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tttt: the next frontier
Top quark pair pair production: a complex QCD process with 
large sensitivity to new physics effects
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Theory prediction



Standard Model prediction
Large theoretical uncertainties in inclusive cross section  

QCD NLO/LO k-factor ranges between 1.2 and 2.0, depending on scale and PDF choices 
Large effects (up to 40%) from Leading Order EWK diagrams 

13 TeV prediction used by ATLAS and CMS with 2016 data: σNLO(tttt) = 9.2+2.9-2.4 fb [1] 

Most recent, with EWK NLO effects, used by CMS for full Run 2 analysis: 12+2.2-2.5  fb [2] 
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Figure 3. Representative diagrams for the Born gg ! tt̄tt̄ amplitude. The left diagram is of
O(↵2

s), the right one is of O(↵s↵). Both diagrams involve tt ! tt scattering contributions.

in detail in ref. [37], where giant K-factors for the pT (tt̄) distribution have been found.
Large QCD corrections are induced also by the opening of the gq ! tt̄W±q0 channels,
which depend on the gluon luminosity and are therefore enhanced for high-energy proton–
proton collisions. Moreover, the pT (tt̄) distribution receives an additional log2(p2

T
(tt̄)/m2

W
)

enhancement in the qg initial-state subprocess (see left diagram in Fig. 2 and ref. [37] for
a detailed discussion). Also, the impact of soft-gluon emissions is non-negligible and their
resummed contribution has been calculated in refs. [38–40] up to next-to-next-to-leading-
logarithmic accuracy. The NLO2 has been calculated for the first time in ref. [18] and
further phenomenological studies have been provided in ref. [41]. In a boosted regime, due
to Sudakov logarithms, the NLO2 contribution can be as large as the NLO QCD scale
uncertainty.

The NLO3 and NLO4 contributions are calculated for the first time here. In particular,
the NLO3 contribution is expected to be sizeable since it contains gq ! tt̄W±q0 real-
emission channels that involve EW tW ! tW scattering (see right diagram in Fig. 2),
which as pointed out in ref. [32] can be quite large. Moreover, as in the case of NLO1,
due to the initial-state gluon this channel becomes even larger by increasing the energy of
proton–proton collisions.1 The tW ! tW scattering is present also in the NLO4 via the
�q ! tt̄W±q0, however in this case its contribution is suppressed by a factor ↵/↵s and
especially by the smaller luminosity of the photon. In addition to the real radiation of
quarks, also the qq̄0 ! tt̄W±g and qq̄0 ! tt̄W±� processes contribute to the NLO3 and
NLO4, respectively. Concerning virtual corrections, the NLO4 receives contributions only
from one-loop amplitudes of O(↵5/2), interfering with O(↵3/2) Born diagrams. Instead,
the NLO3 receives contributions both from O(↵5/2) and O(↵s↵3/2) one-loop amplitudes
interfering with O(↵s↵1/2) and O(↵3/2) Born diagrams, respectively. Clearly, due to the
different charges, NLOi terms are different for the tt̄W+ and tt̄W� case, however, since we
did not find large qualitative differences at the numerical level, we provide only inclusive
results for tt̄W± production.

We now turn to the case of tt̄tt̄ production, whose calculation involves a much higher

1In tt̄Z(tt̄H) production the NLO3 contributions feature tH ! tH(tZ ! tZ) scattering in gq !
tt̄Zq(gq ! tt̄Hq) real-emission channels. However, at variance with tt̄W

± production, the gg initial state
is available at LOQCD. Thus, the qg luminosity is not giving an enhancement and the relative impact from
NLO3 is smaller than in tt̄W

± production.
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Figure 4. Representative diagrams for the one-loop gg ! tt̄tt̄ amplitude. The left diagram is of
O(↵3

s), the central one is of O(↵2
s↵) and the right one is of O(↵s↵2). The interferences of these

diagrams with those shown in Fig. 3 lead to contributions to NLO1, NLO2, NLO3 and NLO4.

level of complexity. While the NLO1 contribution have already been calculated in refs. [11,
42] and studied in detail in ref. [37], all the other (N)LO

i
contributions are calculated for

the first time here.
The gg ! tt̄tt̄ Born amplitude contains only O(↵2

s) and O(↵s↵) diagrams, while the
qq̄ ! tt̄tt̄ Born amplitude contains also O(↵2) diagrams. Thus the gg initial state con-
tributes to LOi with i  3 and the qq̄ initial states contribute to all the LOi. Also the
�g and �� initial states are available at the Born level; they contributes to LOi with re-
spectively i � 2 and i � 3. However, their contributions are suppressed by the size of the
photon parton distribution function (PDF). Representative gg ! tt̄tt̄ Born diagrams are
shown in Fig. 3. As already mentioned in the introduction, LO2 and LO3 are larger than
the values naively expected from ↵s and ↵ power counting, i.e., LO2 � (↵/↵s) ⇥ LOQCD

and LO3 � (↵/↵s)2⇥LOQCD. Thus, NLO2, NLO3 and also NLO4 are expected to be non-
negligible, especially NLO2, NLO3 because they involve “QCD corrections”2 to LO2 and
LO3 contributions, respectively. As discussed in ref. [37], the tt̄tt̄ production cross-section
is mainly given by the gg initial state, for this reason we expect LO4, (N)LO

5
and NLO6 to

be negligible. Representative gg ! tt̄tt̄ one-loop diagrams are shown in Fig. 4. Although
suppressed by the photon luminosity, also the �g and �� initial states contribute to NLOi

with i � 2 and i � 3 respectively,
Note that, for both the pp ! tt̄W± and pp ! tt̄tt̄ processes, we do not include the

(finite) contributions from the real-emission of heavy particles (W±, Z and H bosons and
top quarks), sometimes called the “heavy-boson-radiation (HBR) contributions”. Although
they can be formally considered as part of the inclusive predictions at complete-NLO ac-
curacy, these finite contributions are typically small and generally lead to very different
collider signatures.3

Eqs. (2.5) and (2.6) define the NLO corrections in an additive approach. Another
possibility would be applying the corrections multiplicatively, which is not uncommon when
combining NLO QCD and NLO EW corrections. The difference between the two approaches

2As discussed in ref. [17], this classification of terms entering at a given order is not well defined;
some diagrams can be viewed both as a “QCD correction” and an “EW correction” to different tree-level
diagrams. Nevertheless, this intuitive classification is useful for understanding the underlying structure of
such calculations. For this reason we use these expressions within quotation marks.

3HBR contributions to NLO2 in tt̄W
± production have been provided in ref. [18].
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1 Introduction
In the standard model (SM) the production of four top quarks (tttt) is a rare process, with repre-
sentative leading-order (LO) Feynman diagrams shown in Fig. 1. Many beyond-the-SM (BSM)
theories predict an enhancement of the tttt cross section, s(pp ! tttt), such as gluino pair pro-
duction in the supersymmetry framework [1–10], the pair production of scalar gluons [11, 12],
and the production of a heavy pseudoscalar or scalar boson in association with a tt pair in
Type II two-Higgs-doublet models (2HDM) [13–15]. In addition, a top quark Yukawa coupling
larger than expected in the SM can lead to a significant increase in tttt production via an off-
shell SM Higgs boson [16]. The SM prediction for s(pp ! tttt) at

p
s = 13 TeV is 9.2+2.9

�2.4 fb
at next-to-leading order (NLO) [17]. An alternative prediction of 12.2+5.0

�4.4 fb is reported in Ref.
[16], obtained from a LO calculation of 9.6+3.9

�3.5 fb and an NLO/LO K-factor of 1.27 based on the
14 TeV calculation of Ref. [18].
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Figure 1: Representative Feynman diagrams for tttt production at LO in the SM.

After the decays of the top quarks, the final state contains several jets resulting from the had-
ronization of light quarks and b quarks (b jets), and may contain isolated leptons and missing
transverse momentum depending on the decays of the W bosons [19]. Among these final states,
the same-sign dilepton and the three- (or more) lepton final states, considering ` = e, µ, corre-
spond to branching fractions in tttt events of 8 and 1%, respectively, excluding the small con-
tribution from W ! tn, which is included in selected events. However, due to the low level of
backgrounds, these channels are the most sensitive to tttt production in the regime with SM-like
kinematic properties. The ATLAS and CMS Collaborations at the CERN LHC have previously
searched for SM tttt production in

p
s = 8 and 13 TeV pp collisions [20–24]. The most sensitive

of these results is a re-interpretation of the CMS same-sign dilepton search for BSM physics
at 13 TeV [23], with an observed (expected) tttt cross section upper limit (assuming no SM tttt
signal) of 42 (27+13

�8 ) fb at the 95% confidence level (CL).

The previous search is inclusive, exploring the final state with two same-sign leptons and at
least two jets, using an integrated luminosity of 35.9 fb�1 [23]. The analysis described in this
paper is based on the same data set and improves on the previous search by optimizing the
signal selection for sensitivity to SM tttt production, by using an improved b jet identification
algorithm, and by employing background estimation techniques that are adapted to take into
account the higher jet and b jet multiplicity requirements in the signal regions.

2 Background and signal simulation
Monte Carlo (MC) simulations at NLO are used to evaluate the tttt signal acceptance and to
estimate the background from diboson (WZ, ZZ, Zg, W±W±) and triboson (WWW, WWZ,
WZZ, ZZZ, WWg, WZg) processes, as well as from production of single top quarks (tZq, tg),
or tt produced in association with a boson (ttW, ttZ/g⇤, ttH). These samples are generated us-
ing the NLO MADGRAPH5 aMC@NLO 2.2.2 [17] program with up to one additional parton in



Beyond the Standard Model
Several new physics couplings and particles can affect tttt production 

EFTs, including four-fermion contact interactions 
New particles coupling to top quark (see next slide) 
Higgs physics: Top-Higgs yukawa coupling, Higgs oblique parameter 
And more: gluinos, sgluons, … 

Some of these models generate SM-like kinematics, and can be probed 
with a cross section limit/measurement. Others have harder kinematics. 
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interaction (CI) independently of the details of the underlying theory:

L4t =
C4t

⇤2 (t̄R�µtR)
�
t̄R�µtR

�
where tR is the right handed top spinor, �µ are the Dirac matrices, C4t is a dimensionless constant and
⇤ is the new-physics energy scale. Only the contact interaction operator with right-handed top quarks
is considered as left-handed top operators are already strongly constrained by electroweak precision data
[20]. The four-top-quark production mechanism in this model is shown in Figure 2(a).

The second BSM four-top-quark production model is one with two universal extra dimensions (2UED)
that are compactified in the real projective plane geometry (RPP), as described in Ref. [21]. The com-
pactification of the two extra dimensions, characterised by the radii R4 and R5, leads to the discretisation
of the momenta along these directions with the allowed values labelled by the integers i and j. Each
momentum state appears as a particle called a Kaluza–Klein (KK) excitation with a mass m, defined by
(i, j) values and later referenced as a ‘tier’. At leading order, the mass of a KK excitation of a particle with
a mass m0 is

m
2 =

i
2

R
2
4
+

j
2

R
2
5
+ m

2
0 . (1)

The additional mass di�erences within a given tier (i, j) are due to next-to-leading-order corrections and
are small compared with the masses [21]. By using the notations mKK = 1/R4 and ⇠ = R4/R5, Eq. (1)
reads as

m
2 = m

2
KK

⇣
i
2 + j

2⇠2
⌘
+ m

2
0 .

The four-top-quark signal of the model considered in this paper arises from pair-produced particles of
tier (1, 1), which then chain-decay into the lightest particle of this tier, the KK excitation of the photon,
A
(1,1), by emitting SM particles [22], as shown in Figure 2(b). This heavy photon A

(1,1) decays into tt̄

with a branching ratio assumed to be 100%. Therefore, additional quarks and leptons are expected to be
produced in association with the four-top-quark system, which makes this signature quite di�erent from
the other considered benchmarks, as shown in Figure 2. In addition, cosmological observations constrain
mKK between 600 GeV and 1000 GeV [22, 23], leading to typical resonance masses between 0.6 TeV and
2 TeV depending on the ratio ⇠ of the two compactification radii. This analysis probes di�erent scenarios
varying both mKK and ⇠, where the four-top-quark signal arises from particles of tier (1, 1) [22].
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Figure 2: Three examples of four-top-quark production in the context of (a) a four-fermion contact interaction (CI),
(b) two compactified universal extra-dimensions (2UED), and (c) two-Higgs-doublet model (2HDM).
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SUSY gluinos
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New particles coupling to top quarks
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Low mass (<2mt), off-shell 
• Modified coupling with H 
• But also other new particles 

(scalar or vector) with top-philic 
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High mass (>2mt), on-shell effects 
Heavy spin-0 particles  
• Mediator for Simplified Dark Matter 
• Two Higgs Doublet Model 

12 4 Discussion of summary exclusion plots
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Figure 2: 95% CL exclusion contours, in two 2HDM scenarios of (left) type-I and (right) type-II,
as obtained by selected CMS analyses that have been performed on the LHC run-1 dataset. The
two scenarios have been defined in Table 1 and described in more detail in the text. The exclu-
sion contours for all direct searches have been determined as CLS limits or re-interpreted from
such limits. The colored filled areas correspond to the excluded regions in mH and tan b. The
colored (slightly darker shaded) lines with indicated hatches to the regions that were expected
to be excluded, based on the null-hypothesis assumption of a SM-like Higgs sector. Those re-
gions in mH and tan b where the corresponding scenario is non-perturbative or unstable are
marked in gray. In the figure on the right in addition to the direct exclusion contours the con-
straint is displayed that is obtained from the compatibility of the scenario with the couplings
of the H

0. This constraint has been obtained from an increase of the test statistic, q(tan b), as
defined in the text by Dq = 3.84, corresponding to a 95% confidence region of a c2 function for
one degree of freedom.

Figure 3: The relic density ⌦h2 in the Mmed–mDM plane predicted by the scalar (left

panel) and pseudo-scalar (right panel) mediator models with couplings gDM = gq = 1.0.

The contour lines indicate the observed value of the DM relic density ⌦h2 = 0.118.

quark couplings gq in general allow DM to annihilate into SM particles more e�ciently,

which reduces the parameter space over which overabundance can occur.

For the vector scenario V1 (top left panel in Figure 2) only a single overabundant

region with Mmed � mDM is present. For the shown part of the Mmed–mDM plane this

case is fully consistent with previous results (see e.g. [7, 43, 44]). In the axial-vector

scenario A1 (top right panel in Figure 2) the overabundance region extends to higher mDM

values than in scenario V1. Additionally, there is an overabundance region above the

diagonal mDM = Mmed/2. While this region is also present in the corresponding figures

of [44] its width in mediator mass is significantly narrower. The observed di↵erence is due

to t-channel annihilation diagrams to pairs of mediators that have not been included in the

latter work but are relevant if Mmed < mDM.

In both the vector scenario V2 and axial-vector scenario A2 (lower left and right

plot in Figure 2) the relic density is enhanced with respect to the corresponding scenarios

V1 and A1. This is a result of the quark couplings being smaller in V2 and A2 than in V1

and A1. Decreasing the quark couplings however reduces the annihilation cross section,

which in turn leads to an overabundance of DM for larger parts of the Mmed–mDM plane.

We add that for scenario V2 with g` = 0.01, DM annihilation into leptons has essentially no

e↵ect on ⌦h2. In scenario A2 with g` = 0.1 the relic density is instead slightly suppressed

in the whole Mmed–mDM plane compared to a model with quark couplings only.

Notice finally that in the case of axial-vector mediation, s-channel annihilation pro-

ceeds via s-wave but is helicity suppressed, while for vector mediators no such suppression
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Figure 9: Predictions for the deviation �NP+SM/�SM in the pp ! tt̄tt̄ cross-section at
p
s = 13

TeV within the simplified NP Z 0 (left-hand side) and � (right-hand side) models as a function of the
couplings gtZ0 and yt�, for different Z 0 and � masses, respectively.

Figure 10: NP exclusion regions for LHC luminosities of 30fb�1 (Purple), 100 fb�1 (Blue), 300 fb�1

(Dark Cyan) and 900 fb�1 (Green) respectively, for the Z 0 model (Left) and the � scalar model
(Right). The existing bound extracted from the recent CMS search [49] is shown in gray shade and
bounded by a dashed contour.
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appear in models addressing recent B-meson decay anomalies [58, 59] or in scenarios of cos-
mological thermal relic dark matter (see e.g. Ref. [60, 61]). The exchange of such particles
mediating four-top production would generically result in kinematics, not strikingly differ-
ent from the dominant QCD contributions. Their dominant effect is thus expected to be a
modification of the inclusive four-top production cross-section . We study this possibility in
more detail using two representative toy model examples in which we extend the SM with
respectively a new vector or scalar boson affecting the four-top production at the tree-level:
(1) a top-philic neutral Z 0 vector boson and (2) a neutral scalar � with Yukawa couplings to
the top. In the first model we assume for simplicity that the Z

0 with mass mZ0 only couples
significantly to right-handed top quarks2. The relevant interaction Lagrangian then reads

LZ0 = �gtZ0 t̄R /Z
0
tR . (4)

We note that the chiral top-current, to which Z
0 is coupled is broken explicitly by the top

quark mass (and by anomalies) and the mZ0 ! 0 limit cannot be approached trivially in
this model. Nonetheless, well defined UV completions exist in the literature where these
issues are properly addressed with no immediate consequences for tt̄tt̄ phenomenology (see
e.g. Refs. [62–64] for an explicit example as well as Ref. [65] for a more general discussion).
In the second model, the relevant �� t interactions are on the other hand described by

L� = �yt�t̄L�tR + h.c. . (5)

Depending on the phase of yt�, this interaction is in general CP violating. While the form of
interactions above is not manifestly invariant under the SM EW gauge symmetry, suitable
UV completions in terms of multiple Higgs doublet or singlet SM extensions can be easily
constructed where the dominant effects in tt̄tt̄ phenomenology are captured by the effective
Lagrangian in Eq. (5) (see e.g. Ref. [28]). By choosing m� = mh = 125 GeV, this second
example also covers the interesting case of a modified top Yukawa coupling of the SM Higgs
boson.

In both models, since the new degrees of freedom are never produced on-shell, their effects
in four-top production are largely independent of their possible other interactions. 3 In our
case, contributions can be parametrized in terms of the mediator mass and the relevant
coupling to top quarks, (mZ0 , gtZ0) for model (1) and (m�,yt�) for model (2), respectively, and
in particular do not depend on the mediator decay width. This is in contrast to direct tt̄

resonance searches, where the resonance width can play an important role (see e.g. [34,66–68]).
In Fig. 9 we show the predicted four-top production cross-section including NP contri-

butions �NP+SM(pp ! tt̄tt̄) in both models, normalized to the SM cross-section prediction
�SM(pp ! tt̄tt̄), all computed at LO in QCD. We find that for both NP models, the off-shell
mediator contributions to pp ! tt̄tt̄ can considerably enhance the four-top production at

2This same interaction was studied in Ref. [33], but in a different parameter region.
3This should be compared to Ref. [33], where the new particle is assumed to be heavier than 2mt, appearing

as an on-shell resonance that decays to tt̄, and consequently motivating and resulting in a somewhat different
search strategy.
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Searches in other channels (pp→X →tt, pp →ttX →ttYY) possible, but have larger 
interference and/or require assumptions on couplings and total width of new particle



Final States

All-hadronic 
Powerful with massive new particles (gluons), not yet explored with SM kinematics 

1 lepton and opposite-sign 2 lepton (1L/2LOS) 
Dominant BR, large tt pair-production background (systematics limited) 

2 same-sign or ≥ 3 leptons (2LSS) 
Comparable branching to OS2L, but reject the tt background (statistically limited)
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Backgrounds

Two categories of backgrounds: 

tt (including ttbb): 
1L/2LOS: main background 
2LSS: only with a ‘fake’ or ‘charge flip’ lepton 

ttW, ttZ, ttH, ttVV:  
1L/2LOS: small but tttt-like background 
2LSS: main background 
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1L/2LOS: Analysis Strategy
Main background: tt 

Estimate from simulation, with reconstruction and theory uncertainties 
• Use data (bulk of tt sample) to profile uncertainties  

Analysis strategy 
1) Reconstruct (i.e. tag) hadronic top decays 

• BDT to find the best (for 2LOS) or second  
best (for 1L) triplet of R=0.4 jets 

• BDT variables: m(jj), m(jjj), b-tag, ΔR(jjj, “W”),  
ΔR(jjj, “b”), pTjjj/ (ΣpTj)  

• BDT score: Ttrijet 
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1L/2LOS: Analysis Strategy
Main background: tt 

Estimate from simulation, with reconstruction and theory uncertainties 
• Use data (bulk of tt sample) to profile uncertainties  

Analysis strategy 
1) Reconstruct (i.e. tag) hadronic top decays 

• BDT to find the best (for 2LOS) or second  
best (for 1L) triplet of R=0.4 jets 

• BDT variables: m(jj), m(jjj), b-tag, ΔR(jjj, “W”),  
ΔR(jjj, “b”), pTjjj/ (ΣpTj)  

• BDT score: Ttrijet 

2) Use event kinematics to separate tttt  
from tt+(b)jets 

• Categorize events based on Njets, Nb, Nlep 

• Train BDT in each category 
• BDT variables: Ttrijet, HT, HTb-jets, (HT - pTb1 - pTb2),  

pTj3, pTj4, centrality, sphericity, pTl, ΔRll, ΔRbb,  
(HT - pTtrijet), inv. mass of jets excluding trijet…
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1L/2LOS: Signal Regions
Signal regions for 1L (left) and 2LOS (right) analyses 

Post-fit distribution shown, good agreement with predictions 
• Fit: Difference between ‘box’ and ‘shaded’ uncertainty 

Distributions agree well with SM, but fit scales tttt to zero in 2LOS
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2LSS: Analysis Strategy
Several main backgrounds: ttW, ttZ, ttH, nonprompt leptons 

• Nonprompt leptons: data-driven estimate (‘fake rate’ method) 
• ttW and ttZ: correct Njets and Nb using tt data, then normalize in control regions 
• ttH: correct Nb using tt data, and apply a large normalization uncertainty  

Strategy: BDT analysis, cut-based cross-check 
• Cut-based: number of jets, b-jets and leptons 
• BDT: 19 variables, separate tttt from Σ(bkg) 
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Strategy: BDT
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⚫ A multi-variate classifier is also trained to separate signal from background

• Baseline events are passed through the classifier and the discriminator output is sliced into 17 bins

• The ttZ̅-enriched control region from the cut-based procedure is also included as another bin


⚫ Both approaches are used with a maximum-likelihood fit to extract a cross-section measurement 
and uncertainty, and their results are quoted in the Results and Summary sections 
• Only BDT quoted in the abstract and used for interpretations


⚫ The following details of the BDT are mentioned in the paper:

• CRZ is the only control region [CRW events enter the BDT]

• BDT is trained on simulation to separate tttt from Σ(SM backgrounds)

• Gradient boosting, 500 trees, depth 4. Classifier binned in 17 bins.

• List of all 19 variables used

• A sentence about why we don’t use top-tagging variables [ARC suggestion]

6.2 Selection and variables 23

• Df(j1, j2)464

• Df(`1, j1)465

• pT(ji) for i = 1 � 8466

• q1: sign of the same-sign lepton pair467

• Dh(`1, `2)468

• HT469

• H
ratio
T

: Ratio of HT of first four leading jets to rest470

• m(`1, j1)471

• Nlooseb: number of btags passing loose threshold472

• Ntightb: number of btags passing tight threshold473

• max(m(j)/pT): ratio of jet mass to momentum to discriminate merged jets474

• Wcands: number of jet pairs with invariant mass within 30GeV of the W mass475

Other more general variables like m(`i, jj) were also considered but showed little to no discrim-476

ination power, where i and j encompass the first two leading objects. The same generalization477

applied to other indexed variables. Note that this ranking takes into account the correlation478

between variables, explaining why HT is not as highly ranked, since discriminative power479

is first taken from Njets. Past approximately 22 variables, no extra AUC (area under curve)480

was gained, so it was determined to proceed with this smaller set of variables for simplicity.481

The AUC metric is the area under the signal versus background efficiency Receiver Operating482

Characteristic (ROC) curve, bounded by 0 and 1, where 1 is equivalent to perfect discrimina-483

tion between signal and background, and 0.5 represents discrimination no better than random484

guessing.485

The 19 approximately most performant variables were then selected to continue optimization.486

They are487

• (a) Nbtags488

• (b) Njets489

• (c) Nlooseb490

• (d) MET491

• (e) Ntightb492

• (f) pT(`2)493

• (g) m(`1, j1)494

• (h) pT(j1)495

• (i) pT(j7)496

• (j) Df(`1, `2)497

• (k) pT(j6)498

• (l) max(m(j)/pT(j))499

• (m) Nleps500

• (n) pT(`1)501

• (o) Dh(`1, `2)502

• (p) pT(j8)503

• (q) H
b

T
504
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• (r) pT(`3)505

• (s) q1506

Kinematic distributions for these input variables are shown in Figure 6.507

6.3 Hyperparameters508

Hyper-parameter tuning was performed in order to maximize discrimination (s/
p

s + b and509

AUC) while avoiding over-training from limited statistics. The selected set of TMVA hyper-510

parameters is given by the strings511

• NTrees=500512

• nEventsMin=150513

• MaxDepth=5514

• BoostType=AdaBoost515

• AdaBoostBeta=0.25516

• SeparationType=GiniIndex517

• nCuts=20518

• PruneMethod=NoPruning519

In total, the complete set of combinations considered in the hyperparameter scan were520

• NTrees=200,500,1000521

• nEventsMin=50,150,300522

• MaxDepth=4,5,6523

• BoostType=AdaBoost,Bagging,Grad524

• AdaBoostBeta=0.1,0.25,0.8525

• SeparationType=GiniIndex,CrossEntropy526

• nCuts=5,20,100527

A similar hyperparameter scan for xgboost yielded the parameters528

• n estimators = 500529

• eta = 0.07530

• max depth = 5531

• subsample = 0.6532

• alpha = 8.0533

• gamma = 2.0534

• lambda = 1.0535

• min child weight = 1.0536

• colsample bytree = 1.0537

Note that “n estimators” represents the number of trees, and “eta” is the learning rate. In538

particular, for a given learning rate, the number of trees and the depth of each tree are the most539

impactful hyper-parameters.540

Using these optimal hyperparameters, Figure 7 compares ROC curves and s/
p

s + b curves for541

TMVA and xgboost, showing that xgboost yields a significance performance than TMVA.542



2LSS: Control Regions and Distributions
Well behaved control regions, visible tttt signal in signal region 

Pre-fit distribution shown, with normalizations based on theory prediction 
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2LSS: Signal Regions
Signal regions for cut-based (left) and BDT (right) analyses 

Post-fit distribution shown, good agreement with predictions 
• ttW and ttZ scaled to 1.3±0.2, ttH to 1.1±0.3 
• tttt scaled to 0.8 (cut-based) and 1.0 (BDT) 
• BDT and cut-based analyses agree 

Distributions agree well with SM including tttt
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Uncertainties
1L/2LOS: total systematic uncertainty ~ total stat. uncertainty 

Largest syst.: tt modeling, fraction of ttbb, b-tagging 

2LSS: total systematic uncertainty ~ half of  stat. uncertainty 
Largest syst.: fraction of ttW/Z/H events with additional bb, jet scale, ttH

!14

Impact on the

Source Uncertainty (%) tttt cross section (%)

Integrated luminosity 2.3–2.5 3

Pileup 0–5 1

Trigger efficiency 2–7 2

Lepton selection 2–10 2

Jet energy scale 1–15 9

Jet energy resolution 1–10 6

b tagging 1–15 6

Size of simulated sample 1–25 <1

Scale and PDF variations † 10–15 2

ISR/FSR (signal) † 5–15 2

ttH (normalization) † 25 5

Rare, Xg, ttVV (norm.) † 11-20 <1

ttZ, ttW (norm.) † 40 3-4

Charge misidentification † 20 <1

Nonprompt leptons † 30–60 3

NISR/FSR

jets
† 1-30 2

s(ttbb)/s(ttjj) † 35 11
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Figure 5: Distributions of Nj and Ttrijet1 in the e+e� channel. In the upper panels of each figure,
the data are shown as dots with error bars representing statistical uncertainties, MC simulations
are shown as a histogram. In the lower panels the relative difference of the data with respect to
MC prediction is also shown. In each panel, the shaded band represents the total uncertainty
in the dominant tt background estimate. See Section 4.2 for the definitions of the variables.

Table 1: Uncertainties that affect the normalization of the data sets and shapes of the D
SL
tttt and

D
DL
tttt discriminants. Their contribution to different effects are marked by X.

Systematic uncertainty Normalization Shape
Integrated luminosity X
Pileup modeling X X
Lepton reconstruction and identification X
Jet energy corrections X X
b tagging X X
Ren. and fact. scales X X
PS scales X
ME-PS matching X
UE X
Jet multiplicity correction X
Parton distribution functions X X
Top quark pT reweighting X
Heavy-flavor reweighting X X
Rare process X

• Renormalization and factorization scales: In order to estimate the uncertainty aris-
ing from missing higher-order terms in the calculation of the signal and background
cross sections, renormalization and factorization scales are each modified, indepen-
dently, up and down by a factor of two relative to their nominal values. The cases in
which the two scales are varied in opposite directions are excluded. This is estimated
for both the tt and tttt processes.

• Parton shower scales: The evolution scales in the initial- and final-state PSs are sep-
arately varied by a factor of 2 and

p
2, respectively, up and down relative to their



Results: SM
1L/2LOS 36 fb-1, and 36 fb-1 combination with 2LSS 

1L/2LOS: No deviation from SM background prediction 
Combination with 36 fb-1 2LSS, which had 1.6σ significance 

2LSS 137 fb-1 
2.5σ significance, good agreement with 12+2.2-2.5 fb theory prediction 
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Lumi Significance 95% UL [fb] σ(tttt) [fb]

1L/2LOS 36 fb-1 0.0 (0.4) 48 (52+26-17) 0+20

2LSS 36 fb-1 1.6 (1.0) 42 (23+12-8) 17+14-11

Combination 36 fb-1 1.4 (1.1) 33 (20+10-6) 13+11-9

2LSS 137 fb-1 2.5 (2.7) 23 (9+4-3) 13+6-5

Note: expected UL assumes no SM tttt



Results: BSM (1)
Effective Field Theory (36 fb-1) 

Consider 4 operators, assume they affect σ(tttt) and not kinematics 
• Parametrize their impact on σ(tttt) 

Convert 95% UL on σ(tttt) to limits on coefficients (marginalizing others) 

!16

5. Results 19

5.2 Effective field theory interpretation

It is widely believed that the SM is an effective low-energy approximation of an unknown fun-
damental theory. Extensive new physics searches carried out by the ATLAS and CMS Collabo-
rations indicate that BSM states may be too heavy to be directly probed at the LHC. Neverthe-
less, new physics may manifest itself as modified interactions of SM fields. Such interactions
can be modelled by extending the SM Lagrangian with additional terms involving compos-
ite operators of SM fields. Assuming that these terms preserve gauge symmetries of the SM,
possible new interactions can be classified according to their scaling dimension and SM fields
content [76–78]. The EFT Lagrangian reads

LEFT = L
(4)
SM +

1
L Â

k

C
(5)
k

O
(5)
k

+
1

L2 Â
k

C
(6)
k

O
(6)
k

+ ..., (1)

where L
(4)
SM is the SM Lagrangian, while O

(n)
k

and C
(n)
k

denote dimension-n (dim-n) compos-
ite operators and their coupling parameters, respectively. Each term in the sum is suppressed
by Ln�4, where L is an effective energy cut-off of the model and n is the scaling dimension
of corresponding operator. The cut-off, L, represents the energy scale below which on-shell
effects of BSM physics can be neglected and is typically related to the mass scale of the hypo-
thetical BSM states. The EFT approach is model independent and, in principle, experimental
constraints obtained within the EFT framework can be recast into restrictions on parameters of
any UV-complete new physics model.

Four top quark production is a unique final state that provides information about models that
predict enhanced interactions of the third generation quarks. The dim-5 operators [79] do not
contribute to tttt production because they do not couple to top quarks. A minimal basis of com-
posite dim-6 operators contributing in Eq. 1 was derived in Ref. [77]. Only a small subset of
these operators lead to four top quark production at LO in the EFT perturbation series. In a re-
stricted scenario [17, 80], assuming that new physics couples predominantly to the left-handed
doublet and right-handed up-type quark singlet of the third generation, only four operators
coupling to third generation quarks are expected to contribute significantly to tttt production,
namely,

O
1
tt =(t̄Rgµ

tR)
�
t̄RgµtR

�
, (2)

O
1
QQ

=(Q̄Lgµ
QL)

�
Q̄LgµQL

�
, (3)

O
1
Qt

=(Q̄Lgµ
QL)

�
t̄RgµtR

�
, (4)

O
8
Qt

=
⇣

Q̄Lgµ
T

A
QL

⌘⇣
t̄RgµT

A
tR

⌘
, (5)

where QL and tR denote the left-handed third generation quark doublet and the right-handed
top quark singlet, respectively. The 4-fermion ttbb operators were not included because of the
vanishing b-quark parton density in the proton. Leading-order predictions for the pp ! tttt
cross section can be parameterized using the equation

stttt = sSM
tttt +

1
L2 Â

k

Cks(1)
k

+
1

L4 Â
jk

CjCks(2)
j,k , (6)

where the linear terms, Cks(1)
k

, represent the interference of the SM production with the dim-6
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EFT contribution, while the quadratic terms include two components: the square of the dia-
grams containing one EFT operator, and the interference term for two diagrams, each with one
EFT operator. Representing Ck as a column-vector, ~C, Eq. 6 can be expressed in a matrix form
as

stttt = sSM
tttt +

1
L2

~C
T
·~s(1) +

1
L4

~C
T

s(2)~C, (7)

In order to find~s(1) and s(2), a system of linear equations has to be solved. It is obtained by sub-
stituting linearly-independent vectors ~C into Eq. 7. In the cross section calculation, the EFT in-
teractions are implemented in the FEYNRULES [81] model and interfaced to MG5 aMC@NLO [19].
The NNPDF3.0LO [29] PDF set and aS(MZ) = 0.138 were used in the calculation. In the EFT
predictions, the SM contribution, sSM

tttt in Eqs. 6 and 7, was rescaled to the NLO cross section,

sSM
tttt = 9.2 fb. The linear and quadratic coefficients, s(1)

k
and s(2)

j,k , in Eq. 6 can be found in
Tables 4 and 5, respectively.

Table 4: Linear parametrization coefficients, s(1)
k

, of Eq. 6. The coefficients s(1)
k

are in units
( fb TeV2).

Operator s(1)
k

O1
tt

0.39

O1
QQ

0.47

O1
Qt

0.03

O8
Qt

0.28

Table 5: Quadratic parametrization coefficients, s(2)
j,k , of Eq. 6. The coefficients s(2)

j,k are in units
( fb TeV4).

Operator O1
tt

O1
QQ

O1
Qt

O8
Qt

O1
tt

5.59 0.36 �0.39 0.3

O1
QQ

5.49 �0.45 0.13

O1
Qt

1.9 �0.08

O8
Qt

0.45

The obtained combined observed (expected) experimental limit on the signal strength, 3.6
(2.2 + 1.1

� 0.7), on tttt production was utilized to derive constraints on possible contributions of EFT
operators. Since the data is sensitive only to the ratios, Ck/L2, the constraints are presented
only for such combinations, without explicit assumption for the value of L. 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 uncertainty from the SM tttt NLO prediction,
no further scale uncertainties were added.
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Independent limits were obtained under the assumption that only one operator contributes
to the tttt cross section, while coupling coefficients of the other operators were set to 0. The
obtained intervals are summarized in Table 6.

More conservative estimates were obtained by marginalizing the contribution of other opera-
tors within the interval Ck/L2 2 [�4p, 4p], defined by the stability of perturbation series. The
corresponding limits are listed in Table 7. The obtained results are only slightly weaker than
independent constraints due to small correlation between selected operators.

Table 6: Expected and observed 95% CL intervals for selected coupling parameters. The inter-
vals are extracted from upper limit on the tttt production cross section in the EFT model, where
only one selected operator has a non-vanishing contribution.

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

O1
tt

[�1.5, 1.3] [�2.1, 2.0]

O1
QQ

[�1.5, 1.3] [�2.2, 2.0]

O1
Qt

[�2.4, 2.4] [�3.5, 3.5]

O8
Qt

[�5.6, 4.3] [�7.9, 6.6]

Table 7: 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

[�1.5, 1.4] [�2.2, 2.1]

O1
QQ

[�1.5, 1.4] [�2.2, 2.0]

O1
Qt

[�2.5, 2.4] [�3.7, 3.5]

O8
Qt

[�5.7, 4.5] [�8.0, 6.8]

As shown in Tables 6 and 7, the data has 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.

6 Summary
A search for the standard model (SM) tttt production has been performed in final states with
one or two oppositely charged electrons or muons. The observed yields attributed to tttt pro-
duction are consistent with the SM predictions and a measured value for the tttt cross section
of 0 + 20 fb has been obtained with an observed significance of 0.0 standard deviations. Com-
bining this result with a previous same-sign dilepton and multilepton search [25] the resulting
cross section is 13 + 11

� 9 fb with an observed significance of 1.4 standard deviations. The data
were analysed in the effective field theory framework. The limits on dimension-6 four-fermion
operators coupling to third generation quarks were obtained. These results constitute one of
the most stringent constraints on the four top quarks production to date and can be used for
phenomenological reinterpretation of a wide range of new physics models.



Two Higgs doublet model (2HDM) 
On-shell scalar/pseudoscalar with mH/A > 
2mt : (tt, t)+H/A, with H/A → tt  

• 2HDM samples and cross sections based 
on alignment limit and tanβ=1  

• Different approach w.r.t. resonant  
pp → H/A → tt search, which suffers from 
width-dependent interference

Results: BSM (2)
Top-Higgs Yukawa coupling (yt)  

Off-shell Higgs has a ~10% contribution 
to tttt, which grows as yt4 

• Different approach w.r.t extracting yt from 
ggH and ttH, which requires assumption 
on total width of the Higgs 

!17

2

g

g

t

t

t̄

t̄g

g

g

t

t

t̄

t̄

H

g

g

t

t

t̄

t̄Z/�

FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
t
�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 

2
t
�
SM
int + 

4
t
�
SM(tt̄tt̄)H , (7)

where

�
SM(tt̄tt̄)g+Z/� /

��Mg +MZ/�

��2 ,
�
SM(tt̄tt̄)H / |MH |2 ,

�
SM(tt̄tt̄)int / Mg+Z/�M†

H
+M†

g+Z/�
MH . (8)

We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-

κt = |yt/ytSM|

g

g

HHH

t

t̄

t̄

t

h*/H/A 2HDMUpper limit: yt < 1.7



Summary
Two recent CMS results 

2016 data analysis (36 fb-1) combining 1L/2LOS/2LSS 
2LSS analysis of the full Run 2 dataset (137 fb-1) 
• 2.5 sigma, σ(tttt) = 13+6-5 fb, expected upper limit (assuming no signal) is now below σSM 

Interest in tttt continues to grow 
Active communities in both CMS and ATLAS 
Many BSM models, only a few interpretations explored 

Run 2 analyses ongoing 
The majority of tttt events still on disk 
Stand to benefit from 14 TeV in Run 3 

Detailed comparison with ATLAS tttt,  
from last LHC TOP WG meeting 

indico.cern.ch/event/746611/

!18

SM four-top production: LHC run 2 results so far

Pieter David (UCLouvain-CP3) Rare processes with top quark SM@LHC 2019 24

Pietr David, SM@LHC 2019

https://indico.cern.ch/event/746611/timetable/#10-atlas-and-cms-4-top-compari
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Comparison with SMEFiT (arXiv:1901.05965)

SMEFiT uses the 36 fb-1 2LSS results, not yet the 
1L/2LOS of TOP-17-019 

Both CMS and arXiv:1901.05965 use MC@NLO, 
with NLO SM tttt and LO EFT up to O(Λ-4)  

Wilson coefficients are constrained using the one-
sided asymptotic CLs upper limit (CMS) or the 
measured cross section with NNPDF-like MC 
replica approach (SMEFiT) 

SMEFiT constrains other operators, but the right 
table shows the results of fits to constrain 
individual operators 

!20Thanks to D.  Lontkovsyi for discussion

SMEFiT individual bounds (single-operator fits)

Notation DoF Baseline O(�≠2) only LO QCD

OQQ1 c1
QQ [≠5 .2 , 4 .9 ] [≠54 , 83 ] [≠5 .4 , 5 .2 ]

OQQ8 c8
QQ [≠14 , 12 ] [≠200 , 18 ] [≠21 , 16 ]

OQt1 c1
Qt [4 .5 , 4 .5 ] [≠610 , 210 ] [≠4 .9 , 4 .9 ]

OQt8 c8
Qt [≠10 , 8 .1 ] [≠69 , 28 ] [≠11 , 8 .7 ]

OQb1 c1
Qb [6 .9 , 6 .7 ] [≠1 .9 10 3 , ≠110 ] [≠6 .1 , 6 .0 ]

OQb8 c8
Qb [≠16 , 12 ] [≠260 , ≠14 ] [≠15 , 11 ]

Ott1 c1
tt [≠2 .9 , 2 .7 ] [≠26 , 41 ] [≠3 .4 , 3 .2 ]

Otb1 c1
tb [≠6 .8 , 6 .8 ] [≠2 .1 10 4 , ≠1 .4 10 3 ] [≠6 .1 , 6 .1 ]

Otb8 c8
tb [≠17 , 12 ] [≠270 , ≠15 ] [≠15 , 11 ]

OQtQb1 c1
QtQb [≠5 .4 , 5 .5 ] [160 , 2 .8 10 3 ] [≠4 .8 , 4 .9 ]

OQtQb8 c8
QtQb [≠14 , 14 ] [910 , 1 .6 10 4 ] [≠13 , 13 ]

O81qq c1,8
Qq [≠0.6, 0.1] [≠1.2, 0.3] [≠0.6, 0.07]

O11qq c1,1
Qq [≠0.2, 0.02] ú [≠0.2, 0.03]

O83qq c3,8
Qq [≠0.5, 0.4] [≠3.3, ≠0.08] [≠0.7, 0.2]

O13qq c3,1
Qq [≠0.1, 0.09] [≠0.1, 0.2] [≠0.1, 0.09]

O8qt c8
tq [≠1.3, 0.4] [≠2.1, 1.5] [≠0.7, 0.09]

O1qt c1
tq [≠0.3, 0.02] ú [≠0.3, 0.03]

O8ut c8
tu [≠1.1, 0.04] [≠2.0, 0.09] [≠0.9, 0.03]

O1ut c1
tu [≠0.2, 0] ú [≠0.4, 0.03]

O8qu c8
Qu [≠2.6, 0.2] [≠4.4, 0.3] [≠2.6, 0.1]

O1qu c1
Qu [≠0.5, 0.02] ú [≠0.4, 0.03]

O8dt c8
td [≠2.5, ≠0.01] [≠4.6, ≠0.2] [≠1.6, 0.02]

O1dt c1
td [≠0.8, 0] ú [≠0.6, 0.03]

O8qd c8
Qd [≠2.7, 0.3] [≠3.7, 0.9] [≠1.9, 0.07]

O1qd c1
Qd [≠0.9, ≠0.01] ú [≠0.9, 0.05]

OtG ctG [≠0.08, 0.03] [≠0.08, 0.03] [≠0.1, 0.04]
OtW ctW [≠0.4, 0.2] [≠0.3, 0.1] [≠0.4, 0.2]
ObW cbW [≠0.6, 0.2] ú [≠0.7, 0.2]
OtZ ctZ [≠2.8, 4.5] [≠17, 4.6] [≠6.3, 7.4]
Off cÏtb [≠9.4, 9.5] ú [≠9.7, 9.8]
Ofq3 c3

ÏQ [≠0.9, 0.6] [≠1.0, 0.6] [≠1.0, 0.6]
OpQM c≠

ÏQ [≠4.2, 3.9] [≠4.2, 3.8] [≠5.1, 4.6]
Opt cÏt [≠6.4, 7.3] [≠6.9, 7.8] [≠7., 8.0]
Otp ctÏ [≠5.3, 1.6] [≠5.1, 1.6] [≠5.4, 1.6]

Table 5.4. Same as Table 5.3, now for the results of individual fits when only one operator is
constrained at a time. The bounds in italics have been obtained from the analytical minimisation of
the ‰2 rather than using the SMEFiT numerical approach, see text for more details.
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Independent limits were obtained under the assumption that only one operator contributes
to the tttt cross section, while coupling coefficients of the other operators were set to 0. The
obtained intervals are summarized in Table 6.

More conservative estimates were obtained by marginalizing the contribution of other opera-
tors within the interval Ck/L2 2 [�4p, 4p], defined by the stability of perturbation series. The
corresponding limits are listed in Table 7. The obtained results are only slightly weaker than
independent constraints due to small correlation between selected operators.

Table 6: Expected and observed 95% CL intervals for selected coupling parameters. The inter-
vals are extracted from upper limit on the tttt production cross section in the EFT model, where
only one selected operator has a non-vanishing contribution.

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

O1
tt

[�1.5, 1.3] [�2.1, 2.0]

O1
QQ

[�1.5, 1.3] [�2.2, 2.0]

O1
Qt

[�2.4, 2.4] [�3.5, 3.5]

O8
Qt

[�5.6, 4.3] [�7.9, 6.6]

Table 7: Expected and observed 95% CL intervals for selected coupling parameters when con-
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and
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QQ
. The allowed intervals for the coupling parameters are almost independent of the other

considered operators and stay stable after marginalization.

6 Summary
A search for the standard model (SM) tttt production has been performed in final states with
one or two oppositely charged electrons or muons. The observed yields attributed to tttt pro-
duction are consistent with the SM predictions and a measured value for the tttt cross section
of 0 + 20 fb has been obtained with an observed significance of 0.0 standard deviations. Com-
bining this result with a previous same-sign dilepton and multilepton search [25] the resulting
cross section is 13 + 11

� 9 fb with an observed significance of 1.4 standard deviations. The data
were analysed in the effective field theory framework. The limits on dimension-6 four-fermion
operators coupling to third generation quarks were obtained. These results constitute one of
the most stringent constraints on the four top quarks production to date and can be used for
phenomenological reinterpretation of a wide range of new physics models.
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