ anti-k; jets
with pr > 200 GeV with a radius parameter R = 1.0 [164,165] are required to have two b-tagged sub-jets with R = 0.2.
The uncertainties in the measurements are about 40% over large parts of the phase space and statistically dominated.
Predictions using the 5FNS scheme are found to model the data best.

8.6. W boson in association with a D meson

The production of W + c is an excellent probe of the comparatively less constrained strange quark PDF of the
proton [166]. In the analysis of Ref. [ 167], this process is identified by explicit reconstruction of a D* or a D** meson from
the tracks of their charged decay products in a fiducial phase space of pr(D®*)) > 8 GeV and |5|(D™)) < 2.2, in association
with a leptonically decaying W boson. For the targeted signal, the W and D meson have opposite-sign charge (OS). On the
other hand, most backgrounds including W + g(cc) production, have no preferred charge relation. Therefore, the signal

75



The ATLAS Collaboration Physics Reports 1116 (2025) 57-126

— E T T T 1T ‘ T 1T = | f =gl T T T T T T T |
> F = = F B
T [ ATLAS AN pata 1 AT e NS E
> 1 E Vs=13TeV, 140 fb™! —a— MGaMC+Py8 FxFx 5FS (NLO) o] %_ 10l Z?—=>II) . >e1 ,c-jet MGaMC-+Py8 FxF 5FS (NLO) |
Qo r Z(-ll)+2= 2b-jets — .+ Sherpa 5FS (NLO) ] :,_ E - Sherpa 5FS (NLO) E
21 0" E MGaMC+Py8 Zob 4FS (NLO) 5| ko] 1 Eraem 3
E E E e F . 3
XS} F B - =
© 102 R e = £ ey ]
© 0 E — _‘_:!"_ 3 102 e -
ESOOOMOVENNANY * = 1 E e E
10° b E 10° i =
c e 3 F Sae 3
B —— i 10 e E
10% e g E — 3
g ey 10°e el
- IR = ——
1075? 3 10°e e ‘ - 1=
E i?f % 15— —=— Shempa5FS (NLO) —=— MGaMC+Py8 FxFx 5FS (NLO) |
C 8 V
10° C R o B DMLY
E T T T 1 1T N T T T 1 1T N = 05 -
S 1 5 — —=— MGaMC-+Py8 FxFx 5FS (NLO) ~ —— Sherpa 5FS (NLO) MGaMC+Py8 Zbb 4FS (NLO) | [ " ]
< % 1.5 MGaMC +Py8 Zcc 3FS (NLO) g MGaMC+Py8 4FS (NLO) i
[©] N o K J
= \ ) PRI SASSRSu s annnasnn e R RN DODINDISEREY
1 S S 9 ARNNY >§ = o5 ]
5 Al AN\ E
i AL = 15F f I
—A—_ I —t—] 8 NLOF.O =—#—— NNLOF.O.
0.5F i o
! MR | ! ool % 05k R TREREERIRI
20 30 102 2x10? 10° s - .
30 40 50 1 2x10 10
My [GeV] Leading c-jet p_ [GeV]
() (b)

Fig. 20. Cross-section as a function of (a) my, in events with at least two b-jets and (b) the transverse momentum of the leading c-jet [161]. The
lower panels show the ratios of the predictions [6,9,21] to the data.

is extracted as the difference between OS and same-sign (SS) distributions. Inclusive and differential cross-sections as
a function of pr(D) and 5(£) are measured via profile-likelihood (pLLH) fits of folded theory to the OS and SS D*) mass
distributions. In addition the W charge ratios are computed. The percentage-level uncertainties, dominated by secondary-
vertex reconstruction and signal modelling, are at the level of the PDF uncertainties. Fig. 21 compares the pseudorapidity
of the D™ meson and the charge ratio with MADGRAPH5_AMC@NLO 2.9.3 [7] predictions using different PDF sets. The
measurements show a broader distribution than the nominal predictions but are consistent with the predictions when PDF
uncertainties are included. A key result is the W* /W~ charge ratio that is sensitive to differences between the strange-
and anti-strange quark PDFs. Here the results are found to be compatible with PDF fits that constrain the strange-quark
sea to be symmetric.

8.7. Determination of PDFs from diverse ATLAS measurements

ATLAS has presented the first comprehensive and comparative NNLO perturbative QCD analysis of a number of data
samples with sensitivity to parton distributions [168]. The data sets used are: inclusive W and Z cross sections [169] and
inclusive jets [170] at 4/s = 7 TeV, inclusive Z [171], inclusive W [172], W+jets [173], Z+jets [174], top-pair produc-
tion [175,176], inclusive isolated photons [177] and inclusive jets [178] at 4/s = 8 TeV, and top-pair production [179]
and inclusive jets [64] at /s = 13 TeV, in addition to HERA data [180]. Correlations between the systematic uncertainties
of the different analyses are preserved. The novel ATLASpdf21 PDF set is extracted via the xFitter framework [181] using
predictions at NNLO in pQCD. The impact of the various data samples and their correlation is studied. The addition of the
ATLAS data to the HERA data brings this PDF much closer to the global PDFs, as shown in Fig. 22. The strange-quark PDF
at low values of x < 0.01 is found to be less suppressed than assumed in PDFs from before the LHC and found to be more
in line with modern PDFs at higher x > 0.1, as shown in Fig. 22(b).

8.8. Electroweak production of dijets in association with a Z boson

While the production of weak bosons in association with jets proceeds largely through the strong interaction, it is
possible to access the purely EW production of weak bosons with a dijet system. The EW production of a single weak boson
is defined by the t-channel exchange of such a boson and is very sensitive to the VBF production mechanism [183]. The SM
triple-gauge coupling (TGC) involved could be enhanced or altered in BSM scenarios. Measurements of this process hence
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ATLASpdf21 fit [168] compared with other PDF sets [180,182].

provide a fundamental test of the EW sector of the SM, similar to the diboson processes discussed in Section 9. The largest
challenge of the measurement is the large background from strong Z+2 jets production. To enrich the EW production, the
Z boson is selected as centred between two tagging jets with a high invariant mass mj; and a large rapidity gap between the
tag jets without central jet activity. Inclusive and differential cross-sections of four characteristic observables are extracted
for the EW Zjj process (see Fig. 23) and, with a relaxed mj; selection, for the strong Zjj process [183]. The EW Zjj results,
with an inclusive precision of 6.5%, agree well with predictions from HERwIG7+VBEFNLO [75,184,185], while the strong Zjj
production is most precisely modelled by MG5_NLO+Py8 [7]. The results are also used to constrain Wilson coefficients
of dimension-6 effective field theory (EFT) operators [ 186] (see Section 9.6). Overall, the constraints are weaker than the
ones derived with WW and WZ selections (see Section 9) but become stronger if only the SM-EFT interference terms are
considered, which have a linear effect on the cross-section. The analysis shows a unique sensitivity to the interference
between the SM and CP-odd EFT amplitudes.
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9. Strong and electroweak production of two gauge bosons

Measurements of diboson production provide an excellent probe of pQCD and the gauge structure of the SM, with
sensitivity to ZWW and yWW TGCs. The high-energy tails of differential distributions are sensitive to new physics
contributions, often parameterised by anomalous TGCs or in a model-independent way using the EFT framework (see
Section 9.6). Polarisation measurements of the massive EW bosons further probe the SM gauge structure and details of
the EW symmetry breaking (EWSB) mechanism. The increased centre-of-mass energy and large integrated luminosity
of the 13 TeV data sample allows the first observation of the EW production of two gauge bosons, which includes VBS
processes with quartic gauge couplings (QGC) and s- and t-channel exchanges of a gauge or Higgs boson that regularise
the amplitudes [187]. These processes provide a further probe of the EW theory and allow model-independent searches
for new physics via the EFT framework.

While the strong production of two gauge bosons had already been observed at lower energies, the increased centre-
of-mass energy allows more sophisticated analysis techniques to be applied, to explore higher-energy phase spaces and
to probe additional physics aspects. The sensitivity to BSM physics is improved and combined EFT constraints are derived
based on published differential cross-sections (see Section 9.6). The measurement of strong production of diboson events
in association with jets allows better control of the major backgrounds for the observation of the EW diboson production
in 13 TeV data (see Section 9.7). The experimental progress is accompanied by the theoretical advancements in both fixed-
order calculations [185,188,189] and MC generators [6,7,190]. All diboson measurements in this review use leptonic W
and Z decay modes with selections similar to those used in Section 8.

Fig. 24 shows an overview of the ATLAS diboson cross-section measurements. The figure demonstrates the significant
step in precision with the higher centre-of-mass energy and the large data sample.

9.1. W*Z production and observation of joint-polarisation states

Inclusive and differential W*Z production cross-sections are measured in leptonic decays in a partial Run 2 data sample
of 36 fb~! as reported in Ref. [191]. Inclusive cross-sections are measured with a precision of 7% and agree with predictions
from the MATRIX framework at NNLO in QCD [192,193]. Differential cross-sections are fairly well described by the theory
predictions, except for high jet multiplicities. The MATRIX calculations show the best agreement with the data. In addition,
the longitudinal polarisation fractions of the W and Z bosons are measured based on the angles between the gauge bosons
and their decay products and they are found to be in agreement with the SM predictions. The transverse WZ mass, m?’z
(see Fig. 25(a)) is used to extract strong constraints on dimension-6 EFT parameters.

The full Run 2 data sample is used to measure the joint longitudinal/transverse polarisation states of W and Z bosons
in W*Z production [196], which are sensitive to both the EW gauge symmetry structure and the particular way it is
spontaneously broken [198,199]. No distinction is made between the two transverse helicity states. To obtain the complete
kinematics, the neutrino p, component is reconstructed using an NN regression. A deep NN (DNN) classifier is trained to
separate the four joint helicity states. The measured joint helicity fractions (see Fig. 25(b)) are in agreement with SM NLO
QCD fixed order [197] and PowHEG+PYTHIA8 [194,195] predictions. Individual helicity fractions of the W and Z bosons
are also measured and found to be consistent with joint helicity fractions within the expected amount of correlation.
All helicity fractions are also measured separately in W*Z and W~Z events. Inclusive and differential cross-sections for
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several kinematic observables sensitive to polarisation are measured and agree best with the POWHEG+PYTHIA8 prediction
normalised to the NNLO QCD prediction by MATRIX [193].
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Fig. 26. (a) Fiducial W*W~ — eu cross-section as a function of the transverse momentum of the leading lepton [203] and (b) differential cross-
section as a function of me, in the high-pr (jet) phase space [204]. The lower panels show the ratios of the predictions [6,8,9,184,188,205-207] to
the data.

Ref. [200] reports a further probe of the gauge structure of the SM, by selecting W*Z events in kinematic domains with
large Z but small WZ transverse momentum where the fraction of events with two longitudinally polarised gauge bosons
is enhanced. The selection is used to study the energy dependence of diboson polarisation and the suppression of events
with two transverse-polarised gauge bosons for small rapidity differences between the two gauge bosons [201,202]. The
results are found to agree with the SM predictions.

9.2. WYW ™ production

A measurement of WtW~ production cross-sections [203] is performed in the e* ¥ final state, based on a partial
data sample of 36 fb~!. The number of events due to top-quark pair production, the largest background, is reduced by
rejecting events containing jets with a transverse momentum exceeding 35 GeV. The inclusive fiducial cross-section,
six differential distributions and the cross-section as a function of the jet-veto transverse momentum threshold are
measured and compared with several theoretical predictions. Constraints on anomalous EW gauge boson self-interactions
are derived, using the transverse momentum of the leading lepton (see Fig. 26(a)) in a dimension-6 EFT framework.

A complementary measurement [204] is targeting WTW ™ production in association with jets with a transverse
momentum of at least 30 GeV. Two additional measurements use a subselection with high-transverse-momentum
jets of pr > 200 GeV. The background from top-quark pair production is considerably reduced by rejecting events
containing jets with b-hadron decays. The fiducial W W~ cross-section is determined with an uncertainty of 10% in a
maximume-likelihood fit. Differential cross-sections (see Fig. 26(b)) are measured as a function of twelve observables that
comprehensively describe the kinematics of WrW™ events. Excellent agreement is observed with state-of-the-art MC
generators [6,8,9,205], where the gg-initiated component is modelled by SHERPA 2.2.2 and with NNLO(QCD)+NLO(EW)
fixed-order calculations by MATRIX [188,206,207]. Improved limits on the EFT Wilson coefficient ¢y are obtained
compared to earlier inclusive measurements [203] if quadratic terms are neglected, but they are still weaker than those
obtained from Zjj events [183].

9.3. Measurement of the ZZ cross-sections

The comparably rare production of two on-shell Z bosons decaying leptonically is dominantly due to t-channel qq-
initiated processes and a 10%-20% gg-initiated component [208]. While TGCs between neutral bosons do not exist in
the SM, they may be introduced as anomalous TGCs via BSM processes. Moreover, the process constitutes an important
background to H — ZZ and, in association with jets, to the EW ZZjj production. Inclusive and differential cross-
sections are measured in a partial 13 TeV data sample in final states with electrons or muons (4¢) [209] and in a
E;“iss-based selection targeting final states with two electrons or muons and two neutrinos (¢£vv) [210], the latter
requiring E{“iss > 110 GeV. While the £¢vv analysis has a reduced phase space compared to the 4¢ final state, it
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Fig. 28. (a) Differential ZZ — 4¢ cross-section as a function of the Optimal Observable 0Ty, 1Ty, 3 [213] and (b) 4¢ cross-section as a function of
mye [208]. The lower panels show the ratios of the predictions [6,195] to the data.

profits from the higher branching ratio of Z — vv and simple reconstruction of possibly nearby charged leptons at
high momentum. The inclusive cross-sections are measured with a 5% (7%) total precision in the 4¢ (££vv) final states,
with similar statistical and systematic contributions, and are in agreement with NNLO predictions by MATRIX [193]. The
differential cross-sections measured for 4¢ and £¢vv final states show a reasonable agreement with the MC generators
SHERPA 2.2 [6,76] and POWHEG+PYTHIA8 [58,194,195] and with the NNLO fixed-order predictions by MATRIX. Whereas
for 4¢ the gg-initiated process is modelled by SHERPA 2.1 for both MC generators, for £¢vv, Gg2vv 3.1.6 [58,211,212] is
used for the POWHEG+PYTHIA8 prediction. The transverse momentum of the leading Z boson for 4¢ and of the Z boson
decaying into charged leptons p.‘r‘ in ££vv (see Fig. 27) are used to extract constraints on EFT parameters, including four
dimension-8 operators describing aTGC interactions of neutral gauge bosons. Constraints from the ££vv final state are
found to be more stringent than the ones from the 4¢ final state due to the higher-energy reach of the former.

A follow-up study on the full Run 2 data sample [213] establishes a 4.3 o evidence for the pair production of jointly
longitudinally polarised Z bosons, using a pLLH fit to the output of a boosted decision tree (BDT) trained on angular
variables in the ZZ system. Moreover, the differential ZZ cross-section is measured as a function of a CP-sensitive Optimal
Observable OTy, 1T,, 3 based on CP-sensitive polar and azimuthal angles of both Z boson systems (see Fig. 28(a)). The
measured cross-section is used to constrain the CP-odd neutral TGCs fZ4 and f;‘. No significant deviation from the SM is
observed.
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Fig. 29. Differential Zy cross-sections as a function of (a) the transverse momentum of the leading hadronic jet [215] and (b) Er(y) [220]. The lower
panels show the ratios of the predictions [6,7,190,216,218,218,221] to the data.

9.4. Measurements of the 4-lepton cross-section and polarisation

The on-shell ZZ measurement in Section 9.3 in final states with four charged leptons can be extended to the whole
four-lepton invariant mass range my,. The full Run 2 data sample is used to measure inclusive cross-sections in four
kinematic regions, Z — 4¢, H — 4¢, off-shell ZZ and on-shell ZZ, with a precision of 3%-7% [208]. In addition, differential
cross-sections are obtained for six observables separately in the four my, regions (see Fig. 28(b)). They are found to be
reasonably modelled by SHERPA 2.2.2 [214] and POWHEG+PYTHIA8 [194], with the gg-initiated component modelled by
SHERPA 2.2.2, and are used to derive constraints on 22 EFT parameters, both excluding and including the quadratic EFT
contributions.

9.5. Measurements of the Zy cross-sections, inclusively and in association with jets

Similarly to the ZZ case, associated Zy production has no TGC terms in the SM, however BSM effects could contribute
via anomalous TGCs. The full Run 2 data sample is used to select final states with two electrons or muons and one prompt
isolated photon with pr > 30 GeV, with a kinematic selection to reduce photons originating from the Z decay [215]. The
fiducial cross-section is measured with a precision of 3%, making this the most precisely measured diboson final state.
Results are found to be consistent with NNLO QCD predictions [216,217] from MATRIX [ 188]. Differential cross-sections for
six observables are measured and are in agreement with NLO multi-leg generator predictions from SHERPA 2.2.8 [6,218]
and MADGRAPH5_AMC@NLO 2.2.3 [7] and with MATRIX predictions at NNLO QCD [216], except for some phase space
regions at low m(££y) and low azimuthal distance A¢(¢¢, y) between Z and y that are underpredicted by MATRIX. The
predictions use the Frixione smooth-cone photon isolation criterion [104] (see also Section 7). A further analysis [219]
measures thirteen 1D and five 2D differential cross-sections for Zy+jets events with jet pr > 30 GeV (50 GeV) for
n < 2.5(> 2.5) with a precision of 4%-10% (see Fig. 29(a)). The jet activity is well described by SHERpPA 2.2.11
at NLO [6,218], MADGRAPH5_AMC@NLO 2.2.3 [7] and MATRIX [216] calculations, whereas LO SHERPA 2.2.4 [6] and
MiNNLOps [190] yield a worse description

A measurement based on a partial data sample of 36 fb~! is performed in final states with an isolated prompt photon
and EM™S to target Z(— vv)y production [220], requiring Er(y) > 150 GeV and EI"sS > 150 GeV to exceed the photon
trigger threshold and to reduce the backgrounds. In this high-pr phase space, integrated and differential cross-sections
are measured, for a selection inclusive in jets and a selection that vetoes jets. Fig. 29(b) shows as an example the Er(y)
distribution in the exclusive Nj.s = O selection that is used to extract constraints on EFT parameters related to neutral
TGCs more stringent than those derived with ZZ on the same data sample [210]. The unfolded cross-sections agree with
NLO SHERPA 2.2.2 [6,218] and MADGRAPH5_AMC@NLO 2.2.3 [7] simulations and fixed-order predictions at NNLO QCD [221].

9.6. Combined SMEFT analysis

Results from the analyses of EW Zjj [183], WW ™~ [203], W*Z [191] and Z — 4¢ [208], as reviewed in sections 8.8,
9.2, 9.1 and 9.3, respectively, are combined in a simultaneous maximume-likelihood fit to 15 EFT parameters [222] within
a SMEFT framework [186], using the EFT expansion restricted to the leading dimension 6 and dimension 8 terms:
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X (6 XX 8
Lsmerr = L(S?J[ + C/'TZOEG) + ﬁOJ(-S) , (4)
i j
where ¢; are the dimensionless Wilson coefficients and Of’ the gauge-invariant combinations of SM fields with an energy
dimension d. All measurements agree with the SM expectation at the level of about two standard deviations or better.
Assuming a mass scale A = 1 TeV, the coefficients c,(f"; and ¢y and five additional linear combinations of coefficients are
constrained to be smaller than one (see Fig. 30). This combination constitutes an additional step towards an ATLAS global
SMEFT interpretation.
Confidence intervals obtained for individual parameters, while fixing other parameters to zero, are furthermore
compared with the results from the combined fit, in which the remaining 14 parameters are profiled.
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Fig. 31. Example Feynman diagrams for EW W*W%jj production with VBS via (a) a quartic gauge boson vertex, (b) a t-channel exchange of a gauge
boson or (c) a Higgs boson, (d) a non-VBS process and (e) a Feynman diagram for QCD VVjj production with strong interaction vertices [226].

9.7. Observation of electroweak production of two gauge bosons

The EW production of a diboson system in association with a dijet system, EW VVjj, is related to the EW production of
single gauge bosons discussed in Section 8.8. Through its VBS component, it is sensitive to QGCs and details of the gauge
structure with s- and t-channel exchanges of gauge and Higgs bosons. Fig. 31 shows example Feynman diagrams for
EW VBS, EW non-VBS and QCD WVjj production in the W*W%jj channel. For other VVjj processes, additional gg-initiated
diagrams contribute which are not accessible for W*W=jj.

Similarly to the diboson measurements, the analyses typically focus on the leptonic decays of the outgoing heavy
bosons (into e, u, or v) or detect isolated photons. The EW production is enriched by requiring the presence of two tagging
jets with large invariant mass mj; and large rapidity gap, which are not identified as b-jets. The gauge boson decay products
are typically expected to be centred between the two tagging jets. Theory calculations have become available at NLO QCD
+EW and feature significant EW corrections of —12% or larger [12,15,189,223-225].

Advanced machine-learning and fitting techniques are employed to overcome the major challenge of separating the
signal from its main background, the strong production of two gauge bosons in association with jets (see Sections 9.1-9.5
and Fig. 31). The predictions for these backgrounds are typically not sufficiently accurate in the VBS phase space and need
to be adjusted in a data-driven way. The challenges are typically addressed by designing a strong-VVjj control region (CR)
and, if applicable, an additional background CR. The EW VVjj signal is then extracted from a combined fit to the signal (SR)
and control region of the mj; distribution or from a multivariate discriminant trained to separate the EW VVjj component.

The golden channel is the EW production of same-charge W*W%jj, as the strong background is significantly reduced
compared to all other diboson combinations. After first evidence in the 8 TeV data sample [226], the higher centre-
of-mass energy in Run 2 enabled the observation of this process in partial CMS [227] and ATLAS [228] data samples.
Moreover, ATLAS has used the full Run 2 data sample to publish more precise inclusive and differential W*W%jj cross
sections [229]. The EW W*W%jj signal is extracted via a fit to the my; distribution (see Fig. 32(a)) with a 10% precision
using the full Run 2 data. Cross-sections are in agreement with LO MADGRAPH5_AMC@NLO 2.6.7+HERWIG7 [7,75,184],
LO MADGRAPH5_AMC@NLO 2.6.7+PYTHIAS [8], LO SHERPA 2.2.11 [6] and POWHEG+PYTHIA8 [230], using the VBS approxima-
tion [223]. Differential cross-sections are extracted by fits to m;(imy,) in each bin of the variable of interest (see Fig. 32(b)).
Moreover, the my, distribution is used to constrain eight dimension-8 EFT operators and the transverse-mass distribution
is used to derive limits on doubly charged Higgs boson production [231].

The more challenging EW production of two oppositely charged W bosons, W W ~jj is also observed in the full Run 2
data sample [232] using a pLLH fit to an NN that discriminates between EW and QCD W W ~jj production. The inclusive
cross-section is measured with a statistically-dominated precision of 18.5% and is in agreement with SM predictions
derived with POWHEGBoX V2 [86-88]. Similar matrix elements to EW WWjj production are probed in the photon-induced
WW process [233] that was also observed and which is discussed in Section 11.3.

The large size of the ATLAS full Run 2 data sample has also allowed for the first time the observation of EW VVjj
production modes with one or two neutral gauge bosons in the final state: WZjj [234,235]; ZZjj [236], which was followed
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Fig. 32. (a) Post-fit yields in the EW W*W%jj signal region as a function of m;; [228] and (b) EW W*Wjj cross-section as a function of my, [229].
The lower panel in shows the ratios of the predictions [6-8,184,224,230] to the data.

by a measurement of a region with enhanced EW ¢£££jj production [237]; Wy jj with leptonic W boson decays [238]; Zyjj
using the invisible decay Z — vv [239] with additional measurements in the complementary large—p%’ component [240]
and in Z — £¢ decays [241]. These channels are discussed in more detail in the following.

A first observation of the comparatively rare EW WZjj process has been derived from a partial Run 2 data sample, based
on a BDT in a large-m;; SR (see Fig. 33(a)) with a statistically dominated 25%-30% total uncertainty [234]. Integrated and
differential cross sections for the EW WZjj process are derived as well on the full Run-2 data set at an improved precision
of 19% [235] and are found in agreement with LO SM predictions by MADGRAPH5+PYTHIA 8 [7] and SHERPA 2.2.12 [6]. The
2D distribution of the BDT score and m?’z is used to constrain dim 8 EFT operators.

The more abundant but also more challenging EW Wy/jj signal [238] is extracted via a fit to an NN discriminant. The
fiducial cross section is measured with a comparable precision of 19% and differential cross sections are also measured.
As with EW WZjj, the measurements are found in agreement with LO SM predictions by MADGRAPH5+PYTHIA 8 [7] and
SHERPA 2.2.12 [6]. The results are used to derive constraints on dim 8 EFT operators, including the first LHC constraints
on the coefficients fr3 and fr4 of dim-8 tensor-type operators.

EW VVjj production with purely neutral gauge bosons in the final state is of interest as in the SM it cannot evolve via
purely neutral TGCs or purely neutral QGCs. The comparatively small EW ZZjj cross-sections are measured with a precision
of 11% (28%) in the ££££jj (£€vvjj) channel using a pLLH fit performed on the output of BDTs in high-m;; SRs and additional
CRs (see Fig. 33(b)) [236]. They are in agreement with POWHEGBOX V2, reweighted in m;; based on MADGRAPH5_AMC@NLO.
Joint QCD+EW differential ££££jj cross-sections are extracted in a fiducial region with enhanced EW ZZjj production
and compared with QCD predictions at NLO from SHERPA 2.2.2 [6] and MADGRAPH5_AMC@NLO combined with LO EW
predictions by MADGRAPH5_AMC@NLO +PyTHIA [8]. In addition, m;; and m,, distributions are used to extract limits on
dimension 8 EFT parameters [237].

The larger EW Z(— ££)yjj cross-sections are extracted from a pLLH fit to mj; in an EW Zyjj-enriched SR and in
a CR, with a statistically limited precision of 14% [241]. The cross-section is found to be in agreement with the LO
predictions of MADGRAPH5_AMC@NLO 2.6.5. Differential cross-sections are derived for the SR enriched in EW Z(— ££)yjj
and for a more extended fiducial region with a relaxed cut on mj; and are found to be consistent with predictions of
MADGRAPH5_AMC@NLO 2.6.5 [7] (EW Zyjj) + SHERPA 2.2.11 [6] (QCD Zyjj). The EW Zyjj process with invisible Z decays is
even more frequent but more challenging to separate from background processes. Final states with low ETy are triggered
via the presence of large E}“iss. The EW Z(— vb)yjj cross-sections are extracted via a combined fit to mj; in several CRs and
in a high-mj; SR [239]. Final states with high-E%/ can be triggered by the photon instead. In this case, the EW Z(— vv)yjj
component is extracted in a fit to a BDT score [240]. The combined EW Z(— vv)yjj cross-section is measured with a
precision of 22% and is compatible with predictions from MADGRAPH5_AMC@NLO 2.6.5 [7] with NLO corrections from
VBFNLO [185]. The E%/ distribution (see Fig. 33(c)) is used to constrain dimension 8 EFT operators.

Fig. 34 shows an overview of EW measurements relevant for SM or BSM triple and quartic gauge couplings: EW
production of single gauge bosons and gauge boson pairs and triboson measurements. The figure demonstrates the
significant step in precision with the higher centre-of-mass energy and the large data sample and the overall good
agreement with the SM predictions.
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Fig. 34. Overview of ATLAS measurements of EW production of single gauge bosons and gauge boson pairs and of triboson production [134]. The
results discussed in this review are shown with a square marker.

10. Production of three gauge bosons

The production of three gauge bosons is a sensitive probe of the SM gauge structure and among the rarest processes
measured at the LHC [243]. The increased centre-of-mass energy and large integrated luminosity of the 13 TeV data
sample allowed the first observation of the production of three heavy gauge bosons. Fig. 34 shows an overview of all
ATLAS triboson measurements. Fig. 35 shows examples of LO triboson production in the SM.

Triboson production involving one or more W bosons can proceed through t-channel processes, but also diagrams
involving TGCs or QGCs. Fig. 35 shows example Feynman diagrams for triboson production. For neutral gauge bosons,
only t-channel processes contribute in the SM. As discussed before, diagrams with TGCs or QGCs are interesting as
they are susceptible to enhancements from BSM physics, leading to anomalous couplings. With the Run 1 LHC data
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() (d)

Fig. 35. Example Feynman diagrams for the production of three massive vector bosons, including (a) t-channel production, (b) and (c) diagrams
sensitive to triple gauge couplings and (d) diagrams sensitive to quartic gauge couplings [244].

only the production of the combinations yyy [245] and Zyy [246] was observed. The higher centre-of-mass energies
and the large Run 2 data sample allowed the observation of three additional processes: Wyy [247], WWW [248] and
WZy [249]. The Zyy production was measured for the first time in a phase space dominated by the initial-state radiation
contribution [250].

The first observation of WWW production [248] is based on final states with two same-charge leptons and at least two
jets (£vevjj) and with three leptons (£v£v{v), excluding opposite-sign same-flavour pairs. The signal is extracted via a fit
to multivariate classifiers in four signal regions and to my,, in three WZ CRs (see Fig. 36(a)). The measured cross-section
is 2.60 above the SM prediction, calculated at NLO in QCD and at LO EW accuracy [6,251,252].

The WZy signal [249] is selected via a trilepton+y final state, with one lepton pair consistent with coming from a Z
decay. The signal is extracted via a combined fit to the SR and of ZZy and ZZ(e — y) CRs. The resulting cross-section is
consistent with the SM prediction from SHERPA 2.2.11 [6] within 1.5¢ (see Fig. 36(b)).

The Wyy [247] signal is selected via evyy and pvyy final states. The signal is extracted via a combined fit to the
SR and a top-quark (tty, tWy, tqy) CR. The extracted cross-section is in excellent agreement with the prediction from
SHERPA 2.2.10 [6] (see Fig. 36(c)).

The Zyy [250] signal is selected in final states with two isolated photons and two electrons/muons. The final-state
radiation contribution is suppressed by requirements on 2-body and 3-body subsystem masses. The integrated cross-
section is measured with a precision of 12% and is in agreement with the SM predictions from SHERPA 2.2.10 [6] and
MADGRAPH5_AMC@NLO 2.7.3 [7]. Differential cross-sections are measured in six variables and found to be in agreement
with the predictions. The distribution of p¥ is used to extract constraints on eight dimension 8 EFT operators.

11. Photon-photon interactions

Beams of protons and ions accelerated to TeV energies at the LHC provide an opportunity to study not only the strong
interactions between hadrons, but also processes involving photons in the initial state. This is due to the presence of
intense EM fields associated with the colliding hadrons. The EM interactions are dominant at large impact parameters, b >
2R, where R is a typical radius of the charge distribution. Therefore such collisions are also referred to as ultraperipheral
collisions (UPC) [253,254].

The EM fields associated with the ultrarelativistic hadrons can be treated as fluxes of quasi-real photons according to
the equivalent photon approximation formalism [253]. Since each photon flux scales as Z?, where Z is the atomic number,
the two-photon luminosities are significantly enhanced for heavy ion beams, up to Z* = 4.5 - 10 in the case of Pb+Pb
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Fig. 36. (a) Post-fit WWW BDT score in the 3-lepton channel [248], (b) distribution of photon Er in the WZy SR [249] and (c) the measured
fiducial W(— ev/uv)yy integrated cross-section compared with theory predictions [247]. The lower panels show the ratios of the data to the
predictions [6,7].

collisions. The photon energy spectra follow a power-law behaviour (E~!) up to energies of the order of E & y /R (where
y is the relativistic Lorentz factor of the proton or ion), beyond which the photon flux is exponentially suppressed. Hence,
the initial photon spectrum is harder for smaller charges, which favours proton over Pb beams in the production of final
states with large invariant masses, such as W boson pairs.

11.1. Production of lepton pairs

Among the possible set of photon-induced reactions, the exclusive production of lepton pairs from photon-photon
collisions, i.e., yy — €€ (£ = e, ), is the most elementary process. It is a particularly effective tool to study the photon
flux and production cross-sections, and to investigate the effects of nuclear break-up in UPC heavy-ion collisions, or the
modelling of strong-force interactions between scattered protons, which suppress cross-sections by factors known as
soft-survival probabilities [255].

A measurement of the cross-sections for exclusive dimuon production, pp — p(yy — uu)p, at 4/s = 13 TeV is
performed, using a partial Run 2 data sample corresponding to an integrated luminosity of 3.2 fb~! [256]. To select
exclusive yy — uu candidates, a veto on additional charged-particle track activity is applied. The fiducial cross-section in
the dimuon invariant mass range between 12 GeV and 70 GeV and differential cross-sections as a function of the dimuon
invariant mass, are measured.

The observation of forward proton scattering in association with muon or electron pairs produced via photon-photon
fusion, pp — p(yy — ££)p™, is also performed by ATLAS [257], in a similar way to the CMS and TOTEM analyses [258].
Proton-proton collision data recorded at /s = 13 TeV are analysed, corresponding to an integrated luminosity of 15 fb1.
The p™) indicates that the other final-state proton either stays intact (but is undetected) or fragments to a low mass
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Fig. 37. Distributions of the difference of proton energy loss for the process pp — p(yy — ££)p*) measured in the AFP spectrometer (£arp) and the
expected proton energy loss based on lepton kinematics (&) for the two detector sides (labelled as A and C) [257]. The simulated predictions are
normalised to data to illustrate the expected signal composition. The right-most bin in each histogram contains the overflow entries.

hadronic system after emitting a photon. One of the scattered protons is detected by the AFP [259] while the leptons are
reconstructed by the central ATLAS detector, as shown in Fig. 37. This figure demonstrates that the proton energy loss
& measured in the AFP spectrometer is compatible with the proton energy loss calculated based on lepton kinematics.
Both ATLAS pp — p(yy — ££)p*) measurements at /s = 13 TeV are compared with theoretical predictions that
include corrections for soft-survival effects [255,260]. These predictions are in reasonable agreement with the measured
cross-sections [256,257].

Exclusive dilepton production, Pb+Pb — Pb™)(yy — ££)Pb™, via both electron-pair and muon-pair final states, is
also measured by ATLAS, by utilising up to 1.7 nb~! of Pb+Pb data recorded at /syy = 5.02 TeV [261,262]. The events
are categorised relative to the presence of forward neutrons emitted as a result of Pb ion excitation (Pb*) due to multiple
Coulomb interactions accompanying the dilepton production process. Such neutrons are detected via the zero-degree
calorimeters [263]. Differential cross-sections in a fiducial acceptance are presented as a function of several dilepton
kinematic variables, and compared with theory calculations [264,265]. In particular, the muon kinematics can be used
to estimate the initial photon energies, k; and ky: kq, = (1/2)m,,,, exp(+y,,.), where m,,, is the dimuon invariant mass
and y,,,, is the dimuon rapidity. Since the two photons are emitted independently, each event can be characterised by the
maximum and minimum photon energies kna.x and kmin, Where kqax is the larger of the two photon energies. Generally,
as shown in Fig. 38(a), good agreement is found but some systematic differences are seen, which may be explained by
deficiencies in the modelling of the incoming photon flux.

The production of t-lepton pairs in Pb+Pb UPC provides a highly interesting opportunity to study the EM properties
of the z-lepton. The yy — 7t channel is challenging due to hadronic backgrounds and neutrinos in 7-lepton decays
diluting visible final-state kinematics. The ATLAS and CMS Collaborations report the observation of the yy — 77 process
in Pb+Pb UPC [266,267], where semileptonic tt decays into a muon and charged-particle track(s) are exploited. The
measurements are found to be compatible with SM predictions, with a signal strength of ©,, = 1.03fg:8§ measured by
ATLAS. The measured signal event properties are used to set constraints on the r-lepton anomalous magnetic moment,
a, via parameterisation of the tzy coupling in LO QED calculations by Fi(q*)y* +F2(q*) 5~ 0*"q,, Where g, is the photon
four-momentum, o’ = i[y*, y"]/2 the spin tensor, and the form factors satisfy F;(q¢*> — 0) = 1 and F(¢*> — 0) = a,.
The precision of the ATLAS measurement, corresponding to —0.057 < a, < 0.024 at 95% confidence level (CL), is similar
to the most precise single-experiment measurement by the DELPHI Collaboration at LEP [268] (see Fig. 38(b)). The ATLAS
result represents the first use of hadron-collider data to test the EM properties of the t-lepton.

11.2. Light-by-light scattering

Light-by-light (LbyL) scattering, yy — yy, is a rare process in the SM that proceeds at lowest order in quantum
electrodynamics (QED) via virtual one-loop box diagrams involving charged fermions (leptons and quarks) and W bosons.
LbyL scattering via an electron loop can be precisely, albeit indirectly and in a different phase-space region, tested in
measurements of the anomalous magnetic moment of the electron and muon [269,270]. The yy — yy reaction can also
be studied in photon scattering in the Coulomb field of a nucleus (Delbriick scattering) [271] and in the photon splitting
process [272].

An alternative way by which LbyL interactions can be studied is by using Pb+Pb UPC events at the LHC [273,274]. In such
a case, the final-state signature of interest is the exclusive production of two photons, Pb+Pb — Pb™)(yy — yy)Pb™),
where the diphoton final state is measured in the detector surrounding the Pb+Pb interaction region, and the incoming
Pb ions survive the EM interaction, with a possible EM excitation. Hence, one expects that two low-energy photons be
detected with no further activity in the central detector. In particular, no reconstructed charged-particle tracks originating
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Fig. 38. (a) Differential cross-sections for exclusive dimuon production in Pb+Pb UPC as a function of the maximum photon energy (kma.x) and
minimum photon energy (kmin) [262]. The lower panel shows the ratio of the data to the predictions. (b) ATLAS measurements of 7-lepton anomalous
magnetic moment (a,) from fits to individual signal regions, and from the combined fit [266]. These are compared with existing measurements from
various experiments at LEP.

from the Pb+Pb interaction point are expected, as demonstrated in Fig. 39. The exclusive diphoton final state can also be
produced via the strong interaction through a quark loop in the exchange of two gluons in a colour-singlet state [275].
This central exclusive production (CEP) process, gg — yy, is treated as a background in the studies described below and
is determined using a dedicated control region in the data.

The first direct evidence of the LbyL process in Pb+Pb UPC at the LHC was established by the ATLAS [276] and
CMS [277] Collaborations. The evidence was obtained from Pb+Pb data recorded in 2015 at a centre-of-mass energy
of \/ssw = 5.02 TeV with integrated luminosities of 0.5 nb~! (ATLAS) and 0.4 nb~' (CMS). Exploiting a data sample
of Pb+Pb collisions collected in 2018 at the same centre-of-mass energy with an integrated luminosity of 1.7 nb~!, the
ATLAS Collaboration observed LbyL scattering with a significance of 8.2 standard deviations [278].

In the combined 2015 and 2018 Pb+Pb data analysis [279], ATLAS studied the LbyL scattering with improved precision
and more detail. In addition to the fiducial cross-section, ATLAS measures the differential cross-sections as a function of
several properties of the final-state photons (see Fig. 40). All measured cross-sections are consistent within two standard
deviations with the SM theory (LO QED) predictions for LbyL scattering [265]. The inclusion of NLO QED and NLO QCD
corrections [280] reduces, but does not eliminate, the small tension with theoretical predictions. The result explores a
broader range of diphoton masses, increasing the expected signal yield by about 50% in comparison to the previous ATLAS
measurements.

The measurement of LbyL scattering is sensitive to BSM processes, such as ‘axion-like’ particles. These are hypothetical
pseudoscalar particles with typically weak interactions with SM particles. The diphoton invariant mass distribution
reported by ATLAS is used to set limits on the production of axion-like particles [279]. This result provides the most
stringent limits to date on axion-like particle production for masses in the range of 6-100 GeV.

11.3. Exclusive W boson pair production

The study of W boson pair production from the interaction of incoming photons (yy — WW) offers a unique window
to a wide range of physical phenomena. In the SM, the yy — WW process proceeds through trilinear and quartic gauge-
boson interactions. This process is unique in that, at leading order, it only involves diagrams with self-couplings of the
electroweak gauge bosons, as shown in Fig. 41.

ATLAS has studied the pp — p™(yy — WW)p™ reaction at /s = 13 TeV using full Run 2 data sample [233].
Previously, the ATLAS and CMS Collaborations found evidence for yy — WW production with the Run 1 data, ATLAS by
using 8 TeV pp collisions [281] and CMS by combining their 7 TeV and 8 TeV pp collision data [282,283].
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Fig. 39. Event display for an exclusive yy — yy candidate recorded in Pb+Pb Run 2 data by ATLAS. Two back-to-back photons with an invariant
mass of 29 GeV and no additional activity in the detector are shown.
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Fig. 40. Measured differential fiducial cross-sections of yy — yy production in Pb+Pb collisions at ,/syy = 5.02 TeV for (a) diphoton invariant mass
and (b) diphoton absolute rapidity [279]. The measured cross-section values are shown as points with error bars giving the statistical uncertainty
and the bands indicating the size of the total uncertainty. The results are compared with the prediction from the SUPERCHIC 3 MC generator [265]
(solid line) with bands denoting the theoretical uncertainty.

Events with leptonic W boson decays into evuv final states are selected by requiring that no tracks except those
of the two charged leptons are associated with the production vertex, following the strategy developed in the previous
pp — p(yy — ££)p measurements [256]. The modelling of the hadronic activity in quark- and gluon-induced background
processes, and uncorrelated activity from additional pp interactions, is constrained using same-flavour Z — ¢£ events in
data, reducing the associated uncertainties by a significant amount. The background-only hypothesis is rejected with a
significance of 8.4 standard deviations whereas well above 5 standard deviations was expected. The signal strength and
the cross-section for the sum of elastic and dissociative production mechanisms are measured. The cross-section for the
yy — WW process is measured in a fiducial volume close to the acceptance of the detector. The measured cross-section
is found to be in agreement with the SM prediction and may serve as input into future EFT interpretations.
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Fig. 41. The leading-order Feynman diagrams contributing to the yy — WW process are (a) the t-channel diagram proceeding via the exchange of
a W boson between two yWW vertices and (b) a diagram with a quartic yy WW coupling). In addition, a u-channel diagram exists (not shown),
which also proceeds via two y WW vertices.
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Fig. 42. The 68% and 95% confidence level contours of the my and m; indirect determinations from the global electroweak fit [295], compared to
the 68% and 95% confidence-level contours of the present ATLAS measurement of my, [292] and the LHC measurement of m; [293] and to the ATLAS
measurement of my [294].

The measurements of rare EW processes in two-photon interactions (yy — yy, yy — WW) are statistically limited,
hence opening the possibility for substantial improvements with the future LHC runs.

12. Measurements of fundamental parameters of the SM

With the discovery of the Higgs boson [284,285] and the measurement of its mass, the EW sector of the SM is
overconstrained [286], such that precise measurements of fundamental parameters can serve as a probe of the SM, and a
means to search for new physics in a model-independent way. In the QCD sector, the SM can precisely predict the energy
dependence of the strong coupling but relies on experimental input to determine its value at a reference scale [287].
During LHC Run 2, ATLAS performed a range of precise measurements of fundamental parameters of the SM, not only
on /s = 13 TeV data but also on the /s = 7 TeV and /s = 8 TeV data samples. The latter profited from the more
precise predictions, more recent PDF sets and advanced statistical methods, available during Run 2, while at the same
time benefitting from lower pile-up and lower trigger thresholds in the Run 1 data samples.

12.1. Reanalysis of the W mass measurement

The mass of the W boson, my, is one of the fundamental parameters of the EW sector of the SM and affects the Higgs
boson and top-quark masses my and m; via radiative corrections [288-291]. Fig. 42 demonstrates this interdependence by
comparing the direct ATLAS measurements of my [292] and the LHC combination of m, [293] with the indirect predictions
from the ATLAS my measurement [294] and from the EW fit [295].

The first my, measurement at the LHC was performed by ATLAS [296] on the Run 1 /s = 7 TeV data, which
has now been reanalysed [292] in the context of a significant tension with the precise measurement from the CDF
collaboration [297]. The W boson mass is extracted from template fits to the p$ and mpss distributions such that a good
modelling of the charged Drell-Yan process, including QCD and EW corrections, is crucial for this measurement [122,298].
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Fig. 43. The measured values of (a) my and (b) I'y compared with the SM prediction from the global EW fit and measurements from other
experiments [292].

The baseline simulation by POwWHEG+PYTHIA8 [86-88], with the AZNLO tune [139] which effectively extrapolates from
the precisely measured p%e to the p¥v distribution has been independently validated in the relevant low—p%ﬁ" region in
recent high-precision measurements on low-pileup data, as described in Section 8.2. As in [296], the final combination is
dominated by the more precise pf measurement. While the original analysis used sequential fits with templates altered
according to the systematic uncertainties, the reanalysis uses a simultaneous fit with a detailed model of statistical and
systematic uncertainties and their correlations and a more advanced proton PDF as a baseline. This results in a shift of the
central value within the uncertainty of the first publication and a reduction of the total uncertainty by 3 MeV. The updated
my measurement is: my = 80366.5 4 9.8(stat.) + 12.5 (syst.) MeV = 80366.5 + 15.9 MeV. The systematic uncertainty is
dominated by PDF uncertainties, missing higher-order EW corrections and by electron and muon calibration uncertainties.
Fig. 43(a) compares the updated measurement of my, to the SM prediction from the global EW fit [299] and measurements
from other experiments. The new ATLAS my, measurement has moved even closer to the SM prediction.

The EW theory also precisely predicts the W decay width Iy, as the sum of the partial decay widths into SM
particles [299,300]. ATLAS uses the same input distributions and fit methods that are employed to extract my to derive
the first measurement of Iy at the LHC, resulting in: I'yy = 2202 + 32 (stat) 4+ 34 (syst) MeV = 2202 + 47 MeV.
Fig. 43(b), compares the ATLAS measurement of I}y with the SM prediction and measurements from other experiments.
The measurement agrees with the SM prediction within two standard deviations.

12.2. Determination of o from Z boson pr

The strong coupling «, measured at a reference energy scale, is the least precisely determined fundamental coupling
constant [301]. While the precision of the ATLAS TEEC based s measurement in jet events, detailed in Section 6.2,
has significantly improved, it is still limited by the residual uncertainty in the NNLO theory prediction. Recently, ATLAS
performed a novel measurement of «s in Drell-Yan events, which exceeds the precision of the jet-based measurements:

In LHC Drell-Yan Z production, QCD initial-state radiation leads to the recoil of the Z boson which acquires non-zero
transverse momentum. The ATLAS Run 1 /s = 8 TeV data sample is used to determine o5 from the low-momentum
Sudakov region [302] of the pr distribution of Z bosons [287] (see Fig. 44(a)) as measured in [146] (see Section 8.3).
Determining the cross-sections in the full phase space [146], allows comparison to a prediction at N°LO and approximate
NALL accuracy in QCD calculated with DYTurbo [18,118], using the approximate N*LO MSHT20 PDF set [303]. QED ISR
corrections are evaluated at LL accuracy with PyTHIAS using the AZ tune. The parameter o is extracted via a x?2 fit
to the measured double-differential pr—y distribution of the Z boson, using 72 bins in |y| < 3.6 and pr < 29 GeV.
The fit directly includes only experimental and MSHT20aN3LO PDF uncertainties (applying Hessian profiling) and two
non-perturbative form factors. All other theory uncertainties are conservatively assessed via sequential fits with varied
inputs. They include the QCD scale choice, matching to fixed order, the non-perturbative model, higher-order QED ISR, the
approximate 4-loop calculation and the effects of heavy-quark masses and thresholds. Fig. 44(a), shows the post-fit ratios
of the double-differential cross-sections to the predictions. The resulting value is «s(mz) = 0.1183 4 0.0009, where the
largest contributions to the uncertainty are from experimental effects, PDFs, scale choices and heavy quarks. The result
demonstrates the running of «s in a single analysis, in contrast to almost all other «s measurements which target one
particular scale. A conservative estimate of the residual PDF model dependence is derived by repeating the «s extraction
at a lower QCD order using different NNLO PDF sets, resulting in a spread of «s comparable to the total uncertainty on
the original measurement. Fig. 44(b) presents the new «s measurement together with other determinations of «s. This
result is the most precise experimental determination of «s(mz) achieved so far.
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Fig. 44. (a) Ratios of the measured double-differential cross-sections to the post-fit predictions, both as functions of the transverse momentum and
rapidity of the Z boson. The dependency on «s is indicated. (b) Comparison of the determination of as(mz) from the Z boson transverse-momentum
distribution with other determinations at hadron colliders, the PDG category averages, the lattice QCD determination and with the PDG world

average [287].
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Fig. 45. (a) Measured R™S* in the muon channel as a function of pr,z in the common phase space and comparison with predictions [4,6,9] and (b)
comparison of the ATLAS I'(Z — inv) measurement to direct measurements by other experiments [304].

12.3. Measurement of the Z boson invisible width

Part of the Run 2 data sample is used to perform a direct measurement of the invisible Z width I"'(Z — inv) [304]
using the ratio of Z(— vv) + jets to Z(— ££) + jets cross-sections, defined as
do(Z+jets)xB(Z—vv)

d(pr,z)
do(Z+jets)xB(Z— 1)
d(pr,z)

Rmiss(pT,Z) — (5)

in a common phase space with pr; > 130 GeV and a jet with pr > 110 GeV. After bin-wise correction for detector
effects and an additional correction of the Z — ¢¢ component for the my, requirement and for the y* contributions,
R™ss is independent of pr (see Fig. 45(a)). I'(Z — inv) is then extracted from the result Rmiss of a fit to R™S3(pr 7) as
'Z — inv) = P‘“iSSF(Z — ££) using the well-constrained eTe~ measurement of I"(Z — ££). The invisible width is
determined with 2.5% uncertainty as I"(Z — inv) = 506 + 13 MeV. This is in good agreement with the lineshape-based
measurement at LEP and the most precise experimental result to date for a measurement based on recoil final states (see
Fig. 45(b)).
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Fig. 46. Contours of 68% confidence level in the ¢s— AT plane, including results from CMS and LHCb using all B? channels, prepared by the HFLAV
Collaboration [317]. The blue contour shows the ATLAS result for 13 TeV combined with 7 TeV and 8 TeV. The LHC combination is shown in black.
Older results from CDF and DO are also shown. In all contours the statistical and systematic uncertainties are combined in quadrature. The SM
prediction neglecting penguin contributions is shown as a very thin white rectangle [307].

13. Precision measurements of b-hadron decays in searches for contributions from new physics

In addition to direct searches for new physics and new particles, a very promising direction of indirect searches
proceeds via precision studies of low-energy phenomena. The detailed studies of the b-quark plays a special role in testing
the flavour structure of the SM and searching for BSM physics [305]. This section summarises three such studies. The first
study concerns the CP violation arising from an interference between mixing and decay amplitudes of the B; meson.
Secondly, the search for the rare decays of B mesons into a pair of oppositely charged muons is discussed. Finally, the
lifetime of the B; meson is measured in the rare dimuon decay channel.

13.1. CP violation with B; — J/yr¢

In the presence of BSM phenomena, new sources of CP violation in b-hadron decays can arise in addition to those
predicted by the SM [306,307]. In the Bg — J/v¢ decay, CP violation occurs due to interference between the B?—L_??
mixing and the BY — J/¥ ¢ decay. The CP-violating phase ¢; is defined as the weak phase difference between the BY-BY
mixing amplitude and the b — ccs decay amplitude. In the SM, the phase ¢ is small and is related to the Cabibbo-
Kobayashi-Maskawa (CKM) quark mixing matrix elements via the relation ¢; >~ —28;, with g; = arg[—(VisV};)/(VsVE)1
A value of —28; = —0.0368 4 0.0010 rad is predicted by the UTfit Collaboration [308]. While large enhancements are
excluded by the precise measurement of the oscillation frequency [309], any new physics couplings involved in the mixing
may still increase the size of the observed CP violation by enhancing the mixing phase ¢ relative to the SM value.

Using 80.5fb™! of integrated luminosity collected from 13 TeV proton-proton collisions at the LHC, combined
with data from 19.2fb™' of 7 TeV and 8 TeV, ATLAS measures the Bg — J/v¢ decay parameters in the channel
B‘S) — J/¥(ut ™ )¢(KTK™) including the CP-violating phase ¢, the width difference Al between the Bg meson mass
eigenstates and the average decay width I [310].

The ATLAS result is presented in the form of the two-dimensional likelihood contours in the ¢s-ATl plane and
is compared with the results up to 2021 from CMS [311] and LHCb [312-316] in Fig. 46, prepared by the HFLAV
Collaboration [317]. The combination of experimental results is performed with the ATl errors scaled by a factor of
1.78 because of a tension in current experimental results. The SM prediction [307] is shown in the same Fig. 46. Older
results from CDF [318] and DO [319] are also shown. So far all results are consistent with the SM prediction [307].
However the current experimental uncertainties on the CP violation phase ¢; are too large in comparison with the SM
prediction uncertainty, so there is still a place for BSM contributions. By including data from Run 3 and HL-LHC [320], the
experimental sensitivity will increase to the level allowing to exclude or confirm the SM prediction.

13.2. Rare B?s) — ptu decays: measurement of branching fractions

Flavour-changing neutral-current processes are highly suppressed in the SM. The branching fractions of the decays
B?s) — ptp~ are, in addition, helicity suppressed in the SM, and are predicted to be B(B? — putu~) = (3.65 £ 0.23) x
1079 and B(By — pu™n™) = (1.06 + 0.09) x 107'% [321]. The small values and the high precision of these predictions
provide a favourable environment to search for contributions from BSM physics. Significant deviations from SM predictions
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Fig. 47. Likelihood contours for the combination of the Run 1 and 2015-2016 Run 2 ATLAS results (shaded areas) on B(B® — pu*pu~) and
B(B — wtp~) [333]. The contours are obtained from the combined likelihoods of the two analyses, for values of —2A1In (L) equal to 2.3,
6.2 and 11.8. The empty contours represent the result from 2015-2016 Run 2 data alone. The SM prediction [321] with uncertainties is indicated.

could arise in models involving non-SM heavy particles, such as those predicted in the minimal supersymmetric SM [322-
326] and in extensions such as minimal flavour violation [327,328], two-Higgs-doublet models [326], and others [329,330].
The branching fractions of the decay B 5 w ™ is measured by the LHCb [331] and CMS [332] Collaborations.

Using pp LHC data at 13 TeV corresponding to an integrated luminosity of 26.3 fb~! (collected in 2015 and 2016) [333],
the ngranching fraction is measured as B(Bg — utp) = 3.2f}:(1) x 107%, where the uncertainty includes both the
statistical and systematic contributions. For the B} an upper limit B(B] — p*u™) < 4.3 x 1071 is placed at 95% CL.
Combining with the Run 1 data sample that used 25.0 fb~! of 7/8 TeV data [334], ATLAS obtains B(B? — u*pu~) =

2.8%9% x107° and B(BS — p*u™) < 2.1 x 1071%. All the results are compatible with the branching fractions predicted
by the SM and with currently available results from other experiments. Fig. 47 shows the likelihood contours for the
combined Run 1 and Run 2 result for B(BE — utwp”) and B(Bg — ™). The LHC combination of the branching
fractions of the decays B(Os) — wtu~ are published in [335].

13.3. Measurement of the B; — uu effective lifetime

The SM predicts that only the CP-odd heavy-mass eigenstate in the B;—B; pair decays into a dimuon final state [336,337].
This statement does not generally hold when considering BSM contributions, such as, for instance, minimal supersym-
metric SM extensions [338], which can potentially alter the effective lifetime in B, — uu decays. These perturbations can
be significant, even in the abRence of measurable BSMeffects, on the B; — uu branching fraction. The effective B — uu
lifetime is defined as 7, = OOO tI’ (Bs (t) — pw)dt/ 0°° I’ (Bs (t) — uu)dt, where t is the proper decay time of the Bg
and BY mesons and I" (Bs (t) — pp) = I' B? (t) — upu + I B (t) — ppu . In the SM, t,,, coincides with the lifetime of
the heavy B; eigenstate. The experimental average produced by the HFLAV Collaboration [317] yields the SM prediction
oy = (1.624 4 0.009) ps. The B; — juu effective lifetime was measured by LHCb [331] and CMS [332]. The combined
value of LHCb and CMS B; — uu effective lifetimes are published in [335].

The ATLAS measurement of the 7, is based on 26.3 fb~! of 13 TeV LHC pp collisions, collected in 2015-2016 [339].
The proper decay-time distribution of 58 + 13 background-subtracted signal candidates is fitted with simulated signal
templates, parameterised as a function of the B effective lifetime (see Fig. 48(a)). The measured value of 7, is extracted
by minimising the binned x? between the data histogram and the signal MC template series, generated for different
lifetimes (see Fig. 48(b)). The statistical uncertainties are extracted through a Neyman construction [340]. A small bias
in the analysis of 0.082 ps is determined in pseudo-data MC simulations and corrected. Systematic uncertainties in 7,
are currently subdominant and arise from fit-procedure assumptions, discrepancies between data and the MC simulation
and from neglected backgrounds. The final result is rObS = 0. 99*8 33 (stat.) & 0.17 (syst.) ps. The Figure 48(c) shows a
comparison of the ATLAS B, — uu effective llfetlme [339] with the results from the LHCb based on 2011-2018 data
LHCDb [331] and 2011-2016 data [341], as well as the CMS results on 2011-2016 data [342] and 2016-2018 data [332].
It is clear that all experimental results are consistent with each other and with the SM prediction [317].
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