PROCEEDINGS

OF SCIENCE

Highlights on top-quark properties and mass
measurements with the ATLAS detector

Davide Malito* on behalf the ATLAS Collaboration
“Royal Holloway, University of London

E-mail: d.malito@cern.ch

The top quark, the heaviest elementary particle in the Standard Model, plays a central role in
precision tests of the electroweak sector and in searches for physics beyond the Standard Model.
Its mass is a key input to global electroweak fits and is closely linked to the stability of the
electroweak vacuum. In this contribution, the most precise ATLAS determination of the top-
quark mass performed with the full Run 2 dataset at v/s = 13 TeV is presented, as well as
several new measurements of top-quark properties. In particular, the first observation of quantum
entanglement in ¢7 production and two complementary tests of lepton flavour universality in W-
boson decays are discussed. Together, these results highlight the increasing precision and broad

physics reach of the top-quark programme at the LHC.
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1. Introduction

The top quark (#) is the heaviest elementary particle of the Standard Model (SM) and is
produced copiously in proton-proton (pp) interactions at the LHC [1]. Its strong coupling to the
electroweak gauge bosons and to the Higgs boson makes it a powerful probe for precision tests
of the SM, for constraining parameters of quantum chromodynamics (QCD), and for exploring
potential effects from physics beyond the Standard Model (BSM). At a centre-of-mass energy of
13 TeV and an instantaneous luminosity of 10°** cm=2s~!, roughly eight 7 pairs are produced every
second. Each top quark decays almost exclusively into a W boson and a bottom (b) quark, resulting
in final states that are categorised according to the W-boson decay mode. About 9% of ¢f events
yield two charged leptons (dilepton channel), while approximately 45% produce one charged lepton
accompanied by jets. In this contribution, an overview of recent measurements performed by the
ATLAS [2] collaboration is presented. The measurements focus on the determination of the top-
quark mass using tf events in the so-called boosted topology, and on several top-quark properties.
These include the first observation of quantum entanglement in ¢z production and two independent
tests of lepton flavour universality using dileptonically decaying top quarks. All the measurements
presented here are performed using events produced in proton—proton collisions at v/s = 13 TeV,

based on the full Run 2 dataset corresponding to an integrated luminosity of 140 fb~!.

2. Results

2.1 Measurement of the top quark mass with the ATLAS detector using /7 events with a
high transverse momentum

This analysis [3] targets ¢f events in the lepton-plus-jets channel, in which one top quark decays
leptonically and the other hadronically. The hadronically decaying top quark is reconstructed
as a single large-radius (R = 1.0) jet, formed by reclustering small-R jets, taking advantage of
the collimated topology of boosted decays. The mean of the large-R jet invariant mass, (my),
provides the main sensitivity to the top quark mass, as shown in Figure 1. A simultaneous profile-
likelihood fit to the combined signal and background templates, derived from ¢ Monte Carlo samples
generated with different m; values, is performed using the measured (m ), together with the binned
distributions of the invariant mass of the two non b—tagged constituent jets inside the large-R jet
that have the largest pr, m;;, and the invariant mass of the semi-leptonically decaying top quark
and the closest additional jet, m, ;. The likelihood includes all relevant systematic uncertainties as
nuisance parameters, which are profiled in the fit. This approach allows in situ constraints on major
systematic effects, such as the jet energy scale, resulting in a significant improvement in precision.

The fit achieves an expected total uncertainty of 0.51 GeV on the top quark mass, dominated
by statistical and residual modelling uncertainties. The measured value is

my = 172.95 + 0.53 GeV(0.3%),

representing the most precise ATLAS result obtained in a single decay channel.
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Figure 1: Dependence of the reconstructed large-R jet mass m; = (my) on the input m, in simulation (a).
Post-fit m ; distribution compared with data (b). Both figures are from [3].

2.2 Observation of quantum entanglement with top quarks at the ATLAS detector

This measurement [4] is performed using ¢f events in the dilepton channel and focuses on
production near threshold (with a ## invariant mass of 340 < m,; < 380 GeV), where entanglement
is expected to be maximal. The entanglement marker D = Tr[C]/3, where C is the spin correlation
matrix, is determined from the angle between the two charged leptons after boosting to the top
and antitop rest frames, providing a clean probe of the spin density matrix of the system [5]. The
detector-level observable is corrected to the fiducial particle level via a calibration curve derived
from simulated samples with varied D values, ensuring minimal model dependence. Systematic
uncertainties are evaluated for detector, background, and modelling effects, with the dominant
contribution arising from signal modelling. The measured entanglement marker is

D = —0.537 +0.002 (stat.) = 0.019 (syst.),

well below the entanglement threshold of —1/3, corresponding to an observation significance
exceeding So~. Measurements in higher m,7 control regions show no entanglement signal, providing
arobust validation of the method. This result establishes the top quark as the heaviest known system
where quantum entanglement has been observed, demonstrating the potential of collider experiments
as laboratories for quantum information studies. In Figure 2 the comparison of the measured D
values in the signal and control regions and their comparison with MC predictions is presented.

2.3 Test of lepton flavour universality in W—boson decays into electrons and 7—leptons
using 7 collisions at /s = 13 TeV with the ATLAS detector

This measurement [6] tests lepton flavour universality (LFU) in W-boson decays by measuring
the ratio of branching fractions R/, = B(W — 1v)/B(W — ev). The measurement exploits ¢7
and Wt events, where one W boson decays to a 7-lepton (with T — ev,v;) and the other to a light
lepton (e or u). A two-dimensional binned profile-likelihood fit is performed simultaneously in
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Figure 2: The particle-level D results in the signal and validation regions compared with various MC models.
The entanglement limit shown is a conversion from its parton-level value of D < —1/3 to the corresponding
value at particle level, including the theoretical uncertainties. Figure from [4].

the transverse momentum of the electron, pr(e), and the absolute value of the transverse impact
parameter, |dp|. The likelihood combines Poisson terms for each bin with Gaussian constraints
for more than 300 nuisance parameters, representing detector, background, and modelling uncer-
tainties. Systematic uncertainties from fake electrons, Drell-Yan production, and ¢ modelling are
constrained through auxiliary fits and incorporated as nuisance parameters. This approach allows
for the simultaneous extraction of R/, while profiling key systematics in situ.
The result,
Rzje =0.975 +0.012 (stat.) £ 0.020 (syst.),

is consistent with the Standard Model prediction of lepton flavour universality of R/, = 1. This
measurement, the first ATLAS determination of R/, using top-quark decays, achieves a precision
competitive with previous direct W-decay measurements and provides complementary sensitivity
to new physics scenarios coupling preferentially to third-generation leptons. A comparison of this
measurement to other R, is presented in Figure 3a.

2.4 Precise test of lepton flavour universality in W—boson decays into muons and electrons
in collisions at /s = 13 TeV with the ATLAS detector

This measurement [7] tests lepton flavour universality LFU in W-boson decays by measuring the
ratio of branching fractions R,/ = B(W — uv)/B(W — ev). Events with two opposite-charge
leptons (ee, eu, pu) and one or two b-tagged jets are selected, and a simultaneous measurement of
the analogous ratio for Z bosons, R.Zu Jee’ is performed in inclusive Z — £ events to reduce lepton-
efficiency related systematics. All relevant event counts (e.g. Ny and N, for one/two b-tags in each
dilepton channel and the inclusive Z counts) are fitted simultaneously using a single maximum-
likelihood fit. The fit determines the parameters of interest and a small set of free normalisation
and efficiency parameters, while systematic effects are propagated by shifting input quantities and
re-evaluating the fit. This strategy provides in situ constraints on dominant systematics (lepton
identification and isolation, ¢ modelling, Z+jets background), and stabilises the determination of

w
R'u/e.
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The final result, converted from the fitted RZ’eZ using the precise LEP/SLD value of Riﬂ Jee 3

an external input, is

RW

e =0.9995 £ 0.0022 (stat.) + 0.0036 (syst.) = 0.0014 (ext.),

with a total uncertainty of 0.0045, consistent with lepton-flavour universality within 0.5%. A
comparison of this measurement to other R,,/, measurements is presented in Figure 3b.
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Figure 3: Comparison of R/, (a) and R,/ (b) measurements presented in this document to other measure-
ment and world averages. Figures are taken from [6] and [7], respectively.
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