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By far the heaviest know elementary particle
• ~40x bottom quark mass
• Same mass scale as 𝑊, 𝑍 and Higgs Bosons
→ connection to EW Symmetry Breaking ?

Top Yukawa coupling is ~1 → coincidence?

It decays before it hadronises
• Can be studied as bare quark

Very high production rate at the LHC
• 0.2 – 0.8 nb production cross section

@ LHC energies
• Produced more than 100M 𝑡 ҧ𝑡 pairs 

in Run 2  and Run 3 each

Introduction
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By far the heaviest know elementary particle
• ~40x bottom quark mass
• Same mass scale as 𝑊, 𝑍 and Higgs Bosons
→ connection to EW Symmetry Breaking ?

Top Yukawa coupling is ~1 → coincidence?

It decays before it hadronises
• Can be studied as bare quark

Very high production rate at the LHC
• 0.2 – 0.8 nb production cross section

@ LHC energies
• Produced more than 100M 𝑡 ҧ𝑡 pairs 

in Run 2  and Run 3(about 15 pairs/s)

Introduction

→Measurements of tt production in association of additional particles, 
rare decays and rare production mechanism are now in reach (with high stats)
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Differential cross-sections in 𝒕 ҧ𝒕 + jets

• Already many distribution measured in the last years
• Here focus on dynamics and topology of the hardest and second-hardest QCD emissions using 

𝑝𝑇 and 𝑦 of jets and their angular correlations and invariant masses

• Very good tests of pQCD theory via NLO and NNLO predictions and ME-PS matching algorithms

Analysis strategy:
• Lepton+jets channel
• Backgrounds taken from MC
• Fake lepton background using matrix method
• Unfolding using Bayesian unfolding

JHEP 08 (2024) 182 
13 TeV / 140 fb-1

https://link.springer.com/article/10.1007/JHEP08(2024)182
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Differential cross-sections in 𝒕 ҧ𝒕+jets

MiNNLOPS: improves leading jet pT, but doesn‘t improve 
in the rapidity separation to the 2nd leading jet
→ Most probably effect of matching

JHEP 08 (2024) 182 
13 TeV / 140 fb-1

https://link.springer.com/article/10.1007/JHEP08(2024)182
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Measurement of production in association with 

additional b-jets
arXiv: 2407.13473 
submitted to JHEP
13 TeV / 140 fb-1

• Non-trivial predictions due to very different scales involved starting 
from 𝑚𝑡𝑜𝑝 down to momenta of soft additional radiations.

• Modelling of additional 𝑏-quark jets available at various state-of-
the-art NLO ME+PS predictions.

• Important background for many processes: 𝑡𝑡𝐻 𝑏𝑏 , four tops and 
others

https://arxiv.org/abs/2407.13473
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Measurement of production in association with 

additional b-jets

Analysis strategy:
• Dilepton channel
• Background corrections using semi-data-driven method:

• Fake leptons (small background)
• Miss-tagged 𝑡 ҧ𝑡 + light jets and 𝑡 ҧ𝑡 + 𝑐 jets estimation

• Classification of events and b-jet assignment crucial

• Unfolding using Bayesian unfolding

arXiv: 2407.13473 
submitted to JHEP
13 TeV / 140 fb-1

https://arxiv.org/abs/2407.13473
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Measurement of production in association with 

additional b-jets
Example of a differential distributionarXiv: 2407.13473 

submitted to JHEP
13 TeV / 140 fb-1

Overall 4FS generators predictions agree better with data than 5FS ones
arXiv: 2409.11305

A similar study is done using 𝑡 ҧ𝑡 + 𝑐 ҧ𝑐 events: arXiv: 2409.11305 submitted to PLB

https://arxiv.org/abs/2407.13473
https://arxiv.org/abs/2409.11305
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Cross-sections of 𝒕𝒕𝜸 production
arXiv: 2403.09452 
submitted to JHEP
13 TeV / 140 fb-1

Analysis strategy:
• Dilepton and Lepton+jets channel with one additional 

photon
• Neural networks to enhance separation of 

𝑡 ҧ𝑡𝛾 production vs all backgrounds
• Profile-likelihood fit / profile likelihood unfolding

https://arxiv.org/abs/2403.09452
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Cross-sections of 𝒕𝒕𝜸 production
arXiv: 2403.09452 
submitted to JHEP
13 TeV / 140 fb-1

Result:

𝜎𝑡 ҧ𝑡𝛾 lep + jets = 707−46
+49  =  707 ± 6 𝑠𝑡𝑎𝑡  −46

+49(𝑠𝑦𝑠) fb

𝜎𝑡 ҧ𝑡𝛾 dilepton  = 117.7−7.9
+8.3 = 117.7 ± 1.7 𝑠𝑡𝑎𝑡 −7.7

+8.1(𝑠𝑦𝑠) fb

https://arxiv.org/abs/2403.09452
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Cross-sections of 𝒕𝒕𝜸 production
• EFT limits determined using photon 𝑝𝑇 of 𝑡𝑡𝛾 production
• Relevant dim-6 Wilson coefficients: 𝐶𝑡𝐵 and 𝐶𝑡𝑊

• Independent and simultaneous fits to all coefficients
• 2D marginalised confidence intervals from combined 𝑡𝑡𝛾 production

arXiv: 2403.09452 
submitted to JHEP
13 TeV / 140 fb-1

https://arxiv.org/abs/2403.09452
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Measurements of inclusive and differential cross-

sections of ttgamma production
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Measurement of 𝒕𝑾 production
arXiv: 2407.15594 
Submitted to PRD
13 TeV / 140 fb-1

Strategy:
• Event selection: 2 leptons, at least one b-jet
• Main backgrounds from MC:  𝑡 ҧ𝑡, 𝑊+jets, 𝑍+jets, and diboson
• Classify events into 3 signal regions: 1𝑗1𝑏, 2𝑗1𝑏, 2𝑗2𝑏
• Boosted decision to separate signal from background
• Profile Likelihood Fit to extract cross section

https://arxiv.org/abs/2407.15594
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Measurement of 𝒕𝑾 production

Result:
𝜎𝑡𝑊 = 75 ± 1 𝑠𝑡𝑎𝑡  −14

+15 𝑠𝑦𝑠 ± 1 (𝑙𝑢𝑚𝑖) pb
→ uncertainty of 20%

This result can converted into a limit on |𝑓𝐿𝑉𝑉𝑡𝑏| using

𝑓𝐿𝑉𝑉𝑡𝑏 =
𝜎𝑚𝑒𝑎𝑠

𝜎𝑡ℎ𝑒𝑜
    

𝑓𝐿𝑉: model-independent left-handed form factor 

→ 𝑓𝐿𝑉𝑉𝑡𝑏 = 0.97 ± 0.10 

arXiv: 2407.15594 
Submitted to PRD
13 TeV / 140 fb-1

https://arxiv.org/abs/2407.15594
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Observation of tt production in p+Pb collisions
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In 𝑝 + 𝑃𝑏 collisions, measurements of top quarks access regions of nuclear PDFs  that are not
well-constrained by other measurements (e.g., gluon nPDFs ) 
Strategy:
• Lepton+jets and dilepton channel
• Fake lepton background is estimated from data all others are taken from simulations
• Simultaneous profile likelihood fit in 6 regions of 𝐻𝑇

Observation of 𝒕 ҧ𝒕 production in p+Pb collisions

arXiv: 2405.05078
Submitted to JHEP
8.16 TeV / 165 nb-1 

https://arxiv.org/abs/2405.05078
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Observation of 𝒕 ҧ𝒕 production in p+Pb collisions

arXiv: 2405.05078
Submitted to JHEP
8.16 TeV / 165 nb-1 

Result:
𝜎𝑡 ҧ𝑡 = 58.1 ± 2.0 𝑠𝑡𝑎𝑡  −4.4

+4.8 𝑠𝑦𝑠  nb
→ uncertainty of 9%

Nuclear modification factor:

𝑅𝑝𝐴 = 𝜎𝑡 ҧ𝑡
𝑝+𝑃𝑏

= 1.090 ± 0.039 𝑠𝑡𝑎𝑡 −0.087
+0.094(𝑠𝑦𝑠𝑡) 

https://arxiv.org/abs/2405.05078
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Hunt for new top-quark decays
(and new production modes)
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Strategy:
• Search with dilepton SS (𝑒, 𝜇) events and 3 leptons with  ≥1 jets, ≥1 bjets events
• Neural networks to separate signal from background
• Simultaneous profile likelihood fit in 7 regions 

Search for flavour-changing neutral-current couplings

Eur. Phys. J. C 84 (2024) 757
13 TeV / 140 fb-1

Networks separated 
for production and 

decay

https://doi.org/10.1140/epjc/s10052-024-12994-1
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Search for flavour-changing neutral-current couplings

Combination 
dominated by 
multilepton 

analysis

Eur. Phys. J. C 84 (2024) 757
13 TeV / 140 fb-1

https://doi.org/10.1140/epjc/s10052-024-12994-1
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Search for lepton-flavour violating 𝝁𝝉𝒒𝒕 interactions
Phys. Rev. D 110 (2024) 012014

13 TeV / 140 fb-1

scalar leptoquark 𝑆1model 

Strategy:
• Model independent EFT approach for 𝑡𝑞ℓℓ′ operators
• Search for scalar leptoquark 𝑆1

• Events with SS 𝜇𝜇 and one hadronically decay 𝜏 are selected
• One SR and two CR for non-prompt leptons and fake 𝜏

contributions
• Profile likelihood fit to 𝐻𝑇 distributions

https://link.aps.org/doi/10.1103/PhysRevD.110.012014
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Search for lepton-flavour violating 𝝁𝝉𝒒𝒕 interactions

scalar leptoquark 𝑆1model 

7-41x better than previous indirect limits

Phys. Rev. D 110 (2024) 012014
13 TeV / 140 fb-1

https://link.aps.org/doi/10.1103/PhysRevD.110.012014
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Lepton flavour universality (LFU) is a fundamental axiom of SM
→ Couplings of charged leptons 𝑒, 𝜇, 𝜏 to 𝑊, 𝑍 are independent of the lepton mass
Strategy
Measure ratio:

Simultaneous maximum likelihood fit to 𝑡 ҧ𝑡 events (“b-tag counting method”) and 𝑍 counts:
• Yields in 𝑡 ҧ𝑡 → 𝑒𝜇 1𝑏/2ത𝑏 and 𝑍→𝑒𝑒/𝜇𝜇 regions
• 𝑚ℓℓ spectrum in 𝑡 ҧ𝑡 → 𝑒𝑒/𝜇𝜇 1𝑏/2𝑏 regions
Parametrise fitted yields using deviations in BR

Test of lepton flavour universality

Eur. Phys. J. C 84 (2024) 993
13 TeV / 140 fb-1

https://doi.org/10.1140/epjc/s10052-024-13070-4
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Test of lepton flavour universality

Eur. Phys. J. C 84 (2024) 993
13 TeV / 140 fb-1

https://doi.org/10.1140/epjc/s10052-024-13070-4
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Search for same-charge top-quark pair production
Same-charge top-quark pair production is strongly suppressed in the SM
• Very clean signature in the dileptonic final state
• Observation would imply the existence of new underlying physics

• Signal modelling can be modelled via EFT operators 𝑐𝑡𝑢
(1)

, 𝑐𝑄𝑢
1

, 𝑐𝑄𝑢
(8)
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Search for same-charge top-quark pair production
arXiv: 2409.14982
submitted to JHEP
13 TeV / 140 fb-1 

Strategy:
• Neural networks used to split events in signal regions and validation regions
• SRs are split by charge and EFT operators
• Control regions  used to constrain normalisation of the background processes
• Combined binned profile-likelihood fit over the SRs+CRs

Presicion limited by statistical uncertainties
Observed upper limits at 95% CL: 𝜎 𝑝𝑝 → 𝑡𝑡, ҧ𝑡 ҧ𝑡 < 1.6 pb

Most stringent limits on 𝑐𝑡𝑢
(1)

, 𝑐𝑄𝑢
1

, 𝑐𝑄𝑢
(8)

Improvement by a factor of 10!

https://arxiv.org/abs/2409.14982
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Observation of quantum entanglement in top-quark 

pairs 
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Quantum entanglement in top-quark pairs 

Top quark decay products can be used to learn about top-quark spin or top-quark pair spin correlations
Entanglement: quantum state of one particle cannot be described independently from another particle
→ there are stronger correlations than classical system would exhibit

Typical example: a system of two fermions in a spin-singlet state
At the LHC initial state not controlled (no pure state)→ mixed state → described in general by density matrix (𝜌)
→ for two top quarks → spin density matrix

Entanglement can be characterized by their spin correlations magnitude
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Quantum entanglement in top-quark pairs 
A quantitative measure of the entanglement: concurrence 𝐶[𝜌] of the spin density matrix 𝜌 :
→ Sufficient and necessary condition for entanglement: 𝐶[𝜌] > 0

Entanglement observable 𝑫:

𝜑: angle between the two lepton directions measured 
in their parent top quark and antiquark rest frames
Entanglement condition: 
𝑇𝑟[𝐶]  <  −1 → 𝐷 <  −1/3

Dominant contribution: gg fusion with tops in spin singlet state

low 𝑚(𝑡 ҧ𝑡)

Eur. Phys. J. Plus (2021) 136: 907
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Strategy:
Dilepton channel with 𝑒𝜇 final state
≥ 2 jets and ≥ 1 b-tagged jet
→90% signal purity
Correction of measured D to particle level D

Observation of quantum entanglement in top-quark 

pairs 
Nature 633 (2024) 542

13 TeV / 140 fb-1

𝐷 = −0.537 ± 0.002 𝑠𝑡𝑎𝑡 ± 0.019 (𝑠𝑦𝑠𝑡) 
≫ 5 𝜎 below entanglement limit
→ Observation of entanglement

Dominant uncertainties: signal modelling

https://www.nature.com/articles/s41586-024-07824-z
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Conclusion

• Could only show a selection highlights from many many top-quark 
analyses

• Top-Quark processes are now also measured with high precision in 
association of heavy flavour quarks, photons, vector bosons

• Various searches for new physics either for model-independent 
searches using EFT or looking for specific model haven’t shown any 
hints yet

• Overview of all public top analyses can be found here:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
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Backup
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Invariant mass of top-quark pair

Eur. Phys. J. C 79 (2019) 1028

https://link.springer.com/article/10.1140/epjc/s10052-019-7525-6
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Conclusion
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Observation of 𝒕 ҧ𝒕 production in p+Pb collisions
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