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Abstract

The search for four-top-quark production with four leptons as a final product
at /s = 13 TeV is presented in this report. In this analysis, Monte-Carlo gen-
erated datasets, both with four-top-quark production process and background
processes, are used to train two machine learning systems with boosted de-
cision tree and neural networks. By utilising discriminators from these two
machine learning techniques, we have determined limits of four-top-quark pro-
duction cross section in 35.9 fb~! of CMS data recorded in 2016, approaching
the sensitivity of cross section limits reported in previous analyses by the CMS
experiment.

1 Introduction

Four-top-quark processes, where two pairs of top-antitop quarks are created upon collision between
two gluons during QCD processes according to the Standard Model, remains elusive even with the high
centre-of-mass energy achievable by LHC. According to the Standard Model, at /s = 8 TeV, the process
has an extremely low cross section of 0,537 = 1.3 fb , which can be increased into 9.2 fb with value of
\/s = 13 TeV [3]. This cross section is extremely low when compared to another similar process with
only one pair of top quarks, named ttbar process, which has a cross section of 832 pb, roughly 90 000
times greater than the four-top-quark process. However, by estimating the limits for the cross section of
the process, the limits are found to be much higher than the amount the Standard Model has predicted.
CMS experiment has determined the cross-section limit, with 95% confidence level, to be 32 fb for
/s = 8 TeV [4], almost 25 times the predicted cross-section, and 118 fb for /s = 13 TeV [5], 10 times
greater the predicted cross section. This gap between the predicted cross section and the obtained limit of
the cross section for the said process still leaves room for Physics beyond the Standard Model, so called
new physics, which could significantly enhance the four-top production rate.

For this project, the cross section of four-top-quark production with a final state containing four
leptons is measured using discrimination values from two machine learning techniques, boosted decision
tree and neural network, where a machine learning system is trained using MC datasets appropriate to
the four-lepton final state. This report also compares the results obtained in this method with a previous
search by CMS: TOP-16-016 [6].

2 Previous search by CMS experiment, as described by TOP-16-016

In TOP-16-016, the cross section limits for four-top-quark process was estimated using data from CMS
with integrated luminosity of 2.6 fb~! at /s = 13 TeV. Events with exactly two leptons of opposite
charges or exactly one lepton are examined in the analysis. This analysis also makes use of machine
learning discriminant using the boosted decision tree technique in order to determine limits for the cross
section of the four-top-quark process. The cross section limit obtained from the analysis, interpreted
as signal strength, or the ratio of the measured cross section value to the predicted value by Standard
Model (SM), are reported in Table 1. However, collision events with four leptons as a final state are not
considered in the analysis, which is the final state we will be examining in this analysis instead.
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Table 1: Four-top-quark measured cross section, reported in TOP-16-016

Channel Expected limit  Observed limit
(o8 (xo5)

Single lepton  16.4753 17.2

Dilepton 24,7457 14.5

Combined  12.87§3 10.2

3 Dataset preparation

In this analysis, several datasets from both MC and Data are used. For machine learning training, MC
datasets are used thoroughly with assigned processes as tags to identify signal and background events.
MC datasets used in this analysis are generated from four-top-quark production, top-antitop production,
single top production, W boson production, Drell-Yan production, multiboson production, top-antitop
production with neutrino, and other rare productions such as TTHiggs production. In this case, MC
events generated from four-top-quark process are assigned as signal events, while MC events generated
from other processes are considered as background events. All MC events are generated with /s =
13 TeV. Data datasets used in this analysis are from 2016 run at /s = 13 TeV from single muon, single
electron, muon-EG, double-EG, and double muon triggers. Altogether, data datasets used constitute an
integrated luminosity of 35.9 fb=1.

A preselection of events has been carried out so that all events contain at least four leptons and
four jets, and at least two of the jets qualified as b-tagged jet with a medium level cut using combined
secondary vertex (CSV) b-tagging discriminator value. All events, both in MC and data dataset, are
checked for consistency between data and trigger conditions.

During the preselection process, 22 variables will be recorded into an NTuple to be inputted into
machine learning system as follows:

— Four highest b-tagging discriminant values from jets

— Scalar sum of jet pr and lepton py (Hp)

— Scalar sum of b-jet p and light jet pr (Hr)

— Smallest angle among all jets in an event

— Smallest angle among all b-jets only in an event

— Third and fourth largest lepton isolation value, both charged hadron isolation and mini isolation
— Missing energy pr

— Number of jets, b-jets, and leptons

— Number of leptons by type and charge

4 Machine learning setup

In this analysis, we used Toolkit for Multivariate Data Analysis (TMVA) [2] already available in ROOT
data analysis framework [1]. TMVA supports many machine learning techniques, such as support vector
machine and k-nearest neighbor, as well as a number of configurations for each technique. In this anal-
ysis, two of the techniques are used: boosted decision tree (BDT) and neural network (NN). BDTs are
configured to be automatically optimized for best parameters as possible, while the same auto optimisa-
tion can not be applied to NN. Instead, we set the neural network to have three layers containing 42, 32,
and 22 variables.
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Fig. 1: Distribution of machine learning discriminant value on MC and data datasets for two machine
learning techniques

Table 2: Four-top-quark cross section estimation

Machine learning method Expected limit  Observed limit

(xaSM) (<o)
Boosted decision tree 21 .Gfé_ﬂ.f 21.6
Neural network 19.31%1 19.3

5 Machine learning discriminant values

The distribution of machine learning discrimination values, both from BDT and NN, are displayed in
figure 1. Since, by SM prediction, the four-top-quark cross section is extremely low even for an integrated
luminosity of 35.9 fb~!, becoming invisible in a plot. To solve this, we have to “magnify” the cross
section of four-top-quark production by 100 times. The distribution of machine learning discriminators
are magnified in the plots, but are not magnified in our four-top-quark cross section measurement.

6 Four-top-quark cross section limit

After obtaining the distribution of machine learning discriminant values, both in BDT and NN, we re-
binned the distribution with a factor of 10 in order to make sure all bins contain background events. We
also need to include MC samples with systematic variations caused by initial and final state radiations.
The cross section limits are calculated using asymptotic CLg method, and are calculated separately for
each machine learning method. The results of the estimation are shown in table 2, and compared with
results from TOP-16-016 in figure 2.

From figure 2, the limits from our analysis approach the sensitivity of the analysis from TOP-
16-016, both in oppositely-signed dileptons and single lepton channels. The limits are clearly far from
the SM prediction, but this does not indicate that the cross section itself is going to be far from SM
prediction, with a signal strength of 1. The limits presented in this analysis are not the final cross section
estimation for four-top-quark production. It does not show any signs of new physics yet. In an optimistic
point of view, we can still claim that the statistics for the data are too low to rule out any new physics
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Fig. 2: Comparison summary between cross section estimation by this analysis versus the results from
TOP-16-016

at all, and that we need much more data from our soon-to-be-upgraded particle colliders, both in present
and in the future, in order to confidently rule in or rule out new physics.

7 Conclusion

By using events with four lepton final states, limits were derived on the four-top-quark production cross
section, approaching the sensitivity of previous analyses done by CMS experiment on both oppositely-
signed dilepton and single lepton channels. The limits calculated in this analysis do not show any sign
of new physics, but they are still far from the prediction by SM, because the data used in this analysis
are still too low to rule in or rule out anything from the results. The results for this analysis and other
analyses measuring cross section for the same process can be greatly enhanced by adding more data from
particle colliders.
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| would like to thank everyone at CERN for giving me this wonderful
opportunity to be here and work with you guys. Thank you, goodbye, and WATCH
ME. I'LL BE BACK.
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