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The production of four top quarks (t tt t) is one of the rare processes in top quark physics that
has large sensitivity to variety of New Physics effects that could be studied through direct
searches, effective Þled theory approaches or top quark-Higgs boson anomalous couplings,
while at the same time it is interesting in the standard model context as a complex QCD process.
The cross section is about one order of magnitude smaller than t tH production, with several
precision calculations predicting values of ! ttt t = 9.2+ 2.9

! 2.4 fb (NLO) and ! ttt t = 11.97+ 2.15
! 2.51 fb

(NLO+EWK)[1Ð3] for proton collisions at
"

s = 13 TeV. The former value is used as a starting
point in this study, as this was the value used in the experimental literature up to now.

CMS has published three analyses setting limits on t tt t production [4Ð6] in the context of a
search speciÞcally designed for the standard-model signature, and both ATLAS and CMS have
published multiple papers where limits on t tt t production were derived as a side product of
searches, typically coming from searches for vector-like quarks (pp # T øT/ B øB # ttW+ W! )
or MSSM (pp # ÷g÷g # ÷t÷tt t # ttt t + pmiss

T ) signatures [7Ð12]. The ttt t process has not yet been
observed, and the most sensitive CMS collaboration result sets 95% conÞdence level (CL) upper
limits on the production cross section value of 20.8 + 11.2

! 6.9 fb, which is equivalent to an excess with
an expected signiÞcance of 1.0 standard deviations above the background-only hypothesis.

The production of t tt t is one of the rare standard Model (SM) processes that is expected to be
discovered and studied by future LHC runs, including the High-Luminosity LHC (HL-LHC)
and the High-Energy LHC (HE-LHC). The increase in collision energy is important for t tt t
production because the cross section is still heavily dependent on the gluon parton density
function (PDF) at pp collisions at

"
s = 13 TeV, leading to a substantial improvement in the

signal-to-background ratio when the collision energy of the LHC is increased. Investigations
of the expected increase in cross section using the MadGraph5aMC@NLO generator [1], indi-
cated that the ttt t cross section increases by a factor of approximately 1.3 when increasing the
collision energy from 13 to 14 TeV, and by a factor of approximately 12.8 when increasing the
collision energy from 13 to 27 TeV.

Figure 1: Summary of the branching fractions of t tt t production.

At the LHC, t tt t provides a particularly rich set of experimental signatures. In the standard
model the four W bosons from the top quark decays can create striking leptonic signatures
with four b quark jets and in association with many jets. Figure 1 summarises the branching
fractions of the t tt t process, where the largest fraction of events creates single charged lepton
or dilepton signatures. The main backgrounds for t tt t searches depend on the Þnal state, but
for the majority of the decay modes are originating from t t plus additional radiation that can
include on-shell objects, such as tt+vector bosons, Higgs bosons, and jets. Backgrounds with
misidentiÞed charged leptons are an another important source of backgrounds in decay chan-
nels with signatures containing many charged leptons, these originate from the production of
one or more vector bosons and tt+two vector bosons. Many additional jets are required be-
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Results

Table 4: The expected signiÞcance of ttt t signal over a background-only hypothesis in standard
deviations (s.d.), is given for various CMS upgrade scenarios for sqrt(s)=14 TeV.

Int. Luminosity Stat. only Run 2 YR18 YR18+
300 fb! 1 4.09 2.71 2.85 2.93
3 ab! 1 12.9 3.22 4.26 4.49

For the high luminosity LHC, the stat-only, S1+, S2+ and S2NF+ scenarios are considered at
a collision energy of 14 TeV. The assumed integrated luminosity is 3 ab ! 1. For reference, a
300 fb! 1 scenario is also considered. The results are listed in Tab. 4 and Fig. 2, and show that
for the statistics-only case and for the optimistic scenarios (S2+ and S2NF+), the evidence for
the ttt t signal may be reached already with 300 fb ! 1, while even with 3 ab ! 1 of integrated
luminosity will be a challenge to perform an observation with a single analysis. Alternatively,
combining the analysis with complementary Þnal states should be sufÞcient for observation.
The reinterpreted analysis relies on small backgrounds which can be estimated with relatively
large uncertainties. This means that the result becomes dominated by systematic uncertainties
in large datasets, suggesting that a modiÞed analysis strategy focusing on reduction of these
uncertainties will greatly improve the sensitivity.

Considering the sensitivity of t tt t production to new physics scenarios in the top quark and
scalar sector, it is useful to consider how accurately the cross section can be measured with
the analyses, once sufÞcient integrated luminosity has been collected. Of course in the future
analysis techniques are also expected to improve, and dedicated analyses will surely improve
this sensitivity, but this is beyond the scope of this study. It is, however, important to keep
in mind that such a sensitivity study is less sensitive to systematic uncertainties on the back-
ground determination, while being more sensitive to the signal modelling uncertainties and
overall branching fraction and acceptance of the selection. The expected sensitivity on the t tt t
cross section is listed in Tab. 5, and shows that measurements with 30% accuracy are possible
at the start of HL-LHC which can be reduced to the order 20% at the end of the HL-LHC data
taking, with a statistical uncertainty of 10% or less.

It is also possible to look further into the future, to the High-Energy LHC. At this point it is
a valid question to ask if any of the systematic uncertainty scenarios are reasonable, but the
statistical uncertainty should deÞnitely still be possible to be assessed. At these time scales
changes in analysis strategy might allow analysis improvements that focus on the optimization
of the interplay between the statistical or systematic uncertainty. The process should at this
point already be observed, so Tab. 5 only lists the expected sensitivity to measure the ttt t cross
section using 3 ! 15 ab! 1 of pp collision data at

"
s = 27 TeV.

EFT interpretation

The expected sensitivity on the t tt t cross section as listed in Tab. 5 can be interpreted in an
effective Þeld theory approach [16, 17]. The order-6 Effective-Field-Theory (EFT) Lagrangian
reads
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SM +
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SM is the renormalizable standard model Lagrangian, O(n)
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operators, while C(n)
k are corresponding coupling parameters, which are called Wilson coefÞ-

cients. Each term in the sum is suppressed by ! d! 4 constant, where d is the scaling dimension
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Figure 12: Post-Þt DDL
tt t t distributions in the e + e! channel for events satisfying baseline

opposite-sign dilepton selection and (upper row) Nj = 4Ð5,Nm
tags = 2, " 3, Nj = 6Ð7,Nm

tags = 2
and (lower row) Nj = 6Ð7,Nm

tags " 3, Nj " 8, Nm
tags = 2, " 3. Dots represent data. Vertical

error bars show the statistical uncertainties in data. The post-Þt background predictions are
shown as shaded histograms. Open boxes demonstrate the size of the pre-Þt uncertainty in the
total background and are centered around the pre-Þt expectation value of the prediction. The
hatched area shows the size of the post-Þt uncertainty in the background prediction. The signal
histogram template is shown as a solid line. The lower panel shows the relative difference of
the observed number of events over the post-Þt background prediction.
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only for such ratios. In the limit setting, SM kinematics of the t tt t Þnal state were assumed
and only rate information was utilized to calculate the constraints. Besides the NLO scale un-
certainty from the SM t tt t NLO prediction, no further scale uncertainties were added because
other uncertainties on t tt t production are already included in the experimental limit.

Independent limits were obtained under the assumption that only one operator contributes
to the t tt t cross section with the coefÞcients of the other operators set to zero. The intervals
obtained are summarized in Table 5. More conservative estimates were obtained by marginal-
izing the contribution of other operators within the interval Ck/ ! 2 ! [" 4! , 4! ], deÞned by the
stability of perturbation series. The corresponding limits are listed in Table 6. The results ob-
tained are only slightly weaker than independent constraints because of the small correlations
between the operators.

Table 5: Expected and observed 95% CL intervals for selected coupling parameters. The in-
tervals are extracted from upper limit on the t tt t production cross section in the EFT model,
where only one selected operator has a nonvanishing contribution.

Operator Expected Ck/ ! 2 (TeV" 2) Observed (TeV" 2)

O1
tt [" 2.0, 1.8] [" 2.1, 2.0]

O1
QQ [" 2.0, 1.8] [" 2.2, 2.0]

O1
Qt [" 3.3, 3.2] [" 3.5, 3.5]

O8
Qt [" 7.3, 6.1] [" 7.9, 6.6]

Table 6: Expected and observed 95% CL intervals for selected coupling parameters when con-
tribution of other operators is marginalized.

Operator Expected Ck/ ! 2 (TeV" 2) Observed (TeV" 2)

O1
tt [" 2.0, 1.9] [" 2.2, 2.1]

O1
QQ [" 2.0, 1.9] [" 2.2, 2.0]

O1
Qt [" 3.4, 3.3] [" 3.7, 3.5]

O8
Qt [" 7.4, 6.3] [" 8.0, 6.8]

As shown in Tables 5 and 6, the data have highest sensitivity to the contribution of O1
tt and

O1
QQ. The allowed intervals for the coupling parameters are almost independent of the other

considered operators and stay stable after marginalization.

7 Summary

A search for standard model t t t t production has been performed in Þnal states with one or two
oppositely signed muons or electrons plus jets. The observed yields attributed to t t t t produc-
tion are consistent with the background predictions. An upper limit at 95% conÞdence level
of 48 fb is set on the cross section for tt t t production. Combining this result with a previous
same-sign dilepton and multilepton search [15] the resulting cross section is 13 + 11

" 9 fb with an
observed signiÞcance of 1.4 standard deviations. The combined result constitutes one of the

cross section limits interpreted in EFT 
for separate Wilson parameters (also 
2D) incl. marginalization over all other 
physical free parameter values 
Using EFT basis recommended by TOP 
LHCWG arxiv:1802.07237
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Figure 7: Predicted background and observed data in (a) the signal regions and (b) validation regions for the vector-
like quark and SM four-top-quark searches, and (c) in the signal and validation regions for the same-sign top-quark
pair production search, along with the predicted yields for typical signals. The uncertainty, shown as the hashed
region, includes both the statistical and systematic uncertainties from each background source.
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Figure 7: Predicted background and observed data in (a) the signal regions and (b) validation regions for the vector-
like quark and SM four-top-quark searches, and (c) in the signal and validation regions for the same-sign top-quark
pair production search, along with the predicted yields for typical signals. The uncertainty, shown as the hashed
region, includes both the statistical and systematic uncertainties from each background source.
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Figure 12: Limits on the two-Higgs-doublet model interpretation. (a) Limits on the cross-section of the four-top-
quark production through a heavy scalar Higgs boson times the branching ratio for the Higgs boson to decay into
tt̄. Theoretical predictions for three values of tan � are shown. (b) Limits on four-top-quark production through
a heavy scalar Higgs boson in the plane (mH , tan �). (c) Limits on four-top-quark production considering both
a heavy pseudo-scalar and a scalar Higgs boson having the same mass mH / A in the plane (mH / A, tan �). In all
plots, the expected 95% CL limits are shown with their ±1 and ±2 standard deviation bands. In the context of the
two-Higgs-doublet model, the Higgs boson width can be large for low tan �. In spite of that, it was checked that the
signal e! ciency has a negligible dependence on tan � in the region of interest.
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Figure 12: Limits on the two-Higgs-doublet model interpretation. (a) Limits on the cross-section of the four-top-
quark production through a heavy scalar Higgs boson times the branching ratio for the Higgs boson to decay into
tøt. Theoretical predictions for three values oftan! are shown. (b) Limits on four-top-quark production through
a heavy scalar Higgs boson in the plane (mH , tan! ). (c) Limits on four-top-quark production considering both
a heavy pseudo-scalar and a scalar Higgs boson having the same massmH / A in the plane (mH / A, tan! ). In all
plots, the expected 95% CL limits are shown with their±1 and±2 standard deviation bands. In the context of the
two-Higgs-doublet model, the Higgs boson width can be large for lowtan! . In spite of that, it was checked that the
signal e! ciency has a negligible dependence ontan! in the region of interest.
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Figure 12: Limits on the two-Higgs-doublet model interpretation. (a) Limits on the cross-section of the four-top-
quark production through a heavy scalar Higgs boson times the branching ratio for the Higgs boson to decay into
tt̄. Theoretical predictions for three values of tan � are shown. (b) Limits on four-top-quark production through
a heavy scalar Higgs boson in the plane (mH , tan �). (c) Limits on four-top-quark production considering both
a heavy pseudo-scalar and a scalar Higgs boson having the same mass mH/A in the plane (mH/A, tan �). In all
plots, the expected 95% CL limits are shown with their ±1 and ±2 standard deviation bands. In the context of the
two-Higgs-doublet model, the Higgs boson width can be large for low tan �. In spite of that, it was checked that the
signal e�ciency has a negligible dependence on tan � in the region of interest.
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Table 1: Summary of preselection requirements for the single-lepton and dilepton channels. Here mW
T is the transverse

mass of the lepton and the Emiss
T vector, and m`` denotes the dilepton invariant mass in the ee and µµ channels.

Preselection requirements

Requirement Single-lepton Dilepton

Trigger Single-lepton triggers
Leptons 1 isolated 2 isolated, opposite-sign
Jets �5 jets �4 jets
b-tagged jets �2 b-tagged jets
Other Emiss

T > 20 GeV m`` > 50 GeV
Emiss

T + mW
T > 60 GeV |m`` � 91 GeV| > 8 GeV

from the associated production of a vector boson V (V = W, Z) or a Higgs boson and a tt̄ pair (tt̄ + V and
tt̄ + H) and from diboson (WW , W Z , Z Z) production. Multijet events contribute to the selected sample
via the misidentification of hadronic objects (jets, hadrons) as leptons or the presence of a non-prompt
electron or muon. These events are referred to as the “fake and non-prompt lepton” background in the
remainder of this paper.

MC simulation samples are used to model the expected distributions of the signal and most of the background
processes. The fake and non-prompt lepton background in the single-lepton channel is estimated with a
fully data-driven method. The tt̄+jets background, which is dominant in regions with very high jet and
b-jet multiplicities, is estimated via a dedicated data-driven method, with some correction factors taken
from the MC simulation, as described in Section 6. The MC samples were processed either through the
full ATLAS detector simulation [51] based on G����4 [52], or through a faster simulation making use of
parameterized showers in the calorimeters [53]. To model the e�ects of pileup, events from minimum-bias
interactions were generated using the P����� 8.186 [54] event generator and overlaid on the simulated
hard-scatter events according to the luminosity profile of the recorded data. All simulated samples were
processed through the same reconstruction algorithms and analysis chain as the data. In the simulation, the
top-quark mass was assumed to be mtop = 172.5 GeV. The heavy-flavor decays were modeled using the
E��G�� 1.2.0 [55] program, except for processes modeled using the S����� generator [56].

4.1 Signal modeling

Simulated events for the main signal process, i.e. the four-top-quark production with SM kinematics,
were generated at leading order (LO) with the M��G����5_aMC@NLO 2.2.2 [17] generator and the
NNPDF2.3 LO PDF set [57], interfaced to P����� 8.186 using the A14 set of tuned parameters [58], which
will be denoted in the following by A14 tune. The SM tt̄tt̄ sample is normalized to a cross section of 9.2 fb,
computed at NLO in QCD [17].

This search also probes a BSM model with kinematic characteristics similar to those of the SM tt̄tt̄ events:
the tt̄tt̄ production via an e�ective field theory involving a four-fermion contact interaction [10]. The EFT
tt̄tt̄ sample was generated at LO with the M��G����5_aMC@NLO 2.2.2 generator and the NNPDF2.3 LO
PDF set, interfaced to P����� 8.186 with the A14 tune. It is normalized assuming |C4t |/! 2 = 4! TeV�2,
where C4t denotes the coupling constant and ! the energy scale of new physics, which yields a cross

6

The following regions are deÞned to be orthogonal using the classiÞcation described above: 20 Òsignal
regions,Ó 16 Òvalidation regions,Ó 18 Òsource regionsÓ and 2 Òe! ciency extraction regions,Ó as shown in
Figure1.
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Figure 1: Schematic view of the di" erent analysis regions in (a) the single-lepton and (b) the dilepton channels. The
three axes represent the jet multiplicity, theb-tagged jet multiplicity and the mass-tagged RCLR jet multiplicity. The
e! ciency extraction region in each channel is deÞned inclusively in the mass-tagged RCLR jet multiplicity.

Twelve regions in the single-lepton channel and eight regions in the dilepton channel with the largest
signal-to-background ratios (up to 5.7% in the single-lepton channel and 7.0% in the dilepton channel),
assuming SMtt̄tt̄ production cross section and kinematics, are referred to as signal regions. These regions
are included in the simultaneous Þt to extract the signal cross section and have high jet multiplicities (! 9j
and! 7j for single-lepton and dilepton respectively) and highb-tagged jet multiplicities (! 3b). Since events
from the maintt̄+jets background are characterized by at most one hadronically decaying top quark in the
single-lepton channel and no hadronically decaying top quarks in the dilepton channel, the signal regions
are split into 0, 1 and! 2J in the single-lepton case, and into 0 and! 1J in the dilepton case.

Twelve validation regions in the single-lepton channel and four validation regions in the dilepton channel
are deÞned. These regions do not overlap with the signal region selections and feature low expected
signal-to-background ratios (less than 1%). They are not included in the Þt nor used to extract information
from the data. These regions are designed primarily to validate the data-driven estimate of thett̄+jets
background (introduced in Section6) and to conÞrm the validity of the assumption that thett̄+jets
data-driven estimate can be extrapolated to the signal regions. The validation regions in the single-lepton
channel contain exactly seven or exactly eight jets of which three or at least four areb-tagged. In the
dilepton channel, the validation regions have exactly six jets of which three or at least four areb-tagged.
In each of the two channels these validation regions are split according to the mass-tagged RCLR jet
multiplicity in the same way as the corresponding signal regions.

With the goal of estimating thett̄+jets background in the signal regions, data events with lower jet and/or
b-jet multiplicities are used in the data-driven method described in Section6. The 18 source regions are
built using events with high jet multiplicity: 7, 8, 9,! 10 for the single-lepton channel and 6, 7,! 8 for
the dilepton channel, out of which exactly 2 jets areb-tagged. They are used to build pseudo-data event
samples in the signal and validation regions with same jet multiplicities but higher number ofb-tagged
jets. E! ciency extraction regions are characterized by lower jet multiplicities: Þve or six jets for the
single-lepton channel and four or Þve for the dilepton channel, out of which 2, 3 or! 4 areb-tagged. They
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Table 1: Summary of preselection requirements for the single-lepton and dilepton channels. Here mW
T is the transverse

mass of the lepton and the Emiss
T vector, and m`` denotes the dilepton invariant mass in the ee and µµ channels.

Preselection requirements

Requirement Single-lepton Dilepton

Trigger Single-lepton triggers
Leptons 1 isolated 2 isolated, opposite-sign
Jets �5 jets �4 jets
b-tagged jets �2 b-tagged jets
Other Emiss

T > 20 GeV m`` > 50 GeV
Emiss

T + mW
T > 60 GeV |m`` � 91 GeV| > 8 GeV

from the associated production of a vector boson V (V = W, Z) or a Higgs boson and a tt̄ pair (tt̄ + V and
tt̄ + H) and from diboson (WW , W Z , Z Z) production. Multijet events contribute to the selected sample
via the misidentification of hadronic objects (jets, hadrons) as leptons or the presence of a non-prompt
electron or muon. These events are referred to as the “fake and non-prompt lepton” background in the
remainder of this paper.

MC simulation samples are used to model the expected distributions of the signal and most of the background
processes. The fake and non-prompt lepton background in the single-lepton channel is estimated with a
fully data-driven method. The tt̄+jets background, which is dominant in regions with very high jet and
b-jet multiplicities, is estimated via a dedicated data-driven method, with some correction factors taken
from the MC simulation, as described in Section 6. The MC samples were processed either through the
full ATLAS detector simulation [51] based on G����4 [52], or through a faster simulation making use of
parameterized showers in the calorimeters [53]. To model the e�ects of pileup, events from minimum-bias
interactions were generated using the P����� 8.186 [54] event generator and overlaid on the simulated
hard-scatter events according to the luminosity profile of the recorded data. All simulated samples were
processed through the same reconstruction algorithms and analysis chain as the data. In the simulation, the
top-quark mass was assumed to be mtop = 172.5 GeV. The heavy-flavor decays were modeled using the
E��G�� 1.2.0 [55] program, except for processes modeled using the S����� generator [56].

4.1 Signal modeling

Simulated events for the main signal process, i.e. the four-top-quark production with SM kinematics,
were generated at leading order (LO) with the M��G����5_aMC@NLO 2.2.2 [17] generator and the
NNPDF2.3 LO PDF set [57], interfaced to P����� 8.186 using the A14 set of tuned parameters [58], which
will be denoted in the following by A14 tune. The SM tt̄tt̄ sample is normalized to a cross section of 9.2 fb,
computed at NLO in QCD [17].

This search also probes a BSM model with kinematic characteristics similar to those of the SM tt̄tt̄ events:
the tt̄tt̄ production via an e�ective field theory involving a four-fermion contact interaction [10]. The EFT
tt̄tt̄ sample was generated at LO with the M��G����5_aMC@NLO 2.2.2 generator and the NNPDF2.3 LO
PDF set, interfaced to P����� 8.186 with the A14 tune. It is normalized assuming |C4t |/! 2 = 4! TeV�2,
where C4t denotes the coupling constant and ! the energy scale of new physics, which yields a cross
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The following regions are deÞned to be orthogonal using the classiÞcation described above: 20 Òsignal
regions,Ó 16 Òvalidation regions,Ó 18 Òsource regionsÓ and 2 Òe! ciency extraction regions,Ó as shown in
Figure1.
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Figure 1: Schematic view of the di" erent analysis regions in (a) the single-lepton and (b) the dilepton channels. The
three axes represent the jet multiplicity, theb-tagged jet multiplicity and the mass-tagged RCLR jet multiplicity. The
e! ciency extraction region in each channel is deÞned inclusively in the mass-tagged RCLR jet multiplicity.

Twelve regions in the single-lepton channel and eight regions in the dilepton channel with the largest
signal-to-background ratios (up to 5.7% in the single-lepton channel and 7.0% in the dilepton channel),
assuming SMtt̄tt̄ production cross section and kinematics, are referred to as signal regions. These regions
are included in the simultaneous Þt to extract the signal cross section and have high jet multiplicities (�9j
and�7j for single-lepton and dilepton respectively) and highb-tagged jet multiplicities (�3b). Since events
from the maintt̄+jets background are characterized by at most one hadronically decaying top quark in the
single-lepton channel and no hadronically decaying top quarks in the dilepton channel, the signal regions
are split into 0, 1 and�2J in the single-lepton case, and into 0 and�1J in the dilepton case.

Twelve validation regions in the single-lepton channel and four validation regions in the dilepton channel
are deÞned. These regions do not overlap with the signal region selections and feature low expected
signal-to-background ratios (less than 1%). They are not included in the Þt nor used to extract information
from the data. These regions are designed primarily to validate the data-driven estimate of thett̄+jets
background (introduced in Section6) and to conÞrm the validity of the assumption that thett̄+jets
data-driven estimate can be extrapolated to the signal regions. The validation regions in the single-lepton
channel contain exactly seven or exactly eight jets of which three or at least four areb-tagged. In the
dilepton channel, the validation regions have exactly six jets of which three or at least four areb-tagged.
In each of the two channels these validation regions are split according to the mass-tagged RCLR jet
multiplicity in the same way as the corresponding signal regions.

With the goal of estimating thett̄+jets background in the signal regions, data events with lower jet and/or
b-jet multiplicities are used in the data-driven method described in Section6. The 18 source regions are
built using events with high jet multiplicity: 7, 8, 9,�10 for the single-lepton channel and 6, 7,�8 for
the dilepton channel, out of which exactly 2 jets areb-tagged. They are used to build pseudo-data event
samples in the signal and validation regions with same jet multiplicities but higher number ofb-tagged
jets. E! ciency extraction regions are characterized by lower jet multiplicities: Þve or six jets for the
single-lepton channel and four or Þve for the dilepton channel, out of which 2, 3 or�4 areb-tagged. They
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Figure 2:(a, b) The jet multiplicity and (c, d) theb-jet multiplicity distributions after preselection for the total
predicted background with thetøt+jets background estimated via MC simulation (shaded histogram) and the signal
scenarios considered in this search in the single-lepton (a, c) and the dilepton (b, d) channels. The signals shown
correspond to four-top-quark production with SM kinematics (solid) andtøttøt production involving a four-fermion
contact interaction (dashed). The distributions are normalized to unit area. The last bin in each distribution contains
the overßow.
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Figure 8: Comparison between data and prediction of theHhad
T distributions in the dilepton signal regions after

the combined Þt to data in both the single-lepton and dilepton channels. Thett̄+jets background is estimated with
the data-driven method. Thett̄ + V andtt̄ + H processes are denotedtt̄ + H/V . Contributions fromW/Z+jets,
single-top, diboson and multijet backgrounds are combined into a single background source referred to as ÒNon-tt̄Ó.
The hashed area represents the combined statistical and systematic uncertainties of the prediction. The last bin in all
Þgures contains the overßow. The lower panel shows the ratio between the data and the total prediction, including the
SM tt̄tt̄ signal scaled by the best-Þt signal strength. An arrow indicates that the point is o! -scale.
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Figure 8: Comparison between data and prediction of the Hhad
T distributions in the dilepton signal regions after

the combined fit to data in both the single-lepton and dilepton channels. The tt̄+jets background is estimated with
the data-driven method. The tt̄ + V and tt̄ + H processes are denoted tt̄ + H/V . Contributions from W/Z+jets,
single-top, diboson and multijet backgrounds are combined into a single background source referred to as “Non-tt̄”.
The hashed area represents the combined statistical and systematic uncertainties of the prediction. The last bin in all
figures contains the overflow. The lower panel shows the ratio between the data and the total prediction, including the
SM tt̄tt̄ signal scaled by the best-fit signal strength. An arrow indicates that the point is o�-scale.
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Figure 9: (a) Summary of the 95% C.L. upper limits on �(tt̄tt̄) relative to the SM prediction in the individual channels
and for the combination. The observed limits (solid black lines) are shown together with the expected limits in the
background-only hypothesis (dashed black lines) and in the SM signal-plus-background hypothesis case (dashed
red lines). One- and two-standard-deviation uncertainty bands around the expected limits in the background-only
hypothesis are also shown. (b) Summary of the signal-strength measurements in the individual channels and for
the combination. The statistical uncertainties are evaluated from a fit to the data performed with all the nuisance
parameters associated with systematic uncertainties fixed to their post-fit values from the nominal fit.

9 Summary

A search for four-top-quark production in the single-lepton and opposite-sign dilepton channels is presented.
The analyzed data sample consists of 36.1 fb�1 of proton–proton collisions at

p
s = 13 TeV collected with

the ATLAS detector at the Large Hadron Collider during 2015 and 2016. In order to improve the sensitivity
of the search, events are categorized according to their jet, b-tagged jet and mass-tagged reclustered large-R
jet multiplicities. No significant excess of events above the SM background expectation is found. For the
four-top-quark Standard Model production, an observed (expected) 95% C.L. upper limit on the production
cross section of 47 fb (33 fb), corresponding to 5.1 (3.6) times the SM prediction, is obtained. The result is
combined with the same-sign dilepton and multilepton final-states search carried out by ATLAS [20] and
an observed (expected) upper limit of 49 fb (19 fb), corresponding to 5.3 (2.1) times the SM prediction
is obtained at 95% C.L. Additionally, in the case of four-top-quark production via an EFT model with a
four-top-quark contact interaction, a combined observed (expected) 95% C.L. upper limit on the production
cross section of 21 fb (15 fb) is obtained.
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1 Introduction

The production of four top quarks (t t t t) is a rare standard model (SM) process, with a predicted
cross section of! (pp ! t t t t ) = 12.0+ 2.2

" 2.5 fb in proton-proton (pp) collisions at a center-of-mass
energy of 13 TeV, as calculated at next-to-leading-order (NLO) accuracy for both quantum chro-
modynamics and electroweak interactions [1]. Representative leading-order (LO) Feynman
diagrams for SM production of t t t t are shown in Fig. 1.
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g
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Figure 1: Typical Feynman diagrams for t t t t production at leading order in the SM.

The ttt t cross section can be used to constrain the magnitude and CP properties of the Yukawa
coupling of the top quark to the Higgs boson [2, 3]. Moreover, t t t t production can be signiÞ-
cantly enhanced by beyond-the-SM (BSM) particles and interactions. New particles coupled to
the top quark, such as heavy scalar and pseudoscalar bosons predicted in Type-II two-Higgs-
doublet models (2HDM) [4Ð6] and by simpliÞed models of dark matter (DM) [7, 8], can con-
tribute to ! (pp ! t t t t) when their masses are larger than twice the mass of the top quark, with
diagrams similar to Fig. 1 (right). Additionally, less massive particles can enhance ! (pp ! t t t t)
via off-shell contributions [9]. In the model-independent framework of SM effective Þeld the-
ory, four-fermion couplings [10], as well as a modiÞer to the Higgs boson propagator [11],
can be constrained through a measurement of ! (pp ! t t t t). Conversely, models with new
particles with masses on the order of 1 TeV, such as gluino pair production in the framework
of supersymmetry [12Ð21], are more effectively probed through studies of t t t t production in
boosted events or by requiring very large imbalances in momentum.

Each top quark primarily decays to a bottom quark and a W boson, and each W boson decays
to either leptons or quarks. As a result, the t tt t Þnal state contains jets mainly from the hadron-
ization of light (u, d, s, c) quarks (light-ßavor jets) and b quarks (b jets), and can also contain
isolated charged leptons and missing transverse momentum arising from emitted neutrinos.
Final states with either two same-sign leptons or at least three leptons, considering W ! ! "
(! = e or µ) and including leptonic decays of # leptons, correspond to a combined branch-
ing fraction of approximately 12% [22]. The relatively low levels of background make these
channels the most sensitive to tt t t events produced with SM-like kinematic properties [23].

Previous searches for tt t t production in 13 TeV pp collisions were performed by the ATLAS [24,
25] and CMS [23, 26, 27] Collaborations. The most sensitive results, based on an integrated lu-
minosity of approximately 36 fb " 1 collected by each experiment, led to cross section measure-
ments of 28.5+ 12

" 11 fb with an observed (expected) signiÞcance of 2.8(1.0) standard deviations by
ATLAS [25], and 13+ 11

" 9 fb with an observed (expected) signiÞcance of 1.4(1.1) standard devia-
tions by CMS [23], both consistent with the SM prediction.

The analysis described in this paper improves upon the CMS search presented in Ref. [27], and
supersedes the results, by taking advantage of upgrades to the CMS detector and by optimiz-
ing the deÞnitions of the signal regions for the integrated luminosity of 137 fb " 1. The reference
cross section for SM ttt t , 12.0+ 2.2

" 2.5 fb, used to determine the expected statistical signiÞcance of
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Projections SS dileptons/multileptons: 
ATLAS ATL-PHYS-PUB-2018-047
CMS PAS FTR-18-031
See also the HL-LHC/HE-LHC Yellow Reports
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(shape analysis)

CMS 
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• With large LHC Run 2 dataset, CMS has 2.6 standard deviations 
excess, and measurement of Δσtttt /σtttt≈45% means CMS can 
constrain |yt/yt

SM| < 1.7 at 95% C.L.
• Collaborations are interpreting σtttt beyond just the SM value, in EFT 

and various BSM models
• HL-LHC: single channel observation possible at 5 standard deviations 

(in multilepton/SS dilepton channel) with 10%ish uncertainties on σtttt

Production of four top quarks is being actively examined by ATLAS and CMS collaboration. 
σtttt in SM (NLO QCD+EWK) 12 fb, and very sensitive to modifications from BSM 
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only for such ratios. In the limit setting, SM kinematics of the tttt final state were assumed
and only rate information was utilized to calculate the constraints. Besides the NLO scale un-
certainty from the SM tttt NLO prediction, no further scale uncertainties were added because
other uncertainties on tttt production are already included in the experimental limit.

Independent limits were obtained under the assumption that only one operator contributes
to the tttt cross section with the coefficients of the other operators set to zero. The intervals
obtained are summarized in Table 5. More conservative estimates were obtained by marginal-
izing the contribution of other operators within the interval Ck/L2 2 [�4p, 4p], defined by the
stability of perturbation series. The corresponding limits are listed in Table 6. The results ob-
tained are only slightly weaker than independent constraints because of the small correlations
between the operators.

Table 5: Expected and observed 95% CL intervals for selected coupling parameters. The in-
tervals are extracted from upper limit on the tttt production cross section in the EFT model,
where only one selected operator has a nonvanishing contribution.

Operator Expected Ck/L2 (TeV�2) Observed (TeV�2)

O1
tt [�2.0, 1.8] [�2.1, 2.0]

O1
QQ [�2.0, 1.8] [�2.2, 2.0]

O1
Qt [�3.3, 3.2] [�3.5, 3.5]

O8
Qt [�7.3, 6.1] [�7.9, 6.6]

Table 6: Expected and observed 95% CL intervals for selected coupling parameters when con-
tribution of other operators is marginalized.

Operator Expected Ck/L2 (TeV�2) Observed (TeV�2)

O1
tt [�2.0, 1.9] [�2.2, 2.1]

O1
QQ [�2.0, 1.9] [�2.2, 2.0]

O1
Qt [�3.4, 3.3] [�3.7, 3.5]

O8
Qt [�7.4, 6.3] [�8.0, 6.8]

As shown in Tables 5 and 6, the data have highest sensitivity to the contribution of O1
tt and

O1
QQ. The allowed intervals for the coupling parameters are almost independent of the other

considered operators and stay stable after marginalization.

7 Summary
A search for standard model tttt production has been performed in final states with one or two
oppositely signed muons or electrons plus jets. The observed yields attributed to tttt produc-
tion are consistent with the background predictions. An upper limit at 95% confidence level
of 48 fb is set on the cross section for tttt production. Combining this result with a previous
same-sign dilepton and multilepton search [15] the resulting cross section is 13+ 11

� 9 fb with an
observed significance of 1.4 standard deviations. The combined result constitutes one of the
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! tøtt øt in EFT approach

SM Lagrangian is augmented by composite operators of the SM Þelds

L EFT = L SM + L (5) + L (6)

L (d) = 1
! d! 4

!
i ciOi

Lowest dimension EFT operators contributing topp ! tøtt øt have d=6

Recent presentation:(12 Oct 2018) EFT
operators contributing topp ! tøtt øt

color singlet coupling RH tops:
OR = ( øtR�µtR) (øtR�µtR)
color singlet coupling LH tops and bottoms:
O(1)

L =
" øQL�µQL

# " øQL�µQL
#

color octet coupling LH tops and bottoms:
O(8)

L =
" øQL�µT AQL

# " øQL�µT AQL
#

color singlet coupling LH tops and bottoms
and RH tops:O(1)

B =
" øQL�µQL

#
(øtR�µtR)

color octet coupling LH tops and bottoms and
RH tops: O(8)

B =
" øQL�µT AQL

# "
øtR�µT AtR

#

OR

t

t̄

t̄

t

O
(8)
L

t

t̄

t̄

t

b̄

b

example 4-fermion
EFT diagrams

D. Lontkovskyi (VUB) 7/6
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! O(1)
L and O(8)

L correlation

Two operators have identicaltøtt øt
terms:

color singlet coupling LH tops
and bottoms:
O(1)

L =
! øQL! µQL

" ! øQL! µQL
"

color octet coupling LH tops and
bottoms: O(8)

L =! øQL! µT AQL
" ! øQL! µT AQL

"
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" ! øbL! µbL

"$
+ ( øtL! µtL)

! øbL! µbL
"

O(8)
L =

1
6

#
(øtL! µtL) (øtL! µtL) +

! øbL! µbL
" ! øbL! µbL

"$
+

%
øtL! µT AtL

& %
øbL! µT AbL

&

(øtL! µtL)
! øbL! µbL

"
and

!
øtL! µT AtL

" ! øbL! µT AbL
"

contributions are
suppressed by PDFs, therefore two operators have strong correlation.
D. Lontkovskyi (VUB) 1/6

O(8)
L

t

øt

øt

t

øb

b

This type of diagram does not contribute at LO, when 4FS (standard)
PDFs are used!

Benchmark test in the simulations

SM 0.00934 3.42729204052e-05 10000

C1
L = 1, C(8)

L = ! 3 0.00939 2.55897471123e-05 10000

C1
L = 2, C(8)

L = ! 6 0.00938 2.88199644184e-05 10000

D. Lontkovskyi (VUB) 2/6
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Table 2: DeÞnitions of the validation and corresponding signal regions for the four-top-quark and VLQ searches,
whereNj is the number of jets,Nb is the number ofb-tagged jets, andN! is the number of leptons. The name of
each signal (validation) region begins with ÒSRÓ (ÒVRÓ), with the rest of the name indicating the number of leptons
and number ofb-tagged jets required. The su! x Ò_LÓ denotes the signal regions with relaxedHT but stricterNj
requirements. For regions that require two leptons, the leptons must have the same charge. Events that appear in
any of the signal regions are vetoed in the validation regions.

Region name Nj Nb N! Lepton charges Kinematic criteria

VR1b2! ! 1 1 2 ++ or "" 400< HT < 2400GeV orEmiss
T < 40GeV

SR1b2! ! 1 1 2 ++ or "" HT > 1000GeV andEmiss
T > 180GeV

VR2b2! ! 2 2 2 ++ or "" HT > 400GeV
SR2b2! ! 2 2 2 ++ or "" HT > 1200GeV andEmiss

T > 40GeV

VR3b2! ! 3 ! 3 2 ++ or "" 400< HT < 1400GeV orEmiss
T < 40GeV

SR3b2! _L ! 7 ! 3 2 ++ or "" 500< HT < 1200GeV andEmiss
T > 40GeV

SR3b2! ! 3 ! 3 2 ++ or "" HT > 1200GeV andEmiss
T > 100GeV

VR1b3! ! 1 1 3 any 400< HT < 2000GeV orEmiss
T < 40GeV

SR1b3! ! 1 1 3 any HT > 1000GeV andEmiss
T > 140GeV

VR2b3! ! 2 2 3 any 400< HT < 2400GeV orEmiss
T < 40GeV

SR2b3! ! 2 2 3 any HT > 1200GeV andEmiss
T > 100GeV

VR3b3! ! 3 ! 3 3 any HT > 400GeV
SR3b3! _L ! 5 ! 3 3 any 500< HT < 1000GeV andEmiss

T > 40GeV
SR3b3! ! 3 ! 3 3 any HT > 1000GeV andEmiss

T > 40GeV

Table 3: Signal selection and preselection e! ciencies for events in various signal models, as estimated from MC
simulation. VLQs are assumed to decay with the branching ratios expected in the singlet model of Ref. [2].

Signal Preselection Signal region e! ciencies [%]
e! ciency [%] SR1b2! / 3! SR2b2! / 3! SR3b2! _L / 3! _L SR3b2! / 3!

B øB, mB = 800GeV 1.7 0.12 / 0.16 0.19 / 0.14 0.007 / 0.002 0.05 / 0.04
B øB, mB = 1200GeV 1.9 0.27 / 0.28 0.31/ 0.24 4 # 10" 4 / 4 # 10" 4 0.07 / 0.05
T øT, mT = 800GeV 1.2 0.06 / 0.02 0.09 / 0.02 0.008 / 0.006 0.04 / 0.06
T øT, mT = 1200GeV 1.3 0.10 / 0.25 0.13 / 0.22 0.002 /9 # 10" 4 0.06 / 0.11
tøttøt (SM) 2.7 0.02 / 0.02 0.11 / 0.04 0.37 / 0.17 0.20 / 0.18
tøttøt (CI) 3.0 0.06 / 0.05 0.23 / 0.08 0.30 / 0.16 0.33 / 0.27
tøttøt (2HDM, 3.1 0.02 / 0.03 0.11 / 0.03 0.62 / 0.24 0.19 / 0.17
mH = 700GeV)
tøttøt (2UED/RPP, 3.3 0.27 / 0.16 0.62 / 0.31 8 # 10" 4 / 0.0 0.89 / 0.51
mKK = 1400GeV)
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Table 12: Expected background and observed event yields in the signal regions for the vector-like quark and four-
top-quark searches. The ‘Other bkg’ category contains contributions from all rare SM processes listed in Section 6.
The first uncertainty is statistical and the second is systematic. The BSM significance is the number of standard
deviations by which a BSM signal plus background hypothesis is preferred to the background-only hypothesis.
Since this significance depends only on the event yield and expected background in the given signal region, it
is independent of the BSM model. When computing the SM tøttøt significance, the expected SM tøttøt yield is not
included in the expected background. Both significances are calculated using the same procedure used to calculate
the reported limits.

Source SR1b2` SR2b2` SR3b2`_L SR3b2`

tøtW 2.04± 0.14± 0.49 2.68 ± 0.15± 0.55 0.95 ± 0.11 ± 0.31 0.40 ± 0.06 ± 0.10
tøtZ 0.58± 0.08± 0.10 0.95 ± 0.11± 0.17 0.72 ± 0.11 ± 0.19 0.11 ± 0.05 +0.13

�0.10

Dibosons 3.2 ± 1.5 ± 2.4 < 0.5 0.13 ± 0.13 +0.27
�0.00 < 0.5

tøtH 0.56± 0.07± 0.07 0.57 ± 0.10± 0.09 0.91 ± 0.11 ± 0.22 0.19 ± 0.05 ± 0.07
tøttøt 0.10± 0.01± 0.05 0.44 ± 0.03± 0.23 1.46 ± 0.05 ± 0.74 0.75 ± 0.04 ± 0.38
Other bkg 0.52± 0.07± 0.14 0.68 ± 0.09± 0.24 0.47 ± 0.08 ± 0.18 0.20 ± 0.04 ± 0.06
Fake/non-prompt 4.1 +1.6

�1.4 ± 2.4 2.5 +1.0
�0.9 ± 1.1 1.2 +0.9

�0.7 ± 0.6 0.20 +0.46
�0.20± 0.16

Charge mis-ID 1.17± 0.10± 0.27 1.29 ± 0.10± 0.28 0.32 ± 0.04 ± 0.09 0.21 ± 0.04 ± 0.04

Total bkg 12.3 +2.2
�2.1 ± 3.4 9.1 +1.2

�1.1 ± 1.2 6.2 +1.0
�0.8 ± 1.2 2.0 +0.5

�0.2 ± 0.3

Data yield 14 10 12 4

BSM significance 0.31 0.25 1.7 1.1
SM tøttøt significance 0.33 0.38 2.1 1.6

Source SR1b3` SR2b3` SR3b3`_L SR3b3`

tøtW 0.66 ± 0.08± 0.20 0.38 ± 0.05 ± 0.11 0.21± 0.05 ± 0.09 0.15± 0.04 ± 0.05
tøtZ 2.66 ± 0.15± 0.43 1.90 ± 0.14 ± 0.42 2.80± 0.17 ± 0.58 1.47± 0.14 ± 0.28
Dibosons 2.3 ± 0.7 ± 1.7 0.22 ± 0.16 ± 0.27 < 0.5 < 0.5
tøtH 0.30 ± 0.04± 0.04 0.28 ± 0.05 ± 0.05 0.38± 0.06 ± 0.07 0.10± 0.03 ± 0.02
tøttøt 0.06 ± 0.01± 0.03 0.13 ± 0.02 ± 0.06 0.58± 0.04 ± 0.29 0.59± 0.03 ± 0.30
Other bkg. 1.37 ± 0.13± 0.45 0.65 ± 0.10 ± 0.27 0.17± 0.09 ± 0.10 0.31± 0.07 ± 0.11
Fake/non-prompt 1.0 +0.6

�0.5 ± 0.6 0.14 +0.31
�0.12± 0.09 0.00 +0.38

�0.00
+0.09
�0.00 0.03 +0.15

�0.02± 0.00

Total bkg 8.3 +0.9
�0.8 ± 1.8 3.7 +0.6

�0.3 ± 0.4 4.2 +0.4
�0.2 ± 0.7 2.7 ± 0.2 ± 0.5

Data yield 8 4 9 3

BSM significance ≠0.09 0.14 1.8 0.19
SM tøttøt significance ≠0.07 0.21 2.1 0.6
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