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Four top quark production in the Standard Model
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•  One of the heaviest final states accessible at the LHC  
- NLO QCD: σ(tt̅tt̅) = 12 fb ±20% [JHEP 02 (2018) 031]  
- NLO+NLL: σ(tt̅tt̅) = 13.4 fb ±11% [arXiv:2212.03259]  

•  Naturally sensitive to many BSM models 
- top Higgs Yukawa coupling and its CP properties  
- Uniquely sensitive to EFT four heavy fermion operators  
- New mediator particles 

NLO K-factor around 10-15% 
NLL resummation increase the XS by 15% 
Decrease in scale uncertainties by 50%

https://arxiv.org/abs/1711.02116
https://arxiv.org/abs/2212.03259
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4top production as probe to new physics 
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• Higgs oblique parameter : 
- the Wilson coefficient that modifies the Higgs propagator (arXiv:1903.07725)  
- Modify the 4top signal and the tt̅H cross section (rescaled by (1-H^)2) 

• New particles with m<2mt 
- Virtual scalar (Φ) or vector (Z’) 
- Recalculate σ(4top) limit with 10% more systematics (effect of the BSM on the signal 

acceptance)  

• New particles with m>2mt 
- Heavy Higgs (H/A): could be interpreted in terms of 2HDM parameters or as simplified dark 

matter models (dirac fermion dark matter Χ in addition to A/H)  

interaction (CI) independently of the details of the underlying theory:

L4t =
C4t

⇤2 (t̄R�µtR)
�
t̄R�µtR

�
where tR is the right handed top spinor, �µ are the Dirac matrices, C4t is a dimensionless constant and
⇤ is the new-physics energy scale. Only the contact interaction operator with right-handed top quarks
is considered as left-handed top operators are already strongly constrained by electroweak precision data
[20]. The four-top-quark production mechanism in this model is shown in Figure 2(a).

The second BSM four-top-quark production model is one with two universal extra dimensions (2UED)
that are compactified in the real projective plane geometry (RPP), as described in Ref. [21]. The com-
pactification of the two extra dimensions, characterised by the radii R4 and R5, leads to the discretisation
of the momenta along these directions with the allowed values labelled by the integers i and j. Each
momentum state appears as a particle called a Kaluza–Klein (KK) excitation with a mass m, defined by
(i, j) values and later referenced as a ‘tier’. At leading order, the mass of a KK excitation of a particle with
a mass m0 is
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The additional mass di�erences within a given tier (i, j) are due to next-to-leading-order corrections and
are small compared with the masses [21]. By using the notations mKK = 1/R4 and ⇠ = R4/R5, Eq. (1)
reads as
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The four-top-quark signal of the model considered in this paper arises from pair-produced particles of
tier (1, 1), which then chain-decay into the lightest particle of this tier, the KK excitation of the photon,
A
(1,1), by emitting SM particles [22], as shown in Figure 2(b). This heavy photon A

(1,1) decays into tt̄

with a branching ratio assumed to be 100%. Therefore, additional quarks and leptons are expected to be
produced in association with the four-top-quark system, which makes this signature quite di�erent from
the other considered benchmarks, as shown in Figure 2. In addition, cosmological observations constrain
mKK between 600 GeV and 1000 GeV [22, 23], leading to typical resonance masses between 0.6 TeV and
2 TeV depending on the ratio ⇠ of the two compactification radii. This analysis probes di�erent scenarios
varying both mKK and ⇠, where the four-top-quark signal arises from particles of tier (1, 1) [22].
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Figure 2: Three examples of four-top-quark production in the context of (a) a four-fermion contact interaction (CI),
(b) two compactified universal extra-dimensions (2UED), and (c) two-Higgs-doublet model (2HDM).

4

Interpretations performed by CMS: arXiv:1908.06463

https://arxiv.org/abs/1903.07725
https://arxiv.org/abs/1908.06463
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Other possible models with 4top signature
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• sgluon production 
- S. Calvet et al: arXiv:1212.3360 
- Sgluon decaying to tj or tt̅ : can lead to a 4top 

signature

• Strong and weak dipole moments 
- Malekhosseini et al: arXiv:1804.05598 
- Parametrize the 4top cross section as a function of 

dg,ZV or dg,ZA 
- Extract limits from the 4top rate

https://arxiv.org/abs/1212.3360
https://arxiv.org/abs/1804.05598
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4-top EFT operators 
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• 4-fermion operators relevant for 4top 
- Only constrained by tt̅tt̅ or tt̅bb 
- Operators that preserved SU(2)L: 

O1QQ, O8QQ, O1Qt, O8Qt, O1tt

•  Reduced set for tttt only at LO:  
- 4 operators that conserved SU(2)L: O8QQ,= 1/3  O1QQ 

  (see for instance 1807.02130) 
- Could also test SU(2)L breaking operators 

- Other operators could affect the backgrounds: 
- tt̅W: 3 O(Λ-2) operators  
- tt̅H/Z: 7 O(Λ-2) operators 
- 14 qqtt operators 

https://arxiv.org/pdf/1807.02130.pdf
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Overview of the experimental results 
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Four top: Signature 
Four-top processes have high b-jets and jets multiplicity 
3 channels are explored based on the top decays: 

• All hadronic channel 
• Single lepton and two opposite sign lepton (1LOS) 

- Larger branching fraction and Larger irreducible background  
• Same-sign di-lepton and multi-lepton (SSML) 

- Smaller branching fraction and higher purity

ZHI ZHENG

arXiv:2303.03864
Evidence

Last result

•  Final states: high jets and b-jets multiplicity   
- Analysis strategy depends on the number of leptons from the top decays   

- All hadronic (all-had): reasonable branching fraction and large irreducible background (multijets) 
- Single lepton and two lepton opposite sign (1L/2LOS): large branching fraction and large irreducible background (tt̅bb) 
- Same-sign di-lepton and multi-lepton (multilepton or SSML): smaller branching fraction and higher purity

Not approved yet

Discussed in 
Xiang’s talk
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CMS result in the all hadronic channel
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• Very challenging channel because of the multijet background  
• Analysis strategy:  

- Signal region: Ht > 700 GeV, at least 9 jets with at least 3 b-jets  (S/B ~ 10-5) 
- Split in numbers of resolved and boosted tops and Ht into 12 regions  
- BDT trained in each category to separate tt̅tt̅ from QCD multijet (20 input variables 

including Nj and Nb, kinematics of the jets)

arXiv:2303.03864

Expected: 0.4 σ 
Observed: 2.5 σ

Standard model four-top quark production in the all-hadronic final state at 13 TeV with the CMS experiment 
Melissa Quinnan on behalf of the CMS Collaboration 

 Introduction 

• Rare SM process with cross section of 12fb at 13 TeV 

• Enhancement of cross section 
predicted by some BSM physics (ex 
2HDMs) 

• ATLAS Run II multi-channel combined 
results: observed (expected) 
significance of 4.7(2.6)1 

• CMS Run II results for same-sign 
dilepton channel: observed 
(expected) significance of 2.6(2.7)2 

• First all-hadronic analysis 

• Included in Run II CMS result in 
multiple final states3

 Background Validation & Systematics 
• Validate DD background in 
validation region (VR) 

• Normalization and shape 
uncertainties based on 
disagreement in  VR  

• VR uncertainties 
applied to 
corresponding SR 
categories 

• Main systematics 
statistics and VR 
uncertainties 

• No theoretical 
uncertainties on 
modeling of ttbar

 Top Tagging 
• Define both boosted 
and resolved hadronic 
top decays 

• Boosted tops use 
standard DeepAK84 

tagger 

• Resolved tops use 
custom tagger 

•BDT tagger based on 
2016 stop analysis5 

• Significantly reduces computing resources 

 Analysis Strategy 
• BDT discriminates 

signal vs. 
background 

• Maximum 
likelihood fit to 
BDT in signal 
region (SR)

 Event Selection  

• Events selected to reduce major 
ttbar+QCD backgrounds 

• 12 SR categories split by boosted/
resolved top multiplicity (NBT/NRT) and 
HT (scalar sum of jet transverse 
momentum)

 Background Estimation 
• BDT distribution of ttX (ttH+ttW+ttZ) 

and other minor backgrounds from 
simulation 

• Major backgrounds (QCD+ttbar) use 
data-driven (DD) methods 

• DD yields estimated from data yields in 
5 control regions (CRs) using extended 
ABCD method6 

• Shape of DD BDT from NN (neural 
autoregressive flow7) 

• NN transforms input BDT histograms 
(ttbar MC) to match target (data) 
trained on same 5 CRs 

• Predicted distributions normalized to 
extended ABCD yields

 Results 
• Observe large signal excess, albeit with large 

uncertainties 

• First all-hadronic four-top analysis  

• Showcases novel ML tools that are potentially 
applicable to other analyses 

• Motivates future SM and BSM four-top analyses 

 References  
1. ATLAS Collaboration. arXiv:2007.14858 

2. CMS Collaboration. arXiv:1908.06463 

3. CMS Collaboration. TOP-21-005 

4. CMS Collaboration. CMS-PAS-JME-18-002

observed (expected) 
significance:

2.46(0.42)

melissa.quinnan@cern.ch

5. CMS Collaboration. arXiv:1707.03316 

6. S. Choi. arXiv:1906.1083, arXiv:2008.0363 

7. Huang, Krueger, Lacoste, Courville. Neural 
Autoregressive Flows. arXiv:1804.00779

Example post-fit S+B BDT discriminant distributions in most sensitive SR bins in Run II

BDT discriminant distributions in most sensitive VR bins in Run II

PreliminaryPreliminary

Preliminary Preliminary

• Background estimation:  
- 5 control regions with lower jets/b-jets multiplicity  
- Absolute normalisation from an ‘extended ABDC method’  
- BDT shape in each SR predicted using a DNN trained on the 5 CRs  

- normalizing autoregressive flow trained on the CRs to learn a bijective 
transformation of HT and BDT from a source (tt̅ MC) to a target (tt̅ and 
QCD background)  

- Shape checked in validation regions 

https://arxiv.org/abs/2303.03864
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CMS result in the 1L/2LOS channel
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• Analysis strategy in the 1L channel:  
- Signal region: exactly one lepton, at least 6 jets with at least 3 b-jets,  

Ht > 500 GeV 
- Split in numbers of jets, b-jets and resolved top 
- BDT trained to separate tt̅tt̅ from tt̅ and tt̅+X background using 70 input 

variables, validated in the Nb=2 region  
- Split in numbers of resolved top, boosted and Ht into 12 regions  

• Analysis strategy in the 2LOS channel:  
- Selection: exactly 2 opposite charge leptons, at least 4 jets with at least 2 

b-jets, Ht > 500 GeV 
- Split in numbers of jets, b-jets and by lepton flavour 
- Signal region: ≥ 7 jets, ≥ 3 b-jets , CR: lower multiplicity  
- Correction for events with tt̅+jets (no b’s) : 0.78 ± 0.05  
- The Ht distribution is used in the fit 

Expected: 0.6 σ 
Observed: 1.8 σ

Expected: 1.2 σ 
Observed: 1.4 σ

arXiv:2303.03864

https://arxiv.org/abs/2303.03864
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CMS evidence combination
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• Combined likelihood fit to all channels   
- Systematic uncertainties treated as nuisance parameters  
- Correlated for shared systematics 
- Including the ‘old’ multilepton analysis  

• Combination achieved evidence    
- Limited by statistics  
- 2 largest systematics: tt̅H cross section and modelling of tt̅ with b’s 

arXiv:2303.03864

https://arxiv.org/abs/2303.03864
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ATLAS 1L/2LOS results 
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• Analysis strategy:  
- Key point: estimation of the tt̅+jets/b background, challenging to get from MC 

- Use events with tt̅+2b events to derive pre-fit correlation factor classifying the events 
according to the flavour of the particle jets 

- Sequential reweightings in Njets, Nlarge jets, Ht, ΔR(jj) 

- Signal region: exactly one lepton, at least 7(5) jets with at least 3 b-jets in the 1L(2LOS) channel   
- Split in numbers of jets, b-jets: 12 (9) regions for 1L(2LOS) channel

JHEP 11 (2021) 118

https://arxiv.org/pdf/2106.11683.pdf
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ATLAS 1L/2LOS results 
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• Signal extraction: 
- BDT trained to separate tt̅tt̅ from tt̅/ tt̅+X background 
- Profile likelihood fit of the CR and SR regions including systematics: 

- Main systematics: signal modelling,  tt̅+b modelling 

Expected: 1.0 σ 
Observed: 1.9 σ
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ATLAS 1L/2LOS + 2LSS/3L combination  
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• Combined likelihood fit to 1L/2LOS channel and the old multilepton result   
- tt̅+jets systematic uncorrelated, other systematics correlated

Expected: 2.6 σ 
Observed: 4.7 σ
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New CMS result in the multilepton channel
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• Re-analysis of the full Run 2 dataset   
- Two same-sign leptons, three leptons, four leptons  
- Benefit from improvements in b-tagging and fake lepton rejections  

- BDT trained to distinguish between prompt and nonprompt leptons  

• dataset split by lepton multiplicity   
- Jets an b-jets multiplicity to define SR and CR 
- Train 2 multiclass BDTs (2LSS, 3L/4L) to separate signal from tt̅+X and tt̅ 

- tt̅+X estimated from MC with some normalisation from data 
- QmisID and non prompt background from data 

26

tt̄W
tt̄Ztt̄H

VV, Xγ

Nonprompt

Charge MisID

Backgrounds

CMS-PAS-TOP-22-013

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-013/index.html
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tt̅+X background
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to control tt̅W
to control tt̅W and 
non prompt bkg

to control non 
prompt bkg

to control tt̅Z to control tt̅Z
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Other backgrounds
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• Background from non prompt leptons: 
- Evaluated using the tight-to-loose ratio method 

- fake rates measured in multijet data events 
- applied in regions with loose lepton requirements

34

Backgrounds: Nonprompt

• Mainly arise from  with subdominant 

contribution from DY 

• Use tight-to-loose ratio method 

• Fake rates (FRs) measured in QCD multijet 

events in data 

• Validate FRs (from QCD MC) in ttbar and DY MC 

• Apply measured fake rates in application region 

using looser lepton ID (no selection on the 

closest jet) 

• Shape (FR statistical) and flat (20% uncorr. ⊕ 

20% corr.) nuisances per lepton flavor 

tt̄
SRSB

SB SB

ℓ 1
ID

ℓ2 IDLoose Tight

Lo
o

se
Ti

gh
t

1 2 3
 R(lep, b jet)Δmin 

5

10

15

Ev
en

ts

Monte Carlo Tight-to-loose prediction

 (13 TeV)CMS       Simulation Supplementary

1 2 3
 R(lep, b jet)Δmin 

0
0.5

1
1.5

2

ob
s/

pr
ed

PRL 122 (2019) 132003

• Background from charge mis-id electrons: 
- Charge misID probabilities measured in MC  
- Correction factors applied to these measured in Z OS / SS 

events 

• tt̅t events  
- Cross section around 1 fb (small but very signal like) 
- Normalised to the LO cross section  
- 20% uncertainties
-
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Final fit 
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• Includes all CR and SR 
- SR further split into three subregions tt̅tt̅ , tt̅+X , tt̅ based on the highest value of three BDT scores  
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Results: 4top observation 
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Measured tt̅W (tt̅Z) 
cross sections : in 
agreement with  
SM within 2.3 σ (2.2 σ) 

1.1 σ compatible with 
the SM computation 
(NLO+NLL)
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Conclusion
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• The past years/months have seen the development of 4top physics  
- SM computations  
- BSM scenario  
- Since March 2023, ATLAS and CMS have observed tt̅tt̅ production  

• This is just the beginning   
- Run 3 at 13.6 TeV means 18% higher tt̅tt̅ cross section  
- Next is first to see if the measured cross section is higher or not compared to the SM  
- Then tt̅t studies, differential measurements … 

Four Top Quarks' Poem 

In the LHC's depths, where particles dance, 
Four top quarks emerge, a rare chance, 
Heaviest of all, the secrets they hold, 
The universe's mysteries, soon to unfold. 

Advancements in techniques, signals refined, 
With Graph Neural Networks, clarity we find, 
Six point one standard deviations amassed, 
A threshold surpassed, discovery at last. 

New doors now opened, as we further explore, 
The cosmic labyrinth, seeking truths to implore, 
With future endeavors, our knowledge expands, 
Unveiling the secrets, the universe commands. 

ChatGPT

A recent review (pre-observation)

https://arxiv.org/abs/2208.04085

