
J
H
E
P
0
8
(
2
0
2
6
)
0
2
0

Published for SISSA by Springer

Received: March 16, 2026
Accepted: June 13, 2026

Published: August 3, 2026

Search for Higgs boson pair production in association
with top-quark pairs using 196 fb−1 of proton–proton
collision data at

√
s = 13 and 13.6 TeV with the ATLAS

detector

The ATLAS collaboration
Full author list at the end of the paper

E-mail: atlas.publications@cern.ch

Abstract: This paper presents the first search for non-resonant Higgs boson pair production
in association with a top-quark pair (tt̄HH) using proton–proton collision data collected
with the ATLAS detector at the Large Hadron Collider. The data sample corresponds to an
integrated luminosity of 196 fb−1, comprising 140 fb−1 at a centre-of-mass energy of

√
s = 13

TeV and 56 fb−1 at 13.6 TeV. The search targets three distinct final states expected from
tt̄HH decays: (i) one lepton (electron or muon) with at least five b-quarks, (ii) at least two
b-quarks accompanied by two leptons with the same electric charges or multiple leptons, and
(iii) at least three b-quarks with two photons. The tt̄HH production cross-section, relative to
its Standard Model prediction, is measured to be µtt̄HH = −3+11

−12. This result corresponds
to a 95% confidence-level upper limit of 20 times the Standard Model prediction for the
tt̄HH production cross-section, with an expected limit of 21. The Higgs effective field theory
Wilson coefficient ctt̄HH is also constrained at the same confidence level to the range of
−3.9 < ctt̄HH < 3.3, compared with the expected range of −4.0 < ctt̄HH < 3.5.

Keywords: Hadron-Hadron Scattering

ArXiv ePrint: 2603.13113

Open Access, Copyright CERN,
for the benefit of the ATLAS Collaboration.
Article funded by SCOAP3.

https://doi.org/10.1007/JHEP08(2026)020

mailto:atlas.publications@cern.ch
https://doi.org/10.48550/arXiv.2603.13113
https://doi.org/10.1007/JHEP08(2026)020


J
H
E
P
0
8
(
2
0
2
6
)
0
2
0

Contents
1 Introduction 1

2 ATLAS detector 3

3 Data and Monte Carlo samples 4

4 Analysis strategy, object identification, and event selection 7
4.1 Object definition 8
4.2 1L selections 9
4.3 SSML selections 9
4.4 bb̄γγ selections 10

5 Signal regions, control regions, and background estimation 10
5.1 The 1L channel 10
5.2 The SSML channel 11
5.3 The bb̄γγ channel 13

6 Multivariate discriminants 14

7 Systematic uncertainties 15
7.1 Experimental uncertainties 16
7.2 Theoretical uncertainties 17
7.3 1L specific uncertainties 17
7.4 SSML specific uncertainties 18
7.5 bb̄γγ specific uncertainties 18

8 Statistical analysis and results 18

9 Higgs effective field theory interpretation 26

10 Conclusion 27

The ATLAS collaboration 37

1 Introduction

The Standard Model of particle physics (SM) has proven to be an immensely successful theory
in describing fundamental particles and their interactions. A crucial aspect of this theory is
the Brout–Englert–Higgs mechanism [1–3] for the electroweak symmetry breaking (EWSB),
which predicts the existence of a neutral scalar particle known as the Higgs boson (H). Since
its discovery in 2012 by the ATLAS and CMS collaborations [4, 5], substantial progress has
been made in understanding the production processes and decay modes of the Higgs boson
and its couplings to fermions and gauge bosons [6, 7]. However, the trilinear and quartic
self-couplings of the Higgs boson remain only weakly constrained. These self-couplings are
linked to the Higgs potential, which drives the EWSB, and can be studied through Higgs
boson pair (HH) production.

Following the discovery of the Higgs boson, the search for HH production has become a
central focus of the physics programme at the Large Hadron Collider (LHC). Among the
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Figure 1. Examples of leading-order Feynman diagrams for the non-resonant tt̄HH process. Each
diagram depicts a distinct subprocess arising from different Higgs boson couplings: (a) the Higgs–top
Yukawa coupling, (b) the Higgs–top Yukawa coupling and Higgs boson trilinear self-coupling, and (c)
the non-SM tt̄HH quartic coupling (highlighted with a circle), as described by the Higgs effective
field theory.

primary HH production processes in proton–proton (pp) collisions at the LHC, gluon–gluon
fusion (ggF) and vector-boson fusion (VBF) processes have garnered the most attention due
to their higher cross-sections. Various HH decay channels, such as bb̄bb̄, bb̄γγ, and bb̄τ+τ−,
have been explored [8, 9]. The production of HH in association with a vector boson, known
as the V HH process, has also been investigated [10, 11]. No evidence for HH production
has been observed at the LHC. The combined 95% confidence level (CL) upper limit on the
HH production cross-section, expressed relative to the SM prediction, is 2.9 from ATLAS [8],
3.5 from CMS [9] and 2.5 from their combination [12].

This paper presents the first search for Higgs boson pair production in association with a
top-quark pair (tt̄HH), focusing on non-resonant HH production as predicted by the SM.
The tt̄HH process has the third largest HH production cross-section in the SM, after the
ggF and VBF HH processes. Examples of the leading Feynman diagrams for the process
are shown in figure 1.

In the SM, the tt̄HH process has a predicted cross-section of σtt̄HH = 0.756 +4.3%
−15.0% (scale)±

3.4% (PDF + αs) fb for pp collisions at
√

s = 13 TeV and 0.860 +4.2%
−14.0% (scale) ± 3.3% (PDF +

αs) fb at 13.6 TeV, calculated at next-to-leading order (NLO) in quantum chromody-
namics (QCD) for a top-quark mass of mt = 172.5 GeV and a Higgs boson mass of
mH = 125 GeV [13, 14]. The “PDF+αs” uncertainty accounts for uncertainties in the
parton distribution functions and strong coupling constant, the “scale” uncertainty is due to
the finite order of QCD calculations. Approximately 81% of the cross-section arises from the
Higgs–top Yukawa coupling diagram shown in figure 1(a), while about 8% originates from
the diagram involving the Higgs boson self-coupling shown in figure 1(b). The remaining
11% results from constructive interference between the two diagrams. Although the tt̄HH

cross-section is sensitive to deviations of the Higgs boson self-coupling from its SM value,
its dependence on the coupling modifier is considerably weaker than in the ggF and VBF
HH production modes [13].
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The analysis utilises the full LHC Run 2 data sample (2015–2018), corresponding to an
integrated luminosity of 140 fb−1 collected with the ATLAS detector at a centre-of-mass
energy

√
s = 13 TeV and a Run 3 data sample (2022–2023) corresponding to 56 fb−1 at√

s = 13.6 TeV. The analysis is performed using the framework documented in ref. [15],
developed within the ATLAS Collaboration for collision data analysis. The statistical
interpretation is carried out using TRExFitter framework [16].

Since the top quark decays almost exclusively into a W boson and a b-quark, tt̄HH

events can result in a variety of final states with two or more b-quarks, depending on the
decay modes of the W and Higgs bosons. The search leverages the large branching ratio
of the H → bb̄ decay and the distinctive experimental signatures of leptons and photons.
Three specific final states are considered. The first, labelled as 1L, is characterised by a single
lepton (ℓ = electron or muon) and at least five b-quarks, capturing signals primarily from
W → ℓν and HH → bb̄bb̄ decays. The second, referred to as SSML, requires two or more
b-quarks together with two leptons with the same electric charges (same-sign dilepton pair)
or more than two leptons. It is designed to select events in which at least one W boson
decays leptonically, with additional leptons potentially arising from Higgs boson decays (e.g.
H → ττ, WW ∗, ZZ∗ decays). The third, referred to as bb̄γγ, consists of at least two b-quarks
together with two photons, targeting HH → bb̄γγ decays.

The effect of new physics introduced by a new tt̄HH quartic interaction, shown in
figure 1(c), can be modelled using an effective field theory (EFT) approach. The results are
interpreted in the Higgs effective field theory (HEFT) framework [17–22], as it allows the
tt̄HH quartic interaction via the Wilson coefficient ctt̄HH to be directly targeted without
affecting other Higgs boson couplings. Unlike the ggF HH channel, which includes additional
Higgs–gluon couplings, the tt̄HH channel is only affected by them at higher loop-order in
weakly interacting theories, making the interpretation more robust.

This paper is structured as follows: Section 2 provides a brief overview of the ATLAS
detector, and section 3 describes the data and Monte Carlo (MC) samples used in the analysis.
The reconstruction and identification of the physics objects, along with the event-selection
criteria, are summarised in section 4. The definitions of the signal and background regions,
together with the background estimation methods, are presented in section 5, while the
multivariate techniques employed for signal–background separation are outlined in section 6.
Theoretical and experimental uncertainties are discussed in section 7, and the final results
and the HEFT interpretation are given in sections 8 and 9, respectively. Finally, section 10
provides the conclusions.

2 ATLAS detector

The ATLAS experiment [23, 24] at the LHC is a multipurpose particle detector with a
forward–backward symmetric cylindrical geometry and a near 4π coverage in solid angle.1

It consists of an inner tracking detector surrounded by a thin superconducting solenoid
1ATLAS 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, ϕ) are used in the transverse plane, ϕ

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as
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providing a 2 T axial magnetic field, electromagnetic (EM) and hadronic calorimeters, and
a muon spectrometer. The inner detector (ID) covers the pseudorapidity range |η| < 2.5.
It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide EM energy measurements with high
granularity within the region |η| < 3.2. A steel/scintillator-tile hadronic calorimeter covers the
central pseudorapidity range (|η| < 1.7). The endcap and forward regions are instrumented
with LAr calorimeters for EM and hadronic energy measurements up to |η| = 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
precision tracking chambers up to |η| = 2.7 and fast detectors for triggering up to |η| = 2.4.
The luminosity is measured mainly by the LUCID–2 detector that is located close to the
beampipe. A two-level trigger system was used to select events [25, 26]. The first-level trigger
is implemented in hardware and used 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 [27] 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 Monte Carlo samples

The data used in the 1L and SSML channels were collected using single-lepton (electron or muon)
triggers with varying transverse momentum (pT) thresholds and isolation requirements [26,
28, 29]. The lowest pT threshold ranged from 24 to 26 GeV for electrons and from 20 to
26 GeV for muons throughout the data-taking period covered by this search. Events in
the bb̄γγ channel were collected with diphoton triggers [26, 28], with nominal transverse
momentum of 35 (25) GeV for the leading (sub-leading) photon. Events are included in the
search only if all relevant detector subsystems were confirmed to be in optimal operating
condition [30], resulting in a total integrated luminosity of 140.1 ± 1.2 fb−1 for the Run 2
data sample [31] and 56.0 ± 1.1 fb−1 for the Run 3 data sample [32, 33].

MC simulations play a central role in signal modelling, efficiency determination, back-
ground estimation, and event selection optimisation. The simulated samples were produced
using a variety of event generators, along with different programs for parton showering,
hadronisation, and underlying event modelling, collectively referred to as soft-QCD processes
below. The decays of bottom and charm hadrons were simulated using the EvtGen pro-
gram [34], except for samples generated by Sherpa [35]. Top quarks were decayed at leading
order (LO) using MadSpin [36, 37] to preserve spin correlations. All simulations assumed a
top-quark mass of 172.5 GeV, a Higgs boson mass of 125 GeV, and the corresponding decay
branching ratios [14]. Simulated processes were normalised to the most accurate theoretical
cross-section predictions available.

η = − ln tan(θ/2) and is equal to the rapidity y = 1
2 ln
(

E+pz
E−pz

)
in the relativistic limit. Angular distance is

measured in units of ∆R ≡
√

(∆y)2 + (∆ϕ)2.
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Table 1 summarises the nominal signal and background samples used in this search,
and additional details of the signal and major background processes are provided in this
section. Alternative samples employing different generators or parton-shower models are
also used to evaluate modelling uncertainties. All samples were generated with statistics far
exceeding those of the data, in most cases by more than two orders of magnitude. The MC
samples were processed through an ATLAS detector simulation program [38], either using
Geant4 [39] or a fast simulation with parameterised calorimeter showers [40]. Pile-up effects,
i.e. multiple interactions occurring within the same or nearby bunch crossings, were modelled
by overlaying [41] the hard-scatter events with simulated inelastic pp collisions generated
using the EPOS [42] and Pythia [43] programs. The distribution of the average number of
interactions was matched to that observed in the data for each data-taking period.

For samples generated with PowhegBox [44–49], MadGraph (MG5) [50], and Mad-
Graph5_aMC@NLO (MG5_aMC) [51], soft-QCD processes were modelled using Pythia
with the NNPDF2.3lo [52] parton distribution function (PDF) set and the A14 set of tuned
parameters (tune) [53]. Samples generated with Sherpa used its native implementation of
soft-QCD modelling. Events generated with the Herwig7 [54–56] generator, together with
the MMHT2014 NLO [57] PDF set and H7-UE tune, are used to assess systematic uncertainties
associated with the modelling of soft-QCD processes.

The tt̄HH signal samples were generated to cover all the final states considered in this
analysis, with decay filters applied to ensure orthogonality at generator level. For the 1L
channel, separate samples were produced for fully hadronic, single-leptonic, and dileptonic
decays of the top-quark pairs, with the Higgs boson pair decaying as HH → bb̄bb̄. To target
the SSML final state, inclusive samples were generated with all possible top-quark and Higgs
boson decays except HH → bb̄bb̄, and were filtered to contain either a same-sign dilepton pair
or at least three leptons. In both channels, the ggF and VBF HH contributions are found to
be negligible and therefore are not considered. Dedicated samples with HH → bb̄γγ decays
were also produced. The signal samples were modelled with version 3.3.1 of the MadGraph
(MG5) generator [50] at LO using NNPDF2.3lo, and were interfaced to Pythia8 for parton-
shower and underlying-event modelling using the A14 tune. The renormalisation (µr) and
factorisation (µf) scales were set to Hscale

T /2, where Hscale
T is defined as the sum of the

transverse masses
√

p2
T + m2 of all final-state partons. The tt̄HH samples were normalised

using the SM cross-section computed at NLO in QCD [13].

The three search channels have distinct background compositions due to their differing
signal characteristics. In the 1L channel, the dominant background arises from tt̄ production
accompanied by additional heavy-flavour jets. The SSML channel features a complex mixture,
including contributions from top-quark pair production in association with a W , Z, or
Higgs boson, four top-quark production, and events containing charge-misidentified leptons
or leptons originating from heavy-flavour decays. The bb̄γγ channel is affected by both
continuum and resonant backgrounds: the former primarily from γγ + jets processes, and the
latter from single-Higgs or non-tt̄HH di-Higgs production. In all channels, MC simulation
plays a central role in estimating background contributions, as detailed in section 5. A brief
overview of the simulation of the major background processes is provided below.
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Process Generator ME Parton PDF set Tune
order Shower

tt̄HH MG5 LO Pythia8 NNPDF2.3lo A14

tt̄ (5FS) PowhegBox NLO Pythia8 NNPDF3.0nlo A14
tt̄tt̄ MG5_aMC NLO Pythia8 NNPDF3.0nlo A14
tt̄t MG5_aMC LO Pythia8 NNPDF2.3lo A14

tt̄W Sherpa MEPS@NLO Sherpa NNPDF3.0nnlo Sherpa
tt̄Z MG5_aMC NLO Pythia8 NNPDF3.0nnlo A14

tt̄WW MG5_aMC (MG5) LO Pythia8 NNPDF3.0nlo A14
tt̄WZ, tt̄WH, tt̄ZZ MG5 LO Pythia8 NNPDF2.3lo A14

tW PowhegBox NLO Pythia8 NNPDF3.0nlo A14
tZ MG5_aMC LO Pythia8 NNPDF3.0NLOnf4 A14
t(q)b (t-channel) PowhegBox NLO Pythia8 NNPDF3.0NLOnf4 A14
t(q)b (s-channel) PowhegBox NLO Pythia8 NNPDF3.0nlo A14
tWZ, tHq, tHW MG5_aMC NLO Pythia8 NNPDF3.0nlo A14

V/V V/V V V + jets Sherpa MEPS@NLO† Sherpa NNPDF3.0nlo Sherpa
γγ + jets Sherpa NLO Sherpa NNPDF3.0nnlo A14
γγ + tt̄ MG5 LO Pythia8 NNPDF2.3lo A14

ggF H NNLOPS [58, 59] NLO Pythia8 PDF4LHC15 AZNLO (A14)
VBF H PowhegBox NLO Pythia8 PDF4LHC15 (PDF4LHC21) AZNLO (A14)
V H PowhegBox NLO Pythia8 PDF4LHC15 (PDF4LHC21) AZNLO (A14)
tt̄H PowhegBox NLO Pythia8 NNPDF3.0nlo (PDF4LHC21) A14

ggF HH PowhegBox NLO Pythia8 PDF4LHC21 A14
VBF HH MG5 NLO Pythia8 NNPDF3.0nlo A14
† For the subdominant gg → V V contribution, the ME calculation is at leading order.

Table 1. List of MC event generators and their associated matrix-element (ME) orders, parton
showers, PDFs, and underlying set of tuned parameters used for simulating signal and background
processes. When different from the Run 2 configuration, Run 3 settings are indicated in parentheses.

Top-quark pair production (tt̄) is a dominant background source in both the 1L and SSML
channels. The process was modelled using a tt̄ sample generated in the five-flavour scheme
(5FS) with the PowhegBox generator at NLO, in which b-quarks are treated as massless,
and the NNPDF3.0nlo [60] PDF set. The hdamp parameter was set to 1.5 times of the top-
quark mass (mt) in PowhegBox [61], and the pThard parameter was set zero in Pythia.2

The µr and µf scales were set to the PowhegBox default choice of
√

m2
t + p2

T, where pT
is the top-quark transverse momentum. The simulated sample was normalised to the SM
prediction at next-to-next-to-leading order (NNLO) in QCD including next-to-next-to-leading
logarithmic (NNLL) resummation, as computed with Top++2 [62].

Top-quark pair production in association with a W boson (tt̄W ) is one of the dominant
background processes in the SSML channel. It was simulated using the Sherpa generator [35],
which provides matrix-element calculations at NLO accuracy in QCD for up to one additional

2The hdamp parameter regulates the modelling of low- and high-pT radiation within PowhegBox, while
pThard controls how Pythia vetos its own radiation to avoid double-counting emissions already generated by
PowhegBox.
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parton, and at LO accuracy for up to two additional partons [63–65], merged with the
Sherpa parton shower through the MEPS@NLO prescription [66]. The µr and µf scales
were set to be Hscale

T /2 as for the tt̄HH signal sample. Electroweak corrections up to orders
α2α2

s and α3 [67, 68] were included, along with real-emission contributions from subleading
corrections at order α3αs [69]. The process was normalised to the SM cross-section computed
at NNLO in QCD [70].

Top-quark pair production in association with a Z boson (tt̄Z) or a Higgs boson (tt̄H)
constitute two other important background sources in the SSML channel. The tt̄Z sample
was simulated using MG5_aMC at NLO with the NNPDF3.0nlo PDF set, with µr and µf
both set to Hscale

T /2. It was normalised to the SM cross-section calculated at NLO in QCD
and electroweak corrections [14, 71]. The tt̄H sample was simulated using PowhegBox at
NLO with the PDF set of NNPDF3.0nlo for Run 2 and PDF4LHC21 [72] for Run 3. The µr
and µf scales were set to the geometric mean of the transverse mass of the three outgoing
partons. The process was normalised to the SM cross-section calculated at NLO in QCD
and electroweak corrections [14, 73–76].

The four-top-quark production process (tt̄tt̄) also contributes significantly in the SSML
channel. It was simulated using the MadGraph5_aMC@NLO generator, which incorporates
matrix-element calculations at NLO accuracy in QCD. The µr and µf scales were set to
Hscale

T /2. The simulated sample was normalised to the SM cross-section computed at NLO in
QCD, including electroweak corrections [69]. Together with the three-top-quark process (tt̄t),
modelled at LO using MadGraph5_aMC@NLO as described in ref. [77], these contributions
are collectively referred to as the multi-top background in the following.

In the 1L and SSML channels, additional minor background processes, such as V/V V/V V V +
jets and tt̄ + V V , are modelled using Sherpa at NLO and MadGraph at LO, respectively,
as detailed in refs. [77–79].

For the bb̄γγ channel, the non-resonant diphoton background arises from processes with
two prompt photons and events in which one or both photon candidates originate from
misidentified jets. The normalisation of this background is determined entirely from data,
while Sherpa MC samples with two prompt photons were used to model its kinematics.
The resonant background contributions from single Higgs boson production (primarily ggF
H and VBF H) and non-tt̄HH Higgs boson pair production (mainly ggF HH and VBF
HH) were modelled using MC samples, most of which were generated with the PowhegBox
generator as described in ref. [80].

4 Analysis strategy, object identification, and event selection

Although all three channels target tt̄HH production, their distinct signatures and background
compositions require dedicated analysis strategies. The 1L and SSML final states feature
relatively high signal and background rates, enabling analyses to be performed both on the
combined Run 2 and Run 3 data samples and separately for each data-taking period. In
contrast, the bb̄γγ final state offers a cleaner signature but suffers from limited numbers of
events, motivating an analysis based solely on the combined data sample.

The 1L and SSML channels adopt similar methodologies, relying on both simulation
and data for background estimation and employing transformer-based machine learning
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techniques [81] to enhance signal-to-background discrimination. Potential tt̄HH contributions
are extracted through simultaneous fits to the transformer outputs in the signal regions and
to selected fit variables in the background control regions. In the bb̄γγ channel, potential
signals are identified using a strategy analogous to ref. [80], based on fits to the diphoton
invariant-mass spectra. This method leverages the narrow Higgs boson resonance and the
excellent diphoton mass resolution of the ATLAS detector, enabling a fully data-driven
determination of the continuum background from the resonance sidebands.

The physics objects used in this analysis are summarised in section 4.1, with many
shared across the three channels. The event selection criteria specific to each channel
are then described in sections 4.2, 4.3, and 4.4. To be considered, an event must have
a primary vertex (PV), defined as the vertex reconstructed with at least two ID tracks
with pT > 500 MeV. If multiple PVs are present, the one with the largest sum of p2

T of
its associated tracks is chosen [82].

4.1 Object definition

Electrons are reconstructed by matching topological energy clusters in the EM calorimeter with
tracks in the ID and are identified using likelihood-based criteria that incorporate calorimeter
shower shape, track-to-cluster matching, and associated track quality requirements [83–85].
Electron candidates must have pT > 15 GeV and |ηcluster| < 2.47, excluding the transition
region between the barrel and endcap calorimeters (1.37 < |ηcluster| < 1.52). In the 1L
channel, they are required to satisfy the loose identification likelihood and loose isolation
criteria [83], whereas the SSML channel requires the tight identification likelihood and tight
isolation criteria. Unless otherwise stated, the isolation criteria are based on combined
tracking and calorimeter information.

Muons are reconstructed by combining tracks from the ID with those from the muon
spectrometer [86, 87]. Muon candidates must have pT > 15 GeV and |η| < 2.5. In the 1L
channel, they must satisfy the loose identification quality and loose track-based isolation
requirements, while in the SSML channel they are required to meet the medium identification
quality and tight isolation criteria [88].

To select leptons originating from the primary vertex, the transverse impact parameter,
normalised by its estimated uncertainty (|d0|/σ(d0)), must be less than five for electrons and
three for muons, while the longitudinal impact parameter must satisfy |z0 sin θ| < 0.5 mm
for both lepton flavours.

Photons are reconstructed from the topological energy clusters in the EM calorimeter [83–
85]. Photon candidates are required to have |ηcluster| < 1.37 or 1.52 < |ηcluster| < 2.37. Photons
are required to satisfy tight identification likelihood and loose track-based isolation criteria.

Jets are reconstructed using a particle-flow algorithm [89] that combines measurements
from the ID and the calorimeters. The anti-kt algorithm [90] with a radius parameter of
R = 0.4 is employed. Jets are required to have pT > 20 GeV and |η| < 2.5 and a calibration
procedure is performed as described in refs. [91, 92]. To mitigate pile-up effects, the jet-vertex
tagger (JVT) [93] is applied to jets with pT < 60 GeV and |η| < 2.4.

Jets originating from the hadronisation of b-quarks are identified (b-tagged) using the
GN2 algorithm [94], a transformer-based neural network designed to predict the flavour of
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reconstructed jets. The network takes as input per-track quantities and their associated
uncertainties, along with the jet pT and η. Its output scores are combined into a b-tagging
discriminant. Five thresholds, referred to as working points (WP), are defined with average
efficiencies of 65%, 70%, 77%, 85%, and 90% for tagging b-quark jets in simulated tt̄ events.
A pseudo-continuous b-tagging (PCBT) score, wPCBT, is assigned to each jet and represents
the number of WPs it satisfies. The score starts at one for jets failing to satisfy any WP
and increases by one for each successively tighter WP satisfied. It reaches a maximum
value of wPCBT = 6 for jets satisfying the tightest 65% WP. In the following, N

90% (85%,77%)
b

denotes the number of b-tagged jets satisfying the 90% (85%, 77%) WP. Another relevant
variable is

∑
jet wPCBT, defined as the sum of the wPCBT scores of all jets in the event for

which a valid wPCBT is assigned.
The missing transverse momentum, with its magnitude denoted by Emiss

T , is defined as
the negative vectorial sum of the pT of all reconstructed and calibrated objects in the event.
This sum also includes momenta from ID tracks matched to the primary vertex but not
associated with any other reconstructed objects (soft term) [95].

A sequential overlap-removal procedure is applied independently in each channel to ensure
that the same calorimeter energy deposit or track is not assigned to multiple reconstructed
objects. The procedure uses the lepton selection described above for the 1L channel, whereas
for the SSML channel the isolation requirements are removed from the lepton selection. For
the bb̄γγ channel, the leptons considered in the removal procedure are selected using the
medium identification requirement together with loose isolation criteria. The impact of the
overlap-removal procedure on the search is negligible.

Channel-specific event selections are then applied to maximise the sensitivity of each
channel.

4.2 1L selections

In the 1L channel, candidate events are required to contain exactly one lepton (electron or
muon) with transverse momentum pT > 27 GeV, satisfying tight identification and isolation
requirements. The selected lepton must be matched to a corresponding trigger-level object.
Emiss

T is required to exceed 20 GeV, consistent with the presence of a neutrino from the
leptonic top-quark decay.

Events are required to have at least six jets and at least four b-tagged jets identified with
the GN2 algorithm using the 85% WP, N85%

b ≥ 4. The nominal misidentification rates for
this WP are approximately 20% for c-jets and 1% for light-flavour jets.

To mitigate the parton-shower limitations in the modelling of high jet multiplicities and
low jet transverse momenta, an upper limit of eleven jets is imposed. Since signal tt̄HH

events are expected to exhibit substantial hadronic activity, the scalar sum of jet transverse
momenta, H jets

T , is required to be greater than 400 GeV.

4.3 SSML selections

The event selection for the SSML channel follows the strategy developed for studies of the
tt̄tt̄ production process, using the procedures detailed in refs. [96, 97]. Candidate events are
required to contain at least two leptons with pT > 15 GeV, with the leading lepton required
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to satisfy pT > 27 GeV and to be matched to a corresponding trigger-level object. Events
are categorised into two sub-channels: same-sign dilepton (SS2L) and trilepton (3L). The
SS2L sub-channel includes events with exactly two leptons of the same electric charge, while
the 3L sub-channel includes events with three or more leptons.

To reduce background from charge mis-identification in Z → e+e− processes, SS2L events
with same-sign electrons must satisfy |mee − mZ | > 10 GeV. In the 3L sub-channel, all
opposite-sign same-flavour lepton pairs are required to meet |mℓℓ −mZ | > 10 GeV to suppress
contamination from Z boson decays.

4.4 bb̄γγ selections

The bb̄γγ channel targets the HH→bb̄γγ decays of tt̄HH events. The selection of the two
photons follows the long-established ATLAS criteria [4, 80]. Events must contain exactly
two photons with an invariant mass in the range of 105 < mγγ < 160 GeV. The leading
(subleading) photon is required to satisfy the condition on the relative transverse momentum of
pT/mγγ > 35%(25%), ensuring a uniform acceptance across the mγγ spectrum. This selection
guarantees that both photons carry sufficient transverse momentum to be compatible with
a Higgs boson decay, while suppressing backgrounds containing photons originating from
QCD processes. In addition, events must contain at least two b-tagged jets selected with
the 90% working point, N90%

b ≥ 2.

5 Signal regions, control regions, and background estimation

Background contributions across the three channels are estimated by using one of three
approaches: fully simulation-based, hybrid simulation-data, or fully data-driven methods.
Processes that are well modelled or negligible are taken directly from MC simulation, while
backgrounds that are difficult to simulate reliably use MC to describe their kinematic
properties and data control regions (CR) to determine their normalisation. In the bb̄γγ search,
where a narrow H → γγ resonance is targeted, the continuum background is extracted from
the diphoton mass sidebands in data defined as 105 < mγγ < 120 GeV∪130 < mγγ < 160 GeV.
The following sections outline the specific strategies adopted for each channel.

5.1 The 1L channel

In the 1L channel, two signal-enriched regions (SR), 6b and 5bHi, and two background-enriched
CRs with negligible signal contamination, 5bLo and 4bHi, are defined based on the number of
b-tagged jets satisfying different WP criteria. These regions are summarised in table 2. The
SRs capture ∼ 1.1% of all the produced inclusive tt̄HH signal events.

The dominant background in the 1L channel arises from tt̄ events with additional heavy-
flavour (HF) jets, originating from b- or c-quarks produced primarily via gluon emissions
from higher-order QCD processes. Previous ATLAS and CMS analyses [98–101] have shown
that MC simulations systematically underestimate the production rate of these events. To
correct for this discrepancy, the normalisations of the tt̄+jets background components are
adjusted using CRs, with corrections derived according to the flavour composition of the
additional jets. Their kinematic distributions are modelled using MC simulation. The tt̄+jets
events are categorised according to the generator-level flavour of the extra jets, identified
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Region Type N85%
b N77%

b Fit variable
4bHi CR 4 4

∑
jet wPCBT

5bLo CR 5 ≤ 4
∑

jet wPCBT

5bHi SR 5 5 Transformer output
6b SR ≥ 6 — Transformer output

Table 2. Definition of regions in the 1L channel, along with the variables used in the fit. The
quantities N85%

b and N77%
b represent the number of b-tagged jets identified using the 85% and 77%

efficiency working points, respectively.

via a hadron–jet matching algorithm described in ref. [78]. Five categories are defined:
tt̄ + ≥ 1c/l(light), tt̄ + 1b, tt̄ + 2b, tt̄ + 3b, and tt̄ + ≥ 4b.

The normalisation factors (NF) for each tt̄+jets category are determined simultaneously
with the signal strength (see section 8) using a profile likelihood fit that incorporates both the
signal and CRs defined in table 2, along with the corresponding fitting variables in each region.
Pre-fit normalisations are taken directly from the generator cross-section predictions. Each
category is treated as an independent process and assigned its own modelling uncertainties.
The post-fit normalisations of the dominant components, tt̄ + 1b and tt̄ + 2b, are extracted
through unconstrained parameters in the fit, allowing them to adjust freely to the observed
data. Due to the limited constraining power of the data, the tt̄ + ≥ 1c/l, tt̄ + 3b, and
tt̄ + ≥ 4b components are normalised to their MC predictions, with associated systematic
uncertainties discussed in section 7. Other minor background contributions (V/V V/V V V ,
tt̄V , tt̄H, multi-top and V (V, V V )+jets) are also estimated by using MC simulation.

5.2 The SSML channel

In the SSML channel, the SRs are defined as follows. Events in the SS2L category are required
to have at least six jets, while those in the 3L category must contain at least five jets. In both
cases, at least two jets must be b-tagged using the 85% WP, i.e. N85%

b ≥ 2. Additionally, the
scalar sum of the transverse momentum of jets and leptons, Hall

T , must exceed 400 GeV. In
this channel, the SRs capture approximately 0.75% of all produced tt̄HH signal events.

Background contributions in the SSML channel are classified into two main types: physics
backgrounds and instrumental backgrounds. Physics backgrounds originate from processes
that produce final states similar to those targeted by the SSML selection, including V V , V V V ,
tt̄V , tt̄H, tt̄V V , and multi-top. In these processes, leptons arise from the prompt decays of
heavy bosons (W , Z, and H). Among these background sources, tt̄V , tt̄H, and multi-top
constitute the dominant contributions limiting the search sensitivity.

All physics backgrounds, except for tt̄W , are estimated by using MC simulations. For
tt̄W , its kinematic properties are modelled using MC, while a dedicated CR is employed
to constrain its normalisation using data. This is achieved through a template fit to the
jet multiplicity distribution (Nj) in the tt̄W CR. This approach accounts for a potentially
enhanced tt̄W production cross-section relative to the SM prediction, motivated by recent
measurements [79, 102]. The selection criteria for this CR are given in table 3. The
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requirements for this and other CRs described below are designed to enhance contributions
from the targeted background sources while remaining orthogonal to the SR.

Instrumental backgrounds originate from leptons with misidentified charge (QmisID)
and non-prompt leptons from photon conversions, heavy-flavour quark decays, and jets mis-
identified as leptons (Fake/non-prompt). The main process contributing to these backgrounds
is tt̄ production. These backgrounds are challenging to simulate accurately and are therefore
evaluated using a combination of MC and data-driven techniques, following the methodology
described in ref. [97].

QmisID primarily affects the SS2L ee and eµ channels, as electron identification is
particularly susceptible to charge misidentification due to bremsstrahlung radiation followed
by photon conversion. In Run 2 data, a boosted decision tree (BDT) based electron charge
identification (ECID) tool is employed to significantly reduce the QmisID contribution [83].
The ECID tool combines tracking information with the magnitude and spatial pattern of
bremsstrahlung radiation to reject electrons whose charges are likely mismeasured. However,
this tool is not yet available for the Run 3 data sample, resulting an increased QmisID
background.

The charge misidentification rate is derived from Z → e+e− events in data, selected
with |mee − mZ | < 10 GeV and no charge requirement. The rate is determined from the
fraction of same-sign electron pairs and parameterised as a function of the electron pT and
η. It is then applied to the ee and eµ data events passing the SS2L selection, excluding the
charge requirement, to estimate the QmisID background contribution. In Run 2, the rate
ranges from 0.004% for electrons with pT < 60 GeV in the central region to 4% for those
with pT > 130 GeV in the forward region. In Run 3, the rate increases by a factor of 2–5
depending on the electron pT and |η|.

Backgrounds from photon conversions, γ(∗) → e+e−, occurring either at the primary vertex
or within the detector material, can lead to only one of the electrons being reconstructed. A
conversion electron is identified through its small invariant mass with a nearby reconstructed
track. It is classified as an internal conversion (Int. Conv.), γ∗ → e+e−, if the associated
track points to the primary vertex, or as a material conversion (Mat. Conv.), γ → e+e−, if
the track instead points to a conversion vertex in the detector material. Leptons from heavy-
flavour (b- and c-quark) decays generally fail to satisfy the identification criteria designed
for prompt leptons from vector boson decays. However, a small fraction satisfy the selection
and contribute to the non-prompt lepton background.

Similar to the tt̄W background, CRs are used to improve the estimates of these fake/non-
prompt lepton background contributions. MC predictions are scaled by NFs derived from a
template fit to data in all the CRs, defined in table 3. Each CR targets a specific background
source: ‘Int. Conv.’ for virtual photon conversions at the primary vertex, ‘Mat. Conv.’ for
real photon conversions in the detector material, ‘HF e’ for electrons from heavy flavour
decays, and ‘HF µ’ for muons from heavy flavour decays. The selection criteria leverage the
characteristic features of these background processes to enhance their contributions while
ensuring orthogonality among all CRs and the SR. The distributions of event variables
used in the fits are listed in the table.
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Region Channel Nj N85%
b Other selection Fit variable

SR SS2L ≥ 6
≥ 2 Hall

T > 400 GeV Transformer
3L ≥ 5 output

tt̄W SS2L eµ, µµ ≥ 4 ≥ 2 pℓ2
T > 25 GeV, |η(e)| < 1.5 Nj

If N85%
b = 2: Hall

T < 400 GeV or Nj < 6
If N85%

b ≥ 3: Hall
T < 400 GeV

Int. Conv. SS2L ee, eµ 4 ≤ Nj < 6 ≥ 1 Only one e from γ∗ → ee Nevents
No e from γ → ee

Mat. Conv. SS2L ee, eµ 4 ≤ Nj < 6 ≥ 1 Only one e from γ → ee Nevents
No e from γ∗ → ee

HF µ 3L eµµ, µµµ ≥ 1 = 1 Emiss
T > 35 GeV pℓ3

T
100 < Hall

T < 275 GeV
Total lepton charge = ±1

HF e 3L eee, eeµ ≥ 1 = 1 Emiss
T > 35 GeV pℓ3

T
100 < Hall

T < 275 GeV
Total lepton charge = ±1

Table 3. Definitions of signal and control regions in the SSML channel. In the 3L sub-channel, leptons
are labelled as ℓ1, ℓ2, and ℓ3 in decreasing order of pT. Nj, and N85%

b denote the numbers of jets and
b-tagged jets identified using the 85% working point.

For the Run 3 data, photon conversion CRs (Int. Conv. and Mat. Conv.) are not used
due to the larger QmisID background contribution stemming from the absence of the ECID
tool. Instead, the NFs obtained from the Run 2 data are used to estimate the conversion
background contributions in Run 3 data.

Fake/non-prompt lepton background contributions from light hadron decays or mis-
identified jets are expected to be minimal and are estimated by using simulation without
additional corrections.

5.3 The bb̄γγ channel

Three SRs are defined for the bb̄γγ channel using BDTs, as described in section 6. The
background model in this channel comprises a dominant non-resonant (continuum) component,
along with several resonant contributions from Higgs boson production in the diphoton
invariant-mass spectrum.

The continuum background primarily originates from γγ+jets events, with smaller con-
tributions from γ+jet or dijet events where one or two jets are misidentified as photons.
Due to the tight event selection, this background is dominated by processes with associated
heavy-flavour production. Therefore, two dedicated samples, γγbb̄ and tt̄γγ are used to
model the continuum background composition and kinematics. MC simulation is used solely
for optimising the event selection and for training multivariate classifiers.

The continuum background is modelled with an exponential function chosen using the
spurious-signal procedure [103], which evaluates a broad range of candidate parameterisations.
The exponential form is retained because it satisfies statistical criteria ensuring that it does
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not artificially absorb or generate a signal. The exponential shape parameter is determined
from data via an unbinned maximum-likelihood fit to the diphoton invariant mass distribution,
mγγ , performed in the sidebands of all the bb̄γγ SRs described in section 6. The fit uses
independent normalisations for each region while enforcing a common exponential shape
correlated across them. Allowing the shape parameter to vary independently in each SR
changes the overall sensitivity by less than 1%, and the resulting parameter values are
consistent across regions within statistical uncertainties.

Resonant backgrounds from single Higgs boson production and non-tt̄HH Higgs boson
pair production processes are modelled using simulated samples and are normalised to their
corresponding theoretical cross-sections. Their shapes are described by double-sided Crystal
Ball (DSCB) functions [104] derived from simulation.

The complete background model is thus constructed as the sum of the analytic continuum
and resonant MC templates. A combined likelihood fit simultaneously determines the
normalisations and the correlated continuum shape across the signal and sideband regions,
while the resonant contributions remain constrained to their theoretical predictions.

6 Multivariate discriminants

Multivariate analysis techniques are employed to exploit the kinematic differences between
signal and background events that satisfy the SR selection in the 1L and SSML channels. A
transformer architecture is used, incorporating the scaled dot-product attention mechanism
described in ref. [81].

MC samples are used to train the transformer models, which are designed to distinguish
among various event classes, including both signals and backgrounds. The training process
aims to minimise a loss function that quantifies the fraction of misclassified events within
the training data samples.

Signal and background samples used to develop the transformer models are partitioned
into three statistically independent subsamples: one for training (training set), one for hyper-
parameter optimisation (validation set), and one for performance evaluation (test set). This
strategy facilitates the study and mitigation of over-training effects. The test set is also used
to predict the expected signal and background distributions of the transformer output scores
for the final statistical analyses. A k-fold method, with k = 3 for 1L and k = 4 for SSML,
is performed by rotating the three sets in order to evaluate independently all data samples
and maximise the number of MC events used in the final statistical analyses. The training
is performed separately for the Run 2 and Run 3 data samples.

The input features to the transformer consist of kinematic variables, complemented by
b-tagging. These include the momentum vectors (pT, η, ϕ) of leptons, jets and Emiss

T , along
with the jet wPCBT and the charge information for leptons.

For the 1L channel, a binary transformer classifier is trained to distinguish the tt̄HH

signal from all background processes. In contrast, the SSML channel employs a three-class
training scheme to separately identify the tt̄HH signal, the multi-top background, and all
other backgrounds. The multi-top contribution is treated separately due to its comparatively
large cross-section uncertainty. The transformer provides class-likelihood scores that are
between zero and one for each event: ptt̄HH and pbkgd in 1L and ptt̄HH , pmulti-top, and pothers
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in SSML. These scores are used to construct discriminants, D1L for 1L and DSSML for SSML,
for the final signal-background separation:

D1L = ptt̄HH , DSSML = ln
(

ptt̄HH

0.2 · pmulti-top + 0.8 · pothers

)
.

The weights assigned to the multi-top and other background components in the SSML
discriminant are optimised to maximise sensitivity to the tt̄HH signal. These weights closely
reflect the relative contributions of the corresponding background processes in the highest
DSSML regime.

The bb̄γγ channel employs a set of BDTs to define SRs of varying purities, rather than
serving as the final discriminant. Signal-to-background discrimination is achieved through
a multi-BDT strategy, implemented using the XGBoost algorithm [105] and the Optuna
framework [106] for hyperparameter optimisation.

Four independent BDTs, shown in figure 2, are trained on the combined Run 2 and
Run 3 data samples to distinguish the tt̄HH signal from the four major backgrounds: γγbb̄,
tt̄γγ, tt̄H, and other Higgs processes. Key input features include the reconstructed di-Higgs
boson invariant mass and the kinematics of photons and b-tagged jets. Training is validated
with independent test samples, and overtraining is assessed by comparing training and test
BDT-score distributions. Three mutually exclusive SRs (SR1, SR2, and SR3), ordered from
the lowest to highest sensitivity, are defined for events with N90%

b ≥ 3 using three thresholds
(c1

i < c2
i < c3

i ) on each of the four BDTs (i = 1, 2, 3, 4). SR3 contains events satisfying all
highest thresholds (c3

i ), SR2 consists of events satisfying the intermediate thresholds (c2
i )

but fail to satisfy the SR3 requirement. Finally SR1 includes events satisfying the baseline
thresholds (c1

i ), excluding those already assigned to SR2 or SR3. The threshold values, ck
i ,

are optimised to maximise the expected signal significance within the diphoton mass window
120 < mγγ < 130 GeV, while ensuring at least three sideband events in each SR. In the bb̄γγ

channel, the SRs retain approximately 0.05% of all tt̄HH signal.

7 Systematic uncertainties

Systematic uncertainties in the tt̄HH search are categorised into three main groups: experi-
mental uncertainties, which affect reconstructed objects such as leptons, photons, and jets;
theoretical uncertainties, related to the modelling of signal and background processes; and
data-driven uncertainties, associated with background estimates derived from data. These
uncertainties impact both the shape of kinematic distributions and the normalisation of
signal and background contributions. While the specific objects and processes may vary
across channels, the methodologies for evaluating experimental and theoretical uncertain-
ties are similar. In contrast, the estimation of uncertainties for data-driven background
contributions is channel-specific. In the 1L and SSML channels, systematic variations are
propagated through the transformer-output templates used in the binned fit. For the bb̄γγ

channel, the uncertainties are incorporated via the mγγ model (signal DSCB parameters and
background-shape parameters) entering the unbinned fit in each category.

All three channels remain statistically limited, especially the bb̄γγ channel. The dominant
systematic uncertainties stem from the modelling of tt̄ production with at least three b-jets
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Figure 2. BDT score distributions obtained from the combined Run 2 and Run 3 data samples,
used to discriminate the tt̄HH signal from the main background processes: (a) γγbb̄, (b) tt̄γγ, (c)
tt̄H, and (d) single Higgs boson and di-Higgs boson production. All histograms are normalised to
unity. Vertical dashed lines indicate the BDT score thresholds used to define the signal regions, whose
boundaries are determined simultaneously across the four BDT scores.

in the 1L channel, the theoretical uncertainty on the four-top production cross section in
the SSML channel, and the modelling of tt̄H production with extra heavy-flavour jets in
the bb̄γγ channel.

The subsections below first describe systematic uncertainties common to all channels,
followed by those specific to each channel and their corresponding impacts.

7.1 Experimental uncertainties

Jet-related uncertainties arise from several sources, including the jet energy scale (JES), jet
energy resolution (JER), flavour tagging, and JVT used for pile-up rejection. JES and JER
uncertainties are evaluated using control samples where jets recoil against well-calibrated
reference objects — such as photons, Z bosons, or other calibrated jets [91]. Flavour tagging
uncertainties originate from uncertainties in tagging efficiencies and misidentification rates.
These are assessed using tt̄ events for b- and c-jets, and Z+jets events for light-quark and
gluon jets [107–109]. Additional uncertainties are considered for the JVT efficiency [93].
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Furthermore, a separate uncertainty is applied in simulation to account for differences in
detector response between b-jets, light-quark jets and gluon jets.

Uncertainties in the reconstruction, identification, isolation and trigger efficiencies of
electrons, photons, and muons are also considered, along with uncertainties in their energy
scale and resolution [83, 88]. The latter uncertainties for jets and leptons are propagated
to the calculation of Emiss

T , which also incorporates contributions from the modelling of the
underlying event and the reconstruction efficiency of tracks used to compute the soft term [110].

The uncertainty in the integrated luminosity is 0.83% [31] for the Run 2 data sample,
and 2.0% [32, 33] for the Run 3 data sample. These values are derived using the LUCID-2
detector [111], supplemented by measurements from the inner detector and calorimeters.
An additional uncertainty is considered for corrections applied to the pile-up profile in
simulated samples.

7.2 Theoretical uncertainties

Uncertainties in the modelling of signal and background processes arise from several sources:
the PDFs, αs, missing higher-order QCD corrections in the partonic MEs, and initial- and final-
state radiation (ISR and FSR). PDF uncertainties are evaluated following the PDF4LHC
recommendations [72], while αs uncertainties are estimated by varying its value within
the current measurement range. Uncertainties due to missing high-order corrections are
assessed by varying the renormalisation and factorisation scales relative to their central values.
Generator-related uncertainties are determined by comparing nominal predictions with those
obtained using alternative generators or parton shower models, as specified in table 1. ISR
and FSR uncertainties are evaluated by varying the renormalisation scales in the parton
shower, as well as the renormalisation and factorisation scales in the MEs.

7.3 1L specific uncertainties

Modelling uncertainties for tt̄+jets are evaluated by comparing the nominal
Powheg+Pythia 8 (5FS) sample with four alternative samples: Powheg+Pythia 8 con-
figurations with pThard=1 and with hdamp = 3mt, a Powheg+Herwig 7 sample, and a
PowhegBoxRes +Herwig7 (4FS) sample. Each alternative generator and each tt̄+jets
component (tt̄ + c/l, tt̄ + 1b, tt̄ + 2b, tt̄ + 3b, and tt̄+ ≥ 4b) is treated independently. The
normalisations of the tt̄ + 1b and tt̄ + 2b components are constrained in data through two
independent free NFs. For these two, the alternative samples are normalised to the nominal
phase space, so that the uncertainties account for shape and acceptance effects, separated
from overall normalisation variations. For the tt̄ + 3b, tt̄+ ≥ 4b, and the subdominant
tt̄+ c/l components, additional normalisation uncertainties of 40%, 50%, and 6%, respectively,
are assigned. These values are derived, for each component, from the sum in quadrature
of the relative differences between the nominal prediction and all alternative samples. In
this case, the alternative samples are not normalised to the nominal phase space. The
resulting uncertainty includes their intrinsic normalisation differences and therefore includes
normalisation, shape, and acceptance effects.
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7.4 SSML specific uncertainties

For the SSML channel, a conservative uncertainty is assigned to the tt̄tt̄ production. The
ATLAS Collaboration has previously measured the tt̄tt̄ cross-section to be about two standard
deviations above the SM prediction [97]. To account for both the 15% theoretical uncer-
tainty [69] and the discrepancy with the ATLAS measurement, normalisation uncertainties
of +70%

−15% are applied, similar to the approach taken in ref. [77]. These uncertainties are also
applied to the minor tt̄tt̄ background in the 1L channel.

Uncertainties in the fake/non-prompt lepton and QmisID background contributions
are evaluated following the methodology outlined in ref. [97]. For the fake/non-prompt
lepton background, only shape uncertainties in the distributions used in the template fit
are considered, as their normalisations are free parameters in the fit. These uncertainties
are estimated by comparing data with the background predictions in regions kinematically
similar to the control regions. For the heavy-flavour non-prompt background, a loose lepton
selection is employed, while for the conversion background, comparisons are made using
µµγ(∗) events in the 3L sub-channel.

Additional systematic uncertainties associated with the ECID are also included. As
discussed in section 5.2, the photon-conversion backgrounds for Run 3 are estimated by
using the NFs derived from Run 2 data. Extra systematic uncertainties are applied to
account for differences in event yields between the Run 3 and the Run 2 extrapolations
without the ECID tool.

7.5 bb̄γγ specific uncertainties

The dominant uncertainty in the continuum γγ+jets background arises from the choice of
analytic function for its modelling. This background modelling uncertainty is evaluated
using the spurious signal method that quantifies the fitted signal yield obtained when a
signal-plus-background fit is applied to background-only templates [103]. In all categories,
the resulting bias is treated as a systematic uncertainty in the signal yield.

For resonant processes, a conservative 100% uncertainty is assigned to single and di-
Higgs boson processes to account for modelling limitations in heavy-flavour–jet-associated
production. An exception is made for tt̄H production with additional heavy-flavour jets,
for which a 50% normalisation uncertainty is assigned, derived from the measurement in
refs. [98, 99].

8 Statistical analysis and results

To assess the compatibility of the observed data with background expectations and to search
for the presence of a tt̄HH signal, simultaneous maximum-likelihood fits are performed across
the SRs and CRs. In the 1L and SSML channels, binned likelihood fits to data are performed
using the transformer discriminant in the SRs and the fit variables listed in tables 2 and 3
for the CRs. For the bb̄γγ channel, an unbinned maximum-likelihood fit is performed to the
diphoton invariant mass mγγ in each of the three BDT-defined SRs.

The parameter-of-interest (POI) in the fit is the signal strength, µtt̄HH , defined as the
ratio of the observed tt̄HH signal cross-section to the SM expectation. The fit also includes
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normalisation parameters, which constrain background contributions using data from CRs
in the 1L and SSML channels, and background parameters for the bb̄γγ channel. Systematic
uncertainties are incorporated via nuisance parameters (NPs).

Likelihood functions are constructed separately for each SR and CR. In the 1L and SSML
channels, the likelihood is built from binned Poisson probabilities of the corresponding fitting
variable. In the bb̄γγ channel, the likelihood is unbinned and defined as the product of per-
event probability densities evaluated at the observed mγγ . Gaussian or log-normal constraints
are applied to the NPs in both cases. These individual likelihoods are then aggregated across
all regions to form the final likelihood function, which is subsequently maximised in the fit.

For the 1L and SSML channels, the final likelihood function is:

L(µtt̄HH , κ⃗, θ⃗) =
∏
r

Nr
bins∏
i

Pois(nr
i |νr

i (µtt̄HH , κ⃗, θ⃗))

 · G(θ⃗),

where
∏

r denotes the product of all regions, Pois(nr
i |νr

i (µtt̄HH , κ⃗, θ⃗)) represents the Poisson
probability in bin i from region r, with nr

i and νr
i (µtt̄HH , κ⃗, θ⃗) representing the observed

and expected event counts, respectively. The variables κ⃗ and θ⃗ correspond to NFs and NPs.
The expected count in each bin is given by

νr
i (µtt̄HH , κ⃗, θ⃗) = µtt̄HHSr

i (θ⃗) + Br
i (κ⃗, θ⃗), (8.1)

where Sr
i is the expected signal yield from the SM, and Br

i is the estimated background
contribution, in bin i from region r. The function G(θ⃗) encodes the prior constraints on
the NPs.

For bb̄γγ, the final likelihood function has the form:

L(µtt̄HH , κ⃗, θ⃗) =
∏
r

[
Pois(nr|νr(µtt̄HH , κ⃗, θ⃗)) ×

nr∏
i

fr(mi
γγ , κ⃗, θ⃗)

]
· G(θ⃗).

Here nr and νr are the observed and expected event counts in region r, respectively. The
function fr(mi

γγ , κ⃗, θ⃗) represents the probability density for the diphoton mass of event i in
the region r, summing over both signal and background contributions, analogous to eq. (8.1):

fr(mi
γγ , κ⃗, θ⃗) = µtt̄HHSr(mi

γγ) + Br(mi
γγ , κ⃗, θ⃗) (8.2)

where Sr and Br denote the probability densities for the SM signal and background con-
tributions in region r, respectively. The vector κ⃗ parameterises the background model and
G(θ⃗) represents the NP constraints as described above.

For the 1L and SSML channels, the Run 2 and Run 3 data samples are first fitted
independently and then combined. In contrast, the bb̄γγ channel employs a single fit to
the two data samples, motivated by the limited numbers of events and the similarity of
their kinematic distributions. Experimental systematic uncertainties are assumed to be
correlated across channels within the same run period, but uncorrelated between run periods
except for most of the jet-related uncertainties, which are treated as correlated. Theoretical
uncertainties in the process cross-sections are considered correlated across both run periods
and all channels, while other modelling uncertainties are uncorrelated across run periods to

– 19 –



J
H
E
P
0
8
(
2
0
2
6
)
0
2
0

0

500

1000

1500

2000

2500

3000

3500Ev
en

ts

ATLAS  
s =  13 TeV, 140 fb 1

 ttHH 1L, Post-fit 
4bHi CR

Data
tt + 1b
tt + 2b
tt + 3b

tt + c/l
ttX(+X)
Others
Bkg. (Pre-fit)

23 24 25 26 27 28 29 30 31

jet
wPCBT

0.1

0.0

0.1

Da
ta

 - 
Bk

g.
Bk

g.

(a)

0

200

400

600

800

1000

1200

1400

Ev
en

ts

ATLAS  
s =  13.6 TeV, 56 fb 1

 ttHH 1L, Post-fit 
4bHi CR

Data
tt + 1b
tt + 2b
tt + 3b

tt + c/l
ttX(+X)
Others
Bkg. (Pre-fit)

23 24 25 26 27 28 29 30 31

jet
wPCBT

0.1

0.0

0.1

Da
ta

 - 
Bk

g.
Bk

g.

(b)

0

100

200

300

400

500

Ev
en

ts

ATLAS  
s =  13 TeV, 140 fb 1

 ttHH 1L, Post-fit 
5bLo CR

Data
tt + 1b
tt + 2b
tt + 3b

tt + c/l
ttX(+X)
Others
Bkg. (Pre-fit)

27 28 29 30 31 32

jet
wPCBT

0.1

0.0

0.1

Da
ta

 - 
Bk

g.
Bk

g.

(c)

0

25

50

75

100

125

150

175

200Ev
en

ts
ATLAS  

s =  13.6 TeV, 56 fb 1

 ttHH 1L, Post-fit 
5bLo CR

Data
tt + 1b
tt + 2b
tt + 3b

tt + c/l
ttX(+X)
Others
Bkg. (Pre-fit)

27 28 29 30 31 32

jet
wPCBT

0.1

0.0

0.1

Da
ta

 - 
Bk

g.
Bk

g.

(d)

Figure 3. Distributions of the sum of jet pseudo-continuous b-tagging scores in the 4bHi and 5bLo
control regions of the 1L channel for the (a, c) Run 2 and (b, d) Run 3 data samples, comparing the
data with the post-fit stacked background predictions. The lower panels display the relative differences
between the data and the background predictions. The hatched bands indicate the combined statistical
and systematic uncertainties in the background predictions. For reference, the pre-fit background
predictions are overlaid as dashed histograms.

account for differences in the MC generator configurations used in the two runs. The NFs for
the tt̄ + 1b, tt̄ + 2b, and tt̄W processes, introduced to account for differences between data
and theoretical predictions, are treated as correlated between the run periods, while all other
NFs, related to instrumental backgrounds in the SSML channel, are kept uncorrelated.

The fits are performed under the signal-plus-background hypothesis. Good agreement
is observed between the data and background expectations across all fit variables, for all
channels and data-taking periods. Figures 3 and 4 show the post-fit background composition
in the 1L and SSML CRs, respectively, for the combined Run 2 and Run 3 data samples.
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Figure 4. Distributions of the fit variables of the SSML control regions, using the same binning
as in the fit, for the (a) Run 2 and (b) Run 3 data samples, comparing the data with the post-fit
stacked background predictions. The lower panels display the relative differences between the data
and the background predictions. The hatched bands indicate the combined statistical and systematic
uncertainties in the background predictions. For reference, the pre-fit background predictions are
overlaid as dashed histograms.

In the 1L channel, the post-fit NFs for the tt̄ + 1b and tt̄ + 2b processes are 1.2 ± 0.4 and
0.91 ± 0.11, respectively, while in the SSML channel the tt̄W NF is 1.04 ± 0.20. These NFs
are consistent within uncertainties between Run 2 and Run 3.

The corresponding post-fit discriminant distributions are shown in figure 5 for the 1L
channel and in figure 6 for the SSML channel, presented separately for the Run 2 and Run 3
data samples. Figure 7 shows the post-fit diphoton invariant mass distribution for the bb̄γγ

channel, combining the Run 2 and Run 3 data samples. The measured signal-strength values
are all compatible with the SM prediction of unity, µ1L

tt̄HH
= −5+15

−15 from 1L, µSSML
tt̄HH

= 5+17
−21

from SSML, and µbb̄γγ
tt̄HH

= −13+35
−6 from bb̄γγ. The asymmetry in the measured signal-strength

uncertainty in the bb̄γγ channel arises from the physical constraint that the total expected
event yield must remain non-negative. Combining three channels yields a best-fit signal-
strength value of µtt̄HH = −3+11

−12. Distributions of representative kinematic variables in the
Run 2 signal regions are shown in figure 8 for 1L and figure 9 for SSML, demonstrating good
agreement between the observed data and the post-fit background predictions. Comparable
agreement is observed in Run 3.

Upper limits on the signal strength at the 95% CL are derived using the modified
frequentist method [112], commonly referred to as the CLs method, and employing the q̃µ test
statistic in the asymptotic approximation [113]. The observed (expected) 95% CL upper limits
on the signal strength are 26 (29), 40 (38), and 75 (79) for the 1L, SSML, and bb̄γγ channels,
respectively. In all cases, the expected limits are computed under the background-only
hypothesis (µtt̄HH = 0). Combining the three channels results in an observed upper limit of
20 at 95% CL, compared with an expected limit of 21. Figure 10 shows the observed and
expected limits for the individual 1L, SSML, and bb̄γγ channels, as well as their combination.
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Figure 5. Distributions of the D1L discriminant in the 5bHi and 6b signal regions of the 1L channel
for the (a, c) Run 2 and (b, d) Run 3 data samples, comparing the data with the post-fit stacked
background predictions. The observed tt̄HH signal in this channel, corresponding to a measured
signal strength of µ1L

tt̄HH
= −5+15

−15, is overlaid as a negative contribution. The lower panels display the
relative differences between the data and the background predictions. The hatched bands indicate the
combined statistical and systematic uncertainties in the background predictions. For reference, the
pre-fit background predictions are overlaid as dashed lines, and the SM tt̄HH signal distribution —
scaled up by a factor of 200 — are shown as solid lines.

For the 1L and SSML channels, the results from the Run 2 and Run 3 data samples are
compatible within uncertainties, with the Run 2 data sample providing more stringent limits
due to its larger integrated luminosity.

Table 4 summarises the breakdown of contributions to the observed and expected un-
certainties, ∆µtt̄HH , in the signal strength of the combined 1L, SSML, and bb̄γγ analysis
from different groups of uncertainty sources. These breakdowns are derived by performing
conditional profile-likelihood fits in which all NPs associated with a given uncertainty group
are fixed to their best-fit values, while all remaining parameters are profiled. The uncer-
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Figure 6. Distributions of the DSSML discriminant in the SSML signal regions for the (a) Run 2 and (b)
Run 3 data samples, comparing the data with the post-fit stacked signal-plus-background predictions.
The observed tt̄HH signal in this channel, corresponding to a measured signal strength of µSSML

tt̄HH
= 5+17

−21,
is displayed stacked on top of the backgrounds. The first and last bins include contributions from
underflow and overflow, respectively. The lower panels display the relative differences between the data
and the background predictions. The hatched bands indicate the combined statistical and systematic
uncertainties in the background predictions. For reference, the pre-fit background predictions are
overlaid as dashed lines, and the SM tt̄HH signal distribution — scaled up by a factor of 200 — are
shown as solid lines.
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Figure 7. Comparison of the mγγ distributions between the observed data and the signal-plus-
background fitted estimate (solid) for the bb̄γγ channel in the three signal regions: (a) SR1, (b) SR2
and (c) SR3, where SR1 is the least sensitive and SR3 the most sensitive. The continuous background
(dotted) and the total background (dashed) are also shown. The observed tt̄HH signal strength in
this channel is µbb̄γγ

tt̄HH
= −13+35

−6 .
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Figure 8. Distributions of the (a, c) jet multiplicity and (b, d) sum of pseudo-continuous b-tagging
scores in the (a, b) 5bHi and (c, d) 6b signal regions of the 1L channel for the Run 2 data sample,
comparing the data with the post-fit stacked background predictions. The fitted tt̄HH signal in
this channel, µ1L

tt̄HH
= −5+15

−15, is overlaid as a negative contribution. The lower panels display the
relative differences between the data and the background predictions. The hatched bands indicate the
combined statistical and systematic uncertainties in the background predictions. For reference, the
pre-fit backgrounds are overlaid as dashed lines, and the SM tt̄HH signal distributions — normalised
to the total background yield — are shown as solid lines.

tainty attributed to each group is then defined as the difference in quadrature between the
total post-fit uncertainty and the uncertainty from the corresponding conditional fit. The
expected breakdowns are evaluated assuming µtt̄HH = 1, and correlations among different
groups are neglected. The systematic uncertainties are categorised into signal modelling,
background modelling, number of MC events and detector systematic uncertainties, with
the background-modelling contribution further decomposed by background source. The
uncertainties from the floating NFs, which are limited by the available number of data events,
are included in the data statistical uncertainty category. Data statistical and systematic
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Figure 9. Distributions of the (a) jet multiplicity and (b) Hall
T in the SSML signal region for the Run 2

data sample, comparing the data with the post-fit stacked signal-plus-background predictions. The
fitted tt̄HH signal in this channel, µSSML

tt̄HH
= 5+17

−21, is shown stacked on top of the backgrounds. The
first and last bins include contributions from underflow and overflow, respectively. The lower panels
display the relative differences between the data and the background predictions. The hatched bands
indicate the combined statistical and systematic uncertainties in the background predictions. For
reference, the pre-fit backgrounds are overlaid as dashed lines, and the SM tt̄HH signal distributions

— normalised to the total background yield — are shown as solid lines.
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Figure 10. Observed and expected 95% CL upper limits on the signal strength from the individual
1L, SSML, and bb̄γγ channels, and from their combination. The expected limits are derived under the
background-only hypothesis, i.e. assuming µtt̄HH = 0.
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Uncertainty Source Observed Expected

Signal modelling (+0.9,−1.8) (+1.3,−1.0)
Background modelling (+6.8,−8.2) (+5.7,−6.2)

tt̄ + jets (+5.3,−6.5) (+4.7,−5.0)
tt̄tt̄ (+4.6,−6.4) (+2.9,−4.0)
tt̄H (+2.1,−1.6) (+2.0,−1.9)
others (+0.9,−0.7) (+0.9,−0.8)

MC statistical (+2.8,−3.7) (+2.5,−2.7)
Detector systematic (+2.2,−3.4) (+1.9,−1.5)

Total systematic (+8.3,−9.4) (+7.3,−7.4)
Data statistical (+7.2,−6.8) (+7.2,−6.7)

Total (+11.0,−11.6) (+10.3,−10.0)

Table 4. Breakdowns of the contributions to the observed and expected uncertainties, ∆µtt̄HH , in
the signal strength of the combined 1L, SSML, and bb̄γγ analysis for different groups of uncertainty
sources, neglecting correlations among groups.

uncertainties contribute comparably to the total uncertainty, while background modelling
dominates the systematic uncertainty.

9 Higgs effective field theory interpretation

Beyond-the-SM (BSM) self-interactions of the Higgs boson, or its non-standard interactions
with other gauge fields and fermions, could lead to modifications to the tt̄HH event rate
as well as affect the kinematic properties of the signal events. The results obtained with
the two most sensitive channels of this analysis, i.e. the 1L and SSML channels, are thus
interpreted in the context of the HEFT formalism, with a focus on anomalous interactions
between Higgs boson pairs and top quark pairs.

Similarly to the SM effective field theory (SMEFT) [114, 115], HEFT assumes the SM
field content. However, unlike in SMEFT, where the Higgs boson is part of an SU(2) doublet
alongside unphysical Goldstone bosons, in HEFT the Higgs boson is a gauge singlet. This
allows the Higgs boson dynamics to be decoupled from the symmetry-breaking pattern [116].
Consequently, HEFT enables more general deviations in Higgs boson couplings, which must
be independently constrained through precision measurements, and features a more intricate
power counting compared to SMEFT [117–119]. The HEFT approach employed in this study
is implemented in a model specifically developed for this purpose and is interfaced through
MadGraph [51] using the FeynRules UFO model format [120, 121].

State-of-the-art constraints on ctt̄HH have been derived from the ggF HH channel by both
the ATLAS [8] and CMS [9] collaborations, (−0.19 < ctt̄HH < 0.7 and −0.28 < ctt̄HH < 0.59,
respectively), which remains the most sensitive channel to date for ctt̄HH . However, assuming
a weakly interacting ultraviolet completion [122], ggF is parameterised by two additional
Higgs–gluon couplings, cggH and cggHH , in comparison with tt̄HH where these enter at higher
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Figure 11. (a) Observed and (b) expected values of the profile likelihood as a function of ctt̄HH for the
1L channel (dashed curve), the SSML channel (dot-dashed curve), and their combination (solid curve).

loop order. As a result, obtaining robust bounds from ggF is more challenging unless further
assumptions are imposed. The quoted limits are obtained by setting all other couplings of
the Higgs boson to their SM values. Relaxing this assumption requires a multidimensional fit,
weakening the obtained constraints. The work presented here aims to provide a complementary
constraint on ctt̄HH independent of the ggF HH channel. The underlying assumption of the
analysis, that only ctt̄HH differs from its SM value, is consistent with those used to derive
the values for the ggF HH channel. In this context, only cross-section effects are considered,
while acceptance and kinematic shape variations are not explicitly parameterised. Acceptance
effects are evaluated for values of ctt̄HH close to the exclusion limits and are covered by an
additional 30% uncertainty in the signal yield included in the measurement. An estimate
of the kinematic-shape effects is found to impact the 95% CL interval on ctt̄HH by at most
10%, which is not included in the quoted limits.

The constraints on ctt̄HH are extracted from the same phase space as the rest of the
analysis using the same multivariate discriminant described in section 6 and in the same
analysis regions. The results are presented in figure 11. The ctt̄HH is constrained, at the
95% CL, in the range of −3.9 < ctt̄HH < 3.3 for the observed results, while the expected
range is −4.0 < ctt̄HH < 3.5. The expected profile exhibits a double-minimum structure
due to the quadratic dependence of the signal cross-section on ctt̄HH . Given the observed
results, the two minima are nearly degenerate, resulting in an almost flat region in the
likelihood scan.

Benefiting from the quadratic dependence of the cross-section on ctt̄HH , the bounds
derived in this analysis are only about one order of magnitude weaker than those obtained in
the ggF HH channel in ref. [8], even though the predicted cross-section for tt̄HH production
is smaller by a factor of about 40.

10 Conclusion

The non-resonant production of Higgs boson pairs in association with top-quark pairs, tt̄HH ,
is predicted to be a rare process in the SM. This paper describes the first search for this process
using the full Run 2 data sample, corresponding to 140 fb−1 of pp collisions at

√
s = 13 TeV
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collected between 2015 and 2018, and a Run 3 data sample of 56 fb−1 at
√

s = 13.6 TeV
collected between 2022 and 2023, recorded with the ATLAS detector at the LHC.

The presented tt̄HH search targets the 1L, SSML, and bb̄γγ final states. The background
contributions are estimated through a combination of simulation and data-driven techniques.
Machine-learning-based discriminants are employed to improve separation between signal
and background.

No significant excess above the background expectation is observed in any channel. A
simultaneous fit across all the channels and analysis regions yields a measured signal-strength
value of µtt̄HH = −3+11

−12, consistent with the SM prediction, and results in an observed
upper limit of µtt̄HH < 20 at 95% CL. The results are further interpreted within the Higgs
effective field theory framework, leading to a 95% CL interval on the tt̄HH quartic interaction
parameter of −3.9 < ctt̄HH < 3.3.
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