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Abstract. The top quark is the heaviest known elementary particle of the Standard Model
(SM) of particle physics and, therefore, it is expected to have large couplings to hypothetical
new physics in many models beyond the SM (BSM). Various studies have predicted the presence
of multi-lepton anomalies at the LHC. One of those anomalies is the excess production of two
same-sign leptons and three isolated leptons in association with b-jets. These are reasonably
well described by a 2HDM+S model, where S is a singlet scalar. Both the ATLAS and CMS
experiments have reported sustained excesses in these final states. This includes corners of the
phase-space where production of top quark pairs in association with a W boson contributes to.
Here, we investigate the production of two same-sign and three leptons from the production
of four top quark final states. Our focus is on understanding the differences between the SM
and BSM production mechanisms of four top quarks from ttA (A — ¢t) using Machine Leaning
techniques with twelve discriminating kinematic variables.

1. Introduction

The exploration of a Higgs boson (h) at the Large Hadron Collider (LHC) by ATLAS [1] and
CMS [2] Collaborations has opened a new window of opportunity for the community of particle
physics. The measured properties relating to the Higgs boson have illustrated the compatibility
with those predicted by the Standard Model (SM) [3, 4]. Be that as it may, the possibility of
the existence of additional scalar bosons is not excluded provided that their mixing with the SM
Higgs boson is adequately small. Subsequently with the higher luminosity, the focus has shifted
towards understanding the couplings of the Higgs boson to the SM particles and searching for
new particles. Thus, leaving no stone unturned to search for new particles/interactions at the
LHC. In doing so the LHC has already reported a few prelusive hints/anomalies in its current
data which needs immediate attention. In this context a scalar singlet S was introduced in
conjunction with a 2HDM model in Ref. [5, 6] to explain some features of the Run 1 LHC data,
referred to as the 2HDM+.S model. The model predicts the emergence of multi-lepton anomalies
that have been verified in Refs. [7, 8, 9, 10], where a possible candidate of S has been reported
in Ref. [11]. The model can further elaborate on multiple anomalies in astro-physics if it is
complemented by a candidate of a Dark matter [12]. It can be easily extended [13] to account
for the 4.20 anomaly g — 2 of the muon [14, 15].
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Figure 1. The Feynman diagram for the four top quarks production at the leading order in

QCD.

The large coupling of the top quark with the SM Higgs boson exposes it to multiple new
particles as well as new interactions predicted in various physics in BSM. Thus, studying rare
processes involving the top quarks are of h}gclll int Hast. The four top quark production has
been observed recently by both ATLAS [16] AR 'C7M8 [17] collaborations and it is one of the
rare processes predicted by the SM. In this study we require two same-sign leptons (2LSS) or
events with at least three leptons (3L) to be present in the final state. Although the branching
fractions for these channels are relatively small, it delivers promising results owing to its clean
nature and small background contribution from the SM. The addition of a Higgs-doublet to the
SM resulted in the scalar spectrum being populated with two CP-even (h, H), one CP-odd (A)
and charged scalar bosons (H7), thus leaving room to study the characteristics of the scalar
spectrum. Our interest is to investigate the CP-odd scalar in the 2HDM+S model, by studying
the production of A in association with two top quarks and its decay of A — tf channels. The
relevant Feynman diagrams are shown in Fig. 1.

2. The Model

In order to understand the results reported by ATLAS [16], we have considered a 2HDM extended
with a real singlet scalar [6, 18], ®g, we kept the notation same as in Ref. [6] and name this
model as 2HDM+S5. The potential of the model is given by:

V (D1, Dy, D) = m3y 1|2 + mdy|Pa|?> — mIy (1 Dy + h.c)
A A
5 (@101 + T (@h2)° + Ay (2]@1) (] 0)

+ A (@] @0) (D1 + %
+ %m%@% + %cl)‘é + %(@1@1)@?9 + %(q%@z)qﬂs.

Here the ®; and ®y are the SU(2); Higgs doublets and ®g is the singlet field. The first
three lines correspond to the potential for the 2HDM and the last line is the contribution from
the singlet field. In order to avoid the tree-level FCNC’s, all the quarks of a given charge
must couple to a single Higgs doublet, which can be done by imposing a Z symmetry and
it is softly broken by the m?2, term. Moreover, if we extend the Z symmetry to the Yukawa
sector it guarantees the absence of FCNC at tree level. Here, we consider a case where the real
singlet field acquires a vacuum expectation value (vev) with a Zs symmetry. In other words,
if this symmetry is respected then the singlet scalar becomes a viable dark matter candidate.
In this study we set m2, # 0 in the 2HDM+S potential, Eqn. 1, which corresponds to a soft
breaking of the Z; symmetry. Since we do not consider explicit CP violation, we assume A; to
be real. Minimising the potential with the three Higgs fields and assuming the vevs of the fields
®y — v1/V2, Py — v2/v/2 and g — vg, the three minimisation conditions are:

+

[(®1®9)? + h.c.]
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Figure 2. The b-jet multiplicity in events from pp — ttA — tttt production for three values of
m4 with the event selection applied in Ref. [16]. The graphs on the left (right) correspond to
two same-sign (three) leptons.
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With these conditions on the fields are:
miy = =301 + 03 Aaas + vEAT) + Zmiy, (3)
may = =503 + vfsas + vEAs) + Lmi,, (4)
m% = —*<’U1/\7+’U%)\8+US>\6) (5)

where A3q5 = A3 + Aq + As.

3. Deep Neural Networks

Deep Neural Networks (DNN) are considered a powerful tool for big data problems when using
machine learning. hey have been applied to a variety of problems, essentially classifications of
various types and to Artificial Intelligence complex systems needed at CERN when searching
for new physics. Large data sets with various kinematics are produced by the multipurpose
detectors at the LHC from the proton-proton collisions. To get information from the data,
different mechanisms are used to process the multi-dimensional space.

DNNs make use of multiple processing layers to determine patterns within large data sets,
through each layer learning from the input data and subsequently passing on the information
to the next layer. The data flow in DNNs is in one direction, from the input layer to the output
layer with the connections between the layers being fed forward, while the output results are
obtained using back propagation.

In our study we have engineered three separate DNN models that will be used to separate
the SM production of four top quarks from the BSM production, as we have evaluated the
heavy pseudo scalar A with three different masses, m 4 = 400, 500, 600 GeV. The best working
hyper parameters for the DNNs were used to build DNNs that provided efficient results for the
classification task.

4. Results

We perform a Monte-Carlo simulation of pp collisions at the LHC. The events corresponding
to the signal and SM backgrounds are generated using Madgraph5 [19] with the NNPDF3.0
parton distribution functions [20]. The UFO model files required for the Madgraph analysis
have been obtained from FeynRules [21] after a proper implementation of the model.
Following this partonlevel analysis, the parton showering and hadronization are performed using
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Figure 3. The distributions of the input variables used to train the DNN for two same-sign
leptons. The BSM signal corresponds to my = 400 GeV.

Pythia [22]. We use Delphes(v3) [23] for the corresponding detector level simulation after the
showering /hadronization.

The event selection documented in Ref. [16] is used here The DNN used in this study is a
binary classification algorithm which categories between 0 and 1, with 0 being associated with
the SM production of four top quarks while 1 is associated with BSM production. The signature
that will be used to explain the results reported by ATLAS in Ref. [16] with b-jets follows the
production mechanism pp — ttA — tttt. This gives rise to an excess of multi-lepton final states
associated with b-tagged jets in the two channels of interest. In order to illustrate the excess of
b-tagged jets in the final state of the signature that we are studying, distributions of the b-tagged
jets for the two channels are shown in Fig. 2.

The discriminating features used to train the DNN in order to perform a classification between
the SM and BSM four top quark productions are displayed in Fig. 3. This includes the total
number of b-tagged jets, Ny, the leading lepton transverse momentum, plﬁ, the missing transverse
energy, EQ’Z”S, the leading jet transverse momentum, p]TO , the second leading jet transverse

momentum, pzfl , the sixth leading jet transverse momentum, pﬁ? , the leading b-tagged jet

transverse momentum, py’, the minimum distance defined as AR = /(An)2 + (A¢)? between
two leptons out of all possible pairs, ARfﬁm, the scalar sum of transverse momenta over all
leptons and jets excluding the leading jet, Hr, the sum of the distances between two leptons for
all possible pairs, ARég , the maximum distance between a b-tagged jet and a lepton among all
possible pairs ARY  and the minimum distance between a jet and a b-tagged jet among all

possible pairs AR%W. From the distributions of these input variables we are able to see that
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Figure 4. The DNN output distributions for the three mass ranges for two channels of
interest. The first row represents SS and the second row represents 3L. The first column is for
m 4=400 GeV, the second column is for m 4=500 GeV and the third column is for m 4=600 GeV.
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Figure 5. The ROC curves obtained from the DNN models for signal and background. The
graphs correspond to 2LSS (left) and 3L (right).

there is no significant discrimination between the background and the signal.

The DNN was set to the best hyper parameters and output distributions obtained from the
model for testing data are shown in Fig. 4. From the output distributions of the DNN, we see
that the SM four top quark and BSM four top quark productions are not far from each other,
thus making it difficult to separate the two. This is further illustrated by the ROC (receiving
operating characteristic) curves displayed in Fig. 5 whose AUC (area under curve) are barely
above 50%. The ROC curves are obtained with the corresponding test data samples, which
where not used in the training of the DNNs.

5. Summary and Conclusion

We have studied the four top quark production at the center of mass /s = 13 TeV at the LHC
with two categories of multi-lepton channels: two same-sign leptons and three leptons. After
using a number of kinematic variables, we notice that there is no significant discrimination
between the four top quark production in the SM and that of the BSM model used here
(pp — ttA — tttt). A multivariate analysis is performed with a DNN using twelve features,
where no significant discrimination between the SM and BSM four top quark signals. This
is illustrated by the AUCs of the ROC curves being marginally higher than 50%. Hence, we
are predicting that the BSM signal should be seen as an elevation of the measured four top
cross-section.
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