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

2



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 currently used by ATLAS and CMS: σNLO(tttt) = 9.2+2.9-2.4 fb [1] 

Most recent prediction, including EWK NLO effects: 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(p2T (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)LOi 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)LO5 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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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)LOi contributions are calculated for
the first time here.
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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
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suppressed by the photon luminosity, also the �g and �� initial states contribute to NLOi
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Note that, for both the pp ! tt̄W± and pp ! tt̄tt̄ processes, we do not include the
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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.
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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)LOi 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
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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)LO5 and NLO6 to
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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
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Eqs. (2.5) and (2.6) define the NLO corrections in an additive approach. Another
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diagrams. Nevertheless, this intuitive classification is useful for understanding the underlying structure of
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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 

Top-Higgs yukawa coupling different from SM 
Four-fermion contact interactions (and other EFTs) 
Extra dimensions (2UED), with a heavy photon A(1,1) decaying to tt 
Scalar/psedo-scalar particles with m>2*mt and higgs-like couplings (2HDM) 
And more: gluinos, sgluons, low-mass scalars and vectors… 

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

m2 =
i2

R2
4
+

j2

R2
5
+ m2

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

m2 = m2
KK

⇣
i2 + j2⇠2

⌘
+ m2

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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Four-fermion contact interaction 2HDM scalar/pseudoscalar2UED Extra dimensions

https://arxiv.org/pdf/1805.10835.pdf
https://arxiv.org/abs/1611.05032


Final States

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

1 lepton and opposite-sign 2 lepton (1L/OS) 
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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x4

⚫ SM ttt̅t ̅production sensitive to a variety of new physics scenarios

• E.g., EFTs, 2HDM, top yukawa coupling


⚫ All final states will be covered by various analysis groups 
✓ All-hadronic

✓ Single-lepton + 2L opposite-sign (OS)

✓ 2L same-sign (SS) + multi-lepton (ML)


⚫ Analysis plans and needs briefly presented here

Overview

�2

! = 12fb

* including e/µ from τ



Status of analyses
Focus on Run 2: large PDF gain at the 4-top threshold 

2-3 fb-1 of 13 TeV data already surpassed the Run1 results 

• 1L/2LOS: can compare strategies, but not results (different luminosities) 
• 2LSS: full apples-to-apples comparison possible <— Main focus 

• NOTE: CMS is optimized to SM tttt, while ATLAS is a broader search 

Significant differences between ATLAS and CMS strategies 
Signal regions (different for 1L/OS, quite similar in 2LSS)  
Background estimates (different for both analyses) 

—> Discuss these in following slides
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ATLAS CMS
1L/OS arxiv:1811.02305 (36.1 fb-1) (NEW) arxiv:1702.06164 (2.6 fb-1)

2LSS arxiv:1807.11883 (36.1 fb-1) arxiv:1710.10614 (35.9 fb-1)

Combination within arxiv:1811.02305 in progress, with 1L/2LOS 36 fb-1 analysis



Shared ingredients of 1L/OS and 2LSS
Before splitting 1L/OS and SS, a few shared ingredients 

b-tagging: MVA taggers used in both experiments 
CMS “DeepCSV”: 55-70% b-jets, 1-2% light jets (range for jets with pT 20-400 GeV) 
ATLAS “MV2c10”: 77% b-jets, 17% c-jets, 0.7% light jets (measured in tt events) 
• ATLAS performance is better than CMS in 2016 (caveat: not a full pT/η comparison) 

Pileup rejection in jets 
CMS: “charge-hadron-subtracted” (CHS) jet clustering, using only tracks from PV 
ATLAS: “jet vertex tagger” (JVT) selection on jets with pT < 60 GeV 
• PU jets are not an issue for either experiment after these methods 

tttt simulation: 
Madgraph_aMC@NLO for both, but ATLAS uses LO and CMS uses NLO 

Then, for 2LSS and 1L/OS, focus on: 
• Object selection 
• Signal region definition 
• Background estimates 
• Systematics 
• Results and interpretations 7



2LSS: Object Selection
Same-sign analyses are susceptible to Fake/Non-Prompt and Charge Misidentified leptons 

Instrumental backgrounds, difficult to simulate and carry large uncertainties

8

ATLAS CMS
Lepton ID e ID (MVA), µ ID (cut-based), impact parameter: similar sets of variables

Lepton ISO
MiniTrackIso (e, µ), CaloIsoDR02 (e),  

ΔR(e, jet) > 0.4,  ΔR(µ, jet) > 0.04 + 10/pT(µ)
MiniIso AND [ pT(lep)/pT(jet) > A  
OR |pT(lep)⨯pT(jet)|/pT(jet) > B ]

For CMS, this is the jet which includes the lepton. For ATLAS, an additional nearby jet.

Lepton Charge

 Include # of Pixel and B-layer hits in MVA ID; 
reject endcap electrons for same-sign events

Require hit in the first Pixel layer; apply “triple-
charge coincidence” cut on the electron track

Both veto electrons matched to conversion vertices

Trigger Single + dilepton (95% efficient) Dilepton only (92-95% efficient)

jet counting 25 GeV, η < 2.5 40 GeV, η < 2.5

b-jet 25 GeV, η < 2.5

DY veto  (low-
mass and Z peak)

Only veto same-sign DY; keep opposite-sign 
events for vector-like quarks search Also veto opposite sign DY (reduce ttZ bkg)



Baseline Region Kinematics
Similar baseline selection (“baseline” : sum of all signal regions) 

CMS higher jet pT cut;       ATLAS higher HT cut;        ==>     NjetsATLAS > NjetsCMS  
•Data yield in N(b-jets)=3 is similar to N(b-jets)=2, in both ATLAS and CMS

9
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2LSS: Signal Region selection

Signal Regions based on N(jets), N(b-jets), N(leptons), HT and MET 
CMS extends further in the counting (≥4 b-jets, ≥8 jets), but has fixed HT/MET (> 300/50 GeV) 
ATLAS looks at tails in HT and MET up to 1200 and 140 GeV, to search also for non-SM tttt 

No 1-to-1 correspondence, but can still make meaningful comparisons 
Acceptance*Efficiency for events entering the OR of all SRs:  
• 1.5% for CMS, 1.2% for ATLAS 
Total tttt (and background) events predicted in SRs with N(b)>1:  
• 4.0 (27.9) events for ATLAS, 4.8 (15.9) events for CMS 
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Table 2: Definitions of the validation and corresponding signal regions for the four-top-quark and VLQ searches,
where Nj is the number of jets, Nb is the number of b-tagged jets, and N` is the number of leptons. The name of
each signal (validation) region begins with “SR” (“VR”), with the rest of the name indicating the number of leptons
and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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 < 2400 GeV or Emiss
T < 40 GeV

SR1b2` � 1 1 2 ++ or �� HT > 1000 GeV and Emiss
T > 180 GeV

VR2b2` � 2 2 2 ++ or �� HT > 400 GeV
SR2b2` � 2 2 2 ++ or �� HT > 1200 GeV and Emiss

T > 40 GeV

VR3b2` � 3 � 3 2 ++ or �� 400 < HT < 1400 GeV or Emiss
T < 40 GeV

SR3b2`_L � 7 � 3 2 ++ or �� 500 < HT < 1200 GeV and Emiss
T > 40 GeV

SR3b2` � 3 � 3 2 ++ or �� HT > 1200 GeV and Emiss
T > 100 GeV

VR1b3` � 1 1 3 any 400 < HT < 2000 GeV or Emiss
T < 40 GeV

SR1b3` � 1 1 3 any HT > 1000 GeV and Emiss
T > 140 GeV

VR2b3` � 2 2 3 any 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR2b3` � 2 2 3 any HT > 1200 GeV and Emiss
T > 100 GeV

VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss

T > 40 GeV
SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV

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`

BB̄, mB = 800 GeV 1.7 0.12 / 0.16 0.19 / 0.14 0.007 / 0.002 0.05 / 0.04
BB̄, mB = 1200 GeV 1.9 0.27 / 0.28 0.31/ 0.24 4 ⇥ 10�4 / 4 ⇥ 10�4 0.07 / 0.05
TT̄ , mT = 800 GeV 1.2 0.06 / 0.02 0.09 / 0.02 0.008 / 0.006 0.04 / 0.06
TT̄ , mT = 1200 GeV 1.3 0.10 / 0.25 0.13 / 0.22 0.002 / 9 ⇥ 10�4 0.06 / 0.11
tt̄tt̄ (SM) 2.7 0.02 / 0.02 0.11 / 0.04 0.37 / 0.17 0.20 / 0.18
tt̄tt̄ (CI) 3.0 0.06 / 0.05 0.23 / 0.08 0.30 / 0.16 0.33 / 0.27
tt̄tt̄ (2HDM, 3.1 0.02 / 0.03 0.11 / 0.03 0.62 / 0.24 0.19 / 0.17
mH = 700 GeV)
tt̄tt̄ (2UED/RPP, 3.3 0.27 / 0.16 0.62 / 0.31 8 ⇥ 10�4 / 0.0 0.89 / 0.51
mKK = 1400 GeV)
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and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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.
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VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss

T > 40 GeV
SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV
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and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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.
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SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss
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SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV
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requirements. For regions that require two leptons, the leptons must have the same charge. Events that appear in
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VR3b3` � 3 � 3 3 any HT > 400 GeV
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T > 40 GeV
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requirements. For regions that require two leptons, the leptons must have the same charge. Events that appear in
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requirements. For regions that require two leptons, the leptons must have the same charge. Events that appear in
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Region name Nj Nb N` Lepton charges Kinematic criteria
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mKK = 1400 GeV)

15

4 5 Backgrounds

and pmiss
T > 50 GeV, at least two jets (Njets � 2), at least two b-tagged jets (Nb � 2), a leading

lepton with pT > 25 GeV, and a second lepton of the same charge with pT > 20 GeV. To
reduce the background from Drell–Yan with a charge-misidentified electron, events with same-
sign electron pairs with mass below 12 GeV are rejected. Events where a third lepton with pT
larger than 5 (7) GeV for muons (electrons) forms an opposite-sign (OS) same-flavor pair with
mass below 12 GeV or between 76 and 106 GeV are also rejected. If the third lepton has pT >
20 GeV and the invariant mass of the pair is between 76 and 106 GeV, these rejected events are
used to populate a ttZ background control region (CRZ). The signal acceptance in the baseline
region, including the leptonic W boson branching fraction, is approximately 1.5%. After these
requirements, we define eight mutually exclusive signal regions (SRs) and a control region for
the ttW background (CRW), based on Njets, Nb, and N`, as detailed in Table 2. The observed and
predicted yields in the control and signal regions are used to measure s(pp ! tttt), following
the procedure described in Sec. 7.

Table 2: Definitions of the eight SRs and the two control regions for ttW (CRW) and ttZ (CRZ).

N` Nb Njets Region

2

2

5 CRW
6 SR1
7 SR2
�8 SR3

3 5, 6 SR4
�7 SR5

�4 �5 SR6

�3 2 �5 SR7
�3 �4 SR8

Inverted Z veto CRZ

5 Backgrounds

The main backgrounds to the tttt process in the same-sign dilepton and three- (or more) lepton
final states arise from rare multilepton processes, such as ttW, ttZ/g⇤, and ttH (H ! WW), and
single-lepton or OS dilepton processes with an additional “nonprompt lepton”. Nonprompt
leptons consist of electrons from conversions of photons in jets and leptons from the decays
of heavy- or light-flavor hadrons. In this category we include also hadrons misidentified as
leptons. The minor background from OS dilepton events with a charge-misidentified lepton is
also taken into account.

Rare multilepton processes are estimated using simulated events. Control regions are used to
constrain the normalization of the ttW and ttZ backgrounds, as described in Section 7, while for
other processes the normalization is based on the NLO cross sections referenced in Section 2.
Processes such as the associated production of a tt pair with a pair of bosons (W, Z, H) are
grouped into a “ttVV” category. Associated photon production processes such as Wg, Zg, ttg,
and tg, where an electron is produced in an unidentified photon conversion, are grouped into
a “Xg” category. All residual processes with very small contributions, including diboson (WZ,
ZZ, W±W± from single- and double-parton scattering), triboson (WWW, WWZ, WZZ, ZZZ,
WWg, WZg), and rare single top quark (tZq, tWZ) and triple top quark processes (ttt and tttW),
are grouped into a “Rare” category.

The nonprompt lepton and charge-misidentified lepton backgrounds are estimated following
the methods described in Ref. [23]. For nonprompt leptons, an estimate referred to as the “tight-

CMS ATLAS



2LSS: Signal Region selection

Signal Regions based on N(jets), N(b-jets), N(leptons), HT and MET 
CMS extends further in the counting (≥4 b-jets, ≥8 jets), but has fixed HT/MET (> 300/50 GeV) 
ATLAS looks at tails in HT and MET up to 1200 and 140 GeV, to search also for non-SM tttt 

No 1-to-1 correspondence, but can still make meaningful comparisons 
Acceptance*Efficiency for events entering the OR of all SRs:  
• 1.5% for CMS, 1.2% for ATLAS 
Total tttt (and background) events predicted in SRs with N(b)>1:  
• 4.0 (27.9) events for ATLAS, 4.8 (15.9) events for CMS 
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Table 2: Definitions of the validation and corresponding signal regions for the four-top-quark and VLQ searches,
where Nj is the number of jets, Nb is the number of b-tagged jets, and N` is the number of leptons. The name of
each signal (validation) region begins with “SR” (“VR”), with the rest of the name indicating the number of leptons
and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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 < 2400 GeV or Emiss
T < 40 GeV

SR1b2` � 1 1 2 ++ or �� HT > 1000 GeV and Emiss
T > 180 GeV

VR2b2` � 2 2 2 ++ or �� HT > 400 GeV
SR2b2` � 2 2 2 ++ or �� HT > 1200 GeV and Emiss

T > 40 GeV

VR3b2` � 3 � 3 2 ++ or �� 400 < HT < 1400 GeV or Emiss
T < 40 GeV

SR3b2`_L � 7 � 3 2 ++ or �� 500 < HT < 1200 GeV and Emiss
T > 40 GeV

SR3b2` � 3 � 3 2 ++ or �� HT > 1200 GeV and Emiss
T > 100 GeV

VR1b3` � 1 1 3 any 400 < HT < 2000 GeV or Emiss
T < 40 GeV

SR1b3` � 1 1 3 any HT > 1000 GeV and Emiss
T > 140 GeV

VR2b3` � 2 2 3 any 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR2b3` � 2 2 3 any HT > 1200 GeV and Emiss
T > 100 GeV

VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss

T > 40 GeV
SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV

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`

BB̄, mB = 800 GeV 1.7 0.12 / 0.16 0.19 / 0.14 0.007 / 0.002 0.05 / 0.04
BB̄, mB = 1200 GeV 1.9 0.27 / 0.28 0.31/ 0.24 4 ⇥ 10�4 / 4 ⇥ 10�4 0.07 / 0.05
TT̄ , mT = 800 GeV 1.2 0.06 / 0.02 0.09 / 0.02 0.008 / 0.006 0.04 / 0.06
TT̄ , mT = 1200 GeV 1.3 0.10 / 0.25 0.13 / 0.22 0.002 / 9 ⇥ 10�4 0.06 / 0.11
tt̄tt̄ (SM) 2.7 0.02 / 0.02 0.11 / 0.04 0.37 / 0.17 0.20 / 0.18
tt̄tt̄ (CI) 3.0 0.06 / 0.05 0.23 / 0.08 0.30 / 0.16 0.33 / 0.27
tt̄tt̄ (2HDM, 3.1 0.02 / 0.03 0.11 / 0.03 0.62 / 0.24 0.19 / 0.17
mH = 700 GeV)
tt̄tt̄ (2UED/RPP, 3.3 0.27 / 0.16 0.62 / 0.31 8 ⇥ 10�4 / 0.0 0.89 / 0.51
mKK = 1400 GeV)
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Table 2: Definitions of the validation and corresponding signal regions for the four-top-quark and VLQ searches,
where Nj is the number of jets, Nb is the number of b-tagged jets, and N` is the number of leptons. The name of
each signal (validation) region begins with “SR” (“VR”), with the rest of the name indicating the number of leptons
and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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 < 2400 GeV or Emiss
T < 40 GeV

SR1b2` � 1 1 2 ++ or �� HT > 1000 GeV and Emiss
T > 180 GeV

VR2b2` � 2 2 2 ++ or �� HT > 400 GeV
SR2b2` � 2 2 2 ++ or �� HT > 1200 GeV and Emiss

T > 40 GeV

VR3b2` � 3 � 3 2 ++ or �� 400 < HT < 1400 GeV or Emiss
T < 40 GeV

SR3b2`_L � 7 � 3 2 ++ or �� 500 < HT < 1200 GeV and Emiss
T > 40 GeV

SR3b2` � 3 � 3 2 ++ or �� HT > 1200 GeV and Emiss
T > 100 GeV

VR1b3` � 1 1 3 any 400 < HT < 2000 GeV or Emiss
T < 40 GeV

SR1b3` � 1 1 3 any HT > 1000 GeV and Emiss
T > 140 GeV

VR2b3` � 2 2 3 any 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR2b3` � 2 2 3 any HT > 1200 GeV and Emiss
T > 100 GeV

VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss

T > 40 GeV
SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV

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`

BB̄, mB = 800 GeV 1.7 0.12 / 0.16 0.19 / 0.14 0.007 / 0.002 0.05 / 0.04
BB̄, mB = 1200 GeV 1.9 0.27 / 0.28 0.31/ 0.24 4 ⇥ 10�4 / 4 ⇥ 10�4 0.07 / 0.05
TT̄ , mT = 800 GeV 1.2 0.06 / 0.02 0.09 / 0.02 0.008 / 0.006 0.04 / 0.06
TT̄ , mT = 1200 GeV 1.3 0.10 / 0.25 0.13 / 0.22 0.002 / 9 ⇥ 10�4 0.06 / 0.11
tt̄tt̄ (SM) 2.7 0.02 / 0.02 0.11 / 0.04 0.37 / 0.17 0.20 / 0.18
tt̄tt̄ (CI) 3.0 0.06 / 0.05 0.23 / 0.08 0.30 / 0.16 0.33 / 0.27
tt̄tt̄ (2HDM, 3.1 0.02 / 0.03 0.11 / 0.03 0.62 / 0.24 0.19 / 0.17
mH = 700 GeV)
tt̄tt̄ (2UED/RPP, 3.3 0.27 / 0.16 0.62 / 0.31 8 ⇥ 10�4 / 0.0 0.89 / 0.51
mKK = 1400 GeV)
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Table 2: Definitions of the validation and corresponding signal regions for the four-top-quark and VLQ searches,
where Nj is the number of jets, Nb is the number of b-tagged jets, and N` is the number of leptons. The name of
each signal (validation) region begins with “SR” (“VR”), with the rest of the name indicating the number of leptons
and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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 < 2400 GeV or Emiss
T < 40 GeV

SR1b2` � 1 1 2 ++ or �� HT > 1000 GeV and Emiss
T > 180 GeV

VR2b2` � 2 2 2 ++ or �� HT > 400 GeV
SR2b2` � 2 2 2 ++ or �� HT > 1200 GeV and Emiss

T > 40 GeV

VR3b2` � 3 � 3 2 ++ or �� 400 < HT < 1400 GeV or Emiss
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SR3b2`_L � 7 � 3 2 ++ or �� 500 < HT < 1200 GeV and Emiss
T > 40 GeV

SR3b2` � 3 � 3 2 ++ or �� HT > 1200 GeV and Emiss
T > 100 GeV

VR1b3` � 1 1 3 any 400 < HT < 2000 GeV or Emiss
T < 40 GeV

SR1b3` � 1 1 3 any HT > 1000 GeV and Emiss
T > 140 GeV

VR2b3` � 2 2 3 any 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR2b3` � 2 2 3 any HT > 1200 GeV and Emiss
T > 100 GeV

VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss

T > 40 GeV
SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV
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simulation. VLQs are assumed to decay with the branching ratios expected in the singlet model of Ref. [2].
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BB̄, mB = 800 GeV 1.7 0.12 / 0.16 0.19 / 0.14 0.007 / 0.002 0.05 / 0.04
BB̄, mB = 1200 GeV 1.9 0.27 / 0.28 0.31/ 0.24 4 ⇥ 10�4 / 4 ⇥ 10�4 0.07 / 0.05
TT̄ , mT = 800 GeV 1.2 0.06 / 0.02 0.09 / 0.02 0.008 / 0.006 0.04 / 0.06
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tt̄tt̄ (SM) 2.7 0.02 / 0.02 0.11 / 0.04 0.37 / 0.17 0.20 / 0.18
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Table 2: Definitions of the validation and corresponding signal regions for the four-top-quark and VLQ searches,
where Nj is the number of jets, Nb is the number of b-tagged jets, and N` is the number of leptons. The name of
each signal (validation) region begins with “SR” (“VR”), with the rest of the name indicating the number of leptons
and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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 < 2400 GeV or Emiss
T < 40 GeV

SR1b2` � 1 1 2 ++ or �� HT > 1000 GeV and Emiss
T > 180 GeV

VR2b2` � 2 2 2 ++ or �� HT > 400 GeV
SR2b2` � 2 2 2 ++ or �� HT > 1200 GeV and Emiss

T > 40 GeV

VR3b2` � 3 � 3 2 ++ or �� 400 < HT < 1400 GeV or Emiss
T < 40 GeV

SR3b2`_L � 7 � 3 2 ++ or �� 500 < HT < 1200 GeV and Emiss
T > 40 GeV

SR3b2` � 3 � 3 2 ++ or �� HT > 1200 GeV and Emiss
T > 100 GeV

VR1b3` � 1 1 3 any 400 < HT < 2000 GeV or Emiss
T < 40 GeV

SR1b3` � 1 1 3 any HT > 1000 GeV and Emiss
T > 140 GeV

VR2b3` � 2 2 3 any 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR2b3` � 2 2 3 any HT > 1200 GeV and Emiss
T > 100 GeV

VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss

T > 40 GeV
SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV
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simulation. VLQs are assumed to decay with the branching ratios expected in the singlet model of Ref. [2].
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where Nj is the number of jets, Nb is the number of b-tagged jets, and N` is the number of leptons. The name of
each signal (validation) region begins with “SR” (“VR”), with the rest of the name indicating the number of leptons
and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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.
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VR1b2` � 1 1 2 ++ or �� 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR1b2` � 1 1 2 ++ or �� HT > 1000 GeV and Emiss
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SR3b2`_L � 7 � 3 2 ++ or �� 500 < HT < 1200 GeV and Emiss
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SR3b2` � 3 � 3 2 ++ or �� HT > 1200 GeV and Emiss
T > 100 GeV

VR1b3` � 1 1 3 any 400 < HT < 2000 GeV or Emiss
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SR1b3` � 1 1 3 any HT > 1000 GeV and Emiss
T > 140 GeV

VR2b3` � 2 2 3 any 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR2b3` � 2 2 3 any HT > 1200 GeV and Emiss
T > 100 GeV

VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss

T > 40 GeV
SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV
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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.
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VR1b2` � 1 1 2 ++ or �� 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR1b2` � 1 1 2 ++ or �� HT > 1000 GeV and Emiss
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T > 100 GeV
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VR2b3` � 2 2 3 any 400 < HT < 2400 GeV or Emiss
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SR2b3` � 2 2 3 any HT > 1200 GeV and Emiss
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VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss
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SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV
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Table 2: Definitions of the validation and corresponding signal regions for the four-top-quark and VLQ searches,
where Nj is the number of jets, Nb is the number of b-tagged jets, and N` is the number of leptons. The name of
each signal (validation) region begins with “SR” (“VR”), with the rest of the name indicating the number of leptons
and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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 < 2400 GeV or Emiss
T < 40 GeV

SR1b2` � 1 1 2 ++ or �� HT > 1000 GeV and Emiss
T > 180 GeV

VR2b2` � 2 2 2 ++ or �� HT > 400 GeV
SR2b2` � 2 2 2 ++ or �� HT > 1200 GeV and Emiss

T > 40 GeV

VR3b2` � 3 � 3 2 ++ or �� 400 < HT < 1400 GeV or Emiss
T < 40 GeV

SR3b2`_L � 7 � 3 2 ++ or �� 500 < HT < 1200 GeV and Emiss
T > 40 GeV

SR3b2` � 3 � 3 2 ++ or �� HT > 1200 GeV and Emiss
T > 100 GeV

VR1b3` � 1 1 3 any 400 < HT < 2000 GeV or Emiss
T < 40 GeV

SR1b3` � 1 1 3 any HT > 1000 GeV and Emiss
T > 140 GeV

VR2b3` � 2 2 3 any 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR2b3` � 2 2 3 any HT > 1200 GeV and Emiss
T > 100 GeV

VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss

T > 40 GeV
SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV

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`

BB̄, mB = 800 GeV 1.7 0.12 / 0.16 0.19 / 0.14 0.007 / 0.002 0.05 / 0.04
BB̄, mB = 1200 GeV 1.9 0.27 / 0.28 0.31/ 0.24 4 ⇥ 10�4 / 4 ⇥ 10�4 0.07 / 0.05
TT̄ , mT = 800 GeV 1.2 0.06 / 0.02 0.09 / 0.02 0.008 / 0.006 0.04 / 0.06
TT̄ , mT = 1200 GeV 1.3 0.10 / 0.25 0.13 / 0.22 0.002 / 9 ⇥ 10�4 0.06 / 0.11
tt̄tt̄ (SM) 2.7 0.02 / 0.02 0.11 / 0.04 0.37 / 0.17 0.20 / 0.18
tt̄tt̄ (CI) 3.0 0.06 / 0.05 0.23 / 0.08 0.30 / 0.16 0.33 / 0.27
tt̄tt̄ (2HDM, 3.1 0.02 / 0.03 0.11 / 0.03 0.62 / 0.24 0.19 / 0.17
mH = 700 GeV)
tt̄tt̄ (2UED/RPP, 3.3 0.27 / 0.16 0.62 / 0.31 8 ⇥ 10�4 / 0.0 0.89 / 0.51
mKK = 1400 GeV)
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4 5 Backgrounds

and pmiss
T > 50 GeV, at least two jets (Njets � 2), at least two b-tagged jets (Nb � 2), a leading

lepton with pT > 25 GeV, and a second lepton of the same charge with pT > 20 GeV. To
reduce the background from Drell–Yan with a charge-misidentified electron, events with same-
sign electron pairs with mass below 12 GeV are rejected. Events where a third lepton with pT
larger than 5 (7) GeV for muons (electrons) forms an opposite-sign (OS) same-flavor pair with
mass below 12 GeV or between 76 and 106 GeV are also rejected. If the third lepton has pT >
20 GeV and the invariant mass of the pair is between 76 and 106 GeV, these rejected events are
used to populate a ttZ background control region (CRZ). The signal acceptance in the baseline
region, including the leptonic W boson branching fraction, is approximately 1.5%. After these
requirements, we define eight mutually exclusive signal regions (SRs) and a control region for
the ttW background (CRW), based on Njets, Nb, and N`, as detailed in Table 2. The observed and
predicted yields in the control and signal regions are used to measure s(pp ! tttt), following
the procedure described in Sec. 7.

Table 2: Definitions of the eight SRs and the two control regions for ttW (CRW) and ttZ (CRZ).

N` Nb Njets Region

2

2

5 CRW
6 SR1
7 SR2
�8 SR3

3 5, 6 SR4
�7 SR5

�4 �5 SR6

�3 2 �5 SR7
�3 �4 SR8

Inverted Z veto CRZ

5 Backgrounds

The main backgrounds to the tttt process in the same-sign dilepton and three- (or more) lepton
final states arise from rare multilepton processes, such as ttW, ttZ/g⇤, and ttH (H ! WW), and
single-lepton or OS dilepton processes with an additional “nonprompt lepton”. Nonprompt
leptons consist of electrons from conversions of photons in jets and leptons from the decays
of heavy- or light-flavor hadrons. In this category we include also hadrons misidentified as
leptons. The minor background from OS dilepton events with a charge-misidentified lepton is
also taken into account.

Rare multilepton processes are estimated using simulated events. Control regions are used to
constrain the normalization of the ttW and ttZ backgrounds, as described in Section 7, while for
other processes the normalization is based on the NLO cross sections referenced in Section 2.
Processes such as the associated production of a tt pair with a pair of bosons (W, Z, H) are
grouped into a “ttVV” category. Associated photon production processes such as Wg, Zg, ttg,
and tg, where an electron is produced in an unidentified photon conversion, are grouped into
a “Xg” category. All residual processes with very small contributions, including diboson (WZ,
ZZ, W±W± from single- and double-parton scattering), triboson (WWW, WWZ, WZZ, ZZZ,
WWg, WZg), and rare single top quark (tZq, tWZ) and triple top quark processes (ttt and tttW),
are grouped into a “Rare” category.

The nonprompt lepton and charge-misidentified lepton backgrounds are estimated following
the methods described in Ref. [23]. For nonprompt leptons, an estimate referred to as the “tight-

CMS ATLAS

Next slide: pick most sensitive same-sign SRs with comparable S/B and look at backgrounds



2LSS: Signal Regions
Study backgrounds in similar regions: 2-lepton and ≥3 b-jets 

ATLAS (SR3b2l + SR3b2l_L), CMS (SR4+SR5+SR6) 

• Comparable S/B and comparable fraction of ttZ and Others 
• CMS has relatively larger ttW/ttH (low HT), smaller Fake/NP and Charge misid. 
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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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tttt Tot Bkg ttW ttZ ttH Fake/NP Charge 
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ATLAS 2.2 6.0 1.4 (23%) 0.8 (13%) 1.1 (18%) 1.4 (23%) 0.5 (8%) 0.8 (13%)

CMS 1.8 4.2 1.4 (33%) 0.5 (12%) 0.9 (21%) 0.7 (17%) 0.1 (2%) 0.5 (12%)
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2LSS: Signal Regions
Study backgrounds in similar regions: 2-lepton and ≥3 b-jets 

ATLAS (SR3b2l + SR3b2l_L), CMS (SR4+SR5+SR6) 

• Comparable S/B and comparable fraction of ttZ and Others 
• CMS has relatively larger ttW/ttH (low HT), smaller Fake/NP and Charge misid.  
• CMS post-fit: increase of ttW/ttZ/ttH bkgs
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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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2LSS: Background Estimates
No single background dominating the final state 

~even mixture of ttW, ttZ, ttH, Fakes, Charge misid., Other rare backgrounds  

13

ATLAS CMS

Fake/NonPrompt

Problem: 4D binning the efficiency for fake leptons measured in data. Efficiency depends on:  
1) pTlepton; 2) ηlepton; 3) flavor of mother-parton; 4) pT or ΔR of mother-parton

2D binning in (1,2), then derive 1D 
corrections for (3) and (4)

Tune ID definition to reduce (3), then combine 
(1) and (4) in a single variable: pTlep+pTiso-cone

Problem: low statistics yields in Loose ID/ISO control regions

Matrix method, with Poisson likelihood to 
avoid negative yields and obtain asymmetric 

statistical uncertainty

FakeRate method, with MC used to subtract 
prompts and to predict Fakes in case of 0 yield

Charge 
misidentification

Scale OS events by a “flip rate” derived on 
Data Derive “flip rate” on MC and validate it in Data

ttW and ttZ Validate normalization/shape in Validation 
Regions, then take both from MC

Use dedicated control regions to fit the 
normalization and validate the shapes. Post-fit 
normalizations for ttW and ttZ are 1.2 ± 0.3 and 
1.3 ± 0.3, consistent with CMS measurements

Other rare bkgs 
(ttH, VV, VVV, 

ttVV, ttt)
Take from simulation



2LSS: Systematics
Analyses are statistically dominated 

Systematics will start to play a larger effect in future iterations 

Reconstruction uncertainties 
Jet energy scale and b-tagging efficiency dominate for both 
Lepton ID efficiency is better measured in ATLAS (1-3%) than CMS (4-10%) 

Background uncertainties 
Different assumptions on ttW, ttZ, ttH cross-sections 
ATLAS uses theory uncertainties, CMS uses past measurements  

• ATLAS: ±13% (ttW), 12% (ttZ), +6-9% (ttH) based on theory uncertainties 
• CMS: ±40% (ttW and ttZ), ±50% (ttH) 

Similar uncertainty on other rare samples (±50%) and Fakes (30/50% in CMS/ATLAS) 

Total background unc. across SRs: 18-32% (ATLAS), 16-60% (CMS) 

For the next generation of tttt, new measurements of ttW/Z/H  
are available with 20-25% uncertainty (and ~1σ higher than theory) 

14



2LSS: Systematics
Analyses are statistically dominated 

Systematics will start to play a larger effect in future iterations 

Reconstruction uncertainties 
Jet energy scale and b-tagging efficiency dominate for both 
Lepton ID efficiency is better measured in ATLAS (1-3%) than CMS (4-10%) 

Background uncertainties 
Different assumptions on ttW, ttZ, ttH cross-sections 
ATLAS uses theory uncertainties, CMS uses past measurements  

• ATLAS: ±13% (ttW), 12% (ttZ), +6-9% (ttH) based on theory uncertainties 
• CMS: ±40% (ttW and ttZ), ±50% (ttH) 

Similar uncertainty on other rare samples (±50%) and Fakes (30/50% in CMS/ATLAS) 

Total background unc. across SRs: 18-32% (ATLAS), 16-60% (CMS) 

For the next generation of tttt, new measurements of ttW/Z/H  
are available with 20-25% uncertainty (and ~1σ higher than theory) 

14

 [pb]Wttσ
0.2 0.4 0.6 0.8 1 1.2

 [p
b]

Ztt
σ

0.6

0.8

1

1.2

1.4

1.6
CMS  (13 TeV)-135.9 fb

ttV best fit

68% CL contour

95% CL contour

V theory [1]tt

 [pb]Wttσ
0.2 0.4 0.6 0.8 1 1.2

 ln
L

∆
-2

0
1
2
3
4
5
6
7
8

ttW theory

68%

95%

 [pb]Zttσ
0.6 0.8 1 1.2 1.4 1.6

 ln
L

∆
-2

0
1
2
3
4
5
6
7
8

ttZ theory

68%

95%

W cross section [pb]tt
0.4 0.6 0.8 1 1.2 1.4 1.6

Z 
cr

os
s 

se
ct

io
n 

[p
b]

tt

0.6

0.8

1

1.2

1.4

1.6 ATLAS Preliminary ATLAS best fit

ATLAS 68% CL

ATLAS 95% CL

NLO prediction

-1 = 13 TeV,  36.1 fbs

Figure 13: The result of the simultaneous fit to the tt̄Z and tt̄W cross sections along with the 68% and 95%
confidence level (CL) contours. The cross shows the theoretical uncertainties in the SM predictions, and include
renormalization and factorization scale uncertainties as well as PDF uncertainties including ↵S variations.

Considering only one EFT operator at a time, any observable, such as the tt̄Z event rate in a certain signal
region, can be expressed as a quadratic function of the coe�cient C

i

:

�
tot,i = �SM +

C
i

(⇤/1TeV)2�
(1)
i

+
C2
i

(⇤/1TeV)4�
(2)
ii

, (1)

The term linear in C
i

on the right hand side of Equation 1 results from the interference of the BSM
operators with the SM. For C

i

/⇤2 of order 1 TeV�2, the interference term dominates in Equation 1 for
O(3)
�Q, O�t , while the quadratic term dominates for O

tW

and O
tB

.

The values of �(1)
i

and �(2)
ii

are computed using simulated samples generated with MG5_aMC interfaced
to P����� 8, where all the NLO computations are performed automatically [6, 77, 78]. The computation
is performed at NLO, separately for all trilepton and tetralepton signal regions.

A fit is then performed to extract C
i

/⇤2. The fit is similar to the one described in Section 7, except
that only the four trilepton and four tetralepton signal regions targeting tt̄Z are used and a normalization
uncertainty of 12% is applied to the SM tt̄Z prediction. Uncertainties resulting from the limited sizes of
Monte Carlo samples used to derive the values of �(1)

i

and �(2)
ii

are propagated to the measured values of
C
i

/⇤2.
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Figure 2: Best fit value of the ttH signal strength modifier µttH, with its 1 and 2 standard devia-
tion confidence intervals (s), for (upper section) the five individual decay channels considered,
(middle section) the combined result for 7+8 TeV alone and for 13 TeV alone, and (lower section)
the overall combined result. The Higgs boson mass is taken to be 125.09 GeV. For the H ! ZZ⇤

decay mode, µttH is constrained to be positive to prevent the corresponding event yield from
becoming negative. The SM expectation is shown as a dashed vertical line.

At 13 TeV, we search for ttH production in the H ! bb decay mode by selecting events with
at least three tagged b jets and with zero leptons [11], one lepton [12], or an opposite-sign
lepton pair [12], where “lepton” refers to an electron or muon candidate. A search for ttH
production in the H ! gg decay mode is performed in events with two reconstructed photons
in combination with reconstructed electrons or muons, jets, and tagged b jets [13]. The signal
yield is extracted from a fit to the diphoton invariant mass spectrum. Events with combinations
of jets and tagged b jets and with two same-sign leptons, three leptons, or four leptons are used
to search for ttH production in the H ! t+t�, WW⇤, or ZZ⇤ decay modes [10, 14], where in
this case “lepton” refers to an electron, muon, or th candidate (the asterisk denotes an off-shell
particle). The searches in the different decay channels are statistically independent from each
other. Analogous searches have been performed with the 7 and 8 TeV data [15].

The presence of a ttH signal is assessed by performing a simultaneous fit to the data from
the different decay modes, and also from the different CM energies as described below. A
detailed description of the statistical methods can be found in Ref. [42]. The test statistic q is
defined as the negative of twice the logarithm of the profile likelihood ratio [42]. Systematic
uncertainties are incorporated through the use of nuisance parameters treated according to
the frequentist paradigm. The ratio between the normalization of the ttH production process
and its SM expectation [35], defined as the signal strength modifier µttH, is a freely floating
parameter in the fit. The SM expectation is evaluated assuming the combined ATLAS and CMS
value for the mass of the Higgs boson, which is 125.09 GeV [43]. We consider the five Higgs
boson decay modes with the largest expected event yields, namely H ! WW⇤, ZZ⇤, gg, t+t�,
and bb. Other Higgs boson decay modes and production processes, including pp ! tH+X (or
tH + X), with X a light flavor quark or W boson, are treated as backgrounds and normalized
using the predicted SM cross sections, subject to the corresponding uncertainties.
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decay mode, µttH is constrained to be positive to prevent the corresponding event yield from
becoming negative. The SM expectation is shown as a dashed vertical line.

At 13 TeV, we search for ttH production in the H ! bb decay mode by selecting events with
at least three tagged b jets and with zero leptons [11], one lepton [12], or an opposite-sign
lepton pair [12], where “lepton” refers to an electron or muon candidate. A search for ttH
production in the H ! gg decay mode is performed in events with two reconstructed photons
in combination with reconstructed electrons or muons, jets, and tagged b jets [13]. The signal
yield is extracted from a fit to the diphoton invariant mass spectrum. Events with combinations
of jets and tagged b jets and with two same-sign leptons, three leptons, or four leptons are used
to search for ttH production in the H ! t+t�, WW⇤, or ZZ⇤ decay modes [10, 14], where in
this case “lepton” refers to an electron, muon, or th candidate (the asterisk denotes an off-shell
particle). The searches in the different decay channels are statistically independent from each
other. Analogous searches have been performed with the 7 and 8 TeV data [15].

The presence of a ttH signal is assessed by performing a simultaneous fit to the data from
the different decay modes, and also from the different CM energies as described below. A
detailed description of the statistical methods can be found in Ref. [42]. The test statistic q is
defined as the negative of twice the logarithm of the profile likelihood ratio [42]. Systematic
uncertainties are incorporated through the use of nuisance parameters treated according to
the frequentist paradigm. The ratio between the normalization of the ttH production process
and its SM expectation [35], defined as the signal strength modifier µttH, is a freely floating
parameter in the fit. The SM expectation is evaluated assuming the combined ATLAS and CMS
value for the mass of the Higgs boson, which is 125.09 GeV [43]. We consider the five Higgs
boson decay modes with the largest expected event yields, namely H ! WW⇤, ZZ⇤, gg, t+t�,
and bb. Other Higgs boson decay modes and production processes, including pp ! tH+X (or
tH + X), with X a light flavor quark or W boson, are treated as backgrounds and normalized
using the predicted SM cross sections, subject to the corresponding uncertainties.

The measured values of the five independent signal strength modifiers, corresponding to the
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Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction, and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.
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2LSS: Results (SM)
There is an interesting ~2σ excess over the SM in the ATLAS analysis, but CMS only 
sees 0.6σ above SM. So focus on comparing (expected) results 

Expected results are quite similar, since S/B, signal acceptance and background 
composition are similar 

CMS analysis slightly more sensitive 
But ATLAS analysis not optimized on SM tttt only (for example, no ttZ veto) 

Luminosity increase from 2017+2018 datasets will give a strong improvement to these 
analyses, but strategies must keep improving to avoid suffering from the (worst case) 
30-60% uncertainties in background predictions 

Notes: 
Observed (Expected) 
Expected upper limit assumes σ(tttt) = 0 
Expected signal significance assumes σ(tttt) = 9.2 fb 15

95% CL Upper Limit Signal significance Cross section best-fit value

ATLAS 69 (29) fb 3.0 (0.9) 40.5 +16.6-14.7 fb

CMS 42 (21) fb 1.6 (1.0) 16.9 +13.8-11.4 fb



2LSS: Results (BSM)
Many interpretations available, but can only comment on a few 
New heavy scalars in 2HDM (both in ATLAS tttt and in CMS ) 

In alignment limit: h matches the SM Higgs, and H/A couples mainly to tt 
Difficult to constrain through pp—>H/A—>tt due to interference with SM tt 
• ttH/A (H/A—>tt) has a visible cross section enhancement on tttt and no interference 
ATLAS/CMS have comparable expected limits, but different theory cross section 
• Both analyses assume alignment limit and tanβ=1 
• CMS adds 3-top production channels (tHq and tHW), which almost double the total cross section 
• ATLAS measures 2D, mH vs tanβ. Also sets limit to models with mH = mA 
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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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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

m2 =
i2

R2
4
+

j2

R2
5
+ m2

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

m2 = m2
KK

⇣
i2 + j2⇠2

⌘
+ m2

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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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
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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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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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2LSS: Results (BSM)
Top Yukawa (CMS) and Contact Interactions (ATLAS) 

No new particles, but enhancements of tt-tt couplings, giving SM-like tttt events 

Other interpretations possible when considering tt-tt coupling enhancement 
Additional EFTs; new low mass particles with large coupling to top quark
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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-

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

m2 =
i2

R2
4
+

j2

R2
5
+ m2

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

m2 = m2
KK

⇣
i2 + j2⇠2

⌘
+ m2

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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interaction (CI) independently of the details of the underlying theory:
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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
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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

m2 = m2
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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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CI: additional Effective Field Theory 
four-fermion coupling (SM tttt is a bkg)

yt: off-shell Higgs production has a ~10% 
contribution to tttt, which grows as yt4



1L/2LOS
Reminder: 

ATLAS combination showcases the complementarity w.r.t 2LSS 
• 1L/OS has almost same exp. UL as 2LSS, smaller stat. unc. but larger syst. unc. 
• Combination improves UL by ~30% w.r.t 2LSS (from 27 to 19 fb UL) 
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ATLAS CMS
1L/OS arxiv:1811.02305 (36.1 fb-1) arxiv:1702.06164 (2.6 fb-1)

2LSS arxiv:1807.11883 (36.1 fb-1) arxiv:1710.10614 (35.9 fb-1)

Combination within arxiv:1811.02305 in progress, with 1L/2LOS 36 fb-1 analysis
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Figure 9: (a) Summary of the 95% CL 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% CL 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% CL. 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% CL upper limit on the production
cross section of 21 fb (15 fb) is obtained.
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1L/OS: same goals, different strategies
Common goals of 1L/2LOS analyses across ATLAS and CMS 

1) reconstruct (i.e. tag) hadronic top decays (qq’b) 
2) use event kinematics to separate tttt from tt+(b)jets 
3) estimate background from tt+(b)jets 

Strategies are so different that it would be challenging to make quantitative 
comparisons, even if we had 2 analyses at 36 fb-1 

Just a qualitative comparison below: discussions and questions welcome 

1) reconstruct (i.e. tag) hadronic top decays (qq’b) 
Both ATLAS and CMS use R=0.4 jets as inputs 
ATLAS clusters R=0.4 jets into R=1.0 jets 
• basic trimming: remove R=0.4 jets if pT0.4/pT1.0 < 5% 
• “mass tagged” if R=1.0 jet has: pT>200 GeV, η < 2.0, m > 100 GeV 
CMS considers all pairs and triplets of R=0.4 jets 
• use a BDT to find the best (for 2LOS) or second best (for 1L) triplet 
• BDT variables: m(jj), m(jjj), b-tag, ΔR(jjj, “W”), ΔR(jjj, “b”), pTjjj/ (ΣpTj)
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1L/OS: Signal Region definition
2) use event kinematics to separate tttt from tt+(b)jets 

Most powerful variables are N(jets), N(b-jets) 
For different N(jets) x N(b-jets) regions, further binning in: 
• ATLAS:  #(hadronic top tags) and HT 
• CMS: BDT (tttt vs tt) with input variables: score of the hadronic top tagger, HT,  

HTb-jets, pTj3+pTj4, pT-weighted N(jets), centrality, sphericity, and a few more 

Most sensitive regions in 2LOS analyses for ATLAS and CMS (different int. lumi.)
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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 3: Distribution of the event-level BDT discriminants Ddil
tttt for the combined dilepton

(µ+µ�+ µ±e⌥+ e+e�) event sample for 4–5 jets (upper left), 6–7 jets (upper right), and �8 jets
(bottom). The vertical bars show the statistical uncertainty in the data. The predicted back-
ground distributions from simulation are shown by the shaded histograms. The hatched area
shows the size of the dominant systematic uncertainty in the simulation, which comes from the
choice of the matrix-element (ME) factorization and renormalization scales used in the simu-
lation. The electroweak (EW) histogram is the sum of the Drell-Yan and W boson+jets back-
grounds. The expected SM tttt signal contribution is shown by the open histogram, multiplied
by a factor of 20.

categories are subdivided into categories with Nm
tags = 2, 3, and �4. Figure 2 shows Dlj

tttt in the
µ+jets and e+jets channels for two of the most sensitive categories, and Fig. 3 shows the Ddil

tttt
distributions for the dilepton channel.

The distributions of the discriminants Dlj
tttt and Ddil

tttt are fitted simultaneously for each Nj and
Nm

tags bin. For the single-lepton channel the fit is also performed separately for the µ+jets and
e+jets events. In the three dilepton channels (µ+µ�, µ±e⌥, e+e�), the Ddil

tttt distributions are
found to be consistent, and they are combined to improve the statistical precision. In all cases
good agreement is observed between the data and the simulated background, and the results
from each of the channels are combined to obtain an upper limit on the tttt production cross
section.

6 Sources of systematic uncertainty

The systematic uncertainties affecting the analyses are grouped into normalization and shape
categories, depending on their effect on the event-level BDT discriminant distribution. While
all normalization uncertainties apply to both the signal and all the background simulations, the
shape uncertainties are only considered for the tt background and the tttt signal. These include



1L/OS: tt background estimate
3) estimate background from tt+(b)jets 

Different ways to use Data control regions to constrain tt 
ATLAS:  
• @ low N(jets): measure the probability of b-tagging an additional jet (εb) 
• @ low N(b-jets): normalize tt, and apply εb to obtain the tt estimate 
• Only profile MC uncertainties across SR: N(jet) ≥ 7, N(b-jet) ≥ 3 
• Comment: estimate is based on Data/Data ratios, with MC/MC corrections, reducing the 

effect of uncertainties on the MC (b-tagging, jet energy scale, renorm/fact scale, ISR/FSR)  
CMS: 
• Take tt shape from MC, with reconstruction and theory uncertainties 
• Profile uncertainties across the bulk of tt: N(jet) ≥ 4, N(b-jet) ≥ 2 
• Comment: potentially similar reduction of MC uncertainties, cannot compare without final 

numbers
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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, the b-tagged jet multiplicity and the mass-tagged RCLR jet multiplicity. The
e�ciency extraction region in each channel is defined inclusively in the mass-tagged RCLR jet multiplicity.

assuming SM tt̄tt̄ production cross section and kinematics, are referred to as signal regions. These regions
are included in the simultaneous fit to extract the signal cross section and have high jet multiplicities (�9j
and �7j for single-lepton and dilepton respectively) and high b-tagged jet multiplicities (�3b). Since events
from the main tt̄+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 defined. 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 fit nor used to extract information
from the data. These regions are designed primarily to validate the data-driven estimate of the tt̄+jets
background (introduced in Section 6) and to confirm the validity of the assumption that the tt̄+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 are b-tagged. In the
dilepton channel, the validation regions have exactly six jets of which three or at least four are b-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 the tt̄+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 Section 6. 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 are b-tagged. They are used to build pseudo-data event
samples in the signal and validation regions with same jet multiplicities but higher number of b-tagged
jets. E�ciency extraction regions are characterized by lower jet multiplicities: five or six jets for the
single-lepton channel and four or five for the dilepton channel, out of which 2, 3 or �4 are b-tagged. They
are used to extract the b-tagging probabilities, since they provide a sample depleted of signal and dominated
by tt̄+jets. Neither the e�ciency extraction regions nor the source regions are included in the final fit to
data.

Figure 2 shows the expected shapes of the jet and b-jet multiplicity distributions after preselection in the
single-lepton and dilepton channels. The distributions shown are for the total predicted background, with

9

Table 2: Breakdown of the contributions to the uncertainties on µ. The quoted uncertainties �µ are obtained by
repeating the fit with certain sets of nuisance parameters fixed to their post-fit values, and subtracting in quadrature
the resulting total uncertainty of µ from the uncertainty from the full fit. The total statistical uncertainty is evaluated
by fixing all nuisance parameters in the fit. The line “background-model statistical uncertainty” refers to the statistical
uncertainties of the MC event samples and in the data-driven determination of the tt̄+jets and the non-prompt and
fake-lepton background components. These uncertainties are evaluated after the fit described in Section 8.

Uncertainty source ±�µ
tt̄+jets modeling +1.2 ≠0.96
Background-model statistical uncertainty +0.91 ≠0.85
Jet energy scale and resolution, jet mass +0.38 ≠0.16
Other background modeling +0.26 ≠0.20
b-tagging e�ciency and mis-tag rates +0.33 ≠0.10
JVT, pileup modeling +0.18 ≠0.073
tt̄ + H/V modeling +0.053 ≠0.055
Luminosity +0.050 ≠0.026

Total systematic uncertainty +1.6 ≠1.4

Total statistical uncertainty +1.1 ≠1.0

Total uncertainty +1.9 ≠1.7

Table 2 shows the post-fit impact of the largest sources of systematic uncertainty on the signal strength
µ after the simultaneous fit to data in the single-lepton and dilepton channels. The leading sources of
systematic uncertainty vary depending on the analysis region considered. The largest contributions are
due to the uncertainty associated with the choice of tt̄+jets parton shower and hadronization model and
that of the tt̄+jets NLO generator, as well as large statistical uncertainties associated with the background
prediction.

8.3 Limits on four-top-quark production in the single-lepton and dilepton channel

No significant excess of events above the SM background prediction, excluding the SM tt̄tt̄ production, is
found. In the case of tt̄tt̄ production with SM kinematics, an observed (expected) 95% CL upper limit on
the production cross section of 47 fb (33 fb) is obtained, corresponding to an upper limit on �(tt̄tt̄) relative
to the SM prediction of 5.1 (3.6). The SM fitted signal strength µ, after combination of the single-lepton
and dilepton channels, is measured to be 1.7+1.9

�1.7.

The search is used to set limits on BSM four-top-quark production via an EFT model (see Section 4).
For setting limits on this BSM model, the SM tt̄tt̄ sample is considered as a background. In the case
of tt̄tt̄ production via an EFT model with a four-top-quark contact interaction, an observed (expected)
95% CL upper limit on the production cross section of 21 fb (22 fb) is obtained. The cross-section limit
for the contact interaction case is lower than in the SM because the contact interaction tends to result in
final-state objects with slightly larger momenta (see e.g. Figure 3). The upper limit on the production
cross section can be translated into an observed (expected) limit on the free parameter of the model
|C4t |/⇤2 < 1.9 TeV�2 (1.9 TeV�2).
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Conclusions
We are starting to become sensitive to tttt 

• Both ATLAS and CMS have an expected significance of ~1 standard deviation using the 2016 
dataset, or an expected limit at around 2*σSM 

• Both ATLAS and CMS are observing yields larger (but consistent) with the SM 

The most sensitive final states have well established analyses: 

same-sign dileptons and ≥ 3 leptons 
• Highest S/B, but low statistics and complicated mixture of background processes 
• Comparable strategies and results from ATLAS and CMS analyses 
• “Easy” gains with statistics, but need to control tt+X/Fakes backgrounds to do better than ±30% 

1-lepton and opposite-sign dileptons 
• Large branching ratio, but large tt background, challenging to estimate 
• Very different strategies, and cannot compare directly until 2016 CMS becomes public 

ATLAS and CMS analysts are collaborating towards the HL/HE-LHC Yellow 
Report, together with some of the many theorists who are continuing to 
study this final state and finding new ways to think about tttt
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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 tt̄tt̄ significance, the expected SM tt̄tt̄ 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`

tt̄W 2.04± 0.14± 0.49 2.68 ± 0.15± 0.55 0.95 ± 0.11 ± 0.31 0.40 ± 0.06 ± 0.10
tt̄Z 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
tt̄H 0.56± 0.07± 0.07 0.57 ± 0.10± 0.09 0.91 ± 0.11 ± 0.22 0.19 ± 0.05 ± 0.07
tt̄tt̄ 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 tt̄tt̄ significance 0.33 0.38 2.1 1.6

Source SR1b3` SR2b3` SR3b3`_L SR3b3`

tt̄W 0.66 ± 0.08± 0.20 0.38 ± 0.05 ± 0.11 0.21± 0.05 ± 0.09 0.15± 0.04 ± 0.05
tt̄Z 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
tt̄H 0.30 ± 0.04± 0.04 0.28 ± 0.05 ± 0.05 0.38± 0.06 ± 0.07 0.10± 0.03 ± 0.02
tt̄tt̄ 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 tt̄tt̄ significance ≠0.07 0.21 2.1 0.6
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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 4: Observed yields in the control and signal regions (left, in log scale), and signal regions
only (right, in linear scale), compared to the post-fit predictions for signal and background pro-
cesses. The hatched areas represent the total uncertainties in the signal and background pre-
dictions. The upper panels show the ratios of the observed event yield and the total prediction
of signal and background.

Table 4: The post-fit background, signal, and total yields with their total uncertainties and the
observed number of events in the control and signal regions in data.

SM background tttt Total Observed
CRZ 31.7 ± 4.6 0.4 ± 0.3 32.1 ± 4.6 35
CRW 83.7 ± 8.8 1.9 ± 1.2 85.6 ± 8.6 86
SR1 7.7 ± 1.2 0.9 ± 0.6 8.6 ± 1.2 7
SR2 2.6 ± 0.5 0.6 ± 0.4 3.2 ± 0.6 4
SR3 0.5 ± 0.3 0.4 ± 0.2 0.8 ± 0.4 1
SR4 4.0 ± 0.7 1.4 ± 0.9 5.4 ± 0.9 8
SR5 0.7 ± 0.2 0.9 ± 0.6 1.6 ± 0.6 2
SR6 0.7 ± 0.2 1.0 ± 0.6 1.7 ± 0.6 0
SR7 2.3 ± 0.5 0.6 ± 0.4 2.9 ± 0.6 1
SR8 1.2 ± 0.3 0.9 ± 0.6 2.1 ± 0.6 2

8 Summary

The results of a search for standard model (SM) production of tttt at the LHC have been pre-
sented, using data from

p
s = 13 TeV proton-proton collisions corresponding to an integrated

luminosity of 35.9 fb�1, collected with the CMS detector in 2016. The analysis strategy uses
same-sign dilepton as well as three- (or more) lepton events, relying on jet multiplicity and jet
flavor to define search regions that are used to probe the tttt process. Combining these regions
yields a significance of 1.6 standard deviations relative to the background-only hypothesis, and
a measured value for the tttt cross section of 16.9+13.8

�11.4 fb, in agreement with the standard model
predictions. The results are also re-interpreted to constrain the ratio of the top quark Yukawa
coupling to its SM value, |yt/ySM

t | < 2.1 at 95% confidence level.
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in the fake/non-prompt background that is subtracted when calculating the charge misidentification rates
(⇡ 10%). This component of the uncertainty is anti-correlated between the fake/non-prompt and charge
mis-ID backgrounds.

Since the optimised selection criteria result in small expected background yields in the signal regions,
the dominant uncertainty in the analysis is statistical. Among the systematic uncertainties, the leading
contributors are from uncertainties of the fake/non-prompt lepton background estimate, the modelling
of the irreducible backgrounds (in terms of both their production cross-sections and acceptance) and
uncertainties of the e�ciency for identifying b-jets. Summaries of the leading sources of systematic
uncertainty in each signal region are provided in Tables 8 and 10 for the total background yield, and in
Tables 9 and 11 for representative signal models (a T vector-like quark with mT = 1 TeV, and exclusive tt
production with mV = 2 TeV, respectively).

Table 8: Uncertainty of the total background yields in the signal regions for the four-top-quark and VLQ searches
due to the leading sources of systematic uncertainty.

Uncertainty SR1b2` SR2b2` SR3b2`_L SR3b2` SR1b3` SR2b3` SR3b3`_L SR3b3`
source [%] [%] [%] [%] [%] [%] [%] [%]

Jet energy 3 1 5 6 3 5 3 4
resolution

Jet energy scale 3 3 9 6 3 5 11 6
b-tagging 5 3 6 7 3 4 9 9
e�ciency

Lepton ID 2 1 1 1 3 3 2 3
e�ciency

Pile-up 5 2 3 3 3 5 1 6
reweighting

Luminosity 1 1 2 2 2 2 2 2
Fake/non-prompt 20 12 13 8 7 2 3 1
Charge mis-ID 2 3 1 2 - - - -
Cross-section 25 13 22 32 32 26 21 24
⇥ acceptance

20

Table 9: Uncertainty of the event yields in the signal regions for a representative signal (vector-like T quark,
mT = 1 TeV) due to the leading sources of experimental systematic uncertainty. The expected yield for this signal
in each region is also given.

Uncertainty SR1b2` SR2b2` SR3b2`_L SR3b2` SR1b3` SR2b3` SR3b3`_L SR3b3`
source [%] [%] [%] [%] [%] [%] [%] [%]

Jet energy < 1 1 6 4 < 1 < 1 24 < 1
resolution

Jet energy scale 2 1 23 3 1 1 12 < 1
b-tagging 6 3 9 8 5 4 7 8
e�ciency

Lepton ID 2 2 1 2 3 3 2 3
e�ciency

Luminosity 2 2 2 2 2 2 2 2
Pile-up 3 3 7 3 < 1 < 1 3 2

reweighting

Expected yield 1.7 2.1 0.08 1.0 3.0 3.2 0.03 1.8

Table 10: Uncertainty of the total background yields in the signal regions for the same-sign top-quark pair production
search due to the leading sources of systematic uncertainty.

Source SRttee SRtteµ SRttµµ
[%] [%] [%]

Jet energy resolution 3 < 1 13
Jet energy scale 2 2 9
b-tagging e�ciency 1 2 3
Lepton ID e�ciency < 1 1 4
Pile-up reweighting 2 2 4
Luminosity < 1 1 2
Fake/non-prompt 36 17 5
Charge mis-ID 12 5 -
Cross-section ⇥ acceptance 10 15 25

21

ATLAS: Background

ATLAS: Signal

7

Table 3: Summary of the sources of uncertainty and their effect on signal and background
yields. The first group lists experimental and theoretical uncertainties in simulated signal and
background processes. The second group lists normalization uncertainties in the estimated
backgrounds.

Source Uncertainty (%)
Integrated luminosity 2.5
Pileup 0–6
Trigger efficiency 2
Lepton selection 4–10
Jet energy scale 1–15
Jet energy resolution 1–5
b tagging 1–15
Size of simulated sample 1–10
Scale and PDF variations 10–15
ISR/FSR (signal) 5–15
ttH (normalization) 50
Rare, Xg, ttVV (norm.) 50
ttZ/g⇤, ttW (normalization) 40
Charge misidentification 20
Nonprompt leptons 30–60

cance of the observation relative to the background-only hypothesis, and the upper limit on
s(pp ! tttt). The experimental and theoretical uncertainties described in Section 6 are in-
corporated in the likelihood as “nuisance” parameters and are profiled in the fit. Nuisance
parameters corresponding to systematic uncertainties are parameterized as log-normal distri-
butions. The fitted values of the nuisance parameters are found to be consistent with their ini-
tial values within uncertainties. The nuisance parameters corresponding to the ttW and ttZ/g⇤

normalizations are scaled by 1.2 ± 0.3 and 1.3 ± 0.3, respectively, while other background con-
tributions including ttH are scaled up by 1.1 or less. The signal and control region results after
the maximum-likelihood fit (post-fit) are shown in Fig. 4, with the fitted tttt signal contribution
added to the background predictions, which are given in Table 4. The tttt cross section is mea-
sured to be 16.9+13.8

�11.4 fb, where the best-fit value of the parameter and an approximate 68% CL
confidence interval are extracted following the procedure described in Sec. 3.2 of Ref. [52]. The
observed and expected significances relative to the background-only hypothesis are found to
be 1.6 and 1.0 standard deviations, respectively, where the expectation is based on the central
value of the NLO SM cross section of 9.2+2.9

�2.4 fb [17]. The observed 95% CL upper limit on the
cross section, based on an asymptotic formulation [53] of the modified frequentist CLs crite-
rion [54, 55], is found to be 41.7 fb. The corresponding expected upper limit, assuming no SM
tttt contribution to the data, is 20.8+11.2

�6.9 fb, showing a significant improvement relative to the
value of 27 fb of Ref. [23].

The pp ! tttt process has contributions from diagrams with virtual Higgs bosons, as shown
in Fig. 1. Experimental information on s(pp ! tttt) can therefore be used to constrain the
Yukawa coupling, yt, between the top quark and the Higgs boson. We constrain yt assuming
that the signal acceptance is not affected by the relative contribution of the virtual Higgs boson
diagrams. As the cross section for the ttH background also depends on the top quark Yukawa
coupling, for the purpose of constraining yt the fit described above is repeated with the ttH
contribution scaled by the square of the absolute value of the ratio of the top quark Yukawa
coupling to its SM value (|yt/ySM

t |2), where ySM
t = mt(

p
2GF)1/2 ⇡ 1. This results in a depen-

dence of the measured s(pp ! tttt) on |yt/ySM
t | which is shown in Fig. 5 and is compared to its

CMS: 
Signal and Background (top 10)

Background (bottom 5)



Difference in HT cut
ATLAS seems to cut much harder on HT than CMS 

But jet thresholds are different 
(25/40 GeV in ATLAS/CMS), so 
HT spectra are also different 

CMS: tttt peaks at ~500 GeV 
ATLAS: tttt peaks at ~800 GeV
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Slide on ATLAS excess
Showing sum of 3b2l regions 

Excess concentrated in events with 3b and 2 muons
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CMS SR kinematics, post-fit
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CMS control 
regions
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Figure 5: Distributions of HT in each of the validation regions used for the four-top-quark and VLQ searches.
The first (second) column shows distributions of dilepton (trilepton) events while each row corresponds to a given
b-tagged jet multiplicity. The uncertainty, shown as the hashed region, includes both the statistical and systematic
uncertainties from each background source.
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Figure 5: Distributions of HT in each of the validation regions used for the four-top-quark and VLQ searches.
The first (second) column shows distributions of dilepton (trilepton) events while each row corresponds to a given
b-tagged jet multiplicity. The uncertainty, shown as the hashed region, includes both the statistical and systematic
uncertainties from each background source.
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Figure 5: Distributions of HT in each of the validation regions used for the four-top-quark and VLQ searches.
The first (second) column shows distributions of dilepton (trilepton) events while each row corresponds to a given
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uncertainties from each background source.
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Full list of ATLAS SR and VR
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Table 2: Definitions of the validation and corresponding signal regions for the four-top-quark and VLQ searches,
where Nj is the number of jets, Nb is the number of b-tagged jets, and N` is the number of leptons. The name of
each signal (validation) region begins with “SR” (“VR”), with the rest of the name indicating the number of leptons
and number of b-tagged jets required. The su�x “_L” denotes the signal regions with relaxed HT but stricter Nj

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 < 2400 GeV or Emiss
T < 40 GeV

SR1b2` � 1 1 2 ++ or �� HT > 1000 GeV and Emiss
T > 180 GeV

VR2b2` � 2 2 2 ++ or �� HT > 400 GeV
SR2b2` � 2 2 2 ++ or �� HT > 1200 GeV and Emiss

T > 40 GeV

VR3b2` � 3 � 3 2 ++ or �� 400 < HT < 1400 GeV or Emiss
T < 40 GeV

SR3b2`_L � 7 � 3 2 ++ or �� 500 < HT < 1200 GeV and Emiss
T > 40 GeV

SR3b2` � 3 � 3 2 ++ or �� HT > 1200 GeV and Emiss
T > 100 GeV

VR1b3` � 1 1 3 any 400 < HT < 2000 GeV or Emiss
T < 40 GeV

SR1b3` � 1 1 3 any HT > 1000 GeV and Emiss
T > 140 GeV

VR2b3` � 2 2 3 any 400 < HT < 2400 GeV or Emiss
T < 40 GeV

SR2b3` � 2 2 3 any HT > 1200 GeV and Emiss
T > 100 GeV

VR3b3` � 3 � 3 3 any HT > 400 GeV
SR3b3`_L � 5 � 3 3 any 500 < HT < 1000 GeV and Emiss

T > 40 GeV
SR3b3` � 3 � 3 3 any HT > 1000 GeV and Emiss

T > 40 GeV

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`

BB̄, mB = 800 GeV 1.7 0.12 / 0.16 0.19 / 0.14 0.007 / 0.002 0.05 / 0.04
BB̄, mB = 1200 GeV 1.9 0.27 / 0.28 0.31/ 0.24 4 ⇥ 10�4 / 4 ⇥ 10�4 0.07 / 0.05
TT̄ , mT = 800 GeV 1.2 0.06 / 0.02 0.09 / 0.02 0.008 / 0.006 0.04 / 0.06
TT̄ , mT = 1200 GeV 1.3 0.10 / 0.25 0.13 / 0.22 0.002 / 9 ⇥ 10�4 0.06 / 0.11
tt̄tt̄ (SM) 2.7 0.02 / 0.02 0.11 / 0.04 0.37 / 0.17 0.20 / 0.18
tt̄tt̄ (CI) 3.0 0.06 / 0.05 0.23 / 0.08 0.30 / 0.16 0.33 / 0.27
tt̄tt̄ (2HDM, 3.1 0.02 / 0.03 0.11 / 0.03 0.62 / 0.24 0.19 / 0.17
mH = 700 GeV)
tt̄tt̄ (2UED/RPP, 3.3 0.27 / 0.16 0.62 / 0.31 8 ⇥ 10�4 / 0.0 0.89 / 0.51
mKK = 1400 GeV)

15



Where do the extra (b-)jets come from?
Main backgrounds, ttW, ttZ, ttH(WW) have 
2 b-jets: why 3 b-tags? 

Check ttW at generator level:  
• Nb = 3 region dominated by ttW+c  
• Nb = 4 region dominated by ttW+bb 

Are ttV+jets and ttV+bb well understood? 
Use tt+jets and tt+bb as proxy for ttV 
• tt+jets measurement is below theory 
• σ(ttbb)/σ(ttjj) measurement is 1 σ above theory 

(1.7 ± 0.6) [arXiv:1705.10141] 
Correct ttV simulation using tt Data/MC for 
both effects 
• tt+jets measured in dilepton tt events 
• tt+bb based on public result 
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H/A associated production
Proposal by N. Craig et al [arXiv:1605.08744] 

2HDM predicts enhancement in several top-associated production channels 
Can easily probe down to 2*mt, where enhancement of σtttt is a factor of > 2.5
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More EFTs
Even more generic: Effective Field Theory operators 

• http://feynrules.irmp.ucl.ac.be/wiki/4topEFT 
First: can set limits based on cross-section enhancement 
Next (300 fb-1): can start studying kinematics 
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22 6 Results

Table 3: Expected and observed 95% CL upper limits on SM tttt production as a multiple of sSM
tttt

and in fb. The results for the two analyses from this paper are shown separately and combined.
The values quoted for the uncertainties on the expected limits are the one standard deviation
values and include all statistical and systematic uncertainties.

Channel Expected limit Observed limit Expected limit Observed limit
(⇥sSM

tttt ) (⇥sSM
tttt ) (fb) (fb)

Single lepton 5.6+ 2.8
� 1.9 NNN 51+ 26

� 17 NNN

Dilepton 3.9+ 2.7
� 1.5 NNN 35+ 25

� 13 NNN
Combined 2.9+ 1.7

� 1.0 NNN 27+ 16
� 9 NNN

C(6)

t

t

t̄

t̄
Figure 15: Feynman diagram with dimension-6 EFT operator contributing to tttt production.

BSM processes. The cross section is parametrised (Eq. 1) as a function of Wilson coefficients, ci,
of the operators listed in Eqs. 2–6,

stt̄tt̄ = s0
tt̄tt̄ + Â

i

ci
L2 s1

tt̄tt̄ + Â
i<j

cicj

L4 s2
tt̄tt̄, (1)

where the high energy cut-off assumes the value L = 1 TeV.300

OR =(t̄RgµtR)
�
t̄RgµtR

�
(2)

O(1)
L =(Q̄LgµQL)

�
Q̄LgµQL

�
(3)

O(8)
L =

⇣
Q̄LgµTAQL

⌘⇣
Q̄LgµTAQL

⌘
(4)

O(1)
B =

�
Q̄LgµQL

��
t̄RgµtR

�
(5)

O(8)
B =

⇣
Q̄LgµTAQL

⌘⇣
t̄RgµTAtR

⌘
, (6)

The EFT interactions of the SM fields were implemented in the FEYNRULES [64] model and301

interfaced to MG5 aMC@NLO [2] for the cross section calculation. A representative Feynman302

diagram of the contributing EFT process is shown in Fig. 15.303

In the calculations NNPDF3.0LO [15] PDF set and aS(MZ0) = 0.137 were used. In order to304

obtain the constraints on EFT operators, two approaches were considered. Independent lim-305

its were obtained under assumption that only one operator contributes to tttt cross section,306

http://feynrules.irmp.ucl.ac.be/wiki/4topEFT


tttt generation
ATLAS:  

LO MG5_aMC@NLO2.2.2+Pythia8, NNPDF2.3 LO PDF, default LO dynamical scale 
• Card: import model sm; generate p p > t t~ t t~ 

CMS: 
NLO MG5_aMC@NLO2.2.2+Pythia8, NNPDF3.0 NLO PDF, default NLO dynamical scale 
• Cards: import model loop_sm-no_b_mass, generate p p > t t~ t t~ [QCD] @0 
• Scale: default dynamic scale in both cases (different at LO and NLO) 

Some LO/NLO comparisons from arxiv:1711.02116 
• Focus on main plot. Ratio is NLO/NLO. LO HT spectrum is softer than NLO one 
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Figure 10. The HT distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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Figure 11. The pT (t1) distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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Figure 12. The y(t2) distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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