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Introduction
Top quark:

• Heaviest fundamental particle: 𝑚top~172.5 GeV

→ Affects the Higgs potential through quantum correction.

• Short lifetime: ~10−25 s.

→ 𝑡 ҧ𝑡 system can be investigated using decay products.

• ~100% decays to 𝑊𝑏.

• High production cross section at LHC: 120M pairs in Run 2 (140 fb−1)

→ Useful to probe the electroweak interaction.

Top mass and properties measurement:

• Validation of the fundamental particle physics
at high energy scale.

• Probe for new physics via the validations.
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Today’s contents

arXiv:2502.18216

Eur. Phys. J. C 84, 993 (2024)

HEP 05 (2025) 038

Nature 633, 542–547 (2024)

Recent results using the full Run 2 dataset from the ATLAS experiment, 
140 fb−1 of 𝑝𝑝 collisions at 𝑠=13 TeV, are presented.

• Top quark mass is essential parameter to investigate 𝜆 of Higgs potential.

→ Measurement of the top quark mass using 𝑡 ҧ𝑡 events
     with a high transverse momentum top quark arXiv:2502.18216

• Using top-quark events, high precision measurements with large statistics
and clean dataset due to characteristic topology are expected.

→ Test of Lepton Flavour Universality in the 𝑊-boson decays
  - into electrons and muons Eur. Phys. J. C 84, 993 (2024)
  - into electrons and 𝜏 leptons HEP 05 (2025) 038

• Top quark can be used to observe pure quantum effects.

→ Observation of quantum entanglement in top quark pair production 
    Nature 633, 542–547 (2024)
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https://link.springer.com/article/10.1140/epjc/s10052-024-13070-4
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Top mass measurement using “boosted” top 
There may be a non-zero probability
that the electroweak vacuum decays.

The vacuum stability is determined by RG
equation (RGE) at a high energy scale
of the Higgs quadratic coupling 𝜆.

• The scale where 𝜆<0 may indicate the upper limit
of the range in which new physics exists.

• The RGE depends on 𝑚top because of radiative corrections.

→ Precise measurements of 𝒎𝐭𝐨𝐩 are important.

Top mass measurement using high transverse momentum top-quarks 
(Boosted top-quarks) is performed.

• Boosted top-quark decay products are collimated
and can be reconstructed as a single large-radius jet.

→ Simplifies the reconstruction of top quarks
    compared to the inclusive phase space.

→ Expected to reduce the systematic uncertainties.
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arXiv:1707.09301
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Analysis strategy
To improve the precision of top mass measurements,
it is necessary to suppress the effects of uncertainties
due to Jet Energy Scale (JES) and signal-event modeling.

Focus on three observables:

→ Perform profile likelihood fit to the three observables
    with 𝑚top, # of events, and nuisance parameters.
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Large radius jet (R=1.0)

- 𝑝T>355 GeV Required.

Small-radius 

(R=0.4) jets

1. Average top-jet mass (𝒎𝑱)

  - Sensitive to top mass.

3. Invariant mass of leptonically decaying top 

   and closest additional jet (𝒎𝒕𝒋)

  - Reduce recoil scheme uncertainty.
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2. Invariant mass of two light-jets 

    inside top-jet (𝒎𝒋𝒋)

  - Reduce JES uncertainties.
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Result

The most precise ATLAS 𝒎𝐭𝐨𝐩 measurement in a single channel.

The profile likelihood fit with three observables successfully reduced
the uncertainties due to JES and recoil effect by ~80%.
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𝒎𝐭𝐨𝐩=172.95±0.53 GeV
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Test of LFU in 𝑾-boson decays
SM assumes equal couplings of 𝑒, 𝜇, and 𝜏 to the 𝑊 boson,
referred to as Lepton Flavour Universality (LFU).

• Any deviation from LFU would clearly indicate new physics.

The decays of top quarks serve as a reliable source of 𝑾 bosons.

• Top-pair events produced at 13 TeV provide a substantial dataset
for the process 𝑡𝑡 → 𝑊𝑏𝑊𝑏 → 𝑙𝜈𝑏𝑙𝜈𝑏.

• The selection of 𝑡 ҧ𝑡 events is straightforward
and results in a relatively pure sample.

Measurements of the ratio of 𝑊 bosons decaying

• Into muons vs electrons (𝑹𝑾
𝝁/𝒆

 = 𝐵(𝑊 → 𝜇𝜈)/𝐵(𝑊 → 𝑒𝜈).)

• Into taus vs electrons (𝑹𝝉/𝒆 = 𝐵(𝑊 → 𝜏𝜈)/𝐵(𝑊 → 𝑒𝜈).)

are performed as high-precision tests of LFU.
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Analysis strategy for 𝑹𝑾
𝝁/𝒆

• Measure 𝜎𝑡𝑡 in 𝑒𝑒, 𝑒𝜇 and 𝜇𝜇 final states simultaneously.

→ Improve sensitivity to 𝑹𝑾
𝝁/𝒆

.

• Assign weight for muons vs (𝑝T, |𝜂|) to give similar kinematic acceptance
for 𝑒𝑒 and 𝜇𝜇.
→ Reduce physics modelling uncertainties.

• Normalize 𝑅𝑊 using 𝑅𝑍; measure 𝑅𝑊𝑍.

- 𝑅𝑊𝑍
𝜇/𝑒

=
𝑅𝑊

𝜇/𝑒

𝑅𝑍
𝜇𝜇/𝑒𝑒

=
𝐵(𝑊→𝜇𝜈)

𝐵(𝑊→𝑒𝜈)
∙

𝐵 𝑍→𝑒𝑒

𝐵 𝑍→𝜇𝜇

→ Reduce electron and muon identification efficiency uncertainties. 
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Analysis strategy for 𝑹𝝉/𝒆
The tag-and-probe method is used.

𝜏 is selected using 𝝉 → 𝒆𝝂ഥ𝝂 decays
to cancel many uncertainties in 𝑅𝜏/𝑒.

Differences in 𝑝T 𝑒  and 𝑑0 𝑒  distributions
help separate 𝑊 → 𝜏 → 𝑒 and 𝑊 → 𝑒.

𝑅𝜏/𝑒 is obtained from a simultaneous fit

of the 𝒑𝐓(𝒆) and |𝒅𝟎(𝒆)| distributions.
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𝑒−, 𝜇− 𝒆+, 𝜏+(→ 𝒆+𝜈 ҧ𝜈)

𝑊+
𝑊−

𝜈 𝜈

ത𝑏 𝑏

ҧ𝑡 𝑡

Tag to select events Probe to measure 𝑅𝜏/𝑒 
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Results

Good agreement with the SM, and no sign of lepton flavour violation.
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𝑹𝝉/𝒆

= 𝟎. 𝟗𝟕𝟓 ± 𝟎. 𝟎𝟏𝟐(𝐬𝐭𝐚𝐭) ± 𝟎. 𝟎𝟐𝟎(𝐬𝐲𝐬𝐭)

𝑹𝑾
𝝁/𝒆

= 𝟎. 𝟗𝟗𝟗𝟓 ± 𝟎. 𝟎𝟎𝟐𝟐 𝐬𝐭𝐚𝐭
± 𝟎. 𝟎𝟎𝟑𝟔 𝐬𝐲𝐬𝐭 ± 𝟎. 𝟎𝟎𝟏𝟒(𝐞𝐱𝐭𝐞𝐫𝐧𝐚𝐥)

Most precise measurement.
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Quantum entanglement in top quarks

EPJP (2021) Quantum (2022) PRL (2023)

In 𝑡 ҧ𝑡 entanglement, the density matrices of the two top quarks
are inseparable.

→ Focusing on the top spin as an entanglement indicator.

Analysis of 𝑡 ҧ𝑡 entanglement at the LHC:

• Observable: 𝐷 =
tr[C]

3
= −3 ∙ cos 𝜑

  - C is the spin correlation matrix 

  - 𝜑 is the opening angle between the charged
    leptons in the 𝑡 ҧ𝑡 rest frame.

  - If entanglement occurs, 𝐷 < −
1

3
.

• Pheno framework: EPJP (2021), Quantum (2022), PRL (2023).
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Analysis strategy
𝑡 ҧ𝑡 around production threshold are used.

• Maximally entangled due to the rotational invariance of the spin-singlet.

The data is corrected to the particle level value.

• Use a calibration curve built from
alternative sets of detector 𝐷 and particle 𝐷.
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Result

Entanglement is detected in the SR with over 5σ significance

• Exceeding MC expectations.

• No specific MC prediction is favored.

First observation of quark-pair entanglement
and the highest-energy entanglement measurement.
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SR      VR1      VR2

340    380           500       𝑚𝑡 ҧ𝑡 [GeV]

SR VR1 VR2

𝑡 ҧ𝑡 threshold



Summary
Recent results from the ATLAS collaboration on the top physics are presented.

• Most precise direct top-mass measurement from ATLAS.

  - Use boosted top quarks.

  - Achieve 0.53 GeV uncertainty.

• Very precise measurements of LFU in W decays.

  - Use 𝑡 ҧ𝑡 events as a source of W bosons.

  - 𝑅𝑊
𝜇/𝑒

=0.9995±0.0045 and 𝑅𝜏/𝑒=0.975±0.024. Compatible with SM.

  - Most precise LFU measurement of 𝑅𝑊
𝜇/𝑒

.

• Observation of quantum entanglement in top quarks.

  - Use the spin of the top quarks as an entanglement indicator.

  - First observation of the highest-energy measurement of entanglement.

All results based on Run 2 dataset.

• Various measurements using the dataset are still actively underway.

• New Run 3 (𝑝𝑝~160 fb−1, 𝑠=13.6 TeV) dataset is ready to be measured.

Stay Tuned!
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Top mass using boosted top 
Event selection:

• Leptons  Exactly 1 lepton in event

  - Electrons  𝑝T > 27 GeV, 𝜂 < 1.37 or 1.52 < 𝜂 < 2.47

  - Muons  𝑝T > 27 GeV, 𝜂 < 2.5

• Small-𝑅 jets (𝑅=0.4) 𝑝T > 26 GeV, 𝜂 < 2.5

• 𝑏-tagged jets (𝑅=0.4) DL1r multivariate tagger at 77% efficiency
   ≥ 1 𝑏-tagged jet is constituent of top-jet
   ≥ 1 𝑏-tagged jet near lepton: Δ𝑅 𝑙, 𝑏 < 2.0

• Hadronic top-jet (𝑡, 𝑅 = 1.0, 𝑅 = 0.4 jets as input)
  ≥ 1 top-tagged large-𝑅 jet candidate
  𝑝T > 355 GeV, 𝜂 < 2.0, 120 GeV < 𝑚top−jet < 220 GeV

  ≥ 2 small-𝑅 jet constituents
  ≥ 1 𝑏-tagged jet constituent

• 𝐸T
miss & 𝑚T

𝑊  𝐸T
miss > 20 GeV, 𝐸T

miss + 𝑚T
𝑊 > 60 GeV

• Electron isolation Δ𝑅 𝑒, 𝑡 > 1.0

• 𝑚𝑙𝑏   𝑚𝑙𝑏 < 180 GeV
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Top mass using boosted top 
Additional selection criteria for observables

• 𝑚𝐽 145 GeV < 𝑚𝐽 < 205 GeV

• 𝑚𝑗𝑗 # of constituent jets in top-jet ≥ 3
 # of not 𝑏-tagged constituent jets in top-jet ≥ 2
 60 GeV < 𝑚𝑗𝑗 < 105 GeV

• 𝑚𝑡𝑗 Δ𝑅 𝑡, 𝑗 < 0.5, 150 GeV < 𝑚𝑡𝑗 < 270 GeV
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Top mass using boosted top  
Pre and post-fit expectations for the 𝑚𝑗𝑗 and 𝑚𝑡𝑗 distributions.
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Profile likelihood fit
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Control expected # of events; 𝜇 = 1
when consistent with 𝜎𝑡 ҧ𝑡=832 pb

# of events

Observed # of each bin Expected # of each bin

Nuisance parameter



Measurement uncertainties
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Top mass using boosted top  
Compare with other measurements.
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LFU test
Previous results:

• Tested in 𝜏, 𝜋, 𝐾 decays to 0.1-0.2%.

  - Some tensions in 𝐵 → 𝐷(∗)𝜏 vs 𝐵 → 𝐷(∗)𝜇 in 𝑏 → 𝑠𝜇𝜇 vs 𝑏 → 𝑠𝑒𝑒.

• Tested in real 𝑊 decays in 𝑒+𝑒− → 𝑊𝑊, 𝑝𝑝 → 𝑊, 𝑡𝑡 → 𝑊𝑊𝑏𝑏 to % level.

  - Long-standing LEP discrepancy in 𝐵(𝑊 → 𝜏𝜈)/𝐵(𝑊 → 𝜇𝜈) is ‘resolved’
    by ATLAS, ±1.3%.
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𝑹𝑾
𝝁/𝒆

measurement
Event selection:
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𝑹𝑾
𝝁/𝒆

measurement
Weighted muons

To minimise physics modelling uncertainties in the measurement of 𝑅𝑊
𝜇/𝑒

,
it is important that the kinematic dependencies of the electron and muon 
identification efficiencies are as similar as possible.
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Small electron efficiency 

in the forward region.

The gap in 

electron 

acceptance

The gap in 

muon 

acceptance

Eur. Phys. J. C 84, 993 (2024)
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𝑹𝑾
𝝁/𝒆

measurement
Kinematic distributions
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𝑹𝑾
𝝁/𝒆

measurement
# of events
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𝑹𝑾
𝝁/𝒆

measurement
Fit results
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There is a data excess in the lowest bin in all four 

same-flavour distributions. Part of this discrepancy 

can be attributed to the top-quark 𝑝T 

mismodelling. → top 𝑝T modeling uncertainty



𝑹𝑾
𝝁/𝒆

measurement
Uncertainties
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𝑹𝑾
𝝁/𝒆

measurement
Ratio of the number of events
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Estimated parameters for 𝑹𝑾
𝝁/𝒆

Cross-sections

• 𝜎𝑡 ҧ𝑡 = 809.5 ± 1.1 ± 20.1 ± 7.5 ± 1.9 pb

• 𝜎𝑧−fid = 774.7 ± 0.1 ± 1.8 ± 6.4 ± 0.7 pb

Ratios for BR

• 𝑅𝑍 = 0.9913 ± 0.0002 ± 0.0045

• 𝑅𝑊𝑍 = 0.9990 ± 0.0022 ± 0.0036

External value of 𝑅𝑍 from 𝑒+𝑒− collider experiment

• 𝑅𝑍(ext) = 1.0009 ± 0.0028
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Agree with the previous results

It is 1.9σ smaller than the standard model.

Other 13 TeV 𝑅𝑍 measurements show

the same tendency.



𝑹𝝉/𝒆 measurement
Event selection

• Two isolated opposite charge leptons (𝑒𝑒 or 𝜇𝑒 pairs)

• The tag lepton (𝑝T > 27 GeV) is selected with a single lepton trigger

• Probe lepton: electron with 𝑝T 𝑒 > 7 GeV

• ≥ 2 𝑏-tagged jets

• For 𝑒𝑒 events, the 𝑍 veto: 𝑚𝑒𝑒 − 𝑚𝑧 > 5 GeV

Fraction of background events is 0.9% in 𝜇𝑒 and 7.9% in 𝑒𝑒 channel.

• Larger fraction of background in 𝑒𝑒 events is due to
Drell-Yan (𝑒+𝑒− + 𝑏-jets) production.
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HEP 05 (2025) 038

https://link.springer.com/article/10.1007/JHEP05(2025)038


𝑹𝝉/𝒆 measurement
# of events
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HEP 05 (2025) 038
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𝑹𝝉/𝒆 measurement
Distributions of |𝑑0| in different pT bins
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HEP 05 (2025) 038
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𝑹𝝉/𝒆 measurement
𝑅𝜏/𝑒 results

Uncertainties
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HEP 05 (2025) 038

https://link.springer.com/article/10.1007/JHEP05(2025)038


𝒕 ҧ𝒕 entanglement measurement
Uncertainties

3919/05/2025 Haruka Asada @Pheno2025

Nature 633, 542–547 (2024)

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


𝒕 ҧ𝒕 entanglement measurement
Comparison between cos 𝜑 distributions for different MC event generators

4019/05/2025 Haruka Asada @Pheno2025

Nature 633, 542–547 (2024)

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