PUBLISHED FOR SISSA BY 4) SPRINGER

RECEIVED: December 19, 202/
ACCEPTED: February 23, 2025
PUBLISHED: March 25, 2025

Search for Higgs boson decays into a pair of

pseudoscalar particles in the vy ThadThad final state using
pp collisions at /s = 13 TeV with the ATLAS detector

)

L

EXPERIMENT

The ATLAS collaboration

E-mail: atlas.publications@cern.ch

ABSTRACT: A search for exotic decays of the 125 GeV Higgs boson into a pair of new spin-0
particles, H — aa, where one decays into a photon pair and the other into a 7-lepton pair,
is presented. Hadronic decays of the 7-leptons are considered and reconstructed using a
dedicated tagger for collimated 7-lepton pairs. The search uses 140 fb~! of proton-proton
collision data at a centre-of-mass energy of /s = 13 TeV recorded between 2015 and 2018 by
the ATLAS experiment at the Large Hadron Collider. The search is performed in the mass
range of the a boson between 10 GeV and 60 GeV. No significant excess of events is observed
above the Standard Model background expectation. Model-independent upper limits at 95%
confidence level are set on the branching ratio of the Higgs boson to the yvy77 final state,
B(H — aa — yvy77), ranging from 0.2% to 2%, depending on the a-boson mass hypothesis.

KEYWORDS: Hadron-Hadron Scattering

ARX1v EPRINT: 2412.14046

OPEN AccEss, Copyright CERN,
for the benefit of the ATLAS Collaboration. https://doi.org/10.1007/JHEP03(2025)190
Article funded by SCOAP3.


mailto:atlas.publications@cern.ch
https://doi.org/10.48550/arXiv.2412.14046
https://doi.org/10.1007/JHEP03(2025)190

Contents

1 Introduction 1
2 ATLAS detector 2
3 Data and simulated event samples 3
4 Event reconstruction and selection 4
4.1 Event reconstruction 4
4.2 Event selection 6
5 Signal and background modelling 7
5.1 Signal parameterisation 7
5.2 Background estimation 8
6 Statistical analysis 10
7 Results 12
8 Conclusions 13
The ATLAS collaboration 20

1 Introduction

The observation of a Standard Model (SM) like Higgs boson with a mass of 125 GeV [1, 2]
marked the beginning of a new era in physics at the Large Hadron Collider (LHC). Currently,
measurements of the properties of the Higgs boson have shown no significant deviations
from the SM predictions, and the existing constraints on the couplings of the Higgs boson
to SM particles limit the branching ratio into non-SM or exotic decays of the Higgs boson
to less than approximately 10% [3, 4]. However, several beyond-the-SM scenarios predict a
SM-like Higgs boson with a small intrinsic decay width (I'yy ~ 4 MeV) and non-SM decays
with a branching ratio of ~10% without modifying the couplings of the Higgs boson to SM
particles beyond the existing bounds [5].

Light (pseudo)scalars, referred to here as a bosons, that couple to the 125 GeV Higgs
boson (H) can enable new decay modes, and appear in many well-motivated extensions
of the SM. Examples include theories with an extended Higgs sector [6-9], dark matter
models [10-12], models with a first-order electroweak phase transition [13, 14], and theories
with neutral naturalness [15, 16].

This paper presents a search for H — aa — yYThadThad, With the Higgs boson decaying
into two a bosons, where one a decays into a photon pair and the other into a m,,q pair,
considering only the hadronic decays of the 7-lepton. The dataset consists of the proton-proton
(pp) collisions recorded at /s = 13 TeV with the ATLAS detector during the LHC Run 2



(2015-2018), corresponding to an integrated luminosity of 140fb~!. Searches targeting final
states with either a photon pair or a 7-lepton pair, as decay products of such a (pseudo)scalar,
have previously been conducted by both the ATLAS [17-19] and CMS [20-23] collaborations.
However, this search presents the first result in the combined yyThaqThaq final state. The
two photons are used to provide a highly efficient trigger selection and an excellent mass
resolution, while the two 7-leptons benefit from a large branching ratio in models where the
coupling is proportional to the particle mass, such as two-Higgs-doublet models [24, 25].

This analysis uses the diphoton invariant mass, m., as the main observable, further
exploring the range below 60 GeV — reaching 10 GeV as the lowest mass probed, limited by the
standard trigger and photon reconstruction techniques — studied for the first time in ref. [26]
with pp collisions. A similar strategy is implemented, requiring a boosted photon pair with
transverse momentum p' larger than 50 GeV, which eases the description of the background
shape with analytical functions. The requirement of an additional pair of hadronically decaying
T-leptons further increases the background rejection and new reconstruction techniques for
boosted 7-lepton pairs are implemented to improve the sensitivity in the low-mass regime.

The paper is structured as follows. A brief discussion of the ATLAS detector and an
overview of the Monte Carlo samples and data used in the analysis are presented in sections 2
and 3. The event reconstruction and selection are described in section 4, with special focus
on the custom reconstruction of boosted di-7 signals. The signal modelling and background
estimates are discussed in section 5, followed by a description of the dominant systematic
uncertainties and the statistical method in section 6. Finally, the results are presented in
section 7 and the conclusions are drawn in section 8.

2 ATLAS detector

The ATLAS experiment [27] at the LHC is a multipurpose particle detector with a forward-
backward symmetric cylindrical geometry and a near 47 coverage in solid angle.! It consists
of an inner tracking detector surrounded by a thin superconducting solenoid providing a 2T
axial magnetic field, electromagnetic and hadronic calorimeters, and a muon spectrometer.
The inner tracking detector covers the pseudorapidity range |n| < 2.5. It consists of silicon
pixel, silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high
granularity within the region || < 3.2. A steel/scintillator-tile hadronic calorimeter covers the
central pseudorapidity range (|n| < 1.7). The endcap and forward regions are instrumented
with LAr calorimeters for EM and hadronic energy measurements up to |n| = 4.9. The muon
spectrometer surrounds the calorimeters and is based on three large superconducting air-core
toroidal magnets with eight coils each. The field integral of the toroids ranges between
2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a system of

LATLAS 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 z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as
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n = —Intan(6/2) and is equal to the rapidity y = 3 In (
measured in units of AR = /(Ay)2 + (A¢)2.

) in the relativistic limit. Angular distance is



precision tracking chambers up to |n| = 2.7 and fast detectors for triggering up to |n| = 2.4.
The luminosity is measured mainly by the LUCID-2 [28] detector, which is located close to
the beampipe. A two-level trigger system is used to select events [29]. The first-level trigger
is implemented in hardware and uses a subset of the detector information to accept events at
a rate below 100 kHz. This is followed by a software-based trigger that reduces the accepted
event rate to 1 kHz on average depending on the data-taking conditions. A software suite [30]
is used in data simulation, in the reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and simulated event samples

The search is performed using the 13 TeV pp collision dataset collected from 2015 to 2018
by the ATLAS detector, referred to as the full Run 2 dataset in the following. Only events
with stable beam conditions and all ATLAS subsystems operational are considered [31],
corresponding to an integrated luminosity of 140 fb~! with an uncertainty of 0.83% [32]. The
data were recorded using a set of diphoton triggers [33] that required two electromagnetic
energy clusters satisfying identification criteria based on their expected shower shapes and
transverse energies (Et) above a certain threshold that varied across the data-taking period
to cope with the increase in instantaneous luminosity over the years. In 2015 and the first
portion of 2016, the trigger required a Er threshold of 20 GeV, while in the remainder of 2016
the threshold was set to 22 GeV. During 2017 and 2018, the Et threshold was set to 20 GeV
along with isolation requirements. An alternative dataset is used for background estimation,
collected with a prescaled diphoton trigger with looser identification criteria for the EM shower
shapes and a E7 threshold of 20 GeV, corresponding to an integrated luminosity of 6.3 fb=1.
Monte Carlo (MC) simulated samples are used to model signal and background processes,
as well as to derive related modelling uncertainties. The generated signal events are processed
through a full simulation [34] of the ATLAS geometry and response based on GEANT4 [35],
while the background events are processed through a faster simulation where the full simulation
of the calorimeter is replaced with a parameterisation of the calorimeter response [36]. The
effects of multiple pp interactions in the same bunch crossing as the hard scatter and in
neighbouring ones (defined as pile-up) are included using simulated events generated with
PyTHIA 8.186 [37] using the A3 set of tuned parameters [38] and the NNPDF2.3L0 [39] parton
distribution functions (PDF) set. Simulated events are weighted to reproduce the distribution
of the average number of interactions per bunch crossing observed in data. All simulated
events are reconstructed with the same reconstruction algorithms as those used for data.
Signal event samples are generated for the SM Higgs boson produced through gluon-gluon
fusion (ggF'), using the NNLOPS approach [40] with POWHEG Box v2 [41-44] interfaced
with PYTHIA 8.245 [45] using the AZNLO set of tuned parameters [46] to simulate parton
showering, hadronisation and the full decay chain, H — aa — ~v77, where the 7-leptons are
set to decay hadronically. The next-to-next-to-leading-order (NNLO) PDF4LHC15 [47] sets
of PDFs were used. To study on-shell decays of the Higgs boson, the mass of the pseudoscalar
resonance, mg, is varied in 5 GeV steps within the range 10 GeV to 60 GeV. The decay width
of the hypothetical resonance is set to 4 MeV, consistent with the narrow-width approximation,
as this value is negligible compared to the experimental resolution. Only the ggF process



— the dominant Higgs boson production mechanism, accounting for approximately 87% of

the total cross-section — is considered in this study, ignoring the contributions from the
other Higgs boson production modes.

The main background in this search originates from events with two prompt photons and
associated jets, which are simulated using the SHERPA 2.2.4 [48] event generator. The matrix
elements are calculated at next-to-leading-order (NLO) in QCD for up to one additional
parton and at leading-order (LO) in QCD for two or three partons, and are merged with
the SHERPA parton shower simulation using the MEPS@QNLO prescription [49-52]. The
NNPDF3.0NNLO [53] PDF set was used in conjunction with a dedicated parton-shower tune
in the SHERPA generator [54]. Processes with two photons and two 7-leptons in the final
state, originating at lowest order from SM Z-boson decays, are not considered in the analysis,
as the cross-section is negligible compared with the dominant background.

Interference effects between the resonant signal and the background processes are expected
to be small for narrow-width signals and are neglected.

4 Event reconstruction and selection

4.1 Event reconstruction

Events are required to contain at least one reconstructed pp collision vertex candidate with at
least two associated ID tracks with transverse momenta (pr) larger than 0.5 GeV [55]. The
primary vertex (PV) for each event is chosen as the reconstructed vertex with the highest
sum of the p2 of its associated tracks.

Photon candidates are reconstructed from topological clusters of energy deposited in the
EM calorimeter, as well as from charged particle vertex and vertices reconstructed in the
inner detector originating from photon conversions, and they are calibrated as described in
ref. [56]. The properties of the EM clusters associated with the two highest- ET photons is
used to correct the photon direction, resulting in improved diphoton mass resolution. To
reduce the background from jets, photon candidates are required to satisfy Tight identification
criteria based on the shape of EM showers in the LAr calorimeter and energy leakage into the
hadronic calorimeter [56]. The criteria have an identification efficiency that increases with
Er from 70% at 22 GeV to 90% above 50 GeV. Events with one or both photon candidates
satisfying a looser identification requirement from the prescaled data are kept for background
estimations. To further improve the rejection of jets misidentified as photons, the candidates
are required to be isolated using both calorimeter and tracking information. The calorimeter
isolation transverse energy EiTSO’Calo is required to be smaller than 0.065 x E., where Eiqfo’calo is
defined as the sum of the transverse energies of positive-energy topological clusters [57] within
a cone of size AR = 0.2 around the photon candidate, excluding the photon transverse energy
E7 and correcting for pile-up and underlying-event contributions [58-60]. The track isolation
transverse energy Ei;o’trk is required to be less than 0.05 x EJ., where Ei;o’trk is defined as
the scalar sum of the transverse momenta of tracks with pr > 1 GeV in a AR = 0.2 cone
around the photon candidate. The tracks considered must satisfy some loose track-quality
criteria [56], should not be associated with the photon conversion vertex if it exists, and
originate from the PV set as the diphoton production vertex. The combined isolation efficiency



for pairs of photons fulfilling the identification criteria in simulated signal samples increases
with m., from 80% at 10GeV to 90% at 90 GeV.

Electrons and muons are reconstructed to veto events with leptonic final states. Electrons
are reconstructed from energy clusters in the EM calorimeter matched to tracks reconstructed
in the ID, and are required to have pp > 27 GeV and || < 2.47. Electrons in the calorimeter
barrel-endcap transition region (1.37 < |n| < 1.52) are excluded. Electrons must satisfy the
Tight identification criteria [61], the longitudinal impact parameter must be smaller than
0.5 mm, and the transverse impact parameter significance smaller than 5, both defined with
respect to the beam line. Isolation criteria are applied to the selected electrons using both
tracking and calorimeter information with a pp-dependent cone radius [56].

Muons are reconstructed using different methods depending on the availability of the
tracks in the MS and the ID [62], and are required to have pp > 27 GeV and |n| < 2.7. Similarly
to the electrons, muons are required to satisfy the Medium identification criteria [62], the
longitudinal impact parameter smaller than 0.5 mm, and the transverse impact parameter
significance smaller than 3. The isolation criteria are based on requirements from both the
ID and calorimeters, also with a pp-dependent cone radius [62].

Jets are reconstructed using the anti-k; algorithm [63] as implemented in FASTJET [64]
with a radius parameter R = 0.4. The inputs to this algorithm are particle flow objects [65],
which combine measurements from the ID and calorimeters [57] to improve the jet energy
resolution and increase the jet reconstruction efficiency, especially at low jet pr. The jet
energy scale is calibrated to the particle level using simulation and further corrected with
in-situ methods [66]. Jets are required to have pr > 25GeV and |n| < 2.5.

The reconstruction of the visible component of hadronically decaying 7-lepton candidates,
Thad-vis, 1S seeded from jets reconstructed using the anti-k; algorithm with a radius parameter
R = 0.4 whose inputs are topoclusters, three-dimensional clusters of calorimeter cells [57],
calibrated using a local hadronic calibration [67]. Reconstructed mhaq.vis candidates are
required to have pr > 20GeV, |n| < 2.5 (excluding the transition region 1.37 < |n| < 1.52)
and either one or three associated tracks with a total charge of +1 [67]. The Loose identification
criteria, applied for the Thaq4.vis candidates, are based on a Recurrent Neural Network (RNN)
algorithm, which uses tracks and calorimeter clusters associated to Thaq.vis candidates as
well as high-level discriminating variables, to reject background from jets misidentified as
Thad-vis candidates [68]. In the following, a resolved di-T object refers to two separated Thad-vis
candidates. The RNN identification is used for resolved m,,4.vis candidates, while a dedicated
algorithm for boosted di-T objects is described below.

The boosted di-T object refers to two Thad-vis that are within AR < 0.4 from each other,
such that the reconstruction is performed via a custom algorithm [69] using the substructure
of a large-radius jet. The large-radius jet is reconstructed using the anti-k; jet algorithm with
a radius parameter R = 1.0 from particle-flow objects and required to have pt > 50 GeV,
followed by the reclustering of its constituents into subjets with pp > 10 GeV, using the
anti-k; algorithm with R = 0.2. At least two subjets are required to define a boosted di-7
candidate, with each of the two containing either one or three associated tracks. The subjets
are ordered in pp and referred to as the leading and sub-leading subjets, respectively. The
charge product of the two leading subjets is +1, where the charge of each subjet is defined as
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Figure 1. Di-7 BDT score distribution for data and two representative signal masspoints, for events
that satisfy the selection criteria in section 4 and contain a boosted di-7 candidate. The BDT score
> 0.35 selection (dotted line) is referred to as the Medium di-r identification working point and is
used in the analysis. Statistical uncertainties in the data are represented by the errors bars around
the points and in the simulated signal by the hatched bands around the histograms.

the sum of the charges of the associated tracks. Then a dedicated identification algorithm
is implemented to distinguish the boosted di-7 candidates from quark- or gluon-initiated
jets, using a boosted decision tree (BDT) method, based on a set of kinematic variables.
The discriminating variables are derived from track and calorimeter information of the
subjets associated with the di-7 candidates. The performance of the reconstruction and
identification algorithms is estimated in a calibration analysis, with the measurement of
the di-7 identification efficiencies in data and simulation, the ratio of which is defined as
the boosted di-7 scale factor (SF). The efficiency measurement is performed via the tag-
and-probe technique using boosted di-7 objects from the SM Z (— ThadThad) + 7 DProcess,
recorded with a high-pt photon trigger. A Medium di- BDT-based identification criterion
is defined, corresponding to a BDT score > 0.35 selection. The estimated signal efficiency
is approximately 70%, with a measured background rejection factor of about 240. The
corresponding SF is 1.00 £ 0.35 (stat.) 4= 0.13 (syst.). The di-7 BDT score distributions for
both data and simulated signal samples corresponding to m, values of 10 GeV and 30 GeV
are shown in figure 1.

The examination of the visible pr of the di-7 decay products, PTyis» in the boosted di-7
calibration analysis and in this search using simulated events, shows that the former exhibits
values an order of magnitude higher. An extrapolation uncertainty is hence introduced
to account for the different kinematic regimes probed in both studies. The boosted di-7
SF is extrapolated to the relevant p7’y;; range and is found to be consistent with unity
within 50%, which is taken as a systematic uncertainty and added in quadrature to the
boosted di-7 SF uncertainty.

4.2 Event selection

The event selection requires at least two photon candidates with transverse energies larger than
22 GeV and |n| < 2.37, excluding the transition regions of the calorimeter, 1.37 < |n| < 1.52.



The transverse energy requirement is chosen to mitigate the effects in the trigger efficiency
near the trigger thresholds discussed in section 3. The diphoton invariant mass is computed
using the transverse energies of the leading and sub-leading photon candidates and their
angular separation in both azimuth ¢ and pseudorapidity 7, determined from their positions
in the calorimeter and the production vertex. An additional kinematic selection is placed on
the transverse momentum of the diphoton system, p]’, requiring events to have a diphoton
pair with pJ > 50 GeV. This requirement is motivated by the fact that the analysis targets
diphoton pairs with low invariant masses, down to about half the trigger energy thresholds,
and such pairs are typically highly boosted with respect to the ATLAS detector rest frame.
Moreover, the pl requirement is chosen to reach the best compromise between the statistical
uncertainty in the lowest part of the diphoton invariant mass spectrum and sculpting effects
on the background shape from the trigger thresholds, whose mismodelling would result in
large systematic uncertainties.

The selection additionally requires a boosted di-7 candidate or two resolved 7-leptons
to provide coverage for the whole m, mass spectrum. If the event contains a di-7 signature
that is reconstructed by both the boosted and the resolved di-r algorithms, the resolved
T-lepton pair is selected due to its corresponding di-7-related identification uncertainties
being significantly smaller. Considering both the resolved and boosted topologies, the di-
tagger recovers sensitivity mostly in the m., < 25GeV domain, dominated by the presence
of boosted di-T objects, as shown in figure 2. As the di-7 signal is expected from a neutral
particle, the 7-leptons are required to have opposite charges. As for the identification criteria,
the two leading resolved 7-leptons must satisfy the Loose identification working point [68],
whereas the boosted di-7 should fulfil the Medium working point [69]. Additionally, the
events are required to contain no electrons or muons to reject backgrounds involving leptonic
final states, which are not expected from the signal.

Additionally, events that fail the 7-lepton pair requirements, as well as the photon
identification and isolation criteria, are kept for background composition studies. For boosted
di-7 objects, the identification requirement is inverted using a BDT score < — 0.2 selection,
and the two leading subjets are required to have the same charge. In events with a resolved
T-lepton pair, either the two leading 7-leptons are required to have the same charge, or one
of them has to fail the Loose identification requirement. In the following, these selections
are referred to as the inverted di-t selections.

5 Signal and background modelling

5.1 Signal parameterisation

The signal modelling strategy consists of fitting the diphoton invariant mass distribution
of simulated signal samples with different masses to a double-sided Crystal Ball (DSCB)
function, composed of a Gaussian core with power-law tails [70, 71]. The parameters of the
DSCB function are extracted from these fits for each signal m, hypothesis and parameterised
linearly with respect to m,. The width of the Gaussian core, driven entirely by the detector
resolution, ranges from 0.2 to 1.0 GeV. The signal model agrees well with the simulated
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Figure 2. Di-7 reconstruction and identification combined efficiency in signal for the different di-7
categories: boosted (circles), resolved (squares) and boosted or resolved (triangles). The analysis uses
the latter to maximize the signal efficiency across the whole mass range probed. The efficiency is
defined using the truth-matched preselection that refers to both boosted di-T objects and resolved
T-leptons, geometrically matching the reconstructed object or its constituents to the particle-level
object within AR = 0.2. Connecting dashed lines are only for visualization purposes. Only statistical
uncertainties are represented.

signal samples, with differences below 2.5% of the fitted signal yield. This value is used
as the signal modelling uncertainty.

5.2 Background estimation
Background decomposition

The dominant backgrounds generally consist of three components: the continuum diphoton
production (77), photon-jet (vj) and jet pair (jj) events, where one or more jets are
misidentified as photons. In addition, these background processes contain a 7-lepton pair
misidentified from one or more additional jets. The background consisting of events with
genuine photons and hadronically decaying 7-lepton pairs — originating at lowest order from
a Z boson decaying into a 7-lepton pair produced in association with a photon pair — is
highly suppressed due to its small cross-section and the boosted selections, and is estimated
to contribute only about 1% of the data. This leaves the background to be dominated
by the photon processes.

The search makes use of a data-driven background estimate in which the continuum
background shape is parameterised by an analytical function. Background templates are built
to estimate the robustness of the background parameterisation and derive modelling systematic
uncertainties. The nominal background template is composed of the irreducible and reducible
sources: the former being the v+ component obtained from simulated diphoton samples; and
the latter combining the vj and jj components obtained from control regions, inverting the
photon identification criteria, in the alternative data samples. Those are recorded using the
prescaled diphoton trigger that allows to relax the photon identification and isolation criteria.
Due to the limited size of the data and simulated samples, both irreducible and reducible
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Figure 3. Diphoton invariant mass distribution in data after the inverted di-7 selections, and its
decomposition into contributions from diphoton (yv), photon-jet (vj) and jet pair (jj) events as
determined using the two-dimensional sideband method. The statistical uncertainties are shown as
error bars, while the total uncertainties, including statistical and systematic components added in
quadrature, are shown as shaded bands.

sources apply the inverted di-7 selections, defined in section 4. Comparing the diphoton
invariant mass distributions obtained for different di-7 selections, their shapes are observed to
agree within statistical uncertainties, allowing the use of such di-7 selections to describe the
expected background in data. The two sources are then combined according to their relative
fractions estimated by using the two-dimensional sideband method [72]. This method is used
in analyses with final states containing two photons, alternately inverting their isolation and
identification criteria to measure the contribution of the ~+, 7vj and jj components, as shown
in figure 3. The overall diphoton purity, defined within the m., range 6-68 GeV as the fraction
of the v component in the data, is 0.61 4+ 0.01 (stat.) £ 0.04 (syst.), in which the systematic
uncertainty arises from the different choices of relaxed photon identification criteria.

Template shape description

The entire background template shape is described using an analytic functional form. The
chosen function is a product of a sigmoid function that effectively describes the turn-on at low
masses, and an exponential function that models the smoothly falling shape at high masses:

1
1 + e*(m“ﬂ/*ésgmd)/ngmd

f (m’y’y; N7 5ngd7 Tsgmd> )\exp) =N x X eiACXp mﬂ”a
where N is a normalisation constant, dsgmd and 7egma are the parameters regulating the step
of the sigmoid function, while Acyp, is the exponential function decay constant. The function
parameters are fit to the background template in the m,, range 6-68 GeV.

Variations of the nominal background template are built to validate the flexibility of
the function and to estimate systematic uncertainties. The variations are obtained by either



modifying the photon identification criteria, varying the vy purity by its uncertainty, or
altering the di-7 identification criteria. The difference in the yield between the various template
shape variations and the nominal ranges up to 10% for different di-7 selections and up to 4%
when the photon identification criteria or the normalisation of the vy component is varied.

Modelling bias evaluation

The uncertainty arising from the choice of background model is based on signal-plus-
background fits to background-only template histograms [73]. Any fit signal yield is referred
to as a spurious signal and is considered as a systematic uncertainty of the background model.
The model described has a maximum bias of 13% of the statistical uncertainty of all the
templates. Although the spurious signal is small, it is susceptible to statistical fluctuations
in the data, as the template is built with limited statistics.

To reduce the statistical effects on the background modelling uncertainty, templates are
smoothed using a Gaussian Processes regression [74]. This is a non-parametric regression
technique used to estimate the underlying function of a dataset exploiting the correlation
between points separated by a certain distance denominated the length scale, without modify-
ing significantly the background shape nor introducing any bias in the yield [26]. The length
scale encodes the minimum feature size expected in the background shape, corresponding in
this analysis to the trigger turn-on of size between 1 and 2 GeV, which is also larger than
the signal resolution. Background templates in the full m,, range 6-68 GeV are smoothed,
removing the statistical fluctuations. Since the smoothing is based on the correlation between
neighbouring data, the combined signal and background model fit is performed using the
m~~ range 10-60 GeV to mitigate any mismodelling introduced by the edge effect. With
the statistical fluctuations mitigated, the estimated spurious signal is reduced to less than
approximately 5% of the statistical uncertainty of the template.

The spurious signal is then estimated for all the background template variations described
previously. This allows to estimate the bias from the choice of background modelling, which is
always largest at the turn-on region and up to 8% of the expected statistical uncertainty. The
systematic uncertainty results from the envelope of the maximum spurious signal obtained
for all background template variations.

6 Statistical analysis

The presence of a H — aa — YyThadThad Signal is tested by means of a likelihood function
built from the observed diphoton invariant mass distribution and the analytic functions
discussed in sections 5.1 and 5.2, describing the signal and background components in the
m~~ range 6-68 GeV. The mass range is chosen to avoid bias in the background modelling due
to the effects of the p]' > 50 GeV selection. The search is then performed in the 10-60 GeV
mass range to avoid edge effects. The parameter of interest to be extracted from the likelihood
fit is the branching ratio B(H — aa — yy77), which includes the Higgs boson production
cross-section via the ggF process, 48.5 + 2.4 pb [75], the dominant mechanism, and the total
signal selection efficiency estimated from simulated signal samples. The efficiency accounts
for the branching ratio for hadronically decaying T-leptons, and it ranges from 2.2 x 107 to
1.0 x 104 for masses between 10 and 60 GeV. The mass dependence arises from the boosted

,10,



Source Uncertainty
In B(H — aa — yy77) [%]
mg = 10 GeV mg = 50 GeV

Boosted di-7 object 63 0.8
Theory 9.9 27
Pile-up reweighting 4.5

Resolved 7 reconstruction, identification and 0.3 4.0

energy scale

Photon energy resolution 3.0
Photon identification efficiency 2.9
Signal shape modelling 2.5
Photon isolation efficiency 2.4
Photon trigger efficiency 1.1
Photon energy scale <1.0
Luminosity 0.8
Trigger on closely spaced photons 0.8 <0.1
In background modelling

. . < 0.08 Tstat < 0.01 ogtat

Spurious signal
0.16 events 0.06 events

Table 1. Summary of the main sources of systematic uncertainty. Their impact on the branching
ratio is shown, except for the background modelling uncertainty, which is expressed both as a number
of events and relative to the expected statistical uncertainty 05 of a fitted signal. The m,-dependent
uncertainties are given for two m, values, 10 GeV and 50 GeV.

and resolved selections — with the former being more efficient in the low-mass regime and
the latter in the high-mass regime — as well as from the boosted topology required for the
diphoton system via the p] selection.

The systematic uncertainties are implemented in the likelihood function as nuisance
parameters constrained by Gaussian penalty terms, and are summarised in table 1. The
theoretical uncertainties affecting the measurement of B(H — aa — yy77) arise from vari-
ations of the renormalisation and factorisation scales, as well as the choice of the PDFs,
modifying the total signal selection efficiency evaluated in simulated samples. The experimen-
tal uncertainties directly impacting the signal yield include those related to the integrated
luminosity, the modelling of pile-up interactions in simulation, the trigger efficiency, the
photon identification and isolation efficiencies, the photon energy scale and resolution, the
boosted di-7 object, and the resolved 7-lepton reconstruction and identification efficiencies, as
well as the 7-lepton energy scale. The boosted di-7 object uncertainty combines the di-7 scale
factor uncertainty — accounting for the di-7 reconstruction, energy scale calibration, and the
statistical uncertainty of the scale factor measurement — with the extrapolation uncertainty.
An additional systematic uncertainty in the trigger is included to account for the capability
of the trigger system to identify two closely spaced electromagnetic showers, as done in
ref. [26]. Systematic uncertainties accounting for signal and background mismodelling are
included, primarily arising from the signal shape parameterisation and the fit bias (discussed
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Figure 4. Distribution of the diphoton invariant mass for all events satisfying the analysis selections
in the full Run 2 dataset with the background-only fit superimposed (dotted line). The background-
plus-signal fit is given as an example for m, = 39 GeV (solid line), and the corresponding signal
hypothesis is shown (dashed line). The bottom panel shows the difference between the data points
and the background-plus-signal fit, expressed in units of the statistical uncertainty in the data.

in section 5.2). All systematic uncertainties, except those specific to either the boosted or
resolved 7-lepton reconstruction, are applied to both categories.

The best-fit branching ratio is obtained by performing an unbinned likelihood fit to the
data under the signal-plus-background hypothesis. The compatibility of the observed data
and the background-only hypothesis for a given signal hypothesis m, is tested by estimating
a local p-value based on a profile-likelihood-ratio test statistic [76].

In the absence of a signal, the expected and observed 95% confidence level (CL) exclusion
limits on the branching ratio are evaluated using the modified frequentist approach CLg [77]
with the asymptotic approximation to the test-statistic distribution [76]. The asymptotic
approximation was validated with pseudo-experiments and agrees within 10%.

7 Results

The diphoton invariant mass distribution of events satisfying the analysis selections is shown
in figure 4, along with the background-only fit performed in the m,, range 6-68 GeV.

The result of the p-value scan as a function of the hypothesised resonance mass m, is
shown in figure 5(a). The most significant deviations from the background-only hypothesis
are observed for masses of 39 GeV and 48 GeV, and correspond to significances of 2.2¢ and
2.10, respectively.

The observed and expected 95% CL upper limits on B(H — aa — yy77) as a function
of m, are shown in figure 5(b), ranging from 0.2% to 2% and 0.5% to 1%, respectively, where
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Figure 5. (a) Scan of the observed p-value as a function of m, for the background-only hypothesis.
(b) Observed (solid line) and expected (dashed line) upper limits at 95% CL on the branching ratio
for H — aa — 77 as a function of m,. The surrounding shaded bands correspond to +1 and 42
standard deviations around the expected limit.

the best sensitivity is achieved in m, range 10-35 GeV. The dominant uncertainties arise
from the limited number of pp collisions collected, partially accounted for in the boosted
di-7 identification uncertainty, and from the di-7 extrapolation uncertainty addressing the
difference in the kinematic regimes probed in this analysis and in the di-7 calibration study.

8 Conclusions

A search for SM Higgs boson decays into two pseudoscalars, a, with one decaying into a
photon pair and the other into a hadronically decaying 7-lepton pair, H — aa — YYThadThad,
is performed using 140 fb~! of pp collision data at /s = 13 TeV collected with the ATLAS
detector at the LHC. This analysis considers both resolved and boosted di-7 topologies, using
for the first time a novel algorithm for reconstructing a collimated 7-lepton pair decaying
hadronically, enhancing the search sensitivity at low values of the pseudoscalar mass. The
diphoton invariant mass spectrum, ranging from 10 to 60 GeV, is analyzed to search for a
narrow resonance on a smooth, quasi-flat background modelled by an analytic functional
form. The data is consistent with the SM background expectation, and limits are set on
the process branching ratio. The observed (expected) 95% confidence level upper limits
on B(H — aa — yy77) range from 0.2% (0.5%) to 2% (1%), with variations mainly due
to statistical fluctuations of the data. As the first such search conducted at the LHC, it
contributes to the broad program of searches for H — aa decays that is underway, probing

different final states.
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