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Why four tops?

Limitations of the Standard Model
−→ Search for New Physics
−→ Top quark plays an important role in many BSM theories

Four top production: pp → tt̄t t̄, an extremely rare process
−→ σtt̄tt̄ ∼ 10 fb at 13TeV
=⇒ ∼ 1000 tt̄t t̄ events during Run 2 (2015 → 2018, 140 fb−1)

Measurement of σSM
tt̄tt̄

−→ probe BSM models
−→ constrain qqtt EFT parameters

Theory prediction @ 13TeV
• old NLO QCD calculation: 9.2 fb+31 %

−26 %
10.1007/jhep07(2014)079

• new full NLO calculation: 12 fb+18 %
−21 %

10.1007/jhep02(2018)031

(including EW corrections)
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The tt̄t t̄ final state: 4t = 4b + 4W

t → Wb ∼ 100%
W → `ν` ∼ 30%
W → qq′ ∼ 70%

hhhh
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4W decays branching fractions (` = e or µ)

Channels
1` + 2` opposite charge (1LOS)

• ∼ 55% of tt̄t t̄ events
• but large background

2` same charge + ≥ 3` (SSML)
• only ∼ 12% of tt̄t t̄ events
• but very small background!

Thibault Chevalérias (CEA Saclay) Search for Standard Model 4top (ATLAS and CMS) Top LHC France - April 24, 2019 5 / 21



Analyses presented in this talk

ATLAS - 1LOS
36.1 fb−1

10.1103/physrevd.99.052009

Combination with ATLAS - SSML

ATLAS - SSML
36.1 fb−1

10.1007/jhep12(2018)039

French laboratories involved

CMS - 1LOS
35.8 fb−1

CMS-PAS-TOP-17-019

Combination with CMS - SSML
using 35.8 fb−1

CMS - SSML
137 fb−1

CMS-PAS-TOP-18-003
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Backgrounds

1LOS: single-lepton + opposite-sign dilepton channel
• Main background: tt̄ + jets

SSML: same-sign dilepton + 3 leptons channel
• Main irreducible backgrounds: tt̄W , tt̄Z , tt̄H
• Reducible backgrounds

Fake/Non-prompt leptons
Electron charge mis-identification
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Signal VS backgrounds kinematics

1LOS SSML
Main background: tt̄ + jets
Signal has

• higher jet multiplicity Nj
• higher b-jet multiplicity Nb
• larger Hhad

T =
∑

jets pT

Main irreducible backgrounds: ttW , ttZ , ttH
Reducible backgrounds

• Fake/Non-prompt leptons
• Electron charge mis-identification

Fit variable
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Analysis strategy - 1LOS channel

ATLAS 1LOS

Using "mass-tagged" reclustered
large-R (RCLR) jets
Signal extraction: fit Hhad

T distribution
in signal regions
Data driven method: TRFtt̄ (bad modeling of tt̄ at high Nj and Nb)

• b-tagging proba εb assumed independent on nb of additional jets
• Apply rates on events with 2b to predict events with ≥ 3b
• Correction factors for each bin: Ci = BMC

i /BTRFtt̄ on MC
i → used to calculate systs

CMS 1LOS
Signal Regions (SR): high Nj , Nb ≥ 2, H jets

T > 500GeV
2 BDTs to discriminate tt̄ VS tt̄t t̄

• 1st BDT based on 2j/3j invariant masses, b-tagging info, angles
• 2nd BDT based on 1st BDT, event activity/topology, Nb

Signal extraction: fit 2nd BDT distribution in signal regions

Thibault Chevalérias (CEA Saclay) Search for Standard Model 4top (ATLAS and CMS) Top LHC France - April 24, 2019 10 / 21



Analysis strategy - SSML channel

ATLAS SSML
8 signal regions
Nb, N` splitting + HT cut
Analysis targeting many BSM models
→ Define SR with moderate HT + Nj
cut ⇒ sensitive to 4top SM

Nom Nj Nb N` HT [GeV] Emiss
T [GeV]

SR1b2` ≥ 1 1 2 > 1000 > 180
SR2b2` ≥ 2 2 2 > 1200 > 40
SR3b2`_L ≥ 7 ≥ 3 2 500−−1200 > 40
SR3b2` ≥ 3 ≥ 3 2 > 1200 > 100
SR1b3` ≥ 1 1 3 > 1000 > 140
SR2b3` ≥ 2 2 3 > 1200 > 100
SR3b3`_L ≥ 5 ≥ 3 3 500−−1000 > 40
SR3b3` ≥ 3 ≥ 3 3 > 1000 > 40

Signal extraction: fit yields in the SR

CMS SSML
Cut-based: fit yields in 14 SR
+ CRW/Z

BDT-based: Fit 17 BDT bins
and CRZ
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SSML Backgrounds estimation

Irreducible backgrounds: ttW , ttZ , ttH
• Estimated using MC

N ISR/FSR
jets reweighting (CMS SSML)
−→ 0.77 – 1.46
tt̄bb̄/tt̄jj reweighting (CMS SSML)
−→ σ(tt̄bb̄)/σ(tt̄jj) = 1.7± 0.6

Reducible backgrounds
• Fake/Non-prompt leptons
• Electron charge mis-identification
→ Data-driven methods for both ATLAS and

CMS (next slides)

Thibault Chevalérias (CEA Saclay) Search for Standard Model 4top (ATLAS and CMS) Top LHC France - April 24, 2019 12 / 21



Electron charge mis-identification background

Charge flip rate ε = probability to mis-identify an electron’s charge
Apply rates to a region similar to the SR, but with opposite-sign leptons
−→ get background estimate in same-sign SR
Charge flip ratesw ε binned in |η| and pT

ATLAS SSML
Calculate ε using Z→ ee data (Poisson likelihood maximization)
Fake/Non-prompt background removal needed to avoid double counting tridents
∼ 20% systematic uncertainty

CMS SSML
Calculate ε using MC
Correction factor ∼ 1.4, from closure in Z→ ee data
20% systematic uncertainty
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Fake/non-prompt background - methods

Introduce new lepton definition: "loose": relaxed ID and/or isolation
Regular leptons are called "tight" (tight ⊂ loose)

Real efficiency: r = Ntight
real

N loose
real

Fake efficiency: f = Ntight
fake

N loose
fake

Matrix Method (ATLAS SSML)(
Nt
Nt̄

)
=
(

r f
1− r 1− f

)(
N loose

real
N loose

fake

)
t: tight
t̄: loose and not tight

Fake bkg yield = f
r−f (r Nt̄ + (r − 1)Nt)⇒ weight events

Can be generalized to 2 or 3 leptons

{
w = f

r−f (r − 1) if tight
w = f

r−f r otherwise

Tight-to-loose method (CMS SSML)
Define εTL, equivalent to Matrix Method f
Weight strictly loose events with εTL/(1− εTL)
Same as Matrix Method assuming r ' 1
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Fake/non-prompt background - efficiencies and systematics

Efficiencies (r and f or εTL) parametrized in pT and η.

Matrix Method (ATLAS SSML)
r and f estimated from single-lepton Control Region (CR) enriched in real/fake
leptons
Systematic uncertainty ∼ 40 – 50% mainly from CR definitions

Tight-to-loose method (CMS SSML)
εTL estimated in single-lepton CR enriched in fakes
Redefine loose-not-tight lepton pT by adding the energy in the isolation cone
(remove bias from parent parton momentum)
Systematic uncertainty ∼ 30 – 60% from closure tests

Thibault Chevalérias (CEA Saclay) Search for Standard Model 4top (ATLAS and CMS) Top LHC France - April 24, 2019 15 / 21



Outline

1 Introduction

2 Analyses Strategies

3 Results

4 Conclusion

Thibault Chevalérias (CEA Saclay) Search for Standard Model 4top (ATLAS and CMS) Top LHC France - April 24, 2019 16 / 21



Results - 1LOS

ATLAS 1LOS

36.1 fb−1

Signal extraction: fit of Hhad
T

distribution in SR
Combine 1L and 2LOS channels
Obs (exp) limit: σtt̄tt̄ < 47 (33) fb
Obs (exp) significance: 1.0 (0.6) σ

CMS 1LOS

35.8 fb−1

Signal extraction: Fit 2nd BDT distribution
in signal regions (Nj/Nb split)
Obs (exp) limit: σtt̄tt̄ < 48 (52) fb
Obs (exp) significance: 0.0 (0.4) σ
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Results - SSML

ATLAS SSML

36.1 fb−1

Signal extraction: fit of yields in SR
Obs (exp) limit: σtt̄tt̄ < 69 (29) fb
Obs (exp) significance: 3.0 (0.9) σ
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CMS SSML

137 fb−1

Signal extraction: fit BDT score in bins
Obs (exp) limit: σtt̄tt̄ < 22.5 (8.5) fb
Was σtt̄tt̄ < 42 (23) fb using 35.8 fb−1

Measurement: σtt̄tt̄ = 12.6+5.8
−5.2

Obs (exp) significance: 2.6 (2.7) σ
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Results - 1LOS and SSML combination

ATLAS combined

36.1 fb−1

Obs (exp) limit: σtt̄tt̄ < 49 (19) fb
Measurement: σtt̄tt̄ = 28.5+12

−11
Obs (exp) significance: 2.8 (1.0) σ

CMS combined

35.8 fb−1

Obs (exp) limit: σtt̄tt̄ < 33 (20) fb
Measurement: σtt̄tt̄ = 13+11

−9
Obs (exp) significance: 1.4 (1.1) σ

(CMS SSML result using 137 fb−1 is better)
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Conclusion

Search for standard model 4top production
Performed in 2 different channels

• 1LOS: single-lepton + opposite-sign dilepton
• SSML: same-sign dilepton + 3 leptons (most sensitive channel)

1LOS and SSML channels combination
−→ similar sensitivity for ATLAS and CMS using ∼ 36 fb−1

• ATLAS: Obs (exp) limit: σtt̄tt̄ < 49 (19) fb
• CMS: Obs (exp) limit: σtt̄tt̄ < 33 (20) fb

−→ best result to date from CMS SSML using 137 fb−1

• Obs (exp) limit: σtt̄tt̄ < 22.5 (8.5) fb
• Measurement: σtt̄tt̄ = 12.6+5.8

−5.2, obs (exp) significance: 2.6 (2.7) σ

Looking forward to 1LOS/SSML combinations using full Run 2 dataset
−→ 3 σ significance?

Thibault Chevalérias (CEA Saclay) Search for Standard Model 4top (ATLAS and CMS) Top LHC France - April 24, 2019 21 / 21



BACKUP
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4top Feynman diagrams

Phys. Rev. D 95, 053004

Thibault Chevalérias (CEA Saclay) Search for Standard Model 4top (ATLAS and CMS) Top LHC France - April 24, 2019 22 / 21

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.053004


4top cross-section details

Phys. Rev. D 95, 053004
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ATLAS 1LOS object selection

mW
T : transverse mass of the combined lepton and Emiss

T system
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ATLAS SSML object selection
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ATLAS 1LOS systs

µ = 1.7+1.9
−1.7
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ATLAS 1LOS post-fit SR plots
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ATLAS 1LOS post-fit VR plots
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CMS SSML systs
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CMS SSML SR yields
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