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Abstract The observation of the electroweak production of
a W boson and a photon in association with two jets, using
pp collision data at the Large Hadron Collider at a centre
of mass energy of /s = 13 TeV, is reported. The data were
recorded by the ATLAS experiment from 2015 to 2018 and
correspond to an integrated luminosity of 140 fb~!. This pro-
cess is sensitive to the quartic gauge boson couplings via the
vector boson scattering mechanism and provides a stringent
test of the electroweak sector of the Standard Model. Events
are selected if they contain one electron or muon, missing
transverse momentum, at least one photon, and two jets. Mul-
tivariate techniques are used to distinguish the electroweak
Wy jj process from irreducible background processes. The
observed significance of the electroweak Wy jj process is
well above six standard deviations, compared to an expected
significance of 6.3 standard deviations. Fiducial and differ-
ential cross sections are measured in a fiducial phase space
close to the detector acceptance, which are in reasonable
agreement with leading order Standard Model predictions
from MADGRAPH5+PYTHIA8 and SHERPA. The results are
used to constrain new physics effects in the context of an
effective field theory.
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1 Introduction

The scattering of two vector bosons, e.g. WZ — Wy, is
sensitive to both the triple and quartic electroweak-boson
self-interactions [1,2]. In proton—proton (pp) collisions, the
Wy jj final state can be produced via many different mecha-
nisms, as shown in Fig. 1. Electroweak (EW) Wy j;j produc-
tion concerns exclusively electroweak interactions of order
aéw at tree level [3], where agw is the electroweak coupling
constant. Although the contributions of interest are vector
boson scattering (VBS) interactions involving quartic gauge
couplings (QGCs), these cannot be distinguished from other
electroweak contributions in a gauge-invariant manner. Thus,
the signal process studied in this paper is the combination of
all processes of order O‘éw shown in Fig. la—c. The dom-
inant background for EW Wy jj production concerns pro-
cesses of order agaéw attree level in Fig. 1d, where «g is the
strong coupling constant and the jets are produced via strong
interaction vertices; these processes are collectively referred
to as strong Wy jj production in this paper. Triboson dia-
grams, such as the one shown in Fig. 1b, do contribute to EW
Wy jj production. However, due to their distinct topology
they require separate signal selection and background esti-
mation methods and are thus generally the subject of separate
studies.

The large cross-section of EW Wy jj production predicted
by the SM allows differential cross-sections to be measured
with higher precision than other VBS processes. The differ-
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Fig. 1 Representative Feynman CZ —_—— NN\ W+

diagrams for the Wy j; final - m u
state: a EW Wy jj production U A d

involving no gauge boson
self-interactions, b
Bremsstrahlung EW Wy jj
non-VBS production involving
quartic gauge boson m

interactions, ¢ Wy VBS 1

involving quartic gauge boson U ——>——"\NNN\ T d gl
interactions, and d Strong

Wy jj production (a) (b)

©)

ential measurements further enhance our sensitivity to poten-
tial anomalous quartic couplings of WWyy and WWy Z. In
addition to the VBS topology characterised by the two ener-
getic jets in the forward and backward region, the leptonic
decay channel of the EW Wy jj production has a clean signa-
ture in the detector with exactly one charged lepton, missing
transverse momentum, and at least one photon. This paper
reports fiducial and differential cross-section measurements
in the EW Wy final state using 140 fb—! of data recorded
between 2015 and 2018 with the ATLAS detector.

The CMS Collaboration reported the observation of the
EW Wy jj process [4] and measured EW Wy jj differen-
tial cross-sections [5]. This analysis exploits two innovations
compared to the CMS publication. First, multivariate tech-
niques involving a neural network are used to isolate the
EW Wy jj signal from the strong Wy jj background in a
VBS-enhanced phase space; the resulting observed yield is
corrected for detector effects and a fiducial cross-section is
reported in a fiducial phase space at particle level as close as
possible to the reconstruction level. Secondly, observables
sensitive to the charge conjugation (C) and parity (P) struc-
ture of WWyy and WWy Z couplings are measured. These
measurements can be used to explore new sources of CP
violation (CPV) in the gauge-boson sector that may partly
explain the predominance of matter over anti-matter in the
universe. The differential cross-sections for EW Wy jj pro-
duction are measured as functions of two types of observ-
ables: VBS observables and charge conjugation and parity
observables.

@ Springer
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e The VBS observables are those that are used to char-
acterise specifically the VBS nature of events; they are
additionally sensitive to anomalous QGCs (aQGCs) via
dimension-8 operators of an effective field theory (EFT),
which can be parameterised in the Eboli basis [2]. These
observables include the invariant mass of the dijet sys-
tem, mij, the transverse momentum of the two jets, p{-j s
the lepton transverse momentum, plT, and the invariant
mass of the lepton and the photon, n1;,, .

e The charge conjugation and parity observables probe the
CP structure of WWyy and WWy Z couplings. Two
observables are studied: the signed azimuthal angle dif-
ference between the two jets, Apj; = ¢} — ¢}, where
the two highest transverse-momentum jets are ordered by
rapidity y such that y} > ylf, and the signed azimuthal
angle difference between the lepton and the photon,
Ay, = ¢y — ¢p, where the lepton and the photon are
ordered such that y s > y,. Measurements of A¢;; have
previously been proposed to constrain the CP-odd com-
ponent involving Higgs boson couplings in Vector Boson
Fusion (VBF) processes [6] and the ¢z H process [7].

The paper is organised as follows. Section2 briefly
describes the ATLAS detector. Section 3 documents the sim-
ulated signal and background samples used in this analysis.
The object reconstruction and event selection is presented in
Sect.4. The background estimate is detailed in Sect.5. The
methodologies used for the fiducial and differential cross-
section measurements are discussed in Sect. 6. Corrections
for detector effects are described in Sect.7, followed by a
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description of the systematic uncertainties in Sect.8. The
fiducial and differential EW Wy jj cross-sections are pre-
sented in Sect.9. Section 10 presents constraints on the Wil-
son coefficients of dimension-8 EFT.

2 ATLAS detector

The ATLAS detector [8] at the LHC covers nearly the entire
solid angle around the collision point.! It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial
magnetic field and provides charged-particle tracking in the
range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measure-
ments per track, the first hit generally being in the insertable
B-layer (IBL) installed before Run 2 [9,10]. It is followed
by the SemiConductor Tracker (SCT), which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
[n] = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold correspond-
ing to transition radiation.

The calorimeter system covers the pseudorapidity range
In| < 4.9. Within the region || < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering |n| < 1.8 to cor-
rect for energy loss in material upstream of the calorimeters.
Hadronic calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
In] < 1.7, and two copper/LAr hadronic endcap calorime-
ters. The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respec-
tively.

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the super-

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

n = —Intan(6/2) and is equal to the rapidity y = }In (gfﬁ;) in

the relativistic limit. Angular distance is measured in units of AR =

V(AY)? + (A¢)2.

conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0T m across most of
the detector. Three layers of precision chambers, each con-
sisting of layers of monitored drift tubes, cover the region
In| < 2.7, complemented by cathode-strip chambers in the
forward region, where the background is highest. The muon
trigger system covers the range |n| < 2.4 with resistive-plate
chambers in the barrel, and thin-gap chambers in the endcap
regions.

The luminosity is measured mainly by the LUCID-2 [11]
detector that records Cherenkov light produced in the quartz
windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system imple-
mented in custom hardware, followed by selections made
by algorithms implemented in software in the high-level
trigger [12]. The first-level trigger accepts events from the
40MHz bunch crossings at a rate below 100kHz, which the
high-level trigger further reduces in order to record complete
events to disk at about 1kHz.

A software suite [13] 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 Monte Carlo event simulation

Monte Carlo (MC) event generators are used in the analysis
to simulate signal and background events produced in pp
collisions. These simulated samples are used to design and
optimise the analysis, evaluate systematic uncertainties, and
characterise the effects of detector inefficiency and resolu-
tion.

Electroweak Wyjj production is simulated with the
SHERPA2.2.12 [14] generator. Matrix elements at leading
order (LO) in QCD with up to one additional emission are
matched to a parton shower based on Catani—Seymour dipole
factorisation [15, 16] using the MEPS @LO prescription [17-
20]. Samples are simulated using the NNPDF3.0NNLO parton
distribution function (PDF) set [21], along with the dedi-
cated set of tuned parton-shower parameters developed by
the SHERPA authors. An alternative EW Wy jj signal sam-
ple is produced using MADGRAPH5_AMC@NLO [22] at LO
accuracy with the default dynamical scale choice and the
NNPDF3.1L0 PDF set. PYTHIA 8.240 with the dipole recoil
option turned on is used to add parton showering, hadroni-
sation, and underlying-event activity. The A14 [23] set of
tuned parton-shower parameters is used for PYTHIA 8.240,
and EVTGEN [24] is used for the properties of bottom and
charmed hadron decays. This alternative EW Wy jj sample
is used to evaluate a systematic uncertainty of the signal pro-
duction due to the choice of event generator.

@ Springer
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The dominant background process, strong Wy jj, is sim-
ulated using SHERPA2.2.11 [14]. Matrix elements at next-
to leading order (NLO) QCD accuracy for up to one addi-
tional parton and LO accuracy for up to three additional
parton emissions are matched and merged with the SHERPA
parton shower based on Catani—Seymour dipole factorisa-
tion [15,16] using the MEPS@NLO prescription [17-20].
This sample uses NNPDF3.0NNLO for the matrix element cal-
culation with default parameters for parton showering, hadro-
nisation, and underlying-event activity. An alternative strong
Wy jj sample is produced using MADGRAPHS_AMC@NLO
at NLO accuracy for events with up to three partons in the
final state with the NNPDF3.0NLO PDF set and is inter-
faced with PYTHIA 8.240 with A14 parameters to provide
parton showering, hadronisation, and underlying-event activ-
ity. This alternative strong Wy jj sample is used to evaluate a
systematic uncertainty of the strong Wy j;j background esti-
mate due to the choice of event generator.

Prompt background events are those that contain at least
one prompt photon, exactly one prompt charged lepton, and
two jets. SHERPA2.2.12, with the same settings as EW and
strong Wyjj, is also used to simulate EW and strong Zy jj
production. The remaining prompt backgrounds can arise
from tWy, tqy, and iy processes, which are simulated
using MADGRAPHS5_AMC@NLO[22] with NNPDF2.3NLO
for tWy and t7y at LO, and tqy at NLO. To provide par-
ton showering, hadronisation, and underlying-event activity
these samples are interfaced PYTHIA 8.235, PYTHIA 8.212,
and PYTHIA 8.240, respectively, with A14 parameters.

Contributions from background events arising from jets
misidentified as leptons or photons, non-prompt leptons or
photons from decays of hadrons, electrons reconstructed as
photons, and photons arising from a separate pp interac-
tion (“pile-up photons”) are estimated by using the data-
driven methods that are outlined in Sect. 5. The term fake
leptons is used to collectively refer to either non-prompt lep-
tons or hadronic jets misreconstructed as leptons. MC sim-
ulated samples including W+jets, Z+jets, tW, ¢z, diboson,
and multijet events are used in the validation of data-driven
methods and the evaluation of systematic uncertainties of the
background estimations. In particular, simulated W+jets and
Z+jets events, which are used in the validation of the non-
prompt photon estimate, are produced at NLO accuracy using
SHERPA 2.2.11 with NNPDF3.0NNLO and default parameter
tunes for parton showering, hadronisation, and underlying-
event activity. Background events from electrons misrecon-
structed as photons can arise from W, tf, and Z+jets pro-
cesses. The W and ¢7 processes are simulated using POWHEG
at NLO accuracy with NNPDF3.0NNLO and PYTHIA 8.230
with A14 parameters to provide parton showering, hadroni-
sation, and underlying-event activity. Diboson and multijet
events are used in the data-driven estimate of fake leptons.
The diboson sample is simulated with SHERPA 2.2.2 at NLO

@ Springer

with NNPDF3.0NLO and default parameter tunes for parton
showering, hadronisation, and underlying-event activity. The
multijet sample is simulated using PYTHIA 8.235 at LO accu-
racy with NNPDF2.3L0 and A 14 tunes for parton showering.

All simulated signal and background events are pro-
cessed through the full ATLAS detector simulation using
GEANT4 [25] and then reconstructed using the same algo-
rithms as the recorded data events. Differences between
reconstructed leptons, photons, jets and missing transverse
momentum in simulations and data are corrected using event-
by-event scale factors with pt and 1 dependence. The effect
of multiple interactions in the same and neighbouring bunch
crossings (pile-up) is modelled by overlaying the simulated
hard-scattering event with inelastic pp events simulated with
PYTHIA 8.186 [26] using the NNPDF2.3L0 set of PDFs [27]
and the A3 set of tuned parton-shower parameters [28].

4 Object reconstruction and event selection

This analysis is performed using pp collision data col-
lected between 2015 and 2018 at a centre-of-mass energy of
/s = 13 TeV, corresponding to an integrated luminosity of
140 b~ [29].

Events are required to satisfy the unprescaled single-
lepton triggers that have transverse momentum thresholds
of 20-26 GeV, depending on the charged lepton flavour
and data-taking periods [30,31]; this is complemented by
triggers with higher pr thresholds and no isolation require-
ments to increase the overall trigger efficiency. Events are
also required to satisfy detector and data quality require-
ments during stable beam conditions [32]. Candidate pp
interaction vertices are reconstructed using charged-particle
tracks; each candidate vertex must have at least two tracks
with pt > 500 MeV [33]. The vertex with the highest scalar
sum of track p% is selected as the primary vertex. Events
must contain at least one electron or muon, missing trans-
verse momentum, at least one photon, and at least two jets.

Muons are reconstructed by matching tracks in the MS
to a corresponding track in the ID. Each muon must sat-
isfy the tight identification criteria and fight isolation work-
ing point [34]. Muons are constrained to originate from the
primary vertex by requiring |dp/o4,] < 3 and |zpsinf| <
0.5 mm, where dj is the distance of closest approach to the
primary vertex in the transverse plane, with an uncertainty
04y, and 2 is the longitudinal difference between the point at
which dy is defined and the primary vertex. Selected muons
are required to have pt > 30 GeV and |n| < 2.5.

Electrons are reconstructed from clusters of energy deposits
in the ECAL and matched to a track reconstructed in the
ID. Each electron must satisfy the fight identification and
tight isolation working points [35]. Electrons are required to
have pt > 30 GeV and |n| < 2.47, excluding the calorime-
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ter transition region 1.37 < || < 1.52, |dy/04,| < 5 and
|zo sinf| < 0.5 mm.

Photons are also reconstructed from clusters of energy
deposits in the ECAL. Both converted and unconverted pho-
tons are used in the analysis. Converted photons are defined
as photon clusters that are matched to one or two ID tracks
consistent with a conversion vertex, while unconverted pho-
tons are defined as photon clusters that are matched to neither
an ID electron track nor a conversion vertex. Each photon
is required to satisfy tight identification and tight isolation
working points [35]. Photons passing a loose identification
requirement are retained in the analysis to define control
regions for the data-driven background estimation method
used to determine the background from jets misidentified
as photons, which is described in Sect. 5. The tight isolation
requirement is defined as E%"“e“o < 0.022 x pt+2.45GeV,
where E%""e“o is computed as the sum of transverse ener-
gies of positive-energy topological clusters in the calorime-
ter within a distance of AR = 0.4 around the photon can-
didate [35]. Photons are required to have pt > 22 GeV
and |n| < 2.37, excluding the calorimeter transition region
1.37 < |n] < 1.52.

Jets are reconstructed using a particle-flow method [36]
that combines charged-particle tracks in the ID with topo-
clusters formed from energy deposits in the calorimeters. The
anti-k; algorithm [37] with radius parameter R = 0.4 is used
to define the jet. Each jetis required to have pt > 25 GeV and
[n] < 4.4.Jets with pt < 60 GeV and |n| < 2.4 are required
to originate from the primary vertex by using the tight work-
ing point of the jet vertex tagger (JVT) [38]. Jets that origi-
nate from noise bursts in the calorimeters are removed [39].
Events must have at least two jets with pt > 50 GeV. Jets
with || < 2.5 that contain b-hadrons are identified by a mul-
tivariate algorithm (DL1r) [40] with 85% tagging efficiency
working point. Events identified as containing a b-jet by the
DLIr algorithm are excluded to suppress backgrounds from
processes involving top quarks.

The magnitude of the missing transverse momentum,
E%‘iss, and its direction are calculated from the negative vec-
tor sum of a track-based soft term and all reconstructed elec-
trons, muons, photons, and jets [41]. The soft term is calcu-
lated from tracks from the primary vertex that are not matched
to any hard physics objects. Events are required to satisfy
EMSS > 30 GeV.

To resolve ambiguities in the object reconstruction, an
overlap removal procedure is applied. Jet candidates are
removed if AR(j,l) < 0.2 (I = e, n). Then, leptons are
removed if AR(l, j) < 0.4, and photons are removed if
AR(y,l) <04 o0r AR(y, j) < 0.4. Finally, electron candi-
dates are removed if shared ID tracks exist between a muon
and an electron.

Events are required to satisfy m%v > 30 GeV, where

mV = \/2p!rEaniSS(1 — cos A¢) and Ag is the azimuthal
angle difference between the lepton and missing transverse
momentum in the transverse plane, relative to the beam axis.
In addition, to reject events that have topologies consistent
with leptonic Z decays in which one charged lepton is recon-
structed as a photon, the invariant mass of the lepton and
the photon must satisfy [m;, —mz| > 10 GeV. To further
remove events containing two prompt charged leptons con-
sistent with a Z boson or two W bosons, events are rejected
if a second lepton satisfying the following requirements is
present: pt > 7 GeV, the lepton-specific pseudorapidity
requirements, both track impact parameter requirements, and
loose identification [34,35]. Finally, the two leading jets must
have a rapidity difference [Ay;;| > 2 and invariant mass
mj; > 500 GeV, which ensures a topology consistent with
EW Wy jj production.

The preceding selection criteria comprise the baseline
selection. Baseline selected events are further divided into
different signal and control regions, which differ depending
on the purpose. The selection for the fiducial cross-section
measurement of EW Wy j;j production divides the baseline
region into a signal region, SR, and a control region, CRf19,
by counting jets in the rapidity interval between the two lead-
ing jets, ]\/Ji?f .In EW Wy jj events, the two leading jets are
produced via an electroweak interaction and there is thus
little hadronic activity between them; hence each event in
SR is required to satisfy Njgeif =0, and CR is defined by
NEP -

For the differential cross-section measurement, it is addi-
tionally required that events have m;; > 1 TeV to enhance
the EW Wy jj signal purity; these events are then divided
into three control regions (CRa, CRp, and CR¢) and one
signal region (SR). The centrality of the lepton-photon sys-
tem relative to the VBS tagged jets, j; and j», is defined as
sly = |(yly - (yj1 + yjz)/z)/(yjl - Yj2)| and is used to
form three control regions (CR4, CRp, and CR¢) and one
signal region (SR), where y;, is the rapidity of the lepton-
photon system. InEW Wy jj events, the W boson and photon
are generally produced centrally, between the two leading
jets, and thus these events have low &;,,. The variables &,
and J\Ggeif are chosen to define the four regions because they
are uncorrelated. The SR is defined by requiring that there
must be little hadronic activity in the region between the
two leading jets and that the reconstructed /y system is pro-
duced centrally (I\G%if =0, &, < 0.35). Theremaining three
regions are control regions with small EW Wy jj contribu-
tion, and are used to constrain the dominant background from
strong Wy jj production: CRa (]\Ggeif >0, &, <0.35),CRp

(NEP > 0,035 < &, < 1),and CRc (N5 = 0,035 <

jets ets

&y < 1.

@ Springer
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Table 1 Summary table for signal and control regions for the fiducial and differential cross-section measurements

Fiducial cross-section SRfid Njge?f =0 CRfid Nj‘ﬁf >0
Differential cross-section SR CRA CRp CRc
mjj > 1TeV Nige =0 NEP >0 Nige >0 Nige =0
&y <035 &y <035 035 <¢, <1 035 <&, <1

Table 2 Expected number of events in the signal and control regions
used for the fiducial cross-section measurement and observation of EW
Wy jj production. Statistical and systematic uncertainties estimated
in Sect. 8 are included for each component. The number of observed
events in each region are included for comparison. The “non-prompt”
background category includes non-prompt photons and fake leptons
SRI (NEP =0)  CR™ (NEP > 0)

jets jets

EW Wyjj 520 + 141 120 4 49
Strong Wy jj 1550 % 830 1970 £ 950
Non-prompt 692 £ 57 698 £ 58
Top quark processes 109 £+ 18 183 £ 37
EW + strong Zyjj 128 £ 34 163 £ 77
Total 3000 = 830 3140 =960
Data 3341 3143

The signal and control region selection requirements for
both the fiducial and differential cross-section measurements
are summarised in Table 1.

Table 2 shows the number of signal and background events
in SRf4 and CR, after computing the data-driven back-
grounds, as described in Sect.5. The strong Wy jj process
accounts for 63% of the event yield in CRY and 52% in
the SRf¢. The remaining prompt backgrounds, including top
quark processes and EW and strong Zyjj processes, con-
tribute 11% in CRY and 8% in SRY, while the non-prompt
background fraction is 22% in CR and 23% in SR,

5 Background estimation

The main source of background arises from strong Wy j j pro-
duction. This background is estimated by using MC simula-
tion and constrained using data in the control regions defined
in Table 1; a detailed description of this procedure is provided
in Sect. 6. Additional prompt backgrounds arise from Zyj;j
production and the production of one or more top quarks
in association with photons. These prompt backgrounds are
estimated by using MC simulations described in Sect. 3.
The largest non-prompt background arises primarily from
W+jet production, where a jet is misidentified as a photon.
This non-prompt photon background is estimated by using
a data-driven template fit to the pr-corrected photon isola-
tion energy (Eq 7 = E$™0 — 0.022 x pr) distributions

@ Springer

of prompt and non-prompt photons. The prompt photon tem-
plate is determined from prompt photons in Wy jj MC sim-
ulation. A control region enriched with non-prompt photons
is defined by requiring photons to satisfy the loose identi-
fication criteria but fail to satisfy the selection criteria for
at least one of four variables in the fight identification that
define the photon shower shape. This selection is referred
to as LoosePrime4 [35]. The shape of the non-prompt pho-
ton template is extracted by parameterising the EITS Y distri-
bution in this control region. Contributions from processes
with prompt photons in the non-prompt photon control region
are minimal but are accounted for with a systematic uncer-
tainty of the background estimate. The fractions of prompt
and non-prompt photons are extracted for each bin of each
distribution using an unbinned, maximum-likelihood fit of
the prompt and non-prompt templates to data. The extracted
yields are verified using an “ABCD sideband method” [42]
with the two dimensional plane defined by photon identifi-
cation and isolation requirements. The dominant uncertainty
in the non-prompt photon background is due to the choice of
photon identification criteria used to define the non-prompt
template regions. This non-prompt photon definition is var-
ied by requiring photons to fail to satisfy at least one of two,
three, or five shower shape selection variables used to define
the tight identification [35], and the systematic uncertainty
due to this identification choice varies from 4% to 16%. Other
sources of systematic uncertainty arise from statistical uncer-
tainties of the samples in the template and fit regions; prompt
photon leakage into the non-prompt template regions, esti-
mated from signal MC simulation; and the effect of photon
isolation energy modelling uncertainties on the prompt pho-
ton templates.

A “fake factor” method is used to estimate the back-
ground from fake leptons: charged leptons arising from mis-
reconstructed jets or in-flight decays of hadrons. The method
defines tight leptons as those satisfying all selection criteria
described in Sect.4 and non-tight leptons as those failing to
satisfy either the right identification or fight isolation crite-
ria. Non-tight leptons must still satisfy loose identification
in addition to the identification and isolation requirements
associated with the single lepton triggers. The fake factor is
defined as the ratio of events with one fight lepton to those
events with one non-tight lepton. It is calculated differen-
tially in lepton pt and n in a non-prompt control region
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defined by exactly one lepton and at least one jet. Contri-
butions from processes with prompt leptons are subtracted
from the data prior to calculating the fake factor. The non-
prompt lepton background is then determined in each bin
of each measured distribution by applying the fake factor to
prompt, background-subtracted data events that satisfy all the
selection criteria except the tight lepton criteria. Sources of
uncertainty arise from data and MC sample size in the control
regions, relative fractions between heavy flavour decays and
photon conversions, control region definitions for fake fac-
tor calculation, theoretical uncertainties of the prompt back-
ground, and the binning in pfr and 7.

An electron can be misreconstructed as a converted pho-
ton (e — y) if the track reconstruction algorithm either
fails to associate a B-layer hit to the track or associates a
spurious conversion track to the electron. This background
arises predominantly from Z+jets and ¢f processes, and the
fake rate is determined using data by selecting candidate ee
and ey events in a range of +20 GeV around the Z boson
mass. The object selections for the electron and photon can-
didates satisfies the same criteria specified in Sect.4. Com-
pared with the analysis region selections described in Sect. 4,
events must satisfy the following criteria: E%liss < 20 GeV,
m‘TV < 20 GeV, and there are no jet requirements. The ee and
ey event yields are obtained by fitting a double-sided Crys-
tal Ball function [43] to m,, or m,, to model the Z boson
decay along with an exponential function to account for back-
grounds. The ratio of N,,, /N, is parameterised as functions
of electron pt and n and applied to data events with eejj
and ey jj final states, where one electron replaces the photon
in the event selection, to estimate the e — y background
in electron and muon channels, respectively. Sources of sys-
tematic uncertainties for the e — y fake rate arise from vari-
ations in the invariant mass fit range, varying the binning in
pr and 7, and replacing the exponential background param-
eterisation with a fourth-order Bernstein polynomial [44].

No explicit requirement is imposed on the longitudinal
position of the photon relative to the primary vertex, Az, as
it is not well-measured for unconverted photons. As a result,
a combinatorial background arises whereby a photon origi-
nating from one pp interaction is selected alongside a Wj;j
event from another pp interaction from the same bunch cross-
ing. This pile-up photon background is estimated by using a
data-driven method [45] that exploits the difference in Az,
between hard scatter and pile-up photons. Because the pile-
up photon fraction, fpy, is independent of the photon con-
version status, events are selected if they contain a converted
photon with two tracks and a conversion vertex with radius
< 125 mm such that the conversion occurs within the pixel
detector, allowing for an accurate measurement of Az,,. The
sidebands of the Az, distribution in background-subtracted
data and Wy jj simulation are used to estimate the fraction of
events in each analysis region that have photons originating

from a pile-up interaction. A control region dominated by
pile-up photon background is defined by |Az,| > 50 mm.
Due to the limited number of events in this data control
region, the statistical precision of fpy is almost 90% while
the systematic uncertainty is negligible compared with the
statistical uncertainty. The pile-up background contains a
component where a pile-up jet can be misidentified as a pho-
ton. The fraction of prompt photons is estimated by using
inclusive prompt photon events obtained from data recorded
using single photon triggers, and fpy is then multiplied by
this fraction. The estimated fpy is (1.7 = 1.6)% in SRfid
and (0.45 +0.39)% in CR"4; it is neglected for the differen-
tial cross-section measurement due to the limited number of
events in the control region of pile-up photons arising from
the additional requirement of m j; > 1 TeV. The procedure
to extract the EW Wy jj fiducial cross-section is repeated
without the pile-up photon background, and the uncertainty
on the fiducial cross-section is unchanged.

6 Signal extraction
6.1 Signal extraction for observation

A neural network (NN) is used to classify signal and back-
ground processes. The NN is trained on the EW Wyjj
process as the signal model and the sum of strong Wy jj,
Zyjj, and top quark processes as the background model,
which are weighted according to their cross-sections. All
events used in the training satisfy the signal region SRf9
selection described in Sect.4. Two NN classifiers are cre-
ated after training on two statistically independent but oth-
erwise identical samples. A binary cross-entropy loss func-
tion is used during the training and the loss for each event
is weighted by its weight. The NN consists of a batch nor-
malisation layer followed by three densely connected hid-
den layers of 512 nodes each. Each hidden node uses a
LeakyRelu activation function [46]. The last hidden layer
is densely connected with the output layer that uses a sig-
moid activation function. The model is trained with the Adam
learning rate optimiser [47] with an initial learning rate of
3x107>. The NN is trained to discriminate signal from back-
ground using 13 kinematic observables. These 13 observ-
ables, ranked according to importance, consist of the lepton-
photon centrality, &, ; pseudorapidity difference between the
two jets, An;;; angular distance between the lepton-photon
system and the dijet system, AR(ly, jj); p%; pfr; photon
centrality, &, ; angular distance between leading jet and pho-
ton, AR (jiead, ¥); angular distance between lepton and pho-
ton, AR(/, y); transverse momentum of the lepton-photon
system, plTy; azimuthal angle difference between the lepton-
photon and the dijet system, A¢(ly, jj); m%v; leading jet
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transverse momentum, p#ead and 7,.,,- The optimal hyper-

parameters are determined using a grid search by repeating
the training with different combinations of the number of
hidden layers, number of nodes, and learning rate; the model
architecture with the lowest loss on test data is chosen. The
NN trained on one statistically independent sample is applied
to the other for evaluation. No significant differences between
the two NNs are found, and thus the average value of the two
NN output scores is used for data and data-driven background
events.

A profile likelihood fit to the NN score in the SR and
CRfY region is performed simultaneously to maximise the
likelihood for observing n%4@ events given the number of
predicted events. The expected number of events depends on
two floating normalisation factors: (syong for strong Wy jj
and pugw as the EW Wy jj signal strength. The likelihood
function £ can be written in a simplified form as the product
of Poisson distributions multiplied by the product of Gaus-
sian constraints,

L= l_[ 1_[ P(nddtd ,U«EWSr,i(o) + Br,i(,ustrongv 0))

x ]—[G(ej), €))
j

where r is either SR or CRﬁd, i represents the bin number
of the NN score in region r, # refers to nuisance parameters
constrained by the Gaussian term G () for each systematic
uncertainty source j, S, ; () is the number of predicted events
from EW Wyjj simulation, and B, ;(f) is the number of
background events.

The shape of the NN score for EW Wyjj and strong
Wyjj is taken from the corresponding MC while the nor-
malisation for each process is floated, namely, ugw and
Mstrong» respectively. The other backgrounds are allowed to
vary within their respective uncertainties. The EW Wy jj
measurement depends on a set of nuisance parameters that
represent the impact of uncertainties on the fit; these uncer-
tainties are discussed in Sect. 8. The observed significance
is evaluated by performing a background-only simultaneous
fit to data in SR and CRMY to estimate the probability of
rejecting the background-only hypothesis. The signal region
was blinded when analysis decisions and optimisations were
made to avoid biasing the measurement.

Figure 2 shows the top three ranked observables of the NN
in the signal region with the values of nuisance parameters
and normalisation factors obtained from the fit of the NN
score distributions to templates in different variables results
and Fig.3 shows the output NN score in SRfiY and CRfd
after performing the profile likelihood fit in the correspond-
ing observables. Good agreement with the observed data is
seen in both the regions except for the slight shape difference
in &, between MC and data. Instead of injecting the nui-
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sance parameter from the fit to the NN score, the maximum-
likelihood fit was performed to &, directly to obtain the nui-
sance parameters, resulting in excellent agreement between
MC and data after the fit. Therefore the maximum-likelihood
fit has sufficient flexibility to give reliable results despite mis-
modelling between MC and data before the fit.

6.2 Signal extraction for the differential cross-section
measurement

The EW Wy jj event yields are also extracted differentially
as functions of m ;, p/T/, Adjj, plT, myy, and A¢yy, using
the methodology documented in Ref. [48]. This method
exploits signal and control regions in a binned log-likelihood
fit [49,50], which are used to constrain both the shape and
normalisation of the strong Wy jj background. The data are
split into four regions (SR, CRp, CRp, and CRc) by impos-
ing the selection criteria for &,, and N gapdeﬁned in Table 1

in Sect.4. The variables &;,, and N, ‘itf are uncorrelated, and
are thus chosen to define these four regions. The EW Wy jj
event is produced centrally and has little hadronic activity in
between the forward and backward jets, hence each event in
the SR is required to satisfy Njgets = 0and &, < 0.35. The
control regions are deficient in EW Wy jj, and are defined
by inverting the requirement on either &, or N, 8ap.

The binned log likelihood is defined as:
Inf =-— Z vy + ZNdata Invi;,
i r,i

where r corresponds to one of the four regions SR, CRjy,
CRpg, and CRc, i corresponds to the bin of the kinematic
observable, Nrdf“a corresponds to the data yield in bin i of
region r, and v7; corresponds to the prediction that relies on
the s sources of experimental systematic uncertainty.

The fitted number of events in region r and bin i is
expressed as

EW ,MC strong other,bkg
Vri = UEW,i V,; +v,; T Hv; ) (2)

where ugw ; is the signal strength of EW Wy jj in bin i,

EW.MC ond v;)ither’bkg correspond to the EW Wy j;j pre-

drctlon and contributions from reducible background pro-
cesses, respectively. The strong Wy jj prediction is con-
strained using the signal-suppressed control regions based
on the following four relations:

and v,

strong —b strong,MC Ustrong _ b strong MC

Very,i = PLiVer,,i 0 CRp,i — VCRp.i
strong —b strong MC d strong —b strong MC
VsRr,i = DPL,iCVgR; » and Vep.; = PH,i CVcRe i

3)
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Fig. 2 Distributions of the predicted and observed yields for the three
highest ranked variables in the NN after performing the profile likeli-
hood fit, as functions of a &,,, b An;;,and ¢ AR(ly, jj). The observed
data is represented by solid circles and the associated vertical error bar
represents the statistical uncertainty of the data. The predicted yields

(b)

8 9 ;
An, AR (y.jj)

(©

comprise simulated EW Wy jj signal, backgrounds from non-prompt
photons and leptons that are estimated by using data-driven methods,
and backgrounds that are estimated with simulation. The hashed band
represents the quadrature sum of the statistical and systematic uncer-
tainties
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The parameters by, ; and by ; are sets of bin-dependent free
parameters that correspond to the §,, < 0.35and §;,, > 0.35
regions, respectively. The low-§;,, parameter, b ;, is primar-
ily constrained by CR 4, while by ; is primarily constrained
by CRp. These two sets of parameters introduce additional
degrees of freedom to the predicted strong Wy jj event yield
to allow the fitted number of strong Wy jj events to be more
consistent with the observed data. A floating parameter c is
used to provide a residual correction that can account for any
mismodelling across Njge?f This configuration is less prone to
fit instabilities coming from the limited number of observed
events than is the two-parameter linear fit of Ref. [48].

For each bin i, the binned maximum-likelihood fit consists
of the following free parameters: the signal strength ugw ;,
the free parameter c, and the by, ; and by ; corrections to the
strong Wy jj process. This constitutes an overall number of
3 X Npins + 1 parameters that are constrained by the 4 X Npjng
measurements in data, where Ny corresponds to the num-
ber of bins in the measurement of the differential observable.

The alternative predictions for EW Wy jj and strong
Wy jj introduced in Sect.3 are used to assess the system-
atic uncertainties discussed in Sect. 8. The statistical uncer-
tainty arising from the limited size of the data and simulated
MC samples is evaluated using the bootstrap method [51],
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each with 10000 toy experiments. The signal extraction is
repeated for each toy experiment, where the event yields
in each bin of the signal and control regions are sampled
according to a Poisson distribution. The mean and RMS of the
extracted event yields among these toy experiments are used
to define the extracted EW Wy jj yield and associated sta-
tistical uncertainty. Each source of systematic uncertainty is
varied and applied to the templates coherently in each region
and propagated through the fit. The theory uncertainties due
to QCD scales, PDFs, and «g are evaluated following the
procedures discussed in Sect. 8.

Figure 4 shows the pre- and post-fit agreement between
data and predicted yields as functions of m;; in SR, CRa,
CRg, and CRc. The floating parameter ¢ ranges from 1.06
to 1.22 depending on the observable while the overall scal-
ing factor for strong Wy jj (bL; ¢) ranges between 1.07 and
1.39. Good post-fit agreement between the predicted yields
and data is observed in all four regions. The pre-fit system-
atic uncertainties presented on the figures are estimated as
documented in Sect.8. The three control regions allow for
a constraint of the systematic uncertainties, in particular the
strong Wy jj modelling uncertainties.

The differential EW Wy jj signal extraction method is val-
idated with two procedures. In the first cross-check, a differ-
ent choice of control regions for the strong Wy jj process is
assigned in Eq. (3), where by ; and by ; instead link the strong
background yields at same l\ljgef values, and are thus con-
strained at high &,,, and the free parameter ¢ provides resid-
ual corrections considering the mismodelling across &;,,. In
the second method, the data-driven corrections to the strong
Wy jj contributions are derived only in either CR5 or CRc.
The extracted EW Wy jj event yields obtained using each of
these two methods are consistent with the nominal results.

7 Correction for detector effects

The fiducial and differential cross-sections at particle level
are obtained by correcting the reconstruction-level EW
Wy jj event yield for the detector effects of inefficiency and
resolution.

The particle-level regions are defined using all final-state
stable particles with a mean lifetime of ct > 10 mm.
To reduce model-dependence associated with extrapolations
across phase space, the particle-level selection is defined to
mimic the detector-level event selection described in Sect. 4.
Particle-level dressed leptons are formed by combining the
four momenta of each prompt electron or muon with the
prompt photons that lie within AR = 0.1 of the prompt lep-
ton excluding electrons or muons from tau decays. Events
must contain exactly one dressed lepton with pt > 30 GeV.
Leptons are required to fall within the same detector accep-
tance as the reconstruction level, with muons satisfying
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[n] < 2.5 and electrons satisfying |n| < 2.47 excluding the
region 1.37 < || < 1.52. Events must contain at least one
prompt photon with pt > 22 GeV and || < 2.37, excluding
the region 1.37 < |n| < 1.52. At particle level, the photon
isolation energy, Eirso is defined as the sum of the transverse
energy of stable particles within a cone of AR = 0.4 around
the prompt photon, excluding the photon itself and neutrinos.
To minimise the model dependence, SHERPA EW Wy jj sim-
ulation is used to determine a particle-level photon isolation
requirement that best mimics the detector-level behaviour;
particle-level photons must satisfy EiTSO < O.ZE]T/. Jets are
reconstructed with the anti-k; algorithm using all final-state
particles as input except the dressed lepton and prompt neu-
trinos. Events are required to contain zero jets that fall within
AR = 0.4 around a b-hadron, and must contain at least two
jets with pt > 50 GeV and |n| < 4.4. The particle-level
missing transverse momentum, defined as the vector sum of
the transverse momenta of all non-interacting, final-state sta-
ble particles, must satisfy E‘T‘fliSS > 30 GeV. These leptons,
jets, and photons are then selected ina VBS topology by using
the same requirements as the reconstruction-level selection,
which are listed in Table 3. The particle-level phase space
definition is slightly different for the fiducial and differential
cross-section measurements to ensure the definitions are as
close as possible to the signal extraction method at recon-
struction level.

The integrated fiducial cross-section, alf:i{,iv Wyij is defined
as:

i _ NEwW wyjj
EW Wyjj = 7 oo o .

“

L-Cgw wyjj

where Ngw wy j; is the number of extracted EW Wy jj events
after performing the fit described in Sect. 6.1, L is the inte-
grated luminosity, and Cgw wj; is the correction factor esti-
mated by using the EW Wyjj MC. The statistical uncer-
tainty due to the limited size of data and simulation samples
are propagated through Eq.(4), along with each source of
systematic uncertainty affecting Ngw wyj; and Cew wy ;.
which are treated as fully correlated.

For the differential cross-section measurement each dis-
tribution is unfolded using an iterative Bayesian method with
two iterations [52,53]. The binnings of the observables are
optimised to ensure the relative statistical precision of the
extracted EW Wy jj event yield is similar across bins using
an Asimov dataset [54] formed by the Wy and non-W y simu-
lation samples. The binning for each observable is optimised
using the EW Wy jj and strong Wy jj simulation samples,
such that a similar statistical precision is obtained for each bin
of the extracted yield. An additional requirement that the bin
width is not smaller than twice the resolution of the observ-
able is enforced. The number of iterations are determined by
minimising the quadrature sum of the bias and the statistical
uncertainty due to unfolding, where the bias is estimated by
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Fig. 4 Distribution of the observed and predicted yields as a function
of mj; inthe SR, CRa, CRpg, and CRc regions, both a pre-fitand b post-
fit. Data is represented by solid circles, and the associated vertical error
bar represents the statistical uncertainty of the data. The predicted yields
comprise simulated EW Wy jj signal, backgrounds from non-prompt

1 2 3 4 2 3 1 2

%w///ﬂ//ﬂ///
34 1 2 3

1 2 3 4

(b)

photons and leptons that are estimated by using data-driven methods,
and backgrounds that are estimated with simulation. The hashed band
represents the quadrature sum of the statistical and systematic uncer-
tainties, which are constrained in the fit. The bin edges are (1, 1.4, 1.7,
2,1,5.3) TeV

Table 3 Particle-level definition for the fiducial and differential EW Wy j;j measurement

Object

Selection requirements

Dressed muons

Dressed electrons

Isolated photons

Jets

Missing transverse momentum

VBS topology

pp > 30GeV and || < 2.5

pr > 30 GeV and |n| < 2.47 (excluding 1.37 < |n| < 1.52)

E% > 22 GeV and |n| < 2.37 (excluding 1.37 < |n| < 1.52) and EiTS" < 0.2E¥
At least two jets with pp > 50 GeV and |y| < 4.4, b—jet veto

EMiss > 30 GeV and m¥ > 30 GeV

Ne=1,Ny, > 1, |mg, —mz| > 10 GeV

ARmin(4, j) > 0.4, ARnin(y, j) > 0.4, ARpnin(¢, y) > 0.4
ARmin(j1, j2) > 0.4, Agmin(EFS, j) > 0.4

Niews = 2, pj, pi? > 50 GeV

mj; > 500 GeV, |Ay;i| > 2

Fiducial measurement

Differential measurement

VBS topology
VBS topology & (m;

> 1000 GeV, N5¥ = 0, and &y, < 0.35)

jets

comparing the unfolded distribution after a certain number
of iterations to the true distribution in the EW Wy jj sim-
ulation. The value and statistical uncertainty on the fiducial
EW Wy jj cross-section are derived from the mean and root
mean square (RMS) of the 10000 toy experiments described
in Sect. 6.2, propagated through the unfolding. These mod-
ified distributions and response matrices are then used to
repeat the unfolding procedure for each toy experiment. The
statistical uncertainty in each bin corresponds to the standard
deviation of the unfolded results from the ensemble of 10000
toy experiments. Systematic uncertainties that affect both the
signal extraction and the unfolding are treated as correlated
and propagated through the unfolding to the final results.

8 Systematic uncertainties

Experimental sources of systematic uncertainty arise from
the reconstruction and energy calibration of objects includ-
ing charged leptons, photons, jets, heavy-flavour tagging of
jets, and missing transverse momentum. These uncertain-
ties affect both the normalisation and shape of the simulated
background processes, the shape of the simulated EW Wy j;
process in the signal extraction, and the normalisation and
shape of simulations used to unfold the inclusive and differ-
ential cross-sections of the EW Wy j;j process.

The lepton trigger efficiencies and lepton and photon
reconstruction, identification, and isolation efficiencies in
simulations are corrected using scale factors derived from
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data, as described in Sect.4. Systematic uncertainties due
to this procedure are evaluated by varying the scale factors
based on their associated uncertainties [34,35]. Uncertainties
arising from differences between simulation and data in the
reconstructed lepton (photon) momentum are evaluated by
scaling and smearing the lepton (photon) transverse momen-
tum.

Jets are calibrated using a combination of MC-based and
data-driven corrections [55]. Uncertainties in the measure-
ments due to uncertainties in the jet energy scale and res-
olution corrections are evaluated by scaling and smearing
the jet four-momentum in the simulation by the uncertain-
ties associated with each of these corrections. Uncertainties
arising from the imperfect modelling of the JVT in the simu-
lation are estimated by varying the JVT requirement. Further-
more, uncertainties arising from differences between simu-
lation and data in b-jet tagging efficiencies are estimated by
varying the associated scale factors [40].

Uncertainties from the E‘T‘fliSS measurement are estimated
by propagating the uncertainties in the transverse momenta
of hard physics objects and by applying uncertainties associ-
ated with momentum scale and resolution to the track-based
term [41].

Additional sources of experimental uncertainty arise due
to the modelling of pile-up and the luminosity determina-
tion. The uncertainty in the combined 2015-2018 integrated
luminosity is 0.83% [29], obtained using the LUCID-2 detec-
tor [11] for the primary luminosity measurements, com-
plemented by measurements using the inner detector and
calorimeters.

For the EW Wy jj fiducial cross-section measurement,
each source of experimental systematic uncertainty is intro-
duced as a nuisance parameter using a Gaussian constraint in
the likelihood, as described in Sect. 6.1. For the differential
signal extraction, 10 000 pseudo-experiments are constructed
for simulated MC samples, where each pseudo-experiment
samples each simulated MC event with a unit-mean Pois-
son distribution. For data, in each experiment the number of
data events in each bin is determined by sampling a Poisson
distribution of mean equal to the nominal bin content. When
evaluating the statistical significance of the systematic uncer-
tainties, the distribution of Poisson fluctuations is the same
in the nominal as that in the systematic variations. The EW
Wy jj yield is extracted for each pseudo-experiment, and the
effect of the systematic uncertainty on the yield is calculated
as the mean of the distribution of differences between the var-
ied and nominal for each pseudo-experiment. The statistical
significance of each experimental systematic uncertainty is
evaluated by computing the RMS of the distribution of differ-
ences between the varied and nominal pseudo-experiments.
A smoothing procedure is applied to reduce bin-to-bin sta-
tistical fluctuations such that the difference between uncer-
tainties with or without smoothing is statistically insignifi-
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cant. All experimental systematic uncertainties are treated as
correlated among processes and regions. For both the inclu-
sive and differential cross-sections, the dominant experimen-
tal systematic uncertainties arise from the calibration of jets
and modelling of pile-up conditions, resulting in approxi-
mately 4% uncertainty in the inclusive cross-section and 5—
9% uncertainty in the differential measurements.

Theoretical uncertainties are accounted for from all sim-
ulated signal and background processes that affect the
EW Wyjj signal extraction. Each source of theoretical
uncertainty is estimated by repeating the signal extrac-
tion and unfolding procedure with an uncertainty variation
applied and propagating this through the unfolded mea-
surements. Theoretical uncertainties arise due to higher-
order QCD corrections, the PDFs used in the simula-
tions, the accuracy of the strong coupling constant «g,
and the choice of event generators. The effects of higher-
order QCD corrections are estimated by varying each of
the renormalisation (ug) and factorisation (wr) scales by
a factor of two with 0.5 < urp/ugr < 2.0. Uncertain-
ties due to the PDFs are evaluated by varying each Hes-
sian eigenvector of the nominal NNPDF3.0NNLO set and
comparing results obtained from nominal PDFs to alterna-
tive PDFs such as NNPDF3.INNLO [56], CT18NNLO [57],
MSHT2020NNLO [58], and PDF4ALHCI15NNLO [59]. If the
difference between the nominal PDF and alternative PDF is
not covered by the quadrature sum of the eigenvector changes
in NNPDF3.0NNLO, an additional uncertainty is assigned.
The uncertainty due to «g is evaluated with the nominal PDF
by varying the nominal «g = 0.118 by £0.001. For the
EW Wy jj signal extraction, the systematic uncertainty aris-
ing from the choice of event generator for the strong Wy jj
and EW Wy j;j processes is estimated using the symmetrised
envelope formed by the difference between the extracted
event yield between the nominal generator, SHERPA, and the
alternative generator, MADGRAPHS+PYTHIAS. For the differ-
ential cross-section measurement, the choice of event gener-
ator is extracted using the same method as with the experi-
mental systematic uncertainties.

Treatment of the theory uncertainties is briefly discussed
here. For the fiducial cross-section measurement, the QCD
scale uncertainties are treated as uncorrelated between signal
and control regions, because it is a conservative approach in
this case as the QCD scales are varied separately instead of
simultaneously in these two regions. The PDF and «g uncer-
tainties are treated as correlated between regions but kept
uncorrelated between different processes. Unlike the decor-
relation of theory uncertainties across regions for the fiducial
cross-section measurement of EW Wy jj, this treatment of
theory uncertainties is not necessary for the differential cross-
section measurement for two reasons: first, the differential
cross-section is measured in each bin of the observable using
the fit described above, hence the theory uncertainties are
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Table4 Impact of uncertainties on the measured fiducial cross-section.
Squared values of impacts are obtained by fixing a set of nuisance
parameters of the uncertainty sources corresponding to the category to
the best-fit values, then calculating the difference between the squares
of the resulting uncertainty from the total uncertainty of the nominal fit

Uncertainty source Fractional uncertainty (%)

—

MC statistics

Jets

Lepton, photon, pile-up

EW Wy jj modelling

Data statistics

Strong Wy jj modelling
Non-prompt background
Luminosity

Other background modelling

miss
ET

— N NN NN D 0 o —

decorrelated between bins of observables; and second, cor-
relations of QCD scale variations across . .ge?fare taken into
account by the floating parameter ¢ in Eq. (3) in Sect. 6.2 such
that only the uncertainties in ¢ are required.

Systematic uncertainties related to the unfolding proce-
dure in the differential cross-section measurements are eval-
uated as follows. First, the EW Wy jj process simulated with
the alternative generator, MADGRAPH, is used to extract the
EW Wy jj signal and unfold the data. The difference from
the nominal result is applied as a systematic uncertainty on
the unfolded EW Wy j; distributions. Second, 10000 truth
toy experiments are generated for the particle-level distribu-
tion according to a Gaussian distribution with mean equal to
the value of the corresponding bin and RMS equal to the sta-
tistical uncertainty of the bin. The nominal response matrix is
then applied to the particle-level distribution from each toy
experiment to create a reconstruction-level pseudo-dataset,
which is then unfolded with the nominal response matrix
to produce an unfolded pseudo-dataset. The difference in the
observable distribution between the truth toy experiment and
the unfolded pseudo-dataset constitutes a systematic uncer-
tainty on the unfolded result.

Table 4 shows the impact of the statistical and system-
atic uncertainties on the fiducial and differential cross-section
measurement. The precision of the fiducial cross-section is
limited by the statistical precision of the sample followed
by the modelling uncertainties, and the largest experimen-
tal uncertainties arise from uncertainties in the jet energy
scale and jet energy resolution of reconstructed jets. Figure 5
shows the fractional systematic uncertainties as functions of
mj; and p%. The uncertainties in the differential measure-
ment are mostly dominated by the systematic variations aris-
ing from strong Wy jj and EW Wy jj modelling and the

impact of the jet energy scale and resolution uncertainties,
for distributions including jets.

9 Results

9.1 Observation and fiducial cross-section for EW Wy jj
process

The measured signal strength, ugw, is 1.5 & 0.5. This
includes a significant modelling uncertainty on the pre-
diction of the fiducial cross-section due to the difference
in cross-section prediction between SHERPA and MAD-
GRAPHS+PYTHIAS, which can be seen in Fig. 6. The observed
significance is determined using a likelihood ratio test, and is
calculated to be above six standard deviations, compared with
an expected significance of 6.3¢. The significance is obtained
using the central value of the SHERPA prediction for the SM
EW Wy jj signal. The large normalisation uncertainty on the
predicted cross-section does not impact the calculation of the
signal significance.

The measured EW Wy jj fiducial cross-section in the
phase space defined in Sect.7 is determined to be opw =
13.2 £ 2.5 fb. The difference in fractional uncertainty
between pugpw and ogw is due to a large normalisation com-
ponent of the signal modelling uncertainty from the choice of
event generator. These predictions from SHERPA and MAD-
GRAPHS5+PYTHIAS are compared with the measured fiducial
cross-section in Fig. 6. The MADGRAPHS5+PYTHIAS predic-
tion is in agreement with the data within uncertainties while
SHERPA underestimates the data within two standard devia-
tions. The theoretical uncertainties in the predicted cross-
sections include systematic uncertainties from the QCD
scales, PDFs, and « g variations. The difference between the
predicted cross-section between MADGRAPHS+PYTHIAS and
SHERPA arises due to the third parton included in the matrix
element of SHERPA [60].

9.2 Differential cross-section for EW Wy j;j process

Figure 7 shows the differential cross-sections for EW Wy jj
production as functions of m;;, py’, A¢jj, pk, my,, and
Ad¢yy . The predictions from both MADGRAPH5+PYTHIAS
and SHERPA are in agreement with the data within uncer-
tainties.

The presence of anomalous quartic gauge coupling can
modify the distributions of these observables at the tails of
mijj, p%] , plT or my,. This is investigated further in Sect. 10.
Enhancement of CP violation of Higgs and gauge boson cou-
plings in the diboson sector may distort the shape of Ag;;
and A¢y,,, thus the measurements of these two observables
can be used to constrain the presence of CP-odd contributions
to the EW Wy jj process.
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Fig. 5 Fractional uncertainty in the EW Wy jj measurement as func-
tions of m; and pfr. Uncertainties are grouped in categories that are
added in quadrature to give total uncertainties. Systematic uncertainties

IIIIIIIIIIIIIIIIIIIII IIIIII IIII
ATLAS

Vs =13 TeV, 140 fb'

EW W(—lIv)yjj

Data (syst) " (total)ll

132+251b

Sherpa22 12 —o—i

8.9" 0% (scale) " > (stat+PDF+oy) fb

MadGraph5+Pythia8

13.0" 07 (scale) " (stat+PDF+a) fbo
IIIIIIIIIIIIIIIIIIIII IIIIII IIII

0 2 4 6 8 10 12 14 16 18

fid
GlliW W(—Iv)vyjj [fb]

Fig. 6 The measured EW Wy j; fiducial cross-section compared with
the predictions of SHERPA and MADGRAPH5+PYTHIAS. The central
value of the measured fiducial cross-section is represented by a dashed
vertical line. The light shaded band represents the total uncertainty on
the measured fiducial cross-section, while the darker shaded band repre-
sents the systematic uncertainty. Each MC prediction is represented with
a solid circle, and the associated horizontal error bars correspond to the
quadrature sum of statistical uncertainties and theoretical uncertainties.
The impacts of various sources of systematic and theoretical modelling
uncertainties in the fiducial cross-section are shown in Table 4

10 EFT interpretation
The differential cross-section measurements presented in
Sect. 9 are used to constrain dimension-8 (D-8) operators [2].

These operators are implemented in the Eboli model includ-
ing twenty independent, charge-conjugation and parity con-

@ Springer

due to reconstruction of leptons, photons, pile-up, and heavy-flavour
jets are grouped in the category “Other”

serving D-8 operators that can change the QGCs. The mea-
sured distributions for the six observables are sensitive to
sixteen D-8 operators and the most stringent limits from inter-
pretations of these distributions are reported.

The effective Lagrangian, Le¢r, including aQGCs repre-
sented by the higher dimension operators and the correspond-
ing Wilson coefficients, is given by:

®)

)
Lo =Lswi+ ) 70, )
J

where Lgy is the SM Lagrangian, 01.(8) correspond to

D-8 operators with dimensionless couplings fj(g) (Wilson
coefficients), and A is the energy scale of new physics.
The D-8 operators are the lowest-order operators that can
change QGCs without affecting the triple gauge couplings.?
It is assumed that the D-6 operators do not affect the
EW Wyjj or strong Wyjj processes. These D-8 opera-
tors can be classified into two groups: mixed-scalar oper-
ators (Opmo.1,2,3,4,5,7), consisting of two covariant deriva-
tives of the Higgs field and two field strength tensors, and
tensor-type operators, consisting of four field strength ten-
sors (0710,1,2,3,4,5,6,7)-

Theoretical predictions for the EW Wy jj process are con-
structed based on the effective Lagrangian in Eq.(5). The
amplitude for the EW Wy jj process, M, consists of the
SM contribution, Mgy, and the pure D-8 part including the
aQGCs, Mp_s.

2 Triple gauge couplings are represented by dimension-6 operators that
affect both strong and EW production of VBS processes. These are
strongly constrained by vector boson fusion processes.
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Fig. 7 EW Wyjj measured differential cross-section (solid cir-
cles) as functions of mj;, pi, A¢jj, py, mi, and Agy,
comparison to SHERPA (open circles) and MADGRAPH5+PYTHIAS
(open squares) predictions. The vertical error bars on the pre-

m

The differential cross-section can be decomposed into the
following three terms:

IMI? = [ Msuil? + 2Re(MgMp-g) + IMp s>, (6)
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dictions are determined by varying QCD scales, PDFs, ag (for
SHERPA), and MC statistical uncertainties. The vertical (shaded)
error bars on the data correspond to the data statistical (total)

uncertainties

where the pure SM term is |[Msm|?, |[Mp_g|* is the
pure D-8 term that scales quadratically with f ]§8)’ and the
interference term between the SM and D-8 amplitudes is
2Re(MyMp_g), which scales linearly with fj(g). It was
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Fig. 8 Expected and observed 95% CL limits of the tensor-type opera-

tor coupling fr3 from the fit to pf at different values of my, . Bounds
from partial wave unitarity constraints are also shown

found that the pure D-8 term affects the differential cross-
section measurements significantly more than the interfer-
ence term. The pure SM part in Eq.(6) is taken to be the
LO prediction from MADGRAPH5+PYTHIAS, described in
Sect.3. The D-8 and interference terms are generated at
LO using MADGRAPH5+PYTHIAS, with the same PDF and
parameter tunes for modelling as the SM term. QCD scale
uncertainties for the EFT contributions are taken directly
from the corresponding uncertainty estimate in the SM EW
Wy jj process using MADGRAPHS+PYTHIAS.

Limits on the D-8 operator coefficients are determined
using test statistics based on the profile likelihood ratio. The
profile likelihood ratio is constructed in terms of the mea-
sured cross-section as functions of each of the six observables
and the corresponding theoretical prediction parameterised
in terms of Wilson coefficients. The profile-likelihood test
statistics, which are assumed to follow a x 2 distribution with
one degree of freedom according to Wilks’ theorem [61],
allows the 95% confidence level (CL) bounds on Wilson
coefficients. The expected 95% coverage is further validated
using 1000 pseudo experiments.

The most stringent expected limit on each coefficient is
obtained from either the p3’/ or pl. distribution. Observed
and expected limits on the Wilson coefficients at 95% CL
are presented in Tables 5 and 6 with or without unitarity
preservation by introducing the clipping technique described
in Ref. [62]. The observed limits are tighter than the expected
limits because MADGRAPHS5+PYTHIAS overshoots the differ-
ential measurement shown in Fig. 7.

@ Springer

The limits on the D-8 Wilson coefficients using the clip-
ping technique are estimated as functions of a cut-off scale,
and for values of My, greater than the cut-off scale the
anomalous interaction contribution is set to zero. Figure 8
shows a scan of the cut-off scale for the 7'3 operator when
fitting the pJTJ distribution. pJTJ is found to be the most sensi-
tive observable to the tensor-type operators while plT is found
to be the most sensitive observable to the mixed scalar oper-
ators. The constraints on the fr3 and fr4 operators represent
the first such limits at the LHC.

11 Conclusion

An observation of the electroweak production of Wy j;j and
measurements of its fiducial and differential cross-section are
reported, using pp collision data collected with the ATLAS
detector at a centre-of-mass energy of /s = 13 TeV that cor-
respond to an integrated luminosity of 140 fb~!. This process
provides a unique probe of the quartic gauge coupling via the
vector boson scattering production mechanism, and measure-
ments of EW Wy jj production are therefore sensitive to the
WWyZ and WW yy quartic gauge boson couplings.

Advanced machine learning techniques are used to estab-
lish the observation of the EW Wy j;j process with a sig-
nificance of well above six standard deviations. The mea-
sured fiducial cross-section for the EW Wy jj process is
determined to be 13.2 &+ 2.5 fb, consistent with LO predic-
tions from MADGRAPHS5+PYTHIAS8, whereas SHERPA under-
estimates the measured cross-section. Differential cross-
sections are measured as functions of six kinematic observ-
ables in a stricter fiducial phase space. These observables
are either sensitive to the quartic gauge couplings or the
CP violation structure of WWy Z and WWyy couplings.
The data are corrected for detector effects of inefficiency
and resolution using an iterative Bayesian unfolding method
and are compared with theoretical predictions from MAD-
GRAPHS5+PYTHIA8 and SHERPA 2.2.12. These unfolded dis-
tributions are described by LO predictions within uncertain-
ties, in which MADGRAPH5+PYTHIAS8 tends to overshoot
the measurement at high m ;; and p%l while SHERPA 2.2.12
shows reasonable agreement but tends to underestimate the
data across the six observables. The shape of these dis-
tributions are described reasonably well by both predic-
tions. These differential measurements are used to search
for anomalous quartic boson interactions using dimension-
8 operators in the context of an effective field theory. The
transverse momentum of the dijet system is found to be the
most sensitive observable to the tensor-type operators while
the charged lepton transverse momentum is found to be the
most sensitive observable to the mixed scalar operators. The
first LHC constraints on fr3 and fr4 are presented.
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