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Motivation

@® The Standard Model (SM) is a Quantum Field Theory (QFT)

® Fundamental principles of quantum mechanics can be tested via SM processes in quark pairs => bridges
high-energy physics with quantum information science (QIS)

@® Large hadron collider (LHC) => platform for experimentally exploring these principles at very high energies
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Quantum tomography: two qubits

@® Qubit: quantum system with two states (e.g spin %2 particles)
® General density matrix for two qubits:

3

3 . .
p=(L+) [Blo@L+E]L®d)+ ) [d®d)/a
[,j=1

Y,

Spin polarisations Spin correlation matrix

® Quantum tomography: Measurement of individual polarisations and spin correlations

Bif = (d'), By = (%), C;; = (0'G’) = 15 parameters
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THE NOBEL PRIZE

Quantum entanglement o INPHYSICS 2022

® Entanglement = correlations that cannot be explained classically

@® Described by states that are non-separable John F. _Anton
Clauser Zeilinger

« Separable:p = Y, p,p? Q p2, p,ff’b are quantum states in sub-systems A and B

- Peres-Horodecki criterion: pTo=3Y, p,, p? @ (p2)T = entangled if p™» has >=1 negative eigenvalue(s)

@® The Nobel Prize in Physics 2022 was awarded jointly to Alain Aspect, John F. Clauser and Anton Zeilinger for
experiments with entangled photons and establishing the violation of Bell inequalities. [Phys.Rev.Lett.49,91 (1982)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.49.91

Top quarks as a window into quantum effects

> QUARK MASSES
S

@® The top quark => heaviest known elementary particle in the SM with spin 2

@® tt pairs are two qubit systems 50

top

@® Extremely short lifetime => decays before hadronisation >
- Spin information is directly transferred to decay products
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@® Common decay channels:

wt

I+

Dilepton channel Lepton+jets channel
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Top quarks as a window into quantum effects

@® Spin information can be accessed indirectly via the angular distributions of the spin analysers o
q
@® Spin analysers => carry most of the information of the top quark
* Leptonic top: lepton
* Hadronic top: , hadronic b-jet, ...

1 d A i i
adﬂlzﬂz AT (1+ al'el'l'“ZEl- éxt|ayay 31-2)

Spin analysing powers

3+ 3 top polarisations 9 spin correlations

b l d/s
A A g . . a; (LO) -0.41 1 1
é,, é, : directions of decay products chosen as spin analysers i
dQ,dQ,: scattering solid angles, d() = sin 6 dfd¢ Spin analysing powers [Phys. Lett. B 539 (2002) 235]
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Effects in top-quark pairs

Spin correlations

O] Polarisations and_spin correlations extracted via
® B' = 3{cos 9)

® Cij = -9 <cos 6! cos 02]>

@® Fraction of SM like spin correlation in top-quark
pairs, fsy

@® Measured inclusive and as a function of m;
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[Eur. Phys. J. Plus 136, 907 (2021)]

Entanglement

® Low m;:

1

;dcos<p

® High m,¢:

Ckk + Crr + Cnn = 3D

Well-known result;
do

=% (1+ aya,Dcosgp) =

Mtf [GeV]
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D=="%
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- D can also be measured using an angle analogous to D

[arXiv:2205.0054 2]

@® Using Peres-Horodecki criterion for entanglement:

D < —1/3
D > 1/3
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ATLAS: what we have so far
ATLAS

EXPERIMENT

@® Observation of Spin Correlation in Events from Collisions at 7 TeV (Phys. Rev. Lett. 108, 212001 (2012))

® Measurements of spin correlation from proton-proton collisions at 7 TeV (Phys. Rev. D 90 (2014) 112016)

® Measurement of spin correlation in top-antitop quark events and search for top squark pair production in pp
collisions at 8 TeV using the ATLAS detector (Phys. Rev. Lett. 114 (2015) 142001)

@® Measurements of tt spin correlations at 8 TeV (JHEP 03 (2017) 113)

® Measurements of top-quark pair spin correlations in the eu channel (Eur. Phys. J. C 80 (2020) 754)

@® Entanglement measurement at threshold in dilepton channel (Nature 633(2024) 542)

@ Combination of ATLAS and CMS measurements of the azimuthal spin correlation variable in dilepton tt events at
13 TeV (ATLAS-CONF-2026-001)(CMS-PAS-TOP-22-004) |CMs !

g t
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Combination of ATLAS and CMS measurements of the

azimuthal spin correlation variable in dilepton tt events
(ATLAS-CONF-2026-001)(CMS-PAS-TOP-22-004)

@ Spin correlations sensitive to the A¢(1,17)

® Previous measurements

No full tt event reconstruction required

at 13 TeV:

80 (2020) 754
—_—

Eur. Phys. J.C
—

— 1
| ATLAS

E
B
g 1oL v8=13TeV, 36.1fb !
B
=
|
3L 7
z
<
k]
~lb i
¢ Data wee Sherpa
—— Powheg Pythia8 === Powheg Pythia6
06 T Powheg Herwig7 PowPy8 rad. down _|
L —=— MG5.aMC@NLO Pythia8
P I B | .
1.05 4 Stat. 1 Total I Rl
1.00

Theory
Data

L I L
0.6 0.8

0.95FTT

0.4
Parton-level Ad(/*, I7)/n[rad/n]

A¢(l*,17) = difference in azimuthal angle between the leptons in the lab frame

ATLAS: 2015+2016, 36.1 fb~1, ey channel
CMS: 2016, 35.9 tb™1, eeleu/uu channels

Phys. Rev. D 100 (2019) 072002
35.9 fp'1 (13 Tev)

05 CMS
—_ [— T T T
8 g -+ Unfolded data
© | —POWHEGV2 + PYTHIA8 ]
—lo L -~ MG5_aMC@NLO + PYTHIA8 [FxFx] ]
0.4F ....NLO, SM B
r I
L -- NLO, uncorrelated e S E
© -NNLO, SM .
031 s .

U2  ow3 56

0 /6 /3

DESY. | Measurement of Quantum information observables in top-quark pairs using the ATLAS detector | Fiona Ann Jolly

Page 11


https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cds.cern.ch/record/2952286/files/ATL-COM-PHYS-2025-940.pdf
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-004/index.html
https://link.springer.com/article/10.1140/epjc/s10052-020-8181-6
https://link.springer.com/article/10.1140/epjc/s10052-020-8181-6
https://link.springer.com/article/10.1140/epjc/s10052-020-8181-6
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002

Combination of ATLAS and CMS measurements of the

azimuthal spin correlation variable in dilepton tt events
(ATLAS-CONF-2026-001)(CMS-PAS-TOP-22-004)

@ Spin correlations sensitive to the A¢(1,17)

No full tt event reconstruction required

@® Previous measurements at 13 TeV:

Eur. Phys. J. C 80 (2020) 754
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Combination of ATLAS and CMS measurements of the
azimuthal spin correlation variable in dilepton tt events

(ATLAS-CONF-2026-001)(CMS-PAS-TOP-22-004)

@ Data is corrected for acceptance and detector resolution effects via iterative Bayesian unfolding (ATLAS) and
regularised unfolding based on TUnfold package (CMS)

® ATLAS + CMS distributions combined using Covino package (Eur. Phys. J. C 77 (2017) 792)
- Uses a y?minimisation incorporating statistical and systematic uncertainties
- Allows correlations to be applied between individual uncertainties in ATLAS and CMS
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Combination of ATLAS and CMS measurements of the
azimuthal spin correlation variable in dilepton tt events
(ATLAS-CONF-2026-001)(CMS-PAS-TOP-22-004)

I T T I I

ATLAS+CMS Preliminary Vs = 13 TeV (Nov. 2025) |
LHCtopWG ATLAS 36.1 fb’
+CMS 35.9 fb'

@® Improvements seen in uncertainties relative to individual i
ATLAS and CMS measurements

Wi

Experiment Unc
Combination Unc.

® y?shows tension with the ATLAS, CMS and Common
Powheg+Pythia8 MC
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@® Agreement with data improves with fixed-order predictions

x*/DOF values x” probabilities (%)

Theoretical prediction Scale | Measurement Total Measurement Total

uncertainty | uncertainty | uncertainty | uncertainty

Monte Carlo

ATLAS POWHEG +PYTHIA 8 myy 4.2 2.8 0.08 1.7
CMS POWHEG +PYTHIA 8 my 4.4 3.3 0.05 0.59
Common POWHEG +PYTHIA8 | mqpy 4.5 2.8 0.04 1.5

Fixed-order

NNLO QCD Hr/4 1.7 1.6 13 17

NLO QCD+Weak expanded my 34 0.80 0.48 99
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Observation of quantum entanglement in top-quark pairs

D = — 3(cos @) Nature 633(2024) 542
Criterion for entanglement : D < —1/3

Analysis strategy AT LAS

@® Entanglement measurement at threshold in the dilepton channel EXPERIMENT

@® Signal region targeting below m;; threshold: 340 < m;; < 380 GeV

@® cos @ between the two leptons, in respective top quark rest frame, used

Mtz[GeV]
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Observation of quantum entanglement in top-quark pairs
Nature 633(2024) 542

Analysis strategy ATLAS

@® Observable D extracted via calibration curve method EXPERIMENT

@® For each systematic uncertainty, a new curve is generated — shift between the nominal result
and the result on the systematic curve

@® 3 uncertainty categories: signal modelling (dominant), background modelling , detector effects

0 L B R B AL s o = a | L L I L L B B LA
S, [ ATLAS Simulation ] g %4 amas Total Uncertainty
> 4T s 13 Tev — nominal = s i Statistical Uncertainty]
5 - = 5 - < {s=13TeV, 140 i’ e Data 1
= 340 < mi <380 GeV -60% reweighting ] 5 I ) m Reweighting points ]|
5 1 - ] £ 02 340 <mg<380 GeV e Powheg + Pythia8 |
< - — -40%reweighing 3 L Entanglement limit
1:_ — -20% reweighting _: 0 r
0,8_— — +20% reweighting ] F 4
C —— 4
0.6 ; = 02+
B ,—ﬁ_'_gz_ . »
04—_ | — --------------------------------------.- .....................................
C — . 04 L _
0.2_— - i [
C 7] e
c 0.6 -
(@]
E 1\\\‘\\\|III|III|III|\\\llllllllllll_
5 e , e ‘ L , -0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04
(O]
a -1 -08-06-04-02 0 02 04 06 08 1 Detector-level D

Cos @
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Observation of quantum entanglement in top-quark pairs
Nature 633(2024) 542

Results
@ First observation of entanglement at the LHC with significance >50 ATLAS
@® Parton shower — Large difference between Powheg+Pythia and Powheg+Herwig seen EXPERIMENT
@® Tension seen between observed and expected values — motivated further studies at threshold

such as tt quasi-bound-state effects Rep. Prog. Phys. 88 (2025) 087801, arXiv:2601.11780

.‘{_2 E T T T T | T T T T ‘ T T T T T T E
§ 0.09 - —— Powheg+Pythia 8 —~ 04| ATLAS oom
> - —+— Powheg+Herwig 7 = ' ]
5 0.08 | 9 g - /'s=13TeV, 140 fb'
3 007 -
Py = =
0.06 | — -0.2
0.05 [ o = u
- ATLAS Simulation 3 o é.
0.04 . E R e _
0.03 E- V=13 TeV, particle level = 3 -03f
= E P oo mes e e s s s=o=o =
—— i Q
0.02 | . =
0.01 |- — T g4l ]
S R - | — | R — | ——t—t— [ | —.— Limit (Powheg + Herwig7)
1.06 E ! ! 1 = ---- Limit (Powheg + Pythia8)
8 1.04 = E o mEmm Theory Uncertainty
G‘S_L 1.02 E E -0.5F @ Data
N -—._‘_|—E é @ Powheg + Pythia8 (hvq)
£ 098 = = I Powheg + Herwig7 (hvq)
0.96 | ‘ ‘ -
0.94 Y 0 o5 4 06 340 < mg < 380 380 < my < 500 mg > 500

CoSs @, My < 380 GeV Particle-level Invariant Mass Range [GeV]

D =-0.537 £ 0.002 (stat.) £ 0.019 (syst.)
Entanglement limit D = -1/3 propagated from parton to particle level using parton/particle curve
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ATLAS: What lies ahead

Entanglement and the lepton+jets channel

Mtz[GeV]

Good branching ratio compared to dilepton channel

Complementary systematics to dilepton channel

For the leptonic top, leptons are the best spin analysers
For the hadronic top, down-type jets (d,s) are the best spin analysers
No d- or s-jet taggers available = indirect identification by via c-jets

Limits measurement to events with W = cs/cd decays

@ ® ®©® ® ® ® ®

Reconstruction of top quarks using ML tools
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ATLAS: What lies ahead

Entanglement in the boosted region
@® More pronounced space-like separation between the two top quarks.
@® Jets from hadronic top quark decay can be reconstructed within a large radius (large-R) jet.

® Entanglement extracted via an angle analogous to ¢ used for D but with an inverted sign of the n axis component
of one of the decay products

® Challenge: Accurate identification of jets coming from the hadronic W decay due to high collimation

qq — tt

M;|GeV|
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ATLAS: What lies ahead

Entanglement in the boosted region
® Options to define the spin analyser of the hadronic top quark:

Down type quark = does not account for all events at detector level
(a= 1) . Extracted by applying c-tagging

+ Best hadronic polarimeter = a helicity weighted average of the two
quarks coming from the W boson (a ~ 0.63)

- Softest decay product of the W boson (a ~ 0.5)

W boson from the hadronic top = useful when not all jets from the
hadronic top quark are identified (a ~ 0.4)

DESY. | Measurement of Quantum information observables in top-quark pairs using the ATLAS detector | Fiona Ann Jolly
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Outlook

@ A wide range of ATLAS results on tt QIS observables targeting spin correlations and entanglement
@ Significant potential remains, particularly in the tt lepton+jets channel and the high m;z region

@® tt systems are mixed quantum states, enabling a hierarchy of quantum correlations
* Naturally accessible at the LHC due to the large statistics.
« At high m;z , quantum tomography can be used to probe Bell-correlated states — states that expect to
violate Bell inequality in colliders if a loop-hole free Bell test were possible

® QIS observables useful in measuring other properties such as Magic — the quantum resource that allows quantum
computers beat classical ones

Spin-correlation

Entanglement

Separability Non-separability
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Outlook

@ A wide range of ATLAS results on tt QIS observables targeting spin correlations and entanglement
@ Significant potential remains, particularly in the tt lepton+jets channel and the high m;z region

@® tt systems are mixed quantum states, enabling a hierarchy of quantum correlations
* Naturally accessible at the LHC due to the large statistics.

« At high m; , quantum tomography can be used to probe Bell-correlated states — states that expect to
violate Bell inequality in colliders if a loop-hole free Bell test were possible

® QIS observables useful in measuring other properties such as Magic — the quantum resource that allows quantum
computers beat classical ones

® QIS-inspired observables offer new tools to scrutinise the SM and explore potential missing effects
* e.g. tt quasi-bound-state effects in the low m;z region Rep. Prog. Phys. 88 (2025) 087801, arXiv:2601.11780
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Outlook

@ A wide range of ATLAS results on tt QIS observables targeting spin correlations and entanglement
@ Significant potential remains, particularly in the tt lepton+jets channel and the high m;z region

@® tt systems are mixed quantum states, enabling a hierarchy of quantum correlations
» Naturally accessible at the LHC due to the large statistics.
« At high m; , quantum tomography can be used to probe Bell-correlated states — states that expect to
violate Bell inequality in colliders if a loop-hole free Bell test were possible

® QIS observables useful in measuring other properties such as Magic — the quantum resource that allows quantum
computers beat classical ones

® QIS-inspired observables offer new tools to scrutinise the SM and explore potential missing effects
* e.g. tt quasi-bound-state effects in the low m;z region Rep. Prog. Phys. 88 (2025) 087801, arXiv:2601.11780

Advancing toward complete quantum information

*

studies of top quarks at the LHC 4,

~—
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Backup
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Measurement of spin correlations in the eu channel at /s =

® fs extracted using templates fits at the parton-level

@® Fit performed inclusively and in bins of m;; using A¢ (1*,17)

@® The spin correlation found to be slightly higher than predicted by 2.2¢

Region fsm £ (stat.,syst.,theory) Significance
(excl. theory)

Inclusive 1.249 + 0.024 +0.061*3:957 2.2 (3.8)

me; <450 GeV 1.12 + 0.04+312 +0.06 0.78 (0.87)

450 < m;; < 550 GeV 1.18 + 0.08%513 *0 13 0.84 (1.1)

550 < m,; < 800 GeV 1.65 + 0.19731 £02¢ 1.2 (1.4)

m.¢ = 800 GeV 2.2 4 0.973> *+1.2 0.49 (0.61)

DESY. | Measurement of Quantum information observables in top-quark pairs using the ATLAS detector | Fiona Ann Jolly

13 TeV

Eur. Phys. J. C 80 (2020) 754

ATLAS

EXPERIMENT
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Top quark spin observables in dilepton tt events at \/s =8 TeV

Analysis strategy

Measurement of full tt spin density matrix at 8 TeV :

@® 15 observables measured using three dilepton channels
@ Coefficients determined by measuring cos(6)%,_ angles
C(a,b) = -9 (cos 0% cos 91’)

@® Kinematic reconstruction using neutrino weighting

B% = 3 (cos0%)
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05 0 05

cos@” cose”

JHEP 03 (2017) 113

ATLAS

EXPERIMENT
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Top quark spin observables in dilepton tt events at \/s =8 TeV

Results

® Bayesian unfolding used to extract observables at parton and stable particle levels

@® Observables agree within the SM predictions

@® C(n,n) differs from the case of no spin correlation by 5.1¢

ATLAS s=8TeV-20.2fb"

Polarisations #JHEP 12 (2015) 026 result + (stat+det) + (mod)
Bt ——— -0.044 + (0.027) + (0.026)

B ——— ¢ -0.064 + (0.030) + (0.023)

B! —et -0.018 + (0.023) + (0.024)

B" —4-o—  0.023 + (0.024) + (0.034)

B, 4—e—— 0.039 + (0.030) + (0.029)

B' —+—e—— 0.033 + (0.029) + (0.045)
[P A T BT STUPEr AT IR i
-03 0.2 0.1 0 0.1 0.2 0.3
Polarisation

J

|

Polarisations

ATLAS

Spin correlations

C(k,k)

C(n,n)

crr) ——to———

s=8TeV-20.21b"

#JHEP 12 (2015) 026 result + (stat+det) + (mod)

0.296 + (0.072) + (0.057)

0.304 + (0.038) + (0.047)

0.086 + (0.075) + (0.122)

. L
0.2 0.4 0.6 0.8
Spin correlation

JHEP 03 (2017) 113

ATLAS

EXPERIMENT

ATLAS
Cross correlations
C(n,k)+C(k,n)
C(n,k)-C(k,n)
C(n,r)+C(r,n)

c(n’r )'c(r :n)

C(rk)+C(k,r) ——e4+——

C(r,k)-C(k,r)

s=8TeV-20.21b"

4JHEP 12 (2015) 026 result + (stat+det) + (mod)

—_—— -0.012 + (0.089) + (0.087)
—t -0.040 + (0.065) + (0.058)

+—e—— 0.117  (0.082) £ (0.102)
_——— -0.006 + (0.082) + (0.070)

-0.261 + (0.112) + (0.135)

— 48— 0.073 + (0.122) + (0.148)

P I BT RS R

“02 0 02 04

A IR
0.6 0.8
Cross correlation

J

1

Correlations
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Top quark spin observables in dilepton tt events at \/s =8 TeV

SM values calculated in JHEP12(2015)026

Expectation values NLO predictions Observables JHEP 03 (2017) 113
Bk 0.0030 = 0.0010 cos 6%
B* 0.0034 £ 0.0010 cos O* ATLAS
B% 0.0035 £ 0.0004 cos 07 EXPERIMENT
B" 0.0035 £ 0.0004 cos O™
B’ 0.0013 = 0.0010 cos 6",
B" 0.0015 = 0.0010 cos@"
C(k, k) 0.318 £ 0.003 cos 6% cos*
C(n,n) 0.332 + 0.002 cos 67} cos 6
C(r,r) 0.055 =+ 0.009 cos 07 cos 7
C(n,k)+ C(k,n) 0.0023 cos " cos 8% + cos 6% cos g
C(n,k) — C(k,n) 0 cos 0 cos 0% — cos 6% cos "
C(n,r) + C(r,n) 0.0010 cos 07} cos 0 + cos @', cos ™
C(n,r) —C(r,n) 0 cos 07} cos 07 — cos 6’ cos ™
C(r,k) + C(k,r) —0.226 = 0.004  cos 6", cos 0% + cos 6% cos 6"
C(r,k) — C(k,r 0 cos 07, cos 0% — cos 6 cos 67
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Measurement of spin correlations in the eu channel at /s = 13 TeV

Eur. Phys. J. C 80 (2020) 754

Kinematic reconstruction using Neutrino weighting

(Liy + V1) 2= m% = (80.4 GeV)? ATLAS

(ly2 4+ vz + by ) 2= mf = (172.5 GeV)? EXPERIMENT

® Unknowns: neutrino pseudorapidities n(v) and n(v) - their values are scanned, in steps of 0.2, between -5 and 5.
This leads to two possible solutions to the above equations for each assumption

@® An “inferred” EM*Svalue compared to the ET¥SS observed in the event via a weight

_ —AEZ —AE3
w=exp|— > ) exp(—
x y

® The assumption that gives the highest weight is selected
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Measurement of spin correlations in the eu channel at /s = 13 TeV

Eur. Phys. J. C 80 (2020) 754

ATLAS

EXPERIMENT

Effect of experimental systematic uncertainties on the fg, extraction

Systematic Inclusive m,; range [GeV]

m,; < 450 450 < m,; < 550 550 < m,; < 800 m,; > 800
Matrix element +0.006 +0.11 +0.064 +0.01 +0.3
Parton shower and hadronisation +0.010 +0.02 +0.005 +0.01 +1.4
Radiation and scale settings +0.055 +0.05 +0.061 +0.23 < 0.1
PDF +0.002 < 0.01 +0.003 +0.01 < 0.1
Background modelling +0.009 +0.01 oo +0.01 +0.1
Lepton ID and reconstruction +0.008 +0.01 “_Lg:ggg fg:?g fg:g
b-tagging o008 +0.01 +0.025 o 0.l
Jet 1D and reconsiructon 10014 0% o w017 7
EP™ reconstructon <oon +008 12 9
Pile-up effects Tooto <001 o019 004 iy
Luminosity +0.001 <0.01 +o.on <0.01 <0.1
MC statistical uncertainty +0.005 < 0.01 +0.007 +0.03 +0.05
Total systematics +0.061 fg:i% fgﬁ fg:ﬂ ff%
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Observation of quantum entanglement in top-quark pairs

Reconstruction methods

Uses a combination of various methods:
® Main method: Ellipse method — 85% efficiency
* Analytically calculate two ellipses for neutrino
momenta and find intersections
@ If Ellipse method fails, use Neutrino Weighting
method — 5% efficiency
® If both methods fail: simple pairing of leptons with the
closest b-jets (10%)
* Use highest-p jetif only 1 b-tagged jet

Nature 633(2024) 542

ATLAS

EXPERIMENT

T T
NIM A 736 (2014) 169-178

100 GeV/c
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Observation of quantum entanglement in top-quark pairs
Nature 633(2024) 542

ATLAS

EXPERIMENT

Reweighting method

2] Frr e S
. . = _ ATLAS Simulation ]
® D(m;) calculated for each modelling systematic 2 14 Mo 13 TeV — hominal —
® Reweighting applied for all systematic uncertainties % 1_2:_ 340 < my <380 GeV 60% reweighting ]
E E — -40% reweighting E
1_ —
_1 —D(mtf) X COS @ r — -20% reweighting .
w(cos @, msz) = . - ]
1 —D(mtt) CoSs @ 0.8_— +20% reweighting  —
0.6 : =
where y = 0.4,0.6,0.8, 1.2. - f .
0.4= — —
0.2 =
Qbbb b b Lo Lo b b Loy
€ 1.5F i
< 1%——%
-qo; 050 , . . . . _ . .
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COS @

DESY. | Measurement of Quantum information observables in top-quark pairs using the ATLAS detector | Fiona Ann Jolly Page 32


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

Observation of quantum entanglement in top-quark pairs
Nature 633(2024) 542

Effect of the groups of uncertainties at the expected SM value of D ATLAS
EXPERIMENT

Source of uncertainty ADgpserved (D = =0.537)  AD [%]  ADexpecea(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%‘iss 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 uncertainty 0.019 3.5 0.017 3.6
Total uncertainty 0.019 3.5 0.017 3.6
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Observation of quantum entanglement in top-quark pairs
Nature 633(2024) 542

Relative sizes of the signal modelling uncertainties at the SM expectation point D

Systematic uncertainty source

Relative size (for SM D value)

Top-quark decay

Parton distribution function
Recoil scheme

Final-state radiation

Scale uncertainties

NNLO QCD + NLO EW reweighting
pThard setting

Top-quark mass

Initial-state radiation

Parton shower and hadronization
hdamp setting

1.6%
1.2%
1.1%
1.1%
1.1%
1.1%
0.8%
0.7%
0.2%
0.2%
0.1%
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Arbitrary units

ATLAS

EXPERIMENT

—+— Herwig 7 LO Dipole shower

—+— Herwig 7 LO Angular shower

VE=

ATLAS Simulation

13 TeV, particle level

/

-2 HIlIIIlIII

©
o

o

|

-

COoS @, ni,f < 380 GeV
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Fixed-order predictions
NNLO QCD [arXiv:1901.05407]

® NNLO QCD corrections to both top pair production and top quark decay are included
@ First time top quark pair production and decay has been consistently computed in NNLO QCD

@® The calculation is performed within the narrow width approximation for both the top quark and the W boson = known
to work well for distributions that are away from kinematic boundaries

® The top-quark width is specified as an a,- expansion through NNLO in QCD and treated as a fixed parameter

H

@ Default scale used: ppp = TT, Hp = \[m? + pZ.+ \/m% + pi; where m,=172.5 GeV

NLO + Weak expanded

@® Prediction calculated as an expansion of the normalised differential cross-section in powers of the couplings, to NLO
in the strong and weak gauge couplings
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Best hadronic polarimeter
Definition

h -
cwhel: Cosine of the polar decay angle viewed within the W rest frame /
u PhysRevD.90.094010

W’s polarisation causes cy ¢ t0 be distributed as:

3 3 3
p(cwhel) = ng(l + Cyhe)® + ZfO(l — Cyhel?) + gfL(l — Cihel)®

fr, fo and f,: fractions for right-handed helicity, zero helicity and left-handed helicity W bosins in top-frame.

fr =0
:
~ (.70
fo mé + 2mé,
2my
=~ (.30
i m? + 2m?,
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Best hadronic polarimeter

PhysRevD.90.094010
Definition LR

—

[
T

analyzing power
o © o ©
) (=1]
T TT17T

o m
TTTTTT T

o
N
T

p(d = gsoft) = £ \cwhe ) -> probability that the soft quark is down-type

p(cwnelD+p(=lcwnel )

S
=

0.8/

p(d = Gnard) = Plcwnel) - probability that the hard quark is down-type

p(cwnelD+p(=lcwnel )

h|||||\||||\ el b b by b b Ly
-10 0.1 0.2 03 04 05 0.6 0.7 08 09 1

| cWhel |

Black is Gopt, red is gsofe and blue is b-quark
Gopt (cwnell) = p(d = qsoft) Gsofe + P(d = Gnara) Gnara -> best hadronic polarimeter as a weighted average

Kopt (| cwhell)= | opt(Icwnell)| --> spin analysing power of the best hadronic polarimeter
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