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u Studying Top Quark Properties in tt Events

Why tt in dileptonic decay?

e large data set
Run 2, /s =13 TeV, 140 fb—!
— 10 M tE(— ££) pairs

e characteristic topology

e 2 opposite charge leptons
e 2 b-jets

e small background

Entanglement in top quarks e — u universality e — T universality

[Nature 633, 542-547 (2024)] [Eur. Phys. J. C 84 (2024) 993] [JHEP 05 (2025) 038]

Channel: ep Channel: ee,eu, i Channel: ee,ep

Background: < 10% Purest SR, background: ~ 4% Background: 7.9% (ee) & 0.9% (ep)
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Entanglement
@000

u Entanglement in Top Pairs: Analysis Strategy [Nature 633, 542-547 (2024)]

Entanglement in tf production: spin quantum state of the tops cannot be described independently of each other
— detectable through D = tr[C]/3 < —1/3 with C spin correlation matrix of t,
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Entanglement
@000

u Entanglement in Top Pairs: Analysis Strategy [Nature 633, 542-547 (2024)]

Entanglement in tf production: spin quantum state of the tops cannot be described independently of each other
— detectable through D = tr[C]/3 < —1/3 with C spin correlation matrix of t,

How to measure it experimentally?

D = —3{(cos ¢)

with ¢: angle between the two charged leptons after
boosting to tt rest frame and then to rest frame of parent
top-quark

Why leptons? Spin information of the top-quark can be
extracted from angular variables of leptons from decay
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Entanglement
@000

u Entanglement in Top Pairs: Analysis Strategy [Nature 633, 542-547 (2024)]

Entanglement in tf production: spin quantum state of the tops cannot be described independently of each other
— detectable through D = tr[C]/3 < —1/3 with C spin correlation matrix of t,

How to measure it experimentally? 0.0r —

D = —3{(cos ¢)

with ¢: angle between the two charged leptons after
boosting to tt rest frame and then to rest frame of parent
top-quark

D parton

Why leptons? Spin information of the top-quark can be

extracted from angular variables of leptons from decay
-0.8-

Which phase space to measure entanglement in t?
- - MadGraph +MadSpin

° -10L s

400 500 600 700 800 900 1000
e Validation Region 1: 380 < m$® < 500 GeV M,;[GeV] [parton level]
e Validation Region 2: m{$® > 500 GeV [Eur. Phys. J. C 136 (2021) 907]
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Entanglement

Lepton universality test
000 )

u Entanglement in Top Pairs: How to measure D7 [Nature 633, 542-547 (2024)]

g [ L N RN RN RN R —0A1%
2 6000 FATLAS 4 Data E 2
. [\s=13TeV, 140 f5" & FPowPy(hva) 0125
[ & Pow+H7 (hvg) %
50000140 <M< 380GV g powspy (bbay) ] P
F M Background ]
F Total uncertainty ] [ ]
400001 - -0.16
£ ] *
r s 1k -0.18
Measure entanglement marker on detector level 30000 =t L= +
== It 02
Ddetector —_3 <COS gDdetect0|r> 20000F -
-t 022
10000 .
F s -0.24
[ P Y B B TR SR SURR S J
k) 758
T 124 - ©
ale ; 9
[=} o
08 1 Om ‘_05 o
8 1080604020 02040608 1 S E

Detector-level cos ¢
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Entanglement

Lepton universality test
000 )

u Entanglement in Top Pairs: How to measure D7 [Nature 633, 542-547 (2024)]

g [ L N R RN NN RE N pa —0A1%
36000 FATLAS ¢ Data g 3
[Vs=13TeV, 140 15" & Pow+Py(hva) L -0.125
F - Pow+H7 (hvg) ] £
50000[ 240 <M <380 GV o powspy (bbal) ] ol |
L M Background ]
Measure entanglement marker on detector level [ 9 -
L Total uncertainty - [ ]
40000 4 -0.16
Ddetector —_3 <COS detector> [ ] *
14 L L1 (] r -0.18
30000 " .
Entanglement marker D < —1/3 defined on parton level 20000 == 1t 02
Strategy: g e
10000/ -
detector particle particle parton __ n ips _0.24
b (data) — DP*™(data) < Dy = Dinie” = —1/3 T e Tt W I PP APt o )
g 158
3 1.2 4 ©
[=] P 1 a
[=} o
S 0.8F 11 O m ‘_05 o
5 _7-08-06-04-020 0204 0608 1 28

Detector-level cos ¢
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Entanglement

rsality test
0000 )

u Entanglement in Top Pairs: How to measure D7 [Nature 633, 542-547 (2024)]

% [ L N R RN NN RE N pa —0A1%
96000 [ATLAS ¢ Data ] H
v [ 3 —.-.
Measure entanglement marker on detector level Fis=13Tev, 140 15" @ PowPy(va) ¢ 0125
F340 < m. < 380 GeV - Pow+H7 (hvq) - £
r i ] o
detector detector 500001 " & PowsPy (bbdl) i pll
D = -3 <COS @ > L [l Background ]
L Total uncertainty [
400001 . -0.16
Entanglement marker D < —1/3 defined on parton level r ] *
Strat 30000} - . + -0.18
rategy: r "
s 0.2
g » i . 20000 3
etector particle particle parton _ 4 C ]
D (data) —D (data) < Dlimit A D\irmt 1 3 r T+ -0.22
10000 .
First step: [ 1t -0.24
; o B B O N R R B B |
Ddetector l> Dpartlcle o 0 T-ST
T 124 - ©
. [=] P 1 a
—» use a calibration curve Dparticle( pdetector) 2 ok 1 om® 2
8 1080604020 02040608 1 055

Detector-level cos ¢
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Entanglement
[e]e] e}

l.I Entanglement in Top Pairs: Calibration Curve [Nature 633, 542-547 (2024)]

Strategy:

Ddetector(data) N Dpartic\e(data) < Dparticle — Dparton _

limit limit

First step:

Ddetector l> Dparticle

Derive calibration curve Dparticle( pdetector)
— reweighting to alternative DP2"°" based on truth level
quantities

Uncertainties on calibration curve:

e new calibration curve for each syst. uncertainty j
. _ [Particle r Hdetector
G = D (peee)

Most dominant uncertainty: tf modelling
(top-quark decay)

Katharina VoB (Universitat Siegen)

1

3

)
a I B B B B B R L N
° .
> 04| Total Uncertainty
%’) ATLAS Statistical Uncertainty]
° [ Vs=13Tev, 140 ft' e Data ]
= i = Reweighting points
© |- T -
a 02 [ 340 < mg< 380 GeV e Powheg +Pythia8 |
L e Entanglement limit |
ol- i
[ u|
-0.2|- 8
L B ]
[ - i
-0.4|- -
[ . ]
Lo ]
-0.6|—
L ol b b b b b bl
-0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04
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ATLAS Results on Top Quark Properties

25t August 2025

4/14


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/

Entanglement
oooe

rsality test

u Entanglement in Top Pairs: Results [Nature 633, 542-547 (2024)]

detect ticl particle parton
DIetector (data) — DPtc(data) < DPAE® « DP"

limit

. particle ,? parton
Next step: Dlimit = Dhm\t

— use Dparticle( pparton) calibration curve

o Powheg+Pythia8: Dﬁ;’f;de = —0.322 +0.009
— tt modelling uncert. except PS

Parti_cle—level fit result:
Dparticle(data) = —0.537 + 0.002(stat.) 4 0.019(syst.)

DParticIe(data) — —0.537 +0.019 .
< —0.322 +0.009 = pparticle

limit
First observation of quantum entanglement with
top quarks with more than 50

Katharina VoB (Universitat Siegen)

—_—

_oqll ATLAS
V/'s=13TeV, 140 fb'

-0.2

§ol

o §0
g
3 03
5 o=}
@
s
b=
5
2 o4
] —— Limit (Powheg + Herwig7)
==~ Limit (Powheg + Pythia8)
o mmm Theory Uncertainty
-05 @ Data
§ @ Powheg + Pythiag (hvq)
B Powheg + Herwig? (hva)
%% Sa<mi<ds0 380 <my <500 mg>500

Particle-level Invariant Mass Range [GeV]

— first observation of quantum entanglement in a pair of

quarks

— highest-energy observation of entanglement
— novel approach to study quantum information effects

also at colliders

Confirmed also by CMS measurement
[Rep. Prog. Phys. 87 (2024) 117801]
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u Testing lepton universality

Are the W-boson couplings to all lepton flavours the same as predicted by SM?

Measuring R, /.

[Eur. Phys. J. C 84 (2024) 993]

I

w=

Ve

(phase space differences due to lepton masses negligible in on-shell W-boson decay)

Lepton universality test

@00000000

Measuring R /.

[JHEP 05 (2025) 038]

— different lepton decay channels lead to quite different analysis strategies
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ATLAS Results on Top Quark Properties

25t August 2025

6/14


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-10/

Er

anglement

u Testing lepton universality

Are the W-boson couplings to all lepton flavours the same as predicted by SM?

Measuring R,, /.
[Eur. Phys. J. C 84 (2024) 993]

WX

R(r—)s)/e =

Lepton universality test

@00000000

Measuring R, /.
[JHEP 05 (2025) 038]

(phase space differences due to lepton masses negligible in on-shell W-boson decay)

— different lepton decay channels lead to quite different analysis strategies
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Lepton universality test
0O®0000000

u Measuring R, /.. Analysis strategy [eur Phys. J. C 84 (2024) 993]

Fit R./,, by comparing the measured tt cross section in the ee, ey and pp channel
— differences in W branching fractions = differences in tf cross sections in different decay channels

— also W — 7 — e/p decays are included with SM B(W — 1v)

Analysis method already applied for precise tt cross-section measurement at /s = 5,13 and 13.6 TeV
[JHEP 06 (2023) 138] [JHEP 07 (2023) 141] [PLB 848 (2024) 138376]

Advantage when measuring the ratio: systematic uncertainties, which are the same in all decay channels cancel
One of the dominant systematics in cross-section measurements: tt and Wt modelling!
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Entanglement
0000

u Measuring R,/ Signal region [Eur. Phys. J. C 84 (2024) 993]

Which signal regions to extract the cross-section ratios?
e eu channel: Ney with Np =1 and Np =2

e ee/pup channel: Ney in bins of myy
(Np =1 and Nj, = 2 region)
— handle on Z+jets background

Lepton universality test

(e]e]

@000000

lepton isolation efficiency depends on lepton pr,n +
hadronic environment (standard SF: from Z — £¢)
— in-situ SF derivation from tt and Z — ¥/

4
x10°
P T T T 3 P E T T 3 > T T T T T T T
8 [ ATLAS :‘I Data ] S __ [ ATLAS # Daa ] $ [ amas ¢ Daa ]
3 10° (=13 Tev, 100" = = 3 S00F s-13tev, 1001° = W E 5 10k =13 Tev. 1401 =5 4
I E ee2b mm Z+ets 3 3 e mm Ztjets 9 € E ju2b B Ztets 3
2 E 1 Diboson 1 £ [ Diboson — o E [ Diboson 3
[T B Mis-ID lepton 1 5 B Mis-ID lepton E| 3 r B Mis-ID lepton e
10° Systematic unc. 5 2 Systematicunc. B 10 Systematic unc.
£ 3 E 5 E E
. 4 B ) . 4
we E E ® g E
* — 0 “’
0
T 10sfF o . E T 102F El i 1osf E
ERE il 3 . 3 1 O o g
T o F . E < <4 .
Q 095 o 098F = Q 095 4
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Lepton universality test

000800000
l.I Measuring R, /.. Rz measurement [eu. Phys. J. C 84 (2024) 993]
Challenge: systematic uncertainties on e and u efficiencies do not cancel in R%/e = %
Solution: instead of Ry, measure Ryyz and Rz — later use precisely measured Rz value at LEP+-SLD
Rufe - _RWT_BW o) [BZ e R/ = RUFVR S
wz /Rw/ ee B(W — EI/) B(Z > ///I)
V4 1) E T T 3
S s EE W
2 7L ATLAS eeluy ]
8 10 (istev, 1a0m? = ?'Eﬁo" E
Need a handle on Rz — use Z — Il events! % Fozon =i 3
- 2 10° = Mi‘s-IDIepwn -
ngv< M E Systematic unc. E
ut 105? 3

10*

)
N
Il
| @
NN
ES
S
I
|
,

(&
Q’\/\ZN‘< =
i 1.005F E
et é 1 . .
A 0.995F E
Z-.ee Z-pp
Z-channel
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Lepton universality test
0000e0000

l.I Measuring Ru/e: Results [Eur. Phys. J. C 84 (2024) 993]

ATLAS
Calculation of final R%/e value LEP2 — e
e'e - WW, {s=183-207 GeV
- ATLAS . e
RU/°(ATLAS) = Rli/S(ATLAS) - \/ RL"/ “(LEP+SLD) W ST TV, 40
1 Y mm—

e From likelihood fit in this analysis o~ W, (5= Tev, 2o

cMs v
R”W/ZE(ATLAS): 0.9990 + 0.0022 (stat.) £0.0036 (syst.) pp-ti, Vs=13 TeV, 36 fb™
Dominant uncertainties: PDF, muon ID, fake leptons PDG average —e—t
. LEPJZSLD result [Phys.Rept.427:257-454,2006] ATLAS (s resul) o
R4"7° (LEP+SLD) = 1.0009 + 0.0028 (stat.+syst.) pp-ttis=13Tev.2d0m”
0.92 0.94 0.96 0.98 1 1.02
B(W - uv)/B(W - ev)

Final result R“W/e = 0.9995 + 0.0022(stat.) + 0.0036(syst.) &= 0.0014(LEP+SLD)
— most precise single measurement and more precise then previous PDG average
— relative uncertainty of 0.45 %
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Entanglement Lepton universality test
0000 000008000

l.' Measuring RT/e: Analysis strategy [HEeP 05 (2025) 038]

Extract R, /. by comparing fraction of probe electrons from W — e and W — 7 — e decays

Why 7 — e? Cancellation of experimental uncertainties in ratio

probe electron probe electron

g b

Probe electron
— measure R, /.

Tag electron or muon
— select events

tag lepton

tag lepton
Challenge: How to distinguish probe electron originating from W — e and W — 7 — e?
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Events / 0.01 mm

Data / Pred.

Lepton universality test
000000e00

Measuring RT/e: W — evs. W — 7 — e [JHEP 05 (2025) 03]

7 < pr(e) < 10 GeV

T
ATLAS

10°F  5=13TeV, 140 1b*
Nominal sample

ee, 7<p (€)<10 GeV
Post-Fit

' iw&ﬁz//}//%//

T T T T
Da‘a

[IPrcmpl e (tf or Wt)

W7 - e (tfor wt)

[Fake e

[Prompt e (not from tt or Wt)
MefromZ - r'r

7/ Uncertainty

B

0 005 01 015 02 025 03 035 04 045 05

[d (@)l [mm]

small pr, high |do|

Fit strategy to measure R .:

2D profile likelihood fit of |dy| and pr of the probe electron simultaneous in ee and pe

Katharina VoB (Universitat Siegen)

— softer pp spectrum of probe e

— larger e-track impact parameter dp

y

Beamline
projection ¢

do \“v’/ Decay
e vertex
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7 < pr(e) < 10 GeV

T
ATLAS © Data
10°f {s=13Tev, 140" [JPrompt e (tf or Wt)
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ee, 7<pT(e)<10 Gev [JFake e
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1.1
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9|
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small pr, high |do]

Challenge: |dp| calibration — calibration done in Z+jet events in 39 pr,n bins
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— softer pp spectrum of probe e

— larger e-track impact parameter dy
y

Beamline
projection

do \/v/ Decay
e vertex
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Lepton universality test
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Measuring RT/e: W — evs. W — 7 — e [JHEP 05 (2025) 03]

20 < pr(e) < 250 GeV

10 ATLAS @ Data
o Vs=13Tev,140fb™ [JPrompt e (tf or Wt)
10°F  Nominal sample Wr- e (tTor Wy
10, €€ 20<p (€)<250 GeV [JFake €
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ll Measuring RT/e: fit result pHep os (2025) 03g]

Profile likelihood fit to extract R, /. & two normalisation factors

R; /e = 0.975 4 0.012(stat) & 0.020(syst)
— good agreement with SM and CMS

ATLAS
Vs=13TeV, 140 b

ATLAS - this result

Statistical Uncert.
[ Systematic Uncert.
—e— Total Uncertainty

—&— CMS
Phys. Rev. D 105 (2022) 072008

—=— LEP
Phys. Rept. 532 (2013) 119
—e— PDG average

Phys. Rev. D 110 (2024) 030001
—
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1 1.05 11
B(W - )/B(W - ev)

Most important systematic uncertainties:

Lepton universality test
000000080

Uncertainty group

O—(Rr/e)

Modelling of 7 and Wt
d calibration
Background estimation

0.011
0.006
0.005

Electron reconstruction, identification, and isolation 0.005

e Modelling of tt and Wt

— NNLO differential reweighting, alternative PS
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Entanglement
0000

u Summary

Latest results on top quark properties by the ATLAS experiment:

Lepton universality test

O0000000e

p

Quantum entanglement with top quark pairs
e Dparticle — _ 0537 4 0.002(stat.) & 0.019(syst.)

— first observation of quantum entanglement of a pair of quarks
with more than 50

— focus on threshold region which will be discussed in some of the
next talks [in this session] and in
[ATLAS tt threshold measurement talk on Wednesday]

\

ATLAS achieves highest-energy detection of quantum
entanglement

28 September 2023 | By ATLAS Collaboration

Quantum entanglement is one of the most astonishing properties of quantum mechanics.
If two particies are entangled, the state of one particle cannot be described independently
from the other. This is a unique property of the quantum world and forms a crucial
difference between classical and quantum theories of physics. Itis so important, the 2022
Nobel Prize in Physics was awarded to Alain Aspect, John F. Clauser and Anton Zeilinger
*for experiments with entangled photons, establishing the violation of Bell inequalities and
pioneering quantum information science”.

p
Testing lepton universality
e e — i universality in on-shell W-decays:

RE)™ = 0.9995 + 0.0022(stat.) + 0.0036(syst.) + 0.0014(ext.)

e e — 7 universality in on-shell W-decays:
R, /e = 0.975 4 0.012(stat) 4= 0.020(syst)

e 1 — 7 universality [Nature Phys. 17 (2021) 813]
R;/, = 0.992 + 0.007(stat) & 0.011(syst)
— good agreement with the SM

\

Measuring the delicate balance of lepton flavours

25 March 2024 | By ATLAS Collaboration

In a new result presented at the Moriond EW conference, physicists at the ATLAS
Collaboration tested lepton flavour universality between muons and electrons. The
precision of the result stands as the best yet-achieved in W-boson decays by a
single experiment and surpasses the world average.
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u Summary

Latest results on top quark properties by the ATLAS experiment:

Lepton universality test

O0000000e

p

Quantum entanglement with top quark pairs
e Dparticle — _ 0537 4 0.002(stat.) & 0.019(syst.)

— first observation of quantum entanglement of a pair of quarks
with more than 50

— focus on threshold region which will be discussed in some of the
next talks [in this session] and in
[ATLAS tt threshold measurement talk on Wednesday]

\

ATLAS achieves highest-energy detection of quantum
entanglement

28 September 2023 | By ATLAS Collaboration

Quantum entanglement is one of the most astonishing properties of quantum mechanics.
If two particies are entangled, the state of one particle cannot be described independently
from the other. This is a unique property of the quantum world and forms a crucial
difference between classical and quantum theories of physics. Itis so important, the 2022
Nobel Prize in Physics was awarded to Alain Aspect, John F. Clauser and Anton Zeilinger
*for experiments with entangled photons, establishing the violation of Bell inequalities and
pioneering quantum information science”.

p
Testing lepton universality
e e — i universality in on-shell W-decays:

RE)™ = 0.9995 + 0.0022(stat.) + 0.0036(syst.) + 0.0014(ext.)

e e — 7 universality in on-shell W-decays:
R, /e = 0.975 4 0.012(stat) 4= 0.020(syst)

e 1 — 7 universality [Nature Phys. 17 (2021) 813]
R;/, = 0.992 + 0.007(stat) & 0.011(syst)
— good agreement with the SM

\

Measuring the delicate balance of lepton flavours

25 March 2024 | By ATLAS Collaboration

In a new result presented at the Moriond EW conference, physicists at the ATLAS
Collaboration tested lepton flavour universality between muons and electrons. The
precision of the result stands as the best yet-achieved in W-boson decays by a
single experiment and surpasses the world average.
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u Studying Top Quark Properties in tt Events

Why tt in dileptonic decay?

e large data set

Run 2, /s = 13 TeV, 140 fb~!

— 10 M tE(— £¢) pairs

e characteristic topology

e 2 opposite charge leptons

e 2 b-jets

e small background

Entanglement in top quarks
[Nature 633, 542-547 (2024)]
Channel: eu

OS(e,u)

Np>1, N; >2

Background: < 10%

O®@0000000000

e — p universality

[Eur. Phys. J. C 84 (2024) 993]
Channel: ee,eu,pp

0OS(4,£), mgg > 30 GeV
Np=1,N, =2

Purest SR, background: ~ 4%

e — 7 universality

[JHEP 05 (2025) 038]

Channel: ee,ep

0OS(¢,£), Np > 2

mgg > 15GeV, |mee — mz| > 5GeV
Background: 7.9% (ee) & 0.9% (en)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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u Entanglement in Top Pairs: Entanglement marker D

Spin density matrix p — describes spin quantum state of the tf system

1 . . . . _
P=7 Iy + Z(Bﬁo" @h+B h®d)+ Z Cjo' ® o’ | ,tops unpolarised Bi+/ =0, spin correlation matrix Cj;
i i»J
Is tf entangled? = Is p non-separable, i.e. can not be written as p = > pnpl ® p,E,, > apn=1,pn>0?
= (Peres-Horodecki): is p™2 = 3" pnp2 ® (p2)7 not a physical state, i.e. is p’2 not non-negative?
— plug in and find sufficient condition for entanglement: tr[C] < —1

How to relate this to experiment? Angular differential cross section in terms of g+ lepton direction in parent t/t rest
frame (optimal top spin analysing power)

1 d?c . 1+ §+6+ — é_ G— — G+ Cq— [ over common rotationof g+ 1 do _ 1 1 tl’[C]
oddid_ N (47'r2) leaving cos ¢ fixed o dcosyp T2

Such that D = % < —1/3 means entanglement!
How to relate this to average cos p?

(cos @) = /11 d(cos ¢) cos ¢ (1 do ) = /11 d(cos¢))cos¢% [1—Dcosy] = fg < D = —3/(cos ¢)

_ o dcosyp
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l.I Entanglement in Top Pairs: D Reweighting [Nature 633, 542-547 (2024)]

How to derive calibration curve?

Challenge:

Degree of entanglement is inherent in MC generators

— cannot be changed

Solution:

For reweighting use D dependence

(1/0)do/dcos¢ = (1/2)(1 — D cos ¢)

— apply event weights depending on parton level quantities

1— DMC(myz) - k - cos ¢
W(COS @, Mz, k) = 1— DMc(mtf) rcos¢

with
e k=1-60%,1—-40%,1—20%,1+20%
o DMC(m;) fitted

Katharina VoB (Universitat Siegen)

Arbitrary Units

Pred. / Nom

A LA B o B o B o e ERALAAN B A S S B
[ ATLAS Simulation E
L4 Vs=13TeV — nominal ]
1.2 340 < mj <380 GeV -60% reweighting ]|
E — -40% reweighting E
l; — -20% reweighting 7:
0.8; — +20% reweighting  —|
0.6 =
0.4 —
0.2~ =
O:‘HmumumumuH“Hu‘mumu:
1.5
I ——
0.5p
-1 -08-06-04-02 0 02 04 06 08 1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/

u Entanglement in Top Pairs: Powheg+Herwig7 nature 633,

Arbitrary units

L s B B B
Powheg+Pythia 8
Powheg+Herwig 7

—
—

ATLAS Simulation
V/s=13TeV, particle level

|

0.5 1
cos ¢, my; < 380 GeV

-0.5 0

Arbitrary units

L B B B B
—+— Herwig 7 LO Dipole shower
—+— Herwig 7 LO Angular shower

ATLAS Simulation
/8 =13 TeV, particle level

{H

|

0.5 0 0.5
cos @, my < 380 GeV

O000@0000000

542-547 (2024)]

— difference between alternative Powheg+Pythia8 and Powheg-+Herwig7 models seems to be due to different parton

shower ordering

— special attention needed in parton shower matching for future quantum information studies at LHC
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“ Measuring Ru/e: Muon weighting [Eur. Phys. J. C 84 (2024) 993]

One of the dominant systematics in cross-section measurements: tt and Wt modelling!
— variations are the same for ee, ey, up events at particle level!

Challenge: cancellation in ratio only if reconstruction and identification efficiencies are the same for e and p

Solution: Derive per-muon weights to ensure same pr, 7 distribution of e and p
Ngg(pr,n)

wu(pr,m) = Wo i ——
" NEF (pT,m)

R B e e R 5 ATLAS Simulation

Vs=13 TeV

ATLAS Simulation _ Vs=13 TeV, 140 fb™ - T

Leptons /0.1
P
N
o
S
o

o tf - ee
St - pp
— tt — up (weighted)

—%.5 -2 -15 -1 05 0 05 1 15 2 25
Lepton n

200 250

Muon pT [GeV]
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l.l Measuring R, /.. Parametrisation [eur. Phys. J. C 84 (2024) 993]

A RS —1
Ry BW o) WO Aw) xR
B(W —ev) W(1l-Ay) RyM +1

ee channel

ey channel wie channel
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u Measuring R; /.. Event selection sep o5 (2025) 03g]

Goal: select dileptonically decaying tt events with at least one W — e orone W — 7 — e
Why 7 — e? Cancellation of experimental uncertainties in ratio

Tag lepton
Ng‘g =1or NL'“ =1
— matched to single lepton trigger

pT > 27 GeV, |n®| < 2.47

ph > 27.3GeV, [n#| < 2.5

Probe electron
Ne=1
7 < pp < 250 GeV, |n| < 2.47

opposite sign leptons
myy > 15 GeV
|Mee — mz| > 5 GeV

70%
N70% > 2
DL1r b-tagging,
pT > 25 GeV, || <25
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u Measuring RT/e: dy calibration pHEP 05 (2025) 038]

Challenge: calibration of transverse impact parameter |dp|
Advantage of dy w.r.t. the beamline: independent of hard process

Before dy calibration After dy calibration

£ T T T T £ T T T T
E ATLAS ¢ Data 1 E ATLAS ¢ Data 1
S Vs =13 TeV, 140 fb* [JPrompt e (tt or Wt) 1 = s =13 TeV, 140 fb* [JPrompt e (tf or Wt) 1
> Before d, calibration [ll7- e (tT or Wt) > After d, calibration W7- e (tforwt)
E e, 20<pT(e)<250 GeV [JFake e ] g e, 20<pT(e)<250 GeV [JFake e ]
] Pre-Fit [TJPrompt e (not from tt or Wt) b Pre-Fit [DPrompt e (not from tf or Wt)

e fromZ - 11" ] He fromz - ' ]

77 Uncertainty = 77 Uncertainty

dp calibration
of prompt e
in Z+jet events
=

- -
o o
o o
E E 5 ' /é
8 8

005 0.1 015 02 025 03 035 04 045 05 005 0.1 015 02 025 03 035 04 045 05
[dq(e)] [mm] [dq(e)] [mm]
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u Measuring R; /.: dp calibration

Calibration of do(pT, |n|) of prompt e with Z — ee events

— 39 bins of (pr,|n|)

Katharina VoB (Universitat Siegen)

Events / 0.01 mm

Data / Pred.

=
(=]
>

=
o

=
o
R

i
o
UL RN

ATLAS . Z - e'e”candidates _|

Is =13 TeV, 59 fb ¢+ Data 3

Before d, calibration . .

60<p_ (€)<75 GeV [ ] simulation

1.5<|n|<2.47 3
. ]

f

¥

0 005 01
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Id ()] [mm]
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ATLAS Results on Top Quark Properties

25t August 2025

O00000000e00

24 /14



000000000080

u Measuring R, /.: profile likelihood fit

we channel, 10 < pr(e) < 20 GeV ee channel, 10 < pr(e) < 20 GeV

£ T T T T ] E T T T T

E ATLAS ¢ Data E 100 amLas ¢ Data

S Vs =13TeV, 140 fo*  [JPrompt e (tf or Wt) S . Vs =13 TeV, 140 fb*  [JPrompt e (tf or Wt)

= Nominal sample Wr- e (tforwt) = 10"t Nominal sample M- e tforwt)

g 4., 10<p_(€)<20 GeV [JFake e . g ee, 10<p_(e)<20 GeV [JFake e

& Post-Fit [CJPrompt e (not from tt or Wt)3 Normalisation factors: 5 10'jpg Post-Fit [CPrompt e (not from tT or Wt)
e fromz — 1'1 e fromz - 71
77 Uncertainty [ ] POI RT /e . 77 Uncertainty

W — 7 — e events
o ksig: tf & tW signal
events

e k(u/e): all events in
107 pe channel

< <
3 . . 8
o 6 h — differences in 1o o4 f
o . < A
Rogs. ¢ selection eff. of tag p 50.925 ¢
%0 005 01 015 0.2 025 0.3 035 04 045 05 and e 085505 01 015 02 025 03 035 04 045 05
Ido(€)l [mm] . - [dg(€)l [mm]
. Nuisance parameters 6 .
re-fit 0 re-fit 23
o Nre= NISE T/e'ksig'k(ﬂ/e)'f(e) o Nre=NSE- RT/e - Ksig f(9)
__ pypre-fit X 0> __ pypre-fit i 0>
o Nprompt e = Nprompt e’ k51g . k(ﬂ/e) . f(@) * Nprompt e — Nprompt e’ k51g ) f(@)
_ pypre-fit N __ pgpre-fit N
o Nokg = Ny, - k(n/e) - £(0) o Nog = NES™ - £(6)
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u Lepton flavour universality measurements

ATLAS (140 fb~1, Run2)

e e — p universality [Eur. Phys. J. C 84 (2024) 993] R B L LA A B B R S
RE/M = 0.9995 + 0.0022(stat.) =+ 0.0036(syst.) & 0.0014(ext.) i ATLAS
e e— 7 universality [JHEP 05 (2025) 038] o T Rrmmeew
R, /e = 0.975 £ 0.012(stat) = 0.020(syst) i
e — 7 universality [Nature Phys. 17 (2021) 813] I
RT/‘.‘ = 0.992 + 9.007(stat) =+ 0.011(syst)
— similar analysis strategy as R .-measurement
Leading syst: do templates, parton shower variations, muon f;‘::/"’w) P
efficiencies (e e ATLAS -thisresut
f/%ﬁ?f&y(mny;y, PRL 68 (1992) 3398 Statistical Uncert.
—e— Total Uncertaint
CMS [Phys. Rev. D 105 (2022) 072008] —{pﬁgsm,mmum,m--- --------- tal Unee e
35.9 fb~1 of 2016 Run2 data e .
Using ee, ep, pup channel + hadronically decaying 7 channels BW) ﬂ:n:;::;.,m —
— split in Nj, N, bins + bins in kinematic variable B(W-pv) A‘uﬁé%w?fa‘zﬁ"f""‘ —
(subleading lepton pr for £¢’-channels) = PO0 mverages
° Ru/e:1.009:|:0.009 R o AP IR PR B

0.9 0.95 1 1.05 1.1
. RT/e = 0.994 £+ 0.021 B(W— Iv)/B(W— IV')
. RT/u = 0.985 £+ 0.020
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