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Top Quark Pair Production at the LHC

The unprecedented data collected by ATLAS enable detailed studies
of the top quark across a wide kinematic range.

In the past years, there was an increasing focus on low-velocity top
quarks near the production threshold (m;z 2 m; 7 345 GeV).

Observation of tt entanglement (ATLAS, Nature (2024)).
Sensitive to the top Yukawa coupling.

Physics modelling in this region is highly
challenging.

In this talk, | will focus on a recent
measurement by the ATLAS collaboration,
aiming to study the contribution of
non-relativistic QCD effects near threshold
(ttnrqep)-
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https://arxiv.org/abs/2311.07288

Hints from Other ATLASt Measurements

Measurements irit next to threshold show:
Stronger entanglement than expected, in line with more spin-singlet
events (ATLAS, Nature (2024), see talk by Katharina Voss).
Data overshoots the simulation in lom®" di erential measurement
(ATLAS, 2506.14700).
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NRQCD Calculations fdrt Production

Not included by default in outt MC simulations.

Recent model proposed by Fuks et al. (EPJC (2025)).

This model includes NRQCD calculations. More complete

w.r.t. previous simplied models (used pseudo-scalar / scalar as at
e ective model for spin singlet / triplet).

ContainsS-wave, color-singlet state with Green's function of NRQCL
This is our main signal model. For comparison, a second set of
results is presented with the CMS simpli ed model.

The analysis includes a set of modeling uncertainties.

gg > tt~ > w+bw-b~
with MG5.aMC, reweight:

Go(E;p )
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Production oftt Next to Threshold

Next to the tt production threshold,
the SM predicts a quasi-bound state
(ttnroceD)-
The tops are slow, and can exchange
gluons before decaying.
The tops decay before actually
forming a hadron.
The system can be described using
NRQCD.

From Benjamin Fuks:

Emergence oftyrocp: 0:05 GeV 1.
Decay: £ 06 GeV '

Occurs before hadronisation:

5 GeV 1.

Spin singlet is dominant (EPJC (2009)).
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Discriminating Variables

Spin correlation observables are sensitivet tQrocp formation:

Chet = 't . cosine of the angle between charged-lepton directions
after boosts to thett COM and their parent (anti) top rest frames.
Chan . the cosine of the same angle, with a sign- ip in the component
parallel to the top direction.

Useful to separate the ttyrgep contribution.
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Analysis Strategy

SRs | CR-Z | CR-Fakes
=2 with pr(") 10 GeV
1 trigger-matched lepton wittpr  25=27=28 GeV
2 jets with 25 GeV
1 b-tagged jet (70% e ciency WP)
m- 15 GeV
my 500 GeV
E™* 60 GeV for OSSF events |

Y ~ 0

e e =
jm-  mzj 10 GeV|jm- mzj 10 GeV|jm- mzj 10 GeV
Regions are categorized fyan, Chel-

For the SRsmy; is divided into four
equal-width bins in the range 300-500 GeV.
Backgrounds:

tt (main).

tW.

tt+ X(X = H;W; 2Z).

W (V = W;2).

zZ! Cto=¢

Fakes.
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Main Backgroundtt) Modelling

Main sample:Powheg-Box v2 hvg + Pythia 8 :

Decay is only LO-accurate and assumes narrow width approximation

(with Pythia 8 corrections it becomes NLO-accurate).

NNLO QCD + NLO EW 2D reweighting is applied im{;;cos ).

. angle between top momentum (COM) arid momentum (lab).

Alternative sample:Powheg-Box v2 bb4" + Pythia 8 :

Simulatepp! b™* -b" - including o -shell, non-resonant

contributions, and exact spin correlations at NLO.

Same NNLO QCD + NLO EW reweighting,t-like event agging.
The baseline perturbative QCD model is crucial for the analysis!
Extensive modeling unc. beyond standard approaches are included

Yoav Ak (University of Chicago) ATLAS Results at the tt Threshold 28.08.2025 8/15



Background Estimation

The ttyrocp ("toponium™) normalization is free- oating in the t.

In addition, normalization factors are extracted simultaneouslytto
fakes andZ + b processes.
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Results Powheg-Box v2 hvg + Pythia 8+ ttnroch

The cross-section for thét quasi-bound-state is
(ttnrgep) = 9:0 1:3pb = 9:0 1.2 (stat:) 0:6 (syst) pb:

The observed (expected) signi cance is 7.7 (5.7 ).

Yoav Ak (University of Chicago) ATLAS Results at the tt Threshold 28.08.2025 10/15



Systematic Uncertainties

No strong pulls or

constraints.

Largest e ects from

toponium modelling andt

modelling:
ttnroep parton shower
(comparison to Herwig 7).
Top decay and o -shell
(comparison tobb4").
NNLO QCD reweighting:
NNLO QCD scale
variations.

Jet systematics a ect top
reconstruction.
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Systematic Uncertainties

No strong pulls or Category Impact
constraints. ttnrocp Modelling 5.3%
Largest e ects from tt modelling _ 8.5%
toponium modelling andt ;ﬁ;gg?;gy scale (pileup) 112'30@
modelling: Instrumental (other) 0.9%
ttnroep parton shower Limited MC statistics 0.7%
(comparison to Herwig 7). Jet energy scale ( avour) 0.5%
Top decay and o -shell Background normalisations 0.4%
(comparison tobb4). tW modelling 0.4%
NNLO QCD reweighting: ~ Jet energy scale (inter-calibration) 0.4%
NNLO QCD scale Jet energy scale (other) 0.3%
variations. Jet energy resolution 0.3%
. Leptons 0.2%
Jet systematics a ect top Total syst. uncertainties 6.8%
reconstruction. Total stat. uncertainties 13%
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Results - Powheg-Box v2 hvg + Pythia 8 +

Modelling matters! Using the same simplified model as CMS:
( :z) =134 1:9pb=13:4 1.7 (stat:) 1:0 (syst:) pb:
The observed (expected) signi cance is 7:8 (4:0 ).
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Using our baseline tt model, we observe an enhancement w.r.t.
the perturbative QCD prediction with 7:7 observed (5:7
expected).

This excess is consistent with color-singlet, S-wave, tt quasi-bound
states predicted by NRQCD with cross-section of 9:0 1:3 pb.
Modelling is important!
A more complete tinrgep (“"toponium™) model is used compared
to CMS, with more extensive signal systematics.
Given the experimental limitations, it is quite amazing that we can be
sensitive to these effects.
Spin correlations make a lot of difference.
Relevant links:
ATLAS CONF Note: ATLAS-CONF-2025-008.

ATLAS Physics Briefing.
CERN Press Release.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-008/
https://atlas.cern/Updates/Briefing/Quasi-Bound-Tops
https://home.web.cern.ch/news/press-release/physics/elusive-romance-top-quark-pairs-observed-lhc
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