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The Top quark is the heaviest known fundamental particle 
(~173 GeV)

Mass is of order of the electroweak (EW) symmetry breaking 
scale - may play a special role in the SM and also in many 
beyond the Standard Model (BSM) theories

Short lifetime (10-25 s), only quark that decays before 
hadronization, allowing the study of the bare quark
- Gives access to its spin through its decay products

Top Production at the LHC
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->Top quark pair production is 
dominated by gluon-gluon fusion (90%)



Top has a large production cross-section at the LHC

@ 13TeV

Over 120 M top quark pairs produced in the LHC allowing high 
precision measurements in the top quark sector

σtt theory prediction and measurements at similar precision

• providing a stringent test of perturbative QCD and EW theory
• providing inputs to Global PDFs fits
• allows extraction of aS, mtop, Yukawa Coupling yt

tt involves variety of different particles depending of the decay 
topology of the W giving a distinctive signature

Top Production at the LHC

-
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Phys. Rev. D 108 (2023) 032014

https://link.aps.org/doi/10.1103/PhysRevD.108.032014


Top Production at the LHC

Measurements of top production 
cross-section over five orders of 
magnitude!

Probing very rare processes!

Probing very high energy processes!

Monday’s talk on ttW and 4 top 
production by Charles Grant

Observation
New!

-
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Not yet observed

New @ 13.6 
TeV!

New 5 TeV 
measurement

New 13 TeV 
measurement
@ 1.8%
precision!

Improved Luminosity measurement 
at0.83% precision thanks to 
excellent calibration efforts!
arXiv:2212.09379

https://indico.marwan.ma/event/1/contributions/396/
https://arxiv.org/abs/2212.09379


tt measurement at 13.6 TeV (29 fb-1)
New cross-section measurement at 13.6 TeV in eµ 
channel using full 2022 data 29 fb-1.

arXiv: 2308.09529
Submitted to PLB 

Cross section extracted together 
with b-tag efficiency.

⎷𝑆 : 13 TeV → 13.6 TeV  
σtt : 834 pb → 924 pb 
= 12% increase 

𝜎𝑡𝑡 = 850±3(stat.) ±18(syst.) ±20(lumi.) pb.

Using full dataset ~3.2% 13.6 TeV Measurement compatible within 
1.5 standard deviations

-

-

-

5

https://arxiv.org/pdf/2308.09529.pdf


tt measurement at 13.6 TeV (29 fb-1)

arXiv: 2308.09529
Submitted to PLB 

Plus measurement of the ratio of 𝑡𝑡 to 𝑍-boson 
production fiducial cross section 

Determined for inclusive 𝑒+𝑒− and 𝜇+𝜇− events in a 
fiducial phase space

Many experimental uncertainties cancel to give a very 
precise result

Significantly sensitive to the gluon-to-quark PDF ratio.

𝑅𝑡𝑡/𝑍 = 1.145±0.003(stat.) ±0.021(syst.) ±0.002(lumi.)
-> 1.9 % uncertainty

-

-

-
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https://arxiv.org/pdf/2308.09529.pdf


Differential cross sections in tt and tt+jets production

ATLAS-CONF-2023-068

Measurement in tt semileptonic channel at 13 TeV using 140 fb-1

• tt processes = 1 charged lepton (e, µ) + neutrino + 2 b-
quarks + invariant mass closest to mW

• Measured for tt, tt+1 jet, tt+2 jets channels.

Studying jet observables to provide tests of perturbative QCD

Characterizes the kinematics and topology of 

- the tt system via transverse momentum and rapidity of jets and 
their angular correlations

- the hardest and second-hardest QCD emissions via transverse 
momentum and rapidity of jets and their angular correlations and 
invariant masses

-
-

- - -

-

- -
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https://cds.cern.ch/record/2873524/files/ATLAS-CONF-2023-068.pdf


ATLAS-CONF-2023-068

Differential cross sections for tt inclusive 
channel vs NLO and NNLO predictions:

Good description of angular observables by 
NLO predictions

Good description of transverse momentum 
observables by NNLO and some NLO 
predictions

Differential cross sections in 
tt and tt+jets production

First time NiNNLOPS used for comparison

-

- -
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https://cds.cern.ch/record/2873524/files/ATLAS-CONF-2023-068.pdf


ATLAS-CONF-2023-068

Differential cross sections for tt+1jet and 
tt+2jets channels

Good description of angular observables by 
NLO and NNLO predictions

Angular correlations between tophad / toplep 
and jet-rad1/ jet-rad2 have different shapes

-> hard radiation is farther in ϕ from toplep 
than from tophad 

-> distributions for second emission is more 
isotropic than those for tt +1 jet channel

Differential cross sections in 
tt and tt+jets production- -

-
-

-
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https://cds.cern.ch/record/2873524/files/ATLAS-CONF-2023-068.pdf


Differential cross section measurements of ttZ production

ATLAS-CONF-2023-065

ttZ is a rare top process providing probe of the coupling of 
the top quark to Z boson:

• Indirect search for BSM physics
• Sensitivity to some SMEFT Wilson coefficients
• ttZ is also a background for top (ttH, ttW) measurements 

and BSM searches

Updated from Run 2 Measurement of ttZ cross sections, 
Eur. Phys. J. C 81 (2021) 737

Measurement improvements include:

• More precise inclusive cross-section measurement, including 2ℓ channel using NN 
• 17 differential measurements using profile-likelihood unfolding 
• Spin correlation + SMEFT interpretations

2ℓ , 3ℓ , 4ℓ , channels

-

-

- - -
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https://cds.cern.ch/record/2873519/files/ATLAS-CONF-2023-065.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/


ATLAS-CONF-2023-065

Inclusive cross section measurement in 2ℓ, 3ℓ
and 4ℓ channels 

• NN used for signal-background separation
• Dedicated WZ & ZZ control regions
• Signal strength estimated using profile-

likelihood fit
• Dominant systematics include Background 

normalisations, Jets & MET, b-tagging

Differential cross section measurements of ttZ production-
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(NLO+NNLL)Eur. Phys. J. C 79 (2019) 249

https://cds.cern.ch/record/2873519/files/ATLAS-CONF-2023-065.pdf
https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z


ATLAS-CONF-2023-065

Differential Cross-section measurement
• 3ℓ and 4ℓ channels using profile-likelihood unfolding

SMEFT interpretation 
• EFT coefficients extracted from differential cross-section 

• Sensitive directions in EFT space identified through the Fisher 
information matrix leading to the tightest constraints.

Spin correlation interpretation
• tt spin correlations extracted from angular distributions

• Agree with the SM expectation, disfavouring the no-spin 
hypothesis with a significance of 1.8s 

Differential cross section measurements of ttZ production-

-
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https://cds.cern.ch/record/2873519/files/ATLAS-CONF-2023-065.pdf


ATLAS-CONF-2023-063

Observation of tt production in p+Pb collisions

First tt cross-section measurement in proton-lead p+Pb 
collisions at √𝑠NN = 8.16 TeV with ATLAS. 

Reconstructed in ℓ+jets and dilepton channels, using 
165 nb−1

• Can constrain gluon content of Parton Distribution 
Functions (PDFs) in unique kinematic region

• Probes of nuclear modifications to parton distribution 
functions (nPDF)

• Provide unique information on the properties of the 
strongly interacting quark-gluon plasma (QGP) 

 - Uncertainty = 9 %

-

-
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ATLAS Physics Briefing

https://cds.cern.ch/record/2873517
https://atlas.cern/Updates/Briefing/HI-Top-Observation


t-channel has the largest production process, tW
associated production & s-channel are smaller

First measurement at √𝒔 = 5.02 TeV, expected NNLO 
cross-section σSM = 30.3 pb

• Profile likelihood fit on BDT output 
• Forward Jets to enhance signal /background ratio

- 6.1 sigma significance

Very precise cross-section measurement at 13 TeV, 
thanks to very precise luminosity measurement (0.83% 
precision arXiv:2212.09379), giving 1.8% precision

arXiv:2310.01518
Submitted to: Phys. Lett. B

𝒕-channel single-top-quark production at √𝒔 = 5.02 TeV and 13 TeV
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ATLAS-CONF-2023-026

https://arxiv.org/abs/2212.09379
https://arxiv.org/pdf/2310.01518.pdf
https://arxiv.org/pdf/2310.01518.pdf
https://cds.cern.ch/record/2860644/files/ATLAS-CONF-2023-026.pdf


Flavour-changing neutral current decays involve a quark 
changing its flavour without altering electric charge
FCNC processes are forbidden at tree level and highly 
suppressed at the one-loop level due to GIM mechanism

Very powerful way to search for new physics

arXiv:2309.12817 (submitted to JHEP)

Search for flavour-changing neutral 𝒕𝒒𝑯 interactions with 𝑯 → 𝜸𝜸

Combined limits including the H → and H → bb 
channels are determined 95% CL combined upper limits 
on the branching ratios 

B(𝑡 → 𝑐𝐻) <  5.8×10−4 (3.0×10−4 )
B(𝑡 → 𝑢𝐻) <  4.0×10−4 (2.4×10−4 ) 

Corresponds to limit 𝜆𝑡𝑞𝐻 < 0.045
 
Corresponding limits on the relevant Wilson coefficients 
in the SMEFT framework are also derived.
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https://arxiv.org/pdf/2309.12817.pdf


Top Mass Measurement

arXiv:2204.04204 arXiv:1707.08124

Precision Top mass measurements necessary to determine the stability of the EW vacuum.
-> Top may play a special role in EW symmetry breaking or in BSM physics, due to its high mass.
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Top Mass Measurements

ATLAS-CONF-2023-066 
CMS-PAS-TOP-22-001 
CERN-LPCC-2023-02

First combination of top quark mass measurements performed 
by ATLAS and CMS (7 and 8 TeV)
- Combination of fifteen top quark mass measurements

- Most precise mtop result to date
- 0.2 % uncertainty

- Systematically limited, dominant uncertainties include JES, b-
tagging, tt modelling.

Measurements are combined using the best linear unbiased 
estimate (BLUE) method

mit are defined to be orthogonal, such that each measurement is 
statistically uncorrelated with every other measurement

Top mass also measured in Run 2
ATLAS-CONF-2022-058
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https://cds.cern.ch/record/2873520/files/ATLAS-CONF-2023-066.pdf
https://cds.cern.ch/record/2826701/files/ATLAS-CONF-2022-058.pdf


Observation of top quantum entanglement

ATLAS-CONF-2023-069

Top quarks have a very short lifetime and decay into Wb
Dominant production through gg fusion, which leads to a 
singlet state close to threshold

-> Measure in the dilepton channel where the spin 
information from top quarks are transferred to decay particles

ℓ± angular distributions
 (1 ± cos q)/2

Spin entanglement 
• Measurement of a single observable

where ⟨cos 𝜑⟩ is the average of the angle between the 
charged lepton directions in each one of the parent top 
quark and antitop quark rest frames 
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Fermilab–Pub-09-662-T

Existence of an entangled state 
demonstrated if the measurement 
satisfies 𝐷 < −1/3.

ATLAS Physics Briefing 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-069/ATLAS-CONF-2023-069.pdf
https://atlas.cern/Updates/Briefing/Top-Entanglement


Observation of top quantum entanglement

ATLAS-CONF-2023-069

Top quarks are expected to be maximally 
entangled at production threshold when in spin 
singlet state, where the invariant mass of the pair is 
at its minimum ~ 2mt 

Strategy: dilepton channel with focus on low mtt 
region
• Measure the particle level value of D using a 

calibration curve technique.
• Compared with a variety of mainstream MC 

generators.

No clear preference of a specific MC prediction.

Entanglement is observed with a significance of 
more than 5σ in the SR, and is stronger than the 
MC predictions.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-069/ATLAS-CONF-2023-069.pdf


Summary

Many new measurements of the Top Quark from ATLAS we are 
in the precision era! -> ATLAS Results

• New σtt measurement at 13.6 TeV, 3.2% precision
• Most precise σtt cross section at 13 TeV -1.8% precision

• New combination top mass measurement at 0.2 % precision
• High precision single top, differential and rare processes 

measurements, and searches for FCNC
• Observation of top-quark pairs in proton-lead ion collisions
• Study of Quantum Entanglement at high energy

• TTW and 4 top measurements presented on Monday
• Still to observe s-channel single top (large background and 

systematics), and associated productions such as tWZ and 
ttyy
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- Working to learn more about 
jet substructure in hadronic tops!
ATLAS-CONF-2023-027

-

-

-

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://cds.cern.ch/record/2861056/files/ATLAS-CONF-2023-027.pdf

