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This note presents projections for four-top-quark (𝑡𝑡𝑡𝑡) production physics results at the
High-Luminosity LHC (HL-LHC) using a dataset of up to 3 ab−1, collected by the ATLAS
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reach 6 ab−1. The study extrapolates theoretical and experimental systematic uncertainties
from Run 2 ATLAS analyses, which were conducted using 140 fb−1 of data, and evaluates
them under two different scenarios. Sensitivity to the standard model cross-section is evaluated,
along with constraints on the top-quark Yukawa coupling and limits on Wilson coefficients
in the Effective Field Theory framework. In addition, the search sensitivities to various
heavy-resonance particles mediating 𝑡𝑡𝑡𝑡 production are estimated. In the most optimistic
scenario, the expected uncertainty in the four-top-quark production cross-section is projected
to be 6%, while the 95% confidence level upper limits on production cross-sections reach
below 1 fb for heavy resonances with masses around or above 1 TeV.
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1 Introduction

The production of four top quarks (𝑡𝑡𝑡𝑡) is a rare process in the Standard Model (SM) of particle physics.
The predicted cross-section is approximately 13 fb in proton–proton (𝑝𝑝) collisions with a centre-of-mass
energy of

√
𝑠 = 13 TeV at the Large Hadron Collider (LHC) [1]. This process was recently observed for

the first time by both the ATLAS [2] and the CMS [3] experiments using data from LHC Run 2. The
large centre-of-mass energy required to produce 𝑡𝑡𝑡𝑡 events makes them naturally sensitive to new physics
effects, especially those at high energy scales. These new physics effects can be formulated either in an
effective field theory (EFT) framework, such as SMEFT [4], or with dedicated beyond-the-SM (BSM)
theories that predict additional heavy resonances that mediate 𝑝𝑝 → 𝑡𝑡𝑡𝑡 production. A group of these
models are constructed by extending the SM Higgs sector, such as two-Higgs-doublets models (2HDM) [5],
which predict additional heavy scalar (𝐻) and pseudo-scalar (𝐴) particles. Other top-philic resonances
mediating 𝑝𝑝 → 𝑡𝑡𝑡𝑡 production are postulated, including colour-singlet vector or colour-singlet/octet
scalar bosons [6–10]. These heavy new resonances are motivated by composite Higgs models [11–16],
models based on minimal flavour violation [17, 18], and extended supersymmetry models [19–34].

This note presents the prospects for measuring the SM 𝑡𝑡𝑡𝑡 production cross-section and searching for new
physics using 𝑡𝑡𝑡𝑡 events at the High-Luminosity LHC (HL-LHC) in 𝑝𝑝 collisions with

√
𝑠=14 TeV. The

projections are based on an integrated luminosity of 3 ab−1 of 𝑝𝑝 collision data, corresponding to the
amount of data expected to be recorded and usable for physics analyses by ATLAS over the full HL-LHC
operation period. The combined ATLAS and CMS datasets are expected to reach a total of 6 ab−1[35].
The projections are based on the results obtained using the full Run 2 𝑝𝑝 collision data with

√
𝑠=13 TeV

collected by the ATLAS experiment, corresponding to an integrated luminosity of 140 fb−1 or 139 fb−1,
depending on the luminosity calibration available at the time of the analyses. The projection of the SM 𝑡𝑡𝑡𝑡

cross-section measurement is based on the analysis using events with two same-sign leptons1 and more
than two leptons (2LSS/ML) [2]. Various BSM interpretations in the context of the top-Higgs Yukawa
coupling and the EFT are also included. Searches for heavy resonances in 𝑡𝑡𝑡𝑡 events are extrapolated using
the search for 𝑝𝑝 → 𝑡𝑡𝐻/𝐴 → 𝑡𝑡𝑡𝑡 production [36], where the heavy 𝐻/𝐴 bosons are predicted in the
2HDM. The search uses events with one lepton or two opposite-sign leptons (1L/2LOS), and is combined
with the previous search using 2LSS/ML events [37].

2 Summary of the analyses using ATLAS Run 2 data

The SM 𝑡𝑡𝑡𝑡 measurement [2] is performed with events with high multiplicities of light-flavour jets, and
heavy-flavour (𝑏-tagged) jets, as well as a large overall event activity. The event activity is probed by the
scalar sum of the transverse momentum of the isolated leptons and jets, denoted by 𝐻𝑇 . At least one of the
leptons is required to have a transverse momentum above 28 GeV. A signal region is defined by selecting
events with at least six jets with transverse momentum above 20 GeV, among which at least two are 𝑏-tagged
jets; 𝐻𝑇 is above 500 GeV. In this signal region, SM 𝑡𝑡𝑡𝑡 events are separated from the background events
using a multivariate discriminant by combining several input observables into a Graph Neural Network
(GNN). Several SM processes produce events with topologies similar to 𝑡𝑡𝑡𝑡 production. The dominant
background arises from the production of 𝑡𝑡 accompanied by additional particles such as jets or bosons,
including 𝑡𝑡𝐻+jets, 𝑡𝑡𝑍+jets, and 𝑡𝑡𝑊+jets. Theoretical modeling of the 𝑡𝑡𝑊+jets background at high jet
multiplicities suffers from significant uncertainties. To address this, a data-driven approach determines the

1 ‘Lepton’ in this note refers exclusively to electron or muon.
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normalisation in jet bins, while event characteristics are modelled using simulation. Additional sources of
background include events with misidentified leptons or incorrect charge assignments, as well as those
involving non-prompt leptons originating from heavy-flavour decays, photon conversions, or misidentified
jets. Heavy-flavour decays are the primary source of non-prompt muons, while photon conversions and
jet misidentification predominantly affect electrons. Background events with charge-misidentified, fake
and non-prompt leptons mainly originate from 𝑡𝑡 events. The dominant systematic uncertainties in this
measurement stem from the 𝑡𝑡𝑡𝑡 signal modeling, with the choice of the Monte Carlo (MC) generator
being the largest, followed by the effects of the parton shower and hadronisation. The uncertainties in
the data-driven background estimate of 𝑡𝑡𝑊+jets also contribute significantly. Among the experimental
uncertainties, the largest arise from 𝑏-jet tagging and the jet energy scale.

The heavy resonance search in the 1L and 2LOS channel [36] is performed in events with at least seven and
five jets, respectively, and with at least two 𝑏-tagged jets. The events are then categorised into orthogonal
regions with exclusively seven (five) to nine (seven) jets or inclusively ≥ 10 (≥ 8) jets, and various
𝑏-tagging requirements up to ≥ 5 (≥ 4) 𝑏-tagged jets in the 1L (2LOS) channel. The main background
after the selection is 𝑡𝑡+jets production. Data-driven corrections are applied to the simulated 𝑡𝑡+jets events.
These include corrections to the kinematic properties and the normalisation of 𝑡𝑡 production in association
with jets originating from 𝑏- and 𝑐-quarks. A multivariate (MVA) discriminant based on GNN [38] is
used to enhance the separation of the signal from the background events. The search in the 2LSS/ML
channels [37] uses a similar strategy as the measurement of the SM 𝑡𝑡𝑡𝑡 production [2] with a few exceptions.
The prediction of the main background from 𝑡𝑡𝑊+jets is based on MC simulation. The normalisation of
𝑡𝑡𝑊+jets is treated as a free parameter and determined in the profile likelihood fit for the signal extraction.
An uncertainty of 133% (208%) is assigned to 𝑡𝑡𝑊+jets events with seven (eight or more) jets, derived
based on the discrepancy between data and simulation observed in a 𝑡𝑡𝑊+jets validation region. For
signal-background discrimination, boosted decision trees (BDT) are used. Two separate BDTs are trained,
the first to discriminate SM 𝑡𝑡𝑡𝑡 events to all other background. This BDT is used to select from the signal
region a more 𝑡𝑡𝑡𝑡-enriched region, within which a second BDT is used to separate 𝑡𝑡𝐻/𝐴 → 𝑡𝑡𝑡𝑡 events
from the SM 𝑡𝑡𝑡𝑡 events. All channels are combined in a simultaneous profile likelihood fit. The dominant
systematic uncertainties come from the modelling of 𝑡𝑡+jets and 𝑡𝑡𝑊+jets backgrounds in the 1L/2LOS
and 2LSS/ML channels, respectively, as well as the modelling of the SM 𝑡𝑡𝑡𝑡 background.

3 Extrapolation to HL-LHC conditions

The extrapolation to HL-LHC conditions involves scaling the expected cross-sections from 13 TeV to 14 TeV
for all processes. It is performed under two scenarios that reflect different assumptions about the evolution
of systematic uncertainties and detector performance, with statistical uncertainties scaled according to
luminosity. The first scenario, referred to as “Scenario 1” (S1), closely mirrors the 140 fb−1 analysis [2].
In this scenario, all systematic uncertainties are maintained at their Run 2 levels. Several free parameters
are measured in the profile likelihood fit to the data when extracting the signals in the Run 2 analyses in
the 2LSS/ML channel. These include parameters related to the modelling of 𝑡𝑡𝑊+jets production and
the normalisation of fake / non-prompt backgrounds. These parameters are set to their post-fit values
from the corresponding Run 2 analyses to more accurately reflect the expected background contribution.
The uncertainties in these parameters depend on the available data, i.e., they are scaled according to the
integrated luminosity. In the second scenario, referred to as “Scenario 2” (S2), the treatment of systematic
uncertainties incorporates various improvements over the 140 fb−1 analysis. The uncertainty arising from
the choice of 𝑡𝑡𝑡𝑡 generator is removed given its large overlap with other modelling uncertainties. The

3



other modelling systematic uncertainties are assumed to be halved compared to their Run 2 values, and
instrumental uncertainties are assumed to scale with luminosity. Uncertainties in data-driven background
estimates arising from the limited amount of data are scaled according the integrated luminosity. Several
data-driven uncertainties are based on the discrepancies between data and predictions. These uncertainties
are kept the same as the 140 fb−1 analysis. The only exception is the uncertainty in 𝑡𝑡𝑊+jets events with
seven or more jets in the resonance search within the 2LSS/ML channel. These uncertainties are assumed
to be half of the values used in the Run 2 analysis, reflecting the expected improvements in the modelling
of 𝑡𝑡𝑊+jets production.

Table 1 and 2 list the detailed assumptions on the systematic uncertainty assumptions in S2 for the analyses
used in the projection. Table 1 contains information for both the SM 𝑡𝑡𝑡𝑡 measurement and the resonance
search in the 2LSS/ML channel. Table 2 summarises the same information for the resonance search in the
1L/2LOS channel.

3.1 Extrapolation of the Standard Model cross-section measurement

The expected uncertainty on the 𝑡𝑡𝑡𝑡 cross-section as a function of the integrated luminosity per experiment
is shown in Figure 1, comparing two scenarios of systematic uncertainty treatment. The projection indicates
that the uncertainty will become significantly lower than the current theoretical SM cross-section [39]
after around 1 ab−1 per experiment in S2. For luminosities above 250 fb−1 per experiment, systematic
uncertainties dominate. With 3 ab−1, the expected systematic uncertainties in the 𝑡𝑡𝑡𝑡 cross-section is 17%,
which could be reduced to 7% with improved systematics. Combining ATLAS and CMS datasets could
further lower it to 6%.
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Figure 1: Expected uncertainty on the 𝑡𝑡𝑡𝑡 cross-section as a function of the integrated luminosity per experiment.
The blue and red curves correspond to two different scenarios of systematic uncertainty treatment (S1 and S2). The
red star represents the ATLAS-only result using 140 fb−1 [2] from Run 2. The precision of the combined ATLAS and
CMS result is approximated by doubling the integrated luminosity of a single experiment. The gray line indicates the
theory uncertainty (NLO+NLL).
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Table 1: Sources of systematic uncertainty and their treatment in S2 for the extrapolation of the SM cross-section
measurement and the resonance search in the 2LSS/ML channel. “Mat. Conv.” and “Low 𝑚𝛾∗ ” refer respectively to
events with one non-prompt electron originating from photon conversion in the detector material and to events with a
virtual photon leading to an 𝑒+𝑒− pair.

Uncertainty source Treatment in S2

Signal modelling
𝑡𝑡𝑡𝑡 Parton shower Half of Run 2
𝑡𝑡𝑡𝑡 Generator Removed
𝑡𝑡𝑡𝑡 EW Half of Run 2
𝑡𝑡𝑡𝑡 Renormalisation and factorisation scales Half of Run 2
Cross-section Half of Run 2

Background modelling
𝒕 𝒕𝑾+jets modelling
Renormalisation and factorisation scales Half of Run 2
Generator Half of Run 2
Additional heavy-flavour jets Scaled by luminosity
Cross-section Half of Run 2
7/≥ 8 jets normalisation (resonance search only) Same as Run 2
𝒕 𝒕 𝒕 modelling
Additional heavy-flavour jets Scaled by luminosity
Cross-section Half of Run 2
Non-prompt leptons modelling Scaled by luminosity
𝒕 𝒕𝑯+jets and 𝒕 𝒕𝒁+jets modelling
Generator Half of Run 2
PDF Half of Run 2
Renormalisation and factorisation scales Half of Run 2
Additional heavy-flavour jets Scaled by luminosity
Cross-section Half of Run 2
Other background modelling
Additional heavy-flavour jets Half of Run 2
Cross-section Scaled by luminosity
Charge misassignment Same as Run 2
Template fit shape uncertainties
Mat. Conv., 𝛾∗, and non-prompt leptons Scaled by luminosity
Other fake leptons Half of Run 2
Additional heavy-flavour jets Half of Run 2

Instrumental Scaled by luminosity

3.2 Extrapolation of the top-quark Yukawa coupling measurement and of limits on
effective field theory operators

The top-quark Yukawa coupling plays a crucial role in electroweak interactions involving top quarks.
In particular, it enters the Feynman diagrams for processes where a pair of top quarks is produced via
the decay of an off-shell Higgs boson. This makes 𝑡𝑡𝑡𝑡 production inherently sensitive to the top-quark
Yukawa coupling, influencing both its strength and its 𝐶𝑃 properties. Additionally, the top-quark Yukawa
coupling also affects the 𝑡𝑡𝐻+jets process, which is a background for 𝑡𝑡𝑡𝑡 production. The cross-section for
𝑡𝑡𝑡𝑡 production can be expressed as a function of the top-quark Yukawa coupling strength modifier, 𝜅𝑡 ,
assuming a 𝐶𝑃-even coupling as in the SM. The modifier 𝜅𝑡 is defined as the ratio of the actual top-quark
Yukawa coupling, 𝑦𝑡 to its SM prediction, 𝑦𝑆𝑀𝑡 . Hence, 𝜅𝑡 is 1 in the SM. The 𝑡𝑡𝐻+jets cross-section
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Table 2: Sources of systematic uncertainty considered in the 1L/2LOS-channel analysis and their treatment in S2.

Uncertainty source Treatment in S2

BSM 𝒕 𝒕 𝒕 𝒕 modelling
PDF Half of Run 2
Renormalisation and factorisation scales Half of Run 2

SM 𝒕 𝒕 𝒕 𝒕 background modelling
Parton shower Half of Run 2
Generator Half of Run 2
Renormalisation and factorisation scales Half of Run 2
Cross-section Half of Run 2

Other background modelling
𝒕 𝒕 modelling
Parton shower Half of Run 2
Generator Half of Run 2
4FS vs 5FS Half of Run 2
NN kinematic corrections Scaled by luminosity
Cross-section Half of Run 2
𝒕 𝒕𝑾 and 𝒕 𝒕𝑯 modelling
Generator Half of Run 2
Renormalisation and factorisation scales Half of Run 2
Cross-section Half of Run 2
𝑵jets mismodelling Same as Run 2
𝒕 𝒕𝒁 modelling
Renormalisation and factorisation scales Half of Run 2
Cross-section Half of Run 2
𝑵jets mismodelling Same as Run 2
Single Top modelling
ME and PS choice Half of Run 2
DR/DS scheme Half of Run 2
Renormalisation and factorisation scales Half of Run 2
Cross-section Half of Run 2
𝑽+jet, 𝒕 𝒕, others modelling
Cross-section Half of Run 2

Instrumental Scaled by luminosity

also depends on this parameter. However, unlike 𝑡𝑡𝑡𝑡 production, the kinematic distributions in 𝑡𝑡𝐻+jets
events remain unchanged unless a 𝐶𝑃-odd term is non-zero. Figure 2 presents the expected experimental
uncertainty on 𝑦𝑡 as a function of the integrated luminosity, comparing the two scenarios for uncertainty
scaling used in the cross-section extrapolation. The extrapolation is carried out either by parameterizing
𝑡𝑡𝐻+jets events as a function of 𝜅𝑡 or by allowing the 𝑡𝑡𝐻+jets contribution to float freely, ie. without any
assumption on the Higgs width that would be present when using 𝑡𝑡𝐻+jets events. In S2, an uncertainty of
approximately 0.11 could be achieved with 3 ab−1 per experiment.

Within the framework of EFT, the 𝑡𝑡𝑡𝑡 production process is particularly sensitive to four heavy-flavour
fermion operators: O1

𝑡𝑡 , O1
𝑄𝑄

, O1
𝑄𝑡

, and O8
𝑄𝑡

[40]. These operators include both color-singlet (1) and
color-octet (8) structures, where 𝑄 represents a generic quark. These operators provide a powerful probe of
BSM scenarios that enhance interactions between third-generation quarks. The impact of these operators
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Figure 2: Expected experimental uncertainty on 𝑦𝑡 as a function of the integrated luminosity per experiment. The
blue and red curves correspond to two different scenarios of systematic uncertainty treatment (S1 and S2). The red
star represents the ATLAS-only result using 140 fb−1 [2] from Run 2. The precision of the combined ATLAS and
CMS result is approximated by doubling the integrated luminosity of a single experiment. The plot on the left is
obtained when the 𝑡𝑡𝐻+jets events are parametrized as a function of 𝜅𝑡 , while the plot on the right is obtained when
the 𝑡𝑡𝐻+jets contribution is freely floating.

manifests by modifying the 𝑡𝑡𝑡𝑡 production cross-section, which can be approximated by:

𝜎𝑡𝑡𝑡𝑡 = 𝜎𝑆𝑀
𝑡𝑡𝑡𝑡

+ 1
Λ2

∑︁
𝑖

𝐶𝑖𝜎
(1)
𝑖

+ 1
Λ4

∑︁
𝑖≤ 𝑗

𝐶𝑖𝐶 𝑗𝜎
(2)
𝑖, 𝑗

, (1)

where 𝐶𝑖 denotes the Wilson coefficient of the four heavy-flavour fermion operators, and Λ corresponds to
the cut-off scale of the effective theory. The term 𝐶𝑖𝜎

(1)
𝑖

represents the contribution of the leading order of
the dimension-6 operators, while 𝐶𝑖𝐶𝑖𝜎

(2)
𝑖, 𝑗

includes additional contributions from the dimension-8 effects
and interactions between different EFT operators. These terms modify the SM cross-section, incorporating
potential effects from BSM interactions.

The expected 95% CL intervals on the EFT Wilson coefficients, assuming a single parameter variation in
the fit, are summarized in Table 3, extrapolating the results obtained using the SM GNN from the Run 2
analysis. The results are shown for the two uncertainty scenarios described above and extrapolated to
integrated luminosities of 2 ab−1 and 3 ab−1 per experiment. Furthermore, expected limits are compared to
published constraints using 140 fb−1 of ATLAS data [2], providing a direct evaluation of improvements
with increased luminosity.

The limits show a substantial improvement over the current ATLAS-only results. For example, the
constraints on O8

𝑄𝑡
tighten from [-4.3, 5.1] to [-1.9, 2.7], while those on O1

𝑡𝑡 shrink from [-1.2, 1.4] to
[-0.5, 0.8] at 3 ab−1 per experiment in Scenario 2. However, the gain from 2 ab−1 per experiment is
minimal in both scenarios, indicating that most of the sensitivity improvement is already achieved at this
luminosity. Scenario 2 consistently provides stronger constraints than Scenario 1, emphasizing the impact
of uncertainty treatment. The expected 𝐶𝑖/Λ2 as a function of the integrated luminosity per experiment for
O8
𝑄𝑡

is presented in Figure 3, illustrating the potential of HL-LHC to significantly refine these constraints.

These projections are based on the Run 2 analysis strategy, utilizing the GNN discriminant developed for
the SM measurement of the inclusive 𝑡𝑡𝑡𝑡 cross-section [2] and not optimized for EFT sensitivity to extract
the EFT limits. Since this discriminant is optimized for distinguishing 𝑡𝑡𝑡𝑡 from background processes
rather than specifically enhancing sensitivity to high-𝐻𝑇 regions, the obtained limits are expected to be
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Figure 3: Expected 𝐶𝑖/Λ2 exclusion as a function of integrated luminosity per experiment, for the SMEFT operator
O8
𝑄𝑡

. Results are shown for S2. The precision of the combined ATLAS and CMS result is approximated by doubling
the integrated luminosity of a single experiment. The impact of the experimental and total uncertainties are shown
separately.

conservative. A dedicated approach incorporating discriminants explicitly tuned to EFT effects could
potentially yield stronger constraints. To illustrate this, Figure 4 shows the expected reconstruction-level
distribution of the 𝐻𝑇 variable for 3 ab−1 per experiment. The selection requires two same-sign leptons or
three leptons, along with at least six jets, including four 𝑏-tagged jets in the signal region. In the Run 2
analysis, the background is found to be negligible after this requirement. This extrapolation shows that
around 33 events are expected to have 𝐻𝑇 > 1.5 TeV. It also shows that using this distribution to constrain
the EFT parameters could lead to a stronger bound. In fact, in particular, for the operator O8

𝑄𝑡
, a clear

difference is found from the SM expectation for a coefficient set to the S2 limit from Table 3 for O8
𝑄𝑡

.

3.3 Search for heavy resonance particles in 𝒕 𝒕 𝒕 𝒕 topologies

The projection is performed under the background-only hypothesis, setting exclusion limits at the 95%
confidence level (CL) on the production cross-sections and relevant model parameters of the heavy
resonance signals under consideration. Upper limits on the cross-sections are projected for the heavy 𝐻/𝐴
in 2HDM and the colour-octet scalar (𝑆8) predicted in Ref. [10] that are considered in the ATLAS Run 2
search [36]. The upper bound of the probed 𝑚𝐻/𝐴 is extended from 1 TeV to 1.5 TeV. In addition, the
colour-singlet scalar (𝑆1) from Ref. [10] is also considered for the projection. Limits are set for both the
production cross-sections and the mass and the coupling of 𝑆1 with the top quark, 𝑦𝑆1 . For all projected
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Figure 4: Expected reconstruction-level distribution of the 𝐻𝑇 variable for events passing the selection criteria:
two same-sign leptons or three leptons, at least six jets, and four 𝑏-tagged jets. The 𝐻𝑇 distributions for the EFT
four-heavy fermion Wilson coefficients are set to values close to the expected limits with 3 ab−1 per experiment,
using Λ = 1 TeV. The precision of the combined ATLAS and CMS result is approximated by doubling the integrated
luminosity of a single experiment. The hashed band indicates the total uncertainty, including both statistical and
systematic components.

results, the MVA used is the one from the original analyses optimised for the 𝑡𝑡𝐻/𝐴 → 𝑡𝑡𝑡𝑡 signals up
to 𝑚𝐻/𝐴 = 1 TeV. No dedicated re-optimisation for the additional BSM signals were performed. For all
signals with a resonance mass greater than 1 TeV, the MVA optimised for 𝑚𝐻/𝐴 = 1 TeV is used.

Figure 5 shows the expected upper limit on the 𝑡𝑡𝐻/𝐴 production cross-section, 𝜎(𝑝𝑝 → 𝑡𝑡𝐻/𝐴), times

9



Table 3: Expected 95% CL intervals on EFT Wilson coefficients, assuming a single non-zero EFT parameter at a
time. The ATLAS-only result uses 140 fb−1 [2] from Run 2. Results are shown for the two uncertainty treatment
scenarios and extrapolated to integrated luminosities per experiment of 2 ab−1 and 3 ab−1. The precision of the
combined ATLAS and CMS result is approximated by doubling the integrated luminosity of a single experiment.

Operators Expected 𝐶𝑖/Λ2 [𝑇𝑒𝑉−2] Scenario 1 Scenario 1 Scenario 2 Scenario 2
140 fb−1 ATLAS Only 2 ab−1 3 ab−1 2 ab−1 3 ab−1

O1
𝑄𝑄

[-2.5, 3.2] [-1.9, 2.5] [-1.9, 2.5] [-1.1, 1.7] [-1.1, 1.7]
O1
𝑄𝑡

[-2.6, 2.1] [-2.0, 1.6] [-2.0, 1.6] [-1.4, 0.9] [-1.4, 0.9]
O1
𝑡𝑡 [-1.2, 1.4] [-0.9, 1.1] [-0.9, 1.1] [-0.5, 0.8] [-0.5, 0.8]

O8
𝑄𝑡

[-4.3, 5.1] [-3.4, 4.1] [-3.4, 4.1] [-2.0, 2.8] [-1.9, 2.7]

the 𝐻/𝐴 → 𝑡𝑡 branching fraction, 𝐵(𝐻/𝐴 → 𝑡𝑡), at 95% CL. The result using ATLAS Run 2 data is
compared with projections for the ATLAS and CMS combination at integrated luminosities of 2 ab−1 and
3 ab−1 per experiment under the two scenarios. The reduced systematic uncertainties from S2 show a larger
effect than the increase of the integrated luminosity from 2 ab−1 to 3 ab−1. At lower mass points, the former
leads to a 30% improvement, while the latter’s effect is roughly 10%. The increased integrated luminosity
becomes more important at higher mass points due to the reduced impact of the systematic uncertainties.
Figure 6 and 7 show similar projections for the 𝑆8 and 𝑆1 scalars. As opposed to the colour-singlet scalars
𝐻/𝐴 and 𝑆1, the main production mode for the 𝑆8 scalar with a mass 𝑚𝑆8 < 2 TeV is 𝑔𝑔 → 𝑆8𝑆8, where
𝑆8 decays to a 𝑡𝑡 pair. The cross-section and kinematics of the 𝑆1 production events are affected not only by
its mass but also by the coupling between 𝑆1 and the top quark, 𝑦𝑆1 , mainly through the mass width of the
𝑆1 scalar. The width of 𝑆1 ranges from below 1 GeV for 𝑦𝑆1 = 0.1 to 25 GeV for 𝑦𝑆1 = 2.0 at the 400 GeV
mass point. The width increases for higher mass points. At 2 TeV, the width ranges from 10 GeV to
900 GeV. Upper limits on 𝜎(𝑝𝑝 → 𝑡𝑡𝑆1) × 𝐵(𝑆1 → 𝑡𝑡) are shown for 𝑦𝑆1 = 0.1 and 𝑦𝑆1 = 2.0. In general,
the limits present similar behaviour as those for 𝐻/𝐴 and 𝑆8. The limits become slightly worse for larger
widths. The cross-section upper limits are compared to the predicted cross-sections to obtain exclusion in
the two-dimensional plane of (𝑚𝑆1 , 𝑦𝑆1), as shown in Figure 8. With the combination of ATLAS and CMS
datasets and 3 ab−1 from each experiment under S2, the most stringent limit is obtained at 𝑚𝑆1 = 400 GeV,
where all values of 𝑦𝑆1 > 0.17 are excluded. For higher mass points, the exclusion becomes weaker due
to the much smaller predicted cross-sections, despite the more stringent limits in the cross-sections. For
𝑚𝑆1 = 1.5 TeV, values of 𝑦𝑆1 > 0.8 (0.95) are excluded with 3 ab−1 under S2 (2 ab−1 under S1).

To demonstrate the evolution of the search sensitivity with increasing integrated luminosity, Figure 9
illustrates, as an example, the upper limit on the 𝑝𝑝 → 𝑡𝑡𝐻/𝐴 → 𝑡𝑡𝑡𝑡 cross-section as a function of the
integrated luminosity. The lowest and highest mass points, 400 GeV and 1.5 TeV, are shown, and the two
scenarios S1 and S2 are compared. For the 400 GeV 𝑡𝑡𝐻/𝐴 signal and above 1 ab−1, the effects from the
systematic uncertainties become dominant over the increase in the integrated luminosity. However, for
the high mass points, the gain in sensitivity due to the increased luminosity and the combination of the
ATLAS and CMS dataset is still sizable.

The search sensitivities to injected 𝑡𝑡𝐻/𝐴 → 𝑡𝑡𝑡𝑡 signals with 𝑚𝐻/𝐴 = 400, 800 and 1500 GeV are
evaluated. The injected signals correspond to 𝜎(𝑝𝑝 → 𝑡𝑡𝐻/𝐴) × 𝐵(𝐻/𝐴 → 𝑡𝑡) of 6.1, 3.3 and 2.0 fb,
respectively. The values are chosen such that, with 1 ab−1 of data from each experiment under S2, the local
significance reaches three standard deviations (𝜎). The presence of these signals is consistent with the
current ATLAS and CMS resonance search results where none of these signals exceed a local significance
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Figure 5: Expected 95% CL upper limits on the cross-section times branching ratio, 𝜎(𝑝𝑝 → 𝑡𝑡𝐻/𝐴)×𝐵(𝐻/𝐴 → 𝑡𝑡),
as a function of 𝑚𝐻/𝐴 obtained from different datasets and scenarios. The solid red line shows the expected upper
limits using ATLAS Run 2 data. The blue and green lines show the projections for the integrated luminosity of 2 ab−1

and 3 ab−1 per experiment, respectively. The precision of the combined ATLAS and CMS result is approximated by
doubling the integrated luminosity of a single experiment. The solid (dashed) line corresponds to S1 (S2).
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Figure 6: Expected 95% CL upper limits on the cross-section times branching ratio, 𝜎(𝑝𝑝 → 𝑆8𝑆8) × 𝐵(𝑆8 → 𝑡𝑡)2,
as a function of 𝑚𝑆8 obtained from different datasets and scenarios. The solid red line shows the expected upper
limits using ATLAS Run 2 data. The blue and green lines show the projections for the integrated luminosity of 2 ab−1

and 3 ab−1 per experiment, respectively. The precision of the combined ATLAS and CMS result is approximated by
doubling the integrated luminosity of a single experiment. The solid (dashed) line corresponds to S1 (S2).

of 2 𝜎 [36]. The local significances of the injected signals reach 4.7, 5.0 and 4.9 𝜎 with 2 ab−1 of data from
each experiment under S2, whilst with 3 ab−1, the expected local significances are 5.2, 5.4 and 5.5 𝜎.
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Figure 7: Expected 95% CL upper limits on the cross-section times branching ratio, 𝜎(𝑝𝑝 → 𝑡𝑡𝑆1) × 𝐵(𝑆1 → 𝑡𝑡), as
a function of 𝑚𝑆1 , for (a) 𝑦𝑆1 = 0.1 and (b) 𝑦𝑆1 = 2.0, obtained from different datasets and scenarios. The solid red
line shows the expected upper limits using ATLAS Run 2 data. The blue and green lines show the projections for the
integrated luminosity of 2 ab−1 and 3 ab−1 per experiment, respectively. The precision of the combined ATLAS and
CMS result is approximated by doubling the integrated luminosity of a single experiment. The solid (dashed) line
corresponds to S1 (S2). The mild irregularities in the limits arise from the limited size of the MC samples.
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Figure 8: Expected 95% CL limits on 𝑚𝑆1 and 𝑦𝑆1 , obtained assuming 𝐵(𝑆1 → 𝑡𝑡) = 1 for different datasets and
scenarios. The area above the lines is excluded. The solid black line shows the expected upper limits using ATLAS
Run 2 data, with the yellow and green band illustrating the one and two standard deviations. The blue and green lines
show the projections for the integrated luminosity of 2 ab−1 and 3 ab−1 per experiment, respectively. The precision of
the combined ATLAS and CMS result is approximated by doubling the integrated luminosity of a single experiment.
The solid (dashed) line corresponds to S1 (S2).
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Figure 9: Expected 95% CL upper limits on the cross-section times branching ratio, 𝜎(𝑝𝑝 → 𝑡𝑡𝐻/𝐴)×𝐵(𝐻/𝐴 → 𝑡𝑡),
as a function of the integrated luminosity per experiment. The precision of the combined ATLAS and CMS result
is approximated by doubling the integrated luminosity of a single experiment. The red (blue) lines and markers
illustrate the results for 𝑚𝐻/𝐴 = 400 GeV (𝑚𝐻/𝐴 = 1500 GeV). The markers represent the results obtained using
ATLAS Run 2 data. The solid (dashed) lines correspond to the projections under S1 (S2).

4 Conclusion

The expected sensitivities for measuring the SM 𝑡𝑡𝑡𝑡 production cross-section and probing new physics
scenarios at the HL-LHC have been estimated. Extrapolations are based on results obtained using ATLAS
Run 2 data [2, 36], extended to the 3 ab−1 dataset anticipated at

√
𝑠 = 14 TeV both for the ATLAS and

CMS experiments.

Two scenarios are considered, differing in their assumptions about the evolution of systematic uncertainties.
The conservative scenario, S1, retains the systematic uncertainties observed in the 140 fb−1 analysis at√
𝑠 = 13 TeV. The more optimistic scenario, S2, assumes improvements in systematic uncertainties.

The projection suggests that with 3 ab−1, the uncertainty in measuring the 𝑡𝑡𝑡𝑡 cross-section could decrease
to 17%, with potential further reductions to 7% through better control of systematic uncertainties. A
combined ATLAS and CMS analysis could reduce the uncertainty to 6%. In the best scenario, an
uncertainty of approximately 0.11 on 𝑦𝑡 could be achieved by combining the ATLAS and CMS results when
parameterising the 𝑡𝑡𝐻+jets contribution. The expected limits on EFT operators also show a significant
improvement over current ATLAS-only results in S2. However, even with the full HL-LHC dataset,
differential measurements of this process will remain statistically limited, highlighting the importance of
maximizing data-driven and theoretical improvements to fully exploit the potential of future analyses.

The extrapolated sensitivities for the resonance searches reach below 1 fb for most resonance particles
with a mass beyond 1 TeV in S1. The most stringent cross-section upper limit is expected for the pair
production of the colour-octet scalar, 𝑆8, with a mass around 1.2 TeV, reaching 0.3 fb. The difference in
expected sensitivities between S1 and S2 highlights the importance of improved systematic uncertainties for
resonances below 1 TeV. For higher resonance masses, the total integrated luminosity from the HL-LHC
becomes increasingly critical in enhancing search sensitivity.
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