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The Standard Model (SM) of particle physics has been remarkably successful in explaining a wide
range of experimental observations. However, there are several fundamental questions which
remain unanswered, such as the incorporation of gravity into the SM, radiative corrections to
mass of Higgs boson, the matter-antimatter asymmetry, and the existence of viable dark matter
candidates. One potential solution to these challenges is extending the SM by introducing an
additional Higgs doublet. This analysis investigates the presence of a neutral scalar (H) or
pseudoscalar (A) heavy Higgs boson, as predicted by the Two-Higgs-Doublet Model (2HDM),
produced in association with a pair of top quarks and subsequently decaying into a top-quark pair.
The analysis is based on proton-proton (p p) collisions at a center-of-mass energy of 13 TeV, using
data collected by the ATLAS detector at the Large Hadron Collider (LHC). Events with exactly
one or two oppositely charged leptons (electrons or muons) in the final state are considered. To
enhance the modeling of the dominant background from top-antitop production with additional
jets, data-driven corrections are applied. A powerful Graph Neural Network classifier is employed
to improve signal-background discrimination. This search is further combined with a previous
ATLAS analysis in the multilepton channel to set upper limits on the production cross section of
H /A bosons with masses ranging from 400 GeV to 1000 GeV in the alignment limit. Additionally,
constraints are applied on a model predicting the existence of a color-octet scalar, known as a
sgluon, which decays into a pair of top quarks.
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1. Introduction

The Standard Model (SM) of Particle Physics be-
came complete in its set of elementary particles follow-
ing the discovery of the Higgs boson by the ATLAS [1]
and CMS [2] experiments at CERN [3, 4]. However,
despite this completeness, the SM still faces significant
challenges due to the Higgs boson, including the hierarchy
problem, baryogenesis, and various experimental anoma-

lies. Notably, the loop quantum corrections in the mass
of the Higgs boson lead to the quadratic divergences [5].

This indicates that the SM is fundamentally incomplete Figure 1: Feynman diagram showing
the production of a scalar/pseudoscalar

Higgs boson in four-top-quark final state
(ttH/A — titr) [22].

in addressing such phenomena and suggests the presence
of new physics. One possible approach to address these
challenges is to extend the Higgs sector such as in Two-
Higgs-Doublet Model (2HDM) [6], hMSSM [7-9] and
and those incorporating Higgs triplets [10—15]. In these proceedings, a minimal extension of the
Higgs sector is considered by introducing an additional Higgs doublet, following the framework
of the Type II 2HDM. In this model, there are two complex doublets of Higgs which give rise to
a total of eight degrees of freedom in the scalar sector. But after spontaneous symmetry breaking
(SSB), three degrees of freedom are absorbed by the W* and Z bosons, providing their longitudinal
polarization components and leaving only five physical Higgs bosons. This model predicts the
existence of two charged Higgs bosons (H*), a neutral CP-odd Higgs boson (A), and two neutral
CP-even Higgs bosons (H, h), where 4 is the lighter one and identified as the 125 GeV Higgs boson
in the SM. The heavy Higgs bosons, both the neutral scalar (H) and pseudoscalar (A), can introduce
new sources of CP violation, which are essential for successful baryogenesis. Additionally, they
can contribute to canceling the divergences that emerge in radiative corrections to the mass of the
SM Higgs boson. There are five parameters including the mixing angle of the two CP-even Higgs
bosons as a, the ratio of the vacuum expectation values of the two Higgs doublets as tan 3, and the
three masses of the Higgs bosons (mpy=, mga, mp). Similar direct and indirect searches for these
heavy-scalar/pseudoscalar Higgs bosons have been performed by the ATLAS and CMS experiments
in the past [16-21].

In these proceedings, a search for the scalar (H) or pseudoscalar (A) heavy Higgs boson
(decaying to a pair of top quarks, #7) produced in association with a pair of top quarks (tfH/A — tftt)
is presented in the alignment limit (where lighter CP-even Higgs boson % couplings are same as
SM Higgs boson) [22], as illustrated in Figure 1. The mass of the hypothetical heavy Higgs boson
(mpya) is considered to be in the range of 400 to 1000 GeV with a step of 100 GeV. Events
with a single lepton (electron or muon) or a pair of oppositely charged leptons (1L/2LOS) are
selected as final-state particles. The analysis employs the Run-2 dataset recorded with the ATLAS
detector at LHC, corresponding to an integrated luminosity of 139 fb~! [23] at a center-of-mass
energy of 4/s = 13 TeV in proton-proton (pp) collisions. The interference effects of SM ¢7t7 are
not taken into account. The Monte Carlo (MC) samples are generated for all background and
signal processes. Separate samples are not generated for 1#fA — t#tf as the kinematic differences
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between ttH — titf and tfA — titt are found to be less than 1%. No mixing between scalar and
pseudoscalar Higgs boson is considered. It is observed from few studies that the event kinematics of
interest is independent of the value of g at leading order calculation. The same analytical approach
is employed to establish constraints on the sgluon model, which predicts the production of a pair of
color-octet scalars, referred to as scalar gluons, decaying into top-antitop quark pairs [24].

2. Object selection and Event categorisation

Events are classified on the basis of leptons, jets,

and b-tagged jet multiplicity as shown in Figure 2. o ()

The events are preselected if they contain exactly " Gontrol

one or two opposite-charge leptons (only electrons or regions

muons) collected using single-lepton triggers witha 3bH|

transverse momentum (pr) threshold of 28 GeV after g, | rescaling Valigation regions
applying data quality requirements [25]. The jets are abL -
constructed using the anti-k algorithm [26, 27] with

aradius parameter of 0.4, referred to as small-R jets. 20 NN kinematic correction

The jet-vertex tagger [28] is used to mitigate the 7 8j 9j =10

effect of pileup. The b-jets are identified using the
DLI1r algorithm [29]. A selected event containing Figure 2: Illustration of events categorised into

exactly one (two opposite-charge) lepton(s) should Signal (SR), control (CR), and validation (VR)
regions for the 1L channel, based on jet multi-

plicities (x-axis) and b-tagging criteria (y-axis).
Highlighted rectangles represent analysis regions

used for deriving flavour rescaling and Neural
sign (2LOS) channel, with at least two of them as  Network (NN) kinematic corrections [22].

have jet multiplicity between seven (7]) to at least ten
(= 10j) for the single-lepton (1L) channel and five
(5)) to at least eight (> 8j) for the dilepton opposite

b-tagged jets passing a working point of 70%.

3. Estimation of Background

The primary background influencing the signal process t7H/A — tftf originates from rf+jets.
The production of ¢f along with the additional jets that originate from sources other than the direct
decay of the top quark, is referred to as t7+jets. The remaining background consists of the production
of SM four-top quarks (¢77), tf produced in association with a Higgs boson (17H) or a weak boson
(ttW, ttZ), single-top-quark events, diboson production, etc. and represents only 8% of the data
in the signal region. The ¢f events that include additional jets that are matched to the b-hadron
are classified as t7+>1b. Events that do not fall under ¢7+>1b but contain at least one additional
particle jet associated with ¢ hadron(s) are classified as t7+>1c events. The t7+>1b and tf+>1c
events together are known as t7+HF events (HF stands for heavy flavour). In addition, events that
do not fall under ##+>1b or tf+>1c, are classified as t7+light events.

However, some previous searches have observed that the overall normalization of the t7+HF
jets is underestimated [30, 31], and certain kinematic mismodelings occur in the high jets pr
regime [32]. To address this issue, data-driven corrections are implemented for tf+jets in two
sequential steps derived from orthogonal regions, as shown in Figure 2. Firstly, the ratio of post-fit
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to pre-fit yield is determined using a profile likelihood fit (discussed in Section 6), in which the
fitted observable is the sum of the pseudo-continuous b-tagging score of the third and fourth jets,
ordered in the descending score. This ratio serves as a normalization factor and is applied to ¢7+jets.
Then, a feed-forward neural network (NN) [33, 34] is trained to correct the kinematic mismodeling
observed in zf+jets. The NN acts as a binary classifier between the simulated ¢7+jets and the data.
The simulated non-z7+jets events are labeled as data with negative weights. The output of the NN
o(x) as a function of the input vector (x) can be expressed as the a posteriori Bayesian probability
of the data Pg,,(X) and the simulations Pyc(X):

QdataP data(x)
@dataPdata(X) + avc Pymc(X)

o(x) = P(datalx) = (1)

where the fractions of data and simulated events used for the training are denoted by @ga, and
amc, respectively, satisfying the condition @gaa + @mc = 1. After minimising the exponential loss

function (L),

o o)
L = Pyaa(X)e” 2 + Pyc(x)e 2

with respect to o(x), NN reweighting factors are derived as,
w(x) = e”™ 3)

and applied to the t7+jets resulting in a significant enhancement in the agreement between data and
the MC prediction.

4. Signal Extraction against Background

Since tf+jets form an irreducible background
for the signal process, distinguishing the signal from

o
£

ATLAS Simulation ]
(s=13TeV, 139 f5" === ttH - titt, m =400 GeV |
1L, 29}, 23b e SM titt J
tt+jets

the background is essential. Graph Neural Networks
(GNNSs) [35] built with the library PyTorcH [36],
utilize graphs to efficiently model the kinematics of

0.3

Fraction of events / 0.1

an event, where nodes represent reconstructed ob-

jects, and edges depict connections or relationships 0.2

‘‘‘‘‘‘‘

between node pairs. The mass-parameterised [37] | & s

GNN acts as a binary classifier between the signal

0.

N

process at all assumed masspoints: (tH/A — titt

and the background: ¢7+jets. Training is carried out

separately for the 1L (2LOS) channel with at least bl obu bbb B
9(7) jets and at least three b-tagged jets obtained GNN Score
with an average efficiency of 70% inclusively. The

OO

Figure 3: The GNN distribution compared for
ttH/A — tftt, SM titt and ti+jets at myja =
from the background is depicted in Figure 3. Itis 400 GeV in the 1L channel with > 9 jets and > 3
observed that GNN performs better for large masses  b-tagged jets. [22]

performance of the GNN in distinguishing the signal

of heavy Higgs bosons.
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Figure 4: Post-fit distributions of the output of GNN evaluated at mg = 400 GeV in the (a) 1L region with
> 10 jets and four b-tagged jets and (b) 2LOS region with > 8 jets and > 4 b-tagged jets. The signal is shown
with red dashed line normalised to total post-fit background. The fit is performed with the background-only
hypothesis [22].

5. Systematic Uncertainties

Systematic uncertainties originate from limitations or biases within the measurement process,
the experimental setup, or theoretical model. These encompass experimental uncertainties related to
object reconstruction and calibration, such as jet energy scale, jet energy resolution [38], uncertainty
in luminosity measurements, taken as 1.7% [23] and b-tagging calibrations [39—-41]. Theoretical
modeling uncertainties arising from approximations and assumptions in the modeling of signal [42]
and background processes, such as the choice of parton distribution functions, matrix element
generator, and higher-order QCD corrections are considered. A normalization uncertainty of 50%
is attributed to 7+>1b and 17+> 1 ¢, whereas t7+light is assigned an uncertainty of 5%. Other minor
backgrounds are also assigned normalization uncertainties. In addition, uncertainties arising from
data-driven background estimations, finite training datasets, are also taken into account. Among all
the uncertainties considered, the ## modeling uncertainties are found to have the greatest impact on

the results.

6. Statistical Analysis

A binned profile likelihood fit is performed for each hypothesized mass of the heavy Higgs
boson, simultaneously incorporating all signal and control regions across both decay channels to
detect the potential presence of a signal. The profile likelihood function (£) is formulated as the
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overall product of the Poisson (#) and Gaussian probability density (&) terms in all bins in the

distributions of CR and SR,
£(iwd)= [T []# (rirlusir@+B.@)x []6(6))
reregion i ebin JENP

“

where 7 represents the data vector, u represents the signal strength which is a parameter of interest
(POI) defined as the ratio of the measured cross section of SM ¢ftf to a reference cross section
(12 tb=1), 7] corresponds to the constrained nuisance parameters associated with systematic uncer-
tainties affecting signal and background yields. The quantities n; ,, S; -, and B; , denote the data,
signal, and background yields in bin i of the analysis region r, respectively.

Figure 4 presents the post-fit distribution of the GNN in the fitted region with the highest
sensitivity to the signal, demonstrating a satisfactory consistency between the data and the MC
prediction. The current search in 1L/2LOS is combined with the previous search conducted in the
multi-lepton (2LSS/ML) channel [19]. This allows for more precise results. The two searches are
statistically independent because of the distinct lepton selection criteria applied in each case. Their
combination is performed using a simultaneous profile likelihood fit, integrating all SRs and CRs
from both final states while fully correlating all systematic uncertainties. However, the primary
background in 2LSS/ML arises from 7#W. Consequently, the uncertainties associated with 77+jets
and tfW are treated as uncorrelated.

7. Results and Conclusion

No significant excess of events from the SM prediction is observed in the case of 2HDM. As a
result, the upper limits on the POI are set using the CLg method [49, 50].

= B B B I I IR R = I e B e AR
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Figure 5: Expected and observed 95% CL upper limits on the cross section times branching fraction (a)
o(pp — ttH/A) x BR(H/A — tf) as a function of mp/a, (b) o(pp — S3Sg) X BR(Sg — 1) as a
function of mg,, obtained from the combination of the 1L/2LOS and 2LSS/ML final states. The blue and
red dashed lines represent expected limits obtained from the individual 1L/2LOS and 2LSS/ML channels,
respectively. Theoretical predictions at next-to-leading order in QCD for two values of tan 8 are shown for
H /A boson [43-48] while one is shown for sgluon [22].
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The observed and expected upper limits at 95% CLg are excluded for the ttH/A — ritf
production cross section for the combined channel (1L/2LOS +2LSS/ML) as shown in Figure 5
(a). The combined expected limits are consistently lower than those obtained from the individual
channels, resulting in a 19% improvement over using only the multi-lepton channels, as more signal
events contribute to the analysis. Furthermore, 95% CLg lower limits are excluded for tan 8 as a
function of the mass of the hypothetical Higgs boson. At 0.4(1.0) TeV, tan 8 values below 1.7(0.7)
are excluded when H and A contribute to the final state, below 1.2(0.5) when only H contributes
and below 1.5(0.5) when only A contributes.

The analysis approach applied in the search for a 2HDM signal is also utilized to place
constraints on the s-gluon model, which predicts the production of a pair of scalar states, Sg (color-
octet with respect to SU(3),.), subsequently decaying into a pair of top quarks. The targeted signal
process is SgSg — titf. The hypothesized mass of the s-gluon spans from 0.4 to 1.5 TeV with an
increment of 0.1 TeV along with additional values at 1.75 and 2.0 TeV. The observed and expected
upper bounds at 95% CL are excluded for the production of the SgSs — t7¢f process in the combined
channel as shown in Figure 5 (b). The observed limits are slightly weak for mg, >1.0 TeV. This is
because for masses greater than 1.0 TeV, the binary classifiers are optimized for a mass of 1.0 TeV.
The combined expected limits show an improvement of 26% as compared to when using only the
multi-lepton channels. The sgluon masses mg, <1.3 TeV are excluded.
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