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This article presents the observation of four-top-quark (tttt) production in proton-proton collisions
by the ATLAS and CMS experiments at the CERN LHC. The analysis is performed using data
samples collected by both experiments separately at a center-of-mass energy of 13 TeV during
2016-2018 and corresponding to an integrated luminosity of 140 fb~! and 138 fb~! by the
ATLAS and CMS Collaborations respectively. Events containing two leptons with the same
charge or at least three leptons (electrons or muons) are selected. Event kinematics are used
to separate signal from background through a multivariate discriminant, and dedicated control
regions are used to constrain the dominant backgrounds. The observed (expected) significance
of the measured tttt signal with respect to the standard model background-only hypothesis is 6.1
(4.3) standard deviations by the ATLAS and 5.6 (4.9) standard deviations by CMS experiment.
The tttt production cross section is measured to be 22.5J:65'.65 fb and 17.7t‘2‘_‘(‘) fb by the ATLAS and
CMS experiment respectively, in agreement with the available standard model predictions. The
limits are set by the ATLAS experiment on the three-top-quark production cross section, being
an irreducible background not measured previously, and constraints are obtained the top-Higgs
Yukawa coupling and Wilson coeficients corresponding to the effective field theory operators

sensitive to the titt production.
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1. Introduction

The top quark is the heaviest elementary particle in the Standard Model (SM) and has a strong
connection to the Higgs boson as well as potentially new particles in various theories beyond the
SM (BSM). It is therefore relevant to study rare processes involving the top quark, such as the
production of four top quarks (tttt), which is predicted by the SM and has been observed for the first
time [1, 2] by the ATLAS [3] and CMS [4] Collaborations at the CERN LHC.

While the production occurs predominantly through the strong interaction [5—7], nonnegligible
contributions arise also from electroweak (EW) processes [8—10]. Example leading-order (LO)
Feynman diagrams are shown in Figure 1. The SM cross section is calculated at next-to-LO (NLO)
in quantum chromodynamics (QCD) and EW theory, including soft-gluon emission corrections at
next-to-leading logarithmic accuracy, to be 13.4f11'_% fb at /s = 13 TeV [10]. The quoted uncertainty
is due to scale variations and parton distribution functions (PDFs).
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Figure 1: Examples of Feynman diagrams that provide important contributions to tttt production. The first
diagram (left) involves only the strong interaction, while the other two involve both strong and electroweak
interactions with the exchange of a Z boson or virtual photon (middle), or a Higgs boson (right) [2].

The tttt cross section could be enhanced in many BSM models, including gluino pair production
in supersymmetric theories [ 11, 12], scalar-gluon pair production [13, 14], the associated production
of a heavy scalar or pseudoscalar boson with a top-quark pair in two-Higgs-doublet models [15—
17], or in top-quark-compositeness models [18]. Additionally, the tttt cross section is sensitive
to the strength of the top-quark Yukawa coupling, and its charge conjugation and parity (CP)
properties [19, 20]. It is also sensitive to various four-fermion interactions [21-24] and the Higgs
oblique parameter [25] in the context of an effective field theory (EFT) framework.

The tttt process results in various final states depending on the top quark decays. These final
states are classified based on the number of electrons or muons produced in the top quark decays,
including those originating from subsequent leptonic T decays. This article focuses on two types
of events: those with exactly two same-signed isolated leptons (2LSS) and those with at least three
isolated leptons (3L). In the SM, 7% and 5% of the produced tttt events result in 2LSS and 3L final
states, respectively. While these channels are relatively rare final states, they are advantageous due
to low levels of background. The tttt topology is also characterised by a high light-jet and b-jet
multiplicity and a large rest mass of the event, amounting to about 700 GeV.

The ATLAS and CMS experiments reported evidence for tttt production in 13 TeV pp collisions
at the LHC. The ATLAS result combines two analyses using 139 fb~! at 4/s = 13 TeV: one in the
2L.SS/3L channel [26] and the other in the channel comprising events with one lepton or two leptons
with opposite electric charge. This combination results in a measured cross-section of 24i76 fb,
corresponding to an observed (expected) signal significance of 4.7 (2.6) standard deviations (SDs)



Four tops, SM and BSM Sandeep Bhowmik

over the background-only predictions [27]. The CMS result is from a combination of several
measurements based on 138 fb~! at /s = 13 TeV, in the channels with zero, one and two electrons or
muons of opposite charge and the 2L.SS/3L channel, yielding an observed (expected) significance
of 4.0 (3.2) SDs [28]. The tttt cross section measured by the CMS Collaboration is 17+5 fb.

2. Analysis procedure

Monte Carlo (MC) simulated samples are used to model different signal and background
processes. Events were selected using single-lepton, dilepton or trilepton triggers with variable
electron and muon transverse momentum thresholds, and various identification and isolation criteria
depending on the lepton flavour and data-taking period with an aim of maximizing the acceptance for
tttt decays while simultaneously rejecting the large backgrounds. Signal regions (SRs) and control
regions (CRs) are defined using events in which all leptons pass the tight ID criteria, whereas events
with at least one loose lepton are used as a sideband for the nonprompt-lepton background estimation.
The background composition of the SR is largely dominated by the production of top-quark pairs in
association with bosons. The study of the ATLAS experiment has used a multivariate discriminant
built with a Graph Neural Network (GNN) [29] to separate the tttt signal from the background. To
enhance the separation between signal events and those from different background processes, the
CMS experiment employs multiclassification boosted decision trees (BDTs). The GNN training is
performed for events passing the SR requirements. The LO tttt simulated signal sample is used in
the training. The MC simulated samples, corresponding to all background components, represent
the background in the training. The GNN discriminant is chosen as the observable of the analysis
to extract the tttt signal. Figure 2 shows the distribution of the GNN score in the SR. Similarly, the
CMS experiment has used simulated event samples of tttt, ttZ, ttW, ttH, and tt production in the
training. The rate of the tttt signal is extracted through a binned maximum-likelihood (ML) fit to
the distributions in the output of GNN (for ATLAS) and BDT (for CMS) classifiers. The lepton
misidentification and electron charge misidentification backgrounds are both determined from data,
while electron conversions and irreducible backgrounds are modeled using MC simulation. The
ATLAS experiment has estimated the ttW background also from data. The multiple sources of
systematic uncertainty are considered which affect the predicted event yields, the distributions in
the output of the BDT classifiers, or both.

Ref. [1] presents a re-analysis of the 140 fb~! data set at /s = 13 TeV in the 2L.SS/3L channel
with the ATLAS detector and supersedes the result of Ref. [26]. Compared to the previous result that
showed evidence for tttt production [26], this new measurement brings several improvements: an
optimised selection with lower thresholds on the leptons’ and jets’ transverse momenta; improved
b-jet identification; a new data-driven estimation of the ttW+jets background, one of the main
backgrounds in this channel; a revised set of systematic uncertainties; an improved treatment
of the ttt background and a more powerful multivariate discriminant to separate the signal from
background.

Ref. [2] presents a search for tttt production in events with two same-sign, three, or four
leptons, using pp collision data recorded by the CMS experiment in 20162018 and corresponding
to an integrated luminosity of 138 fb~!'. This measurement supersedes the results from Ref. [30]
that analyzed events with two same-sign or at least three leptons selected from the same data
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set and found 2.6 (2.7) SDs of observed (expected) significance for tttt production. Notable
improvements, discussed in Ref. [2], are achieved in the lepton identification and the tagging of jets
originating from the hadronization of bottom quarks, as well as from a revised analysis strategy for
the discrimination between signal and background processes based on the application of machine
learning techniques. The aforementioned improvements increase the sensitivity of the analysis and
allow for the observation of the tttt production process with a statistical significance above five SDs.

3. Results

A maximum-likelihood fit is performed to the GNN score distribution in the SR and to different
distributions in the CRs to constrain the dominant backgrounds. Figure 2 shows the distribution of
the GNN score in the SR before and after performing the fit by the ATLAS experiment. A good
agreement is observed between data and the prediction after the fit. The measured tttt production
Ccross section is:

o = 22,555 (stat) 35 (sysHfb = 22,555 fo. M

The measured cross section is consistent within 1.7 SDs with the SM prediction of Ref. [10].

The measured cross sections of the tttt signal process is extracted from a simultaneous binned
profile likelihood fit to the data in the SRs and CRs by the CMS experiment. Figure 3 shows the
yields in the SR tttt classes after the fit. The results when fitting each channel on its own are
summarized in Figure 4, with the largest sensitivity provided by the 21 channel. The cross section
of tttt production is measured to be

o = 17755 (sta) 15 (sys)fb = 1775 fb. @

This result is in agreement with the SM prediction of 13.4’:11'2S b [10] at the level of 1.0 SDs, when
uncertainties of both prediction and measurement are taken into account.

The probability for the background-only hypothesis to result in a signal-like excess at least as
large as seen in data is derived with the profile-likelihood ratio following the procedure described in
Ref. [31]. From this, the significance of the observed signal is found to be 6.1 SDs by the ATLAS
experiment and 5.6 SDs by the CMS experiment. Using the SM cross section of 13.4‘:1]"% fb from

Ref. [10], the expected significance would be 4.7 SDs by ATLAS and 4.9 SDs by CMS.

3.1 Systematic uncertainties

The dominant experimental uncertainties arise from the measurement of b-tagging efficiencies
and mis-tagging rates. Uncertainties in the calibration of the jet energy scale and resolution play
a subleading role among the experimental uncertainties. Other uncertainties have minor impacts
on the measurements. Uncertainties in the modelling of SM tttt production have the dominant
impact on the measurements. The dominant uncertainty in the background predictions arises from
the modelling of ttW, ttH and ttZ/y* events. The uncertainty in the predicted cross-sections of
background processes have minor impact on the measurements. Uncertainties in the estimate of
fake/non-prompt backgrounds have minor impact.
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Figure 2: Comparison between data and predictions after a fit to data for the GNN distribution in the SR.
The first bin contains underflow events. The ratio of the data to the total post-fit prediction is shown in the
lower panel. The dashed blue lines show the pre-fit prediction in the upper panel and the ratio of the data to
the total pre-fit prediction in the lower panel. The shaded band represents the total post-fit uncertainty in the
prediction [1].

4. Interpretations

Limits at 95% CL intervals are also obtained by the ATLAS experiment on the top-quark
Yukawa coupling, on EFT operators that parametrize BSM tttt production, and on a Higgs oblique
parameter.

4.1 Limits on the top-quark Yukawa coupling

The tttt cross section can be parameterised as a function of two parameters: the top Yukawa
coupling strength modifier «; and the CP-mixing angle & [20, 32]. The tttt and ttH yields in each bin
of the GNN distribution are parameterised as a function of k; and . The observed (expected) 95%
CL limits are shown in Figure 5 in the two-dimensional parameter space (|k.cos(a@)|, |ksin(a@)|).
Fixing the top-quark Yukawa coupling to be CP-even only (i.e. @ = 0), the following observed
(expected) limits are extracted: || < 1.8 (1.6).

4.2 Limits on EFT operators and the Higgs oblique parameter

Within the EFT framework, the tttt process is sensitive to four heavy-flavour fermion operators
Otlt, O(IQQ, O(lgt and O%t which can probe the BSM models that enhance interactions between the
third-generation quarks [22]. The tttt production cross section can be approximated by:



Four tops, SM and BSM Sandeep Bhowmik

138 fo' (13 TeV) 138 fb™' (13 TeV) 138 fb (13 TeV)
@ 60 T T T T 3 5] T T T j2) T T T T
£ | CMS & oue m £ | CMS &l €, CMS Lo mE
o) SR-2/, ee MttH 5 Nonprompt - SR-2/, ep MEtH @ Nonprompt | 0 SR-2(, pu Wi+ [ Nonprompt
o titt class =X¥(V) -8:':;?? misiD A 60 titt class =¥‘,’ V) .g:':e'?f misiD Al titt class -\&V,f:,) t -;(‘7
© 40 Postfit tit Total unc. o Postfit tit Total unc. © Postfit Total unc.
— — —
2 2 2
c < 40 c
[ [ [}
> > >
L w L
20
20
. | . X .
el el O
g S g S e 3
e i ! § S B A T S
(] ] 1 ©
"ao‘s M NN '}3’0‘5 PR S L | © T TN
[= ] 0.2 0.4 0.6 0.8 1 o o 0.2 0.4 0.6 0.8 1 o o0 0.2 0.4 0.6 0.8 1
BDT score ttit BDT score tttt BDT score tttt
138 fb' (13 TeV) 138 fb' (13 TeV) 138 fb' (13 TeV)
La0f T T @ ‘ AR e ‘
c CMS ‘ma .g; S 3 CMS ¢ Data [ttt c CMS ¢ Data  Background
> 100} SR-3¢ mtH i Nonprompt | 2 SR-4¢ (-2 [ > 102+ Postfit I it Total unc.
P V(YY) EXy - ™
o titt class Othert it o titt class W) " othert o
-~ Postfit 3 ~ Postfit ttt Total unc. ~ boe oo
P 8ol ostfi Total unc. @ ) ostfi otal unc. P M }
c c =t —_
[ [} [} g
: : : =iy
10F
1
-O. -c. -c. L L
o o 0 °,] : :
o alb a - . 4
P Hos PR L
© L L L L © 05 L L L L © 0.5 i i
o 0 0.2 0.4 0.6 0.8 1 [= ] 0.2 0.4 0.6 0.8 1 a - -0.5 0 0.5
BDT score tttt BDT score tttt log10(S/B)

Figure 3: Comparison of the number of observed (points) and predicted (colored histograms) events in the
BDT score tttt in the tttt classes of SR-21, shown for the ee (upper left), ex (upper middle), and uu (upper
right) categories, of SR-31 (lower left) and of SR-41 (lower middle). Additionally, the comparison is shown
for all SRs combined as a function of log;o(S/B) (lower right), where S and B are evaluated for each bin
of the fitted distributions as the predicted signal and background yields before the fit to data. Bins with
log10(S/B) < -1 are not included, and bins with log¢(S/B) > 0.5 are included in the last bin. The vertical bars
on the points represent the statistical uncertainties in the data, and the hatched bands the total uncertainty
in the predictions. The signal and background yields are shown with their best fit normalizations from the
simultaneous fit to the data (“postfit”) [2].

1 n, 1 2

o= oM+ = Z Cio" + " Z CiCjor? 3)
i i<j

where A is the energy scale, C; denotes the coupling parameters of the four heavy-flavour

) is the linear term that represents the interference of dimension-6 op-

fermion operators, Cio'i(1
erators with SM operators, and CiCjO'i(’jz) is the quadratic term that also includes the interference
between different EFT operators. The 95% CL intervals on the EFT parameters are extracted by
parameterising the tttt yield in each bin of the GNN score distribution as a quadratic function of
the coefficient of the corresponding EFT operator (C;/A?) and then by performing the fit to data.
The fit is carried out assuming that only one operator contributes to the tttt cross section, while the

coefficients of the other three operators are fixed to the SM value of zero. The observed 95% CL
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Figure 4: Comparison of fit results in the channels individually and in their combination. The left panel
shows the values of the measured cross section relative to the SM prediction from Ref. [10] , where the
displayed uncertainty does not include the uncertainty in the SM prediction. For the 41 channel, no events
were observed in the tttt-enriched bins, and an upper limit at 95% confidence level is quoted. The right panel
shows the expected and observed significance, with the printed values rounded to the first decimal [2].

25““\““““““\““J_
[ ATLAS — 68%CL (Obs) { _|

[ Vs=13TeV, 140 fo™ —— 95%CL (Obs) |

---68% CL (Exp.) ]
---95% CL (Exp.) 4
X SM N
Best Fit

|k, sin(a)]

- ttH parametrised

Obs. -2A In(L)

|
OFRP N WHOU ON O ©

M I —
2 2.5
| K, cos(a)|

Figure 5: Two-dimensional negative log-likelihood contours for |kcos(a@)| versus |k sin(a)| at 68% and
95%, where «; is the top-Higgs Yukawa coupling strength parameter and « is the mixing angle between the
CP-even and CP-odd components. The gradient-shaded area represents the observed likelihood value as a
function of «; and @. Both the tttt signal and ttH background yields in each fitted bin are parameterised as
a function of x; and @. The blue plus shows the SM expectation, while the black cross shows the best fit

value [1].

Ol

intervals on the coefficients (|Ci/A?|) of OL,, OL , Ol,

QQ’ ~Qv
1.9], and [-6.2, 6.9] TeV~2, respectively.
The Higgs oblique (H) parameter affects the off-shell Higgs interaction, and thus the tttt cross
section, as well as processes involving a Higgs boson, in particular ttH production, which is a
significant background to the tftt measurement [25]. A limit on H is extracted from the likelihood

and O, are [-3.5, 4.1, [-3.5, 3.01, [-1.7,
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scans shown on Figure 6. The observed (expected) upper limit on the H value is 0.20 (0.12) at 95%
CL.
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Figure 6: The negative log-likelihood values as a function of the Higgs oblique parameter H. The solid
curve represents the observed likelihood while the dashed curve corresponds to the expected one. The dashed
regions shows the non-unitary regime. [1].

5. Conclusion

Four-top-quark production is observed with a significance of 6.1 standard deviations by the
ATLAS experiment and 5.6 standard deviations by CMS experiment with respect to the background-
only hypothesis. The corresponding expected significances are 4.7 and 4.9 standard deviations.
The measured tttt production cross section is 22.5’:65'_‘?5 fb and 17.7f‘ﬁ) fb by ATLAS and CMS
respectively, in agreement with the standard model predictions.

The results of the ATLAS experiment are used to set limits on several new physics scenarios.
Constraints on the CP properties of the top-quark Yukawa coupling are obtained in the form of
limits in the two-dimensional parameter space (|kcos(a@)|, |«sin(a)|). Assuming a pure CP-even
coupling (a = 0), the observed upper limit on || = |y;/ yf’M| at 95% CL is 1.8. Constraints at 95%
CL are obtained on the four dimension-6 heavy-flavour fermion operators. Assuming one operator
taking effect at a time, the observed constraints on the coefficients (Ci/A?) of O], O})Q, O(lgt’ and
Qgt are [-3.5, 4.1], [-3.5, 3.0], [-1.7, 1.9], and [-6.2, 6.9] TeV~2, respectively. An observed upper
limit at 95% CL of 0.20 is obtained for the Higgs oblique parameter that coincides with the largest
value that preserves unitarity for the perturbative theory.
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