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1 Introduction

Measurements of W-boson pair (WW) production cross-sections provide an important
test of the Standard Model (SM). The WW production at hadron colliders is sensitive to
the properties of electroweak-boson self-interactions and allows predictions of perturbative
quantum chromodynamics (QCD) and electroweak (EW) theory to be tested. It also
constitutes a large background in measurements of Higgs boson production as well as in some
searches for physics beyond the SM. Inclusive and fiducial WW production cross-sections have
been measured in proton-proton (pp) collisions at /s = 5TeV [1], 7TeV [2, 3], 8 TeV [4-6]
13TeV [7-11], and 13.6 TeV [12], as well as in e*e™ collisions at LEP [13] and in pp collisions
at the Tevatron [14-16].

Mlustrative Feynman diagrams for WW production are shown in figure 1. In pp
collisions, 95% of the WW production rate is due to ¢t-channel and s-channel gg-induced
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Figure 1. Tllustrative examples of Feynman diagrams for the (a) ¢-channel and (b) s-channel
qq — WW production, as well as the (¢) gg = WW production.

WW production (¢qq¢ — WW), shown in figures 1(a) and 1(b) respectively. Loop-induced
gluon-gluon fusion, gg — WW (figure 1(c)), represents 5% of the total WW production cross-
section, despite formally being only a next-to-next-to-leading-order (NNLO) QCD correction
to WW production. Beyond leading order in perturbation theory, additional partonic initial
states can contribute to the processes labelled q¢ — WW and gg — WW. Resonant
gg — H — WW production is included in the signal definition and simulation, although it is
strongly suppressed by the selection requirement on the electron-muon invariant mass.

This paper reports measurements of integrated and differential WW — eTvuTv
production cross-sections at /s = 13 TeV using pp collision data recorded by the ATLAS
experiment in 2015-2018, corresponding to an integrated luminosity of 140 fb~! [17]. The
number of events due to top-quark pair (¢£) production, the largest background for this
measurement, is reduced by rejecting events containing jets with b-hadron decays (b-jets).
The dilepton invariant mass is required to be greater than 85 GeV, to reduce the background
due to Drell-Yan production of leptonically decaying 7-lepton pairs.

Measurements of WW production are challenging because a large top-quark pair
production background remains even after rejecting events containing b-jets. In contrast to
previous ATLAS measurements [2, 4, 7, 8, 11], no jet veto or other selection requirements are
employed here to reduce this background. Instead the background contribution is precisely
estimated in situ using two control regions. The control regions provide a way to the reduce
the uncertainties due to the theoretical modelling of top-quark pair production and the
efficiency of identifying b-jets. This jet-inclusive measurement is advantageous not only
from an experimental perspective, but also because it allows a comparison with precise
predictions of perturbative QCD that are not subject to the large logarithmic corrections
that jet vetoes entail [18].

Backgrounds from W +jets events with a misidentified or non-prompt lepton, another
major source of uncertainty in measurements of WW cross-sections, are estimated with a
data-driven method. The remaining backgrounds are estimated with simulated event samples.

The integrated cross-section is determined from a fit to the data with a statistical model
representing background estimates as well as a state-of-the-art NNLO signal prediction
matched to the parton shower with the MINNLOpg method [19, 20].

Fiducial differential cross-sections for WW production are measured after background
subtraction, using an iterative Bayesian unfolding method [21, 22]. Cross-sections are
measured differentially as a function of



o the transverse momentum of the leading lepton, plﬁad 19p~’

e the transverse momentum of the sub-leading lepton, pfrub‘lead- lep-,

« the transverse momentum of the dilepton system, pr .,
« the absolute rapidity of the dilepton system, |ye,/,
 the invariant mass of the lepton pair, me,

« the azimuthal separation of the two leptons, A¢ey,

o |cos0*| = |tanh(Ane,/2)|, which is sensitive to the spin structure of the W-boson
pair [23],!

o the magnitude EXSS of the missing transverse momentum s, defined as the negative
vectorial sum of the transverse momenta of all visible particles,

¢ the scalar sum of E%iss and the lepton transverse momenta, H?p'JFMET,

o the transverse mass of the dilepton system and the missing transverse momentum,?
MT.eus

¢ the scalar sum of all jet and lepton transverse momenta, St, and

the jet multiplicity.

The |yeu| and pr e, observables are also measured in three regions of me,. These two
observables are proxies for the longitudinal and transverse boost of the WW system, and
their measurement at different invariant masses can be used to constrain parton distribution
functions (PDFs).

Two cross-section asymmetries are measured, each defined as

x>0 <0
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)

where ogq is the fiducial cross-section and o270 (0259) is the fiducial cross-section for the

phase space for which the relevant observable z is greater than (less than) zero:

e Ac, the asymmetry in the distribution of the difference of the absolute pseudorapidities
of positively and negatively charged leptons, |n,+| — |n,-|, which is predicted to be
non-zero due to the charge asymmetry of the partonic initial state [24] and is useful in
the study of PDFs [25].

'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 z-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, ¢
being the azimuthal angle around the z-axis. The rapidity is defined as y = (1/2) In[(E + p.)/(E — p.)] while
the pseudorapidity is defined in terms of the polar angle 6 as n = — Intan(6/2). Angular distance is measured
in units of AR = /(An)2 + (Ag¢)2.

>The transverse mass is defined as mr e, = \/(ET&H + EmisS)2 — (P ey + p)2, where Ere, =

V |97 ] + mgw




e Acp, the asymmetry in the CP-odd observable 0, =
((}5’37 X Py+ ), sign (pfiz - pg+7z)) [26, 27], constructed as the cross product of
the lepton three-momenta projected onto the beam direction, with the sign fixed, by
convention, by the difference of the longitudinal lepton momenta. The expectation
value of the asymmetry is zero and it is sensitive to additional sources of CP violation
not predicted by the SM.

Finally, limits on boson-quark couplings and boson self-couplings are obtained in the
framework of the Standard Model Effective Field Theory (SMEFT) [28, 29] by analysing
the unfolded mr, distribution.

This paper is organized as follows. Section 2 gives a brief overview of the ATLAS
detector. The recorded dataset and the simulated event samples used are listed in section 3.
The criteria used to define the object and event selection in the signal region are given
in section 4. Section 5 presents estimates of the top-quark, non-prompt-lepton, Drell-Yan
and other backgrounds, as well as an overview of the selected WW candidate events. The
statistical analysis used to determine the fiducial and differential cross-sections is presented
in section 6, while section 7 considers the systematic uncertainties and their treatment.
State-of-the-art predictions of fiducial cross-sections (both integrated and differential) are
introduced in section 8. Section 9 reports the measured fiducial and total cross-sections, along
with asymmetries, compares them to theoretical predictions, and provides an interpretation
in the SMEFT framework. The paper ends with the conclusions in section 10.

2 The ATLAS detector

The ATLAS experiment [30] at the LHC [31] is a multipurpose particle detector with a
forward-backward symmetric cylindrical geometry and nearly 47 coverage in solid angle.
It consists of an inner tracking detector surrounded by a thin superconducting solenoid
providing a 2T axial magnetic field, electromagnetic and hadron calorimeters, and a muon
spectrometer with three large superconducting toroidal magnets with eight coils each.

The inner tracking detector (ID) covers the pseudorapidity range |n| < 2.5. It contains
a high-granularity silicon pixel detector, including the insertable B-layer installed before
Run 2 [32, 33], followed by a silicon microstrip tracker. The silicon detectors are complemented
by a transition radiation tracking detector, enabling extended track reconstruction within
In| < 2.0.

Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy
measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the
central pseudorapidity range (|n| < 1.7). The endcap and forward regions are instrumented
with copper/LAr and tungsten/LAr calorimeters for EM and hadronic energy measurements
up to |n| = 4.9.

The muon spectrometer surrounds the calorimeters and is based on three large air-core
toroidal superconducting magnets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 Tm across most of the spectrometer. The muon spectrometer
includes a system of precision chambers for tracking and fast detectors for triggering.



Process Generator Parton shower Matrix element O(as) Normalization

qqg — WW  MINNLO PyTHIA 8.2 NNLO Generator

gg — WW  SHERPA 2.2.2 SHERPA LO (0-1 jet) NLO

qq§ — WW3jj SHERPA2.2.2 SHERPA LO (EWK only) Generator

tt PowHEG Boxv2 PvyTHIA82  NLO NNLO+NNLL
Wit PowHEG Boxv2 PYTHIA 8.2 NLO NLO+NNLL
Z+jets SHERPA 2.2.1 SHERPA NLO (0-2 jets), LO (34 jets) NNLO
WZ,Z27Z SHERPA 2.2.2 SHERPA NLO (0-1 jet), LO (2-3 jets) Generator!
W, Zy SHERPA 2.2.8 SHERPA NLO (0-1 jet), LO (2-3 jets) Generator!

1: the cross-section calculated by SHERPA is found to be in good agreement with the NNLO result [39-43].

Table 1. Summary of the nominal Monte Carlo simulated events samples used in the analysis. The
gg — WW simulation includes Higgs boson contributions. The last two columns give the order
in the strong coupling constant, «g, of the matrix-element calculation and the overall cross-section
normalization. All nominal Monte Carlo samples use the NNPDF 3.0 PDF set. The samples generated
with SHERPA use its default set of tuned parton-shower parameters, while for the POWHEG Box and
MINNLO samples the A14 set of tuned parameters and the NNPDF2.31.0 PDF set are used for the
parton shower.

Events are selected using a two-level trigger system. The first-level trigger is implemented
in hardware and uses a subset of the detector information to accept events at a rate of
about 100kHz. It is followed by a software-based trigger that reduces the accepted event
rate to aboutl.25kHz.

An extensive software suite [34] is used in data simulation, in the reconstruction and
analysis of real and simulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3 Data and Monte Carlo samples

The analysis uses data collected from proton-proton collisions at a centre-of-mass energy of
13 TeV from 2015 to 2018. After applying data quality criteria [35], the dataset corresponds
to an integrated luminosity of 140 fb~!, with an uncertainty of 0.83% [17], determined using
the LUCID-2 detector [36] for the primary luminosity measurements.

Monte Carlo (MC) simulated event samples are used to correct the signal yield for
detector effects and to estimate background contributions. All samples were passed through
a full simulation of the ATLAS detector [37], based on GEANT4 [38]. Table 1 lists the
configurations for the nominal MC simulations used in the analysis.

Signal q¢ — WW events were modelled using PowHEG MINNLO [19, 20], which is
accurate at NNLO in QCD for inclusive observables. This signal sample and all other WW
production processes described in the following were generated using the NNPDF3.0NNLO
PDF set [44]. The events were interfaced to PyTHIA 8.245 [45] for the modelling of the
parton shower, hadronization, and underlying event, with parameter values set according to
the Al4 set of tuned parameters (tune) [46]. The matrix-element calculation of gg — WW
production, which includes off-shell effects and Higgs boson contributions, incorporates



up to one additional parton emission at LO. This contribution was simulated with the
SHERPA 2.2.2 [47, 48] generator, and the matrix element was matched and merged with
the SHERPA parton shower based on the Catani-Seymour dipole factorization [49, 50] using
the MEPS@NLO prescription [51-54]. The virtual QCD corrections were provided by the
OpPENLoOOPS library [55, 56]. The SHERPA 2.2.2 [47] generator was also used to simulate
electroweak production of a diboson in association with two jets. The LO-accurate matrix
elements were matched to a parton shower based on Catani-Seymour dipole factorization
using the MEPSQLO prescription [51-54]. A dedicated set of tuned parton-shower parameters
developed by the SHERPA authors was used for all SHERPA samples.

The production of ¢t and single-top Wt events was modelled using the
PowHEG Box v2 [57-61] generator at NLO with the NNPDF3.0NLO [44] PDFs. The
events were interfaced to PyTHIA 8.230 [45] to model the parton shower, hadronization,
and underlying event, using the A14 tune and the NNPDF2.3L0 set of PDFs [62]. For ¢t
event generation, the hqamp parameter® was set to 1.5 times the top quark mass [63]. The
diagram-removal scheme [64] was employed to handle the interference between the Wt and
tt production processes [63]. Alternative samples were generated to assess the uncertainties
in the top-background modelling. The uncertainty due to initial-state radiation and higher-
order QCD effects was estimated by simultaneous variations of the hgamp parameter and the
renormalization and factorization scales, and by choosing the VAR3c up/down variants of the
A14 tune. The VAR3c variations correspond to alternative values of ag in the parton shower,
as described in refs. [46, 65]. The impact of final-state radiation was evaluated with weights
that account for the effect of raising or lowering the renormalization scale for final-state
parton-shower emissions by a factor of two. To assess the measurement’s dependence on
the tt-Wt overlap removal scheme, the diagram-subtraction scheme [64] was employed as
an alternative to the diagram-removal scheme. The uncertainty due to the parton shower
and hadronization model was evaluated by comparing the nominal sample of events with an
event sample generated by POWHEG BoX v2 and interfaced to HERWIG 7.04 [66, 67|, using the
HT7UE set of tuned parameters [67] and the MMHT2014L0 PDF set [68]. To estimate the
uncertainty from the matching of NLO matrix elements to the parton shower, the nominal
sample was compared with a sample generated by MADGRAPHS5__AMC@NLO 2.6.2 [69] at
NLO in QCD using the five-flavour scheme and the NNPDF2.3NL0 PDF set. The events were
interfaced to PYTHIA 8.230, as done for the nominal sample. The tt sample was normalized
to the cross-section prediction at NNLO in QCD including the resummation of next-to-next-
to-leading logarithmic (NNLL) soft-gluon terms calculated using TopP++ 2.0 [70-76]. The
inclusive cross-section for single-top Wt production was corrected to the theory prediction
calculated at NLO in QCD with NNLL soft-gluon corrections [77, 78].

The background due to Z/v*+jets production was simulated with the SHERPA 2.2.1
generator using NLO-accurate matrix elements for up to two associated jets, and LO-accurate
matrix elements for three or four jets, calculated with the Comix and OPENLOOPS libraries.
They were matched with the SHERPA parton shower using the MEPS@QNLO prescription and

3The hdamp parameter is a resummation damping factor and one of the parameters that control the
matching of POWHEG matrix elements to the parton shower and thus effectively regulates the high-pr radiation
against which the ¢ system recoils.



the set of tuned parameters developed by the SHERPA authors. The NNPDF3.0NNLO set of
PDFs was used, and the samples were normalized to an NNLO prediction [79].

The production of diboson final states was simulated with the SHERPA 2.2.2 (V Z with
V =W, Z) and SHERPA 2.2.8 (V) generators using OPENLOOPS at NLO QCD accuracy for
up to one additional parton and LO accuracy for two to three additional parton emissions,
matched and merged with the SHERPA parton shower. The V' Z simulation includes V~*
contributions for m(¢¢) > 4 GeV. Samples were generated using the NNPDF3.0NNLO PDF
set and normalized to the cross-section calculated by the event generator.

Samples generated with POWHEG Box or MADGRAPHS__ AMC@NLO used the EVTGEN
program [80] to model the decay of bottom and charm hadrons. The effect of multiple
interactions in the same and neighbouring bunch crossings (pile-up) was modelled by overlaying
the hard-scattering event with simulated inelastic pp events generated with PyTHIA 8.186 [81]
using the NNPDF2.3L0 set of PDFs and the A3 set of tuned parameters [82].

4 Event reconstruction and selection

Candidate WW events are selected by requiring exactly one electron and one muon with
opposite electric charges. These leptons are required to be isolated, i.e. there should be little
hadronic activity in the vicinity of the lepton, to suppress backgrounds due to misidentified
leptons or leptons from hadron decays. Events with two isolated leptons of the same flavour
are not considered in the analysis, due to the higher background from Drell-Yan events.

Events were selected online by either single-electron or single-muon triggers. During the
data-taking period, the lowest pr threshold was raised from 24 GeV to 26 GeV for electrons and
from 20 GeV to 26 GeV for muons, both requiring ‘loose’ to ‘medium’ isolation criteria [83, 84].
Triggers with higher pt thresholds and looser isolation requirements are used to increase
the efficiency. The trigger selection efficiency is more than 99% for signal events fulfilling
all other selection requirements detailed in this section.

Trajectories of charged particles are reconstructed as tracks in the ID, whose common
vertices are used to identify interaction vertex candidates. Candidate events are required to
have at least one vertex having at least two associated tracks with pr > 500 MeV. The vertex
with the highest 3 p% of the associated tracks is taken as the primary vertex.

Electrons are reconstructed from energy deposits in the calorimeter that are matched
to tracks [85]. Electron candidates are required to meet the TightLH likelihood-based
identification criteria as defined in ref. [85]. Furthermore, they are required to have pp >
27GeV and |n| < 2.47, excluding the transition region between the barrel and endcap
calorimeter regions, 1.37 < |n| < 1.52.

Muon candidates are reconstructed by combining a track in the inner detector with a
track in the muon spectrometer [86]. Muons are required to have pr > 27 GeV and |n| < 2.5
and to satisfy the Medium identification selection, as defined in ref. [86].

Leptons are required to be compatible with the primary vertex by imposing constraints
on the impact parameters of their tracks. The transverse impact parameter’s significance,
do/0a,, is required to satisfy |do/oq,| < 5(3) for electrons (muons). The longitudinal impact
parameter zp must satisfy |zo - sinf| < 0.5mm, where 6 is the polar angle of the track.
Additionally, leptons are required to be isolated using information from the ID tracks and



calorimeter energy clusters in a cone around the lepton. The Gradient working point is used
for electrons [85], while for muons the Tight_FixedRad working point is used. The latter is
similar to the Tight selection defined in ref. [87] but with a fixed cone size for muons with
pr > 50 GeV in order to increase the background rejection. The electron or muon trigger
object is required to match the respective reconstructed lepton.

Jets are reconstructed from particle-flow objects [88] by using the anti-k; algorithm [89, 90]
with a radius parameter of R = 0.4. They are required to have pp > 30 GeV and |n| < 4.5.
To suppress jets that originate from pile-up, a jet-vertex tagger [91] is applied to jets with
pr < 60GeV and |n| < 2.4. The jet energy scale is calibrated using an n- and ppr-dependent
correction [92]. Jets with pp > 20 GeV and |n| < 2.5 containing decay products of a b-hadron
are identified using the DL1r b-tagging algorithm [93] at the 85% efficiency working point.
The lower pr threshold of 20 GeV when selecting b-jets allows a larger fraction of the tt
background to be rejected.

To resolve the overlap between particles reconstructed as multiple physics objects in the
detector, an overlap removal procedure is applied. Non-b-tagged jets are removed if they
overlap, within AR < 0.2, with an electron, or with a muon if the jet has less than three
associated tracks with pr > 500 MeV and satisfies pf./ pjft > 0.5, and the ratio of the muon pr
to the sum of the track pr associated with the jet is greater than 0.7. Subsequently, electrons
or muons overlapping within AR < 0.4 with any jet, including b-tagged jets, are removed.

The missing transverse momentum, Effniss, computed as the negative vectorial sum of
the transverse momenta of calibrated objects in the detector [94], measures the momentum
imbalance produced by weakly interacting particles, such as neutrinos in the W+W— —
e*vuFr decays. It includes a track-based term to account for the energy from particles that
are not associated with a reconstructed lepton or jet.

Events with one or more b-tagged jets are vetoed to reduce the dominant background
from top-quark pair production. To reduce the Drell-Yan backgrounds, dominated by
Z-+jets events with Z — 777~ decays, the invariant mass of the electron-muon pair is
required to be mg, > 85GeV. This requirement also reduces the contribution from resonant
gg — H — WW production.

Events with additional leptons that have pp > 10 GeV and satisfy Loose isolation and
LooseLH (Loose) identification requirements for electrons (muons) are vetoed to reduce
backgrounds due to WZ and ZZ production.

Table 2 gives a summary of the lepton, jet, and event selection criteria used to define the
signal region. The expected WHTW ™ — eTvuTv acceptance and efficiency are approximately
25% and 50%, respectively, with a predicted signal yield of 56900 + 1100 events.

5 Background estimate

About 60% of the events passing the event selection are background events. The top-quark
background, from either tt or single-top Wt production, is the largest background and
comprises about 80% of the total background. Additional backgrounds considered come from
Z+jets production, events with non-prompt or misidentified leptons, and diboson production
(WZ, W, ZZ, and Zv).



Requirement Criteria
pr > 27 GeV
| €10, 1.37) U (1.52, 2.47)
Electron Identification TightLH working point
Isolation Gradient
Impact parameters |do/og,| < 5; |20 - sinf| < 0.5 mm
pr > 27 GeV
n] <25
Muon Identification Medium working point
Isolation Tight_FixedRad
Impact parameters |do/og,| < 3; |20 - sinf| < 0.5 mm
pT > 20 GeV
b-jets | <20
Pile-up suppression jet-vertex tagger [91] for pr < 60 GeV and |n| < 2.4
b-tagging DL1r, 85% efficiency working point
pr > 30 GeV
Jets Il <45
Pile-up suppression jet-vertex tagger [91] for pr < 60 GeV and |n| < 2.4
1 electron and 1 muon of opposite electric charge;
Leptons no additional lepton with pt > 10 GeV, Loose isolation,
Event and LooseLH (electron) / Loose (muon) identification

Number of b-jets 0

Mep > 85 GeV

Table 2. Summary of the object and event selection criteria.

5.1 Top-quark background

An estimate of the ¢t background is obtained using a data-driven technique referred to
as the b-tag counting method, which is applied separately in each bin of the differential
measurements. Following the procedure established in a measurement of the ¢t production
cross-section [95] and in the measurement of WW +jets production [10], two control regions
are defined, requiring exactly one or exactly two b-tagged jets respectively. All other selection
criteria are the same as in the signal region. The contribution of non-tt events in the 1-b-jet
and 2-b-jet control regions is 13% and 4% of the expected events, respectively, of which more
than 80% can be attributed to single-top Wt production.

After subtracting the estimated non-tf backgrounds, the ¢t event yields in the two control
regions and the signal region are parameterized by three quantities. The first, N s the total
number of tt events without requirements on the b-jet multiplicity. The second, &y, is the



efficiency of identifying and selecting a b-jet in a tt event, reflecting both the efficiency of the
b-tagging algorithm and the acceptance for b-jets. The third parameter is the b-jet correlation
factor Cj, which accounts for the fact that the probability of identifying both b-jets in a tt
event is not exactly 5% but rather C’b&?%, due to correlation effects that depend on the interplay
of event selection and tt kinematics, as well as the presence of additional light-flavour jets
and b-jets. The number of tt events with exactly i b-tagged jets, N t’?, is given by

1
N = N . Cye?
Nit = N 2¢, (1 — Cyey)
N(t)g = th . (1 — 2ep + CbE%) .

Using these equations, the number of tf events in the signal region can be expressed as

G (NgE + 2N§;§)2

tt Ntf
tt AVl T AY2b
4 Ny,

Ng =
where £, and N are expressed in terms of the observed yields in the two control regions,
N and NZ which are obtained after the subtraction of minor backgrounds. Consequently,
the only input from ¢t simulation is the correction factor Cj, which is typically very close to
unity — between 0.99 and 1.01 across jet-inclusive distributions such as m,,, (figure 2(a)).
Since uncertainties in the modelling of top-quark processes and b-tagging primarily affect g
and N but not Cy, the uncertainty in Cj is less than 1% in most analysis bins.

In certain configurations, for example in events with exactly one jet with pt > 30 GeV,
Cy can be as low as 0.8 (figure 2(b)). Although identifying two b-jets is possible in events with
only one jet with pp > 30 GeV, given that the b-jet pr threshold is 20 GeV, the probability of
tagging both b-jets is substantially lower than 512), as reflected by (', < 1. This is due to the fact
that, in such a configuration, the second jet is often outside the tracker acceptance or has a
transverse momentum between 20 GeV and 30 GeV, resulting in a smaller b-tagging efficiency.
The disparity in kinematics also leads to a lower correlation between the uncertainties
associated with finding the first and second jet, which in turn increases the uncertainty on Cj.

The b-jet counting method significantly reduces experimental and theoretical uncertainties
in the tt background estimate, thereby lowering its total uncertainty to about 3%,
approximately a factor of five less than an estimate based purely on MC simulation.

The single-top Wt background is estimated using simulation. The subtraction of Wt
backgrounds in the ¢ control regions introduces an anti-correlation between the estimated
Wt and tt yields in the signal region so that modelling uncertainties in Wt have a reduced
impact on the measurement.

In a few analysis bins, the 2-b-jet control region contains only a limited number of events,
leading to a large statistical uncertainty in the ¢ background estimate. To mitigate this, the
top-quark background is instead estimated using a transfer-factor method in these bins. The
tt yield from the corresponding bins of a control region, constructed by requiring at least one
b-jet, with the other selection criteria being the same as in the signal region, is extrapolated
into the signal region using a transfer factor calculated from ¢t simulation. Although this
transfer factor has a systematic uncertainty of about 10% (larger than that of the b-tag

,10,
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Figure 2. The b-jet correlation correction factor Cj as evaluated from simulation as a function of (a)
Mey and (b) the number of jets. The error bands show the total uncertainty, including systematic effects.

counting method), it still reduces the impact of experimental and theoretical uncertainties
relative to an estimate based purely on simulation.

The top-quark background estimate is validated in a top-enriched region that overlaps
with the signal region, by requiring at least one jet and my; < 140 GeV, as well as A, < 7/2
in addition to the normal event selection. Here my; is the invariant mass of the leading
jet and the closest lepton. This region is approximately 70% pure in top-quark events and
shows good agreement between the data and the combined signal and background prediction.
Figures 3(a) and 3(b) show the distributions of plfad' °P- and the jet multiplicity, confirming
that lepton and jet-related properties are accurately modelled in events without b-jets.

5.2 Backgrounds with non-prompt or misidentified leptons

Reducible backgrounds arising from events with non-prompt or misidentified leptons —
referred to as fake-lepton backgrounds or “fakes” — originate from heavy-flavour hadron
decays and jets misidentified as electrons. These fake-lepton events, which stem mostly from
W +jets production, constitute about 4% of the selected events.

The fake-lepton background is estimated using a data-driven technique. A control region
is defined by selecting events in which one of the two lepton candidates fails the nominal
selection but meets a looser set of requirements. This strategy enhances the contribution
of fake-lepton events while ensuring that the fake lepton’s characteristics remain similar to
those in the signal region. Specifically, the lepton that fails the nominal selection is required
to fulfil a loose (instead of a tight) isolation requirement and either the medium (instead
of tight) identification criteria if it is an electron or, if it is a muon, an impact parameter
significance requirement of |dy/og4,| < 10 (instead of |dy/og,| < 3). Although this control
region is enriched in fake leptons, approximately 75% of its events still contain two prompt
leptons (including electrons or muons from prompt 7-lepton decays). These prompt-lepton
contributions are modelled using simulated event samples, with a dedicated correction factor
applied to adjust the probability with which leptons pass the loose, but not the tight, isolation
and identification cuts. Signal contamination in the control region is estimated using the
WW simulation, corrected in each bin by the ratio of background-subtracted data events
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to the WW simulation yield in the signal region. An uncertainty of 5% is assigned to this
correction to account for uncertainties in the signal subtraction. Although the method can,
in principle, be applied iteratively to refine the background subtraction involved, it is found
to converge after just one iteration.

The fake-lepton background in the signal region is then obtained by scaling the number
of data events in the control region — after subtracting processes with two prompt leptons —
by an extrapolation factor. This factor, determined from a data sample dominated by fake
leptons, depends on the pr, |n|, and flavour of the lepton. The sample is selected by requiring
a dijet-like configuration where one lepton candidate recoils against a jet, with A¢,; > 2.8. To
further suppress contamination from W+jets events, the sum of the EZ5 and the transverse
mass of the lepton-and- EX system is required to be smaller than 50 GeV. The extrapolation
factor is defined as the ratio of the number of events in which a lepton satisfies the nominal
selection to the number in which it meets only the looser criteria. Systematic uncertainties
associated with the contributions from different sources of fake leptons are estimated by
varying the selection of the data sample in which the extrapolation factors are determined.
The variations include selecting events with a b-jet recoiling against the lepton candidate,
selecting only events without a b-jet, and changing the EIS requirements to increase the
fake-lepton contributions. The total uncertainty in the fake-lepton background is about 25%.

To validate the fake-lepton background estimate, the opposite-charge requirement in
the signal region selection is inverted, and events containing same-charge electron-muon
pairs are selected instead. This selection increases the contribution of W+jets events to
about 25% by suppressing prompt-lepton processes, which are mostly charge asymmetric.
The modelling of the fake-lepton background can be validated despite the relatively low
purity since the dominant W Z background in this region is known with a precision of about
10%. Good agreement between the prediction and the data is observed, as is shown for

sub-lead. lep.

the pp distribution in figure 3(c).

5.3 Drell-Yan background

The Drell-Yan Z-+jets background is estimated using MC simulation. The m,, > 85 GeV
requirement strongly suppresses this background. The contribution of this background
to the selected events in the signal region is about 5%, almost entirely due to Z/vy*(—
777 )+jets events.

The Z+jets estimate is checked in a validation region requiring a dilepton invariant mass
between 45 GeV and 80 GeV, and either pr ., < 30GeV or EITniss < 20 GeV, in addition to
the b-jet veto. The Z+jets purity of this region is about 85% and the data is observed to
be well modelled. Figure 3(d) shows the distribution of the dilepton invariant mass me,
in the validation region, which features the resonant Z — 77 distribution over a rising
background of top-quark events.

In addition to the theoretical uncertainty of 5% in the Z-jets cross-section [96],
uncertainties in the Z+jets background are estimated by varying the renormalization and
factorization scales used in the matrix-element calculation by factors of two and one-half,
avoiding variations in opposite directions.
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Figure 3. Detector-level distributions of (a) ple*® 1P

and (b) the jet multiplicity in the top-enriched
region, (c) pir>**4 1P iy the same-sign validation region (VR), and (d) me,, in the Drell-Yan VR. The
rightmost bin contains overflow events. Data are shown as black markers, together with histograms of
the predictions for signal and background processes. The top-quark background in the top-enriched
region is estimated using the data-driven method explained in section 5.1; in the other two regions its
contribution is small and the nominal MC prediction is used instead. The lower panels show the ratio
of the data to the total prediction. The uncertainty bands shown include statistical and systematic

uncertainties. Theory uncertainties in the signal are negligible and not shown.
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5.4 Other backgrounds

Backgrounds from WZ, ZZ, W~ and Zv production are estimated from simulation, and are
found to contribute about 4% of the selected events. The dominant contribution comes from
W Z events, which are observed to be well described by the nominal SHERPA simulation in
ref. [97]. Uncertainties due to missing higher-order QCD corrections are derived by varying
the factorization and renormalization scales used in the matrix-element calculations by factors
of two, avoiding variations in opposite directions. Additionally, an uncertainty of 10% is
assigned to the diboson production cross-section [98, 99].

The VZ (WZ and ZZ) prediction is validated in events containing a third lepton that
has pr > 10GeV and satisfies loosened identification criteria. The invariant mass of the
resulting same-flavour opposite-charge pair of leptons is required to be between 80 GeV and
100 GeV, close to the Z-boson mass, while the remaining selection criteria are identical to
those in the signal region. These selections give a very pure sample of diboson events, and
the prediction is in good agreement with the data, as seen in figure 4(a), where the Emiss
distribution in the V' Z validation region shows separation between ZZ and W Z events.

Some V~ (W+x and Z7v) events enter the signal region as backgrounds when the
photon is reconstructed and selected as an electron candidate. To validate estimates of
these backgrounds, the electron identification requirements are loosened and electron track
requirements changed such that contributions from photon conversions increase. As the
electron candidates reconstructed from photon conversion are charge symmetric, both electron-
candidate charge states are selected, regardless of the selected muon’s charge. Figure 4(b)
shows the pr distribution of the electron candidates in the V'~ validation region with opposite-
charge e—p pairs. It is dominated by electrons from photon conversion. Excellent agreement
with the data is found in both validation regions.

5.5 Selected WW candidate events

Table 3 lists the number of selected WW candidate events, as well as the breakdown of
the background predictions. Details of the systematic uncertainties are given in section 7.
Figure 5 shows distributions at detector level and compares the observed data with the
signal prediction and the background estimate. A small excess of data events is observed,
in particular at low jet-activity values. In these bins, WW production is expected to make
the dominant contribution to the event yield.

6 Fiducial and differential cross-section determination

The WW cross-section is evaluated in the fiducial volume defined in table 4 at particle level,
i.e. without detector effects and reconstruction inefficiencies. Exactly one prompt electron
and one prompt muon of opposite electric charge are required. Prompt leptons are defined
as leptons that do not originate from 7-lepton or hadron decays. The momenta of photons
not originating from hadron decays but emitted in a cone of size AR = 0.1 around the
lepton direction are added to the lepton momentum to form infrared-safe “dressed” leptons.
Kinematic requirements on leptons reflect the analysis requirements of table 2, and the
invariant mass of the two leptons, m,,,, is required to be greater than 85 GeV. Events with
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Figure 4. Detector-level distributions of (a) EX in the V Z validation region (VR) and (b) the
electron candidate pr in the Vv VR with opposite-charge leptons. The rightmost bin contains overflow
events. Data are shown as black markers, together with histograms of the predictions for signal and
background processes. The nominal MC prediction is used for the top-quark background in both regions.
The lower panels show the ratio of the data to the total prediction. The uncertainty bands shown include
statistical and systematic uncertainties. Theory uncertainties in the signal are negligible and not shown.

Category Event yield Fraction
Data 144221

Total SM 139500 £ 2400

ww 56900 £ 1100 41%
Total background 82600 =+ 2100 59%
Top 66500 £ 1900 48%
Drell-Yan 6500+ 400 5%
Fakes 5000 £ 1300 4%
WZ, 77, Ve~ 4500+ 600 3%

Table 3. Selected WW candidate events in data, together with the signal prediction and the
background estimates. The uncertainties include statistical and systematic contributions, excluding
theory uncertainties in the signal. The fractions in percent give the relative contribution to the total
SM prediction. The individual uncertainties are correlated, and do not add up in quadrature to the
total uncertainty.
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Figure 5. Detector-level distributions of (a) pre®® P (b) me,, (¢) St, and (d) the jet multiplicity.
Data are shown as black markers together with histograms of the predictions for signal and background
processes. The rightmost bin contains overflow events. The lower panels show the ratio of the data
to the total prediction. Top-quark and fake-lepton backgrounds are determined using data-driven
methods. The uncertainty bands shown include statistical and systematic uncertainties, excluding
theory uncertainties in the signal, which largely cancel out in the measurement of WW cross-sections.

additional prompt leptons fulfilling a looser pt requirement are vetoed. Stable final-state
particles,? excluding prompt neutrinos as well as prompt charged leptons and the associated
photons, are clustered into particle-level jets using the anti-k; algorithm with radius parameter
R = 0.4. The nominal definition of the fiducial phase space includes a veto on particle-
level b-jets with pp > 20 GeV that are defined by ghost-association [100] of b-hadrons. The
missing transverse momentum is defined at particle level as the negative vectorial sum of
the transverse momenta of visible particles.

4Particles are considered stable if their decay length cr is greater than 1cm.
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Object Requirement Criteria

pr > 27 GeV
Prompt lepton
n] <25
> 10 GeV
Loose lepton pr
n| <25
> 20 GeV
b-jets br
n| <25
> 30 GeV
Jets br
i <45
1 prompt electron and 1 prompt muon
Leptons of opposite electric charge.
Event No additional loose leptons
Number of b-jets 0
Mep > 85 GeV

Table 4. Definition of the particle-level objects and fiducial phase space. Jets containing b-hadrons
are labelled b-jet while other jets are labelled jet.

The integrated fiducial cross-section is determined using a profile likelihood fit of the
St distribution. The fit of the St distribution reduces uncertainties associated with the
top-quark background, which dominates at high ST, and, to a lesser extent, uncertainties in
Drell-Yan and fake-lepton backgrounds, which are most important at low St. A model based
on the sum of background estimates, which for top-pair production and fake-lepton events are
determined using the data-driven methods presented in sections 5.1 and 5.2, is fitted to the
data, along with the signal prediction, which includes gq¢ — WW and gg — WW production
as well as electroweak WW jj production. The number of events in each bin is modelled as
the predicted number of signal events scaled by a signal-strength modifier u, plus the number
of background events. Systematic uncertainties in the signal and background predictions
are parameterized by nuisance parameters. The likelihood is modelled using RooFit [101]
as a product of Poissonian distributions multiplied by Gaussian constraints on the nuisance
parameters. The fiducial cross-section is obtained by multiplying the unconditional maximum-
likelihood estimate of p by the particle-level fiducial cross-section prediction of the signal
model. Since the fit relies on a correct prediction of the signal shape from MC simulation, it is
subject to signal modelling uncertainties and only valid for a WW signal like that in the SM.

The differential cross-sections are determined using an iterative Bayesian unfolding
method [21, 22]. In contrast to the integrated cross-section measurement, these results
depend only weakly on the signal model, which is only used to estimate detector resolution
and efficiency, and remain approximately valid in the presence of physics beyond the SM.
Background events are subtracted in accord with the estimates discussed in section 5. A
fiducial correction is applied to take into account events that are reconstructed in the
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signal region, but originate from outside the fiducial region at particle level (about 13%
of selected events, mostly events with leptons from 7 decays). The unfolding procedure
corrects for migrations between bins in the distributions during the reconstruction of the
events. Finally, efficiency corrections take into account events inside the fiducial region
that are not reconstructed in the signal region due to detector inefficiencies (about 44%
of events). To reduce the bias from using the chosen theory prediction to give the “true”
distribution, the method can be applied with multiple iterations, at the cost of increased
statistical uncertainty. Due to the good modelling of the data by simulation and the relatively
small migration effects, the method converges quickly and only two iterations are required
for most observables, the only exception being the jet multiplicity distribution, which is
subject to larger modelling uncertainties and is unfolded using three iterations. The bias from
using the simulation distributions as priors in the unfolding is estimated by reweighting the
simulation with a smooth function such that it closely resembles the background-subtracted
data. This reweighted detector-level prediction is unfolded using the nominal unfolding setup.
The unfolding procedure is able to very accurately recover the generator-level distribution,
indicating that any potential bias introduced by the unfolding method can be neglected.

7 Uncertainties

Systematic uncertainties in the WW cross-section measurements arise from experimental
sources, the background determination, the procedures used to correct for detector effects, and
theoretical uncertainties in the signal modelling. Systematic uncertainties in the differential
cross-sections are evaluated by repeating the unfolding procedure with simulations making
varied assumptions in the signal, background, and detector model. The resulting uncertainties
are symmetrized and treated as being uncorrelated. In the likelihood that is used to determine
the integrated fiducial cross-section, the same uncertainty sources are instead modelled by
nuisance parameters that are profiled in the fit.

The dominant experimental systematic uncertainties arise in the determination of
the b-tagging efficiency and mis-tag rates [102], the calibration of the jet energy scale
and resolution [92], and the luminosity measurement [17]. Experimental uncertainties
also encompass uncertainties in the correction of lepton trigger [83, 84|, reconstruction,
identification and isolation efficiencies [85, 86|, the calibration of the lepton momentum
or energy scale and resolution [85, 103], and the modelling of pile-up. All experimental
uncertainties are evaluated by varying the respective calibrations, and propagating their
effects through the analysis, affecting both the background estimates and the unfolding of
detector effects. Both the effect on the total rate and the effect on the shape of distributions
are taken into account for all sources of systematic uncertainty.

The estimate of the top-quark background is affected by the statistical uncertainty of
the number of events in the control region, and by uncertainties in the modelling of tt
and single-top Wt events, such as the uncertainty in the matrix-element calculation, the
parton-shower modelling, the QCD scales, the amount of initial- and final-state radiation,
and the modelling of interference between ¢t and single-top Wt events [104]. These are
evaluated by using the alternative simulations described in section 3 and propagating the
results through the top-quark background estimation.
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Systematic uncertainties in the estimate of fake leptons are derived by changing the
selection used to estimate the extrapolation weights, in order to change the contributions from
different sources of fake leptons. Additionally, the subtraction of the prompt-lepton sources
in the control region is varied, and the statistical uncertainties of the weights are propagated.
More details of the uncertainties affecting the fake-lepton estimate can be found in section 5.

The uncertainty in additional backgrounds is estimated by varying each of their cross-
sections within its uncertainty and by using scale variations to account for missing higher-order
QCD corrections and parton-shower modelling uncertainties. The impact of these uncertainties
on the cross-section measurements is small compared to the uncertainties associated with
the fake-lepton and top-quark background.

The uncertainty due to missing higher-order QCD corrections in the signal simulation
is evaluated by varying the renormalization and factorization scales by factors of two and
one-half, avoiding variations in opposite directions. The renormalization scales are varied
independently in the matrix element and the parton shower. Additional uncertainties from
the parton shower are evaluated by varying the parameters of the A14 tune within their
uncertainties, with the largest uncertainty resulting from the variation VAR3c [46], affecting
the modelling of initial-state radiation. An uncertainty due to the modelling of heavy-flavour
jets is estimated by varying the fraction of events containing at least one jet originating
from a b-quark or a c-quark by 30%, which covers the difference between predictions from
PyTHIA 8.230 and SHERPA 2.2.2.

Statistical uncertainties in the unfolded distributions are evaluated by creating pseudo-
data samples by varying the data within their Poisson uncertainties in each bin and then
propagating these varied samples through the unfolding. The statistical uncertainties in the
background estimates, which include statistical uncertainties in MC predictions and others
due to the control regions used in estimating the top-quark and fake-lepton backgrounds,
are evaluated using the same method.

Table 5 gives a breakdown of the uncertainties in the fiducial cross-section measured
in the profile likelihood fit. Figures 6(a) and 6(b) display the uncertainties as a function
of the unfolded m,, and St distributions, respectively.

8 Theoretical predictions

Fiducial differential cross-section measurements are compared with fixed-order predictions as
well as three predictions where the matrix element is matched to a parton shower. Fixed-order
predictions are calculated using MATRIX 2.1 [43, 55, 56, 105-114], which includes the NNLO
QCD correction to ¢q¢ — WW production, and the NLO QCD correction to gg — WW
production. The latter correction constitutes part of the N3LO correction to WW production
and the combined prediction is thus labelled nNNLO. The prediction also accounts for
photon-induced contributions and NLO electroweak corrections by using OPENLOOPS. The
electroweak correction is combined, by default, multiplicatively with the QCD correction
to q¢ — WW. An additive application of the NLO EW correction is preferred for the
DT, eps ErTniSS, and jet multiplicity distributions because their tails are populated by events
with hard radiation that arise only beyond leading order. Since the LO prediction is zero
or close to zero while the NLO prediction is finite, multiplicative NLO corrections are ill-
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Uncertainty source Effect

Total uncertainty 3.1%
Statistical uncertainty 1.1%
Top modelling 1.6%
Fake-lepton background 1.5%
Flavour tagging 0.7%
Other background 0.9%
Signal modelling 1.0%
Jet calibration 0.6%
Luminosity 0.8%

Other systematic uncertainties  0.9%

Table 5. Effects of uncertainties on the integrated fiducial cross-section measurement with the
profile likelihood fit. They are evaluated by fixing each nuisance parameter individually to the
boundaries of its post-fit 68% confidence interval, repeating the fit, and adding in quadrature the
effects for each uncertainty group. “Top modelling” and “Signal modelling” are uncertainties in the
theoretical modelling of the respective processes, “Fake-lepton background” is the uncertainty in
the fake-lepton estimate while “Other background” is the uncertainty due to minor prompt-lepton
backgrounds, “Flavour tagging” is all uncertainties in the flavour-tagging efficiency and mis-tag rate,
“Jet calibration” uncertainties encompass jet energy scale and resolution uncertainties, and “Luminosity”
is the uncertainty in the luminosity measurement. All systematic uncertainties belonging to none of
the above categories are included in “Other systematic uncertainties”. Statistical uncertainties arise
in both the signal region and the control region used for the data-driven top-quark and fake-lepton
estimates, and from backgrounds estimated using MC simulations.

defined. The NNPDF3.1NNLO [115] set of PDFs was used, with a prediction of the photon
PDF with the LUXQED method [116]. The cross-section uncertainty associated with the
NNPDF3.INNLO LUXQED set is estimated as the standard deviation of replicas, yielding
a value of 1.2%. The factorization and renormalization scales were set to half the sum of
the W-boson transverse masses [105]. Theoretical uncertainties due to missing higher-order
QCD corrections are evaluated by varying the factorization and renormalization scales by
factors of two and one-half, avoiding variations in opposite directions. This results in an
uncertainty estimate of 2.1%.

The nominal parton-shower-matched prediction is derived from the MINNLO+PyYTHIA 8
qq — WW sample in combination with the SHERPA 2.2.2 gg — WW sample. These samples
are also used to estimate efficiencies and resolution, in order to model the WW signal in the
maximum-likelihood fit, and were introduced in section 3. The NNPDF3.0NNLO set of PDFs
was used in the generation of these samples while the more recent NNPDF3.1NNLO was used
for the MATRIX prediction introduced above. The cross-section uncertainty associated with
the NNPDF3.0NNLO set is 1.4%. Compared to the results from MATRIX, this prediction lacks
photon-induced contributions as well as NLO electroweak corrections beyond the effects of
photon radiation included in the PYTHIA parton shower. On the other hand, the inclusion of
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Figure 6. Uncertainties in the unfolded (a) me, and (b) St distributions.  “Jet calibration”

uncertainties encompass jet energy scale and resolution uncertainties, “Top modelling” is the uncertainty
in the theoretical modelling of the top-quark background, and “Fake lepton backgr.” is the uncertainty
in the estimate of the fake-lepton background. All systematic uncertainties related to minor prompt-
lepton backgrounds, flavour-tagging efficiencies and mis-tag rates, the luminosity, lepton calibration,
pile-up reweighting, and signal modelling, are included in “Other systematics”. “Statistical uncertainty”
combines statistical uncertainties arising in the signal region and the control regions used for the
data-driven top-quark and fake-lepton estimates, and those in backgrounds estimated using MC
simulations.

the parton-shower effects improves the modelling of jets as well as observables correlated with
the transverse momentum of the W W system. The SHERPA 2.2.2 simulation of gg — WW
includes an additional jet at matrix-element level but lacks the full NLO correction included
in the MATRIX prediction.

An alternative NNLO+PS prediction is computed using the GENEVA method to produce
an MC sample of q¢ — WW events [117]. The matching is achieved using a resummed
calculation for the hardest jet transverse momentum, instead of the colour-singlet transverse
momentum resummation employed for the MINNLO prediction. The event simulation uses
the NNPDF3.1INNLO parton distribution functions and is interfaced with the PyTHiA 8.307
parton shower using the MONASH tune [118]. As in the MINNLO prediction, the expected
yields are augmented with the SHERPA 2.2.2 gg — WW sample.

A third parton-shower-matched prediction is generated using SHERPA 2.2.12 [47]. The
prediction has NLO accuracy in QCD for up to one additional parton, and leading-order
accuracy for two to three additional parton emissions for ¢g initial states. The matrix-
element calculations are matched and merged with the SHERPA parton shower based on
Catani-Seymour dipole factorization using the MEPS@QNLO prescription. The virtual QCD
corrections are provided by the OPENLOOPS library [55, 56, 111]. The NNPDF3.0NNLO set
of PDFs is used, along with the dedicated set of tuned parton-shower parameters developed
by the SHERPA authors. This generator combination lacks the full NNLO QCD corrections
but does include an extra parton emission at LO, which improves the modelling of high-
multiplicity events.
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Process Code PDF Perturbative order Fid. cross-section

qq - WW MATRIX 2.1 NNPDF3.1 NNLO QCD 672fb +1.8%
qq — WW GENEVA+PYTHIA8.3 NNPDF3.1 NNLO QCD + PS 659fb +0.6 %
qq > WW MINNLO+PyTHIA 8.2 NNPDF3.0 NNLO QCD + PS 642fb +1.1%
qq - WW SHERPA 2.2.12 NNPDF3.0 NLO QCD + PS f 630fb +7.2%
g9 — WW MATRIX 2.1 NNPDF3.1 NLO QCD 32fb £13%
g9 — WW SHERPA 2.2.2 NNPDF3.0 LO QCD + PS 1 15fb +30%
vy = WW MATRIX 2.1 NNPDF3.1 LO 5fb £16 %
vy = WW MATRIX 2.1 NNPDF3.1 NLO EW 11fb +£2.3%
qq — WW3j (EW) SHERPA 2.2.12 NNPDF3.0 LO + PS 4fb £7.0%
For calculation of NLO EW correction:

aq — WW MATRIX 2.1 NNPDF3.1 LO 436 fb £5.1%
qq — WW MATRIX 2.1 NNPDF3.1 NLO EW 418fb +5.1%

t: includes matrix elements with additional parton emissions, matched and merged with the parton shower,
which increases the accuracy of the simulation of high jet-multiplicity events but also increases the nominal
scale uncertainty.

Table 6. Comparison of theoretical predictions of fiducial cross-sections for various subprocesses
contributing to WW production, with the corresponding scale uncertainties. The specified process,
for example in gqg — WW, corresponds to the initial state at leading order. Other partons contribute
to each sub-process at higher orders in perturbation theory. The names of the NNPDF3.0NNLO and
NNPDF3.INNLO LUXQED PDF sets are shortened in the table.

In comparisons with differential distributions, the parton-shower-matched predictions are
augmented by a simulation of electroweak production of a diboson pair in association with two
jets (VV3j7), which was generated with SHERPA 2.2.12. The contribution from this subprocess
is negligible, inclusively, but WWjj production with vector-boson scattering kinematics
constitutes a correction of several percent in bins dominated by events with at least two jets.

An overview of fiducial cross-section predictions is given in table 6. The POWHEG
MINNLO prediction for ¢qg — WW, using NNPDF3.0NNLO, is 5% smaller than the fixed-
order NNLO prediction using NNPDF3.1NNLO. The different PDF choice results in a 3%
change in cross-section, while parton-shower effects, particularly final-state photon radiation,
reduce the lepton momenta and thus the signal acceptance by 2%. The latter effect is
also modelled by the GENEVA prediction, but this uses NNPDF3.1NNLO, resulting in a
larger cross-section. SHERPA 2.2.12 predicts a fiducial cross-section that is compatible with
those from the NNLO generators, albeit with a larger scale uncertainty. The SHERPA 2.2.2
gg — WW prediction at LO is significantly smaller than the MATRIX NLO QCD prediction.
A K-factor of 1.7, calculated as the ratio of the NLO to SHERPA cross-section in the total
phase space, is applied to the gg — WW sample and only partially compensates for the
difference, due to the different acceptances predicted by the two models. The NLO electroweak
correction to qq¢ — WW, given by the ratio of the NLO EW prediction to the LO prediction,
decreases the gqg — WW cross-section by 4% while doubling the photon-induced contribution.
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Figure 7. (a) Pre-fit and (b) post-fit St distributions in the profile likelihood fit. Data are shown
as black markers together with the predictions for the signal and background production processes.
The rightmost bin contains overflow events. The lower panels show the ratio of the data to the
total prediction. Top-quark and fake-lepton backgrounds are determined using data-driven methods.
The uncertainty bands shown include statistical and systematic uncertainties. Theory uncertainties
affecting the shape and selection efficiency of the signal are included.

9 Results

9.1 Cross-sections

The measured fiducial cross-section for WW production, with WW — eTvuTr, in pp
collisions at /s = 13 TeV, for the fiducial volume defined in table 4 is determined from
the profile likelihood fit to be

ofd = 707 £ 7 (stat.) £ 20 (syst.) £ 6 (lumin.) fb,

with a total uncertainty of 3.1%. Figures 7(a) and 7(b) present the pre-fit and post-fit
distributions of ST, respectively. In the fit, nuisance parameters remain very close to their
initial values and the background normalizations are changed by less than 2% from their
estimates based on control regions and theoretical calculations.

In figure 8 the result is compared with several theoretical predictions: the nominal
MINNLO model used in the analysis, a second NNLO+PS prediction from GENEVA, the
SHERPA NLO prediction, and two pairs of nNNLO prediction from MATRIX 2.1. One of the
MATRIX prediction pairs includes NLO electroweak corrections while predictions within each
pair differ based on the NNPDF version. The measured cross-section is about two standard
deviations larger than the cross-section predicted by MINNLO, but is in good agreement
with MATRIX predictions. The main reasons for the larger cross-section predicted by MATRIX
are the updated NNPDF PDF version, which increases the cross-section by 28 fb, and an 11 fb
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Figure 8. Measured fiducial cross-section compared with theoretical predictions from POWHEG
MINNLO+PYTHIA 8, GENEVA+PYTHIA 8, SHERPA 2.2.12, and MATRIX 2.1. The predictions are
based on the NNPDF3.0 (red squares) and NNPDF3.1 LUXQED (blue dots) PDF sets. The nNNLO
predictions include photon-induced contributions (always using NNPDF3.1 LuxQED) and NLO QCD
corrections to the gluon-gluon initial state. The q¢ — WW predictions from POwHEG MINNLO,
GENEVA and SHERPA 2.2.12 are combined with a SHERPA 2.2.2 prediction of gluon-induced WW
production, scaled by an inclusive NLO K-factor of 1.7. Inner (outer) error bars on the theory
predictions correspond to PDF (the combination of scale and PDF) uncertainties. The MATRIX
nNNLO QCD ® NLO EW prediction using NNPDF3.1 LUXQED), the best available prediction of
the integrated fiducial cross-section, is in good agreement with the measurement.

increase in the cross-section due to photon-induced contributions, as detailed in section 8. The
parton-shower-matched qg — WW predictions from MINNLO, GENEVA, and SHERPA are
combined with the SHERPA 2.2.2 prediction of gluon-induced WW production. The MATRIX
prediction without EW corrections is the only prediction not modelling photon FSR;; including
photon FSR would reduce the predicted cross-section by 2%. For all measured distributions,
correction factors that provide “Born-level” cross-sections, which exclude photon FSR effects,
are available at the HEPdata entry associated with this paper.

The measurement is extrapolated to the full phase space of WW production, accounting
for a W-boson leptonic decay branching ratio of 10.86% [119], and an acceptance of 23.7% for
WFW™ — etvuTv events that was calculated at nNNLO with MATRIX and includes NLO
electroweak corrections. The uncertainty in the acceptance is 1.1%, estimated by comparing
the multiplicative and additive schemes for electroweak corrections, evaluating the PDF
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Figure 9. Measured total WW cross-section, compared with a theoretical prediction from MATRIX
and previous measurements by ATLAS [8] and CMS [9]. The theoretical prediction uses the
NNPDF3.1INNLO LUXQED set of parton distribution functions, has NNLO accuracy in QCD for
qq — WW production and includes NLO QCD corrections to gg — WW production, which constitute
part of the N3LO correction. It includes photon-induced contributions and is combined multiplicatively
with NLO EW corrections to ¢¢ — WW. Inner (outer) error bars on experimental measurements
correspond to statistical (total) uncertainties. The inner (outer) error band includes PDF uncertainties
(PDF and scale uncertainties added in quadrature).

uncertainty, and varying the renormalization and factorization scales by factors of two and
one-half, avoiding variations in opposite directions. The choice of combination scheme for
electroweak corrections is the dominant source of uncertainty in the signal acceptance. After
the extrapolation, the measured total production cross-section for W-boson pairs is found to be

Ototal = 127 £ 1 (stat.) =4 (syst.) £ 1 (lumin.) pb.

In figure 9 the total cross-section is compared with measurements by ATLAS [8] and CMS [9]
that are based on datasets of 36 fb~!. The present measurement is more precise than its
predecessor [8] because of more precise data-driven top-quark and fake-lepton estimates, an
improved luminosity determination [17], and the use of a jet-inclusive phase space, which
reduces jet-related uncertainties as well as theoretical uncertainties in the extrapolation
to the full phase space.

Differential fiducial cross-sections are presented in figures 10-12. Excellent agreement
with the fixed-order MATRIX prediction is observed for jet-inclusive distributions. The
most notable discrepancy is a local three-standard-deviation difference in the lowest bin of
the Ht distribution. A broader tension with the data is also observed for lower values of
Age,, a region characterized by relatively large systematic uncertainties in the modeling
of the tt background, as well as in the signal cross-section prediction, particularly due to
the gg — WW contribution.

Electroweak corrections, applied with the multiplicative combination scheme, improve
the modelling of high-mass events for some distributions (e.g. m,) but over-correct for
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other distributions (e.g. p!ﬁad' 1elo'). Over-corrections are expected because the multiplicative

combination scheme does not always yield an appropriate estimate of mixed QCD-EW effects,
particularly in regions of phase space that are dominated by events with hard QCD radiation,
as is the case for high p'ed 1P [105].

The parton-shower-matched predictions also model the data well, except for
underestimates of the cross-section by the SHERPA and MINNLO predictions, which can
be explained by the different PDF choice used in the generation of these samples. The
parton shower allows the simulated events to have more than two jets, and improves the
modelling of the St distribution in particular.

Figure 13 displays the measured pr ., and |ye,| distributions in low (85 GeV < m,, <
150 GeV), intermediate (150 GeV < m, < 250 GeV), and high (me, > 250 GeV) m,,, regions.
The two observables are proxies for the transverse and longitudinal boost of the WW
system and their measurement in different invariant mass regions offers sensitivity to parton
distribution functions. The measurement is in good agreement with modern four-flavour
NNLO PDF sets, of which CT18 [120], MSHT20 [121], NNPDF3.0 [44], NNPDF3.1 [115],
and NNPDF4.0 [122] are shown.

9.2 Asymmetries

In this subsection the measurement of two asymmetries, Ac and Acp, is presented. To
determine these asymmetries free from detector effects, the distributions of the underlying
observables, introduced in section 1, are background-subtracted and unfolded, analogously to
the differential cross-section measurements described in the previous subsection.

In WW production a rapidity-dependent charge asymmetry is expected [24]. In the
dominant u# production mode the W boson tends to follow the more highly boosted up-quark
direction, so the W™ bosons tend to be more forward than W~ bosons. However, contributions
from other production modes and the angular dependence of the boson decays lead to a much
smaller observable charge asymmetry in the lepton rapidities, with the negatively charged
lepton being more forward slightly more often. Based on the MINNLO-+PYTHIA 8 sample
and including the NNPDF3.0NNLO PDF uncertainty, the predicted lepton asymmetry Ac
(as introduced in section 1) is —0.023 4 0.003. Its measured value is

Ac = —0.004 £ 0.008 (stat.) = 0.006 (syst.),

which differs from the theoretical prediction by about two standard deviations.

The charge asymmetry is also measured as a function of the absolute difference of the
absolute values of the lepton rapidities, ||7+| — |1~ ||, and the invariant mass of the dilepton
system, m.,. An increase in the asymmetry is predicted for larger values of these quantities, as
shown in figure 14. Differences between predictions discussed in the previous section are small
compared to the uncertainty of the measurement. The significance of the measured differential
asymmetry is evaluated using a hypothesis test based on the profile-likelihood-ratio test
statistic. The measurement as a function of ||n,+| — |n,—|| is compatible, within two standard
deviations, with both the SM prediction and the hypothesis of no asymmetry. However, for the
asymmetry distribution as a function of m.,, the absolute value of A significantly increases
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Figure 10. Fiducial differential cross-sections as a function of (a) py , (b) pp , (¢

PTep, and (d) |yeu|. The measured cross-section values are shown as points with error bars giving the
statistical uncertainty and solid bands indicating the size of the total uncertainty. For distributions in
which the rightmost bin is inclusive, the right-hand-side axis indicates the integrated cross-section of the
rightmost bin. The results are compared with fixed-order nNNLO QCD (+ NLO EW) predictions from
MATRIX 2.1, the NNLO+PS predictions from POWHEG MINNLO+PYTHIA 8 and GENEVA+PYTHIA 8,
and the SHERPA 2.2.12 NLO+PS predictions. The last three predictions are combined with the ones
from SHERPA 2.2.2 for the gg initial state and SHERPA 2.2.12 for electroweak W W jj production. These
contributions are modelled at LLO but an NLO QCD K-factor of 1.7 is applied for gluon-induced
production. Theoretical predictions are indicated as markers with vertical lines denoting PDF, scale
and parton-shower uncertainties. Markers are staggered for better visibility.
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Figure 11. Fiducial differential cross-sections as a function of (a) me,, (b) Age,, (¢) |cos8*|, and
(d) EXiss. The measured cross-section values are shown as points with error bars giving the statistical
uncertainty and solid bands indicating the size of the total uncertainty. For distributions in which
the rightmost bin is inclusive, the right-hand-side axis indicates the integrated cross-section of the
rightmost bin. The results are compared with fixed-order nNNLO QCD (+ NLO EW) predictions from
MATRIX 2.1, the NNLO+PS predictions from POwWHEG MINNLO+PyYTHIA 8 and GENEVA+PYTHIA 8,
and the SHERPA 2.2.12 NLO+PS predictions. The last three predictions are combined with the ones
from SHERPA 2.2.2 for the gg initial state and SHERPA 2.2.12 for electroweak WW jj production. These
contributions are modelled at LO but an NLO QCD K-factor of 1.7 is applied for gluon-induced
production. Theoretical predictions are indicated as markers with vertical lines denoting PDF, scale
and parton-shower uncertainties. Markers are staggered for better visibility.
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Figure 12. Fiducial differential cross-sections as a function of (a) Hrll?p'+MET, (b) M.y, (c) the jet
multiplicity of the event, and (d) St. The measured cross-section values are shown as points with error
bars giving the statistical uncertainty and solid bands indicating the size of the total uncertainty. For
distributions in which the rightmost bin is inclusive, the right-hand-side axis indicates the integrated
cross-section of the rightmost bin. The results are compared with fixed-order nNNLO QCD (4 NLO
EW) predictions from MATRIX 2.1, the NNLO+PS predictions from POWHEG MINNLO+PYTHIA 8
and GENEVA+PYTHIA 8, and the SHERPA 2.2.12 NLO+PS predictions. The last three predictions are
combined with the ones from SHERPA 2.2.2 for the gg initial state and SHERPA 2.2.12 for electroweak
WW jj production. These contributions are modelled at LO but an NLO QCD K-factor of 1.7 is
applied for gluon-induced production. Theoretical predictions are indicated as markers with vertical
lines denoting PDF, scale and parton-shower uncertainties. Markers are staggered for better visibility.
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Figure 13. Fiducial differential cross-sections for pr .,

and various four-flavour PDF sets in three m,, regions:
and (d)) 150 GeV < me, < 250GeV, and ((e) and (f)) 150 GeV < me, < 250GeV. The measured
cross-section values are shown as points with error bars giving the statistical uncertainty and solid
bands indicating the size of the total uncertainty. For pr ., the right-hand-side axis indicates the
integrated cross-section of the rightmost bin. The measurement is compared with fixed-order nNNLO
QCD 4 NLO EW predictions from MATRIX 2.1 using five different four-flavour NNLO PDF sets:
NNPDF4.0, NNPDF3.1, NNPDF3.0, CT18, and MSHT20.
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Figure 14. Charge asymmetry Ac measured as a function of (a) the absolute difference of the
leptons’ absolute rapidities ||7g+| — [1,-||, and (b) the invariant mass of the dilepton system, me,,.

The measured values are shown as points, whose error bars represent the statistical uncertainty, while
the solid bands indicate the size of the total uncertainty. In the bottom panel, the central value
of the charge asymmetry divided by the total uncertainty of the Ac measurement is shown. The
measurement is compared with the NNLO+PS predictions from POwHEG MINNLO+PYTHIA 8 with
vertical lines denoting PDF uncertainties. For Ac as a function of m.,, PDF uncertainties are smaller
than the marker size and not visible.

for larger values of me,, in agreement with the SM. In this case, the no-asymmetry hypothesis
is rejected in favour of the SM with a significance of approximately three standard deviations.

A non-zero asymmetry in a CP-odd observable would signal CP violation. Since the SM
does not predict any CP-violating effects in WW production, such a finding would point to
CP-violating new physics. In this paper, the asymmetry Acp of the O, observable, introduced
in section 1, is measured for the first time. It is found to be

Acp = 0.014 £ 0.008 (stat.) 4 0.008 (syst.),
which is compatible with the SM expectation of zero within about one standard deviation.

9.3 Effective field theory interpretation

The Standard Model effective field theory [28, 29] provides a framework for describing the
effects of theories beyond the Standard Model (BSM theories) that introduce new physics at
a scale A much larger than the electroweak scale v. The SMEFT allows observables to be
expanded in v/A and E/A, where E is the typical energy exchanged in the process. This is
achieved by adding to the SM Lagrangian a series of operators Oid , which consist of gauge
invariant combinations of SM fields with an energy dimension d greater than four:

(5) (6)
C; C:
Lsvprr = Lsv + Y x 0P 3 Az o+ ...
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Measurements of observables sensitive to the effect of SMEFT operators constrain cz(»d) JA44,
(d) (d)

where ¢;’ are the Wilson coefficients associated with the dimension-d operator O,
Operators of odd dimensionality introduce lepton and baryon number violation and
are thus irrelevant for this analysis. The leading effects of BSM physics are expected
to manifest themselves as dimension-six operators, as higher-dimensional operators are

suppressed by greater powers of A.

The Warsaw basis [29] provides a complete set of dimension-six operators consistent with
the SM gauge symmetries. For this analysis a U(2), x U(2), x U(2)q flavour symmetry is
assumed, which requires identical couplings for quarks of the first two generations. A quadratic
parameterization of dimension-six SMEFT effects is obtained by reweighting [123] a sample
of simulated events generated with MADGRAPH 2.9.9 [69] and the SMEFTSsim 3.0 [124, 125]
model. Both the etvuTv and etvuFr+1-jet final states are simulated at leading order
at matrix-element level, then showered with PyTHIA 8.307, and merged via the CKKW-L
merging scheme [126, 127] to avoid the double counting of jet emissions from the parton-
shower and the matrix-element generators. The merged sample shows good agreement with
NLO QCD predictions generated with SMEFT@NLO [128] for the SM, and for effects
linear and quadratic in the Wilson coefficients. SMEFT effects are also simulated for the
~7 initial states; these contribute about 10% of the predicted high-mass WW modification
due to anomalous triple-gauge-boson couplings.

Seven dimension-six Wilson coefficients that impact WW production are analyzed. Three
of these coefficients — ¢y, cgwn, and cgp — modify triple-gauge-boson couplings (and
in the case of cywp and cyp also Z-boson couplings to fermions), which strongly affects
the high-mass WW cross-section. The remaining four coefficients — cg)q, cgé, CHy, and
crrq — alter the couplings between quarks and weak bosons, resulting in significant effects
at high invariant mass by disrupting the cancellations present in the SM amplitudes. Other
coefficients are not studied, either because their contributions do not increase with the WW
invariant mass (thus offering limited sensitivity) or because they correspond to four-fermion
interactions that are more tightly constrained by high-mass Drell-Yan measurements.

The unfolded mr , distribution in figure 12 is found to offer the best sensitivity to the
targeted SMEFT effects. It is verified, using simulated data, that the unfolding procedure
accurately recovers the effects of the studied dimension-six operators. Figure 15 shows
the measured mr ,, distribution again, now compared to the SM and SMEFT predictions
described below

The precise MATRIX nNNLO QCD ® NLO EW prediction introduced in section 8 serves
as the basis for the SM prediction. Theoretical uncertainties in this prediction arise from
parton distribution functions, the QCD scales, and the unknown effect of mixed EW-QCD
higher-order corrections. The last is the dominant uncertainty, estimated as the difference
of multiplicative and additive application of QCD and EW corrections, which affects the
predicted yield in the last bin of the distribution by 10%.

While the jet-merged SMEFT prediction agrees well with NLO QCD results from
SMEFTQNLO, residual differences remain relative to the best SM prediction because NLO
EW and NNLO QCD corrections to WW production have not been computed within the
SMEFT framework. As an approximation, it is assumed that the SM NLO EW and NNLO
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Figure 15. Measured mr , distribution used in the SMEFT analysis, compared to the MATRIX
nNNLO QCD ® NLO EW prediction obtained using NNPDF3.1 LuXxQED, as well as SMEFT
predictions for illustrative values of the Wilson coefficients ¢y and cg)q. Measured cross-section values
are shown as points, with error bars representing statistical uncertainties and solid bands indicating
the total experimental uncertainty. The right-hand vertical axis displays the integrated cross-section
in the inclusive overflow bin. The SM prediction is shown as a red line, with a shaded band denoting
the total theoretical uncertainty used in the SMEFT fit, combined in quadrature. The uncertainty is
asymmetric due to the dominant contribution from the two-point uncertainty defined by the difference
between multiplicative and additive combinations of QCD and EW corrections.

QCD corrections are applicable to the SMEFT prediction in each bin of the mr , distribution.
The QCD correction increases the SMEFT contribution in all bins by approximately 10%,
while the EW correction reduces it by up to 30% in the last bin. This approach is conservative
in the sense that not applying higher-order corrections would result in Wilson coefficient
limits that are roughly 10% more stringent.

To constrain the Wilson coefficients, a multivariate normal likelihood function is used.
Statistical and systematic uncertainties are captured by the covariance of the multivariate
distribution, while signal theory uncertainties are incorporated through Gaussian-constrained
nuisance parameters. Confidence intervals are derived using a profile-likelihood-ratio test
statistic [129], which is assumed to be y?-distributed according to Wilks’ theorem [130]. The
validity of the y?-approximation is confirmed using pseudo-experiments.

Table 7 summarizes the expected and observed 95% confidence level (CL) limits on Wilson
coefficients, considering either only linear contributions, of O(c;/A?) — arising from the
interference between SM and BSM amplitudes — or also quadratic terms of order O(c?/A%) —
arising purely from the BSM amplitudes. Limits that account only for the linear contribution
of the Wilson coefficients are much weaker, despite formally missing only a higher-order
correction in A~!. This is largely due to helicity suppression of the O(A~2) interference
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O(A~?), individual O(A~%), individual O(A~%), profiled

Expected Observed Expected Observed Expected Observed
cw [—3.5,3.2] [-3.5,3.4]  [-0.16,0.16] [—0.18,0.18] [—0.17,0.16] [—0.18,0.18]
CHD [—8.9,9.8] [—11, 8] [—7,21] [—8,21] [—7,21] [—8,21]
cuwp  [—8.4,9.2] [—10, 8] [—1.5,1.7] [—1.7,1.9] [—1.7,1.7] [—1.8,1.9]
e [—2.5,2.4] [—2.2,2.8]  [-0.27,0.24] [-0.29,0.27] [-0.29,0.29] [—0.31,0.31]
¢ [-0.69,0.66]  [-0.7,0.68] [-0.28,0.22] [-0.31,0.24]  [-0.3,0.27] [-0.34,0.29]
CHu [—3.2,3.0] [-3.0,3.4]  [-0.31,0.29] [-0.35,0.32] [—0.32,0.31] [-0.35,0.33]
CHa [—11,11] [—11,11]  [-0.45,0.46]  [-0.5,0.51] [—0.49,0.49] [—0.52,0.53]

Table 7. Expected and observed 95% CL limits for various assumptions. For O(A~2), only the
interference effect of dimension-six operators is considered, while for O(A~*), both the interference and
quadratic effects are included. “Profiled”” means that all seven Wilson coefficients are fit simultaneously.
Profiled limits cannot be obtained in the O(A~?2) fit, which is degenerate. Confidence intervals are
given for A = 1TeV and increase quadratically with the value of A.

effects [131] and does not necessarily indicate a breakdown of the SMEFT expansion [132]. In
the case of the combined linear and quadratic parameterization, profiled limits can be derived
by fitting all other parameters to their conditional best-fit values. The linear fit suffers from
degeneracies, as there are more degrees of freedom than data points, allowing constraints
only on combinations of Wilson coefficients rather than individual parameters.

Limits driven by quadratic dimension-six contributions exhibit increased model
dependence, as they are only valid for BSM models where linear contributions from dimension-
eight operators are small relative to the quadratic dimension-six contributions — despite
both contributions being of the order A=*. To facilitate an a posteriori assessment of the
validity of limits for specific BSM models, a “clipping” scan is implemented following a
recommendation of the LHC EFT Working Group [133]. In this approach, the effect of
dimension-six operators is disregarded for a W W invariant mass exceeding a cut-off, My,
allowing the extraction of limits sensitive only to data below a defined energy scale, enabling
an estimation of unknown higher-order SMEFT contributions. Profiled 95% CL limits as
a function of the cut-off value are shown in figure 16.

The limits on the triple-gauge-boson coupling coefficient ¢y, considering also quadratic
contributions, represent an improvement on the previous ATLAS WW measurement [8],
which provided constraints on ¢y in the HISZ basis [134, 135] that translate into a 95%
confidence interval of [—0.24,0.24] for the Warsaw basis coefficient cy-. However, they are
weaker than those obtained in WZ [136] and W [137, 138] final states, which are the most
stringent constraints from diboson data. In the linear approximation, limits are much stronger
than in the previous W W measurement, owing to the inclusion of final states with jets, which
partially mitigate the helicity surpression of the interference [139]. Nonetheless, in the linear
case the sensitivity is still an order of magnitude weaker than in the ATLAS analysis of
electroweak Zjj production [140] and the CMS analysis of W+ production [137], for which
angular observables specifically sensitive to the interference can be constructed.
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Figure 16. Borders of the 95% confidence intervals as a function of an upper mass cut-off M,

applied to the SMEFT effects only, for (a) cw, (b) cuwp, (¢) cg)q, (d) cgé, (e) chu, and (f) cgq. The

six remaining Wilson coefficients are profiled in the fit. Not shown is ¢y p, which has no relevant
Mww dependence.

The individual constraints on the quark-coupling-modifying Wilson coefficients c%;, cg;,

cHu, and cpg are weaker than those obtained from global fits [141] that include electroweak
precision data [142]. However, these global constraints are highly correlated, and profiled
limits on these coefficients are considerably weaker and cannot effectively distinguish between
anomalous couplings to left-handed light quarks (as introduced by cgé and cg;) and right-
handed light quarks (as introduced by cp,, and cgq). When profiling over other coefficients,
this WW measurement particularly improves constraints on the Wilson coefficients that
modify right-handed quark couplings, as no sensitivity to these operators exists in WZ or W~
final states. However, the improvements are mainly driven by quadratic contributions in the
Wilson coefficients and thus carry larger model dependence than those from precision data.

While constraints on c%;, cg;,

CHu, and cyg from Higgs boson production in association with a
vector boson (V H) are typically stronger by a factor of two [143, 144], the WW measurement

offers complementary sensitivity, as V H is also affected by additional Wilson coefficients.

10 Conclusion

Differential and integrated fiducial cross-sections for the production of W-boson pairs decaying
into final states with one electron and one muon of opposite electric charge are measured using
a 140 fb~! dataset of \/s = 13 TeV pp collisions recorded by the ATLAS detector at the LHC.
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A jet-inclusive event selection allows comparisons of the measured cross-sections with
precise theoretical calculations. Improved data-driven estimates of the top-quark and
fake-lepton backgrounds reduce the uncertainty in the fiducial cross-section to 3.1%. The
measurement is extrapolated to the full phase space, resulting in a total WW cross-section
of 127 4+ 4 pb. Differential cross-sections are measured as a function of twelve observables.

The measurements are compared with several state-of-the-art theoretical predictions. A
fixed-order prediction at nNNLO in QCD using the NNPDF3.1NNLO LUXQED set of PDFs
is in excellent agreement with the measured total cross-section and gives a good description
of differential cross-sections. Its multiplicative combination with EW corrections improves
the description of some observables, although it does not provide an adequate description
in other cases because the combination cannot take into account non-factorizing EW-QCD
effects. Furthermore, parton-shower-matched predictions from POwWHEG MINNLO-+PYTHIA 8,
GENEVA+PYTHIA 8, and SHERPA 2.2.12 are able to correctly describe observables sensitive
to jet emission. Given the experimental and theoretical uncertainties, excellent agreement
between the measurements and predictions is observed.

The rapidity-dependent charge asymmetry in WW production, Ag, is measured
differentially in the dilepton invariant mass m,, and in the absolute difference of the leptons’
absolute rapidities. A significant asymmetry is observed as a function of m.,, in accordance
with the SM expectation. Furthermore, an asymmetry Acp in a CP-odd observable is found
to be compatible with no CP violation.

Limits on Wilson coefficients that modify triple-gauge-boson couplings and the coupling
of quarks to bosons are set in the SMEFT framework. When considering the effects of
dimension-six operators at order A™%, the limits on ¢y, cHy, and cpg are competitive with
those derived from electroweak precision data, as well as those from weak-boson pair and
Z H measurements at the LHC, although they do not provide the strongest constraints on
any of these coefficients.
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