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Introduction

Top quark:

* Heaviest fundamental particle: m,,~172.5 GeV

- Affects the Higgs potential through quantum correction.

e Short lifetime: ~1072° s,

—> tt 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: 5

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

* Probe for new physics via the validations. 7
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Today’s contents

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 1 of Higgs potential.

- Measurement of the top quark mass using tt 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 t 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://arxiv.org/abs/2502.18216
https://link.springer.com/article/10.1140/epjc/s10052-024-13070-4
https://link.springer.com/article/10.1007/JHEP05(2025)038
https://www.nature.com/articles/s41586-024-07824-z
https://arxiv.org/abs/2502.18216
https://link.springer.com/article/10.1140/epjc/s10052-024-13070-4
https://link.springer.com/article/10.1007/JHEP05(2025)038
https://www.nature.com/articles/s41586-024-07824-z

Top mass measurement using “boosted” top

logsoly x GyrGpc?]
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There may be a non-zero probability
that the electroweak vacuum decays.

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

* The scale where 1<0 may indicate the upper limit o S -l

my [ GeV

of the range in which new physics exists. arXiv:1707.09301

* The RGE depends on m,, because of radiative corrections.
- Precise measurements of m,, 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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Analysis strategy
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- Reduce recoil scheme uncertainty. o -
- Perform profile likelihood fit to the three observables .
with m,,, # of events, and nuisance parameters. 3 "o sosnivanzozios
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Analysis strategy

To improve the precision of the 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

1. Average top-jet mass (m;)
- Sensitive to top mass.

with m,,, # of events, and nuisance parameters.

19/05/2025

Haruka Asada

@Pheno2025

— 1734

& 1732 ATLAS

= F {s=13TeV, 140 fb"

E 173= 1 Pseudo-data points
172.8—— Linear fit

it

Ratio to fi

172.6
172.4
172.2

172

171.8F

......................

;= 172.45 + 0.46(m - 172.5)

1.0004"
1.0002]

0.9998

o
©
w0
©
o

l 1 ! i I
[ 1 I 1

171 1715 172 1725 173 1735 174
m, [GeV]



Analysis strategy

To improve the precision of the measurements,
it is necessary to suppress the effects of uncertainties
due to Jet Energy Scale (JES) and signal-event modeling.

Focus on three observables:

= 9000
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2. Invariant mass of two light-jets o
inside top-jet (m;)) :
- Reduce JES uncertainties.

- Perform profile likelihood fit to the three observables
with m,,, # of events, and nuisance parameters.
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Analysis strategy

To improve the precision of the measurements,
it is necessary to suppress the effects of uncertainties
due to Jet Energy Scale (JES) and signal-event modeling.

Focus on three observables:

e : ; :
& b ATLAS Simulation
= (s=13TeV, 140 b’

3. Invariant mass of leptonically decaying top & :——I 3
and closest additional jet (m,;) i —_—
- Reduce recoil scheme uncertainty. g o

| |
———— B
[ —y —
0.9f B
0.8E

- Perform profile likelihood fit to the three observables _
with m,,, # of events, and nuisance parameters. o
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Analysis strategy
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Result

Meop=172.95+0.53 GeV

The most precise ATLAS m,, measurement in a single channel.

The profile likelihood fit with three observables successfully reduced
the uncertainties due to JES and recoil effect by ~80%.

ATLAS

Direct top quark mass measurements

l+jets, 7 TeV, 4.6 o'

Dilepton, 7 TeV, 4.6 fb’'

All jets, 7 TeV, 4.6 fb”

Dilepton, 8 TeV, 20.3 fb™

All jets, 8 TeV, 20.3 b

l+jets, 8 TeV, 20.2 fb™'

Comb., 7+8 TeV, <20.3 fb™
Leptonic inv. mass, 13 TeV, 36.1 fb™'

I+jets boosted (this result), 13 TeV, 140 fb

162 164 166 168 170 172 174

19/05/2025

Source Uncertainty [GeV]
. IES + ()29
""" l+jets boosted Radiation (ISR and FSR) 0.7
T | . Colour reconnection (CR1 and CR2) +0.15
otal uncertainty JES heavy flavour +0.14
Parton shower and hadronisation model +0.14
m,  total (stat. £ syst.) [GeV] ﬁg statistics i gég
172.33 + 1.27 (0.75 + 1.02) Underlying event +0.08
Recoil + 0.07
173.79 £1.42 (0.54 = 1.31) Fit closure + 0.07
1751+ 1.8 (1.4 +1.2) Background modelling + 0.05
Matrix element matching (p5™ = 1) + 0.04
172.99 £ 0.84 (0.41£ 0.74) b-tagging +0.04
173.72 + 1.15 (0.55 + 1.02) Higl}er—order corrections + 0.02
ETS +0.02
172.08 £ 0.91 (0.39 £ 0.82) Pileup +0.01
VT + 0.01
172.71 + 0.48 (0.25 + 0.41) PDE L 001
——a—t—i 174.41+£ 0.81 (0.39+ 0.71) Leptons + 0.01
Luminosity < 0.01

172.95 £ 0.53 (0.27 £ 0.46)
Total statistical +0.27
176 178 180 182 184 Total systematic + 0.46
m, [GeV] Total +0.53
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Test of LFU in W-boson decays

SM assumes equal couplings of e, u, and 7 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 — lvblvb.

» The selection of tt events is straightforward
and results in a relatively pure sample.

Measurements of the ratio of W bosons decaying
 Into muons vs electrons (Rﬁ,/e =BW - uv)/B(W - ev).)
* Into taus vs electrons (R; . = B(W — 1v)/B(W — ev))

are performed as high-precision tests of LFU.

19/05/2025 Haruka Asada @Pheno2025
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e
Analysis strategy for R"/
* Measure gy in ee, ey and uu final states 5|multaneously
- Improve sensitivity to Rﬁ,/e.

 Assign weight for muons vs (pt, |1]) to give similar kinematic acceptance
for ee and upu.
- Reduce physics modelling uncertainties.

* Normalize Ry, using /R;; measure Ry, .
_ Ru/e _ R”/e _ B(W-puv) . B(Z—ee)
wz R 5“/ ee B(W-ev) +B(Z-up)

- Reduce electron and muon identification efficiency uncertainties.

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww

Z ATLAS L]
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E ui, 2b mm Z+jets
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Data / Fit
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m,, [GeV]
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Analysis strategy for R/,

The tag-and-probe method is used.

e, u” et, Tt (- eTvv)

14

Tag to select events p Probe to measure R;/,

£ L L B L B AL B B
. . — E 10°F  ATLAS Data
TIS SeleCted u5|ng T — evvy decays & | s=13TeV, 140" |;|F'rompte(1‘?or W)
o o . 2 10°F  Nominal sample W e (tTor W)
to cancel many uncertainties in R; /e £ b e 200p (e)<250 GeV [ ]Fake € _
L%’ 10 Post-Fit T [C]Prompt e (not from tf or Wi)

Oefrom Z — 77t
ZZUncertainty

Differences in py(e) and |dy(e)| distributions
help separate W - 7 - eand W - e.

R: /e is obtained from a simultaneous fit
of the py(e) and |dy(e)| distributions.

Data / Pred.

9«9#///1///%/7%//%%/%%%;%%

0'90 0.05 01 015 02 025 03 035 04 045 05

do(e)l [mm]
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Results

T T T ‘ T T T T T T T T T ! T T T
ATLAS j
LEP2 : - :
ete’ > WW, {s=183-207 GeV :

ATLAS :
pp—W, Vs=7 TeV, 4.6 b’ e

LHCb :
pp—W, Vs=8 TeV, 21b"

CMS -
pp—tt, Vs=13 TeV, 36 fo' :

PDG average '—'*—'

ATLAS (this result)
pp—tt, Vs=13 TeV, 140 fb”
| | |

0.92 0.94 0.96 0.98 1 1.02
B(W—-uv)/B(W—ev)

ATLAS
Vs=13TeV, 140 fo™

MS
Phys. Rev. D 105 (2022) 072008

—
Phys. Rept. 532 (2013) 119

—e— PDG average

- : Phys. Rev. D 110 (2024) 030001
—_—
_..3.._:_

ATLAS - this result

Rﬂ/e
w
= 0.9995 + 0.0022(stat)
+ 0.0036(syst) + 0.0014(external)

< 4 —_— .
Statistical Uncert.
7] Systematic Uncert. :
—e— Total Uncertainty —_———
1 | 1 | 1 1 | 1 1 1 1 i 1 1 1 1 I 1 1 1 1 | 1 1
0.9 0.95 1 1.05 1.1

B(W— tv)/B(W— ev)

R‘r/e
= 0.975 £ 0.012(stat) £ 0.020(syst)

Most precise measurement.

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

19/05/2025
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Quantum entanglement in top quarks

In tt entanglement, the density matrices of the two top quarks

are inseparable.

- Focusing on the top spin as an entanglement indicator.

Analysis of tt entanglement at the LHC:
tr[C]

e Observable: D =

- C is the spin correlation matrix

- @ is the opening angle between the charged
leptons in the tt rest frame.

- If entanglement occurs, D < —3

—3 - {cos @)

Arbitrary Units

F1 \
41_ ATLAS Simulation
" Vs=13TeV

= nominal

0.8~ — +20% reweighting  —

L B e L

1 o= 340 < mj; <380 GeV -60% reweighting .
— -40% reweighting .

— -20% reweighting =

 Pheno framework: EPJP (2021), Quantum (2022), PRL (2023).

19/05/2025

Haruka Asada

@Pheno2025

-1 -08-06-04-02 0 02 04 06 08 1
cos @


https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://quantum-journal.org/papers/q-2022-09-29-820/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.221801
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://quantum-journal.org/papers/q-2022-09-29-820/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.221801

Analysis strategy

tt 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.

‘g ‘ L AL 401% [m)] JTIIlTlTlllT 1T III}III[TITIIIT'IITi
% 60000 A THAS + Data . s 2 04 Total Uncertaint
w — i > BN otal Uncertainty
- Pow+Py (h JL 1
\s =13 TeV, 140 fis” +P0W+H¥{th} 1 0128 < L ATLAS Statistical Uncertainty
340 <m. <380 Gey T rowrH7 (hva) . % 3 - Vs=13TeV, 140 ft' e Data ]
50000 f & Pow+Py (bbdl) | [ 1014 € oL 340 < mg< 380 Gev = Reweighting points |
M Background ] a O I t e Powheg + Pythia8 |
Total uncertainty ® L e Entanglement limit |
. 1-0.16 i
= of .
1-0.18 ]
i |
102 0.2
. I E ]
i n
—0.22 04 - -
°
-0.24 .
-0.6 - -
15 8 L
(1]
1 % 1 111 I 11 | | 11 | | 111 ‘ 111 ‘ 111 ‘ 111 I 111 | 11|
® ] “ ° -0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04
03 % Detector-level D

Detector-level cos ¢
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Result

SR

VR1 VR2

Particle-level D

>
340 380 500 my; [GeV]
tt threshold

| ATLAS Oom
V's=13TeV, 140 b’
[ |
_______________________ Y
| T i
H —.— Limit (Powheg + Herwig7) |
--- Limit (Powheg + Pythia8)
@ I Theory Uncertainty
@ Data
§ @ Powheg + Pythia8 (hvg)
B Powheg + Herwig7 (hvq)
340 < my < 380 380 < my < 500 my > 500

Particle-level Invariant Mass Range [GeV]

Entanglement is detected in the SR with over 50 significance

* Exceeding MC expectations.

* No specific MC prediction is favored.

19/05/2025

First observation of quark-pair entanglement
and the highest-energy entanglement measurement.
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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 tt events as a source of W bosons.

- RI/©=0.9995+0.0045 and R, ,=0.975+0.024. Compatible with SM.

- Most precise LFU measurement of Rﬁ,/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!
19/05/2025 Haruka Asada @Pheno2025 18
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Top mass using boosted top  axiv2s0218216

Event selection:

* Leptons Exactly 1 lepton in event
- Electrons pr > 27 GeV, |[n| < 1.37 or 1.52 < |n| < 2.47
- Muons pr > 27 GeV, |In| <2.5

 Small-R jets (R=0.4) pr > 26 GeV, |n| < 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: AR(l,b) < 2.0

Hadronic top-jet (t, R = 1.0, R = 0.4 jets as input)
> 1 top-tagged large-R jet candidate
pr > 355 GeV, [n| < 2.0, 120 GeV < mygp_jer < 220 GeV
> 2 small-R jet constituents
> 1 b-tagged jet constituent

o EMISS g W EMISS > 20 GeV, EMSS 4 m¥ > 60 GeV
» Electron isolation AR(e,t) > 1.0
* My myp < 180 GeV

19/05/2025 Haruka Asada @Pheno2025 20


https://arxiv.org/abs/2502.18216

Top mass using boosted top

Additional selection criteria for observables
*m; 145 GeV <m; <205 GeV

- m;; # of constituent jets in top-jet = 3
# of not b-tagged constituent jets in top-jet > 2
60 GeV < m;; < 105 GeV

« my;  AR(t,)) < 0.5, 150 GeV < my; < 270 GeV

19/05/2025 Haruka Asada @Pheno2025
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Top mass using boosted top  axi2so218216

Pre and post-fit expectations for the m;; and m,; distributions.

- e 1600—— ; ; ; ;
& 7o00f ATLAS ¢ Data ] g ATLAS ¢+ Data
s Vs=13TeV, 140 fb" - (& 3140 Vs = 13 TeV, 140 b [
M~ 6000; Pre-Fit % / 1 Pre-Fit
© - |l Background 12007 [l Background]
55000' / - __ 7 Uncertainty 1 1000 / 77 Uncertainty |
5 W »
2 4000} 800 7
! 600} %
% W
2000} 400l ZZzZ
1000} 200}
RE " ) 3 12
o / ////////%/ & //// 8 8
W N O
S %80 6 70 75 80 8 90 95 10{(()3 \1{ ?5 8 %7960 180 200 220 240 ?Igo v
m; [Ge m, [Ge
> T T T T T T T T 21600 T T T T T T
& 7000; ATLAS ¢ Data ] g ATLAS ¢ Data
o Vs=13TeV, 140 fb’ T 3149 Vs =13 TeV, 140 fb' i
™~ 6000r Post-Fit 1 Post-Fit
© Il Background 1200¢ [l Background]
E r 772 Uncertainty 1000¢ * 77 Uncertainty |
c
@
Lﬁemoo 800l
600} { .
400}
200}
.0 : : 1 . | 1 S S P B
pe] e}
©1.075 ®1.075
E: 1'//2‘///-’///,@3///*-Vsﬂf”"‘fvwdﬁ/fvﬂﬂ’f»‘ﬂ/rv//ﬁ;“// | E: 1 22 % % ////47/ W
©0.925 50925
S %o 65 70 75 80 85 90 95 iog_igs 8% 760 180 200 220 240 %0
m; [Ge m, [Ge
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PI‘Ofile IikelihOOd fit Control expected # of events; u = 1

when consistent with 0,7=832 pb

my(me,p,0) = A+B-(m, —172.5)+C- (u—- 1)+ E 0, A,, (1)
S Nuisance parameter

L (mjd, Mg Mg |75 s 9) = G [my " (me, 1. 6), ‘Tm_f-\/# of events

X 1 P [ |V; (#’0)] \l P [nmtj,klpk£E, 02] (2)
Observed # of each bin Expected # of each bin
X 11 [ﬁ5|959 1] s

Uncertainty on m [GeV]
03 02 -01 0 b.1 02 03

ATLAS = -p(e m)>0
Vs =13 TeV, 140fb1 -p(em)<0

Final-state radiation

JES pileup p-topology

CR2

JES heavy flavour generator/shower
JES mixed 1

Parton shower and hadronisation,
JES pileup N,,v

JES pileup p_-dependence

JES modelling 2

Underlying event

JES modelling 1

Fit closure

oil

Parton shower and hadromsailon mI
JES pileup u

CR1

JES n-intercalibration modelling
Parton shower and hadronisation, m
JES n-intercalibration 2018 dataj

JES mixed 2
2 15 -1 —05 0 05 1 15 2

19/05/2025 Haruka Asada @Pheno2025 23



Measurement uncertainties arXiv:2502.18216

Uncertainty [GeV]

Source IDfit 2Dfit 3D fit
JES +141 +£030 +0.26
Colour reconnection (CR1 and CR2) +005 =018 =+0.15
Radiation (ISR and FSR) +0.82 +0.08 +0.14
JES heavy flavour +0.08 +0.15 =+0.14
Parton shower and hadronisation model +0.10 +0.10 +0.13
JER +0.14 +0.09 =+0.10
MC statistics <001 +0.09 +0.09
Underlying event +0.07 +£0.07 =+0.08
Recoil +0.10 +036 =+0.08
Fit closure <001 +0.07 =+0.07
Background modelling +0.05 +0.05 =+0.05
Matrix element matching ( prlard =1) +005 +0.02 =+0.05
b-tagging +0.02 +£0.04 =+0.04
Exiss +0.01 +0.01 +0.02
Higher-order corrections +0.02 +£0.03 +£0.01
Pileup +0.15 +0.02 =£0.01
VT +0.01 +0.01 +0.01
PDF +0.01 +0.01 =+0.01
Luminosity <001 <001 <0.01
Leptons <001 <001 =+0.01
Total statistical +0.11 +0.27 +£0.25
Total systematic +1.66 =057 +044
Total +1.66 +0.63 +0.51
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Top mass using boosted top

Compare with other measurements.

arXiv:2502.18216

ATLAS

Direct top quark mass measurements

———i—

Tevatron comb., 1.8+1.96 TeV, <9.7 fb’
LHC comb., 7+8 TeV, < 20 fo

ATLAS, leptonic inv. mass, 13 TeV, 36.1 fb
CMS, l+jets, 13 TeV, 35.9 fb™

CMS, l+jets boosted, 13 TeV, 138 fb

ATLAS, |+jets boosted (this result), 13 TeV, 140 fb™

e 174.41+ 0.81 (0.39 £ 0.71)

l+jets boosted
Total uncertainty

m, * total (stat. + syst.) [GeV]
174.30 £ 0.65 (0.35 + 0.54)

172.52 + 0.33 (0.14 + 0.30)

171.77 + 0.37

173.06 =+ 0.84 (0.24 £ 0.80)

172.95 + 0.53 (0.27 £ 0.46)

160 165 170

19/05/2025 Haruka Asada
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LFU test

Previous results:
» Tested in 7, ™, K decays to 0.1-0.2%.
- Some tensions in B > D™t vs B> D®yuinb - suu vs b - see.
« Tested in real W decaysinete™ -» WW, pp - W, tt > WWhb to % level.

- Long-standing LEP discrepancy in B(W — tv)/B(W — uv) is ‘resolved’
by ATLAS, £1.3%.

19/05/2025 Haruka Asada @Pheno2025 26



Rﬁ,/e measurement Eur. Phys. J. C 84, 993 (2024)

Event selection:

Object selection

Electrons pr > 27.3GeV, |n| < 1.370r1.52 < |n| < 2.47
Muons pr > 27.3GeV, |n| < 2.5

b-tagged jets pr > 30.0GeV, |n| < 2.5, b-tagging DL1r 70%
Event selection tt — tebbvv Z — L
Dilepton flavour (£*¢7) ee, eu, ee, Uu

Dilepton invariant mass mee > 30GeV 66 GeV < myge < 116 GeV
b-tagged jet multiplicity 1 or2 =

19/05/2025 Haruka Asada @Pheno2025 27
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Rﬁ,/e measu rement Eur. Phys. J. C 84, 993 (2024)
Weighted muons

To minimise physics modelling uncertainties in the measurement of Rﬁ,/e,

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

The gap in Thegapin
muon electron
acceptance acceptance
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Muon pT [GeV]

Small electron efficiency

in the forward region.
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Rﬁ,/e measurement Eur. Phys. J. C 84, 993 (2024)

# of events

Event counts Nf,eoﬁ—z Nf,eon—Z Nf'u Nﬁ";ﬂ:_z Nf,};n—z
Data 222304 442108 405437 223085 448105
tt 154800+ 1700  24830+850 | 361000+4200 | 152500+ 1800 24070 + 860
Wt 17500 + 1600 2770 + 240 41500+ 3800 | 17800+ 1700 2730 +250
Z+jets 46880 400 410700 + 2000 85921 51010780 418000+ 2000
Diboson 770 = 160 3940 + 840 790 £ 280 770 = 160 3880+ 830
Mis-ID leptons 1300 + 500 360 + 260 1740+ 610 390 + 150 172 + 87
Total prediction | 221280 £550 442600+ 1100 | 405900 + 1800 | 222390 £ 670 448900+ 1100
Event counts Nze’eoﬂc_Z N;,eon—z Ng'” N;"‘;ﬂc_z N;,};n-z
Data 85936 37704 198502 86169 38512
tf 79750 +£920 13340480 | 191000+ 1800 | 79770 + 830 13180+ 450
Wt 2860 + 760 400+ 110 6700 + 1600 2940 + 740 423+90
Z+jets 2675 £ 68 23610+ 590 782 3095 + 87 24110 £ 600
Diboson 67 £23 550+ 110 29+38 71 £30 570+ 110
Mis-ID leptons 400 =290 96 + 59 720 £ 520 350+ 160 104 + 56
Total prediction | 85760 + 360 38000+ 190 | 198510+440 86230+ 300 38380+210

Event counts Z — ee Z — uu

Data 47898836 49016812

Z — 47621000 + 33000 48767000 + 29000

Diboson 111000 £ 22000 104000 £ 21000

Z—>TT 16850 + 140 13780 £ 110

1t 119000 + 14000 117000 + 14000

Wt 12380 + 890 12390 + 880

Mis-ID leptons 19000 + 18000 3000 + 13000

Total prediction | 47898800+ 6900 49016800 = 6200
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Rﬁ,/ ° measurement

Uncertainties

19/05/2025

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

Uncertainty [%0] Tii Oz R“;,/Ze Rg” Jee
Data statistics 0.13  0.01 0.22 0.02
tt modelling 1.68 0.03 0.10 0.00
Top-quark pt modelling 142  0.00 | 0.06 0.00
Parton distribution functions 0.67 0.68 0.15 0.03
Single-top modelling 0.65 0.00 | 0.05 0.00
Single-top/tf interference 0.54 0.00 | 0.09 0.00
Z(+jets) modelling 0.06 0.73 0.13 0.20
Diboson modelling 0.05 0.04 | 0.01 0.00
Electron energy scale/resolution 0.05 0.06 | 0.10 0.11
Electron identification 0.10  0.07 0.04 0.13
Electron charge misidentification | 0.06  0.06 | 0.01 0.13
Electron isolation 0.09 0.02 | 0.08 0.04
Muon momentum scale/resolution | 0.04  0.02 0.06 0.04
Muon identification 0.18 0.12 | 0.11 0.23
Muon isolation 0.09 0.01 0.07 0.01
Lepton trigger 0.09 0.12 0.01 0.23
Jet energy scale/resolution 0.08 0.00 | 0.03 0.00
b-tagging efficiency/mistag 0.14  0.00 0.00 0.00
Misidentified leptons 0.17 002 | 0.15 0.05
Simulation statistics 0.04  0.00 0.06 0.00
Integrated luminosity 093 0.83 0.00 0.00
Beam energy 0.23  0.09 0.00 0.00
Total uncertainty 266 1.32 | 042 0.45
Haruka Asada @Pheno2025
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Rﬁ,/e measurement Eur. Phys. J. C 84, 993 (2024)

Ratio of the number of events
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Estimated parameters for R/

Cross-sections
* 0;,=8095+1.14+201+75+19 pb

Agree with the previous results
* 0,_7q=77471+01+18+64+0.7 pb

. It is 1.90 smaller than the standard model.
Ratios for BR Other 13 TeV R, measurements show

e R, =0.9913 + 0.0002 + 0.0045 the same tendency.
* Ryz = 0.9990 + 0.0022 + 0.0036

External value of R, from e*e™ collider experiment
* R,(ext) = 1.0009 + 0.0028
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R, measurement HEP 05 (2025) 038

Event selection

Two isolated opposite charge leptons (ee or ue pairs)

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

Probe lepton: electron with pr(e) > 7 GeV

> 2 b-tagged jets

For ee events, the Z veto: |m,, —m,| > 5 GeV

Fraction of background events is 0.9% in ue 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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R, measurement

# of events

19/05/2025

HEP 05 (2025) 038

ue e e

7<pr<10GeV 10< py <20GeV 20 < pr < 250 GeV
Prompt e(tf) 1278 +28 13370 +150 178000 =+ 1000
e from 1 (t7) 1092 +32 4490 =+100 11670 + 290
Prompt e(Wt) 34 + 6 340 + 60 5300 =+ 900
e from 7 (Wt) 28.0+ 2.5 119 =+ 16 380 + 110
Prompt e (not from #7 or Wt) 52+ 1.5 23 =+ 7 180 + 50
efromZ — 1~ 199+ 04 854+ 14 1329+ 22
Fake e 317 +£22 380 + 33 840 = 60
Total predicted 2770 +40 18880 =+120 196500 + 400
Data 2768 18783 196552

ee ee ee

7<pr<10GeV 10 < pt <20GeV 20 < pr < 250 GeV
Prompt e(7) 1238 +35 12210 +130 160300 +900
e from 1 (t7) 1051 +30 4060 +100 10490 +260
Prompt e(Wt) 35 + 7 320 + 50 5000 =+700
e from T (Wr) 30 £ 4 116 + 13 340 +100
efromZ — ete” 240 +50 1770 =120 12380 =+200
Prompt e (not from ¢7 or Wr) 1.7+ 3.5 59 + 17 560 +170
efromZ — vt~ 19.7+ 0.4 69.7+ 0.9 1053+ 1.3
Fake ¢ 302 +£20 374 + 32 810 + 50
Total predicted 2930 +50 18970 +120 190000 +400
Data 2928 19047 189945
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R, measurement

Distributions of |d,| in different p; bins
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Rr/e measurement HEP 05 (2025) 038

R:/e results  prbin Ry/e

7 < pt < 10 GeV 1.13 £ 0.11 (stat) + 0.07 (syst)
10 < pT <20GeV  0.93 £ 0.04 (stat) + 0.02 (syst)
20 < pr <250 GeV  0.98 £ 0.04 (stat) + 0.02 (syst)

Uncertainties
. Pre-fit impact on R ,
Uncertainty group O-(RT/ e) 6= B+40 0=0A0 o006 0004 0002 0" 0002 0004 0.008
Modelling of tf and Wt 0.011 Post-fit impacton R ;" "1 " 1o i in e r e
s WO =0+A0 10=0-AD | ATLAS
dy calibration 0.006 /S = 13 TeV. 140 fb”
o —— Nuis. Param. Pull $= ev,
Background estimation 0.005 ‘ .
Electron reconstruction, identification, and isolation 0.005 g, template
Electron energy scale 0.003 Electron efficiency correction
Electron energy resolution 0.002 £ PS 1040.( )“2;]:"3
. < e)< e

Jet energy resolution 0.004 P

Fake electron (stat.)
Jet cnergy scale 0003 Jet energy resolution NP2
Jet b-tagging 0.002 1T PS 20<p (€)<250 GeV

T

Muon reconstruction, identification, and isolation 0.001  renormalisation scale
Other sources 0.002 tthy,,
Variation of kg, and k(u/e) 0.003 fEPS p,(e)<10 GeV
Finite size of simulated samples 0.003 Fakf:ek' 10<pT<fg 285 (Sys?
B(W — 1v, — evevevy) 0.002 e e Rl e I(S:S)

e energy resolution
Total systematical uncertainty 0.020 Fake 6, 20<p <250 GeV (syst)

. . Jet pile-up topology

Data statistical uncertainty 0.012
Total uncertainty 0.024
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tt entanglement measurement
Nature 633, 542-547 (2024)

Uncertainties

19/05/2025

Source of uncertainty ADgpserved(D = =0.537)  AD [%] | ADexpeciea(D = =0.470)  AD [%]
Signal modeling 0.017 3.2 0.015 3.2
Electrons 0.002 0.4 0.002 0.4
Muons 0.001 0.2 0.001 0.1
Jets 0.004 0.7 0.004 0.8
b-tagging 0.002 0.4 0.002 0.4
Pile-up < 0.001 < 0.1 < 0.001 < 0.1
E%liss 0.002 0.4 0.002 0.4
Backgrounds 0.005 0.9 0.005 1.1
Total statistical uncertainty 0.002 0.3 0.002 0.4
Total systematic uncertaintjl 0.019 3.5 0.017 3.6
Total uncertainty 0.017 3.6

I 0.019 3.5

Systematic uncertainty source

Relative size (for SM D value)

Top-quark decay 1.6%
Parton distribution function 1.2%
Recoil scheme 1.1%
Final-state radiation 1.1%
Scale uncertainties 1.1%
NNLO QCD + NLO EW reweighting 1.1%
pThard setting 0.8%
Top-quark mass 0.7%
Initial-state radiation 0.2%
Parton shower and hadronization 0.2%
hdamp setting 0.1%
Haruka Asada @Pheno2025
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tt entanglement measurement

Comparison between cos ¢ distributions for different MC event generators
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