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1 Introduction

The Higgs boson was discovered by the ATLAS [1] and CMS [2] Collaborations in 2012 [3, 4]. Since then,
an important goal has been to determine the Higgs boson properties and to perform precision measurements
using proton—proton (pp) collision data from the Large Hadron Collider (LHC). Up until now, all measured
properties are consistent with the Standard Model (SM) Higgs boson predictions [5, 6]. This discovery not
only demonstrates the existence of the Higgs boson, but it also opens up new frontiers in particle physics
that aim to address the limitations of the SM. There are a variety of beyond-the-SM scenarios that introduce
additional scalar bosons such as the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [7, 8],
the Two-Real-Singlet Model (TRSM) [9, 10] or two-Higgs-Doublet Models (2HDM) [11].

The 2HDM+S model [12] extends the 2HDM hypothesis by considering the production of a heavy CP-even
scalar boson (X) that could decay into an SM Higgs boson (H) and a hypothetical scalar singlet (S). A
representative diagram of the X — SH production via gluon—gluon fusion is shown in Figure 1. The
X — SH branching ratio is assumed to be 100%.

Searches inspired by the 2HDM+S probing X — SS — WW*WW~* [13], X — SH — bbyy [14] and
X — SH — VVrr [15], where V can be either a W* or Z boson, have been performed by the ATLAS
Collaboration. For the latter, no significant excess is observed above the expected SM processes, and 95%
confidence level (CL) upper limits are set on the signal production cross-section between 542 fb and 72 fb
in the mass ranges 500 < mx < 1500 GeV and 200 < mg < 500 GeV [15]. The X — SH search in the



Figure 1: [llustrative Feynman diagram for X — SH production via gluon—gluon fusion.

bbvyvy final state [14] set upper limits on the cross-section times the branching ratio ranging from 39 fb to
0.09 fb, over the mass ranges 170 < mx < 1000 GeV and 15 < mg < 500 GeV. The CMS Collaboration
has also performed searches for X — SH in the bbyy [16], bbtt [17], and 4b [18] decay modes. In the
diphoton plus two b-quarks search, the upper limits on the product of the production cross-section and the
decay branching ratios of the signal process lie in the range of 0.9 — 0.04 fb [16], in the explored mass
ranges 300 < myx < 1000 GeV and 90 < mg < 800 GeV. For the search with a pair of tau leptons and
b-quarks in the final state, limits are set on the production cross-section ranging from 125 fb to 2.7 fb in
the mass ranges 240 < mx < 3000 GeV and 60 < mg < 2800 GeV [17]. Comparable limits are found
in the search involving four b-quarks in the final state, ranging from 150 to 0.1 fb in the mass ranges
0.9 <mx <4 TeV and 60 < ms < 600 GeV [18]. All these results are obtained assuming for the S boson
the same mass-dependent branching ratios as for the SM Higgs boson [19] (denoted SM-like branching
ratios in the following).

This paper is focused on the search for X — SH — VVvyy. The final state of interest is characterised by
two photons from the SM Higgs boson decay (H — vy), and one or two leptons (electrons or muons)
originating from the vector bosons produced in the S — VV decays. This signature benefits from a good
diphoton mass (m,,) resolution [20] and the m,,, distribution is used as the final discriminant. The
requirement of at least one lepton rejects some SM background processes and therefore increases the
signal-to-background ratio. The events are classified by the number and flavour of the leptons (electrons
and muons) in the final state and multivariate analysis techniques are used to enhance the sensitivity of the
search. The algorithm is trained to distinguish between the dominant SM backgrounds (multi-jet processes
and vector bosons produced in association with a pair of photons) and the X — SH — VVvyy signal. This
search is performed over the mass ranges 300 < mx < 1000 GeV and 170 < mg < 500 GeV. It allows to
explore lower mass ranges than other final states with b-quarks where the signal becomes boosted at low
mgs values, and suffer from low energetic b-quarks falling below the reconstructed threshold in the low mx
region. In the interpretation of the search results, the S boson is assumed to have SM-like branching ratios.
Two additional scenarios wherein the S boson decays with a 100% branching ratio into a pair of W* or Z
bosons, S — W*W~/ZZ, are also considered.

This paper is organised as follows. A brief description of the ATLAS detector is given in Section 2.
Data and simulation samples are described in Section 3. The object reconstruction and event selection
are outlined in Section 4. The background estimation and the systematic uncertainties are described in
Section 5 and Section 6, respectively. Section 7 presents the results of this search, which are summarised
in Section 8.



2 ATLAS detector

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

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |n| < 2.5. The high-granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit generally being in the insertable B-layer (IBL)
installed before Run 2 [21, 22]. It is followed by the SemiConductor Tracker (SCT), which usually provides
eight measurements per track. These silicon detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction up to || = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

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

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by the superconducting air-core toroidal magnets.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. Three layers
of precision chambers, each consisting of layers of monitored drift tubes, cover the region || < 2.7,
complemented by cathode-strip chambers in the forward region, where the background is highest. The
muon trigger system covers the range || < 2.4 with resistive-plate chambers in the barrel, and thin-gap
chambers in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [23] detector that records Cherenkov light produced
in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-level trigger [24]. The first-level trigger accepts
events from the 40 MHz bunch crossings at a rate below 100 kHz, which the high-level trigger further
reduces in order to record complete events to disk at about 1 kHz.

A software suite [25] is used in data simulation, in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.

Polar coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is
E+p.c
E-p.c

defined in terms of the polar angle 6 as 7 = —Intan(#/2) and is equal to the rapidity y = % In ( ) in the relativistic limit.

Angular distance is measured in units of AR = v/(Ay)2 + (A¢)2.



3 Data and simulation samples

3.1 Data Samples

The data used were collected with the ATLAS detector during 2015-2018, from pp collisions at a
centre-of-mass energy /s = 13 TeV, corresponding to an integrated luminosity of 140 fb~! with an
uncertainty of 0.83% [26] after data quality requirements [27]. Events were recorded using diphoton
triggers that require two reconstructed photon candidates with minimum transverse energies of 35 GeV and
25 GeV [28]. During the 2015-2016 data taking period, a Loose identification requirement was applied for
this diphoton trigger while it was replaced by the Medium selection criteria to keep a tolerable trigger rate
in 2017-2018 due to the increased instantaneous luminosity.

3.2 Monte Carlo simulated samples
3.2.1 Signal samples

The Monte Carlo (MC) simulated signal samples were produced with the PyTH1A 8 generator [29] with the
matrix element calculation at leading order (LO) accuracy in quantum chromodynamics (QCD), followed
by parton showering, hadronisation and underlying event modelling using the A14 set of tuned parameters
(“tune”) [30] and the NNPDF2.3L0 parton distribution functions (PDF) [31]. During the sample generation,
both X and S were assumed to have a narrow width compared with the experimental resolution, and their
widths are fixed to 10 MeV. A total of 20 signal samples for various mx and mgs were generated. The
X boson was required to decay into S and H with S only decaying into a pair of W or Z bosons and H
decaying into a pair of photons. By considering leptonic decays of W or Z bosons, the following three
final state samples were produced for each mx and mg combination: WW (£vqq’) + yy, WW({vev) + yvy,
and ZZ(t€qq/ttvv) + yy, where £ = e, u, or 7. The ZZ(4€) + yy decay sample is excluded due to its
negligible contribution. To achieve a better signal generation efficiency, the samples were produced by
requiring to have at least one lepton with transverse momentum (pr) greater than 7 GeV and pseudorapidity
|7| < 3 at the generator level.

3.2.2 Background samples

The main background contributions result from SM single and double-Higgs boson production, forming a
resonance on the diphoton mass (im,,,,) spectrum, and other SM processes giving a smoothly falling m.,,,
spectrum (continuum background). The corresponding events were generated with MC simulation.

Simulated events for single Higgs boson production via gluon—gluon fusion (ggF) were produced with
the PowHEG Box v2 generator [32-36] at next-to-next-to-leading order (NNLO) accuracy in QCD and
interfaced with PyThia 8. The NNLO accuracy for arbitrary inclusive gg — H observables was achieved
by reweighting the Higgs boson rapidity spectrum in Hi-MiNLO [37-39] to that of HNNLO [40]. The
PDF4LHC15nNL0 PDF set [41] and the AZNLO tune [42] of PyTHia 8 were used and the decays of b- and
c-hadrons were modelled by the EvTGeN 1.6.0 programme [43]. These events were normalised using the
NNLO cross-section in QCD plus electroweak corrections at next-to-leading order (NLO) [19, 44-53].

Simulated single Higgs boson events produced via vector-boson fusion (VBF) were generated with
Pownec Box v2 at NLO accuracy in QCD and interfaced with PytHia 8. The PDFALHC15~xL0 PDF



set and AZNLO tune were used. Simulated events were normalised using an approximate-NNLO QCD
cross-section with NLO electroweak corrections [54-56].

Events of single Higgs boson produced in association with a vector boson (VH, V = W/Z) were simulated
using PowHeG Box v2 and interfaced with PyTthia 8. The PowHEG prediction is accurate to NLO in QCD
for VH+1jet distributions by using the MINLO [57] prescription. The loop-induced gg — ZH process was
generated separately at LO. The PDFALHC15~nL0 PDF set and the AZNLO tune were used. Cross-sections
calculated at NNLO in QCD with NLO electroweak corrections for ¢gG/qg — VH and at NLO and
next-to-leading-logarithm accuracy in QCD for gg — ZH [58-64] were used for the normalisation of the
MC samples.

Events corresponding to Higgs boson production in association with a pair of top or bottom quarks (17H or
bbH) were simulated using Pownec Box v2 at NLO with the NNPDF3.0nLo PDF set [65]. The events
were interfaced with PyTHia 8 using the A14 tune and the NNPDF2.3L0 PDF set. The decays of bottom
and charm hadrons were performed with EvTGen 1.6.0.

Finally, events for single Higgs boson production in association with a single top quark were simulated
with the MADGrAPH_ AMC@NLO 2.3.3 [66] generator at NLO with the NNPDF3.0nLo PDF set. The
events were interfaced with PyTHia 8 using the A14 tune and the NNPDF2.3L0 PDF set.

In addition to the single Higgs boson processes, events corresponding to the SM double Higgs boson ggF
and VBF production modes are also considered. Those events were generated with Pownec Box v2 at NLO
accuracy in QCD using the PDFALHC15nL0 PDF set and interfaced with PyTHia 8. During the sample
generation, one of the Higgs bosons was required to decay into two photons and the other Higgs boson was
required to decay into WW, ZZ or 77, giving a final state with a pair of electrons or muons, or with one
electron and one muon. Leptons were required to have pr > 7 GeV and || < 3 at the generator level.

The normalisation of all Higgs boson samples accounts for the decay branching ratios calculated with
HDECAY [67-69] and ProPHECY4F [70-72].

Continuum background from yy+jets, V+yy, and tf+y7y processes is considered. Their contributions are
described with corresponding MC simulated samples that are exclusively used for the event selection
optimisation. These samples were normalised with cross-sections as predicted by their corresponding MC
generators.

Events from yy+jets production were simulated using the SHERPA 2.2.4 generator [73] at NLO accuracy in
QCD with up to one additional parton and at LO with up to three additional partons. The matrix elements
of these events were calculated with the Comix [74] and OpenLoops [75, 76] libraries and then matched to
the SHERPA parton shower [77] using the MEPS @NLO prescription [78-81]. The NNPDF3.0n~nLo PDF
set [65] was used to describe the parton distributions in the incoming protons. A generator-level selection
was applied to these events with the requirement of the invariant mass of the two photons to be between
90 GeV and 175 GeV.

The V + yy events were generated using SHERPA 2.2.4 at NLO accuracy in QCD with up to one additional
parton and up to three extra partons at LO. The calculation procedure is the same as in yy+jets event
generation. Events were generated separately according to their final states as listed: ee+yy, uu+yvy,
TT+YYy, ev+yy, uv+yy, Tv+yy, and vv+yy. The generator-level photon pt was required to be greater
than 17 GeV and the invariant mass of the two photons should be larger than 80 GeV for these events.



Table 1: Summary of MC simulated samples used in this analysis.

Process ‘ Generator ‘ PDF ‘ Tune
Signal
X > SH->VV+yy | PyTHIA 8 | NNPDR23o | Al4
SM Single and double Higgs boson production
ggF H POwHEG+PYTHIA 8 PDF4LHC15nNLO | AZNLO
VBF H PowHEG+PYTHIA 8 PDF4LHC15nL0 | AZNLO
WH PowHEG+PYTHIA 8 PDF4LHC15nL0 | AZNLO
qq — ZH PowHEG+PYTHIA 8 PDF4LHC15~nL0 | AZNLO
gg > ZH PowHEG+PYTHIA § PDFALHC15~xL0 | AZNLO
ttH PowHEG+PYTHIA § NNPDF3.0nLO Al4
bbH PowHEG+PYTHIA § NNPDF3.0nLO Al4
tHbj MabpGrarH_aMC@NLO+PyTHIA 8 NNPDF3.0nLO Al4
tHW MapGrarH_AMC@NLO+PyTHIA 8 NNPDF3.0nLO Al4
ggFHH — VV +yy POwWHEG+PYTHIA 8 PDF4LHCI15n~L0 Al4
VBFHH — VV +vyy PowHEG+PYTHIA 8 PDF4LHC15~nL0 Al4
Continuum background
vy + jets SHERPA NNPDF3.0nNLO -
V+yy SHERPA NNPDF3.0NNLO -
ttyy MabpGrarH_aMC@NLO+PyTHIA 8 NNPDF3.0nLO Al4
Lepton-dependence samples
vy + 0L + jets MAaDGRrAPH_AMC@NLO+PyTHIA 8 NNPDF3.0nL0 Al4
vy + 1€ + jets MAaDGRAPH_AMC@NLO+PYTHIA 8 NNPDF3.0nL0 Al4
vy + 2L + jets MapGrarH_aMC@NLO+PyTHIA 8 NNPDF3.0nLO Al4

The t+y7y process is simulated with the MADGrAPHS_AMC@NLO generator at LO and interfaced with
PyTHiA 8. The NNPDF2.3L0 PDF set and A14 tune were used for this production. The decays of bottom
and charm hadrons were performed with EvTGeN 1.6.0.

In addition, dedicated samples (donated “lepton-dependence samples”) corresponding to final states of
vy + 00 + jets, yy + 1€ + jets, and yy + 20 + jets are generated to study the m,,,, distribution difference
for cases with different lepton multiplicity at the generator level. These samples were produced with
MabpGraprHS_aMC@NLO interfaced with PytHia 8. All possible SM processes with described final states
except for those with H — yy were included in the event generation.

All simulated events except for the signals, yy+jets and lepton-dependence samples were passed through a
detailed detector simulation of the ATLAS detector implemented with GEanTt4 [82, 83]. The remaining
samples were simulated using ATLFAsTII [83], which exploys GEaANT4 except for a parameterisation of
the calorimeter response [84]. The effect of multiple interactions in the same and neighbouring bunch
crossings (pile-up) was modelled by overlaying the simulated hard-scattering event with inelastic p p events
generated with Pytaia 8 [85] using the NNPDF2.3L0 PDF set and the A3 tune [86]. A summary of MC
simulated samples can be found in Table 1.



4 Object and event selection

4.1 Object selection

Vertices from p p collisions are reconstructed if they have associated at least two ID tracks with pt > 0.5 GeV.
The diphoton primary vertex (PV) is chosen by using a neural network algorithm that uses information
about the ID tracks as well as the photon candidates [87].

Photons are reconstructed based on a dynamic, topological cell clustering-based algorithm from the
energy deposits in the electromagnetic calorimeter in the region || < 2.37, excluding the transition
region between the barrel and endcap calorimeters 1.37 < |n| < 1.52 [88]. The photon identification
criteria is constructed using information from the shower shapes and the primary identification criteria is
labelled as Tight. The photon isolation criteria quantifies the activity near the photons from the tracks
of nearby charged particles, or from energy deposits in the calorimeter [88]. This analysis considers
events by selecting photon candidates which are required to satisfy a set of preselection criteria. The two
photons with the highest transverse momentum, referred to as leading (7y;) and subleading (y») photons,
must satisfy pr > 22 GeV and || < 2.37, excluding the transition region between the barrel and endcap
calorimeters 1.37 < |n| < 1.52. Photon candidates are separated from multi-jet backgrounds by applying
Tight identification and further isolation requirements to suppress jets misidentified as photons.

Electrons are reconstructed and identified based on clusters built from energy deposits in the electromagnetic
calorimeter, which are matched to a track in the inner detector [88]. The muon reconstruction is performed
using information from the inner detector and muon spectrometer, as well as the electromagnetic and
hadronic calorimeters [89]. In this search, electron candidates are required to have pr > 10 GeV and
|n| < 2.47, excluding the transition region between the barrel and endcap calorimeters 1.37 < |p| < 1.52.
Muon candidates should have pt > 10 GeV and || < 2.7. Leptons must satisfy Medium identification
and Loose isolation [88, 89], and a set of requirements based on the longitudinal and transverse impact
parameters relative to the vertex and the beam axis.

Jets are reconstructed using a particle flow algorithm [90] from noise-suppressed positive-energy topological
clusters [91] in the calorimeter using the anti-k, algorithm [92, 93] with a radius parameter R = 0.4. The
jet energy scale calibration restores the jet pt, energy, and mass to that of jets reconstructed at particle
level [94]. In this search, jets are required to have pt > 25 GeV and to be in the central region of the
detector, || < 2.5. To suppress jets from pileup, a jet-vertex-tagger multivariate discriminant [95] is
applied to jets with pr < 60 GeV. Jets containing b-hadrons are identified (b-tagged) using the 77%
efficiency working point of the DL1r b-tagging algorithm [96].

An overlap removal procedure is performed to avoid double-counting objects. First, electrons overlapping
with any of the two selected photons (AR < 0.4) are removed. Jets overlapping with the selected photons
(AR < 0.4) or electrons (AR < 0.2) are removed. Electrons overlapping with the remaining jets (AR < 0.4)
are removed to match the requirements imposed when measuring isolated electron efficiencies. Finally,
muons overlapping with photons or jets (AR < 0.4) are removed.

The missing transverse momentum, with magnitude E‘T“iss, is defined as the negative vector sum of the
transverse momenta of the selected photon, electron, muon, and jet objects, as well as of the transverse
momenta of remaining low-pT particles estimated by using tracks associated with the diphoton primary
vertex but not assigned to any of the selected objects [97].

The above requirements constitute the event preselection of this search.



Table 2: Event selection and classification strategy.

Preselection Two photon candidates and no b-tagged jets
Region 1¢ eu 20(WW) 20(Z27)
Number of leptons 1 2 2 2
Total electric charge - 0 0 0
Same flavour leptons - No Yes Yes
|mN - mzl [GCV] - - > 10 <10
Number of jets >2 - - >2
Strategy BDT Cut-based BDT Cut-based
Number of signal regions 2 1 2 1

M., Tegion [105,160] GeV

4.2 Event selection

This search selects events with two photons from the Higgs boson decay, and one or two leptons coming
from the vector bosons originated from the S — V'V process. Events are required to pass diphoton triggers
as described in Section 3. Moreover, photons are required to have p%l(z) /my,, > 0.35 (0.25) [20]. Selected
events must contain one or two additional leptons (e or u) with pt > 10 GeV. To suppress backgrounds
with top quarks, events are rejected if there is any b-tagged jet.

The events are classified into four different regions depending on the number and flavour of leptons
originating from the vector boson decays in the S — W*W7¥ and S — ZZ processes. Events in the
one-lepton (1¢) region are required to have one lepton and at least two jets. The other regions account
for events with two leptons with opposite electric charge. Events with two leptons of different flavour are
targeted in the ey region. Events having two leptons of same flavour (SF) are further split by checking the
compatibility of the dilepton invariant mass with the Z-mass pole. Events with at least two jets and satisfying
|mge —91.2GeV| < 10 GeV are classified in the 2¢(ZZ) region, which targets the S — ZZ — {{+jets
process. The remaining SF events are included in the 2£(WW) region.

Two optimisation strategies are adopted. For each of the 1€ and 2¢(WW) regions, a Boosted Decision Tree
(BDT) is used to enhance the analysis sensitivity. The 1¢£ and 2¢(WW) regions further split the events by
dividing the BDT output distribution into the loose (low BDT score) and tight (high BDT score) signal
regions. The ey and 2€(ZZ) signal regions are limited in statistics and have higher signal-over-background
ratios than the BDT-based regions. Due to this, the eu and 2£(ZZ) signal regions follow an inclusive
cut-based strategy and events are not further split into sub-regions. This analysis strategy results in six
signal regions.

The final discriminant of this search is the diphoton invariant mass spectrum. To be consistent with the
H — yy process and to exclude the region of the Z-boson resonance, the range of m.,,, is limited to the
[105, 160] GeV region. The signal region is defined as the m,,, within [120, 130] GeV. Events outside
the signal region, referred to as sideband events, are used to estimate the main background processes as
described in Section 5. After all selections described above are applied, the combined acceptance and
selection efficiency for the signal production ranges from 11% to 25%, which increases for higher mx
hypotheses. Table 2 summarises the event selection and strategy for each of the signal regions.



4.3 Boosted Decision Tree strategy

The dominant signal process in this search is the S — W*W~ decay given the larger branching ratio
compared with the § — ZZ process for the explored mg range. In the 1¢ region one of the W bosons
decays leptonically and the other decays hadronically. In the eu and 2¢(WW) regions both W bosons
decay leptonically resulting into a pair of leptons with different and same flavour, respectively. Two BDTs
are built based on the kinematic observables from the final-state objects in the 1£ and 2¢(WW) regions.
The different signal samples are grouped according to the S mass into four groups: ms = 170 GeV,
mg = 200 GeV, mg = 300 GeV and mg = 400,500 GeV. These groups contain from four to six signal
samples depending on the mx values in each group. The BDT algorithms are trained for each group against
the total background from MC simulation using the parameterised BDT method [98].

Twelve and nine variables for the 1€ and 2¢(WW) regions respectively are used to train each BDT, as listed
in Table 3. The BDT input variables list excludes m.,,, as it is used as the main discriminant; these variables
are selected to have small correlation with m1,,,. The BDT variable with the highest separation power is the
transverse momentum of the pairs of photons from the SM Higgs boson decay ( p%y). The comparison of the
p%y distributions for data, the expected SM background processes and the (mx, ms) = (1000, 500) GeV
signal from simulation is shown in Figure 2 for the 1£ and 2¢(WW) regions.
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Figure 2: Transverse momentum of the diphoton system, p%y, in the (a) 1€ and (b) 2¢(WW) regions for data and
the expected SM background from simulation after the event selection is applied. The Vyy and yy+jets simulated
background is scaled to match the data yield excluding the 120 < m,,,, < 130 GeV region. The contribution from the
SM single and double Higgs boson processes (denoted “SM Higgs™), which is estimated from the MC simulation,
is also shown. The signal prediction (open red histogram) for the scenario of SM-like B(S — WW/ZZ) is also
shown, normalised to a cross-section corresponding to the 95% CL upper limit shown in Figure 6. An additional
normalisation factor, as indicated in the legend, is applied to scale the signal for visibility. The last bin in each
distribution contains the overflow.

Figure 3 shows the BDT output distributions for data, the expected SM background processes and the
(mx, mg) = (1000, 500) GeV signal from simulation. The BDT output discriminant is used to further
split events in loose and tight BDT regions: 1£loose and 1£tight regions are defined for the 1¢ region, as
well as 2¢loose and 2£tight signal regions for the 26(WW) region. The BDT score threshold values used
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Table 3: Variables used as inputs to the BDT in the 1£ and 2¢(WW) regions. The highest-pr (leading) lepton is
denoted ¢, and the subleading lepton is denoted ¢,. The numbers indicate the ranking of each input variable, with 1
corresponding to the most highly ranked variable.

BDT-based regions

Variable
1¢ 20(WW)

Description

AR(yy,€vjj) AR between the diphoton system and the ¢ + E‘TniSS jjsystem 10

AR(yy,€vlv) AR between the diphoton system and the ££ + E‘T‘fliSS system 9

AR(jj,tv) AR between the dijet system and the £ + E‘TniSS system 9

AR(C1v, ) AR between leading lepton + E%‘iss and subleading lepton 8

p?E%mSS“ pr of the £ + ETmiss JJ system 2

p%’y pr of the diphoton system 1 2

Ap(yy, €)) A¢ between the diphoton system and the (leading) lepton 12 7

AR(¢, E%‘i“) AR between the lepton and the E%‘iss 8

pyh pr of the (leading) lepton 4 4
? T pr of the leading lepton and E‘TniSS system 3

mT(f(l)E?i“) Transverse mass of the (leading) lepton and E%‘iss 11 5

Mee Invariant mass of the dilepton system 6

E%liss Missing transverse energy 3 1

AR(j,j) AR between the two jets with closest mass to my 6

p;’r" pr of the the two jets with closest mass to my 5

mj; Invariant mass of the dijet system with closest mass to my, 7

range from —0.1 to 0.2 depending on the signal mass hypothesis, and result from a scan using the root

square of the signal significance in each region added in quadrature: Z omp = leo ose T thight, being

s+b
—- s S
b loose/tight

Zloose/tight = \/2 X [(S +b) X (ln (1)

where s represents the signal event yields and b is the background yield in each BDT region. Both signal
and background yields are calculated by considering events in the region of 120 < m,, < 130 GeV. The
selected threshold values are established by maximising Z.,y, under the requirement of the presence of
at least one sideband data event in the tight BDT regions. Table 4 shows the SM expected event yields,
estimated as detailed in Section 5, and the observed data for each of the analysis regions. The expected
signal yields for (mx, mg) = (1000, 300) GeV, considering a gg — X — SH production cross-section of

1 pb, are provided for comparison. The S scalar boson is assumed to decay into other SM particles with the
same mass-dependent branching ratios of the SM Higgs boson.
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Figure 3: BDT output distributions in the (a) 1€ and (b) 2¢(WW) regions for data and the expected SM background
from simulation after the event selection is applied. The Vyy and yy+jets simulated background is scaled to match
the data yield excluding the 120 < m.,, < 130 GeV region. The contribution from the SM single and double Higgs
boson processes (denoted “SM Higgs™), which is estimated from the MC simulation, is also shown. The signal
prediction (open red histogram) for the scenario of SM-like B(S — WW/ZZ) is also shown, normalised to a
cross-section corresponding to the 95% CL upper limit shown in Figure 6. An additional normalisation factor, as
indicated in the legend, is applied to scale the signal for visibility. The BDT score threshold values are represented by
the dashed vertical lines. The shaded band represents the statistical uncertainty on the background prediction. The
last bin in each distribution contains the overflow.

Table 4: Observed data and expected event yields for the different analysis regions after the full selection from
Table 2 is applied. The continuum background includes the Vyy, yy+jets and t7yy processes estimated as described
in Section 5. The contribution from the SM single and double Higgs boson processes (denoted “SM Higgs”) is
estimated from simulation. The uncertainties include all sources of systematic uncertainty described in Section 6.
Event yields for the (mx, mg) = (1000, 300) GeV signal are also shown assuming 0 (gg — X — SH) = 1 pb and
SM-like B(S - WW/ZZ).

BDT-based regions Cut-based regions
1¢tight 1¢loose 2¢tight 2(loose 20(ZZ) eu
Continuum 6.0 £24 405 =20 20 =14 100 + 10 20 =14 20 +14
SM Higgs 0.55 £ 0.08 68 + 0.9 0.46 +0.06 335 + 046 | 052 +0.08 024 +0.03
Total background | 6.6 +2.8 412 +23 246 +1.6 103 + 11 252 +1.6 224 =15
?i%‘(‘;(‘i g’gg)’ g:\), 209 +24 290+ 034 296 £035 0016+ 0002|203 £024 208 +024
Data 6 405 2 100 2 2
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5 Background estimation

Background processes can be classified into “resonant” or “continuum” based on their m,,,, spectrum.
The SM Higgs boson single and pair production events form the resonant background component. These
processes are purely estimated from MC simulation.

The continuum background component arises mostly from multi-jet processes associated with two photons
(yy+jets), and vector boson or top-antitop-quark production in association with a pair of photons (V + yy
and tfy7y). Contributions from these processes are checked with the MC simulated samples as described in
Section 3.2.2 and used for the event selection optimisation. No dedicated MC simulated events are produced
for processes with small contribution such as VV+yy or processes with jets or leptons misidentified as
photons. Their contributions are included in the data-driven background, which accounts for all possible
processes. The contribution from the continuum background is estimated from a fit to the data m,,,,
distribution in the sideband region with a template. This template is generated from an analytic function
that is obtained from a fit to m,,,, distribution in a dedicated data control region due to low statistics of
sideband data in the signal region. These control regions are defined by requiring zero leptons and at
least two photons passing looser identification and isolation criteria but failing the signal region photon
selections as described in Section 4.1. Two different control samples are defined based on the number of
leptons in each signal region using the selected jet to mimic the lepton behaviour. The control sample
for the vy + 1€ region selects events with a pair of photons accompanied by one jet. For the other signal
regions with a pair of leptons in the final state, the control sample requires the presence of at least two jets.
A schematic diagram presenting the definitions of different regions is shown in Figure 4. The fitted m,,,,
shape difference between the signal region and control region is considered as a systematic uncertainty in
the background shape estimation. In addition, the m,, shape difference related to the number of leptons
in the generator-level is also evaluated and included as a systematic uncertainty. This uncertainty is
estimated by comparing the fit results to the full m,, mass range distributions in the control region and the
validation region using dedicated lepton-dependence MC samples as described in Section 3.2.2, where the
validation region is defined by applying almost the same event selections as the signal region but inverting
identification and isolation requirements as same as in the control region.

Three types of analytic functions are explored: exponential function, exponential function of a 2"
order polynomial, and a Chebyshev polynomial or order n = 1,...,5. The functional form is chosen
via a spurious signal test as described in Ref. [99]. The spurious signal is extracted by performing a
signal-plus-background fit to the data m,,, distribution in the control region (denoted “background-only”
template), which is assumed to only include contributions from continuum background processes. The
selection criteria follow the strategy as documented in Ref. [20]. The spurious signal should be less than
20% of the background uncertainty. In addition to the spurious signal requirement, the goodness of the
fit with background functional form to the background-only template is evaluated with a y? test and the
corresponding p-value is required to be greater than 5%. When multiple functions pass the criteria, the
one with the smallest degrees of freedom is chosen. The corresponding spurious signal for the selected
function is treated as the systematic uncertainty due to background modelling with the analytic function.
In total 80 continuum background functions are estimated corresponding to various signal regions. Of
these 80 functions, 78 are exponential functions of 2" order polynomials and the remaining two are simple
exponential functions. Due to the low statistics in the eu and 2¢(ZZ) signal regions and the fact that the
m,,,, distribution shows a negligible dependence on the flavour of leptons, the continuum background shape
estimated in the 2{tight region is also applied to these two regions.
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Figure 4: Definition of signal and control regions. The red arrow represents the m,,, template generated in the
0O-lepton control region which is applied to the signal regions. The systematic uncertainty in the background shape,
obtained from differences between the control and the validation regions, is indicated by the blue arrow.

6 Systematic uncertainties

Systematic uncertainties arise from the theory modelling of signal and background, the detector simulation
and instrumental effects, and the estimation of the continuum background.

6.1 Theoretical uncertainties

Theoretical uncertainties are considered for signal and the SM single and double Higgs boson backgrounds.
Uncertainties from six sources are considered: from PDF set and strong coupling constant a, from the
QCD factorisation and renormalisation scales (up and ur), and from the parton shower parameters and
hadronisation models.

To evaluate the impact of varying the PDF set choice and as value, event weights corresponding to
alternative PDF sets and ag values are generated for each event along with the nominal weight. Effects on
signal region yields are considered as systematic uncertainties. Variations on signal and SM Higgs boson
yields are found to be 6% and 4% respectively.

The systematic uncertainty due to higher-order QCD effects is estimated by independently varying the
QCD factorisation and renormalisation scales up and down from their nominal values by a factor of two,
taking the envelope of the 7-point variation. Their impacts on signal and SM Higgs boson background
yields are about 9% and 13% respectively.
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The uncertainty due to the parton shower and hadronisation model is estimated by comparing the yields
from the nominal MC samples using PyTH1A 8, with alternative samples using instead HErwic 7. The
corresponding uncertainties in the signal and Higgs boson background yields are 5% and 3% respectively.

6.2 Experimental uncertainties

Systematic uncertainties arising from the luminosity determination, pileup modelling, and trigger, recon-
struction and selection efficiencies, as well as energy scales and resolutions, are considered for signal,
single and double Higgs boson processes. Their impacts on both the normalisation and shape are included
in the statistical analysis for the final results.

The uncertainty in the integrated luminosity for 2015-2018 data taking period is 0.83% [26], obtained
using the LUCID-2 detector for the primary luminosity measurement, complemented by measurements
using the inner detector and calorimeters.

The uncertainty in the modelling of the pileup distribution in the simulation is estimated to have 2%—3%
impacts on yields of signal, single and double Higgs boson events.

The photon reconstruction, identification and isolation efficiencies are measured using three data-driven
techniques as mentioned in Ref. [100]. Their effects on yields and shapes are estimated by varying the
measured efficiency scale factors between data and simulation, resulting in less than 2% variations for
signal yields. Uncertainties in the photon energy scale and resolution described in Ref. [88] are considered
as well. These uncertainties affect the signal yield less than 0.5%; a similar impact is found for single
Higgs boson and double Higgs bosons events. The uncertainty in the photon trigger efficiency is also
considered and its impact on event yields is found to be negligible.

Uncertainties in the electron reconstruction, identification and isolation efficiencies are reported in Ref. [100].
They affect the signal and SM Higgs boson yields by about 2%. Uncertainties in electron energy scale and
resolution are also evaluated and found to have a negligible impact.

In addition, uncertainties in muon reconstruction, identification, isolation efficiencies as well as the muon
momentum scale and resolution [89], and uncertainties in the jet energy scale and resolution [94] are
also considered. Furthermore, uncertainties arising from jet property selections: jet-vertex-tagger [95]
and b-jet tagging [101-103] are included. Finally, the uncertainty related to E%“i“ resulting from tracks
not associated with the selected objects [97] is considered. All these uncertainties were found to have a
negligible impact on the signal and SM Higgs boson yields.

6.3 Continuum background modelling uncertainty

The continuum background estimation(see Section 5) assumes no significant shape differences between
the control region (events with no leptons) and the signal region (events with at least one lepton). An
uncertainty (called lepton-dependence uncertainty) associated with the background modelling is evaluated
by comparing the shape of the m,,,, distribution in yy +0¢ events with that in yy +{vjj and yy + {v{v events
from dedicated MC simulated samples (see Section 3.2.2). The variations between diphoton events with
and without leptons are computed using the m., distribution in the [105, 160] GeV range. The average
variation over all bins is about 2% for all signal regions. In addition to lepton-dependence uncertainty, a
2% uncertainty arises from the comparison of the shape of the m.,,, distribution in the control and the signal
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regions. The systematic uncertainty arising from a potential bias from the background shape functional
form choice is accounted by the spurious signal uncertainty (see Section 5).

7 Results

The contribution of a potential signal in the data is extracted through a simultaneous fit to the m,,,
distributions in all six signal regions, which is implemented with the RooFit [104] and RooStaTs [105]
frameworks. The fit is performed with a binned likelihood model built from the product of the Poission
distribution in each bin and region, and including Gaussian distributions to describe the effect of systematic
uncertainties. For each m.,, distribution, 22 equal width bins in a range of 105 GeV to 160 GeV are
used in the fit. The parameter-of-interest is 0-(gg — X) X %(X — SH) and is left unconstrained in the
fit. The shape of the signal for each individual region is obtained from simulated events. Contributions
from the single and double Higgs boson processes are estimated from MC simulated samples with their
normalisation fixed to SM predictions. Theoretical and experimental uncertainties corresponding to both
the signal and the Higgs boson backgrounds are included in the fit and controlled by the nuisance parameters.
For the continuum background, the shape is estimated with the method described in Section 5 and kept
fixed in the fit, while its normalisation is left unconstrained. In total four individual normalisation factors
are included corresponding to 1¢tight, 1£loose, 2£tight and 2¢loose, respectively. The eu and 26(ZZ)
regions share the same normalisation factor for continuum background as the 2£tight region. Background
shape uncertainty and the spurious signal uncertainty are also considered in the fit and described by the
corresponding nuisance parameters. To improve the robustness of the fit, any systematic uncertainty with
less than 0.5% impact on either shape or yield is removed from the fit model. With such requirement,
only uncertainties related to photon and electron, pileup reweighting, theory, and continuum background
estimation are left, and others are ignored during the fit.

Three scenarios are considered for the final results corresponding to three hypotheses on the S — WW/ZZ
branching ratios: SM-like B(S —» WW/ZZ) [19], B(S — WW) = 100%, and HB(S — ZZ) = 100%.

Figure 5 presents the m.,,, distributions in the six signal regions after performing the signal-plus-background
fit corresponding to a signal with mx = 1000 GeV and mg = 300 GeV for the SM-like B(S —» WW/ZZ)
scenario. Other branching-ratio scenarios and signal-mass hypotheses are also tested and no deviation
with respect to the SM background expectation is observed. Consequently, 95% CL upper limits are set
ono(gg — X) X B(X — SH) for each branching-ratio scenario and signal-mass hypothesis using the
profile likelihood ratio technique with the asymptotic approximation [106] and the CL; [107, 108] method.
The results are validated using pseudo-experiments and found to agree within 20%.

Figure 6 shows the 95% CL observed and expected limits on o-(gg — X) X B (X — SH) as a function of
myx and mg for the SM-like %8(S — WW/ZZ) scenario. The observed (expected) limit ranges from 530 fb
(800 fb) to 120 fb (170 fb) depending on the scalar masses. The results are dominated by the 1£tight region,
with the other regions contributing with comparably lower sensitivity. In the 1£tight region, a slight deficit
in the data yield compared to the background expectation is observed across all mass hypotheses, which
leads to a better observed limit than the expected one for every mass point.
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Figure 5: Distribution of m,,, after the signal-plus-background fit to data in the (a) 1¢tight, (b) 1¢floose, (c) 2¢tight,
(d) 2¢loose, (e) ey and (f) 2¢(ZZ) regions. The contribution from the SM single and double Higgs boson processes
(denoted “SM Higgs”), which is estimated from the MC simulation, is shown added on top of the continuum
background distribution. The signal prediction (open red histogram) for the scenario of SM-like B(S — WW/ZZ) is
also shown, normalised to a cross-section corresponding to the 95% CL upper limit shown in Figure 6. An additional
normalisation factor, as indicated in the legend, is applied to scale the signal for visibility.
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Figure 6: Observed (solid line) and expected (dashed line) 95% CL upper limits on o-(gg — X) X B(X — SH) as a
function of my and mg, under the assumption of SM-like B(S — WW/ZZ). The green and yellow shaded areas
indicate the +1 and +2 standard deviations around the expected limit.

Limits corresponding to assumptions of the scalar S with a 100% decay branching ratio to WW or ZZ are
derived and presented in Figure 7 and 8. Under the assumption that B(S — WW) = 100%, the observed
limit varies from 470 fb to 91 fb whereas the expected limit ranges from 610 fb to 120 fb. The upper limits
under the scenario %(S — ZZ) = 100% are significantly higher: from 1530 fb to 360 fb for observed
limits and from 2160 fb to 510 fb for expected limits. The analysis sensitivity is limited by the statistical
uncertainty, with systematic uncertainties degrading the expected limits by about 2%.

These results are comparable to the X — SH — VVr7r [15] search, which observes an upper limit
on the production cross-section from 540 fb to 72 fb, assuming SM-like %(S — WW/ZZ). Under
the B(S — WW) = 100% and B(S — ZZ) = 100% scenarios, the upper limits on the production
cross-section and decay branching ratio are in the ranges 26 — 3 fb and 33 — 6 fb, respectively. By correcting
by the 8(H — 77), these results can be expressed in upper limits on the X — SH production cross-section,
and compared to those obtained by this analysis. These upper limits are set in the ranges 410 — 47 fb and
520 - 95 fb for B(S —» WW) = 100% and AB(S — ZZ) = 100%, respectively.
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8 Conclusion

This paper presents the first search for the X — SH — VVvyy process by selecting events with a pair of
photons accompanied by one or two leptons (electrons or muons). The analysis is based on 140 fb~!
of proton—proton collision data at v/s = 13 TeV recorded with the ATLAS detector at the LHC. The
X — SH — VVyvy signal is searched for over the 300 < mx < 1000 GeV and 170 < mg < 500 GeV mass
ranges, probing lower myx values than the ATLAS SH — VV 71 search, and complementing the ATLAS
X — SH — bbyy search by testing a different S-boson decay mode.

No excess of events above the expected SM background is observed and 95% CL upper limits are set on
the cross-section times branching ratio, o (gg — X) X B(X — SH), under different assumptions for the
S — WW/ZZ branching ratios. The observed (expected) upper limits lie in the range of 530—120 fb
(800— 170 fb) under the assumption that (S — WW/ZZ) corresponding to those the SM Higgs boson
would have at the mass of the § particle. The corresponding observed (expected) upper limits on the
cross-section are in the range of 470—-91 fb (610— 120 fb) under the assumption of & (S — WW) = 100%.
Alternatively, under the assumption of B(S — ZZ) = 100%, the observed (expected) limits are in the
range of 1530360 fb (2160510 fb).
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