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1 Introduction

The study of massive vector boson scattering (VBS), VV — VV (V = W, Z), at the Large Hadron Collider
(LHC) probes the mechanism of electroweak (EW) symmetry breaking (EWSB) in the Standard Model
(SM), and provides unique sensitivity for new physics phenomena that affect the gauge sector [1-3]. In the
SM, couplings to the Higgs boson prevent the divergence of longitudinally polarised VBS amplitudes at
high energies and unitarity violation at the TeV scale [4-7].

In proton—proton (pp) collisions, VBS at leading order (LO) involves two initial quarks, each of which
radiates a vector boson. The two bosons subsequently interact and then decay. The two outgoing quarks
fragment usually close to the beam direction. The final state consists of two vector bosons and two jets (),
VVjj, and can also be produced from non-VBS processes.

The production of VV jj at LO has contributions both from modes that involve only the EW-interaction
vertices (EW V'V j) and from modes that involve the strong interaction (quantum chromodynamics, QCD)



vertices (QCD VVjj). Representative LO Feynman diagrams for EW VVjj are shown in Figures 1 and 2.
The leading QCD V'V jj diagrams are shown in Figure 3, where the two diagrams with gluons in the initial
state are forbidden when there are two W bosons with the same electric charge produced, W*W=*jj. The
EW production is further categorised into two components. The first component is EW VBS production
(see Figure 1), which involves the actual scattering of the two vector bosons. The scattering occurs via triple
or quartic gauge vertices, the s- or t-channel exchange of a Higgs boson or a W/Z/y boson. The diagrams
with bosons in the s-channel, shown in Figures 1(a) and 1(d), are forbidden in the SM for W*W=j j final
states. The diagram in Figure 1(d) is possible in extensions of the SM with a doubly charged Higgs boson.
The second component is EW non-VBS production (see Figure 2) with EW vertices only, where the two
bosons do not interact. The EW non-VBS component cannot be separated from the EW VBS component
in a gauge-invariant way and is therefore considered as a contribution to the signal. Triboson production
where one boson decays hadronically also results in the V'V jj final state. These processes only contain EW
interactions and are separable in a gauge-invariant manner [8]. The resonant decay of a boson into two
quarks can be suppressed by applying a requirement on the invariant dijet mass mj; arising from the two
quarks. As a consequence, triboson processes are suppressed in the EW VBS phase-space region.

The W=W=j final state has the largest ratio of electroweak to strong production cross sections among
final states sensitive to VBS diboson processes [3]; this is because quark—gluon and gluon—gluon initiated
diagrams are absent at LO accuracy in perturbative QCD and contributions from quark and (anti-)quark
annihilation diagrams are suppressed. This production ratio is of order five in the fiducial phase-space
region of the analysis. The s-channel VBS diagrams with trilinear interactions are absent in the WEW= j
final state. In addition, electroweak diagrams not involving self interactions are suppressed [9], which
enhances the sensitivity of this final state to gauge-boson self couplings.
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Figure 1: Representative Feynman diagrams for EW V'V j j production with a scattering topology that includes either
a triple-gauge-boson vertex with an internal electroweak gauge boson in the (a) s-channel or the (b) 7-channel, (c) a
quartic gauge boson vertex, or the exchange of a Higgs boson in the (d) s-channel or the (e) #-channel. The lines are
labelled by quarks (g), vector bosons (V = W/Z/v), the Higgs boson (H) and fermions (f). The s-channel diagrams,
(a) and (d), are forbidden in the SM for W=W* j final states. The diagram (d) is possible in extensions of the SM
with a doubly charged Higgs boson. In these and following Feynman diagrams, not all boson combinations are
allowed by the Standard Model.
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Figure 2: Representative Feynman diagrams for EW V'V j j production without vector-boson scattering. The lines are
labelled by quarks (g), vector bosons (V = W/Z/v), and fermions (f).
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Figure 3: Representative Feynman diagrams for QCD V'V jj production with strong interaction vertices. The lines
are labelled by quarks (g), vector bosons (V = W/Z/y), fermions (f), and gluons (g). The two diagrams on the right
with gluons in the initial state are forbidden for W*W#*j j production.

W=W=]j scattering where both W bosons decay leptonically (into ev or uv, collectively denoted by £v) is
a sensitive process for studying VBS, since the electric charges of W bosons can be determined directly
from leptons. The final state consists of two leptons with the same electric charge, two neutrinos, and two
jets with a large rapidity separation. The requirement of the presence of two leptons with the same electric
charge significantly reduces SM backgrounds coming from top—anti-top quark pair production (¢7) and Z +
jets events.

The first studies of the EW W*W=;j production were performed by the ATLAS and CMS experiments
using Run 1 LHC pp dataset with the centre-of-mass energy of 4/s = 8 TeV [10-12]. They were followed
by an observation of this process by both experiments using partial LHC Run 2 data at /s = 13 TeV [13,
14]. More recently, the CMS Collaboration published an updated measurement using full Run 2 data,
corresponding to an integrated luminosity of 137 fb~! [15].

This paper presents fiducial and differential EW and inclusive W*W=*j j production cross section meas-
urements at \/s = 13 TeV using 139 fb~! of data recorded by the ATLAS detector at the LHC. There are
several changes with respect to the previous result [14]. The current measurement uses improved baseline
signal modelling, implements a tighter veto on additional leptons, includes a charge selector tool based on
boosted decision trees for rejecting electron candidates where the charge is likely misidentified, employs a
data-driven extraction of the m;; shape of the WZ background, and incorporates updates to the estimation
of non-prompt lepton background.

The distribution of reconstructed dilepton invariant mass mg, for WEW=*;j event candidates is used in
an Effective Field Theory (EFT) interpretation to constrain dimension-8 (D-8) operators [16], to extract
one-dimensional limits on these operators and to simultaneously constrain two operators (two-dimensional
limits). Using the distribution of the transverse mass of the dilepton system and the missing transverse
momentum (mrt), a search for doubly charged Higgs bosons produced in vector-boson fusion (VBF)
processes and decaying into a pair of same-sign W bosons is performed in the context of the Georgi—
Machacek (GM) model [17], and 95% Confidence Level (CL) limits are extracted on the model parameter



describing contributions of the isotriplet scalar fields to the masses of the W and Z bosons, and on the
corresponding cross section times branching ratio.

The data corresponding to many plots presented in this paper and a Rivet [18] routine are available on
HEPData [19].

2 Experimental setup

The ATLAS detector [20] at the LHC covers nearly the entire solid angle around the collision point.1 It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadron calorimeters, and a muon spectrometer that incorporates three large superconducting air-core
toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the region || < 2.5. The high-granularity silicon pixel detector covers the vertex region
and typically provides four measurements (hits) per track, the first hit normally being in the insertable
B-layer (IBL) installed before Run 2 [21, 22]. It is followed by the silicon microstrip tracker (SCT), 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 || = 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 || < 4.9. Within the region || < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler covering || < 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 |77| < 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 electromagnetic and hadronic energy measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers to measure
the deflection of muons in the 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, each consisting of layers of monitored drift tubes, cover the region |n| < 2.7,
complemented by cathode-strip chambers in the forward region, where the background is highest. The
muon trigger system covers the range || < 2.4 with resistive-plate chambers in the barrel, and thin-gap
chambers in the endcap regions.

Interesting events are selected by the first-level trigger system implemented in custom hardware, followed
by selections made by algorithms implemented in software in the high-level trigger [23]. The first-level
trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz, which the high-level
trigger further reduces in order to record events to disk at about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as n = —Intan(6/2). Angular distance is measured in units of

AR = (An)? + (Ag)2.



An extensive software suite [24] 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 simulation

The results presented in this paper are based on data from pp collisions at a centre-of-mass energy of
\/s = 13 TeV. The data were collected between 2015 and 2018 (LHC Run-2) with the ATLAS detector
and correspond to an integrated luminosity of 139 fb~!, with an uncertainty of 1.7% [25], obtained using
the LUCID-2 detector [26] for the primary luminosity measurements. The number of pp interactions per
bunch crossing ranged between around 8 and 70, with the mean value of 33.7.

A set of single—electron2 [27] and single-muon triggers [28] were used, with transverse momentum (pr)
thresholds in the range 20-26 GeV depending on the lepton flavour and data-taking period. All detector
subsystems were required to be operational during data taking and to satisfy data quality requirements [29].

Signal kinematic distributions were modelled using Monte Carlo (MC) simulation, while background
processes were modelled using a mixture of MC and data-driven techniques. All samples were produced
using the ATLAS simulation infrastructure [30] and GeanTt4 [31]. The effect of additional pp interactions
per bunch crossing (pile-up) is accounted for by overlaying the hard-scattering process with minimum-bias
events generated with PyTHia 8.186 [32] using the NNPDF2.3L0 set of parton distribution functions
(PDF) [33] and the A3 set of tuned parameters [34]. Different pile-up conditions between data and
simulation are taken into account by reweighting the mean number of interactions per bunch crossing in
simulation to the number observed in data. The samples generated with MADGraPH5_aAMC@NLO or
PowHeG Box described below used the EvTGeN 1.2.0 or 1.6.0 program [35] for the properties of b- and
c-hadron decays.

A detailed description of the MC samples is given below. A summary of the generators used for modelling
signal and background SM processes in the signal region is given in Table 1.

Table 1: Summary of the MC samples used to simulate signal (upper part of the table) and background (lower part of
the table) processes in the signal region. The notation V is used to represent either W or Z /™.

Process, short description ME Generator + parton shower Order Tune PDF set in ME
EW, Int, QCD W*W# j, nominal signal MapGraru5_aMC@NLO2.6.7 + HErwiG7.2 LO Herwic  NNPDF3.0nLO
EW, Int, QCD W*W#j j, alternative shower MADGRrAPHS_AMC@NLO2.6.7 + PyTHIA8.244 LO Al4 NNPDF3.0nLO
SR SHERPA2.2.11 & SHERPA2.22(WWW) & +0,1j@LO SHERPA
EW WEW?/j, NLO pQCD approx. PowHEG Box2+PyTH1A8.235 (WH) NLO Al4 NNPDF3.Onxto
EW W*W* j, NLO pQCD approx. PowHEG BoxVv2 + PyTHI1A8.230 NLO (VBS approx.) AZNLO  NNPDF3.0nLo
QCD W=W=j j, NLO pQCD approx. SHERPA2.2.2 +0,1j@LO Suerpa  NNPDF3.0NNLO
QCD VVjj SHERPA2.2.2 +0,1j@NLO; +2,3j@LO  Suerpa  NNPDF3.0NNLO
EW W*Z/y*jj MapGrapPHS_AMC@NLO2.6.2+PyTHIA8.235 LO Al4 NNPDF3.0nLO
EW Z/y*Z]y*jj SHERPA2.2.2 LO Suerra  NNPDF3.0NNLO
QCD Vyjj SuerPa2.2.11 +0,1j@NLO; +2,3j@LO Al4 NNPDF3.0nNLO
EW Vyjj MaDGrAPHS_AMC@NLO2.6.5+PyTHIA8.240 LO Al4 NNPDF3.0nNLO
vvv SHERPA2.2.1 (leptonic) & SHERPA2.2.2 (one V — jj) +0,1j@LO SuerrA  NNPDF3.0NNLO
v MaDGraPHS_AMC@NLO2.3.3.p0 + PyTHIAS8.210 NLO Al4 NNPDF3.0nLO
tZq MapGrapHS_AMC@NLO2.3.3.pl + PyTHIA8.212 LO Al4 NNPDF2.3L0
W*W*;j EFT MapGrapu5_aMC@NLO 2.6.5 + PyTHia8.235 LO Al4 NNPDF3.0nLO
;i MAaDGrAPHS5_AMC@NLO 2.9.5 + PyTHI1A8.245 LO Al4 NNPDF3.0nLO

2 Throughout this paper, the term “electron” indicates both electrons and positrons.



3.1 W=*W#jj samples

The W*W=j j processes, pp — (*v{*vjj, are simulated at LO accuracy in perturbative QCD (pQCD)
with MADGRAPHS_AMC@NLO2.6.7 [36] separately for the QCD (O(a*a?)), interference (Int, O(a’as))
and EW (O(a®)) production modes, where a and ay are the electroweak and strong coupling constants,
respectively. For the modelling of the parton shower, hadronisation and underlying event, HErwic7.2.1 [37,
38] (nominal sample) or PytH1A8.244 [39] (alternative sample) are used. In the following, these
samples are referred to as “MG5_aMC+HerwiG7” and “MGS5_aMC+PyTHIA8”. The PDF set used was
NNPDF3.0nLo [40] implemented at next-to-leading-order (NLO) in pQCD and with a strong coupling
constant as(Mz) = 0.118. For the nominal MG5_aMC+HEerwiG7 sample, the dipole parton shower
mode [41] was used instead of the default angular-ordered mode. The alternative MG5_aAMC+PyTHIAS
sample is produced using the dipole recoil scheme [42], since the default pr-ordered shower used in
PyTtH1AS8 for initial state radiation (ISR) emission, where the recoil of an ISR emission is taken by the
whole final state, produces VBS samples with too much radiation in the central region of rapidity [8]. The
dipole recoil scheme mitigates this behaviour by having only one final-state parton take the recoil of an
emission. A dedicated study of the effect of these settings can be found in Ref. [43]. The renormalisation
and factorisation scales are chosen to be ur = pp = / pi Pz, where pil and p are the transverse momenta
of the jets with the highest (leading) and second highest (subleading) transverse momentum, respectively.

A combination of MC samples is used to assess partial NLO pQCD corrections to the EW W*W=*;
production. This combination is based on a SHERPA2.2.11 EW W*W= j sample, which excludes triboson
contributions, and is simulated with up to one additional parton at LO. The non-overlapping triboson WWW
and WH (H — W*W") final states (in the decay mode ¢*v{*vj j) are modelled with SHErRPA2.2.2 at NLO
with up to two additional partons at LO, and PowHEG Boxv2 + PyTH1A8.235 samples [44], respectively.
This combination is referred to as “SHERPA EW” in the following. Partial NLO pQCD corrections to the
QCD W*W=j process are checked using a separate SHERPA2.2.2 sample, referred to as “Suerpa QCD”,
which also models W=W= j final states with up to one extra parton at LO. The ugr and ug of both SHERPA
models are set equal to the invariant mass of W boson pair. These and the following background SHERPA
samples use dedicated parton shower tuning developed by the SHERPA authors [45].

An additional alternative EW W=W=*;; sample, simulated with the PowHeG Boxv2 event generator
interfaced to the PyTH1A8.230 parton shower model without deploying the dipole recoil scheme, was used
for comparisons. This PowHEG +PyTHiA EW W*W=*j sample was generated at NLO in pQCD in the
VBS approximation [46], using the NNPDF3.0nLo PDF set in the matrix element. The ur and up are
fixed to the W boson mass. The AZNLO set of tuned parameters [47] is used, with the CTEQ6L1 [48]
PDF set, for the modelling of non-perturbative effects. The PHoTos++ 3.61 program [49, 50] is used to
simulate quantum electrodynamic emissions, including lepton pair emissions.

3.2 Background samples

Diboson QCD VVjj processes Z/y*({C*)Z |y*(€¢*€¥) and W (£*v)Z [y* (€*€7) are simulated with the
SHERPA2.2.2 event generator [51] using matrix elements that contain all diagrams with four EW vertices.
These processes are calculated for up to one additional parton at NLO and up to three additional partons at
LO using Comrx [52] and OpexLoops [53], and merged with the SHERPA parton shower based on Catani—
Seymour dipole factorisation [54] according to the MEPS @NLO prescription [55-58]. The NNPDF3.0nNLO
PDF set is used. The EW production of W*Z/y*j j is simulated using MADGrRaPHS_AMC@NLO2.6.2 [36]



at LO in pQCD, using the NNPDF3.0nLo PDF set, and interfaced to PytH148.235 for modelling the parton
shower in the dipole recoil scheme. The EW production of Z/y*Z/y*jj is modelled using SHERPA2.2.2 at
LO.

Samples for Vy (V = W, Z/y*) processes are produced using SHERPA2.2.11. All off-shell contributions are
taken into account. The NLO matrix elements with up to one additional parton and LO matrix elements with
up to three partons are merged with the parton shower using an MEPS @NLO merging scale of O = 20 GeV.
The NNPDF3.0nnLo PDF set is used. The photon is required to have pr > 7 GeV and be isolated from
leptons [59]. The EW production of Vy is modelled using MADGRAPHS_AMC@NLO2.6.5+PyTHIA8.240
at LO in pQCD.

Triboson processes VVV (V = W, Z), which lead to two-jets plus four-lepton (charged or neutrinos) final
states, and do not contain W boson pairs with the same charge, are considered background and are simulated
at LO with up to one extra parton in SHERPA2.2.2 using the NNPDF3.0nnLo PDF set.

The 17V (V = W, Z) samples are generated at NLO in pQCD using MapGraruS_aMC@NLO2.3.3.p0 [36]
and showered by PyTH1a8.210, with the cross section normalised to the prediction including NLO EW
and NLO QCD corrections [60]. The NNPDF3.0nLo PDF is used in the matrix element. The tZq
contributions were modelled at LO accuracy in pQCD using MADGrRAPHS_AMC@NLO2.3.3.p1 interfaced
to PyTH1A8.212 for parton showering.

Several MC samples are used to subtract prompt lepton contributions in the region used to derive scale
factors for the data-driven non-prompt lepton background estimate described in Section 5.2. Events
containing a W or Z boson with associated jets are simulated using MADGrRaPH5_AMC@NLO2.3.2.p1 [36]
at LO, interfaced to the PyTH1a8.210 [39] parton shower model. The W/Z samples are normalised using
next-to-next-to-leading-order (NNLO) cross sections [61, 62].

The PowHEiG Boxv2 [44] program is used with the NNPDF3.0nLo PDF set to generate ¢7 and single
top-quark events in both the W¢- and s-channels. The parton shower, hadronisation, and the underlying
event are simulated using PyTH1A8.230 with the NNPDF2.31L0 PDF set [48] and the corresponding A14 [63]
set of tuned parameters. The top quark mass is set to 172.5 GeV. Single-top events in the #-channel are
generated with PowHEG Boxv2 using the 4-flavour scheme for the NLO matrix element calculations together
with the fixed four-flavour PDF set NNPDF3.0nLo4F. PyTHIA8 with the A14 set of tuned parameters is
used for the parton shower. For all top processes, top-quark spin correlations are preserved (for ¢-channel,
top quarks are decayed using MadSpin [64]). The cross sections of these processes involving top quarks
are normalised to the NLO (NNLO for ¢7) pQCD predictions including next-to-next-to-leading logarithmic
soft gluon terms [65-72].

Contributions from prompt photon + jet production, where the converted photon is misreconstructed as an
electron, are subtracted with other prompt electron contributions, and are simulated using SHERPA2.2.2
with up to two additional jets at NLO and with up to four jets at LO in pQCD, using the NNPDF3.0nNLO
PDF set.

3.3 W*W#jj EFT samples

For the EFT interpretation presented in Section 8, individual samples that vary only one term at a time
(SM, interference, quadratic or cross, see [73] for details) are generated. This amplitude decomposition
technique is used to avoid generating multiple samples with different Wilson coeflicient values or relying
on an event-by-event matrix element reweighting. The W*W=;j EFT samples are simulated using



MapGrarHS_aMC@NLO 2.6.5 [36] at LO interfaced to PyTH1a8.235 [32] for the modelling of the parton
shower (using the dipole recoil scheme), hadronisation and underlying event. The PDF set used was
NNPDF3.0nLo [40], with a strong coupling constant as(Mz) = 0.118. Contrary to the samples described
in Section 3.1, where a custom scale was used as described, the samples that include the effect of EFT
operators use half of the sum of the transverse masses of all objects in the event [74].

3.4 HZ* samples
The signal samples used to set limits on doubly-charged Higgs boson production (see Section 9) are
simulated with MADGRAPHS_AMC®@NLO 2.9.5 [36] at LO interfaced to PyTHia8.245 [32] for the
modelling of the parton shower in the dipole recoil scheme, hadronisation and underlying event. The PDF
set used was NNPDF3.0nLo [40], implemented at NLO in pQCD and with a strong coupling constant
as(Mz) = 0.118. The signal simulation is produced for 23 mass points from 200 GeV to 3 TeV using the
H5plane benchmark [75] assuming a narrow-width signal with the width-to-mass ratio of HS states below
5%. The sin 6y values are set to 0.5 for masses up to 800 GeV and 0.25 for higher-mass samples to be
compatible with present constraints.

4 Event reconstruction and selection

The signature of W*W= j events is the presence of two high-energy forward jets (tagging jets) in opposite
hemispheres and the presence of a same-sign charged-lepton pair (e or ) and missing transverse momentum
(E%‘iss). Due to the emission of a vector boson from each initial quark line, the final-state quarks tend to be
at high absolute values of rapidity, and have rather large momenta. The two jets therefore have a large
absolute rapidity difference, Ayj; = | yijt = yjzf, and a large invariant mass m;;. In addition, the leptons from
the decays of the two W bosons tend to lie between the tagging jets in rapidity.

Lepton candidates are first preselected using baseline criteria. Electron candidates are reconstructed [76]
from electromagnetic calorimeter energy clusters and matched to a track reconstructed in the ID. Baseline
electrons are required to have || < 2.47 and transverse momentum pt > 4.5 GeV. They must be outside
the barrel/endcap transition region (1.37 < || < 1.52) of the calorimeter. Muons are reconstructed [77]
from tracks in the MS, matched to a corresponding track in the ID where possible. Baseline muons are
required to have pt > 3 GeV and |5| < 2.7. Electron and muon tracks are required to originate from the
primary vertex.® The transverse impact parameter significance® is required to be less than 5 for electrons
and 15 for muons. The longitudinal impact pararne‘[er5 must be less than 0.5 (1.5) mm for electrons (muons).
Baseline electrons and muons are required to satisfy respective loose identification criteria [76, 77].

Jets are reconstructed using the anti-k, algorithm [78], with a radius parameter of R = 0.4, using particle-
flow objects [79] as input. The jets are required to have pt > 25 GeV and || < 4.5. Contamination from
jets originating in pile-up collisions is reduced by using the jet-vertex-tagger algorithm [80]. Jets with

3 The primary vertex is identified as the vertex in the event with the highest scalar sum of the squared transverse momenta of its
associated tracks.

4 The transverse impact parameter significance is defined as |dg|/o (dgp), where d is the distance of closest approach of e or u to
the primary vertex in the transverse plane and o (dy) is its uncertainty.

5 The longitudinal impact parameter is equal to |zq - sin 6], where zg is the difference between the value of the z coordinate of the
point on the track at which dy is defined and the longitudinal position of the primary vertex.



pr > 20 GeV and |5| < 2.5 that contain a b-hadron are identified using the 85% efficiency working point
of the DL1r heavy-flavour tagger [81].

To avoid the double counting of physics objects, an overlap removal procedure is applied to baseline leptons
and jets. First, non-b-jets are removed if they overlap with an electron or muon within AR < 0.2 and have
less than three associated tracks with pt > 500 MeV. At the next step, electrons or muons that overlap
with jets, including b-jets, within AR < 0.4 are removed. Finally, electrons that share an ID track with a
muon are removed.

Two further categories of leptons are defined, which are mutually exclusive subsets of baseline leptons:
signal leptons for the signal extraction and background leptons for the estimate of the non-prompt lepton
background.

Signal electrons must satisfy the Tight likelihood-based identification criteria [82], and signal muons
the Medium identification criteria [77]. Electrons (muons) are required to satisfy the Gradient [76]
(PflowTight [77]) isolation criteria. The longitudinal impact parameter of muons is required to be less
than 0.5 mm, while the transverse impact parameter significance must be less than 3. A charge selector
tool based on boosted decision trees uses shower shape and track-to-cluster matching variables [76] to
reject electron candidates where the charge is likely misidentified. The efficiency of the charge selector
tool for selecting signal electrons with correctly identified charge is reaching 99.4% (95%), in the same
time achieving a rejection of 83% (92%) of electrons with wrongly identified charge in the barrel (endcap)
region.

Background lepton candidates are used to estimate the non-prompt lepton background. Background
electrons are required to satisfy the Medium likelihood identification [82], while an isolation requirement
is dropped. The isolation requirement for background muons is changed to PflowLoose [77] and the
transverse impact parameter significance is required to be less than 10. All background leptons are required
to fail the signal lepton selection to ensure that the samples of signal and background leptons are statistically
independent.

Two signal leptons with the same charge are required in each event. Each lepton must have transverse
momentum pt > 27 GeV. Muon pseudorapidity is restricted to the range || < 2.5, where a matching to
the ID track is possible. One of the leptons must be matched to the lepton that fired a single lepton trigger
mentioned in Section 3. The dilepton invariant mass m, is required to be above 20 GeV.

Due to a non-negligible charge misidentification rate for electrons (see Section 5.3), Z/y* — ee events can
pass the same-sign selection. To reduce the Drell-Yan background, the pseudorapidities 7 of each electron
must satisfy || < 1.37. This requirement restricts electrons to the detector region with a lower material
budget, where the production of secondary particles (photons and electron-positron pairs) is less probable
and allows a more accurate charge identification. In addition, events with two signal electrons must survive
a Z veto, |mee —mz| > 15 GeV, where my is the mass of the Z boson and m,, is the dielectron invariant
mass.

To suppress background from processes with more than two leptons in the final state (e.g., WZ and ZZ
background), a third lepton veto is applied in the following way: events in which a third baseline lepton
survives the overlap removal are rejected. If a third baseline lepton does not survive the overlap removal,
but the dilepton invariant mass of a same-flavour opposite-charge signal lepton and the third lepton is
compatible with the Z boson mass, |m¢ —mz| < 15 GeV, the event is also rejected.
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Due to the presence of two neutrinos in the final state, signal events usually have a large ErTniSS. The latter is
reconstructed from the pt imbalance of baseline objects that survive the overlap removal and the soft track
term [83], and must satisfy EJ™* > 30 GeV.

At least two jets are required to be present in each event, with transverse momentum pt that exceeds
65 GeV for the leading jet and 35 GeV for the subleading jet. The two jets with the highest pr in the event
are selected as tagging jets, i.e. they are used to calculate mj; and |Ay;;| used in the further selection. To
suppress background contributions from top processes, events are vetoed if any jet with pt > 20 GeV and
7| < 2.5 is identified as a b-jet.

The VBS signature of two jets with high invariant mass and large angular separation is used to further
purify the events and in particular to separate the signal from QCD-induced processes that lead to the same
final state. The dijet invariant mass and the difference in jet rapidities must satisfy mj; > 500 GeV and
|Ayjj| > 2, respectively. The expected purity of the EW (QCD, Int) W*W*j j process in the signal region
(SR) is 52% (5.4%, 1.7%).

Table 2: Summary of the event selection for the signal and control regions.

Requirement SR Low-mj; CR WZ CR
Leading and subleading lepton pt > 27 GeV
Electron |n| < 2.47 (1.37 in ee), excluding 1.37 < |p| < 1.52
Muon |n| <25
Leading (subleading) jet pr > 65 (35) GeV
Additional jet pt > 25 GeV
Jet |n| <45
mee > 20 GeV
ET™S > 30 GeV
Charge misid. Z — ee veto |Mee —mz| > 15 GeV -
b-jet veto Npojer = 0, p27% > 20 GeV, [P < 2.5
Nvetoleptons =0 =0 =1 , PT > 15 GeV
Meee - - > 106 GeV
mj > 500GeV 200 < mjj < 500 GeV > 200 GeV
|ijj| >2

In addition to the SR, the measurement makes use of two control regions (CR), referred to in the following
as the “WZ CR” and “low-mj; CR”. The WZ CR follows closely the SR selection with the exception that
the third-lepton veto requirement is dropped, and exactly one more signal lepton with pt > 15 GeV is
required. In addition, the m;; condition is loosened to mj; > 200 GeV and the trilepton invariant mass is
required to satisfy meee > 106 GeV to suppress contamination from radiative Z boson decays. The WZ
CR is used to improve the modelling of the dominant background coming from QCD-induced W*Z; j
events.

The low-mj; CR and the SR use the same selection criteria except on the dijet invariant mass, where the CR
selection requires 200 < mj; < 500 GeV. As a result, this CR has a similar background composition to the
SR but the contribution from signal events is reduced to 11%. The low-m;; CR is used in the signal extraction
fit to control the uncertainties of major background contributions, described in Sections 5.1-5.3.

11



The SR and CR event selections are summarised in Table 2.

5 Background estimation

The dominant background, which comes from WZ/y*jj, is estimated using MC and includes a data-driven
correction to the shape of the mj; distribution and an adjustment to the normalisation based on a dedicated
CR. The non-prompt lepton and electron charge misidentification backgrounds are estimated using
data-driven methods. The remaining background sources are modelled using MC simulations. The
contributions from the hard double parton scattering process, where two W bosons are produced in two
separate partonic interactions from the same pp collision, was checked using MC and found to be negligible.
The fraction of signal events where at least one of the two signal jets originates from pile-up pp interactions
was estimated using MC simulations to be about 0.5%.

5.1 WZ/y* background

The WZ /v* production, dubbed WZ in the following, where both the W and Z/y* bosons decay leptonically,
comprises the dominant background in this measurement and contributes 22% of the overall expected event
yield in the SR. It contributes when one lepton escapes the third lepton veto requirement, typically because
it was outside of the geometrical acceptance of the detector.

The W*Zjj final states are modelled using MC simulations and are dominated by the QCD-induced
production mode. The cross section extraction of the W*W= j signal relies on the proper modelling
of mj; templates, and to avoid a bias in the signal extraction induced by a possible m;; mismodelling in
background, the shape of this variable given by the QCD W*Zjj model is reweighted to data [84] in a
dedicated region. First, the selection of the WZ CR described in Section 4 is applied. In addition, to reduce
the contamination from EW W*Z j events, a requirement on the WZ system centrality, £z > 0.4, is
imposed, which suppresses events where the WZ system is located between the two tagging jets in rapidity
— a characteristic topology for EW production mode. The centrality is defined as £wz = W ,
where ywz = (ye(w) + Yee(z))/2 is the average of the rapidity y,(w) of the charged lepton coming from
the W and the rapidity y,¢(z) of the dilepton coming from the Z boson, and yj; (yj2) is the rapidity of
the leading (subleading) jet. This requirement reduces the contribution of EW W*Z; j events to the total
W=*Zjj yield from 13% to 5%. The m;; reweighting, which was derived in this special data region, is
applied to the W*Zjj model in the SR and all CRs and is constructed to preserve the MC normalisation of
the QCD W*Z j background for mj; > 200 GeV. To test the impact of the selection on the reweighting
function, the function was also derived in the WZ CR without applying the WZ centrality selection, and
the result was found to be consistent with the nominal reweighting function within the uncertainty. The
weight values range from 1.2 at mj; = 200 GeV to approximately 0.3 at mj; = 3 TeV. The uncertainty
in the reweighting function, dominated by the limited data in the derivation region, is m;; dependent,
ranging between 10% at m;; = 200 GeV and 70% at mj; = 3 TeV. Additional sources of uncertainty in the
reweighting function include renormalisation and factorisation scale variations, as well as PDF and «;
variations, are negligible compared with the statistical component.
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5.2 Non-prompt lepton background

Leptons from hadron decays and jets misidentified as leptons are referred to as non-prompt leptons. They
constitute the second-largest background source, corresponding to 12% of the expected event yield in the
signal region, and arise mainly from W+jets and semileptonic ¢ processes. This background is estimated
using a data-driven method involving the computation of scale factors defined as the ratio of the probability
for a non-prompt lepton to pass the signal lepton requirements to the probability for it to pass the background
lepton selection, as defined in Section 4. This method is similar to the one used in Ref. [14].

The scale factors are derived from a data sample containing events with a single non-prompt lepton
candidate balanced by a jet. Jets with transverse momenta pt > 25 (30) GeV in the pseudorapidity range
In| < 2.5 (2.5 < |n| < 4.5) are selected if the jet and lepton candidates are opposite in azimuthal angle
and satisfy |A¢(¢, j)| > 2.8. The prompt lepton contributions are reduced by adding a requirement on
the sum of E%‘i“ and the transverse mass mt (see definition in Section 7.2) of the lepton + ETmiSS system,
ET" 4+ mt < 50 GeV. Residual prompt lepton and prompt photon conversion contributions are modelled
using MC. The scale factors are computed in bins of lepton pt and, for electrons, in two bins of 7
corresponding to the barrel and endcap LAr calorimeters. The events in this sample are triggered by
single-electron or single-muon triggers with low-pt thresholds of 12 and 14 GeV, respectively, which
require loosely identified leptons without any isolation requirement.

The uncertainty in the scale factors ranges from 10% to 40%. The dominant contributions to the uncertainty
come from varying the prompt lepton contributions by +5% and from the variation of the b-tagged jet
selection (b-veto versus at least one b-jet), which is done to vary the amount of non-prompt leptons
from light-flavour hadrons versus heavy-flavour hadrons. Additional uncertainties in the scale factors
are estimated by varying the E‘TniSS + mt requirement, and by varying the level of prompt electron and
muon contributions, related to a potential mismodelling of the identification and isolation efficiencies
for background leptons (see Section 4) that satisfy corresponding looser requirements but fail tighter
requirements. Statistical uncertainties arising from the limited number of data and MC events in the region
used to derive the scale factors are also included.

The estimate of the non-prompt background in the signal region is obtained by applying these scale factors
to data events in the kinematic region defined by the SR selection, with the exception that instead of having
two signal leptons, events are required to have one signal and one background lepton. In this region,
contributions from processes with two prompt leptons or one prompt lepton plus a prompt photon, where
the latter converts and is misreconstructed as an electron, are subtracted using MC. If a signal lepton plus
background lepton event is triggered by the background lepton, a dedicated set of scale factors is applied,
derived with the analysis triggers mentioned in Section 3 instead of low-pr triggers. This helps to avoid a
bias due to having the lepton identification and isolation requirements of the analysis triggers be tighter than
the selection of background leptons. Systematic uncertainties in these dedicated scale factors are obtained,
considering the same sources used for the scale factors obtained using low-p single-lepton triggers.

5.3 Electron charge misidentification and photon conversion background

Background from Z and dileptonic 7 events involving electrons, where the charge of an electron is
misidentified in the detector, is estimated by weighting opposite-charge dilepton data events with charge
misidentification probabilities obtained from MC. After applying the electron charge-selector tool [76]
described in Section 4, the residual contribution of the overall dilepton background in the signal region
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Table 3: Expected signal and background yields in the SR. The yields are shown for different dilepton final states
where the first lepton has the highest pt. The “Other prompt” category combines ZZ, VVV, tfV, and tZ g background
processes. The sum of all contributions may differ from the total value due to rounding. The uncertainty includes
both the statistical and systematic components.

Process ee eu ue uu Combined
WEW*j;EW 27,6 = 09 682 =+16 613 =15 778 +1.7 235 +5
W=W=*j;QCD 1.6 + 0.5 73 +22 64 =19 88 =25 24 +7
WE=W=*jj Int 0.93+ 0.20 22 0.5 20 =04 25 %05 7.6 1.6
W*Zjj QCD 84 + 1.0 268 +30 267 3.0 209 +22 83 +9
W*Zjj EW 1.71+ 0.14 49 +04 41 =+04 42 +04 149 =x1.2
Non-prompt 89 = 26 15 +4 102 +£32 21 +7 56 +12
Vy 1.3 £ 0.8 51 %22 46 +£26 — 11 +5
Charge misid. 38 + 2.0 50 +13 1.2 04 — 10 +4
Other prompt 1.02+ 0.29 25 0.6 1.8 +0.5 1.7 +22 7.1 +28

4 137 +7 118 +6 137 +8 448 +20
149 127 147 475

Total expected 55

H

Data

W
[\

is 2.3%, and is 1.4% for events with one signal electron and one signal muon. The uncertainty in this
background contribution reaches 40% and is dominated by the uncertainties in the scale factors that
calibrate the charge-selector tool, which were obtained using Z — e*e™ events [76].

The background contribution from ¢y jj events, where the prompt photon y is misreconstructed as an
electron, is simulated using Vy MC (see Table 1). An overall normalisation uncertainty of 40% is assigned
to this background, motivated by the scale factor uncertainties of the electron charge-selector tool. The
expected contribution of this process to the SR event yield is 2.4%.

5.4 Other background

The rest of the prompt-lepton background arises from ZZ, triboson VVV (excluding triboson final states
involving two same-sign W bosons), t7V, and tZq processes, which together correspond to 1.6% of the
expected total SR yield, and are modelled using MC (see Table 1). A normalisation uncertainty of 20% [85]
(30% [85, 86]) is applied on the cross section of the ZZ (VVV and top quark processes) production.

The expected signal and background yields in the SR are given in Table 3.

6 Systematic uncertainties

Systematic uncertainties affecting the measurement arise from experimental sources and signal and
background modelling uncertainties.

Experimental uncertainties. Experimental sources include uncertainty in the calibration of the objects and
algorithms used in the measurement. In particular, uncertainties in the lepton reconstruction, identification,
and isolation efficiencies [76, 77] and in the lepton trigger efficiency [27, 28] are taken into account.
Uncertainties in the calibration of jet energy scale and resolution [79], the jet vertex tagger [80], and in the
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calibration of the b-tagger [81] used for applying a b-jet veto are included. The uncertainties in the E%‘iss
calibration [83] and MC pile-up reweighting are considered as well. A luminosity uncertainty of 1.7% [25]
is assigned to all MC based predictions.

One of the dominant systematic uncertainty sources in this measurement is related to the non-prompt
background estimate. The uncertainty estimates are obtained by varying pt-dependent (and 7-dependent
for electrons) scale factors associated with the data-driven method used. More details about the types of
systematic variations can be found in Section 5.2.

Uncertainties in the data-driven electron charge misidentification background arise from the calibration
uncertainties in the charge-selector tool [76], as described in Section 5.3.

Signal and background modelling uncertainties. Theoretical signal modelling uncertainties are domin-
ated by the effects of missing higher-order pQCD contributions in the nominal LO MG5_aMC+HEgrwiG7
signal model. To account for them, two separate variations are studied. First, the ug and up are varied
up and down by a factor two, excluding variations in opposite directions [87], and applied to EW, Int,
and QCD W*W=j samples coherently. It is important to note that the ug variation is zero for the EW
W=W=;j LO model. Therefore, as a second variation, the difference with respect to the SHERPA EW
(Suerpra QCD) calculation is included as an uncertainty in the EW (QCD) W*W=* j prediction. The NLO
EW effects on the EW W*W= j prediction were derived by the authors of Ref. [88] for the fiducial region
of this measurement and are taken as an uncertainty in the nominal model as well, using an mj;-dependent
correction factor. The parton shower uncertainty is included by considering a difference between the
nominal prediction using PyTHIA and an alternative prediction using the HErRwiIG parton shower model.
Additionally, PDF and a4 variations are included, using standard prescriptions from Ref. [89]. For the
cross section extraction, the theory variations of the respective signal process (which can be EW W=W#; j
or inclusive W*W= j production) are normalised to the nominal prediction in the fiducial region, defined
in Section 7.1.

The QCD-induced W*Zj j background MC model suffers from m;; mismodelling, which is corrected for by
reweighting the mj; distribution to data with other processes subtracted. The uncertainty of the reweighting
function is dominated by limited data in the reweighting region and is represented by corresponding
parameter variations of the exponential reweighting fit function. Further details about the systematic
uncertainties from the mj; reweighting can be found in Section 5.1. Additionally, uncertainties in the
theoretical modelling of the QCD- and EW-induced W*Zj j processes are taken into account, including
ur and up variations [87], PDF, and a; [89] variations.

Normalisation uncertainties of minor prompt lepton background sources are included, as quantified in
Section 5.4.

Statistical uncertainties of all signal and background predictions are considered and are subdominant.

Systematic uncertainties are included in the cross section extraction fits, described in Section 7.1, as
nuisance parameters (NP) constrained by Gaussian functions. The statistical uncertainties in the model are
included as NPs constrained by Poisson distributions. Table 4 shows the impact of these uncertainties on
the fitted signal strength of the EW W*W=; j production.
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Table 4: Impact of the uncertainty on the EW W*W=j j cross section measurement. The contribution of a systematic
uncertainty (uncertainty group) to the total uncertainty is evaluated by fixing the respective NP (NPs) to its (their)
best-fit value(s), redoing the fit, and subtracting the uncertainties of the cross section in quadrature. The procedure
is implemented incrementally such that the grouped systematic and statistical uncertainties added in quadrature
correspond to the total cross section uncertainty by construction. Lepton calibration uncertainties encompass the
effects of calibration of lepton energy or momentum scale and resolution, as well as lepton trigger, reconstruction,
identification, and isolation efficiencies. “Background, other” includes normalisation uncertainties of background
samples modelled with MC where their normalisation is not obtained in a dedicated CR. The “Model statistical”
category is related to the finite number of MC events and data events used for data-driven background estimates.

Source Impact [%]
Experimental 4.6
Electron calibration 0.4
Muon calibration 0.5
Jet energy scale and resolution 1.9
ErTniSS scale and resolution 0.2
b-tagging inefficiency 0.7
Background, misid. leptons 3.4
Background, charge misrec. 1.0
Pile-up modelling 0.1
Luminosity 1.9
Modelling 4.5
EW W*W#j, shower, scale, PDF & a; 0.7
EW W=W#;j, QCD corrections 1.9
EW W*W#jj, EW corrections 0.9
Int W=W=] j, shower, scale, PDF & a; 0.6
QCD W*W#*jj, shower, scale, PDF & a; 2.6
QCD W*W=*jj, QCD corrections 0.8
Background, WZ scale, PDF & a; 0.3
Background, WZ reweighting 1.5
Background, other 1.3
Model statistical 1.8
Experimental and modelling 6.4
Data statistical 7.4
Total 9.8

16



7 Cross section extraction

7.1 Fiducial cross section extraction

The fiducial phase space is chosen to conform as closely as possible to the detector acceptance and to the
analysis selection, described in Section 4. The analysis fiducial region is defined at the particle level using
the collection of stable® particles from matrix-element plus parton-shower generators. Events are required
to have two prompt leptons (e or u) with pr > 27 GeV and || < 2.5 dressed with prompt photons that lie
within AR < 0.1. Events with 7-leptons from W decays in the matrix element calculation are vetoed. The
two leptons must have the same sign of electric charge and have an invariant mass mg, > 20 GeV. At least
two jets reconstructed with the anti-k; algorithm with a radius parameter of R = 0.4 are required, with
7] < 4.5 and pt > 65 GeV (35 GeV) for the leading (sub-leading) jet. In cases where a third jet is required,
its pr requirement is lowered to 25 GeV. The jets are clustered including electrons among the clustering
inputs, but excluding muons and neutrinos, so an overlap removal step between electrons and jets is applied.
If an electron and a jet overlap with AR(e,jet) < 0.4, and the ratio pt./prjec < 0.5, the electron is
removed, otherwise the jet is removed. No overlap removal between muons and jets is applied. Events with
b-jets within |n| < 2.5 and pt > 20 GeV, that are identified via ghost matching [78] to weakly decaying
b-hadrons, are vetoed. Also events are vetoed when there is a third prompt lepton with pt > 3 GeV and
within |57| < 2.5. Events with the dielectron invariant mass in the range |m.. — mz| < 15 GeV are rejected.
The particle-level E%liss is reconstructed from the visible final-state objects that meet these criteria and
must satisfy the condition ET"* > 30 GeV. Finally, the invariant mass of the two highest-pr jets must
satisfy mj; > 500 GeV and their separation in rapidity, ’ijj |, must exceed 2.

Fiducial cross sections of the EW and inclusive W*W* j production are measured by performing separate
maximum likelihood fits. The EW (inclusive) W*W?* j signal strength, ,ug\gy (pgzmeCD), defined as
the ratio of the observed to expected signal cross section, is a free parameter in the fit. The second free
parameter in the fit is the normalisation coefficient of the dominant background, QCD W*Zj j, uQCP WZ,
To constrain the latter parameter, the WZ CR, as defined in Section 4, is included in the fit as a single bin.
Systematic uncertainties are included as NPs with Gaussian priors, correlated across all fit regions. Event
yields in the low-m;j; CR, described in Section 4, are also included in the fit. The SR and low-m;; CR are
each split into four subregions depending on the flavours of the leading- and subleading-pT leptons: ee, ey,
e, uu, to enable a better constraint on pt and flavour-dependent non-prompt and charge misidentification
background uncertainties. The m;j; distribution, which provides good discrimination between the W*W=*
signal and backgrounds, is used for the fit in the SR, with the binning optimised to maximise the expected
signal sensitivity. In the fit for extracting the EW W*W* j cross section, the histogram corresponding to

the interference term between the EW and QCD W*W=*; j production modes is scaled by ufizv.
EW (+Int+QCD)

The measured fiducial cross section, o

fid meas , is obtained by multiplying the fiducial cross sec-

tion predicted by MC, UEV("LIHHQCD) with the fitted signal strength g (#QED) - R EWCHHQED)
,pred sig fid, meas
EW (+Int+QCD) EW (+Int+QCD)
; o .
sig fid,pred

Even though the contributions from W bosons that decay to 7-leptons with a subsequent decay into electrons
or muons are excluded in the fiducial region definition, they are treated as signal in the fit, assuming lepton
universality in W decays, and correspond to around 11% of the total signal yield in the SR. The fraction
of EW W=W=*;j signal events in the SR which do not pass the fiducial region selection corresponds to

6 A particle is considered stable if its lifetime is greater than 3 x 10711 s,
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31%. Such events are also treated as signal events in the fit, i.e. are scaled by the same signal strength
parameter.

7.2 Differential cross section extraction

A fit procedure similar to the one described in Section 7.1 is used for extracting single-differential cross
sections, with the exception that two-dimensional distributions are used in the SR and low-m;; CR. The
variables of interest include the dilepton, m¢,, and dijet, mj;, invariant masses, and the transverse mass, mr,
of the dilep‘[on—E‘T]fliSS system, defined as

B

5 2
=00 miss
+E;

mr = \/(E,ff + E%liss)z —|Pr

where E%‘) is the transverse energy of the dilepton system, ﬁ?’ is the vectorial sum of the lepton transverse

momenta, and E%“iss is the missing transverse momentum vector. In addition, the cross sections are
measured as a function of the number of jets between the two signal jets in rapidity, Ngap jets» and the
Zeppenfeld variable of the third jet, &, [8]:

1
Mis — 5 (Mj, +1j,)
M, — My

&y =

The latter cross section is measured in the subset of the SR where a third jet is present.

One fit per variable of interest is performed to obtain the respective differential cross section. Separate fits
are made to extract the EW W*W=;j and inclusive W*W*;j cross sections.

In every bin of the variable of interest, the mj; distribution is fitted to obtain a better constraint on the
signal strength. For the differential cross section extraction as a function of mjj, the m¢, shape is used for
the signal fit in every m;j bin, and the low-m;; CR is dropped. No division according to lepton flavour is
performed in the SR and the low-m;; CR in these mj; fits to simplify the fit model.

The cross section unfolding is based on a maximum-likelihood fit following the method of Ref. [90]. The
unfolding procedure is applied to the SR and CR distributions at the detector level. The detector-level
signal distribution consists of a sum of subsamples, where each subsample contains signal events with the
particle level value of the variable of interest in a specified range (“cross section bin”’). The binning of the
variable of interest in the SR and low-m;; CR detector-level distributions used in the fit matches the cross
section binning. Signal strength parameters associated with the particle-level signal predictions in the
respective cross section bin are determined in the fit. The normalisation of the QCD W*Z j background is
also a free parameter. No regularisation is applied in the unfolding. Signal events that fail the fiducial
region selection but pass the SR selection are scaled by the same signal strength parameter as the events
that pass the fiducial region selection in the respective cross section bin. The signal strength parameters
obtained in the fit are directly used to scale the MC particle-level cross sections, bin-wise, to obtain the
unfolded measured cross sections.

The differential cross section binning for the m¢,, mt, and mj; variables is optimised to have similar
expected EW W*W*j j signal significances per bin. For the Ngap jets Variable, only two bins are possible
due to the small number of events at high gap jet multiplicities. The binning of &, is chosen to display a
specific feature of the EW W*W=j cross section — the suppressed third jet production in the central
region, 0 < &, < 0.5.
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Table 5: Signal and background yields in the SR after the fit for the EW W*W= j fiducial cross section. The yields
are shown for different dilepton final states where the first lepton has the highest pt. The “Other prompt” category
combines ZZ, VVV, ttV, and tZq background processes. The sum of all contributions may differ from the total
value due to rounding. The uncertainty includes both the statistical and systematic components.

Process ee eu ue uu Combined
WEW*j; EW 329 + 34 81 +8 73 +7 90 +9 277 +26
W=W=*;j;QCD 1.7 = 0.5 80 =+24 7.1 +2.1 9.7 29 27 +8
WE=W=*jj Int 1.00+ 0.22 24 0.5 21 =04 27 0.6 82 1.7
W*Zjj QCD 55 = 0.7 182 +2.1 182 +22 140 =+1.7 56 +6
W*Zjj EW 1.69+ 0.14 49 +04 41 =+04 42 +04 149 =x1.2
Non-prompt 84 = 1.6 149 +24 102 +16 21 +5 55 +9
Vy 1.5 £ 0.7 6.1 =24 55 28 — 13 +5
Charge misid. 43 + 2.0 54 1.2 14 +04 — 11 +4
Other prompt 0.99+ 0.25 25 05 1.9 =+05 14 =14 6.8 2.1
Total 58 + 4 143 +7 123 +6 143 +8 468 +21
Data 52 149 127 147 475

7.3 Results

Post-fit yields for signal and background processes in the SR are shown in Table 5, corresponding to
the fit used for the EW W*W#*j; fiducial cross section extraction. The fitted value of the QCD W*Z; j
background normalisation coefficient is found to be pQWCZD = 0.67 = 0.03 (stat.) + 0.03 (mod. syst.) +
0.05 (exp. syst.) £ 0.01 (lumi.), where the uncertainties correspond to statistical, modelling systematic,
experimental systematic, and luminosity uncertainties, respectively. The value well below unity is in
agreement with the one found in the ATLAS observation of electroweak W*Zj j production [91], and with
the inclusive WZ cross section measurement in the two-jet bin at high mj; values [92]. The EW W*W*j;
signal strength is found to be u]siizv = 1.15+0.09 (stat.) = 0.05 (mod. syst.) +0.05 (exp. syst.) +0.02 (lumi.)
and corresponds to the measured value of the fiducial cross section of EW W*W#*;; production of
o =2.92 +0.22 (stat.) + 0.13 (mod. syst.) = 0.12 (exp. syst.) + 0.06 (lumi.) fb.

The fitted value of the signal strength scaling the total W*W=j j production, as obtained in a dedicated fit,

is ,uE.WJrIn”QCD =1.16 + 0.08 (stat.) + 0.04 (mod. syst.) + 0.05 (exp. syst.) + 0.02 (lumi.) and corresponds

sig
to the measured value of the fiducial cross section of the W*W=;; production of a'f]i}VH“HQCD =

3.38£0.22 (stat.) = 0.11 (mod. syst.) =0.14 (exp. syst.) +0.06 (lumi.) fb. A summary of the measured and
predicted EW and inclusive W*W#jj fiducial cross sections is presented in Table 6. The MC predictions
generally agree with the measurement within the experimental and theoretical uncertainty, although all of
the predictions underestimate the measured cross section values. The SHERpA MC models partial NLO
QCD corrections by including real emissions of up to one extra parton and gives a 2% lower cross section
of the EW W*W#*j j production than the LO MG5_aMC+HgrwiG7 and MG5_aMC+PyTH1A8 models.
The NLO EW corrections [88] reduce the SHERPA prediction by around 15%. Both these observations are
consistent with the effects of NLO corrections described in Ref. [88]. The scale uncertainties are lower for
MGS5_aMC+Herwic7 and MG5_aMC+PyTH1A8 than for SHERPA, because renormalisation-scale variation
of the LO EW W*W= j prediction is exactly zero due to the absence of QCD interactions at the matrix
element level. The prediction from PowHEG Box+PyTHia MC, made at NLO in the VBS approximation,
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Table 6: Measured and predicted fiducial cross sections of the EW and inclusive W*W= j production, quoted with
their respective uncertainties. For PowHEG Box+PyTHiA only the central value is provided.

O-fliz(}v [fb] O_I]ii(;V+Int+QCD [ fb]

Measured cross section 2.92 + 0.22 (stat.) + 0.19 (syst.)  3.38 + 0.22 (stat.) + 0.19 (syst.)

MG5_aMC+HErwIG7 ~ 2.53 +0.04 (PDF) *02% (scale)  2.92 + 0.05 (PDF) * 93" (scale)

Description

MG5_aMC+PyTHia8  2.53 +0.04 (PDF) *{70 (scale)  2.90 + 0.05 (PDF) * {2 (scale)
SHERPA 2.48 +0.04 (PDF) * {20 (scale)  2.92 +0.03 (PDF) *{%0 (scale)
SuerpA @ NLOEW 2,10 +0.03 (PDF) *{3} (scale)  2.54 +0.03 (PDF) * 90 (scale)

PowHEG Box+PyTHIA 2.64

gives a 5% higher cross section than the LO models. This might be related to the renormalisation and
factorisation scales of Pownec Box+PyTHia being fixed to a constant value of ur = up = myy.

Post-fit distributions of mj; and m¢, as obtained in the fit for extracting the differential cross section as
a function of m, are presented in Figure 4. Also shown in Figure 4 are the corresponding post-fit m ¢,
distribution in the low-m;; CR and the WZ CR yield. The EW W*W* j signal from different particle-level
mye slices is shown in different shades of blue and denoted by “bin N” in the legend, where N =1, ...,6
gives the number of the m¢, bin. Overall, a very good agreement between the data and post-fit model is
seen, the agreement is nearly perfect in the m,, distribution in SR and in the WZ CR, where by construction
the free-floating fit parameters compensate for the differences between the pre-fit model and the data.

Differential cross sections for the EW W*W* j j production as a function of m¢¢, mr, mjj, Ngap jets, and &, are
shown in Figure 5 and compared with SM predictions from MGS5_aMC+HerwiGc7, MG5_aMC+PYTHIAS,
SHERPA-EW, and PowHEG Box+PyTHiAa. A variant of the SHERPA-EW prediction with the NLO EW
corrections applied via mj;-dependent factors [88] is also shown. The NLO EW corrections move the
prediction to lower values, especially at high mj;. The uncertainties of the measured cross sections
are dominated by the statistical component in all bins. In general, the SM predictions agree well with
the measured cross sections within the quoted uncertainties, although all of the predictions tend to
underestimate the data. The agreement is worse for m where an overprediction of the data in the region
170 < mt < 210 GeV and underprediction in the region 310 < mt < 410 GeV are observed, which follow
the behaviour at the reconstructed level. This is reflected in Table 7 which summarises the compatibility
between the nominal predicted and measured differential cross sections in the form of y? and p-values.
With the exception of mr, the p-values for the EW W*W=j j differential cross sections range from 0.27 to
0.61, while for the differential cross section as a function of mt the p-value is only 0.043.

Differential cross sections of the inclusive W*W=j j production as a function of me¢, mt, mjj, Neap jets
and &, are shown in Figure 6 and compared with SM predictions from MG5_aMC+Herwic7 and
MGS5_aMC+PyTHIA8, the sum of the predictions by SHERPA-EW and SuERPA-QCD, and the sum of
predictions from PowHeG Box+PyTHiA and SHERPA-QCD. In all cases the interference term between EW
and QCD production modes is included. A similar or slightly worse level of agreement between data and
SM is observed, compared with the case of EW W=W# j cross sections (see Table 7).
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Figure 4: Post-fit distributions of (a) m¢, in SR, (b) mj; in SR, (c) m¢, in low-mj; CR, and (d) event yield in the WZ
CR, as obtained in the extraction of the differential cross section of EW W*W= j production as a function of m .
Data are shown as black markers with vertical error bars representing the statistical uncertainty. Contributions of EW
W*W=*jj events in SR and low-mj; CR from different particle level m., bins are presented in different shades of
blue, denoted with “bin N” (N = 1,2, ..., 6) in the legend. The last bin of each distribution includes overflow events.
The hatched error band on the prediction corresponds to the total uncertainty. The lower panel of each plot shows the
ratio of data to prediction.
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Figure 5: Fiducial differential cross sections for the EW W*W* j j production as a function of (a) m, (b) mr, (¢) mj;,
(d) Ngap jets» and (e) &j;. The measured data are shown as black points with horizontal bars indicating the bin range
and hatched (filled) boxes representing the systematic (total) uncertainty. Different SM predictions as described in
the text are compared to the data. The vertical error bars shown on the predictions correspond to the uncertainty
coming from the variations of the renormalisation and factorisation scales, PDF and a5. Overflow events are included
in the last bin. The lower panel of each plot shows the ratio of the predicted to measured cross sections.
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Figure 6: Measured fiducial cross sections for inclusive W*W* j j production as a function of (a) m¢¢, (b) mr, (¢) mjj,
(d) Ngap jets» and (e) &j;. The measured data are shown as black points with horizontal bars indicating the bin range
and hatched (filled) boxes representing the systematic (total) uncertainty. Different SM predictions as described in
the text are compared to the data. The vertical error bars shown on the predictions correspond to the uncertainty
coming from the variations of the renormalisation and factorisation scales, PDF and a5. Overflow events are included
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in the last bin. The lower panel of each plot shows the ratio of predicted to measured cross sections.
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Table 7: y* and p-values obtained from the measured differential cross sections and the nominal MG5_aMC+HEgrwiG7
prediction, computed using the covariance matrix of the measured differential cross section and the difference
between data and model. The number of degrees of freedom Ny is equal to the number of the cross section bins.
The uncertainties in the MC prediction are ignored when computing y? and p-values. The values are provided
for both EW and inclusive differential W*W=*;j cross sections. The last column shows the maximum value of the
respective variable observed in data.

. EW W=W#jj Inclusive W=W=*jj .
Variable V2 Naog  p-value | y2/Naog  p-value Max. value in data
mee 4.5/6 0.605 7.34/6 0.291 1081 GeV
mr 13.0/6 0.043 | 16.33/6  0.012 1270 GeV
mj 7.6/6 0.266 8.67/6 0.193 6328 GeV
Negap jets 2.5/2 0.282 2.53/2 0.282 5
&, 4.2/5 0.517 4.93/5 0.424 1.74

8 Limits on anomalous quartic gauge couplings

Contributions from models beyond the SM can modify the quartic interactions of weak bosons (Figure 1 (c)).
The EW production of W¥W#;; in particular is sensitive to the interaction of four W bosons. This
measurement can therefore be used to search for new physics that affects the WWWW coupling. The
sensitivity is quantified by setting limits on relevant D-8 EFT operators. The operators are expressed using
a model [16, 93] that provides nine independent charge-conjugate and parity conserving D-8 effective
operators relevant to the WWWW quartic couplings. The interpretation uses the reconstructed dilepton
invariant mass mg, obtained in the current measurement. The approach used is similar to that of the
re-interpretation of the W*W#;j and W*Zj j measurements based on the 36 fb~! data set made by the
ATLAS Collaboration [73].

The EFT Lagrangian can be written as an expansion in inverse energy where the first terms that conserve
baryon and lepton numbers have coefficients quadratic in energy. As a consequence, the corresponding
field operators relevant for the LHC are dimension-6 (D-6) and D-8 operators. Therefore, the effective
Lagrangian can be written in terms of higher dimension operators and their respective Wilson coefficients
as:

1 e i w
i J
Lon=Lom+ 2, G 07 + 2, 5w 07 +
i J
where 0561.)’(8) are the D-6 and D-8 operators and involve SM fields with respective dimensionless couplings

fl.(6) and f] (8) , and A is the energy scale of the new processes.

The basic units needed to construct the effective Lagrangian for VBS are genuine Quartic Gauge Coupling
(QGC) vertices, which appear in lowest order as D-8 operators’ and can be classified into three groups [93]:
operators that contain four covariant derivatives of the Higgs field (Osp,; 2 of scalar type); those that contain

99999

7D-8 operators are the lowest-dimension operators that affect QGC but do not affect triple gauge coupling vertices. The effect of
D-6 operators in VBS processes and in QCD diboson production accompanied by jets is of interest on its own [94-96], but is
not studied here.
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operators that affect W*W*j j are Og0.1.2, Omo.1.7 and O, 12. Consequently, the respective coefficients
that are constrained from these measurements are: fso, JA*, fMo.1.7 /A* and fro.1.2 /A*. Because the
operators Ogp and Og; are Hermitian conjugates of each other, they are varied simultaneously, with equal
coefficient values fsg = fs1 = fso2. For simplicity, the parameters ¢; = 058) = fl.(g) /A* are used in the
following.

An individual sample for every term (SM, interference, quadratic or cross, see Ref. [73] for details)
is generated as described in Section 3.3. To generate events corresponding to a given value of the
EFT coeficient ¢; (or c¢; and c; for cross terms), the respective sample is multiplied by the appropriate
parameter(s) (c;, cil?, cicj).

The interpretation of the data is performed using a likelihood modelled as a Poisson distribution, with
systematic uncertainties implemented via Gaussian constraints. It uses the my; distribution in the SR and
the low-m;; CR, including also the WZ CR as previously defined. The SM normalisation of EW W*W=*j j
is assumed, while the EFT signal strength parameter is parameterised in terms of real Wilson coefficients c;,
with a separate signal strength parameter for each c;. A profile-likelihood ratio test statistic is constructed to
estimate the confidence intervals for a given c;. For each individual ¢; (or a pair ¢;, ¢ for two-dimensional
limits), maximum likelihood fits are performed by setting other coefficients to zero and maximising the
likelihood with respect to the NPs.

Confidence intervals are derived using Wilks’ theorem [97], namely, assuming that the profile likelihood
test statistic is y? distributed [98] (asymptotic formula). A cross-check is performed where the distribution
of the profile likelihood test statistic was calculated in a set of pseudo-experiments that were generated by
sampling in the neighbourhood of each scanned parameter point. This confirmed the result obtained using
the asymptotic formula.

In the EFT framework, the presence of non-zero anomalous QGCs will violate tree-level unitarity at
sufficiently large energy. More physical limits are obtained by removing the EFT contributions above
the unitarity limit and keeping the SM predictions for all VV invariant masses, even above the unitarity
limit. The unitarity limits from Ref. [99] are used with only one non-zero Wilson coeflicient. For
two-dimensional limits the eigenvalues from Ref. [99] are used to calculate unitarity bounds where only
two Wilson coefficients are non-zero. In this paper, individual limits for the coefficients corresponding to
the EFT operators are extracted by removing the EFT contributions that exceed a scale M. The removal
is performed using boson kinematics at parton level (i.e., before the parton shower) and applied on the
invariant mass of the VV system. This clipping (unitarisation) technique is described in Ref. [15].

The systematic uncertainties are listed in Section 6. Theory uncertainties affecting the EFT model include
the variation of ur and up and the choice of functional form for these scales, along with PDF and ag
uncertainties. The SM EW W*W#* j j MC sample used in the EFT interpretation corresponds to around
20% lower yield in the SR, compared to the SM EW W*W?*;;j MC sample used for the cross section
extraction in Section 7, with the difference reaching 40% in the highest-m¢, bin. This difference stems
from different choices of ugr and ug for these two samples, as described in Section 3.3. The difference was
assigned as an uncertainty during limit setting. Systematic uncertainties weaken the derived limits by up to
10%.

Using the samples described above, limits at 95% CL for the parameters corresponding to the operators
with label S02, S1, M0, M1, M7, TO, T1 and T2 are extracted, based on their impact on both EW W*W=*; j
and EW W*Zjj. When including the effect of the EFT operators on EW W*Z j production, the limits
typically improve by 1% to 4%.
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Figure 7: The observed my, distribution and the SM distribution before (a) and after (b) the EFT fit. Data are shown
as black markers with vertical error bars representing the statistical uncertainty. Filled histograms show contributions
of SM processes, with the hatched error band corresponding to the total uncertainty. In (a), the sums of W*W= j
and W*Zjj EFT contributions that correspond to the MO operator with its Wilson coefficient set to its observed
upper limit are shown as continuous lines for two cases, one where no unitarisation cut-off is applied, and another
where the EFT contributions above myy > 0.7 TeV are removed. In (b), the continuous line presents the best-fit
contribution of the MO operator without the unitarisation cut-off. Overflow events are included in the last bin. The
lower panel shows the ratio of data to SM prediction.

The pre-fit m¢, distribution overlaid with the EFT MO operator prediction are shown in Figure 7(a) for cases
when no unitarisation cut-off is applied, and for an EFT unitarisation cut-off of 700 GeV. The boundaries
of the last m,, bin are optimised to have best expected limits with no unitarisation cut-off, while other
bins in the tail of the distribution are defined to improve the limits when a unitarisation cut-off is applied.
Figure 7(b) shows the m ¢, distribution after the fit of the sum of SM and MO contributions to data, in case
when no EFT unitarisation cut-off is applied.

Table 8 shows the expected and observed limits at 95% CL obtained without using any unitarisation
procedure and with a unitarisation cut-off at the unitarity bound. The unitarity bounds for each operator as
a function of the cut-off scale are defined for one non-zero Wilson coefficient following Ref. [99]. Figure §
presents the evolution of these limits as a function of the cut-off scale of the unitarisation procedure. For
clipping scales below approximately 1 TeV, zero values of the coeflicients fs0, fs1, fso2, and fro are
excluded at 95% CL as seen from Figure 8. This is explained by the shape of the clipped EFT prediction,
which exhibits a peak at mg, values around 400 GeV, where an upward fluctuation is also present in data,
as seen in Figure 7, and leads to a double-minimum shape for the test statistic. The limits obtained are
competitive with those from the CMS measurement of Ref. [15], which is also based on the full Run 2 data
set.

The expected and observed two-dimensional limits at 95% CL on operator pairs belonging to the same group
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are presented in Figure 9 where no unitarisation cut-off has been imposed. Figure 10 shows two-dimensional
expected and observed limits at 95% CL obtained with a unitarisation cut-off scale of 1.5 TeV for all
combinations of the operators studied. The predicted differential yields of nearly all operator pairs are
positively correlated, except for the pairs with labels MO-M1 and M1-M7, which are anti-correlated. In the
phase space studied, the predicted yields for Oggy and Oy, are nearly 100% correlated, and thus a band
cannot be excluded. These two-dimensional limits improve upon the combined ATLAS interpretation
of W*W*jj and W*Zj j measurements based on 36 fb~! data [73], except for the M1-M7 combination,
which is likely explained by the missing cross-term for the W*Zj j final state in the present study.

Table 8: Expected and observed limits on the Wilson coefficients for various operators without any unitarisation
procedure and with a unitarisation cut-off at the unitarity bound. The last column represents lower and upper limits at
the respective cut-off value, where the unitarity bound and experimental bound cross. Cases where no crossing with
the unitarity bound was found in the scanned region above 600 GeV are labelled by "-". The notation S02 is used to
indicate that the coefficients corresponding to the operators Osg and O, are assigned the same value. The limits on
M7 are obtained without taking into account the SM-EFT interference for the EW W*Zj j final state.

Coefficient Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound

[TeV~] [TeV~]
4 Exp. [-3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV
o/ Obs. [-4.1,4.1] -140 at 0.7 TeV, 117 at 0.8 TeV
4 Exp. [-6.3, 6.6] -25.5at 1.6 Tev, 31 at 1.5 TeV
S /A Obs. [-6.8, 7.0] 45 at 1.4 TeV, 54 at 1.3 TeV
A /A4 Exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV
M7 Obs. [-9.8,9.5] -39 at 1.7 TeV, 42 at 1.7 TeV
fsoz//\4 ](E))lc)p {—g.g, zg -94 at 0.8 TeV, 122 at 0.7 TeV
S. -J.7, 0. —
A Exp. [-22.0, 22.5] -
Jsr/A Obs. [-23.5, 23.6] -
A Exp. [-0.34, 0.34] 32at1.2TeV, 4.9 at 1.1 TeV
JrolA Obs. [-0.36, 0.36] 7.4 at 1.0 TeV, 12.4 at 0.9 TeV
A Exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV
SnfA Obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV
A Exp. [-0.56, 0.70] 2.60 at 1.7 TeV, 10.3 at 1.2 TeV
fr2lA Obs. [-0.63, 0.74] -
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Figure 8: Evolution of the one-dimensional expected (blue dashed line) and observed (black line) limits at 95% CL
on the parameters corresponding to the quartic operators with label (a) MO, (b) M1, (c) M7, (d) S1, (e) S02, (f) TO,
(g) T1, and (h) T2 as a function of the cut-off scale. The unitarity bounds (green line) for each operator as a function
of the cut-off scale are defined for one non-zero Wilson coefficient following Ref. [99]. The filled area corresponds to
parameter values excluded either by the data at 95% CL or by the unitarity condition of the theory. The limits on M7
are obtained without taking into account the SM-EFT interference for the EW W*Z j final state.
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Figure 9: Two-dimensional median expected (dashed line) and observed (solid line) 95% CL intervals on parameters

corresponding to the quartic operator combinations (a) M0-M1, (b) M0O-M7, (c) M1-M7, (d) S1-S02, (e) TO-T1, (f)
TO-T2 and (g) T1-T2 EFT parameters without any unitarisation procedure. The 1 (green) and 2 (yellow) sigma bands
show the 68.3% and 95.4% CL regions for the expected limit curves, respectively. The limits on M7 are obtained

without taking into account the SM-EFT interference term and EFT cross-term for the EW W*Z j final state.
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9 Limits on doubly-charged Higgs boson production

In extended Higgs sectors with additional isotriplet scalar fields [100], charged Higgs bosons with couplings
to W and Z bosons are present at tree level. The results from this measurement are interpreted to search
for a doubly charged Higgs boson produced in VBF processes that decays into two same-sign W bosons.
Specifically, the GM model [17] with both real and complex triplets is considered. The scalar potential
consists of a custodial quintuplet of fermiophobic Higgs bosons (H;*, HZ, and Hg) of common mass
My that couple to the W and Z bosons, and a custodial triplet of Higgs bosons (H5 and Hg) of common
mass my, with only fermionic couplings. In addition, there are two CP-even scalars, h and H with masses
myp ~ 125 GeV (identified as the SM-like Higgs boson) and my respectively, that are custodial singlets.

The VBF production and decays of the H* states depend on two parameters, Mz and sin 6y, where
sin Oy characterises the contribution of the isotriplet scalar fields to the masses of the W and Z bosons.
The H5plane benchmark is considered [60], where the triplet states are assumed to be heavier than the
quintuplet states. Thus, in this benchmark the H* bosons decay to same-sign W boson pairs with a
branching fraction of 100% [101].

The signal extraction follows an approach similar to the one presented in Sections 7 and 8 to extract limits
from the samples corresponding to 23 mass points between 200 GeV and 3 TeV (see Section 3.4) using
the transverse mass distribution m, which provides good discrimination between resonant signal and
non-resonant background processes. The m;; binning in the signal region is identical to the binning used in
the SM fits while the mt binning is modified to include an additional bin for the highest mt range. The
normalisations of the EW W*W#*;j and QCD W*Z j background processes are freely floated in the fit.
The W=W=; j EW-QCD interference contribution is normalised to the square root of the EW W*W=*;j
signal strength in the fit, similarly to the fits described in Section 7.1. The HZ* signal contribution is
proportional to sin® 6. In addition to the sources of systematic uncertainty described in Section 6, theory
uncertainties that affect the H;—'i signal, namely variations of ur and ug, as, and PDFs, are considered.
In addition, an uncertainty due to the missing NLO EW corrections is adopted, as recommended in
Ref. [101].

The post-fit inclusive distributions in the signal region for the SM background-only hypothesis are shown
in Figure 11 as a function of mj; and mt. The contributions from the HS* signal simulation for the mass
points at 300, 450, and 1000 GeV are shown for illustration purposes.

Upper limits at 95% CL on the product of the cross section and branching fraction oygr(H3*) X B(HF* —
W=W=) for vector boson fusion production of doubly charged Higgs bosons as a function of mass from
200 to 3000 GeV are presented in Figure 12. The corresponding limits on the sin 8y parameter of the GM
model as a function of myz+ are shown in Figure 12. The black hatched region represents the parameter
space for which the total width of the HS* exceeds 10% of My=, where the model is not applicable due
to perturbativity and vacuum stability requirements [101]. The observed 95% CL limits exclude sin g
parameter values greater than 0.11-0.42 for the My between 200 and 1500 GeV. These results show a
local excess of events over the SM prediction at a resonance mass of around 450 GeV in Figure 12(a),
consistent with the results obtained in the SM part of the analysis. This excess is also observed in the
mt inclusive distribution shown in Figure 11(b). The significance of the excess has been evaluated for
the different mass points in terms of the local p-value. The excess is largest for the 450 GeV mass
point, for which a p-value of 5.5 x 10™* is obtained, corresponding to a local significance of 3.3 standard
deviations. The fit of SM background plus Hs* signal to the data for this mass point yields the value of

the normalisation factor for the EW W*W* j process u®W W*W*JJ = (.79 + 0.15. This value is much
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Figure 11: Post-fit (a) mj; and (b) mt inclusive distributions in the signal region for the SM background-only
hypothesis. Data are shown as black markers with vertical error bars representing the statistical uncertainty. Filled
histograms show contributions of various SM processes, with the hatched band representing the total uncertainty
of the model. The lines show the prediction of the H;—'J—' model for values of sin g = 0.21 and myzs = 300 GeV,
sin 0y = 0.25 and Mmyz= = 450 GeV, and sin 0y = 0.32 and My = 1000 GeV, where the sin 6y values correspond to
the expected 95% CL limits for the respective mass points. The last bin of each distribution includes overflow events.
The lower panel shows the ratio of the data to the SM prediction.

smaller than the one reported in Section 7.3, since a better description of the mt distribution in data is
achieved here by compensating with a H;* contribution. The excess for the 450 GeV mass point would
correspond to oypr(HZ*) X B(HZ* — W*W*) =72 + 25 fb. The global significance of the excess was
also evaluated [102]; it yields a global p-value of 5.4 x 1073, corresponding to a global significance of 2.5
standard deviations. In a similar, though less sensitive, search performed by the CMS Collaboration [103],

no significant excess was observed in this mass region with respect to the SM background.

32



LA S s s s B B B e B B L

) o E
E 103 ATLAS —— Obs. 95% CL upper limit % 0.9 £ ATLAS
4 = — O
H E Vs=13Tev, 139 fb* —— Exp. 95% CL upper limit 3 E \s=13TeV, 139 fo™
= F -~ 1 08F

f C I:l Expected limit (+10) ] [ = Obs. 95% CL upper limit
ﬂIm H [ Expected limit (+20) B 07 E == Exp. 95% CL upper limit
@ 0.6 - [ Expected limit (+10)

x 10

= I:l Expected limit (+20)

£ ] 05E
T ] E I’(H:’)/m(H?)>0.1
\% - 0.4
> E
© 03F —~
10 |- = E =
E _______________ B 0.2 E—,’
F ==== 0.1
P I E R E R R R = o e e
500 1000 1500 2000 2500 3000 400 600 800 1000 1200 1400
m,.. [GeV] m,.. [GeV]

(a) (b)

Figure 12: Expected and observed exclusion limits at 95% CL for (a) ovpr(Hz*) X B(H5* — W*W#) as a function of

HE* and for (b) sin Ay as a function of M= in the GM model. The green (yellow) band is the 68% (95%) confidence
1nterval around the median expected limit. The exclusion limits for sin 6y are shown up to Myzs = 1500 GeV given
the low sensitivity in the GM model above that mass. The hatched region covers the parameter space where the
intrinsic width of the H++ boson would be larger than 10% of the mass and is disfavoured in the GM model [101].

10 Conclusion

Measurements of the fiducial and differential W=W= j j production cross sections at v/s = 13 TeV using
139 fb~! of data recorded by the ATLAS detector at the LHC are presented. The measured fiducial cross
section of the electroweak production of W=W= j in the leptonic (muon and electron) decay modes is E:V =
2.92 +0.22 (stat.) = 0.13 (mod. syst.) + 0.12 (exp. syst.) £ 0.06 (lumi.) fb, and for inclusive production is
O'ﬁE:V‘LInHQCD =3.38+0.22 (stat.)+£0.11 (mod. syst.) £0.14 (exp. syst.)=0.06 (lumi.) fb. These are the most
precise fiducial cross section measurements of W*W=* j j production to date. The corresponding theoretical
predictions obtained from MADGrAPHS_AMC@NLO +HErwig, 2.53 + 0.04 (PDF) +% 2129 (scale) fb and
2.92 + 0.05 (PDF) +% 3247 (scale) fb, are consistent with the measurement. Differential cross sections of the
electroweak and inclusive W*W=*j j production as a function of m¢, mr, mij, Ngap jets> and &j; are obtained.
These distributions are well described by theoretical predictions except for the m distribution, where for
the electroweak (inclusive) production a p-value of 0.043 (0.012) is found, characterising the agreement

between the measurement and nominal prediction from MADGrAPHS_AMC@NLO +HERWIG.

The data are used to set upper and lower limits at 95% CL on anomalous quartic gauge couplings. The limits
are set on individual EFT dimension-8 operator coefficients fsoo /A%, fsi1/A*, fvo/A*, fmi /A%, fur /A%,
fro/ A%, fri/ A%, and fra2/ A*, where fso2 denotes a simultaneous variation of the operators Ogg and Os» by
the same amount. These constraints are competitive with those obtained by the CMS Collaboration using
the same final state, based on the 137 fb~! dataset. In addition, two-dimensional limits are set on pairs of
operators.

The results are also interpreted in the context of the Georgi-Machacek model, yielding upper limits
at 95% CL on the sin 6y parameter as a function of My These limits exclude sin 6y parameter
values greater than 0.11-0.42 for Mg values from 200 to 1500 GeV. Upper limits at 95% CL on
ovpr(Hs™) X B(H* — W=W*) are extracted for myz= ranging from 200 to 3000 GeV. There is a local

33



excess of events over the SM prediction at a resonance mass of around 450 GeV. The global significance of
this excess is 2.5 standard deviations.
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