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Introduction

● Full Run 2 offers 139 fb-1 → rare top production modes  
● Associated top production - massive final states 
● Top quark couples to many SM and new physics particles
● ttV is important background for 4-tops  

ATL-PHYS-PUB-2021-014
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4-top quark signatures  

● Rare process: σ(pp → tttt)pp → tttt) = 12.0 ± 2.4 fb at NLO in 
QCD+QED JHEP 02 (pp → tttt)2018) 031 

● High jets and b-jets multiplicities
● Single lepton and two opposite sign leptons (pp → tttt)1LOS)

● Higher branching fraction
● Larger irreducible background
● ATLAS: 139 fb-1, JHEP 11 (pp → tttt)2021) 118
● CMS: 36 fb−1, JHEP 11 (pp → tttt)2019) 082

● Same-sign di-lepton and multi-lepton (pp → tttt)SSML)
● Smaller branching fraction
● Higher purity
● ATLAS: 139 fb-1, Eur. Phys. J. C 80 (pp → tttt)2020) 1085
● CMS: 137 fb-1, Eur. Phys. J. C 80 (pp → tttt)2020) 75 

137 fb-1 139 fb-1SSML

1LOS 36 fb-1 139 fb-1

Combination 139 fb-1

4-top decay modes

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
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4-top SSML analysis strategy

Eur. Phys. J. C 80 (2020) 1085 

Eur. Phys. J. C 80 (2020) 75

b-jet multiplicity

Sum of b-tag scores

● Likelihood fit of signal and control regions 
→ extract signal strength and background

● Boosted Decision Tree separates tttt from 
background

● CMS: 19 input variables 
– Including lepton/jet multiplicity and jet flavor 
– Baseline ≥ 2 jet, ≥ 2 b-jet, HT > 300 GeV

● ATLAS 12 input variables 
– Including sum of b-tagging scores and 

minimum ∆R between any pair of leptons
– Signal region ≥ 6 jets, ≥ 2 b-jets, HT > 500 GeV
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4-top SSML backgrounds

● Main backgrounds: 
– ttW/ttZ/ttH 
– Events with non-prompt or charge-

misidentified lepton
● Data-driven method for charge mis-

identification estimation

● ATLAS
– Template fit method to estimate the non-prompt backgrounds
– Dedicated control regions for ttW, heavy flavour leptons and conversions

● ttW background normalization is free parameter

● CMS
– Dedicated control region for ttZ
– Tight-to-loose ratio method for non-prompt estimation

Eur. Phys. J. C 80 (2020) 1085 

source

https://indico.cern.ch/event/1004023/contributions/4217995/attachments/2193243/3707340/210219-SSML-TopLhcWg.pdf
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4-top SSML ATLAS - ttW modeling

ttW validation region
– nj ≥ 4,  nb ≥ 2 
– Plot N+ − N− 

● Charge asymmetry of 
leptons 

– σ(pp → tttt)tt̄W+) : σ(pp → tttt)tt̄W−) ∼ 2 : 1
● Removes charge 

symmetric processes
– Large uncertainty 

from 7j, ≥8j bins

Eur. Phys. J. C 80 (2020) 1085 

source

https://indico.cern.ch/event/1004023/contributions/4217995/attachments/2193243/3707340/210219-SSML-TopLhcWg.pdf
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● Similar contribution from statistical and systematic uncertainty
● ATLAS: ttW modelling is largest background uncertainty

CMSATLAS

4-top SSML uncertainties

Eur. Phys. J. C 80 (2020) 1085 Eur. Phys. J. C 80 (2020) 75
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4-top SSML results

Eur. Phys. J. C 80 (2020) 75

12.6+5.8
−5.2 fb 24+7

−6 fb σ(tttt)

2.6 (2.7) σ 4.3 (2.4) σSignificance

● Agreement between post-fit 
prediction and data

● Less than 2 σ away from SM 
prediction (pp → tttt)ATLAS)

Eur. Phys. J. C 80 (2020) 1085 

Signal and control regions BDT score Jet multiplicity
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4-top 1LOS ATLAS JHEP 11 (2021) 118 

● Event categorization based on jet 
multiplicity and b-tagging 
requirements (pp → tttt)3b L/H/V)

● Balance: 4top sensitivity – tt+jets 
estimation

● Data-driven tt+jets corrections
● Simultaneous profile likelihood fit

– BDT discriminant used in signal region

Correction

HT
all distribution

Relative contribution

Regions
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4-top 1LOS uncertainties JHEP 11 (2021) 118 

● Dominated by tt + heavy flavour modelling 
uncertainties

● Limited by systematic uncertainties

Post-fit yields
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4-top 1LOS results and combination
● 1LOS measured σ(pp → tttt)tttt) = 26+17

−15 fb and 1.9 (pp → tttt)1.0) σ 
observed (pp → tttt)expected) significance

● Different uncertainties dominate SSML and 1LOS
● Combination improves observed (pp → tttt)expected) significance 

to 4.7 σ (pp → tttt)2.6 σ)
● Combination 2 σ away from SM expectation 12.0 ± 2.4 fb 

JHEP 11 (2021) 118 

log10(S/B)

Fitted signal strengths

Post-fit BDT Score



12

4-top 1LOS CMS JHEP 11 (2019) 082
● BDT to separate signal from background in each category

– Jet and b-jet multiplicities, jet properties, kinematic variables
● Dedicated BDT for top quark identification (pp → tttt)trijets from hadronic top quarks)

– Dijet and trijet masses, b-tagging information, angles between jets
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1LOS CMS background and uncertainties

● tt+ jets is dominant background
● Reweighting of tt + jets events 
● Equally affected by statistical and systematic uncertainties
● Main uncertainties: tt+heavy-flavor reweighting, jet multiplicity correction, PS and UE 

modeling in tt simulation

JHEP 11 (2019) 082



14

4-top 1LOS results JHEP 11 (2019) 082

● Observed (pp → tttt)expected) significance 0.0σ (pp → tttt)0.4σ)
● σ(pp → tttt)tttt) = 0+20 fb

● Categories based 
on jet and b-jet 
multiplicities
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4-top interpretations - CMS

● Top Yukawa coupling |yt/yt
SM|< 1.7

● Higgs oblique parameter < 0.12 at 95% CL
● Limits on new particles

– Type-II two-Higgs-doublet models
– Simplified dark matter models

Top Yukawa coupling SSMLDark matter model SSML

Eur. Phys. J. C 80 (2020) 75
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4-top EFT parameters – CMS 1LOS

● Using 4 linear independent operators
● Constraints based on rates 

4-top EFT parameters 1LOS (36 fb-1)

JHEP 11 (2019) 082
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Summary

● Many 4-top signatures are studied in CMS and ATLAS
● First evidence for SM 4-top in ATAS SSML analysis
● ATLAS SSML and 1LOS combination improves significance  
● CMS analyses constrain various BSM models

ATL-PHYS-PUB-2022-015

4-top cross-section



18

Backup
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Introduction
Top quark decay

● Top quark is heaviest fundamental particle
● Decays before hadronization
● Almost uniquely decays to W boson and bottom quark
● Focus on tttt

4-top decay modes
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4-top event display

TOPQ-2018-05
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4top SSML

● Control and signal region 
definitions

ATLAS

CMS

Eur. Phys. J. C 80 (2020) 1085 

Eur. Phys. J. C 80 (2020) 75
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4-top 1LOS - regions

JHEP 11 (2021) 118 
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ttW modeling

ttW validation region
– Nj ≥ 4,  Nb ≥ 2 
– Plot N+ − N− 

● Charge asymmetry of 
leptons 

– σ(pp → tttt)t̄tW+) : σ(pp → tttt)tt̄W−) ∼ 2 : 1
● Removes charge 

symmetric processes
– Large uncertainty 

from 7j, ≥8j bins

Eur. Phys. J. C 80 (2020) 1085 
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Data-driven ttW Eur. Phys. J. C 81 (2021) 1023 
● Method to model tt̄W background used in 

SUSY RPV analysis   
● Motivation: large uncertainties in MC jet 

multiplicity modeling
● SUSY RPV analysis:

– ttV+ttbar background with parameterized model
– Simultaneous likelihood fit in jet and b-jet multiplicity 

regions
● 54-110 bins depending on jet pT threshold

– Same central value with completely different 
background estimation method, reduced reliance on MC 
and no MVA

RPV analysis - Eur. Phys. J. C 81 (2021) 1023

SM 4-top analysis - Eur. Phys. J. C 80 (2020) 1085  

SM 4-top analysis 

RPV analysis

Eur. Phys. J. C 80 (2020) 1085 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-04/
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Data-driven ttW Eur. Phys. J. C 81 (2021) 1023 SM 4-top analysis 

RPV analysis

Eur. Phys. J. C 80 (2020) 1085 ● Method to model tt̄W 
background used in SUSY RPV 
analysis

● Motivation: large uncertainties 
in MC jet multiplicity modeling

● Data-driven background model
– Nb−jet distribution: obtained with 

Nj,b = fj,b x Nj

– Njet distribution: parameterized 
using scaling
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Jet scaling Eur. Phys. J. C 81 (2021) 1023 

● Njet distribution: parameterized using scaling
– r(pp → tttt)j) = Nj+1 / Nj

– r(pp → tttt)j) = c0 for very high jet multiplicities (pp → tttt)staircase)
– r(pp → tttt)j) = c1 / (pp → tttt)j+1) for low jet multiplicities (pp → tttt)Poisson)

● Ratio r(pp → tttt)j) ≡ Nj+1 /Nj = c0 + c1 /(pp → tttt)c2 + j)  
– c2, introduced to account for the ambiguity 

counting extra jets in tt events
– Fit one normalization (pp → tttt)N4) and two/three 

parameters (pp → tttt)c0, c1, c2) per background

RPV analysis Data and MC
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