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Editor: Dr. M. Doser A search for Higgs boson pair production in the bbyy final state is performed. The proton-proton collision dataset
Keywords: corresponds to an integrated luminosity of 308 fb~!, consisting of two samples, 140 fb~! at a centre-of-mass
ATLAS energy of \/E =13TeV and 168 fb~! at /s = 13.6 TeV, recorded between 2015 and 2024 by the ATLAS detector
Di-Higgs at the CERN Large Hadron Collider. In addition to a larger dataset, this analysis improves upon the previous
Self-interaction search in the same final state through several methodological and technical developments. The Higgs boson pair
Photons production cross section divided by the Standard Model prediction is found to be py; =0.9%1% (uyy = 177
B-jets expected), which translates into a 95% confidence-level upper limit of u,, < 3.7. At the same confidence level
Run 3 the Higgs self-coupling modifier is constrained to be in the range —1.6 < «; < 6.6 (—1.8 < k; < 6.9 expected).

1. Introduction

Following the discovery of the Higgs boson (H) [1-6] by the AT-
LAS [7] and CMS [8] Collaborations, a central objective of the Large
Hadron Collider (LHC) [9] programme is the exploration of the Higgs
potential, which governs electroweak symmetry breaking (EWSB). In
the Standard Model (SM) this potential is fully determined by the mea-
sured vacuum expectation value, v = 246 GeV, and the Higgs boson
mass, my ~ 125 GeV. Deviations from the predicted form would indi-
cate new physics with profound implications for particle physics and
cosmology [10-13]. After EWSB, the Higgs potential is given by

V(H) = %mi,Hz + A30H? + %MH“,

2
with A3 = 44 = Agy = :T’; in the SM. At the LHC it can be probed by
studying the trilinear Higgs coupling which is accessible via Higgs bo-
son pair (H H) production. The trilinear Higgs coupling is parameterised

by a coupling modifier x, = 3,meas

, where Az 0, denotes its measured
value. The quartic Higgs coupling, A4, for which the experimental sen-
sitivity is very limited, has been marginally constrained so far by a
search for triple Higgs boson production [14]. In gluon—gluon fusion
(ggF), Higgs boson pairs are produced through diagrams involving ei-
ther the trilinear Higgs vertex (Fig. 1(a)) or two top-quark Yukawa in-
teraction vertices (Fig. 1(b)). Vector-boson fusion (VBF) production of
Higgs boson pairs receives contributions from the trilinear Higgs ver-
tex (Fig. 1(c)), V'V H vertices (Fig. 1(d)), as well as the quartic VV HH
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vertex (Fig. 1(e)), which exhibits sensitivity to non-SM contributions
primarily at large values of the H H invariant mass. In both production
modes the diagrams interfere destructively and the sensitivity to «; lies
mainly close to the H H production threshold. The production cross sec-
tion depends in addition on the top-quark Yukawa coupling in the case
of ggF, and on the VV H (k) and VV H H (k) coupling modifiers for
VBF.

The predicted cross sections in the SM are very small, namely o ; g’ =

30.8*29 fb [15-24] and o{*11 = 1.69 + 0.05 fb [25-28] for proton—proton
(pp) collisions at a centre-of-mass energy of \/_ =13 TeV,! about three
orders of magnitude smaller than for single Higgs boson production. At
13.6 TeV they rise to 34.1*2 fb and 1.87 + 0.05 fb, respectively [15-28].

This Letter reports on an updated analysis of H H production in the
HH - bbyy channel. Although this channel represents only 0.26% of
the HH events, it benefits from the excellent di-photon mass resolu-
tion and offers the highest efficiency among the leading search channels
near the HH production threshold, where the sensitivity to «, is the
greatest. The analysis uses the full LHC Run-2 pp collision dataset of
140 fb~! at \/_ = 13 TeV collected by the ATLAS experiment and a por-
tion of the Run-3 dataset (2022-2024) corresponding to 168 fb~! at

! The cross section prediction changed slightly compared to the one used in
the previous iteration of this analysis as detailed in Ref. [29] due to a new set
of parton distribution functions and the inclusion of electroweak corrections for
VBF.
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Fig. 1. Leading-order Feynman diagrams for (a,b) the dominant ggF production and (c-e) VBF production of Higgs boson pairs, where (a,c) involve the trilinear Higgs
coupling, (b,d) have two independent single Higgs vertices and (e) contains the V'V H H vertex. The coupling modifiers for the 1rtH, VV H and V'V H H couplings are

represented by «,, ky, k,,, respectively.

\/E = 13.6 TeV. After pre-selection, events are categorised according to
the bbyy invariant mass, signal purity, and data-taking period. A fit to the
di-photon mass distribution is then performed across categories, with
the background modelled using analytic functions. The analysis is im-
proved in several aspects compared to the previous iteration [29]. The
most significant are a new b-tagging algorithm based on transformer
neural networks (GN2) [30-33] and a kinematic fit to improve the bb
and bbyy invariant mass resolutions.

During LHC Run 2, an extensive programme was carried out by AT-
LAS and CMS to search for HH production and constrain «, in the
bbyy channel [29,34], as in several other final states [35-44]. Combin-
ing all channels, ATLAS and CMS constrained at 95% confidence level
(CL) the HH signal strength uy,, defined as the observed Higgs bo-
son pair production cross section divided by the SM prediction, to be
Uy <2.9[45] and pyy < 3.4 [46] respectively, assuming the SM H H
kinematics. The trilinear Higgs coupling modifier was constrained at the
same confidence level by ATLAS to be —1.2 < x,; < 7.2 [45] and by CMS
to be —1.4 < k; < 7.8 [47].

2. ATLAS detector

The ATLAS experiment [48,49] at the LHC is a multipurpose parti-
cle detector with a forward-backward symmetric cylindrical geometry
and a near 4x coverage in solid angle.? It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T
axial magnetic field, electromagnetic and hadronic calorimeters, and a
muon spectrometer. The inner tracking detector covers the pseudora-
pidity range |5| < 2.5. It consists of silicon pixel, silicon microstrip, and
transition radiation tracking detectors. Lead/liquid-argon (LAr) sam-
pling calorimeters provide electromagnetic (EM) energy measurements
with high granularity within the region |n| < 3.2. A steel/scintillator-tile

2 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point (IP) in the centre of the detector and the z-axis along the beam
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-
axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane,
¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined
in terms of the polar angle 6 as n = —Intan(6/2) and is equal to the rapidity

E+p.

y= % In (ﬁ) in the relativistic limit. Angular distance is measured in units of

AR = \/(Ay)? + (Ag)2.

hadronic calorimeter covers the central pseudorapidity range (|| < 1.7).
The endcap and forward regions are instrumented with LAr calorimeters
for EM and hadronic energy measurements up to || = 4.9. The muon
spectrometer surrounds the calorimeters and is based on three large su-
perconducting air-core toroidal magnets with eight coils each. The field
integral of the toroids ranges between 2.0 and 6.0 Tm across most of the
detector. The muon spectrometer includes a system of 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 detector which is
located close to the beampipe. A two-level trigger system was used to se-
lect events [50,51]. The first-level trigger is implemented in hardware
and it uses a subset of the detector information to accept events at a
rate close to 100 kHz. This is followed by a software-based trigger that
reduced the accepted rate of complete events to 1.25 kHz and 3 kHz
on average in Run 2 and Run 3, respectively, depending on the data-
taking conditions. A software suite [52] is used in data simulation, in
the reconstruction and analysis of real and simulated data, in detec-
tor operations, and in the trigger and data acquisition systems of the
experiment.

3. Data and simulation samples

The analysis presented in this Letter uses pp-collision data collected
by the ATLAS experiment during the LHC Run 2 at \/E =13 TeV (from
2015 to 2018) and during the first part of the LHC Run 3 at /s =
13.6 TeV (from 2022 to 2024). Data quality requirements for Run 2 and
Run 3 are detailed in Ref. [53]. The resulting integrated luminosity is
140.1 + 1.2 fb~! for the Run-2 dataset [54] and 168.0 + 6.7 fb~! for the
Run-3 dataset,® respectively.

This analysis searches for Higgs boson pair production in the bbyy
final state, considering as signal both the dominant ggF and the
subdominant VBF production modes. For the Monte Carlo (MC) simula-
tion of the ggF signal, events are generated using POWHEG BOX v2 [55—
59] with parton distribution functions (PDFs) from the PDF4LHC21 [60]

3 The preliminary luminosity for the 2024 data was estimated by using the
number of Z — ee and Z — uu events relative to those in the 2022/2023 data
within a preliminary uncertainty of 5%. Combined with the 2% uncertainty for
2022/2023 [111], this results in a luminosity-weighted uncertainty for the Run-
3 dataset of 4%.
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set. In addition to the SM sample, where the value of «, is set to 1, other
samples corresponding to beyond-the-SM (BSM) scenarios are generated
with k; = -1, 0, 2.5, 5 and 10, respectively. For VBF H H signal events,
MadGraph5_aMC@NLO [61] is used in the leading-order (LO) genera-
tion with the five-flavour scheme and the NNPDF3.0NLO [62] PDF. Fur-
thermore, 12 additional VBF H H samples are generated with the same
settings as the nominal sample, but using BSM combinations of the cou-
pling modifiers «,, k,,, and «,. In both cases, PYTHIA 8.309 [63] is used
for the simulation of the Higgs boson decays, parton showering, hadro-
nisation and underlying event with the A14 set of tune parameters [64].
In the generation of the Higgs boson decay into photons [55-57,65-71],
Dalitz events (i.e. the decay in which one of the two photons is off-shell)
are not included. The decays of bottom and charm hadrons are simu-
lated using the EVTGEN 1.6.0 programme [72].

In this search, di-photon background processes are of two types: reso-
nant production of a single Higgs boson decaying into yy and continuum
non-resonant di-photon production in association with jets. Background
from inclusive production of events with either one photon and one jet
(yJj) or two jets (jj), where one or two jets mimic the signature of one
or two photons, respectively, is taken into account using a data-driven
approach. All the main single Higgs boson production modes are gen-
erated, mostly following the same procedure as in Ref. [29], including
ggF, VBF, production in association with a W or Z boson, with a 7
or bb pair, or with a single top-quark. Dalitz decays of the Higgs bo-
son are not included here either. Continuum di-photon production in
association with jets from quarks of any flavour (yy +jets) is also simu-
lated. An additional sample of simulated continuum di-photon plus two
b-jets events (yy + bb) is generated and used for the study of the back-
ground di-photon invariant mass distribution, as described in Section 5.
For the simulation of continuum di-photon events, SHERPA 2.2.14 [73]
is used for both the event generation and the parton showering, and the
NNPDF3.0NNLO PDF set is adopted.

All simulated signal and background events are passed through a
detailed simulation of the ATLAS detector [74] based on GEANT4 [75],
except BSM signal samples (i.e. where the value of at least one of the
coupling modifiers «;, k,,, or k), is not set to 1) and the non-resonant
di-photon samples (yy + jets and yy + bb), which are interfaced to a fast
detector simulation based on a parametric description of the calorime-
ter showers [76]. The difference between the results obtained with full
simulation and with fast simulation is within the statistical uncertainty,
when considering the upper limits on uy and the «,; constraints. The
Higgs boson mass is assumed to be 125 GeV, a value consistent with the
latest measurements [77], in all simulations. Additional inelastic pp col-
lisions occurring in the same or nearby bunch crossings, referred to as
pileup, are also simulated and matched to the distribution observed in
data, as described in Refs. [29,78].

4. Object and event selections

The results were obtained using the software framework documented
in Ref. [79], developed for collision data analysis within the ATLAS Col-
laboration. The analysis flow begins with the selection of events con-
taining exactly two well-reconstructed photons and at least two b-jet
candidates [30]. This pre-selection, briefly summarised in Section 4.1,
reduces the background while maintaining good signal acceptance times
efficiency. The selected events are then classified into mutually exclusive
categories based on the invariant mass of the bbyy system and multivari-
ate discriminants. The event categorisation, described in Section 4.2, is
designed to optimise sensitivity to the HH — bbyy process and to the
coupling modifiers x; and k.

4.1. Event pre-selection
To identify H — yy decays, events were collected with di-photon

triggers with nominal transverse momentum (py) thresholds of 35 GeV
and 25 GeV for the leading and sub-leading photon, respectively, and
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satisfying online photon identification requirements [51,80]. In Run 3,
from 2023 onwards, with the upgrade of the first-level trigger system,
more granular information from EM calorimeters is used, which re-
sults in similar performance compared to Run 2, in an environment
with a higher level of pileup [51]. Of all reconstructed collision ver-
tices, the primary vertex (PV) is selected as the one with the highest
sum of squared transverse momenta of contributing tracks p% [81].
Selecting the correct PV ensures that all reconstructed objects are
associated with the hard-scatter collision and improves the yy mass
resolution.

Selected events are required to contain two photon candidates in the
acceptance of the finely segmented part of the EM calorimeter (|| < 1.37
or 1.52 < |n| < 2.37). Photons are reconstructed from EM calorimeter sig-
nals exceeding noise thresholds using dynamic topological clustering,
with additional clusters included for photon conversion products when
applicable [82]. The photon candidates are calibrated [83] and identi-
fied by an algorithm that relies on the shape of the EM showers recon-
structed in the calorimeter [84]. A loose working point, corresponding
to high signal efficiency at the cost of reduced background rejection, is
used to match to the photon candidates selected by the trigger. The fi-
nal selection of photon candidates is made using a tight selection, which
provides high background rejection at the cost of reduced signal effi-
ciency. Photon candidates must also satisfy isolation requirements based
on the energy flow in the calorimeter and the total transverse momen-
tum of charged-particle tracks from the PV, measured in cones surround-
ing the photon direction [82]. The two leading photons satisfying these
selections are required to have an invariant mass m,, between 105 and
160 GeV and transverse momenta above 35% and 25% of m,,, respec-
tively. The m,, sidebands are defined as data entries within the mass win-
dow of m,, € [105, 160] GeV, excluding the signal region from 120 to
130 GeV.

Jets are reconstructed from particle-flow objects built from noise-
suppressed positive-energy topological clusters in the calorimeter and
reconstructed tracks using the anti-k, clustering algorithm with the ra-
dius parameter R = 0.4 [85,86]. Jet candidates are required to have
pr > 25GeV and |y| < 4.5. Jets contained in the fiducial acceptance of
the inner detector (|| < 2.4) and with p; < 60 GeV must be identified by
a ‘jet-vertex tagger’ as originating from the PV [87], while those outside
of this region must be identified by a ‘forward jet-vertex tagger’ [88].
To target H — bb decays, events are required to contain at least two b-
tagged jets, which are central jets (those in the acceptance of the inner
detector |n| < 2.5) that satisfy the criteria of the GN2 b-tagging classifi-
cation algorithm with an efficiency of 85% for b-jets and a misidentifi-
cation rate of 0.01 (0.20) for light-flavour (charm) jets in simulated 7
events [30-33]. These loose requirements are chosen to maximise the
signal acceptance and correspond to the optimal analysis sensitivity. If
there are more than two b-tagged jets in an event, the jets with the
highest b-tagging scores (i.e. the output discriminant of the GN2 algo-
rithm) are selected to form the H — bb candidate. The b-tagging score
distribution is discrete, so that each bin corresponds to a given b-tagging
efficiency range. If two or more jets are in the same bin of the b-tagging
score distribution, those with the highest transverse momenta are se-
lected as H — bb candidate jets. Two corrections are applied to the
energy of the b-tagged jets to account for possible contributions from
muons originating from semileptonic b-hadron decays (Muon-in-jet cor-
rection) and undetected energy from neutrinos and out-of-cone effects
(PtReco correction) [29]. These corrections improve the resolution of
the invariant mass of the two b-jet candidates from the H — bb decay
(my5) by up to 17%.

Similarly to Ref. [89], a kinematic fit (KF) is performed to improve
the resolution of m,; and the invariant mass of the system with two
photons and two b-jets (m,y,,), in a two-step process. In the first step,
the KF exploits momentum conservation in the transverse plane to cor-
rect jet energies and momenta using the di-photon kinematics. In the
second step, an additional term is introduced to further enhance the
resolution with which m,;,, is reconstructed by constraining m,; to the
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Fig. 2. Di-jet invariant mass distribution of b-tagged jets (m,;) after the anal-
ysis pre-selection, shown for data as well as for simulated HH — bbyy signal,
ZH (H - yy), vy +jets, and other single Higgs boson backgrounds (denoted
by ‘other H’). Also shown are the HH — bbyy and ZH (H — yy) distributions
after applying the Muon-in-jet, PtReco, and the first-step kinematic fit (KF) cor-
rections. The shaded regions on the histograms indicate the size of the statistical
uncertainties. All simulated distributions are scaled by the factors shown in the
legend, except for yy + jets, which is normalised to the sidebands of the m,, dis-
tribution in data.

Higgs boson mass through a quadratic term, (m,; — 125 GeV)?, added to
the log-likelihood function being minimised to balance the H H system.
Independent detector-response functions of the jet energies and trans-
verse momenta are computed using simulated H H events. The proba-
bility density functions of the x and y components of the total transverse
momentum of the di-photon system and all jets in the event, as derived
from simulation, are used in the KF. The fit output is a correction factor
« applied to both the energy and the py of the jet. The « factor is eval-
uated for each jet in the event. The photon momenta are not corrected
by the KF given the excellent detector resolution and to avoid biasing
the m,, distribution. The corrected jet momenta from the second step are
used through the rest of the analysis while, in the multivariate event dis-
crimination, the m,; value from the first step of the KF is used to avoid
distortions of the background. After the second KF step, the resolution
on myy,, is improved by 46%. Fig. 2 shows the m,; distribution for data
and for simulated signal and background processes. The HH and ZH
simulated events are shown both before and after applying the Muon-
in-jet and PtReco corrections, as well as after the first-step KF. The suite
of corrections and the KF improve the m,; resolution by up to 27%.

Events with six or more central jet candidates, or with one or more
isolated lepton (electron or muon) candidates with py > 10 GeV and sat-
isfying the lepton medium identification criteria [84,90] are rejected to
suppress the background from #7H (yy) and inclusive #f production. No
requirement is made on the number of non-central jets (those beyond the
acceptance of the inner detector || > 2.5).

The efficiency of the event pre-selection is 17% and 11% for SM ggF
H H and SM VBF H H events, respectively, with the largest losses arising
from the di-photon acceptance and b-jet requirements. The requirement
of having at least two b-jets is less efficient for the VBF H H events (35%)
than for the ggF H H events (49%). A total of 2795 and 3 321 events are
pre-selected in the Run-2 and Run-3 data, respectively. According to
the SM prediction, a total of about five H H events are expected after
the analysis pre-selection. In this data sample, approximately 74% of
the continuum background events contain two prompt photons, 24%
contain one prompt photon and one misidentified jet, and 2% contain
two misidentified jets, as determined with data-driven techniques [91].
The fractions of these components in Run 2 and Run 3 are consistent
within the statistical uncertainties. Fig. 3 shows the m,, distributions of
data and simulated events after pre-selection for Run 2 and Run 3.

Physics Letters B 876 (2026) 140280

4.2. Event categories

Anomalous values of the coupling modifiers x; and «,, not only
affect the H H signal production cross section but also modify the kine-
matic properties of the HH system. For example, «, values different
from unity mostly result in a softer H H invariant mass spectrum [92],
while anomalous values of «,, tend to harden the spectrum. The events
are therefore classified in two regions based on the improved four-body
invariant mass mZBW = My, — (myp — 125 GeV) — (m,, — 125GeV): a high-
mass region and a low-mass region are defined by setting a 350 GeV
boundary on mZBw' The use of mZE over myy,, improves the signal

mass resolution by up to 10% due to the cancellation of detector resolu-
tion effects [93]. In each of the two mZi;yy regions, a dedicated boosted-

decision-tree (BDT) discriminant is trained to distinguish H H signals
from the background arising from H — yy decays in single Higgs boson
production and from the continuum yy + jets events. The training is per-
formed with the XGBoost programme [94] using simulated Run-2 and
Run-3 collision events combined according to the SM expectations. As
explained below, Run-2 and Run-3 data events are classified separately.
In the high-mass region, the signal samples used for training include a
mixture of SM ggF and VBF H H events, as well as five BSM samples
of VBF HH events with (x,, k-, xp): (0, 1, 1), (10, 1, 1), (1, 1.5, 1),
(1, 3, 1), and (-5, 1, 0.5). The BSM VBF H H samples are used for the
training in the high-mass region to increase the sensitivity to x,) . In
the low-mass region, the signal samples consist of BSM ggF H H events
corresponding to x; = 10 and «, = 5, plus the five BSM VBF H H sam-
ples already used in the high-mass region. The mixture of BSM samples
used for the training in both the high-mass and low-mass regions cover
a wide range of anomalous values of k; and «,; . Variations of the order
of unity on the k,; value used in the training samples have a negligi-
ble impact on the final results. In both regions, the background samples
used for the training include single Higgs boson production and contin-
uum di-photon production in association with jets. The relative weights
assigned to each input sample in the mixture of the training dataset,
as well as the values of the XGBoost hyperparameters, were tuned in
Ref. [29] and their values were found to be optimal for this analysis.
The BDT discriminants use the same input variables as in Ref. [29].
They include kinematic properties of the two photon and two b-jet can-
didates, as well as event-level kinematic quantities such as mzm. The
input variables are chosen in order to avoid distortions of the m,, dis-
tribution, which is used as the analysis observable in the final fit to the
data, after placing a selection requirement on the BDT output score. In
particular, the py of each of the two photons normalised to m,, are in-
cluded in the input. Additional variables include, for events with more
than two jets, the py, 7, ¢, and discrete b-tagging scores of the third and
fourth jets. Events with at least four jets can arise from VBF H H produc-
tion, in which the two final-state jets have high transverse momenta and
are separated by a large rapidity gap. VBF jet candidates are selected as
those belonging to the pair with the largest invariant mass among all
possible pairs in the event excluding the H — bb jet candidates. Their
invariant mass and pseudorapidity difference are then used as addi-
tional input variables in the BDTs. In simulated SM VBF H H events
with at least four jets, the correct VBF jet pair is identified in 88% of
events.

The two BDT scores are used to define output categories with differ-
ent signal purities. They are designed to maximise the overall number-
counting significance [95] for a benchmark signal using HH and
background yields in the di-photon invariant mass range 120 GeV <
m,, < 130GeV. In the high-mass region, the signal yield is computed
from the sum of the expected SM ggF and VBF H H contributions, while
in the low-mass region, the benchmark signal is defined using a mixture
of two ggF and VBF H H samples with large values of x,; in order to
cover a wide range of BSM scenarios. During this optimisation process,
each category is required to contain at least eleven expected contin-
uum background events from the region 105 GeV < m,, < 160GeV in the
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Fig. 3. Distributions of the di-photon invariant mass for events in data compared with the sum of the expected signal and background contributions after pre-
selection for (a) Run 2 and (b) Run 3. The relative fractions of the simulated yy + bb and yy + jj (where j is a light-flavour or gluon jet) events are determined from
the generator-level flavour decompositions of the inclusive yy + jets sample. The various continuum background components are then normalised using a data-driven
photon purity measurement [91] such that their sum is consistent with the data in the sidebands. The H H signal is shown as a filled histogram stacked on top of the
backgrounds, normalised to the SM prediction. It is also shown unstacked as an unfilled histogram, scaled by the factor indicated in the legend to enhance visibility.
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+ jets continuum background and single Higgs boson processes) for the (a) high-mass and (b) low-mass regions. Data sideband events are also shown. Simulated
events are contained in the interval m,, € [105, 160] GeV. All distributions are normalised to unity. The vertical dashed lines correspond to the thresholds used to
define the event categories. Events with a BDT score below the lowest threshold (solid line) are discarded.

combined samples of Run-2 and Run-3 simulated events. Under the as-
sumption of a Poisson distribution, eleven simulated events in this com-
bined sample correspond to a data sample expected to contain at least
two events. This ensures a sufficient number of events for constraining
the shape of the di-photon invariant mass distribution of the continuum
background when performing the fit to the data. This approach allows
a more stringent selection requirement on the BDT score, resulting in
a 10% improvement in signal significance compared to a strategy with
separated trainings for Run 2 and Run 3, and for which the require-
ments on continuum background simulated events are applied to the
corresponding BDTs individually.

After the optimisation, three categories (labelled ‘High Mass i’, i =
1..3) in the high-mass region and four categories (labelled ‘Low Mass ’,
i =1.4) in the low-mass region are defined based on the correspond-
ing BDT scores, with a higher category index i corresponding to higher
BDT scores and more signal-like events. The addition of further cate-
gories did not improve the results significantly. Events with a BDT score
lower than the threshold defining the category with the lowest index
(i.e. the category with the lowest signal sensitivity) are discarded. Data

events from the inclusive signal region are thus classified in fourteen
(two sets of seven) exclusive signal regions based on the value of m;; ,
vy

the corresponding BDT scores and the data-taking period (i.e. Run 2 or
Run 3).

The BDT discriminant distributions in the high- and low-mass regions
observed in data in the m,, sidebands for Run 2 and Run 3 combined
are shown in Fig. 4. The BDT score distributions for the dominant non-
resonant background from the yy + jets sample, the resonant single
Higgs boson background, and the combined ggF and VBF H H signals
for different values of x, and «,;, all taken from simulation, are also
shown. The BDT categories are indicated by vertical dashed lines. In
total, 293 and 342 events are retained in the Run-2 and Run-3 datasets,
respectively. Among these, 239 Run-2 and 269 Run-3 events lie in the
m,,, sidebands.

5. Signal and background modelling

For the extraction of the statistical results, a simultaneous fit is per-
formed to all data in the fourteen event categories. The signal and non-
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resonant background yields in each event category are determined from
the combined unbinned fit to the di-photon invariant mass distributions,
while the resonant background yields are fixed to the SM expectation.
The signal yields for ggF and VBF H H production are parameterised
as a function of the relevant coupling modifiers by performing a linear
combination of the relevant simulation samples. The differential VBF
H H cross section can be written as a polynomial of the coupling modi-
fiers, whose coefficients are determined using six reference samples for
(k0 ko9 k): (1,1, 1), (1, 1,0.5), (10, 1, 1), (1, 1.5, 1), (2, 1, 1), and (=5,
1, 0.5). Similarly, the ggF H H cross section is expressed as a function
of k, using three samples with x; =0, 1, 5.

The signal and background m,, distributions in each category are
independently modelled with analytical functions. For signal and res-
onant background events, double-sided Crystal Ball functions [96-98]
are used. The nominal shape parameters are obtained from fits to sim-
ulated SM H H events, with ggF and VBF modes weighted according to
their SM cross sections and summed. In the final fit to data, the Gaus-
sian core parameters, describing the peak and width of the distribution,
are allowed to float within the uncertainties arising from the photon
energy calibration, while the tail parameters are fixed to their nominal
values.

Signal shapes are parameterised for Run 2 and Run 3 separately.
The same model is found to describe well single Higgs boson and Higgs
boson pair simulated events for both SM and non-SM coupling modifier
values.

The m,, distributions of the non-resonant di-photon background are
modelled with exponential functions, whose normalisation and shape
parameters are obtained from the fit to the data. The chosen exponen-
tial function in each category is found to describe well the data in the
m,, sidebands, as well as the background-only template obtained with
a sample of simulated yy + bb events normalised to the data in the m,,
sidebands. The background shape parameters are correlated for each
Run-2 and Run-3 category pair (e.g. High Mass 1 for Run 2 and High
Mass 1 for Run 3) in the fit to the data, ensuring consistency with the re-
quirement on the minimum expected number of continuum background
events to define category boundaries, as described in Section 4. Tests us-
ing the large sample of simulated yy + bb continuum background events,
as well as from a comparison of data-sideband distributions in the low-
mass and high-mass regions, indicate good compatibility between the
Run-2 and Run-3 shape parameters at the current level of precision of
this analysis. Furthermore, no significant bias on the fitted signal is ob-
served even when enhancing the difference between Run-2 and Run-3
background shapes by a factor of ten compared to those seen in simula-
tion. Finally, the impact of correlating or decorrelating the parameters
of the analytical model describing the shape of the background is found
to be negligible. Normalisation parameters of the background functions
are not correlated.

6. Systematic uncertainties

Systematic uncertainties affect the di-photon invariant mass distri-
bution of both the H H signal and single Higgs boson background. How-
ever, their impact remains relatively minor compared with the statistical
uncertainty, which dominates due to the limited number of data events
and the use of data-driven methods for modelling the dominant contin-
uum background.

The spurious signal is defined as the maximum absolute value of
the bias on the fitted signal yield. To estimate it, multiple signal-plus-
background fits are performed on a background-only template. These
fits are repeated using different background models, such as exponential
and power-law functions. In addition, different assumptions are made
for the signal mass, with my varied between 123 and 127 GeV in steps of
0.5 GeV. The background-only template is constructed without account-
ing for misidentified photon backgrounds, as their contribution is found
to have a negligible impact on the spurious signal estimate. For each
of the background functions tested, the spurious signal is smaller than
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20% of the statistical uncertainty in the expected fitted signal yield. The
spurious signal value found in each category is taken as a systematic
uncertainty in the signal yield.

The uncertainty in the full Run-2 integrated luminosity amounts to
0.83% [54]. The uncertainty in the Run-3 luminosity is estimated to be
4% and is uncorrelated with that of Run 2.

The uncertainty in the efficiency of the di-photon trigger in Run 2
and the 2022 dataset is estimated by using radiative Z boson decays
and events from the pre-scaled lower threshold trigger [80], while for
2023 and 2024 the same trigger correction factors as in 2022 are em-
ployed, based on a study of the trigger efficiencies in data and simulation
over the different years of the Run-3 data-taking. In Run 2, the photon
identification and isolation uncertainties are determined using control
samples of prompt photons from y +jet production, radiative Z — £¢y
decays, and electrons from Z — ee decays. In the latter case, electrons
are used as a proxy for photons due to their similar calorimeter signa-
tures [82]. The uncertainties in the photon energy scale and resolution
in Run 2 are determined from control samples of electrons from Z boson
decays and of photons from radiative Z boson decays [82]. The corre-
sponding uncertainties for Run 3, in particular for the photon energy
scale and resolution, are extrapolated from Run 2 [78].

The photon energy scale and resolution uncertainties affecting the
peak and the width, respectively, of the signal and single Higgs boson
background are estimated with both the SM ggF and VBF H H samples.
The peak position has an uncertainty of less than 0.7% in all categories,
while the uncertainty in the width is less than 21%. The photon energy
scale and resolution effects on the yields are controlled by the same
nuisance parameters as those on the m,, shape. The systematic uncer-
tainties affecting the yields of processes with at least one Higgs boson
are estimated separately for the ggF and VBF H H signals and the single
Higgs boson production. For ggF and VBF H H production, experimental
systematic uncertainties are estimated with the SM samples and applied
to all H H configurations.

The uncertainties in the jet energy scale and resolution are estimated
by using control samples in which jets recoil against well-calibrated ref-
erence objects, such as a photon or a Z boson, or other already cali-
brated jets [99]. An additional uncertainty is introduced in the simula-
tion to account for variations in response among b-jets, light-quark jets,
and gluon jets. The flavour tagging uncertainties include those arising
from the efficiencies and misidentification rates. They are estimated in 7
events for b- and c-jets, and in Z +jets events for light-quark and gluon
jets [31,32,100].

For the ggF and VBF H H signal yield parameterisation, non-closure
uncertainties are derived from the differences between the yields ob-
tained from the parameterisation and simulated samples with different
K, Koy, ky values. The maximal deviation over all samples is taken
as the final uncertainty. In particular, the high-mass categories have a
non-closure uncertainty of ~10% that is comparable to Ref. [29]. The
numbers in the low-mass regions are higher especially for the VBF H H
sample, reaching up to ~30%. However this does not noticeably affect
the sensitivity, as VBF is subdominant to ggF in x, measurements.

Theory uncertainties in the analysis impact both the acceptance and
the cross sections. A key component of these is a 100% uncertainty ap-
plied to the yields of single Higgs boson production modes (ggF, VBF,
and W H), motivated by studies of heavy-flavour production in associa-
tion with top-quark pairs [101,102], W boson production in association
with b-jets [103], and confirmed by measurements of single Higgs bo-
son production in association with b-jets [104,105]. Other theory uncer-
tainties originate from missing higher-order terms in perturbative QCD
calculations and from the limited knowledge of PDFs and of the value of
the strong coupling constant «,. The uncertainty due to missing higher-
order terms is evaluated by independently varying the renormalisation
and factorisation scales. In the fit, all the theory uncertainties are cor-
related between Run 2 and Run 3, but uncorrelated between processes.
These scale uncertainties are calculated separately for Run 2 and Run 3,
in each category and for each process: for VBF production, they amount
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Table 1

Impact of the various systematic uncertainties in the ob-
served u,, measurement. For each uncertainty group,
the error on yy, is obtained from a fit with only those
corresponding nuisance parameters floating and all oth-
ers fixed to their best-fit values. The impact is then calcu-
lated from the subtraction in quadrature of this error and
the error when all nuisance parameters are fixed. The up
(down) columns indicate the impact on the upper (lower)
pyy error. When the up and down impacts are found to
be compatible within 30%, the values are symmetrised
in the table for better readability. Asymmetric impacts
primarily result from the asymmetric QCD scale + my,,
signal uncertainty, and the fact that the lower endpoint
of the 68% CL error on the signal strength is close to 0.
The heavy-flavour content uncertainty in the table refers
to single Higgs boson production.

Source of systematic uncertainty ~ Relative impact (in %)

Up Down
Experimental
Photon energy scale +22 —34
Photon energy resolution +14 =75
Photon efficiency +13 -2.5
Jet +10 -6.9
Luminosity +6.7 -12
Theory
QCD scale + m,, PDF+ag +35 =52
B(H — yy,bb) +10 -2.1
Parton showering model +15
Heavy-flavour content +30
Background model
Spurious signal +7.2

to 0.04%, while for ggF production, with the addition of the top-quark
mass scheme uncertainty included according to Ref. [22], they amount
to +6% and —23%.

The PDF and «, uncertainties are estimated separately for Run 2 and
Run 3 and separately for different processes (single Higgs boson, ggF
HH and VBF H H events). The PDF + «, uncertainties for the ggF (VBF)
H H cross sections amount to 3.0% (2.1%). These uncertainties are eval-
uated for the SM case and their magnitude is parameterised in terms of
;. The parton shower model uncertainty is estimated by using alter-
native simulation samples. In particular, for the HH and single Higgs
boson processes the alternative samples use Herwig 7 [106,107] for par-
ton showering.

In addition, branching ratio uncertainties are taken into ac-
count [108]. Specifically, for all H H and single Higgs boson processes,
a 2.9% uncertainty is applied to the H — yy branching ratio. An addi-
tional 1.7% uncertainty from the H — bb branching ratio is included for
the H H signal.

The impact of the various systematic uncertainties on the observed
Uy measurement is shown in Table 1. For each uncertainty group,
the error on yy is obtained from a fit with only those corresponding
nuisance parameters floating and all others fixed to their best-fit val-
ues. The impact is then calculated from the subtraction in quadrature
of this error and the error when all nuisance parameters are fixed. The
up (down) columns indicate the impact of the upper (lower) py 4 error.
When the up and down variations are found to be compatible within
30%, the impacts are symmetrised in the table for better readability.
Asymmetric impacts primarily result from the asymmetric QCD scale +
my,p, signal uncertainty, and the fact that the lower endpoint of the 68%
CL error on the signal strength is close to 0. The heavy-flavour content
uncertainty in the table refers to single Higgs boson production.
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Fig. 5. Weighted di-photon invariant mass distribution summed over all cate-
gories and the two data-taking periods. The events in each category are weighted
by log(1 + Sgy/B). Sgy is the expected signal yield assuming y;; = 1, while B
is the continuum background yield obtained from a fit to the sidebands plus
the single Higgs boson background obtained from simulation, all in a +5 GeV
window around the Higgs boson mass. The lines show the fit results for the con-
tinuum background only (light dotted), adding single Higgs boson backgrounds
(black dotted) and the full fit (solid).

7. Results

The search results are derived with a simultaneous profile-likelihood
fit to the di-photon invariant mass distribution in all event categories,
with a procedure similar to that described in Ref. [29]. The parameters
of interest are fitted together with a set of nuisance parameters repre-
senting the systematic uncertainties, and the normalisation and shape
of the continuum background. Uncertainties and confidence levels are
derived using the asymptotic approximations [95], which agree within
10% with those from pseudo-experiments. Upper limits on the signal
strength are derived using the CL; approach [109]. It is always assumed
that the Higgs boson satisfies exactly all SM predictions apart from the
parameter under study.

Fig. 5 shows the di-photon invariant mass distribution summed over
all categories and the two data-taking periods, where the events in each
category are weighted by log(l + Sgy;/B), where Sgy; is the expected
signal yield assuming upy = 1, while B is the continuum background
yield obtained from a fit to the sidebands plus the single Higgs boson
background obtained from simulation, all in a 5 GeV window around
the Higgs boson mass.

The best-fit value for the signal strength modifier is u; = 0.9*] =
0.9%12 (stat.) £ 0.5 (syst.) for an expected value of uy; = 1*]7 in the SM.
Fitting the data from Run 2 and Run 3 separately results in uy, val-
ues compatible with each other with a p-value of 0.40. The statistical
significance for Higgs boson pair production is 0.78 5, where 1.01¢ is
expected. The systematic uncertainty is dominated by the uncertainties
in the heavy-flavour content in single Higgs boson production, the pho-
ton energy scale and resolution, and the calculation of the Higgs boson
pair production cross section. An upper limit at 95% CL of uyy < 3.7
is derived assuming SM H H kinematics. Assuming no H H production
the expected limit is uy < 2.6, while assuming uj ; = 1, the expected
limit becomes p < 3.7. Fig. 6 compares the separate fit results for Run
2 and Run 3 as well as their combination in terms of the significance and
the 95% CL upper limit. The same definition of the analysis categories is
used for all fits. Compared to Ref. [29] the significance in yj ;; improved
by approximately 20% due to the new b-tagging algorithm and an ad-
ditional 5% comes from the kinematic fit. The improvement from the
additional data is approximately 60%, with 50% attributed to increased
statistics and 10% to the optimisation of the analysis categories, made
possible by treating the background shapes in the two datasets as cor-
related.
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Profile-likelihood fits are performed separately for the two coupling
modifiers x, and «x,;,, with all others fixed to their SM values. The
likelihood scans are shown in Figs. 7(a) and 7(b). The best-fit val-
ues are x; = 1.4737 and x,, =0.9%)2, compatible with the expected
values of k;, = 1%} and x,, = 17}. The observed (expected) 95% con-
fidence intervals are —1.6 < k; < 6.6 (—1.8 < k; < 6.9) and —0.5 < Ky}, <
2.6 (0.4 < K,y < 2.6). For these coupling modifiers, fits performed on
the Run-2 and Run-3 data separately are compatible with p-values of
0.17 for «, and 0.45 for k,, . Compared to Ref. [29], the expected width
of the 95% confidence interval decreases by approximately 20% for x;
and 30% for k,,, respectively. The observed confidence intervals are
similar to those in Ref. [29] due to differences in the observed best-fit
values, which in Ref. [29] were driven by a small deficit of events in the
signal region. A two-dimensional fit with x,; and «,, as free parameters
yields observed and expected results of k,; = 2.8J_f§:g, Ky = 1.6:’?;2, and
K, = 1717, Ky =171, respectively, where the other parameter is un-
constrained when calculating the error. The central values and the 68%

and 95% CL contours are shown in Fig. 7(c).
8. Conclusion

A search for Higgs boson pair production in the bbyy final state is
performed. The proton-proton collision dataset used an integrated lu-
minosity of 308 fb~!, and consists of two samples, 140 fb~! at a centre-
of-mass energy of 13 TeV and 168 fb~! at 13.6 TeV, recorded between
2015 and 2024 by the ATLAS detector at the CERN Large Hadron Col-
lider. A simultaneous fit to all data in signal regions, categorised accord-
ing to the bbyy invariant mass, signal purity, and data-taking period,
results in a signal strength of uyy; =097}, compatible with the SM
prediction of unity, and corresponding to an upper limit of py < 3.7.
Additional fits constrain the trilinear Higgs and V'V H H quartic cou-
plings to —1.6 <k; < 6.6 and —0.5 < k,;, < 2.6, respectively, both at
95% confidence level. This new analysis improves the limit on the ex-
pected signal strength by almost a factor two assuming no H H pro-
duction compared to the previous iteration based only on 13 TeV data
[29].
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