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Why search for 
four-top quark production?

• Test of Standard Model:
• σt ҧtt ҧt = 13.4 +0.5 -1.5 fb at NLO in QCD 

with EW corrections and NLL’
M. van Beekveld, A. Kulesza, and L. M. Valero, 
arXiv:2212.03259

• High sensitivity to top Yukawa coupling 
and CP-violation

• Probe of four-heavy-quark operators
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CMS Collaboration, arXiv:2303.03864

Accepted by Phys. Lett. B
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Final states analysed

Final state 2016 2017 2018

Single-lepton (SL)

Opposite-sign dilepton 

(OSDL)

JHEP 

11 (2019) 082

All-hadronic

Same-sign dilepton & 

Multilepton 

(SSDL&ML)

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

4

no 
leptons

21%

1 lepton
40%

2 leptons
29%

3 leptons
9%

4 leptons
1%

Why? Challenging final 

states provide 

complementary information 

and allow to further improve 

the sensitivity to four-top 

quark production.
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Highlights from new results

5

2017 + 2018 OSDL Run 2 SL Run 2 all-hadronic

Important backgrounds t ҧt+bതb and t ҧtH t ҧt+bതb and t ҧtH t ҧt + QCD

Background estimation 

method
Monte Carlo simulation Monte Carlo simulation

Monte Carlo simulation 

+ data-driven method

Highlights

HT analysis with better 

MC simulation and 

b-tagging algorithms

Optimises event 

categories based on 

lepton flavour, jets, and 

resolved top quarks

Estimates data-driven 

background (with BDT 

shape) using machine 

learning methods.

No leptons 

and lots of jets,

very difficult
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Main background estimation
for SL and OSDL

Main background is t ҧt+jets

6

t ҧt+jets MC samples at 

NLO

Normalised to t ҧt NNLO 

cross section

t ҧt+≥1b events reweighted 

to match cross section 

measured by CMS

t ҧt+jets must be split into 
t ҧt+≥1b and t ҧt+0b

• t ҧt+bതb has 30% cross section 

uncertainty.
CMS Collaboration, 

Phys. Lett. B 803 (2020) 135285

• t ҧt with heavy flavour 

normalisation determined as 

most impactful uncertainty in 

previous analysis.
• 11% in Run 2 SSDL&ML analysis
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SL and OSDL distributions
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(single-lepton) (opposite-sign dilepton)
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Main background estimation 
for all-hadronic

Main background is QCD and t ҧt

• QCD is hard to simulate (not enough 
events and detector effects difficult 
to model)

• normalisation in SR from data using 
extended ABCD method.

• shape using normalising 
autoregressive flow
S. Choi and H. Oh, arXiv: 2008.03636

• transforms the source distribution to 
target distribution

8
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BDT distribution estimation
using autoregressive flow

9

Input: t ҧt MC

Target: background SR 

estimated from data

Neural autoregressive 

flow transform the input 

into the target within CR 

data, applies the 

transformation in SR.

CR1 CR2 CR3 CR4 CR5 SR
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Background validation

10

Prefit BDT distributions in 

validation region

with 8 jets and 

3+ b-tagged jets

(All plots in backup)

NRT = number of resolved tops 

NBT = number of boosted tops 
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All-hadronic SR distributions

11
NRT = number of resolved tops 

NBT = number of boosted tops 
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Uncertainties with most impacts

Impacts on signal strength

Statistical uncertainties 22%

t ҧtH cross section uncertainty 4.6%

t ҧt+bതb modelling uncertainty 3.7%

Background estimation in all-hadronic up to 2.7%

Jet energy scale 2.4%

Renormalisation and factorisation scales 2.1%

Leptonic fake rate (SSDL&ML background) 1.9%

B tagging and light quark mistagging eff. up to 1.8%

14

Apart from t ҧt background, t ҧtH background is now 

another important background for four top searches.
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(See today’s talk by Didar Dobur)

→ Precision four tops next?

This talk

(See today’s talk by Teresa Barillari

and another talk by Marcel Vos this Friday)
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Summary

• The first evidence of four-top quark production 
is presented, which is calculated from single-
lepton, opposite-sign dilepton, and all-hadronic 
final states using Run 2 data in CMS.

• t ҧtH, in addition to t ҧt + heavy flavour, becomes 
another important background for future 
four-top quark production analyses.

• The all-hadronic final state uses novel machine 
learning techniques to estimate QCD + t ҧt 
backgrounds. 

• The measured cross section from this result is 
consistent with recent results in SSDL&ML 
final state and with latest SM predictions.

16
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Backup
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How difficult is this work?

Final states involved in this work have different levels of 
complexity.

18

easier harder(in terms of signal isolation)

Single-lepton
One lepton,

reasonable difficulty

All-hadronic
No leptons 

and lots of jets,

very difficult

Dilepton
Two leptons,

easy to detect
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Analysis strategy
Run 2 SL 2017 + 2018 OSDL Run 2 all-hadronic

Event selection

One lepton, 

pT > 20 GeV, 

4+ jets (pT > 30 GeV), 

2+ b-tagged jets, 

HT > 500 GeV

Two leptons, 

pT > 25 and 15 GeV, 

4+ jets (pT > 30 GeV),  

2+ b-tagged jets, 

HT > 500 GeV

No leptons, 

9+ jets (pT > 30 GeV), 

3+ b-tagged jets, 

HT > 700 GeV

Dominant background t ҧt+bതb and t ҧtH t ҧt+bതb and t ҧtH t ҧt + QCD

Background estimation 

method
Monte Carlo simulation Monte Carlo simulation

Monte Carlo simulation 

+ data-driven method

Analysis categories

40 categories/year, by 

lepton flavour, jets, and 

resolved top quarks

45 categories/year, by 

lepton flavour, jets, and 

b-tagged jets

12 categories/year, by 

resolved tops, 

boosted tops, and HT

Discriminating variable BDT HT BDT

19
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Main background estimation
SSDL&ML final state, CMS

Main backgrounds are ttW, ttZ, ttH, 
and ttbar with nonprompt leptons

20

ttW MC sample

ISR/FSR njets 

correction

ISR/FSR njets 

correction

Additional jet 

flavour correction

ttZ MC sample ttH MC sample

Additional jet 

flavour correction

Additional jet 

flavour correction

Dedicated control region

Nonprompt leptons 

estimated based on 

efficiency of nonprompt

leptons 

Charge-misidentified 

leptons estimated using 

charge-misidentification 

probability 
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Analysis techniques in a nutshell

21

CMS ATLAS

Final state 2016 2017 2018 2015 - 2018

All-hadronic BDT BDT BDT

1L BDT BDT BDT

BDT

2LOS BDT HT HT

2LSS+3L BDT BDT

Event 

categorisation

Large number of event categories 

based on number of physics objects

Small number of event categories 

providing separation between 

backgrounds
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ABCD method

22

Signal region

Control regions

Key idea:

Use number of events 

in control regions (A, 

B, and C) to calculate 

background in signal 

region D.

The change in x and y 

from A → B and A → C 

must contribute to 

background in D.

x and y must be uncorrelated!

𝑁𝐷
𝑁𝐵

=
𝑁𝐶
𝑁𝐴

S. Choi and H. Oh, arXiv: 1906.10831



First evidence for four top quark production in CMS Run 2

Vichayanun Wachirapusitanand

Extended ABCD method

23

Key idea:

We want better 

estimation accuracy, 

so we introduce some 

more information from 

more control regions.

Calculations are more 

complex, but give a 

better accuracy in 

signal region.

𝑁𝐷 =
𝑁𝐵𝑁𝐶
𝑁𝐴

⋅
𝑁𝐶𝑁𝐸
𝑁𝐴𝑁𝐹

x and y must be uncorrelated!

S. Choi and H. Oh, arXiv: 1906.10831
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ABCD vs extABCD

24

Example 1: 

toy distribution

ABCD and extABCD is 

used to estimate a 

smooth distribution.

extABCD method 

provides prediction 

closer to truth values.

S. Choi and H. Oh, arXiv: 1906.10831

1

1 +
1
2𝑥

2

1

1 + 𝑦2
1 + 𝛼 𝑥 + 𝑦
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ABCD vs extABCD
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Example 2.1: ttbar+jj 

distribution

ABCD and extABCD 

used to predict number 

of events in SR (9+ jets, 

4+ b-tagged jets)

extABCD gives better 

prediction compared to 

vanilla ABCD. Results 

are different based on 

different CR definitions.

S. Choi and H. Oh, arXiv: 1906.10831

SR

SR
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ABCD vs extABCD
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Example 2.2: ttbar+jj 

distribution

ABCD and extABCD 

used to predict number 

of events in SR (D)

extABCD gives better 

prediction compared to 

vanilla ABCD.

S. Choi and H. Oh, arXiv: 1906.10831

Case 1 Case 2
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Prefit plots from 

validation region (VR) 

with 8 jets and 

3+ b-tagged jets.
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Comparison

Measured cross section (fb)

This result (arXiv:2303.03864) 17 ± 4 (stat.) ± 3 (syst.)

CMS observation result (arXiv:2305.13439) 17.7 +3.7 -3.5 (stat.) +2.3 -1.9 (syst.)

ATLAS observation result (arXiv:2303.15061) 22.5 +4.7 -4.3 (stat.) +4.6 -3.4 (syst.)

SM (NLO+EW+NLL’, arXiv:2212.03259) 13.4 +0.5 -1.5

28

(Didar Dobur)

Measured cross section from all results 

are internally consistent and to SM prediction 

at 13.4 +0.5 -1.5 fb (NLO+EW+NLL’).

→ Precision four tops next?
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