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This letter reports the observation of photon-induced production of W-boson pairs, yy — WW. The
analysis uses 139 fb~! of LHC proton-proton collision data taken at /s = 13 TeV recorded by the
ATLAS experiment during the years 2015-2018. The measurement is performed selecting one electron
and one muon, corresponding to the decay of the diboson system as WW — eFvuFv final state. The
background-only hypothesis is rejected with a significance of well above 5 standard deviations consistent

with the expectation from Monte Carlo simulation. A cross section for the yy — WW process of
3.13 £0.31(stat.) £ 0.28(syst.) fb is measured in a fiducial volume close to the acceptance of the detector,
by requiring an electron and a muon of opposite signs with large dilepton transverse momentum and
exactly zero additional charged particles. This is found to be in agreement with the Standard Model

prediction.
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1. Introduction

The study of W-boson pair production from the interaction of
incoming photons (yy — WW) in proton-proton (pp) collisions
offers a unique window to a wide range of physical phenomena.
In the Standard Model (SM), the yy — WW process proceeds

* E-mail address: atlas.publications@cern.ch.

https://doi.org/10.1016/j.physletb.2021.136190

through trilinear and quartic gauge-boson interactions. This pro-
cess is unique in that, at leading order, it only involves diagrams
with self-couplings of the electroweak gauge bosons, as shown
in Fig. 1. Hence, a cross-section measurement directly tests the
SU(2)xU(1) gauge structure of the SM. At the same time, as a pro-
cess driven only by electroweak boson self-interactions, it is sensi-
tive to anomalous gauge-boson interactions [1] as parameterised
in effective field theory (EFT) with additional dimension-6 and
dimension-8 operators [2,3]. Thus, cross-section measurements of
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Fig. 1. The leading-order Feynman diagrams contributing to the yy — W W process are the t-channel diagram (left) proceeding via the exchange of a W boson between two
y WW vertices and a diagram with a quartic yy WW coupling (right). In addition, a u-channel diagram exists (not shown), which also proceeds via two y WW vertices.

yy — WW can in future provide valuable input for the global EFT
fits.

This letter presents a measurement in the WTW~— — eTvpuFv
channel that results in the observation of photon-induced WW
production. Previously, the ATLAS and CMS Collaborations found
only evidence for yy — W W production with the Run-1 data, AT-
LAS by using 8 TeV pp collisions [4] and CMS by combining their
7 TeV and 8 TeV pp collision data [5,6].

The signal process proceeds through the pp(yy) —
p®WHW—p™ reaction, where p™ indicates that the final-state
proton either stays intact or fragments after emitting a photon.
Whilst the former occurs through a coherent photon radiation off
the whole proton without disintegration, for the latter at least one
of the photons can be considered as being radiated off a par-
ton in the proton. These contributions are classified as elastic,
single-dissociative, and double-dissociative W W production. Elas-
tic yy — WW production with leptonic decays of the W bosons
results in a final state containing two charged leptons and no ad-
ditional charged-particle activity. Even in the case of dissociative
photon-induced production, the charged particles from the proton
remnants often fall outside the acceptance of the tracking detec-
tor.

The suppressed activity in the central region of the detector
in the yy — WW signal gives the means to control and signif-
icantly reduce background from quark- and gluon-induced WW
production or top-quark production where the leptonic final state
is typically produced in association with a substantial amount of
hadronic activity. The analysis therefore selects events that have
no additional charged-particle tracks reconstructed in the vicinity
of the selected interaction vertex. The modelling of the hadronic
activity in quark- and gluon-induced processes, as well as un-
correlated activity from additional pp interactions, is constrained
using same-flavour ee and pu Drell-Yan, DY(— ee/u ), events in
data, reducing the associated uncertainties by a significant amount.
Background from other photon-induced processes, mainly dilepton
production yy — £4, is reduced by selecting only different-flavour
lepton pairs, eu, leaving a smaller contribution from yy — t71
production with leptonic 7 decays. Since the contribution from
the yy — 17 process falls off rapidly with increasing transverse
momentum of the dilepton system, pi" , it can be further sup-
pressed by placing requirements on p%“. A fiducial cross sec-
tion for the pp(yy) = p®™W+W~p®™ process through the decay
channel WTW~ — eTvu¥v is measured in a fit to the number of
events in several kinematic regions with different signal and back-
ground contributions.

2. ATLAS detector

The ATLAS detector [7] at the Large Hadron Collider (LHC) is a
multipurpose detector with a forward-backward symmetric cylin-

drical geometry and nearly 47 coverage in solid angle.! It consists
of an inner tracking detector surrounded by a thin superconduct-
ing solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer.

The inner tracking detector (ID) covers the pseudorapidity
range |n| < 2.5 and is composed of three subdetectors. The high-
granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit nor-
mally being in the insertable B-layer [8,9]. It is followed by the
silicon microstrip tracker (SCT), which usually provides eight mea-
surements per charged-particle track. These silicon detectors are
complemented by the transition radiation tracker, which enables
radially extended track reconstruction up to || = 2.0 and pro-
vides electron identification information. The resolution of the
z-coordinate of tracks at the point of closest approach to the
beam line is about 0.170 mm for tracks with pt = 500 MeV
and improves with higher track momentum [10]. For tracks with
pr <1 GeV, the dominant contribution to the z-resolution is due
to multiple scattering.

Lead/liquid-argon (LAr) sampling calorimeters provide electro-
magnetic (EM) energy measurements with high granularity. A
steel/scintillator-tile hadron calorimeter covers the central pseu-
dorapidity range (|| < 1.7). The endcap and forward regions are
instrumented with LAr calorimeters for EM and hadronic en-
ergy measurements up to || =4.9. The muon spectrometer (MS)
surrounds the calorimeters and is based on three large air-core
toroidal superconducting magnets with eight coils each. The muon
spectrometer includes a system of precision tracking chambers
(Inl <2.7) and fast detectors for triggering (1| < 2.4). A two-level
trigger system [11] selects the events used in the analysis.

3. Data and simulated event samples

The analysis uses proton-proton collision data recorded with
the ATLAS detector during the Run-2 data-taking period (2015-
2018) at /s =13 TeV with the number of interactions, fiin, per
bunch crossing (also referred to as pile-up) ranging from about 10
to 60 with an average of 33.7 [12].

The size of the region where the collisions occur, the so-called
beam spot, is a result of the operating parameters of the LHC.
Of specific importance for this analysis is its width along the z-
direction, which determines the density of pp interactions. The
width is determined by fitting the distribution of the z positions of
the reconstructed vertices to Gaussian functions using an unbinned

1 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point in the centre of the detector and the z-axis coinciding with the
axis of the beam pipe. The x-axis points from the interaction point to the cen-
tre of the LHC ring, and the y-axis points upward. The pseudorapidity is defined
in terms of the polar angle # as n = —Intan(9/2), and ¢ is the azimuthal an-
gle around the beam pipe relative to the x-axis. The angular distance is defined
as AR =/(An)? + (Ap)2.
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likelihood fit. It varied between 30 and 50 mm during the Run-2
data-taking period [13]. The data correspond to an integrated lumi-
nosity of £=139.0 + 2.4 fb~! after data quality requirements [14]
have been applied. This value is derived from the calibration of the
luminosity scale with the method explained in Ref. [12], using the
LUCID-2 detector [15] for the primary luminosity measurement.

Signal and background processes were modelled using Monte
Carlo (MC) event generators to study kinematic distributions, to
evaluate background contamination in the signal region and to
interpret the results. To simulate the detector response, the gen-
erated events were passed through a detailed simulation of the
ATLAS detector [16] based on GEANT4 [17] or on a combination
of GEANT4 and a parameterised calorimeter simulation [18]. The
present measurement relies only on tracking information from
charged hadrons, muons and electrons, which is simulated by
GEANT4 in either case, as well as the modelling of the calori-
metric response of electrons which can be reliably parametrized.
Multiple pp interactions occurring in the same or adjacent bunch
crossings are included in the simulation by overlaying several in-
elastic pp collisions matching the average number of interactions
per bunch crossing. The inelastic pp collisions were generated with
PytHIA 8.186 [19] using a set of tuned parameters called the A3
tune [20] and the NNPDF2.3LO [21] set of parton distribution func-
tions (PDF). All MC samples are corrected to the beam conditions
of the data as described in Section 5.1. In all samples using PYTHIA8
or HERWIG7 to simulate the parton showering, underlying event
and hadronisation, the decays of bottom and charm hadrons were
performed with EvtGen 1.2.0 [22].

The elastic component of the yy — WW signal process was
modelled at leading order (LO) using HERwIG 7.1.5 [23,24] in-
terfaced with the BudnevQED photon flux [25] through THEPEG
software [26]. This sample is used to model the photon-induced
processes in the fiducial region of the measurement as it uses a
photon flux, which is differential in both x and virtuality Q2. It is
corrected to match the cross section, including the dissociative as
well as non-perturbative components, using a data-driven method
described in Section 5.3. This data-driven approach is validated us-
ing elastic and dissociative yy — WW samples produced using
MG5_AMC@NLO 2.6.7 [27] interfaced to PyTHIA 8.243. The default
photon flux in MG5_AMC@NLO and the CT14QED [28] PDF were
used to model the photon radiation from protons and quarks, re-
spectively. The parametrized detector simulation was used in the
generation of the MG5_AMC@NLO samples. They are used when-
ever regions with reconstructed track multiplicities larger than
zero are studied.

The production of yy — ¢¢, with ¢ =e, u, 7, was modelled
in the same way as for the yy — WW signal process. Ad-
ditional generators were used to validate the modelling of the
yy — £L dissociative events. The single-dissociative processes
were modelled using LPAIR 4.0 [29]. Alternative yy — ££ double-
dissociative samples were produced with PYTHIA 8.240 using the
NNPDF3.1NLOIuxQED PDF set [30]. Diffractive QCD-processes and
yy — 4¢ production were produced using PyTHIA 8.244 and
MG5_AMC@NLO 2.6.7 interfaced to PyTHIA 8.243 and studied using
particle-level information only. The contribution of these processes
was found to be negligible in the signal region of the measure-
ment.

The dominant background from quark-induced WW produc-
tion, also referred to as qq — WW, was modelled at next-to-
leading-order (NLO) accuracy using the POwHEG-Box v2 [31-35]
generator interfaced to PyTHIA8 and alternatively to HERWIG7. The
POWHEG-Box v2 sample employs the CT10 [36] PDF for the matrix
element calculation and is interfaced to PYTHIA 8.212 for parton
showering and hadronisation employing the parameter values of
the AZNLO tune [37] and the CTEQ6L1 [38] PDF. Samples using
a set of variations in the tune parameters (eigentune variations)

Physics Letters B 816 (2021) 136190

sensitive to initial- and final-state radiation, as well as further vari-
ations related to multiple parton interactions and colour reconnec-
tion, were produced to study the description of the parton show-
ers and hadronisation. HERwiG 7.1.6 was used as an alternative
parton shower, using the H7UE tune [24] and the MMHT2014LO
PDF set [39] for events generated with the POWHEG-Box v2 gen-
erator. An alternative sample for quark-induced WW production
was generated using the SHERPA [40,41] event generator in or-
der to evaluate modelling uncertainties. The SHERPA 2.2.2 sam-
ple uses matrix elements at NLO accuracy in QCD for up to one
additional parton and at LO accuracy for up to three additional
parton emissions. The matrix element calculations were matched
and merged with the SHERPA parton shower based on Catani-
Seymour dipole factorisation [42,43] using the MEPS@NLO pre-
scription [40,44-46]. The virtual QCD corrections were provided by
the OpPENLooPs 1 library [47-49]. The sample was generated using
the NNPDF3.0NNLO set [50], along with the dedicated set of tuned
parton-shower parameters developed by the SHERPA authors.

DY production, pp — Z/y* — ¢ with £ =e, u, T, was mod-
elled using the same settings for SHERPA, POWHEG+PYTHIA8 and
POwWHEG+HERWIG7 as for the quark-induced WW event genera-
tion described above. DY(Z/y* — 7t ) was modelled with POWHEG
interfaced to PyTHIA 8.186 using the NNPDF3.0NLO PDF set [50]
and the AZNLO tune together with the CTEQ6L1 PDF set for parton
showering and hadronisation.

The WZ and ZZ background processes were modelled at NLO
using SHERPA as well as POWHEG-Box v2 interfaced to PYTHIA 8.212
with the same settings as employed for the WW event gener-
ation. Wy production, gluon-induced WW production including
resonant and non-resonant contributions and W Wjj production
in vector-boson scattering were simulated using the SHERPA 2.2.2
generator with the NNPDF3.0NNLO PDF set. These samples use ma-
trix elements at NLO QCD accuracy for up to one additional parton
and LO accuracy for up to three additional parton emissions for
Wy and gluon-induced WW production and LO-accurate matrix
elements for WWjj production in vector-boson scattering.

The tt and Wt processes were simulated with the POWHEG-
Box [31-33,51,52] v2 generator at NLO with the NNPDF3.0NLO
PDF interfaced to PytHIA 8.230 using the A14 tune [53] and the
NNPDF2.3LO set of PDFs. For the Wt process, the diagram removal
scheme [54] was applied to remove interference and overlap with
tt production.

4. Event reconstruction and selection

Candidate events from yy — WW production are identified
by the presence of an electron and a muon with high transverse
momentum and the absence of additional reconstructed charged-
particle tracks associated with the interaction vertex.

Tracks are reconstructed from position measurements (hits) in
the ID caused by the passage of charged particles [55,56]. The
track reconstruction consists of an iterative track-finding algorithm
seeded by combinations of at least three silicon-detector hits fol-
lowed by a combinatorial Kalman filter [57] to build track candi-
dates based on hits compatible with the extrapolated trajectory.
Ambiguities between the track candidates are then resolved and
quality criteria are applied to suppress combinations of hits un-
likely to originate from a single charged particle. At least one hit
in the two innermost layers is required if the extrapolated track
crosses the sensitive region of an active sensor module. The num-
ber of silicon hits in the pixel and SCT detectors must be larger
than 9 for |n| < 1.65 or larger than 11 for |n| > 1.65, with no more
than two missing SCT hits on a track if the respective SCT mod-
ules are operational. Additionally, a selection is imposed on the
transverse impact parameter, |dg| < 1 mm, to reject tracks from
secondary interactions. Tracks are required to have pr > 500 MeV
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and be within |n| < 2.5. These selection criteria result in an effi-
ciency of 75-80% depending on the track prt. The largest source
of inefficiency is hadronic interactions with the detector material.
In simulated events, reconstructed tracks can be classified as orig-
inating from the hard scatter or from additional pp collisions by
matching the hits that contributed to the track fit to the energy
deposited by the charged particle in the GEANT4 simulation. The
respective tracks are counted as nflS and nf}.

Electrons are reconstructed from energy clusters in the electro-
magnetic calorimeter that are matched to tracks reconstructed in
the ID [58,59]. The best-matching track is selected using as criteria
track—cluster spatial distance and the number of hits in the silicon
detectors [59]. Further tracks may be assigned to the electron can-
didate if they are likely to originate from interactions with detector
material. The pseudorapidity of electrons is required to be within
the range of |n| < 2.47, excluding the transition region between
the barrel and endcaps in the LAr calorimeter (1.37 < || < 1.52).
Electron candidates are required to have transverse momenta pr
> 20 GeV.

Muons are built from tracks reconstructed using MS hits
matched to ID tracks. A global fit using the hits from both sub-
detectors is performed [60]. Each muon candidate is matched
uniquely to exactly one ID track and is required to satisfy |n| < 2.4
and pt > 20 GeV.

Identification and isolation criteria are applied to electron and
muon candidates to suppress non-prompt leptons from hadron de-
cays. Identification criteria are based on shower shapes and track
parameters for the electrons, and on track parameters for the
muons. The isolation criteria use information about ID tracks and
calorimeter energy deposits in a fixed cone of AR = 0.2 around
each lepton. Electrons must satisfy the ‘medium’ identification cri-
teria as well as the loose isolation criteria described in Ref. [59],
which have a combined efficiency of 75-85% depending on the
electron pr. Muon candidates are required to satisfy the ‘medium’
identification and loose isolation criteria introduced in Ref. [60],
which have an efficiency of about 95%. The significance of the
transverse impact parameter, defined as the absolute value of dy,
divided by its uncertainty, oy,, must satisfy |dg|/0q, <3 for muons
and |dg|/og, <5 for electrons.

The decision on whether or not to record the event was made
by single-electron or single-muon triggers with requirements on
lepton identification and isolation similar to those applied of-
fline. The transverse momentum thresholds for these triggers were
24 GeV for electrons [61] and 20 GeV for muons [62] in 2015,
whilst during the 2016-2018 data-taking period the thresholds
were both raised to 26 GeV and requirements on lepton identifi-
cation and isolation were tightened. Complementary triggers with
higher pt thresholds and no isolation or looser identification crite-
ria were used to increase the trigger efficiency.

Events are required to contain exactly two leptons of oppo-
site electric charge that satisfy the above criteria. One of the lep-
tons must have transverse momentum exceeding 27 GeV and be
matched to an object that provided one of the triggers used for the
read-out and storage of the event. The invariant mass of the two
selected leptons must exceed my = 20 GeV. Both same-flavour
(ee/up) and different-flavour (ew) events are accepted either for
auxiliary measurements or for the signal extraction, respectively.

The interaction vertex is reconstructed from the two leptons in
the event, ¢1 and ¢,, as the weighted average z-position of the
tracks extrapolated to the beam line:

02 02
e Zey SINT 0y + 24, SINT Op,
vtxX —

sin® 0y, + sin® 6y,

where sin?6, approximately parameterises the resolution of the
z-position [10]. This definition of the interaction vertex is not bi-
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ased by the presence of additional tracks from hadronic activity
in association with the dilepton pair production or by additional
tracks from nearby pile-up interactions. It results in a 30% higher
efficiency than a primary vertex selection based on the sum of
squared track transverse momenta [63]. Requirements are placed

on each lepton to fulfil |(z; — z%,) siné| < 0.5 mm.

A window of Az =21 mm around z{, defines the region in
which ID tracks are matched to the interaction vertex. The number
of tracks in this window, excluding those used in the reconstruc-
tion of leptons, is counted as nyy. Signal yy — WW event candi-
dates are selected using the exclusivity requirement that nyy = 0.
Events with low track multiplicities, 1 < ny < 4, are used to eval-
uate backgrounds. The modelling of ng; is therefore vital to the
extraction of the yy — WW signal, and this is discussed further
in the following section.

5. Modelling of signal and backgrounds

Corrections are applied to the simulated signal and background
event samples to adjust the lepton trigger, reconstruction, identi-
fication and isolation efficiencies, as well as the energy and mo-
mentum resolutions, to those observed in data. The muon mo-
mentum scale is corrected in the MC simulation, whilst the elec-
tron energy scale is corrected in data [59-62]. Accurate modelling
of the transverse momenta of the bosons is important because
of its correlation with the expected charged-particle multiplicity
from hadronic activity. The p?’ W distribution in the MC samples
for quark-induced WW production is reweighted to the theoreti-
cal calculation at next-to-next-to-leading-order (NNLO) accuracy in
perturbative quantum chromodynamics with resummation of soft
gluon emissions up to next-to-next-to-next-to-leading-logarithm
(N3LL) accuracy using MATRIX+RadISH [48,49,64-72]. A correction
for the transverse momentum distribution of dilepton pairs from
the DY process is derived from data using ee and pu final states
with an invariant mass within 15 GeV of the nominal Z boson
mass corrected for background, and is applied to all DY samples as
a function of the generator-level p% . Additional data-driven correc-
tions are needed for this analysis to account for (i) mismodelling of
the additional pp interactions produced in the same bunch cross-
ing, (ii) mismodelling of the charged-particle multiplicity in the
qq — WW background process, and (iii) second scatterings and
the dissociative contribution to the yy — W W signal process.

5.1. Modelling of additional pp interactions

Tracks from nearby additional pp interactions can be matched
to the interaction vertex and, thus, lower the efficiency of the ex-
clusivity requirement. Their number depends on the density of
additional pp interactions and the number of tracks originating
from these interactions. Data-driven techniques are used to derive
corrections to the simulated events to further improve their de-
scription of the data, targeting the density of pp interactions and
the number of tracks per interaction separately.

The simulated events are reweighted such that the distribution
of the average number of pp interactions per bunch crossing re-
produces the one measured in the data. The longitudinal width of
the beam spot, o5, determines the average density, along z, of
additional pp interactions near the interaction vertex. The average
longitudinal width of the beam spot varied throughout the data-
collection period due to changes in the LHC beam optics. It was
about 44 mm in 2015 and between 34 and 38 mm in 2016-2018
compared to 42 mm in MC simulation. The photon-induced MC
samples were produced with both, the nominal conditions in MC
simulation and also with a beam spot width of 35 mm to study the
impact of these settings. Only the latter samples were used in the
final analysis. To account for the different densities of additional
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Fig. 2. The normalised distribution of tracks from additional pp interactions, ntpr‘f(

associated with the interaction vertex, in data and signal simulated with a beam

spot width of o =42 mm. For data, nfy is determined using a random z-position

along the beam axis away from the interaction vertex. The same quantity is shown
for simulated yy — WW events before and after correcting the beam spot width
to the one observed in data. The inverse ratio of the beam-spot-corrected simula-
tion to data corresponds to the correction applied to n{’rllj( in the simulation using
the GEaNT4-based classification. To demonstrate the closure of the correction, the
number of tracks reconstructed in elastic yy — WW signal MC samples is shown
after applying the full set of corrections, namely the o® correction and the nfy
correction. The shown uncertainties are statistical only.

pp interactions in data and simulation, the beam spot width is
effectively corrected by modifying the matching of tracks to the in-
teraction vertex in simulation: tracks classified as originating from
a pile-up interaction are counted in ngy if they have a longitudinal
impact parameter z within 1 mm x o/0 5 of z{f,. The values
for oggta are sampled from the LHC run conditions during Run 2
according to the luminosity taken at a given value of chBgta.

An ancillary data measurement is used to determine the cor-
rection for the number of tracks from additional pp interactions
randomly matched to the interaction vertex, nfrlf( In same-flavour
Z — (¢ events, this correction is obtained by counting the num-
ber of tracks satisfying the nominal selection criteria relative to a
random position in z that is well separated from the interaction
vertex, |z{,fx — z| > 10 mm. Each event is sampled multiple times
using non-overlapping regions in z. This procedure optimises the
statistical power, but does not consider the actual distribution of
2t along z. To correct for the resulting bias, n} is extracted as
a function of the z-coordinate and weighted with the normalised
beam spot distribution.

This method is tested using simulated events and found to re-
produce the ntprllj( distribution in data within 0.1-3.5% for low track
multiplicities, with larger disagreement for larger nyy. Fig. 2 shows
the probability distribution of n} associated with zi{,, extracted in
data and simulation before and after the corrections for the beam
spot width. The bottom panel shows the ratio to data. The inverse
ratio of the beam-spot-corrected simulation to data corresponds to

the correction applied as a function of nfrllj( in the simulation. The
distributions of the number of nfY in yy — £¢ and yy — WW

MC events are shown after the bggm spot and the pile-up correc-
tions. Before any corrections, the disagreement can be up to 15%
depending on the beam spot conditions in the simulation. After the
o085 correction, for low track multiplicities disagreements of about
10% persists because the o8 correction only improves the mod-

elling of the density of the pile-up vertices but not of their track
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multiplicity. This is corrected using the nfr[lj( correction. The full set
of corrections is applied to all MC samples used in the analysis.

The presence of the additional tracks from pile-up will ran-
domly lead to the rejection of signal events and therefore the
distribution of ntPrLlJ( can be used to extract the signal efficiency of
the exclusivity requirement (ny, = 0). This exclusive efficiency de-
pends strongly on the number of interactions per bunch crossing
and the general beam conditions. The average efficiency for the
2015-2018 dataset with an average iy of 33.7 is 52.6%. It drops
from 60% at iy = 20 to about 30% at it = 60. When comparing
the data-driven efficiency with that obtained directly from signal
MC samples, the results agree to better than 0.2%.

The full effect of the data-driven correction for tracks from ad-
ditional pp interactions is assigned as a systematic uncertainty,
resulting in 1% and 3% uncertainty in the efficiency to select events
without any additional associated tracks (ngi = 0) for signal and
background, respectively. The uncertainty of having a low num-
ber of tracks associated with the vertex (1 < nyy < 4) is 2% for
photon-induced processes and 10% for quark- and gluon-induced
processes.

5.2. Modelling of the underlying event

For quark-induced diboson production, additional charged par-
ticles can be produced from initial-state radiation or secondary
partonic scatters in the same pp collision, also called the under-
lying event. However, for low values of the number of charged
particles, the n, distribution was found to be not well modelled
by many of the phenomenological models implemented in the
generators [73-76]. The underlying event can be assumed to be
similar for quark-induced production of different colourless final
states if the transverse momenta of these final states are compara-
ble [76]. Therefore, the charged-particle multiplicity in gqq — WW
events can be constrained using data measurements of DY produc-
tion of ¢¢ pairs in pp collisions. Specifically, the charged-particle
multiplicity is measured for Z — ¢¢ produced in slices of pi‘.
This two-dimensional measurement is then used to correct the
DY and diboson simulation. The general validity of this approach
has been tested using DY and diboson samples generated with
POWHEG+PYTHIA8, SHERPA and POwHEG+HERwWIG7. The multiplicity
spectra of charged particles are found to be very different in the
different MC samples, yet relatively similar between the respective
DY and diboson processes at a constant value of the boson or di-
boson pt with the agreement being of the order to 10-20%.

The Z — ¢4 events are selected using the criteria described in
Section 4 with an additional requirement on the dilepton mass
(70 GeV < my; < 105 GeV) to suppress contributions from back-
ground processes. The contribution of pile-up tracks is estimated
from data by sampling random z-positions well separated from the
dilepton vertex as discussed in Section 5.1. The background at low
track multiplicities is dominated by yy — ¢£ events, which have
a different p‘{e dependence than DY events and amount to about
5% of the total events selected with 70 GeV < my, < 105 GeV and
nyk = 0 while their contribution is 0.5% or smaller for higher track
multiplicities. The relative normalisations for the elastic, single-
dissociative and double-dissociative yy — ¢¢ as well as the DY
process are determined in a fit to the measured pg distribution in
a myy > 105 GeV sideband, requiring ng, = 0 and using the shapes
from MC simulation. In this sideband, the yy — £¢ process con-
tributes about 60% to the total event sample. The contribution from
the yy — WW process with a same-flavour final state amounts
to less than 1% of the yy — ££ processes in this kinematic re-
gion and is neglected. The overall normalisations of the different
yy — ££ contributions relative to the prediction are compatible
within the statistical uncertainty with those from earlier ATLAS
studies [77].
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Fig. 3. On the left, the normalised number of events with a given number of charged particles, 1/NeydNey/dngy, predicted by SHERPA, POWHEG+PYTHIAS, and POWHEG+HERWIG7
is compared with the unfolded data. The ratio on the bottom is the inverse of the weights that are applied at particle level as a function of the number of charged particles.
The effect of the correction for the underlying event is illustrated for the number of reconstructed tracks on the right. SHERPA and POWHEG+PYTHIA8 are shown before and
after the correction and compared with data. The total uncertainty of the correction is shown for POWHEG+PYTHIA8 in the upper panel, and as a band around unity for the

lower panel. The total uncertainties for SHERPA and POWHEG+PYTHIA8 are very similar.

After the yy — £¢ and pile-up contributions are subtracted as
backgrounds, D’Agostini unfolding [78,79] is used to unfold the dis-
tribution of the reconstructed track multiplicity, nyy, to that of
the number of charged particles, nq, using four iterations.? The
charged-particle multiplicity is extracted as a function of the pt of
the dilepton system, which corresponds to the transverse momen-
tum of the recoil, using 5-GeV-wide intervals of pr. The largest
sources of uncertainty are the contributions from pile-up tracks
and uncertainties in the distribution used as the prior, assessed
by comparing POWHEG+PYTHIA8 and SHERPA. Other uncertainties
originate from the event selection and the yy — ¢£ background
subtraction, assessed by varying the kinematic selection and the
normalisation of the photon-induced background within the un-
certainties of the fit in the my, sideband. Fig. 3 (left) compares
the unfolded charged-particle multiplicity distribution for differ-
ent MC models and data. For low values of ng, the charged-
particle multiplicity distribution is mismodelled by a factor of 2.5
in POWHEG+PYTHIA8 and by a factor of 4 in SHERPA, whilst good
agreement with the PowHEG+HERWIG7 model is found except at
nch = 0 where the PowWHEG+HERWIG7 prediction exceeds the data
yield by about 30%.

The charged-particle multiplicity in simulated DY events is cor-
rected using per-event weights determined as the ratio of the un-
folded data to the unfolded MC simulation as a function of the
charged-particle multiplicity, and of the particle-level pt of the de-
cay products of the Z boson. The impact of the charged-particle
multiplicity correction is shown in Fig. 3 (right) for DY events. The
simulation is shown both before and after the correction for pile-
up modelling and underlying-event modelling in Z — ¢¢ events
satisfying 70 GeV < my; < 105 GeV. The corrections bring the MC
simulation into agreement with data within the systematic uncer-
tainty of the charged-particle measurement. The correction for the
underlying-event modelling is applied to WW, WZ and ZZ pro-
cesses as a function of the charged-particle multiplicity, and of the
particle-level pt of the decay products of the diboson system.

2 similarly to Ref. [80], charged particles are defined to be stable if they have a
mean lifetime 7 > 30 ps and satisfy pr > 500 MeV and |n| < 2.5.

5.3. Signal modelling

After the initial yy — WW process, the protons can un-
dergo a second inelastic interaction. These additional rescatterings
do not change the kinematics of the yy — WW process, but
lead to the production of particles such that the cross section of
yy — WW production without associated tracks is reduced. This
effect is not included in the modelling of the signal. The proba-
bility that no such additional particles are produced is commonly
referred to as the survival factor. In addition, the yy — WW
signal when applying the exclusivity requirement is modelled by
HERwWIG7, which includes only the elastic component. To obtain a
better estimate of the expected signal yield including the disso-
ciative components and to correct for effects from the rescattering
of protons, a correction factor is obtained from a yy — ¢£ con-
trol sample in data, following a procedure similar to that applied
in Refs. [4,6] using same-flavour lepton final states. To enhance the
purity in yy — £¢ production and to mimic the kinematic thresh-
old of yy — WW production, the dilepton mass is required to be
larger than 160 GeV. The exclusivity requirement of ny =0 is ap-
plied. In the region, where the correction factor is extracted, the
predicted event yield from the yy — WW process with same-
flavour final states is approximately 1.5% of the yy — ££ yield so
that the derived correction factor is essentially independent of the
yy — WW signal process.

The background, dominated by DY production, is estimated us-
ing a data-driven technique. The shape of the my, distribution for
background events is estimated using events with ngg = 5, which
is a compromise between small signal contamination and closeness
to the signal region. This template is normalised to the nyy =0
selection using a narrow window around the nominal Z boson
mass (83.5 GeV < myy < 98.5 GeV) where the contribution from
photon-induced processes is small. The my, lineshape in simulated
DY events is found to be independent of nyy for low multiplicities.

When the exclusivity requirement of ny = 0 is applied, the ra-
tio of the yield from photon-induced processes in data to the MC
prediction for the elastic processes is found to be 3.59 £ 0.15(tot.).
This agrees with the expectation of 3.55 obtained using the MC
prediction. It has been verified that the signal modelling correction
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Fig. 4. The distribution of my, in the region where the signal modelling correction
is extracted as the ratio of the yield of yy — €¢ and yy — WW processes passing
the exclusivity requirement of nyy = 0 to the yield of the simulated elastic process
only. Shown are the data, where a requirement of nyy = 0 has been applied, and
the background templates selected from data using ngi =2 and ngg = 5. In addi-
tion, the yy — ¢¢ and yy — WW MC predictions are depicted, as well as the sum
of the nominal background template (ngx =5) and the yy — ¢¢ and yy - WW
MC predictions scaled by the signal modelling correction. The normalisation region
around the nominal Z boson mass is indicated with a vertical dashed line, as is
the region where the signal modelling correction is extracted (mg; > 160 GeV). The
excess in data relative to the elastic yy — ¢¢ and yy — WW prediction is at-
tributed to the dissociative photon-induced processes and used to extract the signal
modelling correction that is shown in the lower panel of the plot. The uncertainties
shown are statistical only.

does not vary as a function of p%" within the boundaries used to
extract the signal.

Fig. 4 illustrates the extraction of the signal modelling cor-
rection from data. The signal modelling correction is only ap-
plicable to events with nyx = 0. The simulated HERWIG7 events
are used in conjunction with the signal modelling correction
for predictions of photon-induced processes in events where the
ngkx = 0 requirement is applied, while the event samples from
MG5_AMC@NLO+PYTHIA8 are used for predictions in regions with
larger track multiplicities.

Uncertainties are evaluated by increasing the mass window of
the DY background normalisation region to 73.5 GeV < my; <
108.5 GeV and by changing the number of tracks used in the
selection of the template, using ny = 2 instead of the nominal
value. The resulting uncertainty in the signal modelling correc-
tion amounts to 4.2%. When the signal modelling correction is
applied to yy — WW, an additional transfer uncertainty is in-
cluded to account for potential differences between yy — ¢£ and
yy — WW events due to the fact that rescattering effects are
mass-dependent. It is calculated as the largest variation that arises
from placing different lower bounds on the evaluation region; the
lower bound on my, was varied from my, = 110 GeV to 400 GeV
in intervals of 10 GeV. The resulting uncertainty amounts to 11%.
This uncertainty affects only the scaling of the yyy — WW process
and thus the measured signal strength and any cross section pre-
diction derived using the signal correction factor, but cancels out
in the measurement of the fiducial cross section.

6. Event categories and background estimation

One signal region and three control regions, enriched in signal
and background events respectively, are defined using the dilepton
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transverse momentum, p;”*, and the number of additional tracks
associated with the interaction vertex, nyy. The signal region is
defined by selecting p?‘ > 30 GeV and nyg = 0. It has an ex-
pected purity of 57% and an expected background contamination
from qq — WW production of 33%.

Additional kinematic regions with alternative requirements on
p?‘ and n¢y are used to control the modelling of background pro-
cesses. The first control region is defined by p.i.“ < 30 GeV and
1 <ngx <4 and helps to constrain the DY(Z/y* — 7t ) normalisa-
tion, as this process contributes 75% of the selected events in this
region. It also has non-negligible contributions from qqg — WW
events and non-prompt leptons. The second control region is de-
fined by py* > 30 GeV and 1 <ngk <4 and is designed to be
enriched in qq — WW events, with an expected contribution of
about 70% from that process and minor contributions from the DY
process and non-prompt lepton events. An additional control re-
gion is selected with p%“ < 30 GeV and nyy = 0. It brings some ad-
ditional control for the modelling of backgrounds specific to events
with no tracks, however has a signal contamination of the order of
10%. The boundaries between these regions are chosen such that
good signal-background separation is achieved. In addition, the re-
gions used to control the normalisation of the backgrounds are
defined to be topologically very similar to the signal region, which
helps to minimise uncertainties in extrapolating the normalisation
from the control regions to the signal region.

Background events from non-prompt leptons contribute about
6% of the selected signal candidates in the signal region. The pri-
mary source of these backgrounds in dilepton events is W +jets
production where one of the leptons is prompt and the other
stems from light-hadron or heavy-flavour decays. Background
events from non-prompt leptons are estimated from a control re-
gion where exactly one of the leptons must fail to satisfy some of
the lepton identification criteria of the nominal event selection. All
other kinematic selection criteria are the same as for the signal
selection. The contribution from non-prompt leptons is then esti-
mated by scaling the number of events in the control region by
the ratio of the number of non-prompt leptons passing all identi-
fication requirements to those failing some of these requirements.
This ratio is measured in data selected with one electron and one
muon with the same electric charge, and requiring 1 < nyy < 4.
Contributions from prompt leptons are subtracted using MC sim-
ulation. For the extrapolation to the event samples selected with
ngx = 0 a dedicated uncertainty is assigned.

7. Systematic uncertainties

Uncertainties and their correlations are evaluated in each of
the signal and control regions. The uncertainties in the measure-
ment of tracks originate from uncertainties in the inner detector
alignment, the reconstruction efficiency, and the probability to in-
correctly reconstruct tracks by including hits from noise or from
several tracks. The combined uncertainty amounts to 5-7% of the
event yields for DY and qq — W W production, whilst for photon-
induced processes these uncertainties are < 1% in the regions
where these processes contribute significantly.

Systematic uncertainties in the event yields due to electron and
muon reconstruction, including effects from the trigger and recon-
struction efficiencies, energy/momentum scale and resolution, and
pile-up modelling are 0.5% and up to 2% depending on the process,
in the signal and control regions, respectively [59-62].

The uncertainty in the background from non-prompt leptons
is dominated by the uncertainty in the measurement of the ra-
tio of non-prompt leptons passing all identification requirements
to those failing some, in particular the subtraction of contributions
from genuine leptons in the numerator of that ratio. The result-
ing uncertainty on this background estimation ranges between 50%



The ATLAS Collaboration

Table 1

Physics Letters B 816 (2021) 136190

Summary of the data event yields, and the predicted signal and background event yields in
the signal region and control regions as obtained after the fit. The uncertainties shown in-
clude statistical and systematic components. Because the fit introduces correlations between
systematic uncertainties, the uncertainty in the total expected yield is smaller than its com-
ponents. The leftmost column of values corresponds to the signal region used to measure
Yy — WW in proton-proton collisions. The numbers for qg — WW also contain a small
contribution from gluon-induced WW and electroweak W Wjj production. The event yields
for other backgrounds include contributions from WZ and ZZ diboson production, top-quark

production and other gluon-induced processes.

Signal region Control regions
Nirk Nerk = 0 1< Nk < 4
py > 30 GeV <30GeV > 30 GeV < 30 GeV
yy - Ww 174 + 20 45 £ 6 95+ 19 24 +5
yy —> U 55+03 396 + 19 56 + 1.2 32+7
Drell-Yan 45 £ 0.9 280 £ 40 106 + 19 4700 + 400
qq — WW (incl. gg and VBS) 101 + 17 55 + 10 1700 £ 270 970 £+ 150
Non-prompt 14 £ 14 36 + 35 220 £+ 220 500 + 400
Other backgrounds 71 + 1.7 19+ 04 311 £ 76 81 £ 15
Total 305 + 18 459 + 19 2460 £ 60 6320 £+ 130
Data 307 449 2458 6332

and 100% depending on the region. The statistical uncertainty in
the control region for the estimation of background from misiden-
tified leptons is also a significant source of uncertainty.

The uncertainties in the correction of pile-up modelling and the
underlying event as well as the uncertainty in the signal mod-
elling correction are described in Section 5. The correction for
the underlying-event modelling in the WW, WZ and ZZ pro-
cesses is derived in bins of p%‘, but applied as a function of di-
boson pr, utilising the fact that there are only relatively small
differences in charged-particle multiplicity between the DY and
diboson processes. Residual differences are evaluated at the par-
ticle level and considered as systematic uncertainties. For the
largest source of background, the quark-induced WW process, fur-
ther studies are made. The predicted event yields are compared
for POWHEG+PYTHIA8 and variations of the PYTHIA8 parton-shower
tunes, and for POWHEG+HERWIG7 and SHERPA, with each predic-
tion using its dedicated underlying-event correction. The event
yields agree well for 1 < ngi < 4, but disagree in the signal region,
nyx = 0. The background yield from the quark-induced WW pro-
cess is estimated as the average of the highest and lowest value of
the various predictions, that is the midpoint of the most extreme
predictions as no preference for either model can be deduced from
the data. The envelope of all predictions is taken as the upper
and lower one-standard-deviation boundary, amounting to 7% for
events selected with nyy = 0, and amounting to less than 1% for
events selected with 1 < ny, < 4. The uncertainties in the total
quark-induced WW cross section and the shape of the pTW W dis-
tribution are taken from the MATRIX+RadISH prediction used to
reweight the WW samples, amounting to 5-6%.

Because of the specific event selection of the analysis, large
uncertainties are applied to minor backgrounds, where the ngyy
modelling cannot be easily studied in data: the uncertainty in
the Wy normalisation is taken to be £100%, whereas uncer-
tainties of +30% are used for the normalisation of top-quark
production and W W jj production through vector-boson scatter-
ing (VBS) as well as gluon-induced resonant and non-resonant
WW production. The numbers are informed by the size of the
underlying-event correction in DY and WW events and studies
on events with forward jets outside the acceptance of the ID. For
the smaller background contributions from WZ and ZZ produc-
tion the uncertainty is assessed by comparing the event yields
predicted by PowHEG+PYTHIA8 with those predicted in SHERPA
after applying the underlying-event correction described in Sec-
tion 5.2.

The systematic uncertainty in the measured cross section also
includes a contribution due to differences in reconstruction effi-
ciency between elastic and dissociative photon-induced processes
as well as an uncertainty due to missing spin correlations in
HERwIG7, which mainly affects the p%“ modelling. These uncer-
tainties are evaluated separately by comparing the reconstruc-
tion efficiency of the elastic-only prediction with that including
all production mechanisms and by comparing the reconstruction
efficiency between HERwIG7 and MG5_AMC@NLO+PYTHIAS. Their
combined effect is £2%. Uncertainties stemming from the signal
modelling correction are applied to the signal prediction and are
discussed in detail in Section 5.3.

8. Results

The yy — WW signal in proton-proton collisions is extracted
using a profile likelihood fit of the estimated signal and back-
ground event yields to data. The fit uses the integrated event yields
in the four kinematic regions introduced in Section 6, and the
ee + uu events selected as described in Section 5.3. It maximises
the product of Poisson probabilities to produce the observed num-
ber of data events, Ngps, in each of these regions [81].

The normalisation of the backgrounds from DY and qq —> WW
processes are free parameters in the fit. The expected elastic
yy — €€ and yy — WW event yields for ny, =0 are multiplied
by the signal modelling correction discussed in Section 5.3, which
is obtained as described within the fit to preserve the experimental
correlations correctly. The event yield for the yy — WW signal
process is also multiplied by a signal strength that is a free param-
eter in the fit. Systematic uncertainties are included in the fit as
nuisance parameters constrained by Gaussian functions. The fit can
only constrain the sum of the backgrounds, since the background
composition is similar in events selected with ny, =0 and those
selected with 1 < nyy < 4. Overall, the uncertainty in the sum of
their yields is dominated by the systematic uncertainties assigned
to events selected with nyy = 0. In this fit, the background-only
hypothesis is expected to be rejected with a significance of 6.7
standard deviations.

Table 1 gives an overview of the number of data events com-
pared to background and signal event yields in the different re-
gions after the fit. The data yield in the signal region is 307, com-
pared with 132 background events predicted by the best-fit result.
The normalisations of the WW and the DY background are con-
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Fig. 5. The distributions of p%" for 1 <nyk <4 (left) and nyy = 0 (right) are shown. The fitted normalisation factors and nuisance parameters have been used. The yields
for the likelihood fit are given by the integrals of the distributions split at p%" =30 GeV, as indicated by the vertical dashed lines. The yy — WW signal region requires a
selection of p?‘ > 30 GeV with ngy =0, as indicated by the arrow. The gqg — WW component also contains a small contribution from gluon-induced WW and electroweak
W Wjj production. Similarly, ‘other qq initiated’ includes contributions not only from WZ and ZZ diboson production but also from top-quark production and other gluon-
induced processes. The total uncertainties are shown as hatched bands. The lower panels show the ratio of the data to the prediction, with the total uncertainty displayed as
a hatched band. An arrow indicates that the ratio is off-scale. The last bin in both distributions includes the overflow.

strained with the help of the control regions to be 1.21f8:;g (tot.)
and 1.16f8:}g (tot.), respectively.

By fitting the signal and background event yields in the sig-
nal and control regions, the background-only hypothesis is rejected
with a significance of 8.4 standard deviations, assuming that the
systematic uncertainties are Gaussian-distributed up to large val-
ues. A signal strength of 1.33%01%(stat.)*332 (syst.) is measured
relative to the yield of elastic yy — WW events predicted by
HErRwIG7 scaled by the signal modelling correction to account for
all photon-induced production mechanisms in a phase space with
no tracks associated with the interaction vertex. These results con-
stitute the observation of photon-induced WW production in pp
collisions, a process for which only evidence with significances of
3.0 o [4] and 3.6 o [6] was previously reported.

Fig. 5 shows two p%“ distributions: on the left for events with
1 < ngk < 4 associated with the interaction vertex, and, on the
right, for events with the exclusivity requirement of no tracks.
The boundary between low- and high-p?‘ control and signal re-
gions is at 30 GeV. The distributions in Fig. 5 include the fitted
normalisations and nuisance parameters described above; the re-
sulting predictions are in good agreement with the data. Fig. 6
shows the distribution of the number of reconstructed tracks for
p7* > 30 GeV.

The fiducial phase space used for the cross-section measure-
ment is defined to be close to the acceptance of the detector.
The leptons must at particle level satisfy the pseudorapidity re-
quirement |n| < 2.5. One of the leptons is required to have a
transverse momentum of at least 27 GeV, whilst the other must
have pr > 20 GeV. They are required to be prompt leptons from
W decays. Photons in a cone of AR =0.1 around a lepton and
not originating from the decays of hadrons are added to the four-
momentum of the lepton, that is leptons are “dressed”. Events with
exactly two leptons are selected with opposite-sign and different-
flavour final states. Decays of either W boson into a t-lepton and
neutrino are excluded. The invariant mass of the dilepton system is
required to be my, > 20 GeV and its transverse momentum must
be p7"* > 30 GeV. The number of charged particles, ne,, with pr
> 500 MeV and within || < 2.5, excluding the selected leptons, is
required to be zero.
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Fig. 6. The distribution of the number of tracks associated with the interaction ver-
tex is shown. The fitted normalisation factors and nuisance parameters have been
used. The yy — WW signal region requires a selection of nyx =0, as indicated by
the vertical dashed line. The qg — WW component also contains a small contribu-
tion from gluon-induced WW and electroweak W W jj production. Similarly, ‘other
qq initiated’ includes contributions not only from WZ and ZZ diboson production
but also from top-quark production and other gluon-induced processes. The total
uncertainties are shown as hatched bands. The lower panel shows the ratio of the
data to the prediction, with the total uncertainty displayed as a hatched band.

Without requirements on the number of reconstructed tracks,
the selection efficiency after reconstruction is 75% for elastic
yy — WW events in the fiducial region. The full selection effi-
ciency after applying n = 0 is 39%. The predicted number of sig-
nal events includes a ~5% contribution of leptons from W — tv,
T — {vgvy, which is estimated using the MC simulation and which
is removed from the measured fiducial cross section using this
fractional contribution.
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The impact of different components of systematic uncertainty on the measured fiducial cross sec-
tion, without taking into account correlations. The impact of each source of systematic uncertainty
is computed by first performing the fit with the corresponding nuisance parameter fixed to one
standard deviation up or down from the value obtained in the nominal fit, then these high and low
variations are symmetrised. The impacts of several sources of systematic uncertainty are added in

quadrature for each component.

Source of uncertainty

Impact [% of the fitted cross section]

Experimental
Track reconstruction

Electron energy scale and resolution, and efficiency
Muon momentum scale and resolution, and efficiency

Misidentified leptons, systematic
Misidentified leptons, statistical
Other background, statistical

Modelling
Pile-up modelling
Underlying-event modelling
Signal modelling
WW modelling
Other background modelling

Luminosity

Total

1.1
0.4
0.5
1.5
5.9
3.2

1.1
1.4
2.1
4.0
1.7

1.7

8.9

The observed signal strength translates into a fiducial cross sec-
tion of

Omeas = 3.13 +0.31 (stat.) & 0.28 (syst.) fb

for pp(yy) — p®WHtwW-p™ production with WTw~ —
eTvuFv. The uncertainties correspond to the statistical and sys-
tematic uncertainties, respectively. Table 2 gives an overview of the
sources of systematic uncertainties, which are discussed in Sec-
tion 7 and presents their effect on the measured cross section. To
evaluate the impact of one source of systematic uncertainty, the
fit is performed with the corresponding nuisance parameter fixed
one standard deviation up or down from the value obtained in the
nominal fit, then these high and low variations are symmetrised.

The data measurement can be compared with two types of pre-
dictions. The first, used in the definition of the signal strength
and the calculation of the expected significance, is based on the
HErRwIG7 prediction for elastic yy — WW events scaled by the
data-driven signal modelling correction to include the dissociative
processes and rescattering effects as described in Section 5.3. It is
found to be

Otheo X (3.59+0.15 (exp.) & 0.39 (trans.)) = 2.34 £ 0.27 fb,

where the uncertainty contains all experimental uncertainties and
receives an additional component due to the transfer from the
yy — £ to the yy — WW process described above. The uncer-
tainties in the theory prediction are negligible because the scale
uncertainty in the calculation of elastic production based on a
photon-flux is small and partially cancels with the signal correc-
tion that is calculated with respect to the same photon-flux com-
pared to the data. A standalone theory prediction for the fiducial
cross section is computed with MG5_AMC@NLO+PYTHIA8 using the
appropriate elastic or inelastic MMHT2015qed PDF sets [82] for
each of the contributions by applying the fiducial requirements to
all photon-induced contributions, which yields 4.3 + 1.0(scale) &
0.1(PDF) fb. The scale uncertainty is determined by varying the
factorisation scale by factors of 2 and 0.5 and symmetrising the
effect. The contributions to this cross-section prediction from elas-
tic and single-dissociative production are 16% and 81%, respec-
tively. Double-dissociative production contributes only 3%. Using
CT14qed [28] as the central PDF set yields a prediction which is
26% smaller and amounts to 3.2 fb.
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The MG5_AMC@NLO+PyYTHIA8 prediction does not include re-
scattering effects that are expected to decrease the fiducial cross
section. For elastic yy — W W production, a survival factor of 0.65
was estimated in Ref. [83]. In Ref. [84] a survival factor of 0.82
was calculated in a two-channel eikonal model also accounting for
the helicity structure of the hard scattering process.> Multiplying
the MG5_AMC@NLO+PYTHIA8 prediction by these survival factors
results in theoretical predictions of 2.8 +£0.8 fb and 3.54+1.0 fb, re-
spectively, with the total uncertainties calculated as the quadratic
sum of scale and PDF uncertainties. These predictions are in agree-
ment with the measurement.

9. Conclusion

The photon-induced production process, yy — WW, was stud-
ied in proton-proton collisions at /s = 13 TeV recorded with the
ATLAS detector at the LHC corresponding to an integrated luminos-
ity of 139fb~!. Events with leptonic W boson decays into efvuFv
final states were selected by requiring that no tracks except those
of the two charged leptons are associated with the production
vertex. The background-only hypothesis is rejected with a signif-
icance of 8.4 standard deviations whereas well above 5 o was
expected. This measurement constitutes the observation of photon-
induced WW production in pp collisions, a process for which
only evidence was previously reported. The signal strength and
the cross section for the sum of elastic and dissociative production
mechanisms are measured. The cross section for the pp(yy) —
p®WHW—p™ process in the decay channel WW~ — e*vu¥y
in a fiducial phase space close to the experimental acceptance is
measured to be 3.13 £ 0.31(stat.) & 0.28 (syst.) fb. This result is in
agreement with the theoretical predictions and may serve as input
into EFT interpretations.
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