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The production of four top quarks at the LHC is an incredibly rare
process with an overwhelmingly large background. The cross section can
be enhanced in several models of new physics which makes it a particu-
larly interesting process to study. The search in the single lepton and the
opposite-sign dilepton channels at the CMS experiment at

√
s = 13 TeV

is presented. Multivariate algorithms are employed to enhance the sep-
aration of the signal and background processes. A template fit is used
to set limits on the standard model cross section, combined across both
channels.
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1 Introduction

The predominant production of top quarks at the LHC is via pair production into
a top and anti-top pair which has a cross section of 831 pb at

√
s = 13 TeV [1]. Single

top quark production is much rarer but has also been observed [2].
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Figure 1: The dominant diagram
for the production of four top
quarks via gluon fusion.

The production of four top quarks is an extremely
rare process in the standard model (SM) with a
cross section of 9.2 fb at

√
s = 13 TeV [3]. This

cross section can be enhanced in many beyond
the standard model (BSM) scenarios. BSM mod-
els which can produce final states with four top
quarks include supersymmetry, universal extra
dimensions, models with massive coloured bosons
and model with Higgs or top quark composite-
ness [4–9]. The dominant production mechanism
via gluon fusion is shown in Fig. 1. Final states
are defined by the decay of the top quark where
it is assumed that the top quark decays into a
W boson and a bottom quark 100% of the time.
The W boson can then either decay to a charged
lepton and a neutrino or to a quark and anti-
quark which will produce two jets in the detector
in addition to the bottom quark jet. The single
lepton channel contributes the largest branching fraction (39%) whilst the dilepton
channel has the second largest branching fraction (30%), which is the reason these
two channels are chosen to study. Only final states containing electrons and muons
are considered. Limits have been placed on the production cross section of four top
quarks at

√
s = 8 TeV by CMS of 32 fb observed and 32±17 expected [11] where the

predicted cross section is 1.3 fb [3].

2 Analysis

This analysis was performed on the full 2015 dataset collected by CMS [12] which
corresponds to 2.6 fb−1 of data. Triggers were used based on the presence of a
single muon (electron) with a pT ≥ 26 (30) GeV in the single lepton channel. The
dilepton channel used triggers which required the presence of an electron or muon with
pT ≥ 17 GeV in combination with a second lepton of pT ≥ 12 (8) GeV for an electron
(muon). The single lepton (dilepton) channel is required to have exclusively one (two)
leptons to keep the channels orthogonal to each other. In the dilepton channel only
events containing an opposite-sign dilepton pair are studied. Six (four) total jets are
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required in the single lepton (dilepton) channel and both channels require at least
two of these jets to be identified as b-quark jets. Additionally a Z veto is applied in a
30 GeV window of the Z mass in same-flavour dilepton events. A requirement on the
sum of the transverse hadronic energy of HT > 500 GeV is applied in the dilepton
channel as it enhanced sensitivity to the signal.

3 Hadronic top quark reconstruction

The identification of hadronic top quarks can help to distinguish between four-top-
quark production where there are three (two) hadronic tops in the final state of the
single lepton (dilepton) channel compared to one (zero) in the tt final state. There
are many combinations of three jets possible in these high jet multiplicity selections
which motivates the use of multivariate analysis to identify those jets originating from
a top quark. Variables such as the invariant mass of the trijet and the invariant mass
of dijet with the smallest ∆R separation are used as input variables to a Boosted
Decision Tree algorithm. The BDTtrijet is trained on tt events and evaluated on all
datasets. The first highest-ranked trijet, BDTtrijet1, can be used as a discriminating
variable in the dilepton channel. In the single lepton channel the jets from the first
highest-ranked trijet are excluded from the collection of jets and the next highest
ranked trijet, BDTtrijet2, is used as a discriminating variable in the single lepton
channel, as semi-leptonic tt may have a reconstructible hadronic top.

4 Multivariate analysis using Boosted Decision Trees

Further to the hadronic top reconstruction another BDT, BDTevent, is used to increase
the separation between the signal tttt events and the background tt events, using
BDTtrijet1 and BDTtrijet2 as input variables in the dilepton and single lepton channels
respectively. Other variables, which are based on the b-jet content, event topology and
event activity, are provided as input variables to BDTevent. The output histograms
are split into categories according to the number of jets in the events. The categories
are 6, 7, 8, ≥9 jets in the single lepton channel and 4-5, 6-7 and ≥8 jets in the
dilepton channel. The single lepton channel, which is less statistically limited, is
further categorised according to the number of b-tagged jets in the event; 2, 3, ≥4
b-tagged jets. The higher jet and b-tagged jet categories are most sensitive to the
signal whereas the lower jet and b-tagged jet categories act as control regions which
constrain the background. Some of most sensitive categories are shown in Fig. 2
where it can be seen that the tttt signal is found at higher BDT values on average
compared to the main tt background.
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Figure 2: BDT output distributions in the µ + jets channel for the ≥ 9 jets and 3
b-tagged jets (top-left) ≥ 9 jets and ≥ 4 b-tagged jets (top-right) categories and for
the dilepton channels summed across lepton flavours for ≥8 jets (bottom)

5 Limit setting and summary

A combined maximum likelihood fit is performed in the single lepton and dilepton
channels. Limits are extracted using the asymptotic CLS method and are shown
in Table 1. It can be seen that the single lepton channel is more sensitive. The
combined result of a 95% CL upper limit on the production cross section of tttt is
10.2 × σSM

tttt
observed with 10.8+6.7

−3.8 × σSM
tttt

expected which corresponds to 92.8 fb
observed and 99.4+61.6

−35.0 expected [10].

References

[1] M. Czakon & A. Mitov, Top++: A Program for the Calculation of the Top-Pair
Cross-Section at Hadron Colliders, Comput. Phys. Commun. 185 (2014) 2930,
arXiv:1112.5675.

[2] CDF, D0 collaboration, T. A. Aaltonen et al., Observation of s-channel produc-
tion of single top quarks at the Tevatron, Phys. Rev. Lett. 112 (2014) 231803,
arXiv:1402.5126.

3

http://arxiv.org/abs/1112.5675
http://arxiv.org/abs/1402.5126


Channel Expected Limit (x σSM
tttt
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tttt

)
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