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* including τ→e/𝜇

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

• EFTs

• 2HDM/heavy mediators

• top yukawa coupling

• …


⚫ 2L same-sign (SS) + multi-lepton (ML) represents nearly 
12% of the BR 
• Low background final state → statistically-dominated


⚫ Latest measurements of 17+14-11fb (CMS) and 28+12-11 (ATLAS) 
using 2016 datasets

• ~1𝜎 expected in both cases (using SM cross-section of 

9.2fb)


⚫ The analysis presented here improves upon the 2016 result 
and includes the full Run 2 dataset

https://arxiv.org/abs/1710.10614
https://arxiv.org/abs/1811.02305
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⚫ Pre-approval 
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http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=TOP-18-003&tp=an&id=2091&ancode=TOP-18-003
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ARC review and recent changes
During ARC review: 

• Updated to latest recommendations (JECs, scale factors) 
• Clarified documentation, both AN and Paper 
• Increased uncertainty on the fraction of additional b jets in ttW/Z/H events (from 

35% to 50%) 
• Tested many variations of nuisances (increasing, decreasing, correlating, 

uncorrelating, ….), to check the sensitivity of our results to our choices 
• Studied correlation between nuisances 

After freezing: 
• Applied final lepton SFs for 2018 
• Recovered 50 pb in 2018 golden json 
• Updated to latest luminosity (136.3 —> 137 fb) 
• 2HDM interpretation includes 2018 samples instead of scaled-up 2017 samples
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Data and Simulation
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Simulated samples

Full list of MC samples used to predict SR
yields on the right table.

Processes grouped into 7 groups.

In addition also used Drell-Yan, W+jets, tt̄
and QCD for fake/charge flips studies.

Year MC campaign
2016 RunIISummer16MiniAODv2-PUMoriond17 80X
2017 RunIIFall17MiniAODv2-PU2017 12Apr2018 94X
2018 RunIIAutumn18MiniAOD-102X

sample name � (pb) Background Group

/WZTo3LNu TuneX 13TeV-powheg-pythia8 4.4297 WZ

/TTWJetsToLNu TuneX 13TeV-amcatnloFXFX-madspin-pythia8 0.2043 tt̄W

/TTZToLLNuNu M-10 TuneX 13TeV-amcatnlo-pythia8 0.2529 tt̄Z

/TTZToLL M-1to10 TuneX 13TeV-madgraphMLM-pythia8 0.0493 tt̄Z

/ttHToNonbb M125 TuneX ttHtranche3 13TeV-powheg-pythia8 0.2710 tt̄H

/WpWpJJ EWK-QCD TuneX 13TeV-madgraph-pythia8 0.05390 W
±
W

±

/TGJets TuneX 13TeV amcatnlo madspin pythia8 2.967 X + �
/TTGamma SingleLeptFromT TuneX 13TeV-amcatnlo-pythia8 0.77 X + �
/TTGamma SingleLeptFromTbar TuneX 13TeV-amcatnlo-pythia8 0.769 X + �
/TTGamma Dilept TuneX 13TeV-amcatnlo-pythia8 0.632 X + �
/WGToLNuG TuneX 13TeV-amcatnloFXFX-pythia8 405.271 X + �
/WGToLNuG TuneX 13TeV-madgraphMLM-pythia8 405.271 X + �
/ZGTo2LG TuneX 13TeV-amcatnloFXFX-pythia8 123.9 X + �
/tZq ll 4f 13TeV-amcatnlo-pythia8 TuneX (ext1) 0.0758 rares
/TTTT TuneX PSweights 13TeV-amcatnlo-pythia8 0.01197 rares
/ZZTo4L 13TeV powheg pythia8 1.256 rares
/GluGluToContinToZZTo2e2mu 13TeV MCFM701 pythia8 0.005423 rares
/GluGluToContinToZZTo2e2tau 13TeV MCFM701 pythia8 0.005423 rares
/GluGluToContinToZZTo2mu2tau 13TeV MCFM701 pythia8 0.005423 rares
/GluGluToContinToZZTo4e 13TeV MCFM701 pythia8 0.002703 rares
/GluGluToContinToZZTo4mu 13TeV MCFM701 pythia8 0.002703 rares
/GluGluToContinToZZTo4tau 13TeV MCFM701 pythia8 0.002703 rares
/ZZZ TuneX 13TeV-amcatnlo-pythia8 0.01398 rares
/WZZ TuneX 13TeV-amcatnlo-pythia8 0.05565 rares
/WWZ TuneX 13TeV-amcatnlo-pythia8 0.1651 rares
/WZG TuneX 13TeV-amcatnlo-pythia8 0.04123 rares
/WWG TuneX 13TeV-amcatnlo-pythia8 0.2147 rares
/WWW 4F TuneX 13TeV-amcatnlo-pythia8 0.2086 rares
/WWTo2L2Nu DoubleScattering 13TeV-pythia8 0.16975 rares
/GluGluHToZZTo4L M125 13TeV powheg2 JHUgenV6 pythia8 0.01181 rares
/VHToNonbb M125 13TeV amcatnloFXFX madspin pythia8 2.1360 rares
/TTHH TuneX 13TeV-madgraph-pythia8 0.000757 rares
/TTZH TuneX 13TeV-madgraph-pythia8 0.001535 rares
/TTZZ TuneX 13TeV-madgraph-pythia8 0.001982 rares
/TTWZ TuneX 13TeV-madgraph-pythia8 0.003884 rares
/TTTW TuneX 13TeV-madgraph-pythia8 0.000788 rares
/TTTJ TuneX 13TeV-madgraph-pythia8 0.000474 rares
/TTWH TuneX 13TeV-madgraph-pythia8 0.001582 rares
/TTWW TuneX 13TeV-madgraph-pythia8 0.01150 rares
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Datasets

DoubleEG/EGamma, DoubleMuon, MuonEG (+ JetHT for Run 2016H)

132-136 fb�1 (depending on the trigger).

All recommended MET filters applied.

Year campaign JSON file

2016 23Sep2016-v1 Cert 271036-284044 13TeV 23Sep2016ReReco Collisions16
2017 31March2018-v1 Cert 294927-306462 13TeV EOY2017ReReco Collisions17
2018 17Sep2018-v1(2018A,B,C)-PromptReco(2018D) Cert 314472-325175 13TeV PromptReco Collisions18 JSON.txt

The RA5 group Search for SUSY in SS/multilepton + jets final state February 19th, 2019 6 / 31

⚫ Data - dilepton primary datasets

• DoubleEG/EGamma, 

DoubleMuon, MuonEG

• Corresponds to ~137fb-1


⚫ MC

• Simulation available for all 3 years

• Additionally, for fake rate 

estimation, single-lepton data 
PDs used, and lepton-enriched 
pT-binned QCD samples used for 
MC closure studies
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Table 2: Signal and background samples from Summer16 and Fall17 cam-
paigns. For each sample, the name has to be completed with the Summer16 string
RunIISummer16MiniAODv2-PUMoriond17 80X mcRun2 asymptotic 2016 TrancheIV v6 v*
for 2016, and with the Fall17 string RunIIFall17MiniAODv2-PU2017 12Apr2018 94X mc2017 realistic v*
for 2017. For 2018, the string is RunIIAutumn18MiniAOD-102X upgrade2018. Starting in
2017, the new Pythia tune ”TuneCP5” was used instead of the CUETP8M2T4 and CUETP8M1
tunes. The tttt signal samples are highlighted in red. The ISR/FSR variation samples for
tttt are not necessary starting in 2017, since the Parton Shower variation weights are already
included in the nominal sample. Remaining missing samples QCD samples are only used as a
crosscheck, and the analysis does not depend on them.

sample name s (pb) 2016 2017 2018
/DYJetsToLL M-50 TuneCUETP8M1 13TeV-madgraphMLM-pythia8 6020.85 X X X
/DYJetsToLL M-10to50 TuneCUETP8M1 13TeV-madgraphMLM-pythia8 18610 X X X
/WJetsToLNu TuneCUETP8M1 13TeV-madgraphMLM-pythia8 61334.9 X X X
/TT TuneCUETP8M2T4 13TeV-powheg-pythia8 831.762 X X X
/TTJets TuneCP5 13TeV-amcatnloFXFX-pythia8 831.762 X X X
/TTWJetsToLNu TuneCUETP8M1 13TeV-amcatnloFXFX-madspin-pythia8 0.2043 X X X
/TTZToLLNuNu M-10 TuneCUETP8M1 13TeV-amcatnlo-pythia8 0.2529 X X X
/TTZToLL M-1to10 TuneCUETP8M1 13TeV-madgraphMLM-pythia8 0.0493 X X X
/ttHToNonbb M125 TuneCUETP8M2 ttHtranche3 13TeV-powheg-pythia8 0.2710 X X X
/tZq ll 4f 13TeV-amcatnlo-pythia8 TuneCUETP8M1 (ext1) 0.0758 X X X
/TTTT TuneCP5 PSweights 13TeV-amcatnlo-pythia8 0.01197 - X X
/TTTT TuneCUETP8M2T4 13TeV-amcatnlo-isrup-pythia8 0.01197 X - X
/TTTT TuneCUETP8M2T4 13TeV-amcatnlo-fsrup-pythia8 0.01197 X - X
/TTTT TuneCUETP8M2T4 13TeV-amcatnlo-isrdown-pythia8 0.01197 X - X
/TTTT TuneCUETP8M2T4 13TeV-amcatnlo-fsrdown-pythia8 0.01197 X - X
/TGJets TuneCUETP8M1 13TeV amcatnlo madspin pythia8 2.967 X X X
/TTGamma SingleLeptFromT TuneCUETP8M2T4 13TeV-amcatnlo-pythia8 0.77 X X X
/TTGamma SingleLeptFromTbar TuneCUETP8M2T4 13TeV-amcatnlo-pythia8 0.769 X X X
/TTGamma Dilept TuneCUETP8M2T4 13TeV-amcatnlo-pythia8 0.632 X X X
/WGToLNuG TuneCUETP8M1 13TeV-amcatnloFXFX-pythia8 405.271 X - X
/WGToLNuG TuneCP5 13TeV-madgraphMLM-pythia8 405.271 - X -
/ZGTo2LG TuneCUETP8M1 13TeV-amcatnloFXFX-pythia8 123.9 X X X
/WZTo3LNu TuneCUETP8M1 13TeV-powheg-pythia8 4.4297 X X X
/ZZTo4L 13TeV powheg pythia8 1.256 X X X
/ZZZ TuneCUETP8M1 13TeV-amcatnlo-pythia8 0.01398 X X X
/WZZ TuneCUETP8M1 13TeV-amcatnlo-pythia8 0.05565 X X X
/WWZ TuneCUETP8M1 13TeV-amcatnlo-pythia8 0.1651 X X X
/WZG TuneCUETP8M1 13TeV-amcatnlo-pythia8 0.04123 X X X
/WWG TuneCUETP8M1 13TeV-amcatnlo-pythia8 0.2147 X X X
/WWW 4F TuneCUETP8M1 13TeV-amcatnlo-pythia8 0.2086 X X X
/WWTo2L2Nu DoubleScattering 13TeV-pythia8 0.16975 X X X
/ST tWll 5f LO 13TeV-MadGraph-pythia8 0.01123 X X X
/WpWpJJ EWK-QCD TuneCUETP8M1 13TeV-madgraph-pythia8 0.03711 X X X
/GluGluHToZZTo4L M125 13TeV powheg2 JHUgenV6 pythia8 0.01181 X X X
/VHToNonbb M125 13TeV amcatnloFXFX madspin pythia8 0.9561 X X X
/TTHH TuneCUETP8M2T4 13TeV-madgraph-pythia8 0.000757 X X X
/TTZH TuneCUETP8M2T4 13TeV-madgraph-pythia8 0.001535 X X X
/TTZZ TuneCUETP8M2T4 13TeV-madgraph-pythia8 0.001982 X X X
/TTWZ TuneCUETP8M2T4 13TeV-madgraph-pythia8 0.003884 X X X
/TTTW TuneCUETP8M2T4 13TeV-madgraph-pythia8 0.000788 X X X
/TTTJ TuneCUETP8M2T4 13TeV-madgraph-pythia8 0.000474 X X X
/TTWH TuneCUETP8M2T4 13TeV-madgraph-pythia8 0.001582 X X X
/TTWW TuneCUETP8M2T4 13TeV-madgraph-pythia8 0.01150 X X X
/QCD Pt-20toInf MuEnrichedPt15 TuneCUETP8M1 13TeV pythia8 720648000 ⇥ 0.00042 X X TODO
/QCD Pt-15to20 MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8 1273190000 ⇥ 0.003 X X TODO
/QCD Pt-20to30 MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8 558528000 ⇥ 0.0053 X X TODO
/QCD Pt-30to50 MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8 139803000 ⇥ 0.01182 X X TODO
/QCD Pt-50to80 MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8 19222500 ⇥ 0.02276 X X TODO
/QCD Pt-80to120 MuEnrichedPt5 TuneCUETP8M1 13TeV pythia 2758420 ⇥ 0.03844 X X TODO
/QCD Pt-120to170 MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8 469797 ⇥ 0.05362 X X TODO
/QCD Pt-170to300 MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8 117989 ⇥ 0.07335 X X TODO
/QCD Pt-470to600 MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8 645.528 ⇥ 0.12242 X X TODO
/QCD Pt-600to800 MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8 187.109 ⇥ 0.13412 X X TODO
/QCD Pt-1000toInf MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8 10.4305 ⇥ 0.15544 X X TODO
/QCD Pt-20to30 EMEnriched TuneCUETP8M1 13TeV pythia8 557600000 ⇥ 0.0096 X X TODO
/QCD Pt-30to50 EMEnriched TuneCUETP8M1 13TeV pythia8 136000000 ⇥ 0.073 X X TODO
/QCD Pt-50to80 EMEnriched TuneCUETP8M1 13TeV pythia8 19800000 ⇥ 0.146 X X TODO
/QCD Pt-80to120 EMEnriched TuneCUETP8M1 13TeV pythia8 2800000 ⇥ 0.125 X X TODO
/QCD Pt-120to170 EMEnriched TuneCUETP8M1 13TeV pythia8 477000 ⇥ 0.132 X X TODO
/QCD Pt-170to300 EMEnriched TuneCUETP8M1 13TeV pythia8 114000 ⇥ 0.165 X X TODO
/QCD Pt-300toInf EMEnriched TuneCUETP8M1 13TeV pythia8 9000 ⇥ 0.15 X X TODO
/QCD Pt 20to30 bcToE TuneCUETP8M1 13TeV pythia8 557627000 ⇥ 0.00059 X X TODO
/QCD Pt 30to80 bcToE TuneCUETP8M1 13TeV pythia8 159068000 ⇥ 0.00255 X X TODO
/QCD Pt 80to170 bcToE TuneCUETP8M1 13TeV pythia8 3221000 ⇥ 0.01183 X X TODO
/QCD Pt 170to250 bcToE TuneCUETP8M1 13TeV pythia8 105771 ⇥ 0.02492 X X TODO
/QCD Pt 250toInf bcToE TuneCUETP8M1 13TeV pythia8 21094.1 ⇥ 0.03375 X X TODO
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Table 6: Effective areas for muons and electrons.
2016

Muons Electrons
|h| range A(µ) neutral |h| range A(e) neutral
0.0 � 0.8 0.0735 0.0 � 1.0 0.1752
0.8 � 1.3 0.0619 1.0 � 1.479 0.1862
1.3 � 2.0 0.0465 1.479 � 2.0 0.1411
2.0 � 2.2 0.0433 2.0 � 2.2 0.1534
2.2 � 2.5 0.0577 2.2 � 2.3 0.1903

2.3 � 2.4 0.2243
2.4 � 2.5 0.2687

2017/2018
Muons Electrons

|h| range A(µ) neutral |h| range A(e) neutral
0.0 � 0.8 0.0566 0.0 � 1.0 0.1440
0.8 � 1.3 0.0562 1.0 � 1.479 0.1562
1.3 � 2.0 0.0363 1.479 � 2.0 0.1032
2.0 � 2.2 0.0119 2.0 � 2.2 0.0859
2.2 � 2.5 0.0064 2.2 � 2.3 0.1116

2.3 � 2.4 0.1321
2.4 � 2.5 0.1654

Table 7: Isolation working points
2016

isolation value loose WP (e/µ) µ (Medium) WP e (Tight) WP
I1 0.4 0.16 0.12
I2 0 0.76 0.80
I3 0 7.2 7.2

2017/2018
isolation value loose WP (e/µ) µ (Medium) WP e (Tight) WP
I1 0.4 0.11 0.07
I2 0 0.74 0.78
I3 0 6.8 8.0

4.5 Lepton definitions309

The loose, tight and fakeable lepton definition, based the different identification and isolation310

definitions described in the previous sections, are summarized in the Table 9.311

4.6 Jets312

Jets are reconstructed from particle flow candidates, clustered with the anti-kt algorithm and313

with a cone size of DR < 0.4. Only jets above a transverse momentum pT > 40 GeV and314

within the tracker acceptance |h| < 2.4 are considered. To reject noise and mis-measured jets,315

the selected jets have to fulfill several identification criteria.316

For the 2016 data analysis the following criteria, corresponding to the loose JetID selection, are317

applied:318

• neutral hadronic energy fraction < 0.99319

⚫ Electron ID

• pT>15 GeV, |𝜂|<2.5

• dxy<0.5, d0<0.1, IP3D/𝜎(IP3D)<4

• Tight pT,𝜂-dependent MVA


⚫ Muon ID

• pT>10 GeV, |𝜂|<2.4

• dxy<0.5, d0<0.1, IP3D/𝜎(IP3D)<4

• dpT/pT<0.2

• medium Muon POG ID


⚫ Isolation for electrons, muons

• Multi-isolation variable — result of studies in fake lepton 

SUSY WG

• Requires


‣ Imini: relative isolation in pT-dependent cone

‣ pTratio: want lepton energy to dominate jet

‣ pTrel: protect against prompt-lepton overlap with 

random jets

• Split JEC to avoid overcorrection due to constituent 

lepton

‣ jet ← (jet*L1-lepton)*L2L3+lepton


• Separate working points for 2016, 2017/2018

http://cms.cern.ch/iCMS/jsp/openfile.jsp?tp=draft&files=AN2014_261_v2.pdf
http://cms.cern.ch/iCMS/jsp/openfile.jsp?tp=draft&files=AN2014_261_v2.pdf


Objects — jets/MET
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⚫ Jets

• pT>40 GeV, |𝜂|<2.4

• Recommended tight PF jet ID

• Lepton-cleaned (𝛥R>0.4)

• HT computed from scalar sum of pTs


⚫ B-tagged jets

• pT>25 GeV, |𝜂|<2.4 (note the lower threshold)

• Medium DeepCSV WPs for each year

‣ 70/12/1% b/c/udsg efficiencies


⚫ MET

• Type-I correction applied

• For 2017, using the recommended "METv2" recipe, 

excluding some candidates from the MET calculation at 
high 𝜂


• All recommended MET filters



Triggers
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⚫ Dilepton triggers for main analysis

• non-isolated+HT in 2016

• isolated for 2017, 2018


⚫ Auxiliary single lepton triggers for fake rate 
computation


⚫ Data/MC applied as corrections on top of 
simulated trigger decision

• Trigger maps from Laurent Thomas and 

SUS-19-008 analysis

3. Triggers 9

3 Triggers204

The analysis uses two slightly different trigger strategies for 2016 and 2017/2018 data. For 2016205

data, the dilepton + HT triggers are used, since they have slightly looser lepton requirements206

(they do not apply isolation), and are therefore slightly more efficient than the pure dilepton207

triggers. For 2017, these triggers were not available in RunB, which represent 12% of the 2017208

dataset, and therefore the pure dilepton triggers are used for the entirety of 2017 and 2018. We209

considered also using the pure dilepton triggers for 2016, to further simplify this treatment, but210

we prefer to avoid unnecessary changes to the published result, wherever possible. The full set211

of triggers used for selecting events in the signal regions are listed in Table 3.212

Table 3: Summary of the signal triggers
2016

HT,o f f Channel Trigger Name

> 300 GeV
µµ HLT DoubleMu8 Mass8 PFHT300
ee HLT DoubleEle8 CaloIdM TrackIdM Mass8 PFHT300
eµ HLT Mu8 Ele8 CaloIdM TrackIdM Mass8 PFHT300

2017
HT,o f f Channel Trigger Name

all

µµ HLT Mu17 TrkIsoVVL Mu8 TrkIsoVVL DZ Mass8
ee HLT Ele23 Ele12 CaloIdL TrackIdL IsoVL

eµ
HLT Mu23 TrkIsoVVL Ele12 CaloIdL TrackIdL IsoVL DZ
HLT Mu8 TrkIsoVVL Ele23 CaloIdL TrackIdL IsoVL DZ

2018
HT,o f f Channel Trigger Name

all

µµ HLT Mu17 TrkIsoVVL Mu8 TrkIsoVVL DZ Mass3p8
ee HLT Ele23 Ele12 CaloIdL TrackIdL IsoVL

eµ
HLT Mu23 TrkIsoVVL Ele12 CaloIdL TrackIdL IsoVL DZ
HLT Mu8 TrkIsoVVL Ele23 CaloIdL TrackIdL IsoVL DZ

An additional set of triggers is developed for a control sample selection for fake rate measure-213

ment. They require either a single lepton, or a single lepton and a jet in order to increase a purity214

of the collected data sample. The full list can be found in Table 4. Two sets of the auxiliary trig-215

gers are introduced in order to collect data with different online lepton IDs corresponding to216

the two sets of signal dilepton triggers.217

3.1 2016 trigger efficiency218

Computation of trigger efficiencies and scale factors for 2016 data is described in Section 4219

of [1]. Summarizing these results, the dilepton+HT trigger efficiency is found to be the product220

of lepton leg efficiencies (93-98% for electrons, 85-95% for muons), and the HT efficiency (98-221

99%). As a result the trigger efficiency for events passing the baseline selection in the 2016 data222

is greater than 95% for ee and eµ events, and about 92% for µµ events.223

3.2 2017 and 2018 trigger efficiency224

TODOThis section is identical to same-sign SUS analysis (AN-18-280), which provides trigger225

efficiency maps. These are currently being used for all 3 years.226
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Table 4: Summary of the control triggers ordered by lepton flavor and pT.
2016

HT,o f f Channel Trigger Name

> 300 GeV

µ
HLT Mu8

HLT Mu17

e
HLT Ele8 CaloIdM TrackIdM PFJet30

HLT Ele17 CaloIdM TrackIdM PFJet30
2017

HT,o f f Channel Trigger Name

all

µ
HLT Mu8 TrkIsoVVL
HLT Mu17 TrkIsoVVL

e
HLT Ele8 CaloIdL TrackIdL IsoVL PFJet30

HLT Ele23 CaloIdL TrackIdL IsoVL PFJet30
2018

HT,o f f Channel Trigger Name

all

µ
HLT Mu8 TrkIsoVVL
HLT Mu17 TrkIsoVVL

e
HLT Ele8 CaloIdL TrackIdL IsoVL PFJet30

HLT Ele23 CaloIdL TrackIdL IsoVL PFJet30

Analysis triggers

Fake rate triggers

4. Triggers 17

0

0.2

0.4

0.6

0.8

1

1.2

Ef
fic

ie
nc

y

 ∞∈  0.000± 0.946 
      µ  0.003± 25.304 
   σ  0.004± 1.990 

 ∞∈  0.000± 0.946 
      µ  0.003± 25.304 
   σ  0.004± 1.990 

 ∞∈  0.000± 0.967 
      µ  0.003± 23.330 
   σ  0.004± 1.128 

 ∞∈  0.000± 0.967 
      µ  0.003± 23.330 
   σ  0.004± 1.128 

HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVLTrigger: 
Ele23_CaloIdL_TrackIdL_IsoVL_L1EG24Leg: 

 2e, event firing HLT_Ele35_WPTight_GsfSelection:

Simulation

)-1 60 fb≈Data (2018, 

 = 13 TeVs, PreliminaryCMS 

0 10 20 30 40 50 60 70 80 90 100
 (l) (GeV)

T
p

0.8

0.9

1
1.1
1.2

D
at

a/
M

C

const     0.000± 0.969 const     0.000± 0.969 

0

0.2

0.4

0.6

0.8

1

1.2

Ef
fic

ie
nc

y

 ∞∈  0.000± 0.956 
      µ  0.067± 11.502 
   σ  0.084± 4.856 

 ∞∈  0.000± 0.956 
      µ  0.067± 11.502 
   σ  0.084± 4.856 

 ∞∈  0.000± 0.967 
      µ  0.005± 5.100 
   σ  0.055± 8.349 

 ∞∈  0.000± 0.967 
      µ  0.005± 5.100 
   σ  0.055± 8.349 

HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVLTrigger: 
Ele12_CaloIdL_TrackIdL_IsoVLLeg: 

 2e, event firing HLT_Ele35_WPTight_GsfSelection:

Simulation

)-1 60 fb≈Data (2018, 

 = 13 TeVs, PreliminaryCMS 

0 10 20 30 40 50 60 70 80 90 100
 (l) (GeV)

T
p

0.8

0.9

1
1.1
1.2

D
at

a/
M

C

const     0.000± 0.988 const     0.000± 0.988 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1 )-1

 6
0 

fb
≈

Tr
ig

ge
r E

ffi
ci

en
cy

 D
at

a 
(2

01
8,

 

 0.000245348±
0.00235607

 0.000130556±
0.00166309

 0.000989461±
0.265611

 0.000426919±
0.928394

 0.000294913±
0.940918

 0.000200476±
0.952913

 0.00011746±
0.961043

 0.00022726±
0.967562

 0.00052774±
0.970567

 0.000580133±
0.974029

 0.0017053±
0.977311

 0.00306732±
0.981685

 0.000277124±
0.00183993

 0.000193056±
0.00223729

 0.00120328±
0.23905

 0.000597828±
0.904451

 0.000392554±
0.924403

 0.000268489±
0.936431

 0.000168594±
0.945333

 0.00034217±
0.950128

 0.000753002±
0.959267

 0.000816057±
0.966216

 0.00253399±
0.969883

 0.00464706±
0.976967

 0.000355119±
0.00166705

 0.000575514±
0.010558

 0.00182971±
0.309703

 0.000676964±
0.943439

 0.00044285±
0.957475

 0.000314309±
0.961593

 0.0001726±
0.971809

 0.000340473±
0.97289

 0.000921529±
0.971317

 0.00100083±
0.977409

 0.00322094±
0.980759

 0.00663849±
0.982278

 0.0003852±
0.00094399

 0.000335419±
0.00189922

 0.00206101±
0.173101

 0.0010268±
0.931146

 0.000519135±
0.971893

 0.000368936±
0.976116

 0.000216029±
0.977581

 0.000362148±
0.982679

 0.000807781±
0.989349

 0.00101277±
0.989668

 0.00282882±
0.994326

 0.0120859±
0.982759

20 30 40 50 60 210 210×2 210×3  (GeV)
T,e

p
0

0.5

1

1.5

2

2.5| e
η|

HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVLTrigger: 
Ele23_CaloIdL_TrackIdL_IsoVLLeg: 

 2e, event firing HLT_Ele35_WPTight_GsfSelection:

 = 13 TeVs, PreliminaryCMS 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1 )-1

 6
0 

fb
≈

Tr
ig

ge
r E

ffi
ci

en
cy

 D
at

a 
(2

01
8,

 

 0.00253028±
0.498233

 0.00074745±
0.942244

 0.000533934±
0.939545

 0.000411909±
0.933721

 0.000294492±
0.941098

 0.000200458±
0.952921

 0.000117456±
0.961045

 0.00022726±
0.967562

 0.00052774±
0.970567

 0.000580133±
0.974029

 0.0017053±
0.977311

 0.00306732±
0.981685

 0.00315195±
0.388559

 0.00121857±
0.901326

 0.000744234±
0.92475

 0.000549604±
0.920666

 0.000390952±
0.925074

 0.000268355±
0.936499

 0.000168582±
0.945341

 0.000342154±
0.950133

 0.000752873±
0.959281

 0.000816057±
0.966216

 0.00253399±
0.969883

 0.00464706±
0.976967

 0.00410188±
0.332803

 0.00189871±
0.869182

 0.000896441±
0.945739

 0.000596129±
0.95675

 0.000438317±
0.95838

 0.000313657±
0.961759

 0.000172473±
0.971852

 0.000340339±
0.972912

 0.000921529±
0.971317

 0.00100083±
0.977409

 0.00322094±
0.980759

 0.00663849±
0.982278

 0.00607625±
0.37618

 0.00228666±
0.902368

 0.00110728±
0.956821

 0.000713907±
0.967982

 0.000514958±
0.972357

 0.000368628±
0.976156

 0.000216009±
0.977586

 0.000362148±
0.982679

 0.000807781±
0.989349

 0.00101277±
0.989668

 0.00282882±
0.994326

 0.0120859±
0.982759

20 30 40 50 60 210 210×2 210×3  (GeV)
T,e

p
0

0.5

1

1.5

2

2.5| e
η|

HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVLTrigger: 
Ele12_CaloIdL_TrackIdL_IsoVLLeg: 

 2e, event firing HLT_Ele35_WPTight_GsfSelection:

 = 13 TeVs, PreliminaryCMS 

Figure 12: Efficiencies of the leading (left) and trailing (right) electron legs of the isolated di-
electron triggers used in this analysis. Top: as a function of the electron pT for both 2018 data
(black dots) and simulation (red lines). Bottom: as a function of the electron pT and |h| for data.
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Figure 9: Efficiencies of the leading (left) and trailing (right) muon legs of the isolated dimuon
triggers used in this analysis. Top: as a function of the muon pT for both 2018 data (black dots)
and simulation (red lines). Bottom: as a function of the muon pT and |h| for data.
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Strategy: baseline selection
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⚫ Follow selections and strategy of published analysis with 2016 data (35.9fb-1) selected events 
passing the baseline

• same charge leptons or ≥3 leptons with pT>25/20(/20)GeV

• ≥2 jets, ≥2 b-tagged jets

• HT>300 GeV

• E̸T>50 GeV

• Z-boson veto (loose OSSF in 15GeV Z-window; if tight, promote the event to a separate 

control region)


⚫ After the baseline selections, backgrounds to deal with are

• ttW̅, ttZ̅ - constrain to data with dedicated control regions 
• ttH̅ - take from simulation with cross-section uncertainty 
• fake leptons - data-driven estimate of prompt-prompt from  

prompt-nonprompt × "fake-rate"

• ttVV, X+𝛾, Rares - MC-based

• charge flips - small background from e±e∓→e±e± estimated  

in similar data-driven way to fake leptons


⚫ Most discriminating variables are number of jets and number of b-tagged jets

• For ttt̅t ̅→ 2L, expect 8 jets, 4 of which are from b-quarks 

https://arxiv.org/pdf/1710.10614.pdf


Strategy: cut-based

!11

⚫ Cut-based approach

• Baseline events are separated into 14 bins depending 

on lepton and (b-tagged) jet multiplicities along with 2 
high statistics regions enriched in ttW̅ and ttZ̅ 
(inverting the Z-veto) for normalization constraints


⚫ Natural extension of 2016 analysis

5

HT, two alternative definitions of Nb based on b-tagging working points tighter or looser than
the default one, the scalar sum pT of b-tagged jets, the pT of the three leading leptons, of the
leading jet and of the sixth, seventh and eight jets, the azimuthal angle between the two lead-
ing leptons, the invariant mass formed by the leading lepton and leading jet, the charge of the
leading lepton, the ratio of jet mass over jet pT for the jet with the highest ratio. Top-tagging
algorithms based on invariant masses of jet combinations were also tested, but they were not
found to improve the expected significance, since they could only contribute in the handful of
events where all the top decay products were found, and these events already have very small
background yields. In each analysis, 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 1: Definition of the 14 SRs and two CRs, CRW and CRZ, for the full Run2 cut-based
analysis.

N` Nb Njets Region

2

2

 5 CRW
6 SR1
7 SR2

� 8 SR3

3

5 SR4
6 SR5
7 SR6

� 8 SR7
� 4 � 5 SR8

� 3

2
5 SR9
6 SR10

� 7 SR11

� 3
4 SR12
5 SR13

� 6 SR14
inverted Z-veto CRZ

5 Backgrounds
In addition to tttt , several other SM processes result in final states with same-sign dileptons or
at least three leptons, and several jets and b jets. These backgrounds mainly consist of processes
where tt is produced in association with additional bosons that decay to leptons, such as ttW,
ttZ, and ttH (H ! WW), as well as dilepton tt events with a charge-misidentified prompt
lepton and single-lepton tt events with an additional nonprompt lepton.

The prompt lepton backgrounds, dominated by ttW, ttZ, and ttH, are estimated using simu-
lated events. Dedicated control regions are used to constrain the normalization for ttW (cut-
based analysis) and ttZ (cut-based and BDT analyses), while for other processes the normaliza-
tion is based on the NLO cross-sections referenced in Section 2. Processes with minor contribu-
tions are grouped into three categories for the purposes of plotting and extracting results in the
analysis. The “ttVV” category includes the associated production of tt with a pair of bosons
(W, Z, H), dominated by ttWW. The “Xg” category includes processes where an electron is
produced in a photon conversion. These are dominated by ttg, with smaller contributions
from Wg, Zg, and tg. The “Rare” category includes all residual processes, with top quarks

Paper Table 1

20

Table 10: Definition of the 14 SRs and two CRs, CRW and CRZ, for the full Run2 analysis.
Nleps Nb jets Njets Region

2

2

 5 CRW
6 SR1
7 SR2

� 8 SR3

3

5 SR4
6 SR5
7 SR6

� 8 SR7
� 4 � 5 SR8

� 3

2
5 SR9
6 SR10

� 7 SR11

� 3
4 SR12
5 SR13

� 6 SR14
inverted Z-veto CRZ

Table 11: SR definitions and CRW definition for the 2016 analysis.
Nleps Nb jets 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

2016 Full Run 2



Strategy: BDT

!12

⚫ A multi-variate classifier is also trained to separate signal from background

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

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


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


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

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

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

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

• List of all 19 variables used

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

6.2 Selection and variables 23

• Df(j1, j2)464

• Df(`1, j1)465

• pT(ji) for i = 1 � 8466

• q1: sign of the same-sign lepton pair467

• Dh(`1, `2)468

• HT469

• H
ratio
T

: Ratio of HT of first four leading jets to rest470

• m(`1, j1)471

• Nlooseb: number of btags passing loose threshold472

• Ntightb: number of btags passing tight threshold473

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

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

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

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

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

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

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

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

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

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

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

guessing.485

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

They are487

• (a) Nbtags488

• (b) Njets489

• (c) Nlooseb490

• (d) MET491

• (e) Ntightb492

• (f) pT(`2)493

• (g) m(`1, j1)494

• (h) pT(j1)495

• (i) pT(j7)496

• (j) Df(`1, `2)497

• (k) pT(j6)498

• (l) max(m(j)/pT(j))499

• (m) Nleps500

• (n) pT(`1)501

• (o) Dh(`1, `2)502

• (p) pT(j8)503

• (q) H
b

T
504
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• (r) pT(`3)505

• (s) q1506

Kinematic distributions for these input variables are shown in Figure 6.507

6.3 Hyperparameters508

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

s + b and509

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

parameters is given by the strings511

• NTrees=500512

• nEventsMin=150513

• MaxDepth=5514

• BoostType=AdaBoost515

• AdaBoostBeta=0.25516

• SeparationType=GiniIndex517

• nCuts=20518

• PruneMethod=NoPruning519

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

• NTrees=200,500,1000521

• nEventsMin=50,150,300522

• MaxDepth=4,5,6523

• BoostType=AdaBoost,Bagging,Grad524

• AdaBoostBeta=0.1,0.25,0.8525

• SeparationType=GiniIndex,CrossEntropy526

• nCuts=5,20,100527

A similar hyperparameter scan for xgboost yielded the parameters528

• n estimators = 500529

• eta = 0.07530

• max depth = 5531

• subsample = 0.6532

• alpha = 8.0533

• gamma = 2.0534

• lambda = 1.0535

• min child weight = 1.0536

• colsample bytree = 1.0537

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

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

impactful hyper-parameters.540

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

s + b curves for541

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



Nonprompt lepton background
Evaluate fake rate (εTight/Loose) in a single-lepton 
control region dominated by QCD 
εT/L binned in pT, η, and lepton flavor 
Subtract EWK processes using MC 
• εT/L = (DataTight - EWKTight) / (DataLoose - EWKLoose) 
• Up to 100% uncertainty from EWK subtraction at high pT 

Apply εT/L on SR-like events with at least one 
LooseNotTight lepton 

EWK contamination here is less than 1%, no additional 
uncertainty 
30% uncertainty on yield based on MC closure tests
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Figure 31: 2017 MC: Electron+muon fake rate closure for QCD measurement in MC soup.

MC closure vs N(b-jets)



Charge misidentified lepton background

!14

Evaluate charge misidentification rate in MC 
Binned in pT, η, and lepton flavor 
Between 10-3 and 10-5 for electrons 
An order of magnitude smaller for muons: ignored 

Apply rate on SR-like events with opposite-sign 
leptons 

Test MC rate on same-sign Z(ee) events in data 
Good agreement in 2016 
1.4 normalization correction needed in 2017 and 2018 
20% uncertainty applied to account for possible kinematic 
dependence of the constant correction 

8.2 Charge misidentification 53

Figure 33: Electron charge flip rate for 2016, 2017, and 2018.

Charge flip rate, 2017, e

Z(ee) test of MC flip rate, 2018



Main prompt lepton backgrounds
ttW, ttH(WW), and ttZ are major  
backgrounds we take from MC 

Normalization: 
All recent measurements are high, so we allow significant uncertainty 
In addition, ttW and ttZ need many extra jets to enter our SR 
• 40% uncertainty for ttW and ttZ (same as 2016 paper) 
• 25% for ttH, based on 1.25±0.25 signal strength measurement  

• was 50% in 2016 paper, due to 1.5±0.5 signal strength measurement 

Shape and N(jets), N(b-jets) corrections: 
Scale and PDF variations have small effects, around 15% and 1% 
Since we have a large tt sample, we use tt measurements to correct ttW/ttZ/ttH 
• NISR/FSR jets correction (0.8 to 1.5): derived by ourselves per year (different tunes) 

• Uncertainty: half of the correction 
• Additional b jets correction (1.7 ± 0.6): based on ttbb/ttjj measurement by CMS 

• Uncertainty: measurement uncertainty (0.6/1.7 = 35%) 
• Additional uncertainty: 30% from differences between tt and ttW [ARC suggestion, after freezing] 
• This is the dominant systematic uncertainty in the analysis (±12% impact on measurement) 
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Other prompt lepton backgrounds
Other backgrounds grouped into three categories 

• Normalization uncertainty taken from the process with the largest uncertainty in 
each category: 11% for ttVV and Xγ, 20% for Rare 

• Shape uncertainty taken from scales/PDF: 15% / 1%

!16

8.3 Rare SM processes 55

8.3 Rare SM processes710

Rare SM processes that result in the production of same-sign leptons are estimated using MC711

samples. The processes with the largest contributions, ttW, ttZ and ttH, are treated individually712

and assigned separate uncertainties. Processes with smaller contributions, including diboson713

(WZ, ZZ) and triboson (WWW, WWZ, WZZ, ZZZ) , Higgs (HZZ, VH), same-sign WW from714

both single (qqWW) and double-parton scattering (DPS WW), rare top channels (tZq), and715

ttt+W,ttt+j are grouped in a single category termed ”Rare SM” in all plots. Similarly, processes716

where one of the leptons is an electron from an unidentified photon conversion are grouped717

in a category called ”X+g” in all plots: these include Wg, Zg, ttg and tg. Both the ”Rare SM”718

and ”X+g” categories are assigned a large (±50%) theoretical normalization uncertainty. The719

breakdown of the individual processes of the “Rare SM” category is shown in Figure 36 The720

theory uncertainties considered are described in more detail in Sec. 8.4.721

In addition to the theoretical uncertainties, all samples are assigned uncertainties based on722

reconstruction, as summarized in Section 9, due to JES, b-tagging, lepton and trigger scale723

factors uncertainties and luminosity. Finally, the statistical uncertainty of the MC samples is724

also taken into account.725

(a) (b)

Figure 36: Relative composition of multi-top (left) and multi-boson (right) rare backgrounds in
the signal regions for all MC.



Control regions kinematics
Large use of tt-dominated CRs (opposite-sign and tight-loose) to 
validate kinematics entering the BDT

!17

32

Figure 14: Data to simulation comparisons for 2016+2017+2018. From left top to right bottom
the HT, E/T, Njets, Nb jets, lepton flavor and raw BDT discriminant distributions are shown for
the opposite-sign dilepton baseline region. Shaded band shows MC stat uncertainty, except in
the case of the discriminator distribution, where it has been added in quadrature with scale,
btag, JEC, and JER variations

7.2 Same-sign tight+fail dilepton events 35

Figure 17: Data to simulation comparisons for 2016+2017+2018, for the additional variables
used by the BDT. From left top to right bottom, H

b

T
, Nlooseb, Ntightb, Df(`1, `2), Dh(`1, `2),

pT(`1), pT(`2), pT(`3), q1, m(`1, j1), max(m(j)/pT(j)) and the pT for jets 1,6,7, and 8; shown for
the opposite-sign dilepton baseline region.
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Figure 14: Data to simulation comparisons for 2016+2017+2018. From left top to right bottom
the HT, E/T, Njets, Nb jets, lepton flavor and raw BDT discriminant distributions are shown for
the opposite-sign dilepton baseline region. Shaded band shows MC stat uncertainty, except in
the case of the discriminator distribution, where it has been added in quadrature with scale,
btag, JEC, and JER variations



Systematics
Similar to 2016 analysis 

Main changes in this table:  
• smaller uncertainty on ttH (50% —> 25%) 
• smaller uncertainties for Rare, Xγ, ttVV (50% —> 11-20%) 
Year-to-year correlation model: 
• Only systematics marked with † are correlated 
• Since statistics dominates the measurement,  

extreme correlation models (all un/correlated)  
have at most a 2% effect on the signal strength 

• Individually (un)correlating uncertainties has  
a less than 1% effect
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8

lated) were tested for each experimental uncertainty and their impact on the results was found
to be smaller than 1%, so the experimental uncertainties are treated as fully uncorrelated. Sys-
tematic uncertainties in the data-driven estimates and theoretical uncertainties on the normal-
ization of each background process are treated as uncorrelated between processes but fully
correlated among signal regions and across the three years. Scale and PDF uncertainties, as
well as uncertainties on N

ISR/FSR
jets and on the number of additional b quarks, are correlated be-

tween processes, signal regions, and years. Statistical uncertainties due to the limited number
of simulated events or control region events are considered uncorrelated.

Table 2: 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. Uncertainties marked with a † in the first column are treated as fully correlated
across the three years.

Source Uncertainty (%)
Integrated luminosity 2.3–2.5
Pileup 0–5
Trigger efficiency 2–7
Lepton selection 2–10
Jet energy scale 1–15
Jet energy resolution 1–10
b tagging 1–15
Size of simulated sample 1–25
Scale and PDF variations † 10–15
ISR/FSR (signal) † 5–15
ttH (normalization) † 25
Rare, Xg, ttVV (norm.) † 11-20
ttZ, ttW (norm.) † 40
Charge misidentification † 20
Nonprompt leptons † 30–60

7 Results and interpretation
Distributions of the main kinematic variables (Njets, Nb, HT, and p

miss
T ) for events in the baseline

region, as defined in Section 4, are shown in Fig. 1 and compared to SM background predic-
tions. The Njets and Nb distributions for CRW and CRZ are shown in Fig. 2. The expected
SM tttt signal, normalized to its predicted cross section, is overlaid in both figures, and the
SM predictions are generally consistent with the observations, with an overall underestimation
visible in both the baseline region and in CRW and CRZ.

To estimate the significance of the observation relative to the background-only hypothesis, the
best-fit cross section for tttt , and the upper limit on s(pp ! tttt), the yields from the signal
regions, CRZ, as well as CRW for the cut-based analysis only, are combined in a maximum-
likelihood fit, following the procedures described in Ref. [54]. When determining the upper
limit on the 2HDM processes, the tttt process is treated as a background and assigned its
SM cross section and uncertainty. The likelihood fit incorporates as “nuisance” parameters
the experimental and theoretical uncertainties described in Section 6, and profiles them. The
values and uncertainties of most nuisance parameters are not affected by the fit, but the ones af-
fected include those corresponding to the ttW and ttZ normalizations, which are both scaled
by approximately 1.3 ± 0.2. in agreement with the ATLAS and CMS measurements of these

Paper Table 2



Results: sum of cut-based regions
Kinematic plots used to introduce cut-based results 

Pre-fit, stacked tttt with µ = 1 [was not stacked in frozen documentation]
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Paper Figure 1

78

Figure 55: Same as Figure 54 but with stacked signal, assuming signal strength of 1.

78

Figure 55: Same as Figure 54 but with stacked signal, assuming signal strength of 1.



Results: ttW and ttZ control regions
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⚫ Control regions for CRZ and CRW show similar ttV̅ scale factors to the 2016 
analysis — roughly 1.3 for both ttZ and ttW̅ (20% relative error from statistics), 
consistent with latest measurements

Paper Figure 2

11

Figure 2: Distributions in Njets and Nb in ttW (upper) and ttZ (lower) control regions, before
fitting to data. The hatched area represents the uncertainty in the SM background prediction,
while the solid line represents the overlaid tttt signal, assuming the SM cross section from
Ref. [27]. The lower panels show the ratios of the observed event yield to the total background
prediction. Bins without a data point have no observed events.

Figure 3: Observed yields in the control and signal regions for the cut-based (left) and BDT
(right) analyses, compared to the post-fit predictions for signal and background processes. The
hatched areas represent the total post-fit uncertainties in the signal and background predic-
tions. The lower panels show the ratios of the observed event yield and the total prediction of
signal and background.



Results: cut-based and BDT
Post-fit signal region yields 

Post/pre-fit scale factors are consistent 
between years and BDT/cut-based 
Fitted tttt signal strength close to 1 
• cut-based: 0.781 
• BDT: 1.048
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10 Kinematics909

Prefit kinematic distributions of the 2017 and 2018 data events passing the baseline selection910

and falling into the ttW control region are shown in Figs. 43-45. Similarly, distributions of911

events falling into the ttZ control region are shown in Figs. 47-45. The background prediction912

for the sum of signal regions is shown in Figs. 51-53.913

process SF (2016) SF (2017) SF (2018) SF (Run2)
ttz 1.58 1.005 1.207 1.258
ttw 1.347 1.35 1.156 1.299
tth 1.087 1.089 1.045 1.088
tttt 1.175 0.845 1.451 1.053
fakes 1.064 1.163 1.081 1.125
xg 1.06 1.035 1.015 1.014
rares 1.055 1.017 1.023 1.017
ttvv 1.028 1.018 1.02 1.011
flips 1.016 1.007 0.999 1.001

Table 17: Postfit/prefit scale factors with the BDT analysis. These are the ratio of the normaliza-
tions before and after the fit, and they are impacted by all nuisance parameters affecting each
background. For this reason, they are not necessarily expected to be consistent between years,
as are the individual nuisance parameters themselves (shown in Appendix A).



Results: cut-based and BDT
Post-fit signal region yields 

Post/pre-fit scale factors are consistent 
between years and BDT/cut-based 
Fitted tttt signal strength close to 1 
• cut-based: 0.781 
• BDT: 1.048
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Paper Table 4: BDT yields

Post-fit/pre-fit normalizations, BDT

Paper Table 3: cut-based yields
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Table 3: 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 for the cut-based analysis.

SM background tttt Observed
CRZ 101.17±10.12 0.83± 0.50 104
CRW 331.25±18.64 3.86± 2.30 338
SR1 25.65± 2.11 1.97± 1.19 33
SR2 9.15± 1.27 1.12± 0.65 9
SR3 2.01± 0.59 0.73± 0.42 3
SR4 11.36± 1.33 1.57± 0.91 14
SR5 5.04± 0.80 1.67± 0.96 5
SR6 2.29± 0.41 1.19± 0.68 8
SR7 0.71± 0.21 0.88± 0.48 0
SR8 3.32± 0.97 2.20± 1.28 5
SR9 6.84± 0.80 0.70± 0.39 6

SR10 2.10± 0.31 0.35± 0.22 3
SR11 1.38± 0.75 0.23± 0.14 1
SR12 2.04± 0.48 0.58± 0.34 2
SR13 1.10± 0.30 0.69± 0.40 2
SR14 0.87± 0.30 0.80± 0.45 1

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 for the BDT analysis.

SM background tttt Observed
CRZ 102.28±11.59 1.11± 0.43 104
SR1 3.95± 0.96 0.00± 0.00 4
SR2 14.19± 1.76 0.01± 0.01 19
SR3 25.53± 3.53 0.04± 0.03 19
SR4 33.96± 4.01 0.08± 0.05 33
SR5 36.67± 3.97 0.15± 0.07 36
SR6 39.81± 4.16 0.23± 0.12 44
SR7 40.32± 3.73 0.31± 0.16 41
SR8 47.29± 4.33 0.71± 0.28 46
SR9 58.51± 5.22 1.17± 0.47 48

SR10 52.16± 4.28 1.91± 0.74 61
SR11 43.02± 3.54 2.97± 1.19 62
SR12 32.12± 3.06 3.72± 1.41 40
SR13 16.73± 1.65 4.23± 1.64 15
SR14 10.16± 1.26 4.15± 1.60 16
SR15 5.05± 0.82 4.07± 1.56 4
SR16 2.50± 0.63 3.35± 1.26 7
SR17 0.57± 0.36 1.08± 0.42 3
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Numerical results
Results are consistent between analyses and with the SM 
expectation, with the BDT observed results reaching 2.6 sigma 
significance 

Reminder: 2016 analysis measured σ(tttt) = 17+14-11 fb 
Reminder: SM tttt: 12+2.2-2.5 fb
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Significance 95% U.L. [fb] σ(tttt) [fb]

Run2 cut-based 1.7 (2.5) 20.1 (9.4+4.4-2.9) 9.3+6.2-5.7

Run2 BDT 2.5 (2.7) 22.6 (8.6+3.9-2.6) 12.5+5.8-5.3

Note : expected U.L. assumes no SM tttt



Top yukawa interpretation
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⚫ Diagrams with virtual Higgs bosons make 𝜎(pp→ttt̅t)̅ a function of yt

⚫ We interpret the cross-section measurement and upper limits as constraints on the 

top yukawa coupling constant

⚫ Results are not constant vs yt because ttH background grows with yt2

⚫ Result: |yt/ytSM| < 1.7 @ 95%CL   [was 2.1 in 2016 analysis]
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2HDM interpretation
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⚫ Originally part of the same-sign SUSY analysis, but now in tttt

⚫ Type-II 2HDM with associated production of a heavy scalar H 

and pseudoscalar A decaying into tt ̅(tan𝛽~1), giving rise to 
final states with 3 and 4 top quarks


⚫ Excellent final state for the ttt̅t ̅analysis 

• Exclusion gain of 100-140 GeV w.r.t. 2016 SUSY analysis
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Figure 4: The predicted SM value of s(pp ! tttt) [2], calculated at LO with an NLO/LO
K-factor of 1.27, as a function of |yt/y

SM
t | (dashed line), compared with the observed value of

s(pp ! tttt) (solid line), and with the observed 95% CL upper limit (hatched line).

Figure 5: Cross section limits, as a function of boson mass, for heavy scalar (left) and pseu-
doscalar (right) bosons, produced in association with one or two top quarks. The bosons sub-
sequently decay to top quark pairs. The theoretical cross sections are shown with solid red
lines.

https://arxiv.org/pdf/1704.07323.pdf


Summary and Next Steps
Summary: 

Presented two analyses, cut-based and BDT, reaching ~2.5 sigma of 
expected significance for SM tttt production 
• Significant improvement with respect to the 1.0 sigma of 2016 (ATLAS and CMS) 
BDT result also used to constrain Top Yukawa and 2HDM 
• Top Yukawa: 95% U.L. goes from 2.1 (2016) to 1.7 (full Run 2) 
• 2HDM: 95% U.L. go from 360-410 GeV (2016) to 470-550 GeV (full Run 2) 

Next steps: 
CCLE is currently reviewing Paper for a quick conversion to PAS 
Authors have no further analysis improvement planned for the Paper 
• Possible exceptions would be updated ttH and tt+bb measurements, which could 

be easily integrated 
Could consider adding additional interpretations, such as low-mass 
(m<2mt) scalars or vectors with enhanced top couplings, if kinematics 
match SM tttt

!26



Backup
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↑

⚫ Data fake rate as a function of pT is similar across the years

⚫ 2018 to be checked again with latest recipes/JECs

⚫ In addition to statistics, a 30% normalization uncertainty is taken for fakes, as well as a shape 

uncertainty based on the electroweak subtraction method

Yearly lepton fake rate vs pT
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↑
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Flip rate vs time
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⚫ Opposite-sign dilepton control region used to estimate 
(small) charge flip background in signal region with a 
MC-based flip rate transfer factor (SS prediction = OS * 
TF)


⚫ Summary plot (right) shows simulated flip rate and 
observed flip rate (ratio of same-sign to opposite-sign 
in Z peak)

• MC had good modeling of data flip rate in 2016, 

while it underpredicted starting in 2017 due to pixel 
issues


⚫ A scaling factor to account for data/MC is applied per 
year for closure (bottom), and a 20% systematic is 
taken on the size of this background

Electron charge flip rate
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↑

⚫ A few past updates on data comparisons with 2017 and 2018 datasets from SUS talk and TOP 
talk (e.g., pixel issues in 2017, HEM15/16 impact on fake background in 2018, impact of L1 
prefiring in 2016 and 2017)


⚫ Summary of main issues and actions


• 2016/2017 (prefiring issue)

‣ Apply event-level weights to simulation based on non-prefiring probability maps for 

2016 and 2017

‣ Results in a ~3% loss of ttt̅t ̅signal for those periods


• 2017 (pixel issues)

‣ No change made

‣ Small loss of electron efficiency due to tight charge requirements for our electron ID, at 

the cost of keeping charge flip background small


• 2018 (HEM)

‣ No direct change made

‣ Tight ID+Iso requirements for leptons largely protects us from fake leptons from HEM 

region — averaged over the Run2 dataset, the fake background increase is 
approximately 2%


‣ Data-driven fake rate method, on average, accounts for fake rate differences

Data quality issues + corrections
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https://indico.cern.ch/event/770079/
https://indico.cern.ch/event/780167/
https://indico.cern.ch/event/780167/
https://indico.cern.ch/event/770079/
https://indico.cern.ch/event/770079/
https://indico.cern.ch/event/770079/


↑

⚫ In addition to 2HDM, there may be other contributors to ttt̅t ̅production

⚫ In particular, arxiv:1611.05032 finds that a top-philic neutral Z’ boson, 

or a neutral scalar 𝜙 with yukawa couplings to top, can give significant 
off-shell contributions to pp→ttt̅t ̅

Z’, 𝜙 contributions to pp→ttt̅t ̅
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Figure 9: Predictions for the deviation �NP+SM/�SM in the pp ! tt̄tt̄ cross-section at
p
s = 13

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

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

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

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

LZ0 = �gtZ0 t̄R /Z
0
tR . (4)

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

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

L� = �yt�t̄L�tR + h.c. . (5)

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

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

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

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

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

as an on-shell resonance that decays to tt̄, and consequently motivating and resulting in a somewhat different
search strategy.
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Figure 9: Predictions for the deviation �NP+SM/�SM in the pp ! tt̄tt̄ cross-section at
p
s = 13

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

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

(Dark Cyan) and 900 fb�1 (Green) respectively, for the Z 0 model (Left) and the � scalar model
(Right). The existing bound extracted from the recent CMS search [49] is shown in gray shade and
bounded by a dashed contour.
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Private generation Private generation

top pT

⚫ In the range of mt<mZ’<2mt, or for full range of 𝜙 masses considered, kinematics do not play a role 
— ttt̅t ̅cross-section changes by a pure rescaling, as the authors verified


⚫ While discussing with the authors, we have also simulated several mass points, reproducing the 
cross-section deviation curves (left) as well as showing the mass-independence of kinematics (right)


This interpretation is not yet in the analysis note, but…

→ SM ttt̅t ̅measurement results from this analysis can be directly converted into constraints on 
these mediators with no extra samples



↑

⚫ ~14% higher after yield in tt→̅2l region (which has a HT>300GeV 
requirement) attributed to trend in HT (right)


⚫ Variety of data-collection differences between the two periods

HEM: Before/after data comparisons
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⚫ Prefire issue in a nutshell (or more details) — we could be preferentially losing events with high 
energy, high 𝜂 deposits (e.g., SUSY signal) due to bad timing + trigger rules


⚫ Take inefficiency maps from

• https://ncsmith.web.cern.ch/ncsmith/PrefireEfficiencyMaps/Preliminary/

Jet_L1FinOReff_bxm1_looseJet_SingleMuon_Run2016B-H.pdf (Jet map 2016B-H)

• https://lathomas.web.cern.ch/lathomas/TSGStuff/L1Prefiring/PrefiringMaps/ (Jet map 2017B-F)


⚫ Consider all jets in the event and get a multiplicative scale factor < 1 to apply to MC → SFtot = (1-
SF(pT(j1),𝜂(j1))) * (1-SF(pT(j2),𝜂(j2)) * …


⚫ Check scale factors for 2016 and 2017

• Also have checked photon-based maps and found them to be sub 0.1%


⚫ Links

• Nick Smith’s inefficiency maps (and prefire study github repo)

• Laurent Thomas’ inefficiency maps


⚫ ttt̅t ̅signal scaled down by 2.5% (4.7%) in 2016 (2017)

⚫ For reference, the affected datasets (2016+2017) are 58% of the Run2 dataset by integrated 

luminosity

2016+2017 L1 prefiring

�34

https://indico.cern.ch/event/734040/contributions/3027213/attachments/1661400/2661895/nsmith_Prefire_2017ana_june4.pdf
https://ncsmith.web.cern.ch/ncsmith/PrefireEfficiencyMaps/Preliminary/Jet_L1FinOReff_bxm1_looseJet_SingleMuon_Run2016B-H.pdf
https://ncsmith.web.cern.ch/ncsmith/PrefireEfficiencyMaps/Preliminary/Jet_L1FinOReff_bxm1_looseJet_SingleMuon_Run2016B-H.pdf
https://lathomas.web.cern.ch/lathomas/TSGStuff/L1Prefiring/PrefiringMaps/
https://ncsmith.web.cern.ch/ncsmith/PrefireEfficiencyMaps/Preliminary/
https://github.com/nsmith-/PrefireAnalysis#jet-prefire-efficiencies
https://lathomas.web.cern.ch/lathomas/TSGStuff/L1Prefiring/PrefiringMaps/
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⚫ Estimate fake or non-prompt leptons

⚫ In QCD-enriched measurement region (E⁄T, mT<20 GeV), calculate fake rate (f) as 

probability for loose object to pass tight selection, as function of pT and 𝜂

⚫ 2016 result normalizes EWK contribution (W+DY) in a MET>20, 70<MT<120 

window

⚫ To avoid QCD contamination, new method uses MET,MT>30 and a template fit of 

EWK contributions and QCD (from either data by inverting the isolation 
requirement, or directly from QCD MC)


⚫ Fit variations can then be considered in the EWK systematic applied to the 
nonprompt background

EWK normalization
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Flip rate closure
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Figure 33: Predicted and observed lepton pT (left) and h (middle) and m`` (right) in a same-sign
Z!ee peak for years 2016, 2017, and 2018 from top to bottom. The prediction is normalized to
the observed data.
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Figure 34: Electron charge flip rate in simulation and data as a function of time
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⚫ 2017 MC

Fake rate closure
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68

8.1.3 Fake Rate closure in MC: tt and W+jets: 2017/2018 samples649

Using these definitions, we tested the closure of the method in the baseline and signal regions650

and, inclusively in lepton pT, for the most relevant kinematic distributions in 50 and 51. the651

level of closure obtained is typically at 30% or better, similar to the 2016 one. The closure in the652

electron channel showed a potential trend at high pT, with deviations up to 60% (update with653

full samples).654

Figure 50: 2017 MC: Electron+muon fake rate closure for QCD measurement in MC soup.
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⚫ Electrons [|𝜂| < 2.5]

• Tight pT, η-dependent MVA

• dz, dxy, sip3D(=IP3D/𝜎IP3D) cuts


⚫ Muons [|𝜂| < 2.4]

• Muon POG: medium muon ID

• dz, dxy, sip3D cuts

• dpT/pT<0.2

Leptons (ID)

�38

5. Object Definition and Selection 29

Table 5: Lower cut on the electron MVA discriminant for the various electron ID used in this
analysis.

2016
pseudorapidity region momentum [ GeV ] loose WP (non iso trigger) loose WP (iso trigger) tight WP
0 < |h| < 0.8 5 < pT < 10 -0.30 -0.46 N/A
0 < |h| < 0.8 10 < pT < 15 -0.86 -0.48 0.77
0 < |h| < 0.8 pT > 25 -0.96 -0.85 0.52
0.8 < |h| < 1.479 5 < pT < 10 -0.36 -0.03 N/A
0.8 < |h| < 1.479 10 < pT < 15 -0.85 -0.67 0.56
0.8 < |h| < 1.479 pT > 25 -0.96 -0.91 0.11
1.479 < |h| < 2.5 5 < pT < 10 -0.63 0.06 N/A
1.479 < |h| < 2.5 10 < pT < 15 -0.81 -0.49 0.48
1.479 < |h| < 2.5 pT > 25 -0.95 -0.83 -0.01

2017
pseudorapidity region momentum [ GeV ] loose WP (non iso trigger) loose WP (iso trigger) tight WP
0 < |h| < 0.8 5 < pT < 10 -0.135 0.488 N/A
0 < |h| < 0.8 10 < pT < 25 �0.930 + 0.043

15 ⇥(pT-10) �0.788 + 0.148
15 ⇥(pT-10) 0.2 + 0.032⇥(pT-10)

0 < |h| < 0.8 pT > 25 -0.887 -0.64 0.68
0.8 < |h| < 1.479 5 < pT < 10 -0.417 -0.045 N/A
0.8 < |h| < 1.479 10 < pT < 25 �0.930 + 0.04

15 ⇥(pT-10) �0.850 + 0.075
15 ⇥(pT-10) 0.1 + 0.025⇥(pT-10)

0.8 < |h| < 1.479 pT > 25 -0.890 -0.775 0.475
1.479 < |h| < 2.5 5 < pT < 10 -0.470 0.176 N/A
1.479 < |h| < 2.5 10 < pT < 25 �0.942 + 0.032

15 ⇥(pT-10) �0.810 + 0.077
15 ⇥(pT-10) �0.1 + 0.028⇥(pT-10)

1.479 < |h| < 2.5 pT > 25 -0.910 -0.733 0.320

2018
pseudorapidity region momentum [ GeV ] loose WP (non iso trigger) loose WP (iso trigger) tight WP
0 < |h| < 0.8 5 < pT < 10 0.053 1.320 N/A
0 < |h| < 0.8 10 < pT < 25 �0.106 + 0.062⇥(pT-25) 1.204 + 0.066⇥(pT-25) 4.277 + 0.112⇥(pT-25)
0 < |h| < 0.8 pT > 25 -0.106 1.204 4.277
0.8 < |h| < 1.479 5 < pT < 10 -0.434 0.192 N/A
0.8 < |h| < 1.479 10 < pT < 25 �0.769 + 0.038⇥(pT-25) 0.084 + 0.033⇥(pT-25) 3.152 + 0.060⇥(pT-25)
0.8 < |h| < 1.479 pT > 25 -0.769 0.084 3.152
1.479 < |h| < 2.5 5 < pT < 10 -0.956 0.362 N/A
1.479 < |h| < 2.5 10 < pT < 25 �1.461 + 0.042⇥(pT-25) �0.123 + 0.053⇥(pT-25) 2.359 + 0.087⇥(pT-25)
1.479 < |h| < 2.5 pT > 25 -1.461 -0.123 2.359

As the electron charge can be determined with three different techniques [12], and as the mis-310

measurement of the lepton charge can lead to accept more background after the selection, the311

requirement to get a consistent charge measurement with the three methods is considered in312

some of the electron definitions used in the analysis. To reject electrons originating from photon313

conversion, two variables are considered: the number of missing pixel hits and a conversion314

veto based on the vertex fit probability. Finally, impact parameter variables are also consid-315

ered: impact parameter in the transverse plane d0, impact parameter along the z axis dz, and316

the impact parameter significance in the detector space SIP3D.317

5.2 Muon identification318

Two working points are considered for the muon identification. The loose working point fol-319

lows the ”muon POG Loose ID” described in [13], while the tight working point is given by320

the list of requirements known as the ”muon Medium Id”, defined in [14]. Only muons within321

the muon system acceptance |h| < 2.4 are considered. Impact parameter selection is also ap-322

plied on muons, and use the variables already defined in the previous section. Contrary to the323

32

Table 8: Electron selection criteria used for the emulation of the high level trigger selection (all
years).

variable barrel, |h| < 1.4442 endcaps, 1.566 < |h| < 2.4
Identification criteria

|Dh In| < 0.01 0.01
|DfIn| < 0.04 0.08
sIh Ih < 0.011 0.031
H/E < 0.08 0.08
|1/E � 1/p| < 0.01 0.01

Isolation criteria (HLT isolated legs only)
relative ecal PFCluster isolation (dR=0.3) 0.45
relative hcal PFCluster isolation (dR=0.3) 0.25
relative track pT isolation 0.2

5.5 Lepton definitions359

The loose, tight and fakeable leptons are then defined combining the different identification360

and isolation definitions described in the previous sections. Those definitions are summarized361

in the Table 9.362

Table 9: Summary of the lepton selection. (all years)
variable muons electrons

loose fakable tight loose fakable tight
identification loose ID medium ID medium ID loose WP loose WP tight WP
isolation loose WP loose WP µ WP loose WP loose WP e WP
HLT emulation – – – – ⇥ ⇥
|d0| (cm) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
|dz (cm) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
SIP3D – < 4 < 4 – < 4 < 4
missing inner hits – – –  1 = 0 = 0
conversion veto – – – ⇥ ⇥ ⇥
tight charge - ⇥ ⇥ - ⇥ ⇥

https://twiki.cern.ch/twiki/bin/viewauth/CMS/SWGuideMuonIdRun2
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⚫ Truth-level b-tag composition of ttW̅ events passing the baseline 
selection for 2016+2017 MC (unweighted events) shows that the

• 3 reco-btag bin is dominated by charm mistags

• 4 reco-btag bin is dominated by 4 true b-jets (tt+̅(gluon→bb̅))

B-tag composition of ttW̅

�39
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topology of the events included in those signal regions. If considering only highly populated793

signal regions to get an overview of the main effects on the background yields, the bulk of the794

ttW and ttH yield varies by ⇠8% and the ttZ yield by ⇠6%.795

When applying b-tagging efficiency scale factors, it is possible to apply period-dependent scale796

factors, rather than an average scale factor for the entire 2016 dataset. This is relevant for signal797

regions where several mistags from light jets are expected, since the mistag SFs for light jets798

are time-dependent. When checking the flavor composition of our main background ttW, as in799

Figure 39, we find that none of our Nb jets bins are dominated by events with multiple light jets,800

so the period-dependent scale factors are not necessarily warranted. As expected, when we do801

apply them, we find negligible differences in our background predictions with respect to the802

nominal scale factors. For 2017, we apply period-dependent b-tagging SFs.803

Events from processes such ttW and ttZ, which have two b quarks from the decay of the two804

top quarks, primarly enter regions requiring three or more b-tagged jets by either the mis-tag805

of a charm quark from the hadronic decay of a W boson or from the production of additional806

heavy flavor, primarily from an ISR or FSR gluon which splits to a bb pair. In 2016, events807

in simulation containing additional HF quarks not from top or W decays were scaled up to808

account for SFs(tt̄bb̄)/s(tt̄jj̄) ⇠ 1.7 ± 0.6 as measured by TOP-16-010. In the high Nbtag signal809

region bins where this effect is dominant, this resulted in a systematic uncertainty up to 20%. In810

2017, new preliminary measurements indicate that a correction is no longer needed. Based on811

TOP-17-021, we now apply a scale factor of SFs(tt̄bb̄)/s(tt̄jj̄) ⇠ 1.0± 0.35, resulting in a systematic812

uncertainty of up to XX% in the highest Nbtag regions.813

Figure 39: Flavor composition breakdown of the ttW sample, in bins of number of b-tagged jets
for 2016+2017MC

Trigger efficiency scale factors obtained from data are applied to correct the simulation.814

Lepton efficiency scale factors [11], accounting for differences between the Data and MC for815

reconstruction and identification of electrons and muons, are applied to all MC events. They816

result in uncertainties of approximately 3% for muons and 4% for electrons for 2016, and 3%817

for muons and 4% for electrons for 2017.818

The simulation is reweighted to match the expected data distribution in the number of collision819

per events; the uncertainty on the minimum bias cross-section is propagated to the final yields820

with an effect at the level of 3% or less for 2016, and XYZ for 2017.821

The ttW and ttZ simulation is reweighted to match the number of additional ISR/FSR jets822

observed in data, as described in Section 2. An uncertainty equivalent to 50% of the difference823



↑

⚫ DeepFlavour exists in 102X MC and can be re-run by the user on 94X MC (WPs,SFs exist for 2017 
MC)


⚫ ROC curves below for signal and main bgs

⚫ Charm mistag eff. relatively increases by ~20% from DeepCSV to DeepFlavour

⚫ Explore using tighter WP on next slide


• But bottom line is that medium WP increases backgrounds too much (charm mistags), but tight 
WP loses too much signal efficiency to warrant usage

DeepCSV vs DeepFlavour
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 which        WP   old sig   new sig   old bkg   new bkg

 b_vs_light    L  86.67 91.12 11.28 12.03

 b_vs_light    M  71.16 80.54 1.20 1.45

 b_vs_light    T  53.75 64.03 0.14 0.13

 b_vs_c        L  86.67 91.12 43.74 49.03

 b_vs_c        M  71.16 80.54 11.93 15.39

 b_vs_c        T  53.75 64.03 2.23 2.46

 b_vs_all      L  86.67 91.12 16.61 16.93

 b_vs_all      M  71.16 80.54 2.96 3.30

 b_vs_all      T  53.75 64.03 0.48 0.44

 which        WP   old sig   new sig   old bkg   new bkg

 b_vs_light    L  86.56 91.02 11.87 12.99

 b_vs_light    M  71.03 80.28 1.27 1.52

 b_vs_light    T  53.52 63.63 0.14 0.14

 b_vs_c        L  86.56 91.02 44.47 49.64

 b_vs_c        M  71.03 80.28 12.26 15.70

 b_vs_c        T  53.52 63.63 2.39 2.47

 b_vs_all      L  86.56 91.02 17.62 18.20

 b_vs_all      M  71.03 80.28 3.20 3.54

 b_vs_all      T  53.52 63.63 0.54 0.47

 which        WP   old sig   new sig   old bkg   new bkg

 b_vs_light    L  87.58 91.91 12.28 13.44

 b_vs_light    M  72.49 81.53 1.43 1.80

 b_vs_light    T  55.07 65.03 0.15 0.15

 b_vs_c        L  87.58 91.91 44.64 49.92

 b_vs_c        M  72.49 81.53 12.28 16.06

 b_vs_c        T  55.07 65.03 2.34 2.49

 b_vs_all      L  87.58 91.91 18.34 18.96

 b_vs_all      M  72.49 81.53 3.46 3.96

 b_vs_all      T  55.07 65.03 0.56 0.51

 which        WP   old sig   new sig   old bkg   new bkg

 b_vs_light    L  86.04 91.03 12.02 12.96

 b_vs_light    M  69.58 80.01 1.33 1.60

 b_vs_light    T  51.19 62.98 0.16 0.15

 b_vs_c        L  86.04 91.03 44.30 50.21

 b_vs_c        M  69.58 80.01 12.31 16.03

 b_vs_c        T  51.19 62.98 2.32 2.54

 b_vs_all      L  86.04 91.03 17.95 18.51

 b_vs_all      M  69.58 80.01 3.35 3.75

 b_vs_all      T  51.19 62.98 0.56 0.51

ttW ttZ ttH tttt



↑

⚫ Below are plots of signal/background fraction (wrt baseline selection with relaxed 
Nb≥0) moving along discriminator cut values from medium to tight, separately for 
Nb==2,3,4 bins

• Note, background is just ttW 

⚫ Moving from medium DeepCSV WP to medium DeepFlavour increases signal 
efficiency at the cost of big background increases (compare orange M with 
blue M) 

⚫ The tight WP for DeepFlavour loses quite a bit of signal efficiency to warrant going 
from DeepCSV M→DeepFlavour T


⚫ Try to find DeepFlavour cut value that maintains DeepCSV background efficiency 
and write the relative signal efficiency gain. For Nb==3/4, cut values around 
0.43/0.46 give 12/22% relative signal efficiency gain for the same bkg eff.


⚫ Now using 0.45 as the cut value for DeepFlavour and make ttW/ttttt Nb distributions 
on the right — orange and blue match in Nb==3/4 bins by construction

DeepFlavour M→T WP

�41

Nb



↑

⚫ Why does the ttV̅ analysis see more gain than ttt̅t ̅when going from nominal→leptonMVA

⚫ Plot efficiency of LeptonMVA and nominal selection vs jet pTratio

⚫ LeptonMVA has higher efficiency overall coming from the good leptons in the peak at jet 

pt ratio ~ 1, whereas it still only matches the efficiency of RA5 in the secondary peak 
since RA5 uses an OR of high pTratio, high pTrel

• This would cause tttt to suffer more/gain less than less busy events like ttV 

LeptonMVA

�42



↑

⚫ Going from old to new recommendation in 2017 JECs 
(V6→V10), ttt̅t ̅signal efficiency suffers by nearly 10% 
(HyperNews)

• Due to large shifts in pTratio, pTrel variables (right), 

which are constituents of the multi-isolation selection

• Shifts induced by L1 and L2L3 increase and decrease 

in V32 with respect to V6 — ratios for L1, L2L3, 
L1L2L3 (below)


• L1L2L3 is nearly identical between the two versions

⚫ Current practical solution is to re-derive multi-iso WPs 
→ in progress

New JEC for 2017
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https://hypernews.cern.ch/HyperNews/CMS/get/JetMET/1891/1/1.html


↑

• More data — 35.9fb-1 → 136.3fb-1 
(35.9+41.5+58.3)

• Finer binning of signal regions


⚫ Latest NLO cross-section of 11.97fb (compared 
to 9.2fb before)


• Explored event-level BDT in addition to cut-based


⚫ Fake background

• Lepton isolation WP re-tuning starting in 2017 

to deal with increased fakes

• Template fit for better normalization in 

electroweak subtraction

Analysis changes for Run2
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↑

⚫ Investigated, but did not pursue, a few other possible 
changes

• Top-tagging (resolved/merged)

• LeptonMVA (performance degradation compared to 

multi-iso approach)

• Hadronically-decaying tau leptons (fake background 

significantly larger)

• Jet, b-tagged jet, lepton pT thresholds (negligible 

impact)

• DeepFlavour (larger background from increased charm 

mistag efficiency)

Analysis changes for Run2

�45



↑

ttbb/ttjj
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↑

⚫ Separate tt+̅HF if there is a b not from a top

⚫ Would need to scale this contribution by ~50% to 

account for the ratio in Nb=3 bin

⚫ No ttb̅b̅/ttj̅j correction of 1.7 here

tt+̅HF correction

�47



Prefit (top) and postfit (bottom)
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Figure 56: Data yields compared to prefit for cut-based (left) and BDT (right) analyses sepa-
rately for data periods 2016, 2017, 2018, Run2 from top to bottom.

81

Figure 57: Data yields compared to postfit for cut-based (left) and BDT (right) analyses.

Table 18: Prefit event yields in SR+CR regions for 2016.
ttW ttZ ttH ttVV X+g Rares Charge misid. Nonprompt lep. SM expected Data tttt

CRZ 0.50± 0.19 14.01± 5.20 0.69± 0.18 0.50± 0.06 0.06± 0.01 2.79± 0.58 0.02± 0.00 0.42± 0.17 18.98± 5.34 31 0.25± 0.04
CRW 22.56± 8.02 6.31± 2.31 8.44± 2.14 1.76± 0.21 4.41± 0.71 2.24± 0.49 4.95± 0.95 10.05± 3.82 60.72± 9.63 82 1.23± 0.10
SR1 1.87± 0.71 0.68± 0.26 1.12± 0.31 0.27± 0.04 0.18± 0.07 0.21± 0.06 0.12± 0.02 0.70± 0.32 5.16± 0.98 8 0.58± 0.07
SR2 0.61± 0.25 0.20± 0.10 0.35± 0.10 0.08± 0.02 0.05± 0.01 0.03± 0.01 0.02± 0.00 0.48± 0.23 1.83± 0.39 2 0.39± 0.02
SR3 0.18± 0.12 0.11± 0.06 0.17± 0.07 0.05± 0.01 0.00± 0.01 0.01± 0.01 0.01± 0.00 0.00± 0.11 0.53± 0.25 1 0.23± 0.05
SR4 0.63± 0.25 0.26± 0.14 0.47± 0.13 0.13± 0.03 0.17± 0.12 0.07± 0.01 0.09± 0.02 0.36± 0.21 2.19± 0.48 8 0.46± 0.05
SR5 0.40± 0.20 0.09± 0.03 0.22± 0.08 0.06± 0.02 0.03± 0.01 0.03± 0.01 0.02± 0.00 0.31± 0.29 1.17± 0.39 0 0.51± 0.05
SR6 0.09± 0.06 0.03± 0.05 0.10± 0.04 0.01± 0.01 0.07± 0.05 0.01± 0.00 0.00± 0.00 0.00± 0.04 0.32± 0.15 2 0.34± 0.04
SR7 0.06± 0.05 0.04± 0.02 0.05± 0.02 0.01± 0.00 0.00± 0.00 0.01± 0.00 0.00± 0.00 0.00± 0.05 0.16± 0.10 0 0.28± 0.08
SR8 0.15± 0.09 0.04± 0.03 0.08± 0.03 0.05± 0.01 0.00± 0.00 0.02± 0.01 0.03± 0.01 0.17± 0.11 0.55± 0.18 0 0.63± 0.06
SR9 0.25± 0.10 0.49± 0.18 0.36± 0.10 0.08± 0.02 0.02± 0.00 0.02± 0.01 0.00± 0.00 0.22± 0.11 1.44± 0.28 1 0.24± 0.06

SR10 0.08± 0.03 0.16± 0.07 0.14± 0.04 0.02± 0.01 0.00± 0.00 0.01± 0.01 0.00± 0.00 0.16± 0.19 0.57± 0.22 0 0.11± 0.03
SR11 0.04± 0.02 0.09± 0.05 0.05± 0.02 0.01± 0.00 0.00± 0.00 0.01± 0.01 0.00± 0.00 0.05± 0.04 0.26± 0.10 0 0.07± 0.02
SR12 0.04± 0.03 0.13± 0.05 0.09± 0.03 0.02± 0.00 0.00± 0.00 0.02± 0.00 0.00± 0.00 0.17± 0.18 0.46± 0.20 1 0.17± 0.02
SR13 0.04± 0.02 0.05± 0.03 0.08± 0.02 0.01± 0.00 0.02± 0.00 0.01± 0.00 0.00± 0.00 0.00± 0.06 0.20± 0.09 0 0.21± 0.02
SR14 0.01± 0.02 0.05± 0.03 0.04± 0.02 0.01± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.11± 0.05 1 0.25± 0.05

Table 19: Prefit event yields in SR+CR regions for 2017.
ttW ttZ ttH ttVV X+g Rares Charge misid. Nonprompt lep. SM expected Data tttt

CRZ 0.53± 0.20 16.57± 6.03 0.77± 0.22 0.59± 0.08 0.08± 0.04 3.79± 0.81 0.00± 0.00 0.79± 0.42 23.12± 6.24 22 0.32± 0.02
CRW 28.09± 9.97 7.70± 2.83 9.81± 2.67 2.04± 0.25 3.77± 0.57 1.99± 0.42 4.98± 0.95 15.62± 8.52 73.99±13.78 92 1.48± 0.07
SR1 1.97± 0.72 0.70± 0.27 1.35± 0.38 0.34± 0.05 0.15± 0.06 0.17± 0.06 0.14± 0.03 1.35± 1.05 6.17± 1.42 10 0.75± 0.04
SR2 0.64± 0.28 0.08± 0.07 0.45± 0.14 0.11± 0.02 0.01± 0.01 0.03± 0.01 0.02± 0.00 0.48± 0.37 1.83± 0.52 3 0.39± 0.04
SR3 0.13± 0.09 0.00± 0.02 0.17± 0.06 0.03± 0.01 0.00± 0.00 0.02± 0.00 0.01± 0.00 0.14± 0.16 0.49± 0.24 0 0.29± 0.05
SR4 0.65± 0.26 0.26± 0.14 0.45± 0.14 0.14± 0.02 0.06± 0.04 0.05± 0.02 0.08± 0.02 0.60± 0.49 2.28± 0.68 2 0.57± 0.05
SR5 0.36± 0.21 0.10± 0.04 0.23± 0.08 0.08± 0.01 0.01± 0.01 0.08± 0.02 0.01± 0.00 0.08± 0.09 0.96± 0.28 2 0.58± 0.04
SR6 0.14± 0.06 0.01± 0.04 0.11± 0.04 0.03± 0.00 0.01± 0.00 0.02± 0.01 0.01± 0.00 0.05± 0.06 0.37± 0.12 3 0.43± 0.03
SR7 0.05± 0.03 0.01± 0.01 0.04± 0.02 0.01± 0.00 0.01± 0.01 0.01± 0.00 0.01± 0.00 0.00± 0.06 0.14± 0.08 0 0.30± 0.04
SR8 0.07± 0.05 0.04± 0.03 0.08± 0.04 0.05± 0.01 0.02± 0.01 0.02± 0.01 0.01± 0.00 0.28± 0.28 0.58± 0.30 0 0.76± 0.08
SR9 0.32± 0.16 0.48± 0.18 0.43± 0.12 0.09± 0.01 0.03± 0.01 0.04± 0.01 0.00± 0.00 0.08± 0.07 1.47± 0.30 2 0.23± 0.01

SR10 0.00± 0.03 0.16± 0.07 0.15± 0.05 0.03± 0.01 0.01± 0.01 0.01± 0.00 0.00± 0.00 0.19± 0.21 0.55± 0.23 3 0.15± 0.02
SR11 0.02± 0.01 0.06± 0.03 0.05± 0.02 0.01± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.02 0.14± 0.06 0 0.08± 0.02
SR12 0.02± 0.01 0.12± 0.05 0.08± 0.03 0.03± 0.00 0.01± 0.00 0.01± 0.00 0.00± 0.00 0.26± 0.30 0.53± 0.30 1 0.23± 0.02
SR13 0.05± 0.03 0.07± 0.03 0.06± 0.02 0.01± 0.00 0.00± 0.00 0.01± 0.00 0.00± 0.00 0.00± 0.06 0.21± 0.10 0 0.25± 0.02
SR14 0.06± 0.03 0.05± 0.03 0.04± 0.02 0.01± 0.00 0.00± 0.00 0.01± 0.00 0.00± 0.00 0.00± 0.04 0.16± 0.08 0 0.29± 0.03

Table 20: Prefit event yields in SR+CR regions for 2018.
ttW ttZ ttH ttVV X+g Rares Charge misid. Nonprompt lep. SM expected Data tttt

CRZ 0.88± 0.33 30.20±11.07 1.34± 0.36 0.86± 0.12 0.70± 0.40 6.36± 1.28 0.01± 0.00 1.72± 0.60 42.07±11.49 51 0.49± 0.03
CRW 49.69±18.71 13.94± 4.93 16.64± 4.19 3.50± 0.43 5.88± 1.15 5.25± 1.10 8.80± 1.75 33.41± 9.80 137.09±23.04 164 2.24± 0.09
SR1 3.27± 1.39 1.25± 0.47 2.31± 0.63 0.58± 0.09 0.30± 0.09 0.22± 0.05 0.24± 0.05 1.31± 0.62 9.48± 1.96 15 1.18± 0.07
SR2 1.29± 0.53 0.26± 0.16 0.71± 0.24 0.19± 0.04 0.08± 0.04 0.10± 0.03 0.06± 0.01 1.27± 0.79 3.95± 1.09 4 0.65± 0.05
SR3 0.18± 0.17 0.04± 0.08 0.26± 0.09 0.05± 0.01 0.01± 0.02 0.02± 0.00 0.03± 0.01 0.05± 0.04 0.63± 0.32 2 0.39± 0.07
SR4 1.51± 0.64 0.72± 0.32 0.87± 0.27 0.32± 0.05 0.20± 0.06 0.18± 0.05 0.15± 0.03 0.89± 0.42 4.85± 1.03 4 0.97± 0.05
SR5 0.77± 0.33 0.28± 0.18 0.46± 0.15 0.17± 0.03 0.05± 0.03 0.15± 0.05 0.07± 0.01 0.01± 0.05 1.97± 0.55 3 1.05± 0.06
SR6 0.29± 0.15 0.09± 0.04 0.18± 0.07 0.05± 0.01 0.04± 0.01 0.02± 0.00 0.02± 0.00 0.36± 0.24 1.06± 0.33 3 0.71± 0.08
SR7 0.10± 0.05 0.05± 0.03 0.09± 0.04 0.02± 0.00 0.00± 0.00 0.02± 0.01 0.00± 0.00 0.00± 0.04 0.29± 0.11 0 0.53± 0.07
SR8 0.26± 0.19 0.14± 0.09 0.22± 0.09 0.11± 0.02 0.03± 0.01 0.07± 0.01 0.04± 0.01 0.90± 0.75 1.76± 0.84 5 1.39± 0.13
SR9 0.47± 0.23 0.84± 0.36 0.68± 0.19 0.13± 0.02 0.09± 0.02 0.11± 0.09 0.00± 0.00 0.56± 0.34 2.87± 0.71 3 0.44± 0.04

SR10 0.15± 0.09 0.17± 0.08 0.23± 0.07 0.05± 0.01 0.00± 0.01 0.02± 0.01 0.00± 0.00 0.00± 0.04 0.63± 0.17 0 0.18± 0.04
SR11 0.07± 0.05 0.10± 0.06 0.09± 0.03 0.02± 0.00 0.01± 0.01 0.01± 0.01 0.00± 0.00 0.69± 0.75 0.98± 0.75 1 0.14± 0.02
SR12 0.09± 0.06 0.23± 0.09 0.22± 0.06 0.05± 0.01 0.03± 0.01 0.03± 0.01 0.00± 0.00 0.14± 0.11 0.79± 0.21 0 0.36± 0.03
SR13 0.11± 0.07 0.16± 0.08 0.15± 0.05 0.04± 0.01 0.00± 0.00 0.02± 0.01 0.00± 0.00 0.00± 0.05 0.48± 0.16 2 0.42± 0.04
SR14 0.04± 0.02 0.09± 0.06 0.09± 0.04 0.02± 0.01 0.00± 0.00 0.02± 0.00 0.00± 0.00 0.23± 0.25 0.49± 0.27 0 0.46± 0.06



Postfit tables
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Table 25: Prefit event yields in BDT regions for 2016+2017+2018.
ttW ttZ ttH ttVV X+g Rares Charge misid. Nonprompt lep. SM expected Data tttt

CRZ 1.92± 0.76 60.77±19.34 2.80± 0.60 1.94± 0.25 0.84± 0.35 12.94± 2.42 0.03± 0.00 2.94± 0.97 84.18±19.82 104 1.05± 0.05
SR1 1.02± 0.66 0.28± 0.15 0.19± 0.13 0.02± 0.01 0.40± 0.27 0.18± 0.24 0.66± 0.07 0.86± 0.55 3.61± 1.31 4 0.00± 0.00
SR2 3.45± 1.75 0.83± 0.45 0.80± 0.35 0.07± 0.03 2.19± 0.62 0.85± 0.27 1.52± 0.17 2.71± 1.28 12.43± 2.62 19 0.01± 0.01
SR3 6.83± 3.29 1.82± 0.80 1.72± 0.57 0.25± 0.05 1.65± 0.44 1.14± 0.38 2.26± 0.26 7.90± 2.79 23.58± 5.19 19 0.04± 0.02
SR4 10.53± 4.73 2.47± 1.13 2.83± 0.80 0.39± 0.08 1.66± 0.65 1.18± 0.45 2.51± 0.29 7.86± 2.55 29.44± 6.66 33 0.09± 0.03
SR5 12.38± 5.23 3.04± 1.56 3.45± 0.96 0.58± 0.10 1.49± 0.58 1.23± 0.54 2.59± 0.29 6.64± 2.23 31.41± 7.01 36 0.15± 0.03
SR6 12.60± 5.48 3.71± 1.54 4.12± 1.03 0.74± 0.09 0.97± 0.87 1.35± 0.37 2.17± 0.25 7.76± 2.77 33.41± 7.43 44 0.22± 0.06
SR7 12.35± 5.16 4.50± 2.09 4.43± 1.11 0.81± 0.14 2.21± 0.36 1.02± 0.26 1.86± 0.21 7.27± 2.42 34.45± 6.85 41 0.31± 0.07
SR8 15.32± 6.20 5.66± 2.87 6.10± 1.45 1.21± 0.15 1.61± 0.37 1.21± 0.43 1.95± 0.22 7.16± 2.61 40.22± 8.28 46 0.68± 0.05
SR9 17.01± 7.17 6.82± 3.69 7.95± 1.84 1.87± 0.25 2.14± 0.35 1.56± 0.41 2.02± 0.23 11.11± 4.16 50.48±10.68 48 1.12± 0.08

SR10 14.93± 6.09 6.20± 3.08 7.53± 1.71 1.87± 0.24 1.46± 0.46 1.14± 0.36 1.40± 0.16 8.86± 3.31 43.40± 8.51 61 1.81± 0.07
SR11 11.98± 5.22 6.11± 2.67 7.27± 1.67 2.03± 0.26 0.95± 0.19 0.92± 0.22 1.07± 0.12 4.79± 2.15 35.12± 7.20 62 2.83± 0.14
SR12 7.43± 3.12 4.18± 1.74 5.24± 1.22 1.54± 0.19 0.70± 0.22 0.89± 0.26 0.61± 0.07 6.41± 2.60 27.00± 5.13 40 3.54± 0.12
SR13 4.20± 1.91 2.40± 1.18 3.15± 0.77 1.01± 0.14 0.26± 0.06 0.52± 0.14 0.28± 0.03 2.31± 0.88 14.13± 3.05 15 4.01± 0.14
SR14 2.06± 1.05 1.32± 0.51 1.78± 0.48 0.55± 0.07 0.11± 0.08 0.30± 0.05 0.18± 0.02 2.21± 1.13 8.50± 1.97 16 3.93± 0.15
SR15 1.38± 0.79 0.68± 0.29 0.96± 0.28 0.37± 0.05 0.21± 0.11 0.17± 0.03 0.12± 0.01 0.44± 0.24 4.33± 1.19 4 3.84± 0.20
SR16 0.43± 0.28 0.20± 0.12 0.32± 0.13 0.15± 0.02 0.07± 0.04 0.10± 0.02 0.03± 0.00 0.84± 0.48 2.13± 0.69 7 3.19± 0.17
SR17 0.03± 0.04 0.07± 0.05 0.03± 0.02 0.02± 0.00 0.00± 0.00 0.02± 0.00 0.00± 0.00 0.25± 0.30 0.44± 0.34 3 1.01± 0.10

Table 26: Postfit event yields in SR+CR regions for 2016+2017+2018.
ttW ttZ ttH ttVV X+g Rares Charge misid. Nonprompt lep. SM expected Data tttt

CRZ 2.72± 0.56 75.98±10.55 3.00± 0.67 1.98± 0.24 0.85± 0.37 13.37± 2.24 0.03± 0.00 3.24± 1.03 101.17±10.12 104 0.83± 0.50
CRW 142.09±27.80 34.87± 4.83 37.34± 8.06 7.39± 0.83 14.30± 1.78 9.82± 1.74 18.78± 2.53 66.65±19.91 331.25±18.64 338 3.86± 2.30
SR1 10.23± 2.19 3.29± 0.47 5.16± 1.17 1.23± 0.15 0.64± 0.13 0.62± 0.12 0.49± 0.07 3.99± 1.61 25.65± 2.11 33 1.97± 1.19
SR2 3.62± 0.88 0.69± 0.23 1.63± 0.41 0.39± 0.06 0.15± 0.05 0.17± 0.04 0.10± 0.01 2.40± 1.04 9.15± 1.27 9 1.12± 0.65
SR3 0.72± 0.34 0.20± 0.10 0.65± 0.20 0.13± 0.02 0.02± 0.02 0.04± 0.01 0.04± 0.01 0.21± 0.17 2.01± 0.59 3 0.73± 0.42
SR4 4.03± 0.99 1.58± 0.34 1.94± 0.46 0.61± 0.07 0.44± 0.13 0.31± 0.06 0.32± 0.04 2.13± 0.84 11.36± 1.33 14 1.57± 0.91
SR5 2.21± 0.60 0.61± 0.13 1.01± 0.27 0.32± 0.04 0.10± 0.04 0.26± 0.05 0.10± 0.02 0.44± 0.27 5.04± 0.80 5 1.67± 0.96
SR6 0.80± 0.22 0.18± 0.09 0.43± 0.13 0.10± 0.02 0.13± 0.04 0.05± 0.01 0.02± 0.00 0.56± 0.29 2.29± 0.41 8 1.19± 0.68
SR7 0.31± 0.12 0.12± 0.04 0.20± 0.06 0.04± 0.01 0.01± 0.01 0.03± 0.01 0.01± 0.00 0.00± 0.08 0.71± 0.21 0 0.88± 0.48
SR8 0.71± 0.34 0.28± 0.11 0.42± 0.15 0.22± 0.03 0.05± 0.02 0.11± 0.02 0.08± 0.01 1.44± 0.81 3.32± 0.97 5 2.20± 1.28
SR9 1.46± 0.42 2.24± 0.34 1.58± 0.35 0.31± 0.05 0.14± 0.02 0.16± 0.09 0.00± 0.00 0.94± 0.46 6.84± 0.80 6 0.70± 0.39

SR10 0.33± 0.11 0.63± 0.14 0.57± 0.14 0.11± 0.02 0.01± 0.01 0.05± 0.01 0.00± 0.00 0.42± 0.26 2.10± 0.31 3 0.35± 0.22
SR11 0.19± 0.07 0.32± 0.07 0.20± 0.05 0.04± 0.01 0.01± 0.01 0.02± 0.01 0.00± 0.00 0.60± 0.72 1.38± 0.75 1 0.23± 0.14
SR12 0.22± 0.10 0.61± 0.12 0.42± 0.10 0.09± 0.01 0.04± 0.01 0.06± 0.01 0.00± 0.00 0.59± 0.39 2.04± 0.48 2 0.58± 0.34
SR13 0.29± 0.12 0.36± 0.12 0.31± 0.09 0.07± 0.01 0.02± 0.01 0.04± 0.01 0.00± 0.00 0.00± 0.11 1.10± 0.30 2 0.69± 0.40
SR14 0.16± 0.05 0.23± 0.07 0.18± 0.06 0.04± 0.01 0.00± 0.00 0.03± 0.01 0.00± 0.00 0.23± 0.27 0.87± 0.30 1 0.80± 0.45

Table 27: Postfit event yields in BDT regions for 2016+2017+2018.
ttW ttZ ttH ttVV X+g Rares Charge misid. Nonprompt lep. SM expected Data tttt

CRZ 2.51± 0.54 77.26±11.72 3.09± 0.64 1.99± 0.21 0.85± 0.35 13.33± 2.56 0.03± 0.00 3.23± 1.19 102.28±11.59 104 1.11± 0.43
SR1 1.25± 0.49 0.31± 0.10 0.19± 0.10 0.02± 0.01 0.32± 0.25 0.17± 0.19 0.66± 0.07 1.04± 0.64 3.95± 0.96 4 0.00± 0.00
SR2 4.35± 1.28 0.97± 0.32 0.83± 0.29 0.08± 0.02 2.20± 0.54 0.79± 0.23 1.53± 0.17 3.46± 1.45 14.19± 1.76 19 0.01± 0.01
SR3 8.53± 2.40 2.17± 0.50 1.75± 0.53 0.23± 0.05 1.46± 0.47 1.12± 0.38 2.26± 0.26 8.01± 2.77 25.53± 3.53 19 0.04± 0.03
SR4 13.52± 3.37 3.04± 0.68 3.00± 0.76 0.38± 0.08 1.57± 0.51 1.19± 0.40 2.52± 0.29 8.74± 3.08 33.96± 4.01 33 0.08± 0.05
SR5 15.80± 3.68 3.73± 0.93 3.68± 0.92 0.57± 0.08 1.61± 0.49 1.27± 0.46 2.59± 0.29 7.41± 2.62 36.67± 3.97 36 0.15± 0.07
SR6 16.33± 3.87 4.50± 0.99 4.41± 1.03 0.75± 0.08 1.26± 0.69 1.40± 0.33 2.18± 0.25 8.99± 3.45 39.81± 4.16 44 0.23± 0.12
SR7 15.96± 3.61 5.53± 1.27 4.75± 1.10 0.82± 0.12 2.25± 0.31 1.03± 0.26 1.86± 0.21 8.12± 3.06 40.32± 3.73 41 0.31± 0.16
SR8 19.81± 4.39 6.88± 1.74 6.61± 1.47 1.21± 0.14 1.65± 0.32 1.21± 0.34 1.95± 0.22 7.96± 2.81 47.29± 4.33 46 0.71± 0.28
SR9 22.23± 4.95 8.56± 2.22 8.63± 1.89 1.88± 0.21 2.15± 0.30 1.53± 0.42 2.02± 0.24 11.50± 3.92 58.51± 5.22 48 1.17± 0.47
SR10 19.70± 4.29 7.79± 1.84 8.31± 1.78 1.91± 0.21 1.39± 0.37 1.18± 0.29 1.40± 0.16 10.48± 3.94 52.16± 4.28 61 1.91± 0.74
SR11 15.98± 3.69 7.82± 1.52 8.03± 1.73 2.06± 0.23 0.98± 0.17 0.97± 0.22 1.07± 0.12 6.10± 2.63 43.02± 3.54 62 2.97± 1.19
SR12 9.68± 2.25 5.30± 1.00 5.81± 1.25 1.56± 0.18 0.81± 0.21 0.89± 0.24 0.61± 0.07 7.46± 3.03 32.12± 3.06 40 3.72± 1.41
SR13 5.59± 1.37 3.02± 0.66 3.51± 0.77 1.04± 0.12 0.27± 0.05 0.51± 0.12 0.28± 0.03 2.52± 0.93 16.73± 1.65 15 4.23± 1.64
SR14 2.75± 0.78 1.67± 0.28 1.97± 0.47 0.56± 0.07 0.11± 0.07 0.31± 0.06 0.18± 0.02 2.60± 1.23 10.16± 1.26 16 4.15± 1.60
SR15 1.82± 0.58 0.85± 0.23 1.06± 0.26 0.38± 0.04 0.20± 0.10 0.17± 0.03 0.12± 0.01 0.45± 0.22 5.05± 0.82 4 4.07± 1.56
SR16 0.56± 0.25 0.26± 0.10 0.36± 0.12 0.15± 0.02 0.07± 0.04 0.10± 0.02 0.03± 0.00 0.97± 0.54 2.50± 0.63 7 3.35± 1.26
SR17 0.05± 0.04 0.09± 0.05 0.04± 0.02 0.02± 0.00 0.00± 0.00 0.02± 0.00 0.00± 0.00 0.34± 0.35 0.57± 0.36 3 1.08± 0.42

83

Table 25: Prefit event yields in BDT regions for 2016+2017+2018.
ttW ttZ ttH ttVV X+g Rares Charge misid. Nonprompt lep. SM expected Data tttt

CRZ 1.92± 0.76 60.77±19.34 2.80± 0.60 1.94± 0.25 0.84± 0.35 12.94± 2.42 0.03± 0.00 2.94± 0.97 84.18±19.82 104 1.05± 0.05
SR1 1.02± 0.66 0.28± 0.15 0.19± 0.13 0.02± 0.01 0.40± 0.27 0.18± 0.24 0.66± 0.07 0.86± 0.55 3.61± 1.31 4 0.00± 0.00
SR2 3.45± 1.75 0.83± 0.45 0.80± 0.35 0.07± 0.03 2.19± 0.62 0.85± 0.27 1.52± 0.17 2.71± 1.28 12.43± 2.62 19 0.01± 0.01
SR3 6.83± 3.29 1.82± 0.80 1.72± 0.57 0.25± 0.05 1.65± 0.44 1.14± 0.38 2.26± 0.26 7.90± 2.79 23.58± 5.19 19 0.04± 0.02
SR4 10.53± 4.73 2.47± 1.13 2.83± 0.80 0.39± 0.08 1.66± 0.65 1.18± 0.45 2.51± 0.29 7.86± 2.55 29.44± 6.66 33 0.09± 0.03
SR5 12.38± 5.23 3.04± 1.56 3.45± 0.96 0.58± 0.10 1.49± 0.58 1.23± 0.54 2.59± 0.29 6.64± 2.23 31.41± 7.01 36 0.15± 0.03
SR6 12.60± 5.48 3.71± 1.54 4.12± 1.03 0.74± 0.09 0.97± 0.87 1.35± 0.37 2.17± 0.25 7.76± 2.77 33.41± 7.43 44 0.22± 0.06
SR7 12.35± 5.16 4.50± 2.09 4.43± 1.11 0.81± 0.14 2.21± 0.36 1.02± 0.26 1.86± 0.21 7.27± 2.42 34.45± 6.85 41 0.31± 0.07
SR8 15.32± 6.20 5.66± 2.87 6.10± 1.45 1.21± 0.15 1.61± 0.37 1.21± 0.43 1.95± 0.22 7.16± 2.61 40.22± 8.28 46 0.68± 0.05
SR9 17.01± 7.17 6.82± 3.69 7.95± 1.84 1.87± 0.25 2.14± 0.35 1.56± 0.41 2.02± 0.23 11.11± 4.16 50.48±10.68 48 1.12± 0.08

SR10 14.93± 6.09 6.20± 3.08 7.53± 1.71 1.87± 0.24 1.46± 0.46 1.14± 0.36 1.40± 0.16 8.86± 3.31 43.40± 8.51 61 1.81± 0.07
SR11 11.98± 5.22 6.11± 2.67 7.27± 1.67 2.03± 0.26 0.95± 0.19 0.92± 0.22 1.07± 0.12 4.79± 2.15 35.12± 7.20 62 2.83± 0.14
SR12 7.43± 3.12 4.18± 1.74 5.24± 1.22 1.54± 0.19 0.70± 0.22 0.89± 0.26 0.61± 0.07 6.41± 2.60 27.00± 5.13 40 3.54± 0.12
SR13 4.20± 1.91 2.40± 1.18 3.15± 0.77 1.01± 0.14 0.26± 0.06 0.52± 0.14 0.28± 0.03 2.31± 0.88 14.13± 3.05 15 4.01± 0.14
SR14 2.06± 1.05 1.32± 0.51 1.78± 0.48 0.55± 0.07 0.11± 0.08 0.30± 0.05 0.18± 0.02 2.21± 1.13 8.50± 1.97 16 3.93± 0.15
SR15 1.38± 0.79 0.68± 0.29 0.96± 0.28 0.37± 0.05 0.21± 0.11 0.17± 0.03 0.12± 0.01 0.44± 0.24 4.33± 1.19 4 3.84± 0.20
SR16 0.43± 0.28 0.20± 0.12 0.32± 0.13 0.15± 0.02 0.07± 0.04 0.10± 0.02 0.03± 0.00 0.84± 0.48 2.13± 0.69 7 3.19± 0.17
SR17 0.03± 0.04 0.07± 0.05 0.03± 0.02 0.02± 0.00 0.00± 0.00 0.02± 0.00 0.00± 0.00 0.25± 0.30 0.44± 0.34 3 1.01± 0.10

Table 26: Postfit event yields in SR+CR regions for 2016+2017+2018.
ttW ttZ ttH ttVV X+g Rares Charge misid. Nonprompt lep. SM expected Data tttt

CRZ 2.72± 0.56 75.98±10.55 3.00± 0.67 1.98± 0.24 0.85± 0.37 13.37± 2.24 0.03± 0.00 3.24± 1.03 101.17±10.12 104 0.83± 0.50
CRW 142.09±27.80 34.87± 4.83 37.34± 8.06 7.39± 0.83 14.30± 1.78 9.82± 1.74 18.78± 2.53 66.65±19.91 331.25±18.64 338 3.86± 2.30
SR1 10.23± 2.19 3.29± 0.47 5.16± 1.17 1.23± 0.15 0.64± 0.13 0.62± 0.12 0.49± 0.07 3.99± 1.61 25.65± 2.11 33 1.97± 1.19
SR2 3.62± 0.88 0.69± 0.23 1.63± 0.41 0.39± 0.06 0.15± 0.05 0.17± 0.04 0.10± 0.01 2.40± 1.04 9.15± 1.27 9 1.12± 0.65
SR3 0.72± 0.34 0.20± 0.10 0.65± 0.20 0.13± 0.02 0.02± 0.02 0.04± 0.01 0.04± 0.01 0.21± 0.17 2.01± 0.59 3 0.73± 0.42
SR4 4.03± 0.99 1.58± 0.34 1.94± 0.46 0.61± 0.07 0.44± 0.13 0.31± 0.06 0.32± 0.04 2.13± 0.84 11.36± 1.33 14 1.57± 0.91
SR5 2.21± 0.60 0.61± 0.13 1.01± 0.27 0.32± 0.04 0.10± 0.04 0.26± 0.05 0.10± 0.02 0.44± 0.27 5.04± 0.80 5 1.67± 0.96
SR6 0.80± 0.22 0.18± 0.09 0.43± 0.13 0.10± 0.02 0.13± 0.04 0.05± 0.01 0.02± 0.00 0.56± 0.29 2.29± 0.41 8 1.19± 0.68
SR7 0.31± 0.12 0.12± 0.04 0.20± 0.06 0.04± 0.01 0.01± 0.01 0.03± 0.01 0.01± 0.00 0.00± 0.08 0.71± 0.21 0 0.88± 0.48
SR8 0.71± 0.34 0.28± 0.11 0.42± 0.15 0.22± 0.03 0.05± 0.02 0.11± 0.02 0.08± 0.01 1.44± 0.81 3.32± 0.97 5 2.20± 1.28
SR9 1.46± 0.42 2.24± 0.34 1.58± 0.35 0.31± 0.05 0.14± 0.02 0.16± 0.09 0.00± 0.00 0.94± 0.46 6.84± 0.80 6 0.70± 0.39

SR10 0.33± 0.11 0.63± 0.14 0.57± 0.14 0.11± 0.02 0.01± 0.01 0.05± 0.01 0.00± 0.00 0.42± 0.26 2.10± 0.31 3 0.35± 0.22
SR11 0.19± 0.07 0.32± 0.07 0.20± 0.05 0.04± 0.01 0.01± 0.01 0.02± 0.01 0.00± 0.00 0.60± 0.72 1.38± 0.75 1 0.23± 0.14
SR12 0.22± 0.10 0.61± 0.12 0.42± 0.10 0.09± 0.01 0.04± 0.01 0.06± 0.01 0.00± 0.00 0.59± 0.39 2.04± 0.48 2 0.58± 0.34
SR13 0.29± 0.12 0.36± 0.12 0.31± 0.09 0.07± 0.01 0.02± 0.01 0.04± 0.01 0.00± 0.00 0.00± 0.11 1.10± 0.30 2 0.69± 0.40
SR14 0.16± 0.05 0.23± 0.07 0.18± 0.06 0.04± 0.01 0.00± 0.00 0.03± 0.01 0.00± 0.00 0.23± 0.27 0.87± 0.30 1 0.80± 0.45

Table 27: Postfit event yields in BDT regions for 2016+2017+2018.
ttW ttZ ttH ttVV X+g Rares Charge misid. Nonprompt lep. SM expected Data tttt

CRZ 2.51± 0.54 77.26±11.72 3.09± 0.64 1.99± 0.21 0.85± 0.35 13.33± 2.56 0.03± 0.00 3.23± 1.19 102.28±11.59 104 1.11± 0.43
SR1 1.25± 0.49 0.31± 0.10 0.19± 0.10 0.02± 0.01 0.32± 0.25 0.17± 0.19 0.66± 0.07 1.04± 0.64 3.95± 0.96 4 0.00± 0.00
SR2 4.35± 1.28 0.97± 0.32 0.83± 0.29 0.08± 0.02 2.20± 0.54 0.79± 0.23 1.53± 0.17 3.46± 1.45 14.19± 1.76 19 0.01± 0.01
SR3 8.53± 2.40 2.17± 0.50 1.75± 0.53 0.23± 0.05 1.46± 0.47 1.12± 0.38 2.26± 0.26 8.01± 2.77 25.53± 3.53 19 0.04± 0.03
SR4 13.52± 3.37 3.04± 0.68 3.00± 0.76 0.38± 0.08 1.57± 0.51 1.19± 0.40 2.52± 0.29 8.74± 3.08 33.96± 4.01 33 0.08± 0.05
SR5 15.80± 3.68 3.73± 0.93 3.68± 0.92 0.57± 0.08 1.61± 0.49 1.27± 0.46 2.59± 0.29 7.41± 2.62 36.67± 3.97 36 0.15± 0.07
SR6 16.33± 3.87 4.50± 0.99 4.41± 1.03 0.75± 0.08 1.26± 0.69 1.40± 0.33 2.18± 0.25 8.99± 3.45 39.81± 4.16 44 0.23± 0.12
SR7 15.96± 3.61 5.53± 1.27 4.75± 1.10 0.82± 0.12 2.25± 0.31 1.03± 0.26 1.86± 0.21 8.12± 3.06 40.32± 3.73 41 0.31± 0.16
SR8 19.81± 4.39 6.88± 1.74 6.61± 1.47 1.21± 0.14 1.65± 0.32 1.21± 0.34 1.95± 0.22 7.96± 2.81 47.29± 4.33 46 0.71± 0.28
SR9 22.23± 4.95 8.56± 2.22 8.63± 1.89 1.88± 0.21 2.15± 0.30 1.53± 0.42 2.02± 0.24 11.50± 3.92 58.51± 5.22 48 1.17± 0.47
SR10 19.70± 4.29 7.79± 1.84 8.31± 1.78 1.91± 0.21 1.39± 0.37 1.18± 0.29 1.40± 0.16 10.48± 3.94 52.16± 4.28 61 1.91± 0.74
SR11 15.98± 3.69 7.82± 1.52 8.03± 1.73 2.06± 0.23 0.98± 0.17 0.97± 0.22 1.07± 0.12 6.10± 2.63 43.02± 3.54 62 2.97± 1.19
SR12 9.68± 2.25 5.30± 1.00 5.81± 1.25 1.56± 0.18 0.81± 0.21 0.89± 0.24 0.61± 0.07 7.46± 3.03 32.12± 3.06 40 3.72± 1.41
SR13 5.59± 1.37 3.02± 0.66 3.51± 0.77 1.04± 0.12 0.27± 0.05 0.51± 0.12 0.28± 0.03 2.52± 0.93 16.73± 1.65 15 4.23± 1.64
SR14 2.75± 0.78 1.67± 0.28 1.97± 0.47 0.56± 0.07 0.11± 0.07 0.31± 0.06 0.18± 0.02 2.60± 1.23 10.16± 1.26 16 4.15± 1.60
SR15 1.82± 0.58 0.85± 0.23 1.06± 0.26 0.38± 0.04 0.20± 0.10 0.17± 0.03 0.12± 0.01 0.45± 0.22 5.05± 0.82 4 4.07± 1.56
SR16 0.56± 0.25 0.26± 0.10 0.36± 0.12 0.15± 0.02 0.07± 0.04 0.10± 0.02 0.03± 0.00 0.97± 0.54 2.50± 0.63 7 3.35± 1.26
SR17 0.05± 0.04 0.09± 0.05 0.04± 0.02 0.02± 0.00 0.00± 0.00 0.02± 0.00 0.00± 0.00 0.34± 0.35 0.57± 0.36 3 1.08± 0.42
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Results: sum of cut-based regions
Kinematic plots used to introduce cut-based results 

Pre-fit, stacked tttt with µ = 1 [was not stacked in frozen documentation]
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Figure 1: Distributions in Njets (upper left), Nb (upper right), HT (lower left), and p
miss
T (lower

right) in the signal regions summed (SR 1–14), before fitting to data, where the last bins include
the overflows. The hatched areas represent the total uncertainties in the SM background pre-
dictions, while the solid lines represent the tttt signal, assuming the SM cross section from
Ref. [1]. The lower panels show the ratios of the observed event yield to the total background
prediction. Bins without a data point have no observed events. Missing final Lepton ID SFs
(some for electrons, mostly muons)

Paper Figure 1



Results: ttW and ttZ control regions
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Figure 2: Distributions in Njets and Nb in ttW (upper) and ttZ (lower) control regions, before
fitting to data. The hatched area represents the uncertainty in the SM background prediction,
while the solid line represents the tttt signal, assuming the SM cross section from Ref. [27]. The
lower panels show the ratios of the observed event yield to the total background prediction.
Bins without a data point have no observed events. Missing final Lepton ID SFs (some for
electrons, mostly muons)

Figure 3: Observed yields in the control and signal regions for the cut-based (left) and BDT
(right) analyses, compared to the post-fit predictions for signal and background processes. The
hatched areas represent the total uncertainties in the signal and background predictions. The
lower panels show the ratios of the observed event yield and the total prediction of signal and
background. Missing final Lepton ID SFs (some for electrons, mostly muons)

⚫ Control regions for CRZ and CRW below for full Run 2 luminosity show similar 
ttV̅ scale factors to the 2016 analysis — roughly 1.3 for both ttZ and ttW̅ (20% 
relative error from statistics), consistent with latest measurements

Paper Figure 2



Results: cut-based and BDT
Show post-fit signal region yields 

Post/pre-fit scale factors are consistent 
between years and BDT/cut-based 
Fitted tttt signal strength close to 1 
• cut-based: 0.781 
• BDT: 1.069
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Figure 2: Distributions in Njets and Nb in ttW (upper) and ttZ (lower) control regions, before
fitting to data. The hatched area represents the uncertainty in the SM background prediction,
while the solid line represents the tttt signal, assuming the SM cross section from Ref. [27]. The
lower panels show the ratios of the observed event yield to the total background prediction.
Bins without a data point have no observed events. Missing final Lepton ID SFs (some for
electrons, mostly muons)

Figure 3: Observed yields in the control and signal regions for the cut-based (left) and BDT
(right) analyses, compared to the post-fit predictions for signal and background processes. The
hatched areas represent the total uncertainties in the signal and background predictions. The
lower panels show the ratios of the observed event yield and the total prediction of signal and
background. Missing final Lepton ID SFs (some for electrons, mostly muons)

Paper Figure 3
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10 Kinematics901

Prefit kinematic distributions of the 2017 and 2018 data events passing the baseline selection902

and falling into the ttW control region are shown in Figs. 43-45. Similarly, distributions of903

events falling into the ttZ control region are shown in Figs. 47-45. The background prediction904

for the sum of signal regions is shown in Figs. 51-53.905

process SF (2016) SF (2017) SF (2018) SF (Run2)
ttz 1.58 1.005 1.207 1.266
ttw 1.347 1.35 1.156 1.31
tth 1.087 1.089 1.045 1.094
tttt 1.175 0.845 1.451 1.076
fakes 1.064 1.163 1.081 1.133
xg 1.06 1.035 1.015 1.017
rares 1.055 1.017 1.023 1.02
ttvv 1.028 1.018 1.02 1.014
flips 1.016 1.007 0.999 1.001

Table 17: Postfit/prefit scale factors with the BDT analysis. These are the ratio of the normaliza-
tions before and after the fit, and they are impacted by all nuisance parameters affecting each
background. For this reason, they are not necessarily expected to be consistent between years,
as are the individual nuisance parameters themselves (shown in Appendix A).

Post-fit/pre-fit normalizations, BDT



Results: cut-based and BDT
Show post-fit signal region yields 

Post/pre-fit scale factors are consistent 
between years and BDT/cut-based 
Fitted tttt signal strength close to 1 
• cut-based: 0.781 
• BDT: 1.069
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Paper Table 4: BDT yields
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Prefit kinematic distributions of the 2017 and 2018 data events passing the baseline selection902

and falling into the ttW control region are shown in Figs. 43-45. Similarly, distributions of903

events falling into the ttZ control region are shown in Figs. 47-45. The background prediction904

for the sum of signal regions is shown in Figs. 51-53.905

process SF (2016) SF (2017) SF (2018) SF (Run2)
ttz 1.58 1.005 1.207 1.266
ttw 1.347 1.35 1.156 1.31
tth 1.087 1.089 1.045 1.094
tttt 1.175 0.845 1.451 1.076
fakes 1.064 1.163 1.081 1.133
xg 1.06 1.035 1.015 1.017
rares 1.055 1.017 1.023 1.02
ttvv 1.028 1.018 1.02 1.014
flips 1.016 1.007 0.999 1.001

Table 17: Postfit/prefit scale factors with the BDT analysis. These are the ratio of the normaliza-
tions before and after the fit, and they are impacted by all nuisance parameters affecting each
background. For this reason, they are not necessarily expected to be consistent between years,
as are the individual nuisance parameters themselves (shown in Appendix A).

Post-fit/pre-fit normalizations, BDT
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Table 3: 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 for the cut-based.

SM background Observed tttt

CRZ 101.14±10.08 104 0.84± 0.50
CRW 330.16±18.88 337 3.88± 2.28
SR1 25.55± 2.11 33 1.98± 1.18
SR2 9.13± 1.27 9 1.13± 0.65
SR3 2.00± 0.59 3 0.73± 0.42
SR4 11.30± 1.26 14 1.58± 0.90
SR5 5.01± 0.77 5 1.69± 0.95
SR6 2.29± 0.40 8 1.20± 0.67
SR7 0.71± 0.20 0 0.89± 0.48
SR8 3.30± 0.95 5 2.21± 1.27
SR9 6.85± 0.80 6 0.72± 0.39

SR10 2.10± 0.31 3 0.36± 0.22
SR11 1.38± 0.75 1 0.23± 0.14
SR12 2.04± 0.48 2 0.59± 0.34
SR13 1.10± 0.28 2 0.70± 0.40
SR14 0.87± 0.30 1 0.81± 0.45

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 for the BDT analysis.

SM background Observed tttt

CRZ 102.30±11.59 104 1.12± 0.43
SR1 3.95± 0.95 4 0.00± 0.00
SR2 14.15± 1.77 19 0.01± 0.01
SR3 25.45± 3.53 19 0.04± 0.03
SR4 33.86± 4.00 33 0.08± 0.05
SR5 36.48± 4.00 35 0.15± 0.07
SR6 39.68± 4.14 44 0.23± 0.12
SR7 40.17± 3.72 41 0.32± 0.16
SR8 47.11± 4.34 46 0.72± 0.28
SR9 58.35± 5.27 48 1.18± 0.46

SR10 52.01± 4.30 61 1.92± 0.74
SR11 42.86± 3.51 62 3.00± 1.19
SR12 32.03± 3.07 40 3.76± 1.41
SR13 16.67± 1.62 15 4.28± 1.63
SR14 10.12± 1.25 16 4.19± 1.59
SR15 5.01± 0.77 4 4.11± 1.55
SR16 2.50± 0.61 7 3.39± 1.26
SR17 0.57± 0.36 3 1.08± 0.42
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Top yukawa interpretation
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Figure 4: The predicted SM value of s(pp ! tttt) [2], calculated at LO with an NLO/LO
K-factor of 1.27, as a function of |yt/y

SM
t | (dashed line), compared with the observed value of

s(pp ! tttt) (solid line), and with the observed 95% CL upper limit (hatched line). Missing
final Lepton ID SFs (some for electrons, mostly muons)

Figure 5: Cross section limits, as a function of boson mass, for heavy scalar (left) and pseu-
doscalar (right) bosons, produced in association with one or two top quarks. The bosons sub-
sequently decay to top quark pairs. The theoretical cross sections are shown with solid red
lines. Missing final Lepton ID SFs (some for electrons, mostly muons), some 2018 samples in
the scan are not yet complete, so using 2017 in the meantime

⚫ Diagrams with virtual Higgs bosons make 𝜎(pp→ttt̅t)̅ a function of yt

⚫ We interpret the cross-section measurement and upper limits as constraints 

on the top yukawa coupling constant

⚫ Result: |yt/ytSM| < 1.7 @ 95%CL   [was 2.1 in 2016 analysis]
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2HDM interpretation

!56

⚫ Originally part of the same-sign SUSY analysis, but now in tttt

⚫ Type-II 2HDM with associated production of a heavy scalar H 

and pseudoscalar A decaying into tt ̅(tan𝛽~1), giving rise to 
final states with 3 and 4 top quarks


⚫ Excellent final state for the ttt̅t ̅analysis 

• Exclusion gain of 70-100 GeV w.r.t. 2016 SUSY analysis
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Figure 4: The predicted SM value of s(pp ! tttt) [2], calculated at LO with an NLO/LO
K-factor of 1.27, as a function of |yt/y

SM
t | (dashed line), compared with the observed value of

s(pp ! tttt) (solid line), and with the observed 95% CL upper limit (hatched line). Missing
final Lepton ID SFs (some for electrons, mostly muons)

Figure 5: Cross section limits, as a function of boson mass, for heavy scalar (left) and pseu-
doscalar (right) bosons, produced in association with one or two top quarks. The bosons sub-
sequently decay to top quark pairs. The theoretical cross sections are shown with solid red
lines. Missing final Lepton ID SFs (some for electrons, mostly muons), some 2018 samples in
the scan are not yet complete, so using 2017 in the meantime
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