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This letter reports the observation of W (£v)yy production in proton-proton collisions. This measurement uses
the full Run 2 sample of events recorded at a center-of-mass energy of \/E =13 TeV by the ATLAS detector at the
LHC, corresponding to an integrated luminosity of 140 fb~!. Events with a leptonically-decaying W boson and

at least two photons are considered. The background-only hypothesis is rejected with an observed and expected
significance of 5.6 standard deviations. The inclusive fiducial production cross section of W (ev)yy and W (uv)yy
events is measured to be op;y = 13.8 + l.l(stat)f%:[l)(syst) + 0.1(lumi) fb, in agreement with the Standard Model

prediction.

1. Introduction

In the Standard Model (SM) of particle physics, interactions amongst
electroweak gauge bosons (y, W, Z) are entirely determined by the
non-Abelian SU(2) x U(1) structure of the electroweak sector. In par-
ticular, in proton-proton collisions, the production of a W boson in
association with two photons is sensitive to triple and quartic gauge bo-
son couplings that could be modified by the presence of new physics
phenomena [1-3]. The study of this process therefore provides sensi-
tivity to new physics that is complementary to direct searches as it can
constrain new physics at energy scales that are beyond the reach of the
LHC. In addition, due to the small production cross section of the Wyy
final state in proton-proton collisions, it is only now becoming acces-
sible with the data collected during Run 2 of the LHC. Therefore, it
remains one of the least studied processes in the electroweak sector of
the SM. The production of a W boson in association with two photons
is also an important background in a number of other measurements,
such as the production of the SM Higgs boson in association with a W
boson, followed by a H — yy decay [4].

The Wyy triboson production is studied here through final states
compatible with a leptonic decay of the W boson. A representative se-
lection of leading-order (LO) Feynman diagrams, and a loop-induced
SM Higgs boson Feynman diagram, of pp — £vyy production are shown
in Fig. 1. These Feynman diagrams illustrate four of the many possible
production modes, and include processes where the photons are pro-
duced via: (a) a W Wyy quartic gauge coupling; (b) two W Wy triple
gauge couplings; (c) initial (ISR) and final (FSR) state radiation; and
(d) as the decay products of a Higgs boson. Production of Wyy via a
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SM Higgs boson is treated as background in this analysis to isolate the
signal processes to those with only electroweak gauge boson interac-
tions.

Although there are contributions from processes with one or more
FSR photons (see diagram (c)), the process will nevertheless be referred
to as Wyy throughout this letter for simplicity.

The largest sources of background in this analysis consist of events
in which at least one of the reconstructed objects in the final state
is misidentified. Data-driven techniques, described in Section 5, are
used to estimate these sources of reducible background, which include
photons from misidentified jets or neutral hadron decays, electrons
misidentified as photons, leptons from misidentified jets or heavy-
flavored hadron decays, and events in which one or both photons do
not originate from the primary vertex. In addition, a small fraction of
background events originates from multiboson (W H (yy), WWy, Zyy)
and top-quark production (tty, tW'y, tqy). Monte Carlo (MC) simulated
samples, described in Section 3, are used to estimate the yield of these
sources of irreducible background. To maximize the analysis sensitivity,
the uncertainty on background yield from t7y production is constrained
from data in a control region (TopCR) that does not overlap with the
signal region of interest.

Previous measurements of the Wyy process were performed at the
LHC using proton-proton collisions at a center-of-mass energy of \/_ =
8 TeV with the ATLAS [5] and CMS [6] detectors, and at \/E =13 TeV
with the CMS [7] detector, resulting in a maximum observed statisti-
cal significance of 3.1¢. This letter presents the observation of the Wyy
process and a measurement of its fiducial cross section in the W — ev
and W — uv decay channels. In order to obtain a precise background
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(a) Wyy production via a quartic gauge boson coupling.
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(c) Wyy production where the photons are produced via
ISR and FSR.
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(b) Wyy production via two triple gauge boson couplings.

(d) Wyy production where the photons are produced via
the decay of a SM Higgs boson.

Fig. 1. Representative Feynman diagrams for the production of Wyy.

estimate, the electron and muon channels are combined for both the
observation and fiducial cross section measurement. The pp - Wyy
signal strength p, defined as the ratio of the observed signal yield to
the expected yield, is measured to assess the compatibility between
data and SM prediction. Results are obtained based on the analysis of
£ =140 fb~! of proton-proton collision data collected with the ATLAS
detector at \/E = 13 TeV, allowing for improvement over the previous
ATLAS result due to both the increase in integrated luminosity and the
increase in production cross section, in addition to improvements to the
data-driven background estimates.

2. ATLAS detector

The ATLAS experiment [8] at the LHC is a multipurpose particle de-
tector with a cylindrical geometry, forward-backward symmetric, and
a near 4z coverage in solid angle.! It consists of an inner tracking de-
tector (ID) surrounded by a thin superconducting solenoid providing a
2 T axial magnetic field, electromagnetic and hadron calorimeters, and

L ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point (IP) in the center of the detector and the z-axis along the beam
pipe. The x-axis points from the IP to the center 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)>.

a muon spectrometer (MS). The inner tracking detector covers the pseu-
dorapidity range |5| < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon (LAr)
sampling calorimeters provide electromagnetic (EM) energy measure-
ments with high granularity. A steel/scintillator-tile hadron calorimeter
covers the central pseudorapidity range (|#| < 1.7). The endcap and
forward regions are instrumented with LAr calorimeters for both the
EM and hadronic energy measurements up to |n| = 4.9. The muon
spectrometer surrounds the calorimeters and is based on three large
superconducting air-core toroidal magnets with eight coils each. The
magnetic field line integral of the toroidal magnets ranges between
2.0 and 6.0 Tm across most of the detector. The muon spectrometer
includes a system of precision tracking chambers and fast detectors
for triggering. A two-level trigger system is used to select events. The
first-level trigger is implemented in hardware and uses a subset of the
detector information to accept events at a rate below 100 kHz. This is
followed by a software-based trigger that reduces the accepted event
rate to 1 kHz on average depending on the data-taking conditions. An
extensive software suite [9] is used 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 measurement presented in this letter is based on proton-proton

collision data at a center-of-mass energy of 13 TeV recorded by the
ATLAS detector during Run 2 of the LHC (2015-2018). During this
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data-taking period, the number of interactions per proton bunch cross-
ing (pileup) averaged between 13 and 38 interactions, depending on
the year [10]. After applying ATLAS data quality requirements [11],
the dataset corresponds to an integrated luminosity of £ = 140 fb~!.
The uncertainty in the combined integrated luminosity for 2015-2018
is 0.83% [12], obtained using the LUCID-2 detector [13] for the pri-
mary luminosity measurements, complemented by measurements using
the ID and calorimeters.

Simulated samples are used to model the expected signal and irre-
ducible background yields, while reducible backgrounds from misiden-
tified objects are estimated using data-driven techniques described in
Section 5. Some of the irreducible backgrounds, as listed in Section 1,
contribute to the analysis only when one lepton is not reconstructed or
additional photons are present due to FSR.

Signal evyy, uvyy, and tvyy processes are generated with SHERPA
2.2.10 [14] generator using next-to-leading-order (NLO) matrix ele-
ments (ME) with zero partons, and leading-order (LO) matrix elements
for up to two partons calculated with the Comix [15] and Open-
Loop [16-18] libraries. They were matched with the SHERPA par-
ton shower [19] using the MEPS@NLO prescription [20-23] using
the set of tuned parameters developed by the SHERPA authors. The
NNPDF3.0NNLO next-to-next-to-leading order (NNLO) parton distribu-
tion function (PDF) set from the NNPDF Collaboration [24] was used.
Approximate NLO electroweak corrections are included in these sam-
ples [25] and result in a negligible effect in the Wyy phase space used
in this measurement.

The W H(yy) background is estimated from events generated
with the POWHEG-BOX v2 [26] generator interfaced with PYTHIA
8.212 [27,28] using the AZNLO tune [29] for parton showering model-
ing and NLO PDFs from NNPDF3.0. Background contributions from
W Wy (SHERPA 2.2.11), Zyy (SHERPA 2.2.10), and Zy (SHERPA
2.2.8) processes are estimated from samples generated to NLO accu-
racy in perturbative QCD with up to 1 additional parton emission, and
merged with samples to LO accuracy in perturbative QCD with 2 to
3 parton emissions; like the signal samples, these are generated with
the NNLO PDF set from NNPDF3.0NNLO. Double counting between Zy
and Zyy is removed at the event generation stage. Contributions from
tfy events, tWy events where the photon is produced in the tW de-
cay chain, and 7qy events are generated with MADGRAPH5_AMC@NLO
2.3.3 [30]. The NNPDF2.3L0 [31] PDF sets and parton shower mod-
eling from PyTHIA 8.212 with the A14 tune [32] are used in the
generation of these event samples. Contributions from Wy events
where the photon is produced at matrix-element level are generated
with MADGRAPH5_AMC@NLO 2.6.7, NNPDF2.3L0 PDF sets, and par-
ton shower modeling from PYTHIA 8.244 with the Al4 tune. In all
simulated samples where the production of one photon is generated in
the matrix element, a second prompt photon can be produced as FSR in
the parton shower.

Both signal and background MC events are processed through the
full ATLAS detector simulation [33] based on GEANT4 [34]. The effects
of multiple interactions in the same and neighboring bunch crossings
are modeled by overlaying the simulated hard-scattering event with in-
elastic proton—proton events generated with PYTHIA 8.186 [27] using
the NNPDF2.3L0 set of PDFs [31] and the A3 set of tuned parame-
ters [35]. Simulated events are weighted such that the pileup distri-
bution reproduces the pileup distribution of the dataset used in this
measurement.

4. Event selection

The Wyy process is investigated using the leptonic decays of the
W boson. While events with a leptonic 7 decay to an electron or a
muon are considered as signal events, those with hadronic r decays are
considered as a background. Candidate W (£v)yy events therefore con-
tain two isolated photons, an isolated electron or muon, and missing
transverse momentum, with magnitude referred to as missing trans-
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verse energy (E;“iss), from the undetected neutrino(s) originating from
the leptonic W boson decays. The following paragraphs describe the
selection requirements used to define the signal region (SR) of the mea-
surement.

Events used for this measurement are selected using a suite of trig-
gers that require the presence of at least two photons with py > 10 GeV
and at least one electron or muon with pr > 20 GeV [36,37]. For the
2017-2018 data-taking period, the p; thresholds used to select events
with at least two photons and at least one electron were increased to
12 GeV (photons) and 24 GeV (electron). In addition to these triggers,
single and di-lepton triggers with p; thresholds between 14 and 26 GeV
are used to select events for the data-driven background estimates. The
overall efficiencies for these triggers to select simulated signal events in
the signal region are 95% in the electron channel and 82% in the muon
channel. In all cases, trigger objects must be matched to reconstructed
objects selected for analysis.

Events are required to have a primary vertex associated with at least
two charged-particle tracks with py > 0.5 GeV in the proton-proton in-
teraction region. If multiple vertices satisfy these criteria, the vertex
with the highest p% sum is selected.

Photon candidates are reconstructed from clusters of energy deposits
in the EM calorimeter, calibrated at the EM scale, and tracking informa-
tion from the ID, which is used to classify candidates as either converted
or unconverted photons. Candidate photons are required to have a
transverse momentum pr > 20 GeV and a pseudorapidity of |n| < 2.37,
excluding the transition region between the electromagnetic barrel and
endcap regions of the calorimeter, 1.37 < |5| < 1.52. Photons must also
satisfy the cut-based Tight identification requirement defined using EM
shower shape variables [38]. To reject non-prompt photons originat-
ing from jets, photons must satisfy an isolation requirement based on
topological clusters [39] of energy deposits in the EM calorimeter. The
isolation energy of a photon, E;°”, is determined by first calculating
the scalar sum of the transverse energy of topological clusters within
AR = 0.4 of a photon (E*™), corrected for the energy of the photon
itself, and then subtracting off a value that depends on the transverse
photon energy (EL), such that EZ*" = EZ°™ —0.022 * EX. Photons are
required to pass the Calorimeter-Only Tight isolation working point [38],
which requires ET*" <2.45 GeV. In addition, the two photons must be
separated from each other by requiring AR > 0.4.

Electron candidates are reconstructed from energy deposits in the
EM calorimeter that can be matched to ID tracks. These tracks must be
consistent with originating from the primary vertex by requiring that
ldg/04,1 <5 and |zy - sin(0)| < 0.5 mm, where d) is the transverse im-
pact parameter relative to the beam line and o, is its uncertainty, z, is
the longitudinal impact parameter, and 6 is the polar angle of the track
with respect to the beamline. Electron candidates are required to have
pr > 25 GeV and || < 2.47, excluding the region 1.37 < || < 1.52. Ad-
ditionally, they must satisfy the likelihood-based Medium identification
requirement defined using inputs from the calorimetry and tracking sys-
tems [40].

Muon candidates are reconstructed by matching tracks in the ID to
tracks in the MS. These tracks must be consistent with originating from
primary vertices by requiring |d0/ad0| <3 and |z - sin(d)| < 0.5 mm.
Muon candidates are further required to have pp > 25 GeV and |5| < 2.4,
and must satisfy the Medium identification requirement [41] based on
the quality and compatibility of their tracks in the ID and MS.

To further distinguish signal leptons from background, isolation
variables for calorimeter energy deposits (E,ilf") and tracks (piTSO) are
constructed. The calorimeter isolation EiTS" is defined as the scalar sum
of the transverse energy of topological clusters within AR = 0.2 of the
lepton, which is corrected for both the energy of the lepton itself and the
average pileup energy density measured in this region of the detector.
For electrons (muons), the track-based isolation p‘TS‘Z (pi;";l) is defined as
the scalar sum of tracks with p; > 1 GeV within a pp-dependent cone
up to AR=0.2 (AR =0.3) of the lepton, with the lepton candidate re-
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moved. Electrons must satisfy EiTSO /pr < 0.06 and paf‘z /pr < 0.06 [40],

and muons must satisfy EiTSo /pr <0.15 and pﬁf‘l’l /pr <0.04 [42].

Hadronic jets are used in the SR definition to veto events with
jets containing b-hadrons. Jets are reconstructed using the anti-k, al-
gorithm [43] with a distance parameter AR = 0.4. The inputs to the
jet algorithm are particle-flow objects [44], which make use of both
the calorimeter and the ID information to precisely determine the mo-
menta of the input particles. Reconstructed jets are required to have
pr >20GeV and |5| < 4.5. Jets satisfying 20 < pr < 60 GeV and || < 2.4
must pass the Tight requirement on the jet vertex tagger variable [45] in
order to suppress jets not originating from the primary vertex. Kine-
matic properties of b-flavored hadrons are used as input to a multivari-
ate jet classification algorithm [46,47]. This multivariate classification
has a 77% efficiency and is used to identify jets with |#| < 2.5 contain-
ing b-flavored hadrons. Events with jets containing b-flavored hadrons
are rejected.

It is possible for tracks and energy deposits to be associated with
more than one type of reconstructed object. To remove the overlap
between different reconstructed objects in an event, the following se-
lection criteria are applied in the order in which they are described:
electrons are removed if they share an ID track with a muon; photons
are removed if they are within AR = 0.4 of an electron or a muon; jets
are removed if they are within AR = 0.2 of an electron; electrons are re-
moved if they are within AR = 0.4 of a jet; jets are removed if they are
within AR = 0.2 of a muon; and finally photons and muons are removed
if they are within AR = 0.4 of the remaining jets in the event.

The magnitude and direction of the missing transverse momentum
are reconstructed using calibrated photons, electrons, muons, jets, and
tracks from charged particles not associated to any object found in the
event [48]. An ambiguity resolution procedure is performed as part of
the calculation to ensure that energy deposits reconstructed as different
objects are not double-counted. Events in the SR are required to sat-
isfy E.‘r‘niss > 25 GeV. Additionally, the transverse mass of the W boson

T
where A¢ is defined as the difference in azimuthal angles between the
lepton momentum and missing transverse momentum.

A set of Zy veto requirements are implemented to greatly reduce
the number of Zy events passing the signal selection, which can occur
when an electron is misidentified as a photon. All SR events must have
PTeyy > 30 GeVand my,,, my, ,and my, & [82,100] GeV, where y; and
y, are the leading and sub-leading photons ordered by pr. The Zy veto
is applied to both the electron and muon channels to ensure a consistent
event selection.

To reduce contributions from background events with a second lep-
ton originating from processes with two W bosons or a Z boson, two
additional selection criteria are applied. Events are rejected if they
contain a second lepton, selected without the |dy/oy | or isolation re-
quirements, of a different lepton flavor to the primary lepton that passes
all SR selection criteria. A similar veto is enforced for events containing
same-flavor leptons with the secondary lepton only required to satisfy
pr > 6 GeV and pass Loose (Medium) identification for electrons [40]
(muons [41]), where the lepton identification requirement is loosened
to remove a significant fraction of the prompt background from the Zyy
process.

Differences in the reconstruction, trigger, and selection efficiencies
for leptons and photons between data and simulation are corrected for
with scale factors [36,37,42,49]. In addition to the SR defined in this
section, other data samples are used to estimate backgrounds coming
from misidentified objects using data-driven techniques, as described in
Section 5.

mW = \/ 2pL EFISS(1 — cos Agh) is required to be greater than 40 GeV,

5. Background estimation

The largest background in the Wyy SR consists of events in which
one or both signal photons originate from a misidentified jet or neu-
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tral hadron decay. This hadronic fake photon background, denoted as
Jj — v, is estimated using a data-driven method by performing a two-
dimensional template fit to the isolation distributions of the leading
and subleading photons in a procedure similar to those discussed in
Refs. [5] and [50]. The three isolation distribution templates for the
cases in which either the leading, subleading, or both photons are
Jj — v fakes are obtained from data in regions formed by loosening and
inverting some of the leading, subleading, or both photon isolation re-
quirements, respectively, in order to enhance the contributions from
misidentified jets. This is done by selecting events in which at least one
photon candidate passes the Loose photon identification requirement
but fails one or more of the four EM shower-shape requirements used
in the Tight (T) photon identification [38]; these are denoted as L’ pho-
tons [49]. For the estimation of this source of background, events are
still required to satisfy all other SR criteria except the photon isolation
requirement. The electron and muon channels are combined to ensure
a sufficient number of events pass selection requirements for the data
samples. These events are categorized into four non-overlapping data
samples, TT, TL', L'T, and L'L/, depending whether the T or L’ pho-
ton identification criteria are satisfied by the leading and subleading
photons, respectively. Templates for non-prompt leading and sublead-
ing photons are built using one-dimensional Bukin functions [51], and
their shape parameters are determined from fits to photon isolation en-
ergy distributions of data events in the /T and TL' regions, respectively.
The templates for leading (subleading) prompt photons are formed from
double-sided crystal ball functions, whose shape parameters are fit to
simulated tight leading (subleading) prompt photons in simulated W yy
events; these correspond to leading photons from events in the TT and
TL/ regions and subleading photons from events in the TT and L'T re-
gions. Two-dimensional templates for prompt yy, y(j = y), and (j = y)y
events are formed by taking the product of the two functions used to
individually describe the isolation energy of the leading and subleading
photons. Due to non-negligible correlations between the two photon
candidates in the L'L’ data sample, the two-dimensional template for
(j = 7)(j — y) events is instead formed by fitting a superposition of
Gaussian kernels [52]. Finally, coefficients corresponding to numbers
of events for each of the four, two-dimensional templates are fit using
an extended maximum likelihood fit to data in the TT region that has
simulated events from all other background processes with two prompt
photons and one prompt lepton subtracted. The coefficients for the TL’,
L'T, and L'L/ regions are further corrected for signal leakage using MC
simulation. In order to account for the photon isolation energy require-
ments that are part of the SR definition, the contribution from j — y
fake events in the SR is obtained by integrating the 2D photon isola-
tion energy distributions fitted to data in the TT region up to the cut
value that defines the SR, E;*" =2.45 GeV. The total expected number
of j — y background events is determined by computing the sum of the
integrated coefficients of the y(j = y), (j = y)y, and (j = y)(j = 7)
templates. A systematic uncertainty due to the choice of photon L’
identification is estimated by forming j — y templates with alternative
identification working points and parameterizing the shape differences
as uncertainties on the nominal Bukin template parameters. Statistical
and systematic uncertainties on the templates are propagated through
to the background estimates using a multivariate Gaussian constraint
on the two-dimensional fit, resulting in an overall 11% systematic un-
certainty on this background.

Events in which one or both photons are misidentified electrons con-
stitute the e — y fake background. These misidentifications are caused
mainly by tracking inefficiencies and the mismatching of tracks in the
ID to energy clusters in the EM calorimeter. The background is es-
timated using a data-driven “fake-factor” method similar to the one
described in Ref. [38]. The e — y fake rate is calculated with a tag-
and-probe approach using both Z — ee and Z — ey, events, where y,
symbolizes a misreconstructed electron identified as a photon. Probe
electrons are selected with p; > 20 GeV, the likelihood-based Tight iden-
tification [40], and the same isolation requirement as SR electrons, such
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that their kinematics selection is close to the one for the photons used in
the SR. The data sample used to calculate the e — y fake rate consists of
events selected with single electron triggers that have a reconstructed
ee/ey, invariant mass within 20 GeV of the Z boson mass, 91.2 GeV.
Non-resonant backgrounds in this data sample are modeled using an
exponential function, and the Z boson resonance is modeled by a Gaus-
sian with double-sided exponential tails [53]. The number of ee (N,,)
and ey, (N(%) events are extracted using a combined signal and back-
ground fit to the invariant mass distributions in bins of p; and #, and
the fake factor is computed as f,_,, = N,, /N,,. To estimate the e -y
background in the SR, this fake factor is applied to a sample of W (£v)ey
events obtained by selecting data events with di-lepton triggers and
substituting one SR photon requirement for that of a probe electron.
Systematic uncertainties relating to the fitting and integration ranges
around the Z-boson mass, the photon energy calibration, and the expo-
nential background are propagated to the e — y background estimate.
Statistical and systematic uncertainties are 2% and 7%, respectively, on
the final SR e — y background estimate. A validation region dominated
by events with e — y fakes is obtained by inverting the Zy-veto in the
SR and in the W (£v)ey region. The background estimation method is
shown to reproduce data in both of these validation regions.

The hadronic fake lepton background, j — ¢, is comprised of events
in which the signal lepton is either a misidentified jet or from the decay
of a heavy-flavored hadron (non-prompt). This background is also esti-
mated using a data-driven fake-factor [54] using an event sample that
is enriched in non-prompt leptons. This data sample is obtained by se-
lecting Z(¢¢) + ¢; events with single lepton triggers where the third
lepton, 7, is a misreconstructed jet. Two leptons must have an invari-
ant mass within 10% of the Z-boson mass and be of the same flavor
but opposite charge, while the third (probe) lepton must be of a differ-
ent lepton flavor in order to avoid ambiguity. Additional requirements
of E;“iss < 40 GeV and m%V < 40 GeV are imposed to reduce prompt lep-
tons from W Z events, and remaining W Z events are subtracted from
the data, relying on simulated predictions. The fake factor is defined as
the ratio of the number of probe leptons satisfying the SR lepton criteria
(NgR), to the number of probe leptons satisfying a Loose set of criteria
(N}). This Loose criterion selects leptons more likely to be non-prompt
by inverting the lepton |d,/ 04, and isolation requirements. The fake
factor is estimated in bins of probe lepton p; and |#| for electrons, and
only in bins of py for muons due to statistical limitations. The j — ¢ fake
background in the SR is estimated by applying the fake factor to a region
kinematically adjacent to the SR. This region is defined with the same
selection requirements as for the SR with the exception of the lepton
selection, which uses the Loose selection criteria. Statistical and system-
atic uncertainties account for a 26% (27%) and 18% (50%) uncertainty
in the electron (muon) channel, respectively. Systematic uncertainties
relating to a bias in the control region due to the E;“iss selection are
computed by varying the requirement by +10 GeV [54], and theoreti-
cal uncertainties on the subtracted W Z events are propagated through
to the fake factors. The method is validated in a region enriched in fake
leptons obtained by inverting the E¥‘iss and m?’ requirements used in
the SR and comparing the estimate to data.

The pileup background consists of events in which one or both pho-
tons do not originate from the primary vertex, mainly due to a limited
photon pointing resolution. The fraction of photons originating from a
pileup vertex is calculated in a subset of SR data where at least one
photon is converted. Since the fraction of photons that convert is in-
dependent of their production vertex, the relative fractions of signal
and pileup photons in the converted sample is representative of the
fractional number of signal and pileup photons in the full SR. Con-
verted photons that are required to have at least one ID track with
silicon hits [49] and a conversion radius, defined as the radial distance
of the conversion vertex, of less than 400 mm are used for this esti-
mate because the presence of an ID track allows for the calculation of
a longitudinal impact parameter. The difference between the longitudi-
nal impact parameters of the converted photon and the primary vertex,
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Az, is Gaussian-distributed and expected to be close to zero for pho-
tons from the hard scatter, while pileup photons are expected to have
a much broader distribution [55]. The |Az| > 55 mm tails of the dis-
tribution are used to estimate the fraction of pileup photons in the SR.
The statistical uncertainty on the pileup background is 56%, due to the
limited number of events in the estimation region.

Event yields in the SR from irreducible sources of background such
as WH(yy), WWy,and Zyy as well as tty, tWy, and tqy are estimated
using MC simulated samples. To further reduce uncertainties from the
estimated tty event yield in the SR, a control region enhanced in #ty
events (TopCR) is defined by inverting the b-jet veto in the SR selec-
tion requirements in order to constrain a tfy normalization factor that
is left floating in the likelihood fit described in Section 7. The fitted
tty normalization factor is cross-checked in a validation region (TopVR)
formed by inverting the b-jet veto, the E%‘iss, and m?’ in the SR se-
lection requirements in order to select events with at least one b-jet,
E.‘r‘niss <25 GeV, and m¥V <40 GeV. The j — y and e — y data-driven
backgrounds are also computed in the TopCR and TopVR following the
same methods outlined for the SR. Due to the reduced number of events
in the L’ regions, the photon identification systematic uncertainty is es-
timated using a dedicated procedure in the SR, and is +18%/ —13%. The
j — ¢ and pileup backgrounds are negligible in both of these TopCR and
TopVR regions.

6. Uncertainties

The background uncertainties described in Section 5 are the dom-
inant uncertainties of this measurement described in Section 7. In
addition, several other important sources of uncertainty are assessed.
These include instrumental uncertainties such as the energy scale and
resolution of electrons and photons [49]; photon and lepton trigger,
reconstruction, identification, and isolation efficiencies [36,37,41,49];
jet energy scale and resolution [56]; jet vertex tagging [57,58]; b-jet
identification [46]; missing transverse energy reconstruction [59]; and
the luminosity of the dataset [12]. These are evaluated for both back-
grounds and signal processes.

Additionally, theoretical uncertainties associated with the simula-
tion of the signal and background processes are evaluated and propa-
gated through to the measured fiducial cross section. Theoretical un-
certainties on the background processes, but not signal processes, are
propagated through to the measured signal strength. These include
parton distribution function uncertainties [60]; the uncertainty on the
strong coupling constant, «, [61]; and missing higher-order terms in
the cross section calculations [62]. The last is evaluated by varying the
renormalization and factorization scales independently by factors of 0.5
and 2, avoiding variations where the two scales differ by more than a
factor of two.

Statistical uncertainties on the data, and signal and background MC
samples are also taken into account. All of the previously described
uncertainties are accounted for in the detector-to-fiducial region cor-
rection factor used for the unfolding procedure detailed in Section 7.

7. Results

The pp — Wyy signal strength u is extracted from the data using
a binned maximum likelihood fit [63,64] including the TopCR and the
signal region. All uncertainties considered in the analysis are treated as
nuisance parameters in the fit. Systematic uncertainties are constrained
by Gaussian functions, and correlations between sources of system-
atic uncertainties are taken into account. Statistical uncertainties are
also treated as nuisance parameters but are constrained by assigning
a Poisson function to each analysis bin. These constraints penalize the
likelihood fit if the estimated nuisance parameters pull from their mea-
sured values.
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Fig. 2. Data, and pre- and post-fit yields for TopCR as a function of leading photon pr, and for TopVR and SR each as a single bin. The error bars on data indicate
its statistical uncertainty. The bottom panel shows the ratio of the data to the post-fit yield (black points) and the ratio of the pre-fit yield to the post-fit yield (solid
line) for each of the regions. The uncertainty band includes both the statistical and systematic uncertainties obtained from the fit. The 7ty background is scaled by
the normalization factor ,,,, and the W (£v)yy prediction, by the signal strength x. Background contributions from pileup in TopCR and TopVR are neglected.

Table 1

Estimated signal and background yields in the SR and TopCR, as well as their
sums, are shown post-fit together with the observed number of events in data.
The uncertainties quoted in the table correspond to total uncertainties. Events
from the “Multiboson” and “Top” backgrounds are estimated from MC simu-
lation and contain only prompt leptons and photons. Yields denoted with “-”
correspond to backgrounds that are negligible.

Source SR TopCR
Wyy 410+60 28+5
Non-prompt j — y 420 +£50 42+20
Misidentified e — y 155+11 120+9
Multiboson (W H(yy), WWYy, Zyy) 76 +13 52+1.7
Non-prompt j — ¢ 3510 -
Top (tty, tWy, tqy) 30+7 136 +32
Pileup 10+5 -
Total 1136+ 34 332+18
Data 1136 333

The TopCR is used to determine a ty background? normalization
factor a;,,. The normalization factor is allowed to float via a likelihood
scan done simultaneously with the signal-strength extraction in the SR.
The fit value of ay, is then applied in the TopVR and the resulting total
estimated yield is compared to data. Fig. 2 illustrates the yields for the
three regions TopCR, TopVR, and SR. The estimated yield in the TopVR
region shows agreement with data.

Table 1 shows the post-fit yields of the signal and estimated back-
grounds in the SR and TopCR, along with their sum and the number of
selected data events. The signal strength and #7y normalization are de-
termined to be y = l.Olfg:%g and a,,, = 0.83’:8% and have been applied
to the post-fit results. Assuming lepton universality and correct model-
ing of z-to-e and 7-to-u decays, events from W (zv)yy with leptonic =
decays that fall into the fit regions are included as a part of the signal
in the fitting procedure and are normalized together with W (ev)yy and
W (uv)yy. The fit results yield an expected and observed significance of
5.6 standard deviations, corresponding to the observation of the Wyy
process. No nuisance parameters are significantly pulled or constrained
in the fit.

In order to obtain an unfolded production cross section measure-
ment, a fiducial phase space is defined to be as close as possible to the

2 Background from top processes Wy and tqy are small and are thus not
included in the determination and application of a,,.

SR event sample selected at detector-level. Fiducial requirements are
applied to dressed leptons, which are particle-level electrons and muons
recombined with radiated photons within a cone of AR =0.1. Events
are required to have a dressed electron or muon with pr > 25 GeV and
|| < 2.47 while the two particle-level photons must satisfy pr > 20 GeV
and |n| < 2.37. Additionally, photons must satisfy the isolation require-
ment (E;‘me’ 8 _0.032 % Er) < 6.53 GeV, where E;one’ 8 g computed
from the vector momentum sum of all stable, generator-level particles
within AR = 0.4 of the photon. This isolation requirement is derived
to vary with photon E; to mimic the detector-level isolation require-
ment. Additionally, two separation requirements are applied to the
two photons and between the lepton and each photon: AR,, > 0.4
and AR;, > 0.4. Finally, fiducial events must satisfy Efr“iss > 25 GeV,
m‘T’V > 40 GeV, and a veto on b-jets with pr > 20 GeV and || <2.5. The
unfolding is performed into a fiducial phase space with W — pv and
W — ev decays; W — v decays that pass these requirements, includ-
ing events in which the tau decays leptonically, are not considered as
part of the fiducial phase space.

Unfolding is performed on the measurement using a similar maxi-
mum likelihood method to the one used to perform the signal-strength
extraction, where the effects of statistical, experimental, and theoreti-
cal uncertainties on the modeling of the correction from detector-level
signal events to the fiducial phase space are taken into account. A cor-
rection factor C is calculated as the ratio of the number of signal MC
events reconstructed in the signal region to the predicted in the fidu-
cial phase-space. The number of detector-level events is defined as the
sum of simulated MC events with two photons and W -boson decaying
into an electron, muon, or leptonically decaying tau that pass all sig-
nal region requirements. The number of fiducial events is calculated
using only simulated W (ev)yy and W (uv)yy signal MC events, where
the electron or muon is prompt. The correction factor is computed to
be C =0.210 + 0.004(stat.) using the SHERPA NLO signal MC samples; a
2.9% relative difference is found when calculating C with MADGRAPH
signal MC samples, which is in statistical agreement and thus no genera-
tor choice uncertainty is added. In the likelihood fit, the total number of
expected signal events is defined as N, = C Gsr/ ;E. The signal produc-
tion cross section is measured in the fiducial phase space from the num-
ber of signal events observed in data, the integrated luminosity, and the
correction factor. The measured fiducial cross section for W(e/uv)yy
events is determined to be o4y = 13.8 + l.l(stat)f%:é(syst) +0.1(lumi) fb
and it is in close agreement with SM predictions as shown in Fig. 3.
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Fig. 3. The measured fiducial W (— ev/uv)yy integrated cross section com-
pared with both the signal event generator predictions.

Table 2

Major sources of uncertainty and their impacts on the measured fiducial cross
section, as calculated from the correlation matrix of the fiducial cross section
fit. Squared values of impacts are determined by setting all nuisance parame-
ters for a given uncertainty source to their best-fit value and subtracting the
resulting squared value of the total uncertainty from the squared value of the
total uncertainty in the nominal fit. Systematic uncertainty sources that con-
tribute less than 0.1% are not shown. Efficiency uncertainties include, where
applicable, uncertainties on data-MC agreement due to reconstruction, trigger
selection, identification, isolation, and vertex-matching.

Source of uncertainty Impact [%]

Jj — vy data-driven background estimate 12
Photon efficiency 4.5
Other data-driven background estimates 3.5
Background MC theoretical modeling 3.0
Monte Carlo statistics 2.7
Signal MC theoretical modeling 2.6
Jet efficiency and calibration 2.4
Top normalization 2.3
Pileup reweighting 1.6
Muon efficiency and calibration 1.4
Ess calibration 1.3
Luminosity 1.0
Electron and photon calibration 0.7
Flavor tagging efficiency 0.6
Systematic 15
Statistical 8.3
Total 17

In Table 2, the dominant sources of uncertainty and their impact on
the fiducial cross section are listed. For the purposes of this table, the
uncertainties are grouped into common categories given their source.
The impact of each group of systematic uncertainties is calculated by
performing the likelihood fit where the individual parameters of the
grouped systematics are set to their best fit values from the nominal
fit and not allowed to float. For each grouping, the square value of the
new overall fit uncertainty is subtracted from the squared value of the
nominal fit uncertainty to obtain the squared value of the impact of the
grouped uncertainties. The fit is performed under the assumption that
the nuisance parameters for the grouped systematics that are held fixed
are uncorrelated to all others that are allowed to float. This procedure
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is used only to estimate the impact of the individual groups of system-
atics, as it avoids the possibility of abnormal pulls that could occur if
the fit were performed with only one group of nuisance parameters left
floating at a time. The largest source of systematic uncertainty is due to
the j — y data-driven background estimate, followed by the statistical
uncertainty on data. The modeling of the identification, isolation, and
trigger efficiencies to select photons in simulated Wyy events also rep-
resents a substantial source of uncertainty, and together these comprise
the “Photon efficiency” uncertainty source in Table 2.

8. Conclusion

This letter reports the observation and measurement of the process
pp — W (¢v)yy by the ATLAS experiment at the LHC. Leptonic decays
of the W boson to an electron or a muon accompanied by two photons
are selected from the 140 fb~! Run 2 dataset of proton-proton collisions
at 4/s = 13 TeV produced by the LHC. A maximum likelihood fit of the
signal and background yields leads to a rejection of the background-
only hypothesis with an observed and expected significance of 5.6
standard deviations. The measured fiducial cross section for W (ev)yy
and W (uv)yy events is oy = 13.8 + l.l(stat)f%:(‘)(syst) + 0.1(lumi) fb, in
agreement with the SM predictions for these processes. The dominant
sources of uncertainty come from the data-driven background estimates
and the statistical uncertainty on data.
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