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Abstract: New heavy resonances with sizeable couplings to top quarks can be probed through

searches for beyond-the-Standard-Model effects in four-top production at the LHC. In this work, we

present the first next-to-leading-order QCD predictions for the full on-shell and off-shell production

of four-top events via new physics contributions, along with dedicated analysis strategies based on

the reconstruction and tagging of all final-state top quarks. We develop a detector-level simulation

incorporating recent advances in top-tagging and boosted object reconstruction, and demonstrate

that searches at LHC Run 3 and high-luminosity phase can improve the sensitivity to the new

physics cross sections by up to two orders of magnitude. In particular, colour-octet resonances with

masses up to 2–2.5 TeV and colour-singlet states with masses up to 1–1.5 TeV are within reach for

coupling values in the 0.1–1 range.
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1 Introduction

The ability to reconstruct the nature of new coloured particles from the detailed observation of

jet substructure has become a cornerstone of many analyses at the LHC. In recent years, the

deployment of machine-learning-based techniques that exploit the full set of jet constituents and

their properties has led to significant advances in jet tagging performance, these developments

representing one of the most exciting innovations of the latest experimental runs at the LHC [1–

3]. By dramatically reducing mistagging rates by factors compared to traditional methods [4–10],

these algorithms open the door to novel search strategies, especially in regimes where large Standard

Model (SM) backgrounds have previously limited sensitivity. In light of these new approaches, final

states with high object multiplicities, such as those originating from the production of multiple top

quarks possibly induced by physics beyond the SM, are particularly promising targets. It has hence

been found that in such scenarios, the ability to resolve and identify individual substructures within

jets is crucial to improving signal efficiency and enabling robust discrimination from background

processes [11–17].
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Four-top final states represent one of the highest-multiplicity SM processes accessible at the

LHC, with each top quark decaying to a W boson and a b quark. Owing to their complexity and

rarity, four-top events have the potential to offer a powerful probe of both SM and beyond-the-SM

(BSM) physics. Dedicated analyses from both ATLAS and CMS [18–29] have hence developed in-

creasingly sophisticated strategies, typically based on reconstructed objects such as b-tagged jets and

isolated leptons. These studies, leveraging data from the LHC Run 2 dataset, have provided valu-

able insights, notably enabling complementary constraints on the SM top Yukawa coupling through

comparisons with tt̄H production. Until recently [29], most four-top searches have concentrated

on the kinematic regime expected from SM predictions [30–35], characterised by relatively soft and

isolated top decay products. However, this regime poses challenges for full event reconstruction

due to the limited Lorentz boost of the individual tops, yielding a high combinatorial background

associated with the large amount of well-isolated decay products of the four-top system. As a result,

much of the available phase space, particularly that involving energetic and boosted top quarks as

predicted in many BSM scenarios, remains under-explored.

In this context, a wide variety of new physics models predict final states with multiple top

quarks, with four-top production emerging as a particularly compelling signature. In particular,

such top-rich final states arise naturally when new heavy particles strongly coupled to the top

quark are pair-produced via QCD interactions, and subsequently decay to top-antitop pairs [36–

43]. Composite Higgs models constitute a prominent class of such setups, offering a solution to

the hierarchy problem yielding composite resonances such as vector-like top partners or coloured

pseudo-Nambu-Goldstone bosons with enhanced couplings to the top quark [44–52]. Other well-

motivated frameworks giving rise to four-top final states include minimal flavour violation models [4,

53], extended supersymmetries [54–69] and constructions with an extended Higgs sector [70–73].

Additionally, recent phenomenological studies have also exploited four top-quark production in an

effective field theoretical framework [74–84].

In this work, we focus on the direct production of heavy top-philic states decaying on-shell

to top-antitop pairs and leading to a distinctive four-top signature. To capture the essential phe-

nomenology while retaining model independence, we employ the same simplified model framework

as the one developed in our earlier studies [16, 62, 63, 65, 67, 84]. These works have demonstrated

that four-top final states provide a robust and complementary probe of top-philic sectors, both

in the resonant regime and in an effective construction when the mediators are too heavy to be

produced. As highlighted in our previous analysis [16], reconstructing and tagging all four boosted

top quarks in the final state dramatically suppresses the Standard Model background and opens the

door to novel and more sensitive search strategies. In particular, we have found that using modern

top-tagging techniques enables a potential improvement of up to an order of magnitude over existing

limits, especially in the regime of high-mass resonances. This enhanced sensitivity results from two

dominant effects: a significantly increased signal efficiency in the boosted-top regime compared to

traditional b-jet-based selections targetting a resolved four-top signal, and a strong reduction of the

irreducible QCD background allowing the exploration of the more challenging fully hadronic final

states. This strategy parallels recent approaches developed in the context of four-bottom final states

for di-Higgs production [85, 86], where the full reconstruction of boosted b-jets systems has yielded

substantial gains in sensitivity. It also connects naturally with recent theory-driven efforts to apply

machine-learning techniques to improve four-top searches with a jet substructure analysis [87–89].

We further present in this article the first complete next-to-leading order (NLO) projections for

the signal, offering a more realistic estimate of the experimental sensitivity to BSM-induced four-top

production. The signal predictions are obtained using custom UFO [90, 91] models for simplified

top-philic scenarios, developed with the MoGRe framework [92] and recent extensions of Feyn-

Rules [92–95]. To our knowledge, this constitutes the first theoretical NLO estimate of new physics

processes leading to four-top final states including both resonant and non-resonant contributions.

– 2 –



We find that the NLO cross sections can exceed the leading-order (LO) predictions by up to 75% in

certain benchmark scenarios, significantly enhancing the projected reach of future LHC analyses.

This highlights the importance of consistent NLO modelling when forecasting the sensitivity of

multi-top searches. For the background, we place particular emphasis on the precise simulation of

the tt̄+ jets QCD background, which remains the dominant contribution. To accurately model it,

we implement a full matching and merging scheme with multi-leg LO matrix elements, ensuring a

reliable and consistent description of both the hard scattering and the parton shower processes. This

is found essential for faithfully accounting for jets that may fake boosted top quarks. Consequently,

appropriate background rejection procedure could be put in place.

In Section 2, we outline the main theoretical foundation of our work and define the simplified

models used throughout our analysis, and Section 3 details the simulation framework and the

reconstruction techniques employed to target a boosted four-top final state. In Section 4, we present

our background modelling and describe the analysis strategies used to probe both colour-singlet

and colour-octet mediator signals. Our main results and projected LHC sensitivities are reported

in Section 5. Finally, we conclude in Section 6, whereas additional technical details on the NLO

simulation setup and analysis strategy are provided in Appendices A and B.

2 Theoretical and numerical framework

In this section, we present the theoretical and numerical framework used throughout our analysis.

We focus on two classes of simplified models that extend the SM with top-philic scalar particles: a

colour-singlet scalar S1 state of mass MS1 and a colour-octet scalar S8 state of mass MS8 . These

simplified extensions provide a minimal and general framework for capturing the key features of a

broad class of UV completions such as those mentioned in Section 1, and the corresponding inter-

actions can be described by a compact Lagrangian formulation which we introduce in Section 2.1

along with a selection of representative benchmark points. We then exploit the fact that the sim-

plified model approach offers a flexible path for phenomenological interpretation and numerical

simulation in Section 2.2. To this aim, we implement these models in the UFO format [90, 91]

using the FeynRules [93, 94], MoGRe [92] and NloCT [95] packages. This setup then allows

us to perform signal simulations at NLO in QCD, the corresponding cross sections and K-factors

computed using MadGraph5 aMC@NLO [96] being discussed in detail.

2.1 Simplified top-coupled models

The new physics contributions to the Lagrangian of the two simplified models considered here and

featuring top-philic scalar resonances include three terms: gauge-invariant kinetic and mass terms

for the new resonance, as well as a Yukawa-like coupling to a top-antitop pair. This yields the

singlet and octet Lagrangians LS1
and LS8

given by

LS1
= LSM +

1

2
∂µS1∂

µS1 −
1

2
M2

S1
S2
1 + yS1

S1 t̄t ,

LS8
= LSM +

1

2
DµS

A
8 D

µSA
8 − 1

2
M2

S8
SA
8 S

A
8 + yS8

TASA
8 t̄t .

(2.1)

where the additional scalar fields are assumed to be real and A indicates (summed) colour-adjoint

indices. Here, LSM denotes the SM Lagrangian, yS1
and yS8

are the new Yukawa couplings, while

MS1
and MS8

represent the masses of the singlet and octet states respectively.

Each of these simplified models can be naturally connected to UV-complete new physics con-

structions. In particular, colour-octet states, regardless of their spin or CP quantum numbers,

frequently arise in UV models addressing the hierarchy problem of the SM. For example, minimal
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Figure 1: Representative Feynman diagrams contributing to four-top production in a simplified

model with an additional scalar octet field S8. When the scalar particles are on-shell, the associated

production of the scalar octet with a top-antitop pair (left) is proportional to the square of the

Yukawa coupling from the second Lagrangian of eq. (2.1), while the QCD-driven pair production of

two scalar octets (right) depends only on the octet mass MS8 after assuming that Br(S8 → tt̄) = 1.

supersymmetric scenarios feature colour-octet fermions known as gluinos which have been exten-

sively searched for at the LHC and that are now constrained to be heavier than approximately

2 TeV, depending on the specific model. In extended supersymmetric frameworks, gluinos belong

to supermultiplets that also include scalar or pseudo-scalar octet fields (generally organised into

complex scalar fields) commonly referred to as sgluons. These scalar resonances have attracted

considerable attention as they can alleviate the tension that too heavy gluinos pose on the Higgs

sector [54–69]. If the pseudo-scalar octet is the lightest coloured BSM particle, then it is stable

at tree level and couples to the SM quarks at one loop with a strength proportional to the quark

mass, thus becoming top-philic. Composite models offer another motivation for top-philic scalar

resonances. Analogous to QCD, such models predict meson-like composite states arising from a

new strongly-coupled gauge sector, and scenarios typically exhibit a rich spectrum of bound states

including pseudo-scalar colour-charged mesons that emerge as pseudo Nambu-Goldstone bosons

below the new confinement scale (much like the pions in QCD) [44–52]. While a wide variety of

couplings are possible, sizeable interactions with the top quark can often arise [48]. In addition,

colour-singlet scalars also commonly appear in such extensions, as well as in a broad class of other

new physics models.

More generally, the BSM top-quark couplings introduced in eq. (2.1) are expected to be gener-

ated, in a UV-complete model, only after electroweak symmetry breaking (EWSB). Since the Higgs

vacuum expectation value is the sole source of EWSB in the SM, it is reasonable to expect that

any scalar singlet not involved in EWSB would inherit a coupling structure to quarks proportional

to their SM Yukawa couplings, thereby favouring a top-philic scenario. This mechanism is in fact

common in dark sector constructions [71]. Similarly, constructions with an extended Higgs sector

such as the Two-Higgs-Doublet Model, stringent flavour constraints often enforce alignment in the

Yukawa sector [70], again leading to enhanced couplings to the top quark.

Finally, we note that as the scalar or pseudo-scalar nature of the top-philic resonance does not

affect the analysis proposed in this study, we focus on scalar top-philic states in the remainder

of this work. Our results would nevertheless remain valid if the scalar interactions in eq. (2.1)

were replaced with pseudo-scalar ones. Likewise, although vector particles would lead to different

projected bounds on their Lagrangian parameters, the analysis strategy presented here would remain

applicable. We leave a dedicated study of alternative spin and parity assignments, as well as of

the colour-sextet case which shares many features with the octet scenario at the analysis level, for

future work.
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From a bottom-up perspective, the main phenomenological difference between the two simpli-

fied models in eq. (2.1) lies in the possibility of producing pairs of colour-octet states via QCD

interactions, as illustrated by the representative Feynman diagrams on the right of Figure 1. Apart

from this, in both cases the new physics particle is expected to predominantly decay into top

quarks, leading to a signal comprising four top quarks. The projections that will be made below

can however be straightforwardly rescaled to account for a reduced branching ratio, as may occur

in next-to-minimal or UV-complete models featuring multiple decay modes. The parameter space

of both simplified models is thus two-dimensional and defined by the scalar mass MX and the

Yukawa-like coupling yX with X = S8 or S1. For the colour-octet case, the dominant production

mechanism (associated or pair production, respectively illustrated in the left and right of Figure 1)

depends sensitively on the values of these parameters. As the mass MS8 increases, on-shell pro-

duction becomes suppressed and the relative importance of pair production diminishes compared

to the associated production. A similar effect arises when increasing the Yukawa coupling yS8
, as

associated production scales with y2S8
whereas pair production remains dominated by QCD.

To explore these features, we define four benchmark points (BPs) that probe different regions

of the parameter space and highlight contrasting topologies in four-top production. For the colour-

octet model, we consider:

• BP1: MS8 = 2 TeV, yS8 = 1 (yielding ΓS8 = 38 GeV);

• BP2: MS8
= 3 TeV, yS8

= 3 (yielding ΓS8
= 527 GeV).

BP1 corresponds to an intermediate case where neither production mechanism dominates, allowing

us to study a mixed production regime. In contrast, BP2 implies an increased associated production

contribution while pushing the particle width into a regime (ΓS8
/MS8

∼ 0.18) where finite-width

effects and off-shell kinematics become non-negligible [97, 98]. For the colour-singlet scenario in

which only the Yukawa-induced associated production is present, we define two benchmarks focused

on lower and intermediate masses with Yukawa couplings of O(1), reflecting the limited reach of

the LHC for colour-neutral resonances:

• BP3: MS1 = 1.5 TeV, yS1 = 1 (with ΓS1 = 165 GeV);

• BP4: MS1
= 2 TeV, yS1

= 1.5 (with ΓS1
= 513 GeV).

The mass range MX ∼ 1− 2 TeV is particularly relevant for LHC searches, as most coloured BSM

particles are now excluded below ∼ 2 TeV in simplified scenarios. Colour-octet scalars are a notable

exception with current constraints reaching only up to about 1.3 TeV [29, 67]. As we will show,

this limit can be significantly improved by efficiently tagging the boosted top quarks arising from

heavy scalar decays.

2.2 Event generation tool chain

As illustrated by the representative Feynman diagrams in Figure 1, the set of BSM four-top pro-

duction processes considered in this work is{
pp → tt̄X → tt̄tt̄ with X = S1 or S8,

pp → S8S8 → tt̄tt̄.
(2.2)

In the following calculations, we neglect all electroweak-induced amplitudes involving, for instance,

Higgs or W/Z boson exchange as they are expected to be subdominant relative to the new physics

or QCD contributions. Moreover, due to the high multiplicity of coloured final state particles, NLO

QCD corrections are anticipated to be significant and are therefore included in the modelling of

the BSM signal for all channels. This section details the simulation pipeline used to generate the

corresponding BSM four-top signal event samples at NLO accuracy in QCD.
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As a first step, we implement the simplified models defined by the Lagrangians of eq. (2.1)

in the UFO format [90, 91]. The model implementation is carried out with FeynRules [93, 94],

starting from a reduced version of the SM Lagrangian containing only terms involving QCD-charged

fields, the top Yukawa interaction, and additionally assuming a unit CKM matrix and five active

quark flavours. The Lagrangian is next extended with the top-philic scalar interactions of eq. (2.1),

and we generate two UFO models, one for each scalar representation (S1 and S8). For consistency

with the modified version of MadGraph5 aMC@NLO [96] described in Appendices A.1 and A.2,

the new particles are assigned PDG code 9000001, although this choice can be adjusted if needed

provided that the required changes in MadGraph5 aMC@NLO are modified accordingly.

We employ an on-shell renormalisation scheme, handled using MoGRe (introduced in Ap-

pendix B of Ref. [92]), to renormalise the QCD sector of the SM as well as the new BSM interac-

tions. By construction, electroweak bosons and the SM Higgs are unaffected by this renormalisation

procedure as their interactions are absent from the SM sector of the Lagrangian. This choice en-

ables a fully consistent NLO QCD computation of BSM four-top production, and is justified by

previous findings [84] showing that interferences of new physics and electroweak amplitudes be-

come phenomenologically relevant only for very heavy resonances and/or in the non-perturbative

regime of the model, where an effective field theory description would be more appropriate than

a resonance-based one. We emphasise that the generation of a suitable UFO library requires the

dev-bsm version of FeynRules1, as the current version does not support our renormalisation

procedure.

To generate the one-loop counterterms and R2 rational terms required for NLO calculations in

four dimensions, we make use of NloCT [95] and FeynArts [99]. Since the BSM scalars always

decay into top pairs, we assume throughout that the scalar mass satisfies MX > 2mt with X = S1

or S8. Moreover, in order to consistently describe unstable particles with potentially large widths

in our simulation chain, we adopt the complex mass scheme [97, 98] and produce UFO models

accordingly, ensuring that gauge invariance is preserved in all undertaken calculations.

Hard-scattering events are then generated at NLO in QCD using MadGraph5 aMC@NLO,

with virtual corrections handled via the MadLoop routines [100]. However, the latter discard by

default all loop diagrams involving the scalar singlet as it is not coloured. This is problematic since

we renormalised both the QCD and BSM sectors of the model so that the set of generated loop

diagrams should include contributions involving the S1 resonance. We consequently modify the de-

fault MadGraph5 aMC@NLO behaviour following the procedure of Refs. [101, 102], also detailed

in Appendix A.1 for the models considered in this study. This leads to a consistent cancellation of

both IR and UV poles across the virtual, counterterms and real-emission contributions. In contrast,

for the scalar octet case no modification to MadGraph5 aMC@NLO is required as the particle is

colour-charged and automatically included in the generated loop diagrams. For readers interested

in using standard UFO models built with the default QCD renormalisation provided by NloCT

and FeynRules, we outline in Appendix A.2 why this approach generally fails for BSM processes

involving off-shell particles coupling to quarks. We also describe the necessary modifications to

achieve consistent IR and UV divergence cancellation in this case. We have explicitly verified that

both approaches (the full QCD+BSM renormalisation and the minimal QCD-only one) lead to

identical NLO cross sections across our benchmark points. This reflects the fact that the additional

diagrams included in the extended QCD+BSM renormalisation approach correspond to subleading

corrections.

In addition, at large scalar octet masses and couplings, the numerical reduction of loop integrals

becomes increasingly delicate. In this regime, we observe occasional failures of the pole cancellation

checks at specific phase-space points. We traced these instabilities to the default usage of the

1See https://github.com/FeynRules/FeynRules/tree/feynrules-dev-bsm.
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Collier library [103] in MadLoop. To overcome this, we switch to alternative reduction tools

such as Ninja [104] and CutTools [105]. However, it should be noted that when bypassing the

internal pole-checking routines ofMadGraph5 aMC@NLO, we find that all loop integral providers

yield consistent cross sections for the entire parameter space considered despite issues with the pole

cancellation checks.

In all simulations relevant for our study, we use the NNPDF2.3NLO set [106, 107] of parton

distribution functions (PDF) and estimate theoretical uncertainties via variations in the renormali-

sation and factorisation scales and PDF replicas. The central scale is fixed to half the total hadronic

activity in the event HT /2, and we apply a minimum transverse momentum cut of pT > 10 GeV

on all parton-level jets. Once parton-level events are generated, we model the inclusive decays

of the top quarks using MadSpin [108] and MadWidth [109], and the resulting decayed events

are then matched to parton showers and hadronisation as implemented in Pythia 8 [110] using

the default parameters. While this final step has a very limited impact on the BSM signal due

to the high transverse momentum of the tops produced in the BSM particle decays, it turns out

to be essential for accurately modelling the dominant tt̄+jets background that requires the extra

modifications discussed in Section 4.3. In total, we generate fully showered and hadronised NLO

signal event samples comprising 300,000 events for each benchmark point considered. In addition,

we prepare a sparse grid of 18 intermediate points with 10k events each to enable interpolation and

limit setting following the procedure described in Section 5. All model files and event samples are

publicly available on Zenodo [111].

2.3 Signal NLO cross sections and K-factors

Running large event samples at NLO accuracy demands significant computational resources. We

therefore restrict full NLO computations to the benchmark points introduced in Section 2.1 and

validate that the corresponding NLO signal distributions remain sufficiently close to their LO coun-

terparts. This enables us to rely on LO simulations to derive constraints while correcting the total

rate using K-factors. The relevant kinematic distributions, discussed in Section 4, confirm that

this approximation is justified: LO shapes provide a reliable estimate of the signal features while

the NLO effects after the selection are largely captured by a global normalisation factor. In this

approach, the approximate number of selected BSM events at NLO accuracy (NK−NLO) is given by

NK−NLO ≡ L εLO

(
σNLO

σLO

)
σLO ≡ L εLO K σLO , (2.3)

where L denotes the integrated luminosity, εLO is the selection efficiency evaluated using LO sim-

ulations and K is defined as the ratio of the NLO and LO cross sections σNLO and σLO when they

are computed using renormalisation and factorisation scales set to the mass of the BSM resonance.

The strength of this method lies in its computational efficiency: both εLO and K can be determined

across a sparse grid in the mass/coupling parameter space at a fraction of the cost required for full

NLO event generation, and then fitted linearly. The LO cross section σLO is finally evaluated on a

finer grid since it can be obtained with reduced computational resources. Moreover, this approach

is motivated by the observation that both the efficiencies and the K-factors exhibit slow variation

in terms of the model’s parameters compared to the total production cross section.

Figure 2 shows the four-top production cross sections induced by the inclusion in the field

content of the theory of a scalar octet (left) and a scalar singlet (right), for two specific values of

the corresponding Yukawa coupling to the top quark that we choose equal to 0.5 (top row of the

figure; weak coupling) and 3 (bottom row of the figure; strong coupling). The shaded bands indicate

theoretical uncertainties estimated using the standard seven-point scale variation procedure: the

renormalisation and factorisation scales are independently varied by factors of two around the

central scale, excluding the extreme combinations where one scale is multiplied by 0.5 and the
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Figure 2: Comparison of LO and NLO cross sections as functions of the BSM resonance mass.

Results are shown for the scalar octet (left) and singlet (right) cases, assuming couplings to top

quarks of 0.5 (top) and 3 (bottom) . The lower panels of the figures display the associated K-factors

defined as the ratio of the NLO cross section to the LO prediction computed with NLO PDFs.

other by 2. This conventional definition of scale uncertainties is further adopted throughout the

rest of this work. In agreement with the results of [84], we find that QCD-induced scalar octet pair

production, thus independent of the top-quark coupling to the new resonance as illustrated with

the representative diagram shown in Figure 1, dominates the total cross section up to resonance

masses of about 2 TeV. Beyond this point, phase-space suppression becomes significant and the

less-suppressed contribution from associated production overtakes, before eventually dominating at

higher masses. For the scalar singlet where only associated production contributes, the total cross

section therefore falls more slowly with increasing mass compared to the octet case. Finally, across

the entire region of the parameter space experimentally accessible at the LHC, theK-factors, that we

show in the lower panels of the different figures, typically lie in the range 1.4−1.8. These moderately

large values show that NLO corrections can play a critical role in improving the reliability of the

total rate prediction. Altogether, after accounting for the modest effect on the shapes of the signal

differential distributions (see Section 4), our hybrid approach using LO shapes with NLO-corrected

normalisation is found to offer an optimal balance between accuracy and computational cost for

the parameter scans required in our study.

3 Characterisation of the boosted four-top system

3.1 Simulation of the detector response and object definition

We simulate the response of a typical LHC detector using the SFS framework [112, 113] implemented

within MadAnalysis 5 [114–116]. Since the reconstruction of top quarks plays a central role in

this study, we recalibrated the default ATLAS detector parametrisation to improve agreement with

reference experimental studies [117–119], focusing in particular on the invariant mass reconstruction

of top-quark candidates. Electrons and muons are reconstructed following the medium working-

point performance described in Refs. [118, 120], respectively. Additionally, two jet collections

are defined, both using a reconstruction based on the anti-kT algorithm [121] as implemented in
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FastJet [122], but with two different radius parameters R = 0.4 (AK4 jets) and R = 1.0 (AK10

jets). For AK4 jets, b-tagging is applied probabilistically using the pT - and η-dependent efficiencies

of Ref. [123]. To avoid double-counting between the AK4 jet and lepton collections, we implement

a series of overlap removal procedures following the prescription of Ref. [23]. AK4 jets are first

removed if they are within ∆R < 0.2 of a lepton, although in the case of a muon the jet must also

have three or fewer associated tracks. Next, electrons and muons are respectively removed if they

lie within ∆R < 0.4 or 0.04 + 10GeV/pT of any of the remaining AK4 jets, while finally electrons

within ∆R < 0.1 of a muon are also discarded.

For boosted top-quark identification, we apply different tagging strategies depending on the

context. For the validation of our reconstruction procedure, we use the jet-mass and N-subjettiness

classifier from Ref. [5], while for our main four-top analysis, we rely on more advanced constituent-

based top-tagging algorithms applicable to AK10 jets [8]. In this last case, we specifically adopt the

performance of the HlDNN and ParticleNet classifiers for jets satisfying pT > 350 GeV, |η| < 2.0

and invariant mass Mj > 40 GeV. AK10 jets matched to a partonic top within ∆R < 0.75 are

top-tagged with an efficiency of 80%, whereas jets not consistent with a top quark are mis-tagged

at an average rate of either 10% (conservative, HlDNN-like) or 5% (optimistic, ParticleNet-like),

the exact value depending on the jet pT .

In our validation procedure, we have obtained excellent agreement with the expectations of

an ATLAS search for resonant tt̄ production in the semi-leptonic channel [117], recovering the

reconstructed resonance mass distribution, the signal selection efficiencies and the exclusion limits

within 20% for both the resolved and boosted signal regions of the ATLAS analysis. We have also

recovered the fact that for tt̄ resonance masses lying between 1 and 2 TeV, the production rate at the

LHC is high enough that systematic uncertainties dominate. Subsequently, potential improvements

in the higher-luminosity LHC runs are not foreseen. Moreover, as observed in Refs. [124, 125]

and more recently in a CMS public note [126], interference effects between the SM and BSM

amplitudes for gluon-initiated tt̄ production become significant above 1 TeV. These effects can

create a dip rather than a peak in the top-antitop invariant mass distribution, complicating the

statistical interpretation of the search. These two limitations provide an additional motivation

for studying four-top final states as a probe of top-philic new physics in the high-mass regime. In

particular, in this channel, the impact of interference is indeed negligible within the parameter space

of interest, allowing a more robust interpretation of potential deviations from the SM prediction.

We now turn to detailing in the following subsection the analysis selection criteria imposed on

the reconstructed objects introduced here will be detailed.

3.2 Reconstruction of a boosted four-top system

Since our main interest is the exploration of BSM resonances with masses above the TeV scale,

the resulting top quarks are typically boosted enough to be accurately reconstructed and tagged

using standard top-tagging algorithms such as those described in Section 3.1. We have verified that

for BSM resonances in the TeV range, thus viable relatively to current exclusion limits, our signal

samples feature four top quarks that tend to decay in isolation from each other. As a result, the

reconstruction procedure validated on BSM-induced top-antitop events remains reliable even in the

case of a higher-multiplicity tt̄tt̄ final state. In particular, since AK10 jets clustered by FastJet

serve as proxies for hadronically-decaying top quarks, we have checked that the typical angular

distance ∆R between them remains larger than 1, allowing thus for the independent reconstruction

of each top jet. As shown in Figure 3, fewer than 5% of the selected events contain two hadronic

top quarks separated by ∆R < 1 at parton level.

Based on this observation, we implement a set of selection criteria starting from the classification

of events according to the number of leptons and AK10 jets that they contain. Leptons must satisfy

pT > 20 GeV and |η| < 2.5 to be considered as potential decay products of leptonically-decaying
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Figure 3: Minimum ∆R separation between (parton-level) top quarks, computed for events that

pass at least one signal region selection after reconstruction. Events are categorised according to

the number of leptons produced in the top quark decays.

top quarks. In addition, all reconstructed AK10 jets are ordered by decreasing pT while giving

priority to those that are top-tagged. However, any AK10 jet overlapping with an isolated lepton

within ∆R < 1 is discarded. b-jets included in the reconstruction are taken to be AK4 jets with

pT > 25 GeV and |η| < 2.4 that pass our b-tagging requirements. We refer to these b-jets as

‘isolated’ when they do not overlap with any of the selected AK10 jets within ∆R < 1 so that they

will be allowed to serve as ingredients for the reconstruction of leptonically-decaying top quarks.

Non-b-tagged AK4 jets are retained only if they have pT > 40 GeV and |η| < 2.4. The missing

transverse momentum pmiss
T is calculated as the negative vector sum of the transverse momenta of

all leptons and jets (both b-tagged and non-b-tagged) that pass the above cuts, thereby minimising

contamination from neutrinos produced in the parton shower [16]. At this stage, light jets are thus

only used in the pmiss
T calculation.

The subsequent reconstruction procedure depends on the number of isolated leptons present.

If no such lepton is found, the event is considered fully hadronic. For the analysis targeting the

colour-octet case, at least four AK10 jets are required without imposing top-tagging requirements.

For the colour singlet case, we instead require at least two AK10 jets along with a minimum of two

isolated b-jets in order to suppress background.

When exactly one isolated lepton is present, the event is interpreted as containing a single

leptonically-decaying top quark and three hadronically-decaying ones. In the colour octet case, at

least three AK10 jets are required to represent the three hadronic tops, along with at least one

isolated b-tagged AK4 jet. In the singlet case, we instead again require at least two AK10 jets

and at least two isolated b-jets. In both scenarios, the isolated b-jet closest in ∆R to the lepton is

selected for reconstructing the leptonic top. In addition, we require pmiss
T > 25 GeV in consistency

with the presence of a neutrino. The longitudinal component of this neutrino is then estimated by

assuming that it is produced together with the lepton in the decay of an on-shell W boson. Up to

two real solutions may be obtained from the kinematic fit resulting from this assumption, and we

select the one that yields a reconstructed top quark mass closest to the expected value when the

W boson and b-jet momenta are combined. If no real solution is available, we retain the real part

– 10 –



Basic kinematic requirements

Electrons Muons AK4 Jets AK10 Jets b-jets

pT (GeV) > 20 > 20 > 20 > 350 > 25

|η| < 2.47 < 2.5 < 2.5 < 2.0 < 2.4

Object definitions

Non b-tagged AK4 jets pT > 40 GeV, |η| ≤ 2.4

Isolated leptons pT ≥ 20 GeV, |η| ≤ 2.5

Isolated AK4 jets ∆R > 1 from any AK10 jet

Missing energy pmiss
T > 25 GeV (one isolated lepton) or 50 GeV (two isolated leptons)

Boosted four-top selection for colour-octet resonances

No isolated lepton ≥ 4 AK10 jets

One isolated lepton ≥ 3 AK10 jets, ≥ 1 isolated b-tagged AK4 jet

Two isolated leptons ≥ 2 AK10 jets, ≥ 2 isolated b-tagged AK4 jet

Boosted four-top selection for colour-singlet resonances

≤ Two leptons ≥ 2 AK10 jets, ≥ 2 isolated b-tagged AK4 jet

Table 1: Summary of the preselection cuts. See main text for details.

of the complex solutions to proceed.

In events with two isolated leptons, we require them to have the same electric charge to suppress

the dominant tt̄+jets background. We further demand two AK10 jets to account for the two

hadronically-decaying tops and two isolated b-jets to reconstruct the leptonically-decaying ones. If

more than two such b-jets are available, the ones closest in ∆R to the leptons are used. Furthermore,

we require pmiss
T > 50 GeV and estimate the transverse momenta of the two neutrinos under the

assumption that the event originates from the decay of heavy parent particles, which tends to favour

configurations featuring a low transverse mass when combining the leptons and the neutrinos [127].

Letting (ℓ1, ν1) and (ℓ2, ν2) denote the lepton-neutrino pairs, we define the transverse mass of each

W boson as

M
(i)
T (p⃗ νi

T ) =

√
2|p⃗ ℓi

T ||p⃗ νi

T | (1− cos∆ϕℓν), (3.1)

where i = {1, 2} and ∆ϕℓν is the azimuthal angle between the lepton and the neutrino. The

unknown neutrino transverse components are estimated by using the so-called stransverse mass

MT2 [127, 128] that is defined through the minimisation condition

MT2 = min
p⃗

ν1
T +p⃗

ν2
T =p⃗miss

T

max
(
M

(1)
T (p⃗ ν1

T ),M
(2)
T (p⃗ ν2

T )
)
. (3.2)

The longitudinal components of the two neutrinos are then inferred from kinematic fits assuming

an on-shell W boson decay. Among all solutions obtained for each leptonic top quark, we select the

one that leads to a reconstructed top mass closest to the physical value, using the b-jet closest in

∆R to the associated lepton. As before, if no real root exists, we use the real part of the complex

solution.
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Colour-octet analysis

Signal Region # ℓ # bℓ # AK10 # top-tag.

SR1
0 - ≥ 4 ≥ 3

1 ≥ 1 ≥ 3 ≥ 2

SR2
0 - ≥ 4 ≥ 4

1 ≥ 1 ≥ 3 ≥ 3

SSL 2 (same-sign) ≥ 2 - -

Table 2: Summary of the selection criteria defining each signal region in the colour-octet analysis.

The table lists the required number of isolated leptons ℓ, the number of isolated AK4 b-jets associ-

ated with leptonically-decaying top quarks bℓ, as well as the number of AK10 jets and top-tagged

AK10 jets. We remind that AK10 jets are imposed not to overlap with any isolated lepton within

∆R = 1, while isolated b-jets are similarly defined as not overlapping with any AK10 jet within the

same angular distance.

At the end of this procedure that we summarise in Table 1, each event is associated with a

set of reconstructed top quark candidates classified according to their decay modes (leptonic or

hadronic) and top-tagging status. These are thus ready to be used in further analysis steps that

we will describe in Section 4.3.

4 Backgrounds and analysis strategy

As outlined in the previous sections, we develop two distinct analyses targeting the production of

four top quarks via intermediate colour-octet and colour-singlet resonances. In the colour-octet

scenario, pair production of resonances can dominate the cross section in certain regions of the

parameter space, requiring the reconstruction of four objects that serve as proxies for the four top

quarks produced in the resonance decays. In the colour-singlet case, only a single resonance is

produced, allowing the selection to solely focus on two boosted top quark candidates, while the

remaining two top quarks are expected to arise from QCD interactions and thus to feature different

properties. Finally, in both scenarios, we also implement a same-sign dilepton selection strategy,

which provides a complementary handle on the signal albeit with reduced efficiency due to the low

branching ratio of this final state.

4.1 Signal region definition and pairing strategy in the colour-octet model

In the search strategy designed for the colour-octet simplified model, we aim to reconstruct two

on-shell BSM particles of equal mass by pairing four identified top quark candidates. When an

event contains four such objects, it is assigned to one or more overlapping signal regions based on

the number of top-tagged AK10 jets.

• The SR1 region includes fully hadronic events with at least three top-tagged AK10 jets, as

well as single-lepton events featuring at least two top-tagged AK10 jets. This region thus

gathers events with at least three reconstructed and tagged (hadronic or leptonic) top quarks,

without any top-tagging requirements on the fourth AK10 jet.

• The SR2 region is defined by stricter conditions so that four top quarks are reconstructed

and tagged. Fully hadronic events must thus contain at least four top-tagged AK10 jets, while

one-leptonic events must feature at least three top-tagged AK10 jets.
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Figure 4: LO (dashed orange) and NLO (solid green) distribution of the largest reconstructed

resonance mass for the colour-octet benchmark points BP1 (left) and BP2 (right), for the SR1

signal region with conservative top-tagging performance. The predictions are normalised to 1, the

hatched bands represent the NLO scale variation and statistical uncertainties and the last bin

includes the overflow.

• The SSL region encompasses events with two leptons of the same electric charge, benefiting

hence from reduced background contamination so that no additional top-tagging of any AK10

jet is required.

A summary of these requirements is provided in Table 2, which also highlights that SR1 and SR2

are not mutually exclusive: any events satisfying SR2 conditions automatically populate the SR1

region too.

Each selected event thus contains four reconstructed objects. Some are explicitly top-like, like

for instance a leptonically-decaying top or a top-tagged AK10 jet, while others may be less clearly

identified, like a non-tagged AK10 jet. These four objects are enforced to be paired into two

groups to estimate the mass of the resonances that might have produced them. While experimental

searches often use machine-learning techniques to optimise this pairing (like a boosted decision tree

in a recent ATLAS study [85]), our goal here is to provide a simple and transparent illustration

of the sensitivity of four-top final states to BSM top-philic resonances. Therefore, we adopt a

minimalistic invariant-mass matching approach, similar in spirit to the distance metric employed

by CMS in [86]. This may seem surprising as in principle, both the pair and associated production

mechanisms compete for the colour-octet model, with relative rates depending on the underlying

model parameters. However, while these two topologies can be distinguished at parton level, the

reconstruction process tends to smear their kinematic features, making this distinction practically

ineffective at reconstructed level (see Appendix B for a further discussion on this point). For

this reason, we choose to consistently pair the four top candidates by minimising the absolute

difference between the two invariant masses of the pair, an approach equivalent to assuming pure pair

production. This strategy, that is analogous to the one implemented in standard di-Higgs searches

where each Higgs boson decays into a bb̄ pair, will be justified a posteriori by the competitive

bounds that we will derive on the total BSM-induced four-top production cross section.

In addition, no information about the top quark electric charge is used during the pairing since
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Colour-singlet analysis

Signal Region # ℓ # bℓ # AK10 # top-tag.

SR1
0 ≥ 2 ≥ 2 ≥ 1

1 ≥ 2 ≥ 2 ≥ 1

SR2
0 ≥ 2 ≥ 2 ≥ 2

1 ≥ 2 ≥ 2 ≥ 2

SSL 2 (same-sign) ≥ 2 - -

Table 3: Summary of the selection criteria defining each signal region in the colour-singlet analysis.

The table lists the required number of isolated leptons ℓ, the number of isolated AK4 b-jets associ-

ated with leptonically-decaying top quarks bℓ, as well as the number of AK10 jets and top-tagged

AK10 jets. We remind that AK10 jets are imposed not to overlap with any isolated lepton within

∆R = 1, while isolated b-jets are similarly defined as not overlapping with any AK10 jet within the

same angular distance.

this information is not experimentally accessible. The sole exception is in the SSL region, where

the presence of two same-sign leptons ensures they cannot originate from the same resonance,

yielding thus a natural constraint to impose during pairing. Due to momentum smearing, the

two reconstructed resonance masses typically differ. We denote them by Mtt,1 and Mtt,2, ordered

such that Mtt,1 > Mtt,2. We then use Mtt,2 for further background suppression by requiring

Mtt,2 > 1 TeV. Only events passing this cut contribute to the Mtt,1 distribution that we will

further exploit, after binning it in 200 GeV intervals ranging from 1 to 2.6 TeV with the final bin

including any overflow.

Since our reconstruction and selection efficiencies are derived from LO simulations (see Sec-

tion 2.3), it is crucial to verify that LO and NLO predictions remain consistent. Figure 4 shows

the Mtt,1 distributions at LO and NLO for the two colour-octet benchmark scenarios BP1 and BP2

defined in Section 2.1. The two shapes are compatible within the NLO scale uncertainties shown

as hatched bands. While minor differences can be seen in the tails of the distributions, they are

not significant and solely reflect the limited statistics of our NLO Monte Carlo samples.

4.2 Signal region definition and resonance reconstruction in the colour-singlet model

The search strategy targeting the colour-singlet model builds on the fact that only one pair of top

quarks is expected to originate from the decay of a heavy resonance. As a consequence, only two

top quark candidates are required to reconstruct the BSM resonance mass, and we correspondingly

ask for at least two AK10 jets in the event preselection regardless of the lepton multiplicity. If

more than two AK10 jets are found, we focus on the two with the highest transverse momentum,

giving precedence to those that are top-tagged, and these two AK10 jets then serve as proxies for

hadronically-decaying top quarks.

As detailed in Section 3.2, to further suppress the background we additionally require each

event to contain at least two isolated b-tagged jets (defined as jets not overlapping with any AK10

jets within a distance ∆R = 1). These b-jets may then be used to reconstruct leptonically-decaying

top quarks, depending on the lepton content of the event. More precisely, in fully hadronic events

(zero leptons), the two selected AK10 jets are directly used for the reconstruction of the BSM

resonance. In the single-lepton case, the isolated b-jet closest in ∆R to the lepton is combined

with it to reconstruct a leptonically-decaying top quark following the strategy outline above and

relying on a kinematic fit of the event. Finally, in the dilepton case, each lepton is paired with its
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Figure 5: LO (dashed orange) and NLO (solid green) distributions of the reconstructed resonance

mass for the colour-singlet benchmark points BP3 (left) and BP4 (right), for the SR1 signal region

with conservative top-tagging performance. The predicted differential cross sections dσ are nor-

malised to 1, the hatched bands represent the NLO scale variation and statistical uncertainties and

the last bin includes the overflow.

nearest b-tagged jet to reconstruct two such objects, the four-momenta of the two neutrinos being

reconstructed from the MT2-based strategy discussed previously.

Signal regions are next defined based on the number of top-tagged AK10 jets observed.

• The SR1 region includes all fully-hadronic and single-lepton events with at least one top-

tagged AK10 jet. These events thus contain at least one reconstructed and tagged object

accompanied by either an additional non-tagged AK10 jet or a leptonically-decaying top

quark.

• The SR2 region contains events with at least two top-tagged AK10 jets, independently of the

number of leptons or other non-tagged AK10 jets.

• The SSL region includes all same-sign dilepton events, regardless of the number of tagged

AK10 jets.

A summary of the requirements for each signal region is given in Table 3.

Once the preselection and signal region assignment are completed, we proceed to reconstruct

the resonance mass. We pair the two top quark candidates with the highest transverse momentum

(with precedence being given to the top-tagged AK10 jets), assuming that they originate from

the BSM resonance decay in an associated production topology. Their invariant mass is finally

computed and stored in a histogram. For the SR1 and SR2 regions, we use bins of 200 GeV from

400 to 4000 GeV with the last bin containing the overflow, while for the SSL region the range is

limited to 1600 GeV. Since four top-like objects are not always available in these events, we do not

attempt to compute a second invariant mass or apply any additional background rejection based

on extra top candidates.

As discussed in Section 2.3, reconstruction and selection efficiencies will be obtained from LO

simulations. It is therefore important to validate that LO and NLO differential distributions are

in reasonable agreement. To this aim, the reconstructed resonance invariant mass distributions at
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Process σ(LO) Scale PDF σ(NLO) Scale PDF

tt̄jj 354 +62%
−35% ± 5.8% 352 +3.7%

−13% ± 2.6%

tt̄W 0.376 +23%
−17% ± 3.9% 0.565 +8.3%

−8.3% ± 1.8%

tt̄Wj 0.329 +39%
−26% ± 2.1% 0.452 +8.1%

−12% ± 1.2%

tt̄Z 0.563 +31%
−22% ± 4.8% 0.756 +9.2%

−11% ± 2.1%

tt̄Zj 0.639 +47%
−30% ± 6.5% 0.672 +2.6%

−9% ± 2.5%

tt̄Zj 0.639 +47%
−30% ± 6.5% 0.672 +2.6%

−9% ± 2.5%

tt̄tt̄ 0.00612 +65%
−37% ± 13% 0.00920 +28%

−24% ± 6.0%

tt̄t+ tt̄t̄ 0.00155 +22%
−17% ± 13% 0.00201 +20%

−19% ± 7.5%

Table 4: LO and NLO cross sections (in pb) for the dominant SM background contributions

relevant to our analysis, computed at LO and NLO in QCD for a centre-of-mass energy of 13 TeV.

The predictions are obtained using the NNPDF2.3NLO parton density set [106], and include theory

uncertainties from scale and PDF variations. The renormalisation and factorisation scales are

centrally set to half the total hadronic transverse energy in the event (HT /2), and a minimal

transverse momentum of pT > 20 GeV is required for each parton-level jet.

LO and NLO for the benchmark points BP3 and BP4 are presented in Figure 5. The shapes of

the LO and NLO distributions are consistent within the scale variation uncertainties of the NLO

prediction, showing that the LO simulation strategy introduced in Section 2.1 can be safely used.

As for the octet case, the deviations observed in the high-mass tails are not significant, and are

attributable to limited statistics in the NLO Monte Carlo samples.

4.3 Background description

As described in the previous sections, our signal selection strategy is primarily based on the recon-

struction and the identification of boosted top quarks. This contrasts with existing experimental

four-top searches, including the most recent analyses by ATLAS [29] and CMS [27], which do not

rely on this feature. As a result, the relevant background composition differs significantly and

requires a dedicated reassessment as compared to [27, 29].

The dominant background in our study arises from the production of a top-antitop pair in

association with additional jets and/or electroweak bosons. In particular, the process pp → tt̄jj

where the extra jets can mimic boosted top quarks constitutes its main contribution. Subleading

background components include the pp → tt̄V and pp → tt̄V j processes with V = W,Z that we

treat independently due to our analysis requirements. The latter indeed favour contributions where

additional jets are highly energetic jets and could be mistagged as top quarks. As such jets are

better modelled at the matrix-element level and not by parton showering, this allows us to consider

two non-overlapping background samples for the pp → tt̄V and pp → tt̄V j processes. SM four-

top (pp → tt̄tt̄) and three-top (pp → tt̄t, tt̄t̄) production have cross sections at least two orders

of magnitude smaller. Despite their reduced impact, we include these processes for completeness.

Conversely, we have verified that multijet and tt̄V V backgrounds become negligible after applying

our selection and top-tagging procedure. cross sections for the most relevant background processes,

both at LO and NLO in QCD, are collected in Table 4 for a centre-of-mass energy
√
s = 13 TeV.

Background simulations are achieved with the toolchain introduced earlier but with a differing

configuration for the colour-octet and colour-singlet analyses. For the octet case, we require at

least three final-state parton-level objects (i.e. prior to decay) with pT > 300 GeV to enhance

the chance of reconstructing four boosted top proxies, tagged or not. In the singlet case where
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only two top candidates are needed, we instead impose this condition on just two parton-level

objects. All background samples are generated at LO due to computational constraints, as the

strong background rejection stemming from our analysis selections makes the generation of sufficient

statistics at NLO particularly costly and not so needed. However, we have explicitly verified that

the NLO cross sections remain compatible with their LO counterparts (as listed in Table 4), at

least when the hard pT cuts are replaced by a minimal cut of 20 GeV.

For the dominant tt̄ + jets background, we generate tt̄ events in association with one, two or

three jets and use the MLM matching and merging procedure [129, 130] to combine the resulting

event samples. This is especially important given our reliance on large-radius AK10 jets and the

necessity for such jets to have a high transverse momentum to pass the selection. Typically, we

indeed require at least three parton-level objects to have pT > 300 GeV, which leads to a partonic

centre-of-mass energy above 1 TeV. Our analyses however also target the associated production of

a new physics resonance with a top-antitop pair as well as channels involving leptonic top decays,

where soft jets may be present. Without merging, the large scale separation between the high

partonic centre-of-mass energy and the low pT threshold of 20 GeV for the subleading jets could thus

lead to large logarithms and an apparent breakdown of perturbativity. In addition, such resulting

high-energy events favour hard initial-state radiation, which increases the possibility that a light

jet or radiation product mimics a boosted top and gets mistagged. To avoid double counting and

ensure proper treatment of QCD emissions, we thus tune the simulation accordingly. In particular,

we combine matrix elements with up to two and three additional jets in the singlet and octet

cases respectively, while fixing the xqcut parameter of MadGraph5 aMC@NLO to 80 GeV and

the Qcut parameter of Pythia 8 to 120 GeV to smoothly regulate the separation of the matrix-

element and shower regimes while preserving the high-pT behaviour of the leading jets. We have

checked explicitly that the final (fiducial) cross section is stable under moderate variations of these

parameters. All corresponding cards are available in our Zenodo repository [111].

Next, we generate a tt̄bb̄ background sample as associated events could pass the colour-singlet

selection where we require two top-tagged jets plus two additional isolated b-jets. We found that this

process contributes only modestly, at most 10% (20%) of the tt̄ + jets background in the SR1 (SR2)

signal region. Consequently, matching and merging are not applied, as for any other subleading

background contributions, since this would yield a significantly unimportant impact while entailing

a high computational cost. Lastly, we note that the tt̄W and tt̄Wj background contributions are

dominant for neither the SR1 nor the SR2 regions. However, we include the tt̄Wj contribution

in our analysis as the extra final-state jet may lead to a small number of events passing the SSL

selection. In this case, we do not apply any matching and merging procedure again, so the overall

background yield in the SSL analysis is likely conservatively overestimated.

5 Four-top probes of new resonances at current and future LHC runs

5.1 Coloured-octet resonances

For the colour-octet case, Figure 6 shows the projected distributions of the largest reconstructed

resonance mass Mtt̄,1 at the HL-LHC, in the SR1 signal region and assuming conservative top-

tagging performance. The histogram includes signal predictions (simulated at NLO) for the two

colour-octet benchmark scenarios BP1 and BP2, as well as the dominant background contributions

(generated at LO) along with the cumulative scale variation uncertainties. The latter have been

obtained by adding the different contributions linearly across the different background components,

though the dominant contribution arises from tt̄+ jets events. As discussed in Section 4.3, tt̄+ jets

production remains the leading background contribution despite being suppressed by over four

orders of magnitude after our selection, owing to their initially large production cross section. This
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Figure 6: Signal and selected background distributions of the largest reconstructed resonance

mass, for the SR1 region with conservative top-tagging and after applying our colour-octet anal-

ysis. Backgrounds are generated at LO while the signal is simulated at NLO, and the results are

normalised to the HL-LHC luminosity. The hatched bands represent the cumulative scale variation

uncertainties on the background and σNP denotes the benchmark signal cross section before the

selection cuts. The last bin includes the overflow.

underlines the crucial role of improved top mistagging rejection as enabled by constituent-based

top-tagging algorithms in order to enhance the sensitivity.

Subdominant backgrounds include contributions from SM four-top, tt̄Z + jets and tt̄W + jets

production. The SM four-top component is irreducible but has a small cross section, while the

latter two processes have comparatively larger rates but are efficiently suppressed by our tagging

and kinematic requirements. These backgrounds are primarily relevant for Mtt̄,1 values near 1 TeV,

but their impact decreases at higher mass, particularly around 2 TeV where the HL-LHC bounds

are expected to be found. The background distribution indeed peaks slightly above 1 TeV due to the

hard pT requirements on the reconstructed AK10 jets which disfavour softer events. Consequently,

TeV-scale signals are somewhat harder to distinguish from the background, though this is mitigated

by the signal cross section being significantly larger than the background in this region (with rates

at the fb level).

An important feature revealed by our analysis is that despite the considerable smearing asso-

ciated with top-quark reconstruction, the signal retains a visible bump structure near the mass of

the BSM resonance. This allows for a shape-based analysis directly on the Mtt̄,1 spectrum, without

requiring a precise normalisation of the SM background. Theoretical uncertainties, particularly

for the tt̄Z + jets and tt̄W + jets contributions, are therefore less critical to the overall sensitivity.

Projected 95% confidence level (C.L.) bounds on the signal are hence obtained by fitting the Mtt̄,1

distribution using the PyHF framework [131], with a correlated scale factor applied to account

for theoretical uncertainties on the dominant tt̄ + jets background. The resulting LO and NLO

projected cross section limits for the two colour-octet benchmark points are listed in Table 5, at

integrated luminosities of 500 fb−1 and 3000 fb−1 and for the different signal regions defined in

Section 4.1. Several qualitative trends emerge from these results. First, the search performs best

when on-shell BSM resonances can be pair-produced (i.e. for masses around or below 2 TeV). Sec-
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Top-tag. Optimistic Conservative Optimistic Conservative

L [fb−1] 500 3000 500 3000 500 3000 500 3000

BP1 − LO BP2 − LO

SR1 0.55 0.21 0.65 0.25 10.29 4.21 11.98 4.59

SR2 0.52 0.13 0.59 0.17 5.93 1.88 6.56 2.03

SSL 1.65 0.37 1.64 0.37 9.11 2.20 9.09 2.14

BP1 − NLO BP2 − NLO

SR1 0.59 0.21 0.72 0.27 8.28 3.01 8.66 3.49

SR2 0.59 0.15 0.67 0.19 4.16 1.32 4.59 1.52

SSL 2.31 0.52 2.28 0.52 6.73 1.52 6.71 1.51

Table 5: Upper limits on the new physics cross section (in fb) for the colour-octet benchmark

scenarios, derived from our analysis strategy across the three signal regions. Results are presented

for both optimistic and conservative top-tagging assumptions and for integrated luminosities of 500

and 3000 fb−1.

ond, the full reconstruction of the four-top final state yields stronger limits compared to the other

explored strategies. In contrast the SSL channel, while benefiting from low background, suffer from

lower signal yields and hence reduced sensitivity. Finally, the performance of the top tagger has a

sizeable impact, with more optimistic mistagging assumptions improving the exclusion limits by up

to 20%.

In the left panel of Figure 7, we present the expected cross section limits in the SR2 signal region

as a function of the resonance mass for different values of the coupling to top quarks. As expected,

the optimal sensitivity is achieved when pair production of the colour octet dominates, leading to

a final state topology typically featuring four highly boosted top quarks. For larger values of the

top-quark coupling, both the resonance width and the contribution from the associated production

mode (pp → tt̄S8) increase, which in turn degrades the efficiency of the search. The right panel of

the same figure shows the projected 95% C.L. exclusions in the mass-coupling plane representing

the parameter space of the scalar colour-octet simplified model. Here, the NLO signal cross section

is obtained by a linear interpolation as described in Section 2.3.

Our NLO projections are in good agreement with the previous LO estimates from [16], although

the earlier analysis neglected correlations between the invariant masses of the two scalar octets. In

this work, we adopt a more conservative approach by considering only the largest reconstructed

invariant mass per event, which partially compensates the increase in signal strength from the

inclusion of NLO corrections. As a result, our analysis excludes colour-octet scalars with masses

up to approximately 2 TeV, even for moderately small Yukawa couplings. As is typical for limits

on BSM resonances produced via QCD-driven pair production, the projected exclusions extend

down to arbitrarily small values of yS8
provided that the branching ratio to top quarks remains

dominant and that the resonance decays promptly. Projections for more realistic scenarios where

the resonance also decays into other SM particles can be readily obtained by rescaling the predicted

cross section in Figure 2 and comparing it to the cross section limits in the left panel of Figure 7.

Finally, we emphasise that the search strategy employed here is not fully optimised, particularly

regarding the pairing method used to reconstruct the resonance mass from four-top final states.

Given the substantial advances made by experimental collaborations in analogous contexts (such

as double Higgs production with a bb̄bb̄ final state), we anticipate that future HL-LHC analyses
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Figure 7: Left panel – Expected cross section limits as a function of the colour-octet resonance

mass, for several values of the coupling to top quarks and assuming a branching ratio of 1. Results

are shown for the SR2 signal region at 500 fb−1, with the solid lines corresponding to the conser-

vative top-tagging assumption and the dashed lines to the optimistic one. Right panel – Projected

95% C.L. exclusion regions in the colour-octet mass-coupling plane for integrated luminosities of

500 fb−1 (orange) and 3000 fb−1 (dashed blue). Solid and dashed orange lines correspond to con-

servative and optimistic top-tagging assumptions, respectively, and we compare these projections

to the currently excluded region (dark shading) obtained from a recast of the CMS-TOP-18-003

analysis [84, 132, 133] and its naive extrapolation to 3000 fb−1 [134] (dashed grey) using an approx-

imate and overestimated K-factor of 2 and LO simulations for the signal. The light grey area at

large couplings indicates the region where the resonance width becomes large, making our approach

unreliable.

could significantly improve upon our simplified approach, potentially extending the sensitivity well

beyond the 2 TeV mass range.

5.2 New colour singlet resonance

For the colour-singlet analysis, predictions for the reconstructed invariant mass distribution of the

signal at the HL-LHC are shown in Figure 8 for the SR1 (top row) and SSL (bottom row) signal

regions, using conservative top-tagging. The main backgrounds are also displayed, along with their

cumulative scale variation uncertainties. In the SR1 region, the dominant background remains

stemming from tt̄+ jets production, like in the colour-octet case. However, the overall background

level is significantly higher since the looser top-tagging requirements motivated by the typically

lower pT of top quarks in the signal allow more background events to pass the selection. As in the

octet analysis, our strategy nevertheless suppresses low-pT background events, which results in a

peak around 1 TeV in the Mtt̄,1 invariant mass distribution. We emphasise that due to the specific

selection cuts used in the singlet analysis, we additionally include the tt̄bb̄ background although it

contributes at only the ∼ 10% level compared to the dominant tt̄+ jets background. As expected,

the signal resonance is more strongly smeared in this analysis compared to the octet case, reflecting

the difficulty of selecting the correct top quarks originating from the BSM decay. This suggests

that more advanced reconstruction strategies may be necessary to identify a scalar top-philic singlet

resonance efficiently. As a first step in this direction, we present in Appendix B a series of differential

distributions for relevant kinematic variables.
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Figure 8: Signal and selected background distributions of the largest reconstructed resonance mass,

for the SR1 (top) and SSL (bottom) regions with conservative top-tagging and after applying our

colour-singlet analysis. Backgrounds are generated at LO while the signal is simulated at NLO, and

the results are normalised to the HL-LHC luminosity. The hatched bands represent the cumulative

scale variation uncertainties on the background and σNP denotes the benchmark signal cross section

before the selection cuts. The last bin includes the overflow.
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Top-tag. Optimistic Conservative Optimistic Conservative

L [fb−1] 500 3000 500 3000 500 3000 500 3000

BP3 − LO BP4 − LO

SR1 9.53 3.89 9.61 3.92 6.83 2.77 6.97 2.83

SR2 5.45 2.20 5.89 2.39 4.10 1.67 4.33 1.76

BP3 − NLO BP4 − NLO

SR1 10.43 4.26 10.56 4.31 8.78 3.57 8.83 3.60

SR2 6.60 2.57 8.17 2.91 4.62 1.87 5.30 2.16

Table 6: Same as in Table 5 but for the colour-singlet benchmark scenarios.

The projected 95% C.L. cross section limits at 500 fb−1 and 3000 fb−1 are reported in Table 6

for the two BP3 and BP4 signal scenarios introduced in Section 2.1. Like for the octet analysis, the

best sensitivities for resonance masses above 1.5 TeV are obtained in SR2 where more top quarks

are fully reconstructed compared to SR1. Furthermore, we do not report the obtained limits from

the SSL region in the table due to the large associated Monte Carlo statistical uncertainties: gen-

erating sufficiently large samples proved computationally intensive given the low signal acceptance.

However, it is not necessary in light of the slightly stronger limits obtained for the SR2 signal region.

We also verify that the differences between LO and NLO signal shapes are negligible in terms of

their impact on the projected limits.

The projected cross section limits as a function of the singlet mass and coupling strength are

shown in the left panel of Figure 9. At large masses, the signal topology features increasingly

boosted top quarks, which enhances the search efficiency and significantly improves the exclusion

reach. For instance, the projected limit is stronger by nearly two orders of magnitude when the

singlet mass increases from 1 TeV to 2 TeV. Conversely, larger values of the top-quark coupling

lead to a broader resonance and enhance the relative contributions of off-shell production channels,

which both degrade the sensitivity. Below the 1.5 TeV threshold, the analysis becomes markedly

less effective. This is partly due to the reduced boost of the top quarks which makes their recon-

struction more difficult, and partly because of the background driven by the tt̄+ jets contribution

which yields a peak in the Mtt̄,1 distribution around 1 TeV, thus mimicking the expected signal

shape. In this region, we therefore choose to revert to the SSL search strategy which benefits from

nearly background-free conditions. The lower panel of Figure 8 shows the predicted invariant mass

distribution for the signal in this channel, that we thus use for limit setting.

The projected 95% C.L. exclusions for the scalar colour-singlet simplified model are displayed

in the right panel of Figure 9. As described in Section 2.3, the limits are obtained by interpolating

the LO cross section logarithmically and multiply it by a global K-factor interpolated linearly from

an NLO-to-LO ratio grid. As above mentioned, we use the SSL analysis as it provides the best

sensitivity in the relevant region of the parameter space, where perturbative values of yS1
only

allow resonance masses up to about 1.5 TeV to be probed at the HL-LHC. Notably, even with

a luminosity of 500 fb−1, our analysis improves upon existing searches for resonance masses near

1 TeV. At higher luminosities, the reach increases further, potentially allowing BSM particles with

top-quark couplings comparable to the SM Higgs to be excluded up to ∼ 1.2 TeV.

The SR1 and SR2 conservative singlet analyses discussed earlier assumes that top-tagging is

applied only to the most boosted AK10 jets. In principle, if full top-tagging could be achieved, a

significant improvement of the analysis strategies would be expected, even for resonance masses of
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Figure 9: Left panel – Expected cross section limits as a function of the colour-singlet resonance

mass, for several values of the coupling to top quarks and assuming a branching ratio of 1. Results

are shown for the SR2 signal region at 500 fb−1, with the solid lines corresponding to the conser-

vative top-tagging assumption and the dashed lines to the optimistic one. Right panel – Projected

95% C.L. exclusion regions in the colour-singlet mass-coupling plane for integrated luminosities of

500 fb−1 (orange) and 3000 fb−1 (dashed blue) and conservative top-tagging assumptions, using the

SSL signal region. We compare these projections to the currently excluded region (dark shading)

obtained from a recast of the CMS-TOP-18-003 analysis [84, 132, 133] and its naive extrapolation

to 3000 fb−1 [134] (dashed grey), using a K-factor of 2 and LO simulations for the signal. The light

grey area at large couplings indicates the region where the resonance width becomes large, making

our approach unreliable.

Singlet analysis Octet analysis

Top-tag. Optimistic Conservative Optimistic Conservative

L [fb−1] 500 3000 500 3000 500 3000 500 3000

SR1 53.69 22.17 52.13 21.31 51.65 23.76 63.79 29.26

SR2 76.17 28.69 72.27 29.33 34.38 10.37 34.70 12.08

SSL 9.8 3.3 10.1 3.2 15.6 3.7 15.8 3.7

Table 7: Upper limits on the colour-singlet production cross section (in fb) for a scenario with

MS1
= 1 TeV and ΓS1

/MS1
= 0.1, derived using both analysis strategies discussed in this work.

Results are presented for optimistic and conservative top-tagging performances at integrated lumi-

nosities of 500 and 3000 fb−1.

– 23 –



about 1 TeV. To illustrate this point, we perform a comparison using a more optimistic reconstruc-

tion strategy similar to the one used in the octet case, and apply it to the signal originating from

a scalar singlet scenario with MS1 = 1 TeV and yS1 = 1 (or equivalently ΓS1/MS1 = 0.1). The

corresponding results are shown in Table 7. In this scenario, the SR2 limit improves by a factor

of more than two, while the SR1 and SSL ones show no significant change. Despite this, the SSL

region remains the most promising strategy across all benchmarks, further justifying its use in our

final limit projections. We remind that the SSL results in Table 7 carry a statistical uncertainty of

approximately 20% owing to the limited number of Monte Carlo events passing all selection cuts.

6 Conclusion

In this work, we have presented a detailed study of the prospects for discovering new top-philic

BSM resonances through boosted four-top final states at the LHC and the HL-LHC. We have

performed for the first time a complete NLO QCD computation of BSM-induced tt̄tt̄ production,

including both on-shell and off-shell contributions. To enable these predictions, we implemented

several modifications to a conventional automated software pipeline based on FeynRules and

MadGraph5 aMC@NLO aiming to achieve simulations that match NLO matrix elements with

parton showers. We hence improved its ability to handle coloured BSM particles through a correct

treatment of the renormalisation procedure, including the derivation of the necessary UV coun-

terterms, and the introduction of a small but essential adjustment to the loop-diagram generation

algorithm of MadGraph5 aMC@NLO. The NLO corrections were found to increase the leading-

order cross sections significantly, by more than 70% in some cases, underlining the importance of

their inclusion in future experimental studies.

We expanded on our previous letter [16] by detailing our simulation and analysis framework

relying on the use of a validated ATLAS-like detector simulation built upon standard recasting tools.

Our approach focuses on directly reconstructing the invariant mass of new BSM resonances using

constituent-based top-tagging instead of relying solely on traditional cut-and-count strategies in

multilepton final states. Moreover, a careful treatment of the dominant backgrounds, especially the

tt̄+ jets contributions, was carried out. It includes in particular the proper matching and merging

of matrix elements featuring additional jet activity with parton showers, allowing us to capture the

dynamics of the high-energy tails of distributions relevant for the boosted regime. Compared to our

previous work, this resulted in a more reliable estimate of background levels and improved search

sensitivity.

Our main result is that at NLO, boosted four-top final states originating from pair-produced

coloured BSM scalars can be robustly distinguished from background by means of bump-hunting

strategies and leveraging the significant progress achieved in top-tagging techniques. This opens

the possibility of probing top-philic resonances with reach comparable to that of other coloured

states such as vector-like quarks or gluinos. The analysis strategies proposed here rely on simplified

reconstruction algorithms, and we expect significant gains from the use of modern machine learning

tools already employed in current four-top searches. For scalar singlet resonances, the limited pro-

duction cross section poses a stronger challenge. Nevertheless, we have shown that complementary

strategies such as using a same-sign dilepton final-state topology can remain effective for masses

up to about 1.2 TeV, especially at the HL-LHC. Our comparison of top-tagging strategies further

illustrates the room for optimisation in future analyses, our results hence strongly motivating the

development of dedicated four-top searches for top-philic BSM resonances.
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A Technical details

A.1 Full renormalisation of the simplified models with MoGRe

We use the MoGRe package [92] to renormalise the Lagrangian of the simplified models considered

in Eq. (2.1). MoGRe automatically introduces the renormalisation constants associated with all

fields and external parameters. It then derives those related to the internal parameters of the model,

following the conventions of FeynRules by truncating their dependence on other renormalised

quantities at one-loop order. The code also generates counterterms for all interactions present in

the Lagrangian using the full set of introduced renormalisation constants. During this process, the

user retains full control over which physical quantities are renormalised and may define custom

renormalisation conditions to implement a specific scheme. This last feature was however not used

in this work.

In our implementation, the quarks, the gluon and the BSM resonance are renormalised on-

shell. Among these, only the top quark and the BSM resonance are massive and thus require both

wave-function and mass renormalisation constants instead of only a wave-function renormalisation

constant. For external parameters, we renormalise the two BSM couplings to top quarks yS1
and

yS8
, as well as the strong coupling constant αs. Once the renormalised Lagrangian is constructed,

the estimation of the counterterms proceeds via dimensional regularisation using NloCT. To ensure

compatibility with the complex mass scheme, some manual adjustments are required. Specifically,

we define complex conjugation rules and manipulate the output prior to model export into the UFO

format [90, 91]. We implement first the replacement

CMSConj[X] -> Conjugate[X]

where X denotes either the BSM resonance mass, the top quark mass or the strong coupling constant.

In addition, we remove complex conjugation from parameters that are assumed real such as the

couplings and the renormalisation scale. Generically denoting such a parameter by Y, this means

the replacement

CMSConj[Y] -> Y

The resulting NLO UFO models are then generated using standard FeynRules functions.

For the colour-singlet scalar simplified model, additional care is required to ensure that NLO

calculations with MadGraph5 aMC@NLO include scalar singlets in QCD loop diagrams. This

is crucial as these scalars were considered for the computation of UV counterterms by NloCT. To

enforce this, we follow the procedure described in Refs. [101, 102] and modify the is_perturbating

() function in the file base_objects.py, adding specifically the snippet
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if len(int.get(’orders ’)) > 1:

continue

## BEGIN ADDITION

if order in int.get(’orders ’).keys() and \

abs(self.get(’pdg_code ’)) in [9000001]:

return True

## END ADDITION

As previously indicated, these lines explicitly instruct MadGraph5 aMC@NLO to include the

scalar singlet (PDG code 9000001 in our implementation) in QCD loop diagrams. We verified that

loops involving at least one scalar singlet were correctly generated and that UV poles cancelled as

expected. For interested readers, both the full QCD+BSM renormalisation procedure detailed in

this section and the more conventional QCD-only renormalisation described in Section A.2 have

been implemented in a Mathematica notebook publicly available on Zenodo [111].

A.2 QCD-only renormalisation of the simplified models with MoGRe

If one wishes to use UFO models generated with the standard QCD-only renormalisation procedure

implemented in FeynRules and NloCT, the main challenges arise during the process generation

step and the construction of the relevant one-loop diagrams inMadGraph5 aMC@NLO. Ensuring

a consistent automated NLO calculation that properly handles both UV and IR divergences indeed

requires specific care.

In the scalar singlet model, the key subtlety concerns the treatment of IR divergences. While

we could compute the process pp → tt̄S1 at NLO without issue, our study focuses on the full

pp → tt̄tt̄ process where the scalar S1 may appear through intermediate off-shell exchanges. In this

case, the emission of a soft gluon from a top quark line in the tree-level amplitude introduces an

IR divergence (see Figure 10(a,b)). This divergence is cancelled by one-loop diagrams of two types.

The first consists of QCD triangle diagrams with gluon exchange between top quarks (Figure 10(c)),

which are correctly generated along with the associated counterterms byMadGraph5 aMC@NLO

and NloCT. The second involves box, pentagon and hexagon diagrams with internal scalar singlet

propagators (Figure 10(d–f)) which are not generated by default by MadGraph5 aMC@NLO

since the singlet is uncharged under QCD, and which have been consistently ignored by NloCT

(especially as they do not yield any UV divergence). However, their inclusion is necessary to cancel

IR divergences. These diagrams must therefore be manually included.

In contrast, the scalar octet model presents a challenge in the treatment of UV divergences. For

instance, let us focus on a triangle diagram such as the one shown in Figure 11(b), which features

a gluon exchange between two top quark lines and consists in a QCD correction to the tree-level

diagram in Figure 11(a). At the same order, MadGraph5 aMC@NLO also generates one-loop

diagrams like the one in Figure 11(d), which involves a scalar octet exchange between top quarks

and that corresponds to a BSM corrections to the pure QCD topology of Figure 11(c). Such a

diagram contains BSM vertices that have not renormalised by NloCT, which indeed only derived

the QCD counterterms. This mismatch results in uncancelled UV poles and imposes that such

triangle diagrams should be removed.

We stress that the inclusion or removal of loop diagrams involving BSM resonances does not

guarantee a consistent calculation. Our goal here is solely to highlight how to resolve pole cancel-

lation issues that arise when attempting a QCD-only renormalisation of a model featuring BSM

scalars. The responsibility of selecting a consistent set of diagrams lies with the user. As detailed in

the main text, our main results does not rely on the QCD-only renormalisation procedure detailed

in this section, but instead on the full renormalisation of both QCD and BSM sectors described in

Appendix A.1.
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(a) (b) (c)

(d) (e) (f)

Figure 10: Examples of Feynman diagrams contributing to the associated production process

pp → tt̄S1 at tree level (a) and with soft gluon radiation from a top quark (b). Relevant one-loop

diagrams arise by inserting a gluon between two top quark lines. If the scalar singlet is absent from

the loop, the resulting diagram is the usual QCD triangle involving only the tt̄g vertex (c). When

a scalar propagator is instead attached to the same top quark lines as the gluon, a box diagram

is obtained (d). However, the scalar propagator could also be connected to the intermediate or

opposite top quark, yielding pentagonal (e) or hexagonal (f) loop.

As in the full QCD+BSM approach, a custom loop filter must be applied during loop gener-

ation in MadGraph5 aMC@NLO. The precise implementation differs between the scalar octet

and scalar singlet cases. In both cases, in the function user_filter() located in the file named

loop_diagram_generation.py, custom filtering must be activated with:

edit_filter_manually = True

For the scalar octet model, the following code should then be added to remove triangle loops

involving top quarks and scalar octets but no gluons,

# Apply the custom filter specified if any

if filter_func:

try:

valid_diag = filter_func(diag , structs , model , i)

except Exception as e:

raise InvalidCmd("The user -defined filter ’%s’ did not"%filter+

" returned the following error :\n > %s"%str(e))

## BEGIN ADDITION

is_incorrect_loop = (9000001 in loop_pdgs) and (6 in loop_pdgs) \
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(a) (b)

(c) (d)

Figure 11: Examples of Feynman diagrams for scalar octet pair production via gluon fusion at

tree level (a), and with a QCD virtual gluon exchange between two top quarks (b). We additionally

show a diagram for the pure SM QCD production of four top quarks (c), and with a BSM virtual

exchange of a scalar octet between two top quarks (d).

and (21 not in loop_pdgs)

if len(diag.get_loop_lines_pdgs ())==3 and is_incorrect_loop :

valid_diag = False

## END ADDITION

For the scalar singlet model, the filtering logic is slightly more involved as scalar singlets must be

excluded from certain loops based on their topology. This leads to the modification

# Apply the custom filter specified if any

if filter_func:

try:

valid_diag = filter_func(diag , structs , model , i)

except Exception as e:

raise InvalidCmd("The user -defined filter ’%s’ did not"%filter+

" returned the following error :\n > %s"%str(e))

## BEGIN ADDITION

is_loop_scalar = (9000001 in loop_pdgs)

is_loop_top = (6 in loop_pdgs)

is_not_loop_gluon = (21 not in loop_pdgs)

if len(diag.get_loop_lines_pdgs ()) <=3 and is_loop_scalar :

valid_diag = False

elif len(diag.get_loop_lines_pdgs ())==4 and is_loop_scalar \\

and is_loop_top and is_not_loop_gluon :

valid_diag = False
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elif len(diag.get_loop_lines_pdgs ())==5 and is_loop_scalar \\

and is_loop_top and is_not_loop_gluon :

valid_diag = False

elif len(diag.get_loop_lines_pdgs ())==6 and is_loop_scalar \\

and is_loop_top and is_not_loop_gluon :

valid_diag = False

elif len(diag.get_loop_lines_pdgs ()) >=7 and is_loop_scalar :

valid_diag = False

## END ADDITION

B Disentangling the pair and associated production of new scalar reso-

nances

In this section, we list observables that could in principle be used to distinguish between the pair

production and associated production of new colour-octet top-philic resonances. These observables

exploit the distinct final-state topologies that arise from the two relevant production mechanisms,

and were identified from a parton-level study. However, we found that they lose most of their

discriminating power after top quark reconstruction from hadron-level events, at least within our

framework, due to the smearing of four-momenta and reconstructed masses. For this reason and

in order to keep our analysis simple, we have not employed them (except for the first two) to

obtain our main results. Instead, we always assumed that pair production was dominating in the

considered colour-octet benchmark scenarios. Nevertheless, these observables may still prove useful

for characterising selected signal events in real data, especially when used as inputs to a multivariate

approach based on Boosted Decision Trees or Neural Networks (which can be readily integrated

into our analysis framework as demonstrated in Refs. [135, 136]).

The goal of these variables is thus to help determine whether selected events are compatible

with the production of one or two colour-octet resonances. They probe event shape and are sensitive

to the geometry and magnitude of the top quark four-momenta, attempting to assess whether one

of the reconstructed top pairs originates from standard QCD interactionse.

The following list is not exhaustive but already includes a representative set of key variables.

• Difference in the top pair masses: When two resonances are produced, the two top quark

pairs in which they decay should have similar invariant masses up to reconstruction effects.

This is not necessarily the case if one of the top pairs arises from QCD interactions, and we

exploit this variable for the pairing of top quarks in our colour-octet analysis strategy.

• Largest top transverse momentum: In the colour-singlet analysis, we pair the two

leading-pT top quarks and assume that they originate from a top-philic resonance decay.

This is justified as the tops stemming from the resonance typically carry more transverse

momentum than those generated through standard QCD processes.

• Transverse sphericity: This observable is defined as

SphT =
2λ2

λ1 + λ2
, (B.1)

where λ1 > λ2 are the eigenvalues of the transverse linearised sphericity tensor

Mxy =
1∑

i |p⃗T,i|

Ntop∑
i=1

1

|p⃗T,i|

(
p2x,i px,ipy,i

py,ipx,i p2y,i

)
. (B.2)
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Figure 12: Normalised differential distributions of the transverse sphericity variable in the single-

leptonic (left) and fully hadronic (right) channels at parton level. We compare different benchmark

points for the colour-octet and colour-singlet models: the curve labeled “S8, pure-pair” corresponds

to a scenario with MS8 = 1.3 TeV and yS8 = 0.25 where octet pair production dominates; the “S8,

mixed” curve refers to the BP1 benchmark of Section 2.1 featuring significant contributions from

both associated and pair production. Finally, for the singlet case, we consider the BP3 scenario of

Section 2.1 where only associated production occurs by construction.

Here, the momenta refer to those of the reconstructed top quarks and the variable ranges

from 0 (pencil-like configurations) to 1 (isotropic distributions). Colour-octet pair produc-

tion typically yields larger SphT values, as all top quarks have four-momenta of comparable

magnitude. By contrast, associated production events often feature two top quarks with sig-

nificantly larger momenta than the others, resulting in a smaller SphT value. This is illustrated

in Figure 12 for the single-leptonic (left) and fully hadronic (right) channels.

• Transverse thrust: This observable is defined as

ThrT = 1−max
n̂T

∑
i |p⃗T,i · n̂T |∑

i |p⃗T,i|
, (B.3)

where the sum runs over the transverse momenta of the different top quarks and n̂T corre-

sponds to the unit vector in the transverse plane that maximises the projection of all different

momenta. This variable behaves similarly to transverse sphericity: values close to zero corre-

spond to back-to-back top pairs, while values closer to 1− 2/π signal more isotropic events.

• Opening angle: Since resonances are usually produced nearly at rest, the opening angle θ

between the top quarks in which they decay tends to be close to π. This is not always the

case for top quarks produced via QCD interactions. The relevant angle is defined as usual

through cos θ = p⃗1 · p⃗2/(|p⃗1| |p⃗2|), where p⃗1,2 are the momenta of two top quarks.

• Scalar triple product: This variable is defined as

(p⃗1 × p⃗2) · p⃗3
|p⃗1 × p⃗2| |p⃗3|

, (B.4)
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where p⃗1,2,3 are the momenta of three top quarks. This variable vanishes if the momenta are

coplanar and reaches ±1 when they are orthogonal. Events from associated production tend

to yield values close to zero, whereas pair production favours more spread-out configurations

with values closer to ±1, although this behaviour also depends on the number of leptons in

the final state.
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[16] L. Darmé, B. Fuks, H.-L. Li, M. Maltoni, O. Mattelaer and J. Touchèque, Novel approach to probing
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[111] L. Darmé, B. Fuks, M. Maltoni, J. Touchèque and H. Li, Searching for top-philic heavy resonances

in tagged four-top final states, July, 2025. 10.5281/zenodo.15783920.

[112] J.Y. Araz, B. Fuks and G. Polykratis, Simplified fast detector simulation in MADANALYSIS 5,

Eur. Phys. J. C 81 (2021) 329 [2006.09387].

[113] J.Y. Araz, B. Fuks, M.D. Goodsell and M. Utsch, Recasting LHC searches for long-lived particles

with MadAnalysis 5, Eur. Phys. J. C 82 (2022) 597 [2112.05163].

[114] E. Conte, B. Fuks and G. Serret, MadAnalysis 5, A User-Friendly Framework for Collider

Phenomenology, Comput. Phys. Commun. 184 (2013) 222 [1206.1599].

[115] E. Conte, B. Dumont, B. Fuks and C. Wymant, Designing and recasting LHC analyses with

MadAnalysis 5, Eur. Phys. J. C 74 (2014) 3103 [1405.3982].

[116] E. Conte and B. Fuks, Confronting new physics theories to LHC data with MADANALYSIS 5, Int.

J. Mod. Phys. A33 (2018) 1830027 [1808.00480].

[117] ATLAS collaboration, Search for heavy particles decaying into top-quark pairs using lepton-plus-jets

events in proton–proton collisions at
√
s = 13 TeV with the ATLAS detector, Eur. Phys. J. C 78

(2018) 565 [1804.10823].

[118] ATLAS collaboration, Electron and photon performance measurements with the ATLAS detector

using the 2015–2017 LHC proton-proton collision data, JINST 14 (2019) P12006 [1908.00005].

[119] ATLAS collaboration, Search for tt resonances in fully hadronic final states in pp collisions at
√
s

= 13 TeV with the ATLAS detector, JHEP 10 (2020) 061 [2005.05138].

[120] ATLAS collaboration, Muon reconstruction and identification efficiency in ATLAS using the full

Run 2 pp collision data set at
√
s = 13 TeV, Eur. Phys. J. C 81 (2021) 578 [2012.00578].

[121] M. Cacciari, G.P. Salam and G. Soyez, The anti-kt jet clustering algorithm, JHEP 04 (2008) 063

[0802.1189].

[122] M. Cacciari, G.P. Salam and G. Soyez, FastJet User Manual, Eur. Phys. J. C72 (2012) 1896

[1111.6097].

[123] ATLAS collaboration, Optimisation of the ATLAS b-tagging performance for the 2016 LHC Run,

ATL-PHYS-PUB-2016-012.

[124] M. Carena and Z. Liu, Challenges and opportunities for heavy scalar searches in the tt channel at

the LHC, JHEP 11 (2016) 159 [1608.07282].

[125] A. Djouadi, J. Ellis, A. Popov and J. Quevillon, Interference effects in tt production at the LHC as

a window on new physics, JHEP 03 (2019) 119 [1901.03417].

– 36 –

https://doi.org/10.1016/j.cpc.2014.06.017
https://arxiv.org/abs/1403.1229
https://doi.org/10.1088/1126-6708/2008/03/042
https://arxiv.org/abs/0711.3596
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://arxiv.org/abs/1207.1303
https://doi.org/10.1016/j.nuclphysb.2013.10.010
https://arxiv.org/abs/1308.0598
https://doi.org/10.1007/JHEP03(2013)015
https://arxiv.org/abs/1212.3460
https://doi.org/10.1016/j.cpc.2015.08.031
https://doi.org/10.1016/j.cpc.2015.08.031
https://arxiv.org/abs/1402.1178
https://doi.org/10.21468/SciPostPhysCodeb.8
https://doi.org/10.21468/SciPostPhysCodeb.8
https://arxiv.org/abs/2203.11601
https://doi.org/10.1140/epjc/s10052-021-09052-5
https://arxiv.org/abs/2006.09387
https://doi.org/10.1140/epjc/s10052-022-10511-w
https://arxiv.org/abs/2112.05163
https://doi.org/10.1016/j.cpc.2012.09.009
https://arxiv.org/abs/1206.1599
https://doi.org/10.1140/epjc/s10052-014-3103-0
https://arxiv.org/abs/1405.3982
https://doi.org/10.1142/S0217751X18300272
https://doi.org/10.1142/S0217751X18300272
https://arxiv.org/abs/1808.00480
https://doi.org/10.1140/epjc/s10052-018-5995-6
https://doi.org/10.1140/epjc/s10052-018-5995-6
https://arxiv.org/abs/1804.10823
https://doi.org/10.1088/1748-0221/14/12/P12006
https://arxiv.org/abs/1908.00005
https://doi.org/10.1007/JHEP10(2020)061
https://arxiv.org/abs/2005.05138
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://arxiv.org/abs/2012.00578
https://doi.org/10.1088/1126-6708/2008/04/063
https://arxiv.org/abs/0802.1189
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://arxiv.org/abs/1111.6097
https://doi.org/10.1007/JHEP11(2016)159
https://arxiv.org/abs/1608.07282
https://doi.org/10.1007/JHEP03(2019)119
https://arxiv.org/abs/1901.03417


[126] CMS collaboration, Search for new particles decaying into top quark-antiquark pairs in events with

one lepton and jets in proton-proton collisions at 13 TeV, CMS-PAS-B2G-22-006.

[127] C.G. Lester and D.J. Summers, Measuring masses of semiinvisibly decaying particles pair produced

at hadron colliders, Phys. Lett. B 463 (1999) 99 [hep-ph/9906349].

[128] H.-C. Cheng and Z. Han, Minimal Kinematic Constraints and m(T2), J. High Energy Phys. 12

(2008) 063 [0810.5178].

[129] M.L. Mangano, M. Moretti, F. Piccinini and M. Treccani, Matching matrix elements and shower

evolution for top-quark production in hadronic collisions, JHEP 01 (2007) 013 [hep-ph/0611129].

[130] J. Alwall, S. de Visscher and F. Maltoni, QCD radiation in the production of heavy colored particles

at the LHC, JHEP 02 (2009) 017 [0810.5350].

[131] L. Heinrich, M. Feickert, G. Stark and K. Cranmer, pyhf: pure-Python implementation of

HistFactory statistical models, J. Open Source Softw. 6 (2021) 2823.

[132] B. Fuks et al., Proceedings of the second MadAnalysis 5 workshop on LHC recasting in Korea, Mod.

Phys. Lett. A 36 (2021) 2102001 [2101.02245].
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