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Motivation

•  Motivation  
- Rare process in the SM that was not observed so far: σ = 12 fb ±20% (QCD+EW NLO) 
- Very high-energy process, sensitive to many BSM models 
- Sensitive to the top Yukawa coupling and its properties  

(subleading diagram involving Higgs decays to tt̅) 

•  Previous searches   
- CMS 36 fb-1 (SSML+1LOS):    1.4σ (exp: 1.1σ) 
- CMS 137 fb-1 (SSML):            2.6σ (exp: 2.7σ) 
- ATLAS 36 fb-1 (SSML+1LOS): 2.8σ (exp: 1.0σ) 

•  Channels   
- Two same-sign leptons or 3 leptons (2LSS/3L): small branching fraction, low background 
- One lepton or two opposite-sign leptons (1L/2LOS): larger branching fraction, larger 

background (from tt̅+jets)

ATLAS DRAFT

In the SM, the top quark decays almost 100% of the time into a W boson and a b-quark. So the tt̄tt̄ final191

state could consist of isolated leptons, several b-jets and missing transverse energy. The di�erent branching192

fraction for the four top decays are shown in Figure 3.
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Figure 3: Branching ratio for the decays of four W bosons. Here ‘l’ denotes an electron or a muon and ‘h’ an hadronic
decay. ‘OS’ stands for ‘Opposite Sign’ and ‘SS" for ‘Same Sign’.

193

In this note, we are searching for tt̄tt̄ production in the same-sign leptons and multilepton final state (SSML).194

A search in the final states with one lepton or two opposite-charged leptons (1LOS) can also be performed.195

It is decribed in a separed INT note [9]. Here leptons denote either electrons or muons, which can include196

those that have come from a tau decay. The analysis described here requires two leptons with the same197

charge or at least three leptons. This channel corresponds to a small branching fraction but also benefits198

from a low level of background mainly coming from fake or non-prompt leptons or from tt̄ production with199

additional electroweak bosons. The final state is also characterized by a high jet multiplicity and high b-jet200

multiplicity as well as high overall energy that could be quantified with a large value for the scalar sum of201

the object transverse momenta in the event.202

ATLAS and CMS have both already searched for this process using 36 fb�1 of 13 TeV LHC data. The203

CMS search in the same-sign and multilepton final states quotes an observed (expected) upper limit on204

�t t̄t t̄ at: 41.7 fb (20.8 fb) [10]. An updated preliminary result using 137 fb�1 in the same channel leads to205

an observed (expected) limit at: 20 fb (9.4 fb) for the cut-and-count analysis or 22.5 fb (8.5 fb) for the206

BDT analysis [11]. Relative to the background-only hypothesis, the observed and expected significances207

are found to be 1.7 and 2.5 standard deviations, respectively, for the cut-based analysis and 2.6 and 2.7208

standard deviations for the BDT analysis. Using 36 fb�1 CMS also released a preliminary result [12] in209

the single-lepton and opposite-sign dilepton final states which quotes an observed (expected) limit at: 48 fb210

(52 fb). The ATLAS search combines the results in the same-sign dilepton, multilepton channels and in211

the single-lepton and opposite-sign dilepton final states using 36 fb�1 of 13 TeV data which leads to an212

observed (expected) limit on �t t̄t t̄ of: 49 fb (19 fb) [13, 14]. The observed and expected significances for213

the combination are 2.8 and 1.0 standard deviations, respectively.214
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2LSS/3L: Analysis Strategy

•  Main backgrounds:  
- tt̅V: tt̅Z/H from MC, tt̅W normalisation from data in control region  
- Non prompt background (‘fake’ leptons): normalisation fitted in control regions 
- Charge mis-identified electrons: data driven method using Z → ee   

•  Strategy  
- 4 control regions to fit the normalisation of the fake and ttW normalisation 

- 3 floating parameters for fakes from: conversion, γ*, lepton from heavy flavour jets (e/µ) 
- 1 signal region  

- Signal separated from background using a BDT 

Eur. Phys. J. C 80 (2020) 1085
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2LSS/3L: Results

• First evidence for tt̅tt̅ production:    
- Significance: 4.3 σ (obs), 2.4 σ (exp) 

- 1.7 σ above the SM value  
- Leading systematics: tt̅W+≥ 8 jets production 

The fitted signal strength is converted into an inclusive cross section using the SM tt̄tt̄ predicted cross
section of �t t̄t t̄ = 12.0 ± 2.4 fb computed at NLO in QCD and electroweak couplings [11] and excluding
its uncertainty. The measured tt̄tt̄ production cross section is then:

�t t̄t t̄ = 24 ± 5(stat) +5
�4(syst) fb = 24 +7

�6 fb.

The normalisation factors of the di�erent background sources determined from the fit are shown in Table 2.
The post-fit background and signal yields are shown in Table 3. The normalisation factor for the tt̄W+jets
background is compatible with the observation from the previous ATLAS tt̄H search [70] where the
reference theoretical tt̄W+jets background cross section was scaled up by 20% to account for extra jet
production and EW e�ects compared to the theoretical cross section used in this analysis. The post-fit value
of the nuisance parameter associated with the systematic uncertainty in the tt̄W background with Njets = 7
is 0.18+0.73

�0.61. This corresponds to a 22% increase in the number of tt̄W events with seven jets. The post-fit
value of the nuisance parameter for the systematic uncertainty of the tt̄W+jets background with Njets � 8 is
0.22+0.56

�0.42, corresponding to a 65% increase in the number of tt̄W events with eight or more jets. As a result
of these increases and of the change in the tt̄W background normalisation factor NFt t̄W , the overall tt̄W

background yield in the signal-enriched region with a BDT score above zero increased from the 12.4 ± 8.8
events predicted to 23.2 ± 10.1 events after the fit to data. Apart from the uncertainties discussed above, no
other nuisance parameters are found to be significantly adjusted or constrained by the fit.

Figure 4 shows the yields or the discriminating variable distributions used in the fit in each CR. Good
agreement is observed between data and the post-fit computation.

Table 2: Normalisation factors for various backgrounds determined from the fit to the control regions. The uncertainties
include both the statistical and systematic uncertainties.

Parameter NFt t̄W NFMat. Conv. NFLow m�⇤ NFHF e NFHF µ

Value 1.6 ± 0.3 1.6 ± 0.5 0.9 ± 0.4 0.8 ± 0.4 1.0 ± 0.4

In order to check the tt̄W+jets background normalisation and modelling, a validation region is defined,
based on the fact that the tt̄W+jets process is charge asymmetric. The di�erence between the number of
events with a positive sum and the number of events with a negative sum of the charges of the selected
leptons is built in the region with at least four jets with at least two being b-tagged. This procedure removes
the charge-symmetric processes and allows construction of distributions where tt̄W+jets events dominate.
The jet multiplicity and the BDT score distributions are displayed in Figure 5 and show good agreement
between data and post-fit computations.

The distributions for some of the key analysis variables are shown in Figure 6 for the events in the signal
region and in Figure 7 for events in a signal-enriched region with a BDT score above zero.
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1L/2LOS: Analysis Strategy

• Analysis regions: 
- Defined based on Njets, Nb-jets, and high(H)/low(L) b-tagging requirements  
- Main background in the signal regions: tt̅+heavy flavour (HF) jets   

•  Strategy  
- Pre-fit corrections to adjust the underestimation of tt̅+HF and the tt̅+jets kinematics in 

high jet multiplicity  
- Sophisticated systematic scheme : Separate treatment of the different tt̅+jets flavour 

components  
- BDT to separate signal from background in the signal regions 
- Profile likelihood fit on 21 regions (12 in 1L + 9 in 2LOS)

reweighting 

ATLAS-CONF-2021-013
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1L/2LOS: Results and combination

•  1L/2LOS result:  
- Significance: 1.9 σ (obs), 1.0 σ (exp)
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Figure 6: Comparison of predicted and observed event yields in each control and signal region in the 1L channel
(left) and in the 2LOS channel (right) before the fit (top) and after the fit (bottom). The band includes the total pre-
and post-fit uncertainties. The dashed red line shows the signal distribution normalised to the total background yield.
The ratio of the data to the total pre- or post-fit prediction is shown in the lower panel.

After excluding the uncertainty on the SM CC̄CC̄ cross section, the CC̄CC̄ production cross section is measured524

to be:525

fC C̄ C C̄ = 26 ± 8 (stat.) +15
�13 (syst.) = 26 +17

�15 fb.

The statistical uncertainty is obtained from a fit where all nuisance parameters are fixed to their post-fit526

values. The systematic uncertainty is determined by subtracting in quadrature the statistical uncertainty527

from the total uncertainty. The measured cross section is consistent with the SM predicted cross section of528

f
SM
C C̄ C C̄ = 12.0 ± 2.4 fb computed at NLO in QCD including electroweak corrections [12]. The observed529

significance of the CC̄CC̄ production relative to the background-only prediction is 1.9 standard deviations,530

while 1.0 standard deviation is expected. The observed (expected) ?-value is 3% (17%), corresponding to531

the probability of obtaining a result at least as signal like as observed if no signal is present.532

Figure 10 shows the event yield in data compared to the post-fit signal (S) and total background (B)533

prediction. It is ordered by the signal-to-background ratio of the discriminant bins from all fitted regions.534

The predictions are shown for the best-fit signal strength and for the SM prediction. The observed data535

shows a signal-like excess over the background, with a better compatibility with the best-fit signal strength536

of ` = 2.2 than the SM prediction of ` = 1.0 in the high log(S/B) region.537
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•   2LSS/3L + 1L/2LOS combination  
- Significance: 4.7 σ (obs), 2.6 σ (exp)
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Table 3: The contribution from di�erent systematic uncertainties to the measured CC̄CC̄ production cross section,
fC C̄ C C̄ , grouped into categories. For each uncertainty source, the fit is repeated with the corresponding group of
nuisance parameters fixed to their best-fit values, \̂\\. The contribution from each source, �fC C̄ C C̄ , is then evaluated
by subtracting in quadrature the uncertainty on fC C̄ C C̄ obtained in this fit from that of the full fit. The contributions
from individual groups are compared to the total systematic uncertainty and the statistical uncertainty. The total
systematic uncertainty is di�erent from the sum in quadrature of the di�erent groups due to correlations among
nuisance parameters in the fit.

Uncertainty source �fC C̄ C C̄ [fb]

Signal Modelling

CC̄CC̄ modelling +8 -3

Background Modelling

CC̄+�11 modelling +8 -7
CC̄+�12 modelling +5 -4
CC̄+jets reweighting +4 -3
Other background modelling +4 -3
CC̄+light modelling +2 -2

Experimental

Jet energy scale and resolution +6 -4
1-tagging e�ciency and mis-tag rates +4 -3
MC statistical uncertainties +2 -2
Luminosity < 1
Other uncertainties < 1

Total systematic uncertainty +15 -12

Statistical uncertainty +8 -8

Total uncertainty +17 -15

and 2LSS/3L channels. In the latter, CC̄, is the most important background and its normalisation is a free593

parameter of the fit, while in the former it is a small background and its normalisation is taken from MC594

with a large uncertainty motivated by the normalisation factor obtained in the 2LSS/3L analysis. For this595

reason, the CC̄, normalisation is uncorrelated between the two channels. The systematic uncertainties596

associated with the instrumental backgrounds and uncertainties related to the data-driven corrections of the597

background are uncorrelated between two analyses.598

The CC̄CC̄ signal strength from the combination of both channels is measured to be:599

` = 2.0 +0.8
�0.6.

The best-fit CC̄CC̄ signal strengths for the 1L/2LOS and 2LSS/3L channels fitted separately, and for the600

combination of both channels are summarized in Figure 12. The fitted ` values are consistent between601

both channels, which are dominated by di�erent backgrounds and di�erent uncertainties. The combined602

SM CC̄CC̄ production cross section is measured to be:603

fC C̄ C C̄ = 24 ± 4 (stat.) +5
�4 (syst.) = 24 +7

�6 fb.
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- Main systematics: tt̅tt̅ signal modelling and modelling of tt̅+≥1 b 

- Consistent with the SM within 2 σ

ATLAS-CONF-2021-013
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