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Top-quark physics at LHC

• Thirty years after the discovery of the top quark at TeVatron (1995), the LHC,
• which can be considered a top factory, has produced a vast sample of top quarks
• used by ATLAS and CMS to study in detail its properties and test the SM
• → more than 100 million top-quark pairs have been recorded by ATLAS and CMS
• → at

√
s=7, 8, 13 and 13.6 TeV, making this particle the subject of a large

• → variety of measurements

• The most recent measurements include a wide range of topics:
• − differential tt̄ cross sections (CMS Collab, PRD 104 (2021) 092013 & JHEP 02 (2025) 064)
• − singly- and doubly-resonant top-quark production
• − (ATLAS Collab, JHEP 02 (2026) 153 & arXiv:2510.26476)
• − polarisation and spin correlations and entanglement in top-quark pairs
• − (CMS Collab, PRD 110 (2024) 112016)
• − observation of a cross-section enhancement at the tt̄ production threshold
• − (ATLAS Collab, arXiv:2601.11780 & CMS Collab, RPP 88 (2025) 087801)
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Top-quark physics at LHC
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• The dominant mechanisms for tt̄ production at LHC are

• The top quark decays almost 100% to Wb in the SM
• → classification of top-quark channel according to W decays: leptons or hadrons
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• Main background: single top, W/Z+jets, multijets, tt̄V & diboson processes
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Differential tt̄ cross sections

• Differential tt̄ cross sections were measured in the semi-leptonic and di-leptonic
• channels at

√
s = 13 TeV using L = 138 fb−1

• → single, double and triple differential cross sections at particle and parton levels
• → as functions of kinematic variables of the top quarks and of the pairs

• Motivation:
• → tests of pQCD theory via NLO and NNLO predictions
• → sensitivity to PDFs

• Measurements of differential cross sections in the di-leptonic final state have the
• highest precision

• Measurements of differential cross sections in the semi-leptonic final state,
• despite the worsening of the precision compared to di-leptonic channels, provide
• a larger sample and the ability to fully reconstruct the top-quark kinematics and
• are affected by smaller uncertainties than the fully hadronic channel

CMS Collab, PRD 104 (2021) 092013 & JHEP 02 (2025) 064
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Single differential tt̄ cross sections: mtt̄

• Comparison of measurements and NLO QCD predictions:
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⇒ No significant disagreement with NLO as a function of mtt̄ is observed

CMS Collab, PRD 104 (2021) 092013 CMS Collab, JHEP 02 (2025) 064
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Single differential tt̄ cross sections: comparison ATLAS-CMS
• Comparison of similar measurements from ATLAS and CMS:
• → ATLAS: mtt̄ – jet-rad1 invariant mass of tt̄ system and one additional jet
• → CMS: mevt invariant mass of top quarks and all additional jets
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⇒ CMS measures up to 5 TeV, whereas ATLAS measures up to 6.5 TeV
⇒ → in the common region, NLO and NNLO predictions describe the data within
⇒ → uncertainties
⇒ Differences between data and NLO predictions for m>4 TeV (ATLAS)
⇒ → NNLO is closer to data in this region with smaller uncertainties than NLO
CMS Collab, PRD 104 (2021) 092013 ATLAS Collab, JHEP 08 (2024) 182
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Single differential tt̄ cross sections: mtt̄

• Comparison of measurements and NLO and NNLO QCD predictions:
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⇒ No significant disagreement with NLO and NNLO as a function of mtt̄, except
⇒ for mtt̄ < 300 GeV (region affected by mt value assumed in predictions)
CMS Collab, PRD 104 (2021) 092013 CMS Collab, JHEP 02 (2025) 064
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Double differential tt̄ cross sections: ytt̄ in regions of mtt̄

• Comparison of measurements and NLO and NNLO QCD predictions:
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Triple differential tt̄ cross sections: ytt̄ in regions of mtt̄ and ptt̄T
• Comparison of measurements and NLO and NNLO QCD predictions:
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Double differential tt̄ cross sections: sensitivity to PDFs
• Comparison of measurements and NLO and NNLO QCD predictions:
di-leptonic
parton level
(double)
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⇒ Sensitivity of this observable to PDFs
CMS Collab, JHEP 02 (2025) 064
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Differential WWbb cross sections
• tt̄ pair and tWb-channel single-top production have the same final state
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• and can interfere

• Traditionally, these processes have been treated separately in theory calculations
• and experimental measurements, due to their large cross-section differences and
• the non-trivial interplay between LO and NLO between the two processes

• Due to the interference, this separation is somewhat arbitrary leading to
• significant uncertainties

• Thus, a coherent treatment of singly- and doubly-resonant top production is
• desirable to reduce the uncertainties
• → this can be achieved considering the complete process pp → WWbb

• The comparison of the measurements and the calculations which include the
• interference effects is crucial for validating these models

ATLAS Collab, arXiv:2506.14700 & arXiv:2510.26476
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Differential WWbb cross sections: di-leptonic channel
• The observable mbl

minimax ≡ min{max(mb1ℓ1,mb2ℓ2),max(mb1ℓ2,mb2ℓ1)} is
• the most sensitive to the interference effects
• → mbl

minimax < mt for doubly-resonant events
• → mbl

minimax is sensitive to interference for ≳ 180 GeV
• → imposing Nb−tags=2 (2b-exclusive SR) enhances sensitivity to interference

5−10

4−10

3−10

2−10

1−10

1

  [
1/

G
eV

]
m

in
im

ax

bl
 / 

dm
σ

 d⋅ σ
1/

ATLAS

 = 2
b-jets

, Nµe

-1 = 13 TeV, 140 fbs
WbWb dilepton

Data               PWG+PY8            

PWG+PY8 (DS)       PWG+PY8 (bb4l)     

Stat. unc. Syst. + Stat. unc.

0 100 200 300 400 500 600 700 800

 [GeV]minimax
blm

1

1.5  
D

at
a

P
re

di
ct

io
n

PWG+PY8            PWG+PY8 (DS)       

PWG+PY8 (bb4l)     

0 100 200 300 400 500 600 700 800

 [GeV]minimax
blm

1

1.5

  
D

at
a

P
re

di
ct

io
n

PWG+PY8            PWG+PY8 (NNLO rew.)

PSPWG+PY8 MiNNLO

di-leptonic, particle level
• Comparison with predictions:
• → PWG+PY8 - bb4ℓ, expected to be most accurate
• → model to describe the interference, fails
• → PWG+PY8 - DS scheme is the least compatible
• → with the data (DS scheme: diagram-subtraction)
• → PWG+PY8 - DR scheme at NLO or NNLO gives
• → best agreement with the data below 350 GeV
• → (DR scheme: diagram-removal)

⇒ The differences observed highlight the need for
⇒ further improvements in the modelling of this
⇒ process

ATLAS Collab, arXiv:2506.14700
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Differential WWbb cross sections: semi-leptonic channel
• The requirements
• → mmin

bℓ ≥ 150 GeV, ∆R(b1, b2) > 1.4 and Emiss
T ≥ −0.625pT(ℓ) + 270 GeV

• enhance sensitivity to interference effects
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⇒ These results represent the first measurement of coherent production of singly-
⇒ and doubly-resonant top-quarks in the semi-leptonic channel

⇒ None of the predictions considered at NLO or NNLO can simultaneously
⇒ describe all observables in the phase-space region studied
⇒ → valuable insights into the modelling of the WWbb process to help to develop
⇒ → future improvements ATLAS Collab, arXiv:2510.26476
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Polarisation, spin correlation and entanglement in top pairs
• Since the top quark decays before hadronising, the decay products preserve
• the polarisation and spin correlation of tt̄ pairs

• Main production mechanism at LHC is gg → top pairs are unpolarised at LO
• but their spins are strongly correlated

• The decay products of the top pairs also provide the opportunity to study QM
• effects, such as quantum entanglement, already observed by ATLAS and CMS

• Coefficients of polarisation vectors
• and spin matrix extracted simultaneously
• from angular distributions of tt̄ decay
• products using a binned likelihood fit,
• inclusively and in different regions of
• phase space
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CMS Collab, PRD 110 (2024) 112016
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Observation of enhancement at tt̄ production threshold

• Due to the large mass of the top quark and its short lifetime, formation of bound
• states is suppressed
• → however, NRQCD calculations predict bound-state enhancements at threshold
• → experimentally, they would appear only as local broad enhancements
• → theoretical predictions are challenging due to ISR and FSR, higher-order pQCD
• → contributions and off-shell effects, which modify the color configurations of
• → tt̄ pairs

• Modelling of non-resonant tt̄ production (ATLAS & CMS):
• → NNLO pQCD (POWHEGhvq/Top++/MATRIX) + NLO EW (HATHOR)

• Modelling of resonant tt̄ production (CMS): resonances with MADGRAPH at LO

• Modelling of resonant tt̄ production (ATLAS): Green functions with MADGRAPH

CMS Collab, RPP 88 (2025) 087801 ATLAS Collab, arXiv:2601.11780
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Observation of enhancement at tt̄ production threshold
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di-leptonic channel

• The mtt̄ distribution was measured in three regions of chel and chan, which give
• the spin correlation of the tt̄ system (chel/chan related to scalar product of ℓ’s directions in rest frame)

• → for ηt: chel (chan) distribution has a maximal slope of +1 (−1) (t/t̄ spins anticorrelated)

• → for χt (scalar): chel (chan) has a slope of −1/3 (+1/3)

• → for pQCD: chel (chan) is almost flat

⇒ An excess of events wrt FO pQCD (NNLO QCD+NLO EW) is observed at low mtt̄
⇒ with a stregth that depends on chel and chan and the data show a steeper slope
⇒ than FO pQCD for chel
⇒ These differences are accounted for with the model that includes a ηt state
CMS Collab, RPP 88 (2025) 087801
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Observation of enhancement at tt̄ production threshold
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channel

• The mtt̄ distribution was measured in nine regions of chel and chan and a binned
• profile-likelihood fit on the data was used to obtain the pQCD prediction, including
• the modelling of quasi-bound states via Green functions

⇒ An excess of events wrt FO pQCD (NNLO QCD+NLO EW) is observed at low mtt̄
⇒ with a stregth that depends on chel and chan

⇒ These differences are accounted for with the model that includes quasi-bound
⇒ states ATLAS Collab, arXiv:2601.11780

SM@LHC2026 (7-10 April, 2026) Claudia Glasman (UAM)
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Observation of enhancement at tt̄ production threshold
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• The mtt̄, chel and chan distributions; a binned profile-likelihood fit on the data
• was used to obtain the pQCD prediction, including the modelling of quasi-bound
• via Green functions

di-leptonic
channel

zoom of mtt̄ distribution
for all chel and chan regions chel and chan distributions for all mtt̄

⇒ Good description of data by the model that includes quasi-bound states via
⇒ Green functions

ATLAS Collab, arXiv:2601.11780
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Observation of enhancement at tt̄ production threshold
• ATLAS measured the production cross section for a quasi-bound state:

σ(tt̄GFRW) = 9.3+1.1
−1.0 (stat) ± 0.8 (syst) pb = 9.3+1.4

−1.3 pb

• Predicted value: 6.43 pb
• → the baseline model without quasi-bound-state contributions is rejected with
• → an observed (expected) significance of over 8σ (6σ)

• CMS measured the production cross section for the ηt quasi-bound state:

σ(ηt) = 8.8 ± 0.5 (stat)+1.1
−1.3 (syst) pb = 8.8+1.2

−1.4 pb

• → the significance of the excess over the
• → hypothesis with no ηt production exceeds 5σ

• An alternative fit with contributions from
• pseudoscalar ηt and scalar χt production shows
• → data compatible with 0 contribution from χt

• → within 1σ
• → data exclude 0 contribution from ηt with
• → significance above 5σ 5 0 5 10 15 20 25 30

( t) [pb]
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CMS Collab, RPP 88 (2025) 087801 ATLAS Collab, arXiv:2601.11780
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Observation of enhancement at tt̄ production threshold
• Experimental cross-checks:
• → Fit performed on the mbbℓℓ distribution instead of mtt̄ to minimize effects of
• → top reconstruction algorithm
• → → less sensitivity but σ(ηt) obtained compatible with nominal value
• → Possible effect of jet pT calibration investigated by fitting pseudodata from
• → FO pQCD predictions and shifting scale by uncertainty
• → → resulting shift in σ(ηt) smaller than 1σ

• Fit bias:
• → Fits performed to measured mtt̄ and chel distributions with a background-only
• → hypothesis
• → → the fit is able to absorb part of low-mtt̄ excess however, differences in
• → → slope for chel remain

• Modelling of FO pQCD predictions:
• → Different generators (POWHEGhvq+PYTHIA, POWHEGhvq+HERWIG,
• → MADGRAPH, POWHEGbb4l+PYTHIA) were used in the fits
• → → the largest difference of 1.5σ from nominal result is obtained for
• → → POWHEGbb4l+PYTHIA

CMS Collab, RPP 88 (2025) 087801

SM@LHC2026 (7-10 April, 2026) Claudia Glasman (UAM)
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Observation of enhancement at tt̄ production threshold
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• Experimental cross-checks:
• → Alternative method to estimate statistical uncertainties
• → Normalisation factors for tt̄ background obtained using individual channels
• → → results compatible with nominal in all cases

• Fit bias:
• → Stability of fit cross-checked by changing to different correlation models for
• → the uncertainties
• → → results obtained compatible with nominal value for all different models

• Modelling of FO pQCD predictions:
• → Different generators were used to model
• → the non-resonant contribution
• → → results vary but are still compatible with
• → → the nominal value

ATLAS Collab, arXiv:2601.11780
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Summary

• The measured differential tt̄ cross sections are adequately described by NLO and
• NNLO pQCD predictions within uncertainties and show sensitivity to the PDFs

• The measured differential WWbb cross sections show a need for further
• improvements in the modelling of the interference between singly- and
• doubly-resonant top-quark production

• The results on polarisation and spin correlation are in agreement with the SM
• and confirm the presence of entanglement effects in top-quark pair production

• An excess of events at tt̄ production threshold wrt FO pQCD is observed by
• ATLAS and CMS
• → this excess is compatible with models that include quasi-bound states
• → further efforts towards a more complete model of NRQCD effects and
• → matching with pQCD are needed to investigate the nature of this excess

SM@LHC2026 (7-10 April, 2026) Claudia Glasman (UAM)
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Observation of enhancement at tt̄ production threshold
• Due to the large mass of the top quark and its short lifetime, formation of bound
• states is suppressed
• → however, NRQCD calculations predict bound-state enhancements at threshold

• Effect only present when tt̄ pairs are in a color-singlet configuration
• → dominant contribution at LHC from gg initial state, leading to the production
• → of a 1S

[1]
0 quasi-bound state ηt (“toponium”); other states are suppressed at LHC

• → the presence of such state would manifest as an enhancement near the
• → production threshold with distinctive spin correlations due to its pseudoscalar
• → nature → they would appear only as local broad enhancements, with a width
• → well below the current experimental resolution
• → theoretical predictions are challenging due to ISR and FSR, higher-order pQCD
• → contributions and off-shell effects, which modify the color configurations of
• → tt̄ pairs
• → → recent theoretical developments incorporate resummation of soft and
• → → collinear gluon emissions near the threshold
• → → MC models which include non-relativistic Green functions combined with
• → → standard pQCD tt̄ generation provide a more complete prediction of tt̄
• → → dynamics at threshold
CMS Collab, RPP 88 (2025) 087801 ATLAS Collab, arXiv:2601.11780
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Observation of enhancement at tt̄ production threshold
• Modelling of non-resonant tt̄ production (ATLAS & CMS):
• → non-resonant tt̄ production modelled at NLO using the hvq model of POWHEG
• → interfaced with PYTHIA
• → normalisation: NNLO+NNLL from Top++ 2.0
• → shape reweighted using MATRIX predictions at NNLO QCD and EW corrections
• → at NLO using HATHOR
• → final POWHEG tt̄ sample (FO pQCD) is NNLO pQCD + NLO EW

• Modelling of resonant tt̄ production (CMS):
• → pseudoscalar ηt production generated as a generic resonance with
• → MADGRAPH at LO with effective contact interaction to describe gluon-ηt
• → coupling, with mass (width) set to 343 (2.8) GeV, according to expectations
• → similar generation for χt (3P [1]

0 )

• Modelling of resonant tt̄ production (ATLAS):
• → quasi-bound states are modelled using Green functions and generated using
• → MADGRAPH
• → this model includes a full set of S-wave color singlet contributions

• Resonance samples are added to FO pQCD tt̄ samples
CMS Collab, RPP 88 (2025) 087801 ATLAS Collab, arXiv:2601.11780
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Figure 20: Differential cross-sections as functions of (a) <4` and (b) Δq4`. The upper panels show the measured

absolute CC̄ → 4` (filled points) and 4`11̄ (open points) cross-sections, including the contributions from , →

g → 4/` decays, with the total uncertainties shown by the shaded bands. The other panels show ratios of various

predictions without and with quasi-bound-state contributions simulated with the CC̄GFRW and [C models to the measured

normalised differential cross-sections, for CC̄ → 4` (middle three panels) and 4`11̄ (lower panels). The markers

showing the ratios for each prediction are offset from the bin centres for better visibility, and the total uncertainty in

the prediction is shown by the error bar. The data statistical uncertainty is shown by the black error bars and the total

uncertainty by the cyan (CC̄ → 4`) or orange (4`11̄) band around unity.
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