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Top quark

Top quark is the heaviest fundamental
particle at ~¥173 GeV

Decays promptly almost exclusively to
an on-shell W boson and a b quark

* W may decay leptonically, to a
charged lepton, €, and a neutrino, v

* W may decay hadronically, to pair of l+, q
lighter quarks w v, Q'
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Top-quark spin
Top has very short lifetime: 5 x 107%°s

+
Decays before hadronisation (~ 107%3s) &

* its spin not hidden by strong interactions [

Decays before undergoes spin
decorrelation (~ 107215s) b

* maintains quantum coherence

Spin information transferred directly to its decay products
* allows access to quantum properties via final-state particles
We can effectively study bare quarks!



waQcC 2025 V.A. Mitsou

LHC - Large Hadron Collider

The most powerful collider in the world!

Collisions of protons and/or heavy ions

Top-quarks abundantly produced = top-quark factory
* studied in ATLAS and CMS experiments

* Run 1: 2010 - 2012
pp @ Vs =7 -8 TeV
# - Run 2:2015-2018
pp @ Vs = 13 TeV

¢ High-Luminosity LHC (HL-LHC): >2030
pp @ Vs =13.6 — 14 TeV

EST IS { - Run 3:2022 - 2026
f j 5 pp @ Vs = 13.6 TeV <:I

%, < - LHGD | MoEDAL
- » X /\/‘.’_")-V.‘/. 'EJ —t “A'v' «3
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ATLAS detector In 2012, discovered

Higgs boson together
* Large, symmetric, almost hermetic experiment at LHC with CMS

» Multi-purpose
e Standard Model measurements

barrel New Small Wheel (NSW)

barrel toroid magnet
muon chambers muon chambers 8

* searches for New Physics
 Direct detection of
* photons o

* hadronised quarks e hembes
& gluons (jets)

inner detectors

e tau leptons

* electrons
* muons endcap toroid

magnet
identified and their
position/momentum
measured with high precision

endcap calorimeters

barrel electromagnetic calorimeter

solenoid magnet

ATLAS

EXPERIMENT

barrel hadronic calorimeter
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Top-antitop pair production

At the LHC, top-quarks are produced copiously in pairs via strong interaction
* also electroweak production, but heavily suppressed

(8 t
Spin quantum state of tf pair described by spin density D .
matrix Q@r
(Sg t

1 | | | .
p=2[14+Z(B:-'0'1®12+B;12®0'l)+zcij0'1®0'1] e ;
,- = BEEEr——

spin correlation matrix

-—— —-—

Top-quarks strongly produced not polarised in any ”0};666*—3—
particular direction -

e parity conservation and time invariance : :
However, spins of top- and antitop-quarks are correlated in / Gt \
Standard Model - C; # 0 q :
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Top-quark spin correlations in ¢Z production

Observable AD(€*, €7): absolute azimuthal opening angle between
the two charged leptons measured in laboratory frame in plane

transverse to beam line
) .o
Measured in ATLAS, see e.g. P



https://doi.org/10.1140/epjc/s10052-020-8181-6
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Top-quarks as qubits

Classical bit Quantum bit (Qubit)
0 0)
. 2
X Superposition |0) with probablity|a|
o B )=alo)+in— ]

- Measure |1) with probablity|,3|2

1

Spin gquantum number of a fermion (x):2) - simplest example of a qubit
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Top-antitop pair as two-qubit system

Spin info in measured leptons very closely related
to parent quarks since electroweak charged
current is maximally parity violating

Spin density matrix p = angular

differential cross-section for dilepton decay

QCD P-even: zero polarisations at Ieading order

1 d
EdeQQ A ( )3/ g1+@;3/ )+ NG 52)

a; = a, = 1 (maximal) for leptons £ = : direction of £* () in its parent t (f) rest frame

Differential cross-section - € measurement - spin guantum state
reconstruction
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Quantum entanglement conditions

Quantitative measure of entanglement: concurrence C|p] of spin density matrix p:
less entangled «— 0< C[p] £1) — maximally entangled

At hadron colliders, initial state is not controlled (no pure state) - mixed state gg, qg
» different expressions for entanglement criterion for gg and qg

1.0

0o Spin-triplet pure state
0s Maximally entangled

107

tt production (gg, qg) at
Vs = 13 TeV pp collisions

10,6

405

M, tz[GGV]

104

®*  gg spin polarisation
ne allows to align in
different directions

: (spin-singlet state;
29 80% of ft production)

tt production threshold:
invariant mass = twice
top mass = 350 GeV

Afik & Munoz de Nova,


https://doi.org/10.1140/epjp/s13360-021-01902-1
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Top-antitop pair as “bipartite qubit system”

Ty [C] < —1 Peres-Horodecki criterion °°

Statistical deviation from null
hypothesis (D = -1/3)

1 d 1
— = —(1 = Dcosy)
odcosp 2

&y
¢: angle between lepton directions in rest 31
frames of parent (anti)top-quark -

D=—-3{(cos ¢)
quantum 350 400 450 500 550 600
D = Ir [C] =D < _l entanglement Mg(GeV]
3 3 marker!

Afik & Munoz de Nova,


https://doi.org/10.1140/epjp/s13360-021-01902-1
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Entang]ement measurement phase space ATLAS

EXPERIMENT

tT entanglement observation depends on tT system energy
Focusing on production threshold (m, = 350 GeV)
Dividing into three mass regions:

° (340 <m,;< 380 GeV) 0.0 , . : : :
close to mass threshold — MO CIEE EmE
§ 0.2} observation |
* two validation regions expecting N e
: =
little or no entanglement , Entanglement
a .
- 380 < m,, <500 GeV SITSEENE
- my; > 500 GeV
— LO Analytical
ATLAS, - - MadGraph +MadSpin
Afik & Mufioz de Nova —1.0 4(I)0 S(IJO GCI)O 7(1)0 860 9(I)0 1000

M t;[GeV]


https://doi.org/10.1140/epjp/s13360-021-01902-1
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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Event selection & backgrounds

Single-lepton triggers

Opposite-sign 1 electron & 1 muon:

pr > 25-28 GeV

> 2 jets with p; > 25 GeV; > 1 b-tagged jet

~90% purity of tt signal
Dominant backgrounds: single top (~60%),
fakes (~30%)

SM processes estimated by simulation

ATLAS

EXPERIMENT

(85% efficiency) Fakes partly evaluated by data-driven
ATLAS, techniques
Process Inclusive 340 — 380 GeV 380 — 500 GeV > 500 GeV
1t 1030000 + 40000 202000 =+ 8000 408000 + 16000 417000 =+ 17000
tW 59800 + 1100 10330 + 200 23800 + 500 25700 + 500
Run 2 Z+jets 9100 + 800 2470 + 240 4000 + 400 2620 + 250
Vs = 13 TeV WW/WZ/Zz 5950 + 330 850 =+ 50 2130 + 120 2060 + 170
140 -1 tfX 2059 + 6 4377 + 2.1 1080.1 =+ 3.4 1441 + 4
fakes 29000 + 5000 6000 + 1100 11700 =+ 2100 11700 + 2100
Expectation 1140000 + 40000 220000 =+ 8100 450000 =+ 16000 460000 =+ 17000
Data 1105403 225056 441196 439151
data/MC 097 + 0.03 1.02 + 0.04 098 =+ 0.03 095 =+ 0.04



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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Top—quark reconstruction ATLAS

EXPERIMENT

Reconstruction of top momenta complicated due to two neutrinos

Several methods developed, reconstructing v momenta from missing traverse
momentum (MET), using m, and m,,, as constraints | ; ]
Main: Ellipse method (85% efficiency)

 analytically calculate two ellipses for
pt’ and find intersections

If Ellipse fails > Neutrino weighting method (5%)
* scans nY, n¥ phase-space Y

* solutions weighted based on compatibility
between p;¥ and MET

If both methods fail: simple pairing of leptons
with closest b-jets (10%) 100 GeV/c «

* use highest-p; jetif only 1 b-tagged jet

Betchart, Demina, Harel,


https://doi.org/10.1016/j.nima.2013.10.039
https://doi.org/10.1016/j.nima.2013.10.039
https://doi.org/10.1016/j.nima.2013.10.039
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Detector-level measurement ATLAS

EXPERIMENT

2 SRR R RN AR RN RRRE RRRE RRRRRRRE .o
: § CATLAS ¢ Data ] %
Measure cosq after boosting leptons Gooooo M1 ePowey g | ot
into their parent top’s rest frame oo 0 <mpea0cey St 1 m | 8
M Background ]
Compare with different Monte Carlo 40000 Totaluncertainty 11 @ |

predictions

30000

+ 4-0.18

Calculate D =-3 (cos )

200001~ —
3 168 L 1r 1.
2 e oo g 140N e e 010 r ] 0.22
3 LATLAS ¢ Data ] : o LATLAS ¢ Data ] 2 10000 =
w — - T w L 4 - - -
2O 13 Tev, 140" @ POWPY (V) T E 10128 12045 = 13 Tev, 140 5" @ POW*Py (hva) - 11 {0128 B ] 024
£380 < m < 500 GeV - Pow+H7 (hvq) A ] £ C > 500 GeV - Pow+H7 (hvq) £ - a1 1-U.
ool e eV - Pow+Py (bbdl) ] + o @’ 100."‘« © 6~ Pow+Py (bbdl) 1o44° oF
r Il Background n Il Background o] 15 ©
807 Total uncertainty i loqe N Total uncertainty 7 i 1o1s g 1.2 g
r i 80— — ' o 1 ° t1 o
L 4 r T -+ -
r F {-0.18 r g 0 0.8 u o
60 ] - col ar oot = . 0.5 =
r 1 C 119 o m ¢ -—1-08-06-04-02 0 02 04 06 08 1 &
i . . 1r 102 - 1F 1-02 Detector-level
- I d . a0l . . 1 etector-level cos ¢
- validation 1 - validation 7
F 1r 1-0-22 H 1-0.22
20~ H B 20 . '
- regionl 4 oz - region 2 i Lo
o e i e L ] A O B i P P PV PV TV PV IO
g 12 - - DG 15 g
308' —eo—g¢ ?_, S —eom¢1 9 ATLAS, Nature 633 (2024) 542
g o o 0.8F =
B 05 % =S £
¢ -1-08-06-04-020 02040608 1 & 8 7080604020 02040608 1 05 5

Detector-level cos ¢ Detector-level cos ¢


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

Detector effects induce shape distortions

to distributions

» detector response (resolution, noise)

* reconstruction of top quarks and their
decay products

* event selection

Measured (reconstructed) data corrected

to truth (particle) level

» particle-level cuts similar to
reconstruction-level

Calibration curves created for signal and

validation regions by reweighting

simulation based on truth D value

ATLAS, Nature 633 (2024) 542



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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Reweighing cos@ distribution ATLAS
Degree of entanglement inherent in particle § 1 4;)\'7'L'A'3' AL _
generators - cannot be changed > L Vs=13Tev — nominal .

= 340 < mi <380 GeV -60% reweighting 7]
Fit a 3 order polynomial to extract Do(my) g 1T e
dependence on my at parton level = — 20% reweighting ]
_ _ _ 0.8 — +20% reweighting ~ —|
Dp(mg) =xo+x mtfl +tX;- mtfz tX3-m E3 - .g—g -
0.6/ ' —
Each event reweighted at parton level to modify e f E
D, taking into account m4 to preserve linearity of —— .
cos¢ distribution 02— E
0_ | | i
= 1-Dy(m,) - X- cose 51
1-Do(mg) - cosg 5
T

1 -0.8-06-04-02 0 02 04 06 08 1
CoS @

xX=0.4,0.6,0.8,1.2

Modified parton-level D propagated to particle-

and detector level = calibration curves
ATLAS,


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

Detector effects induce shape distortions
to distributions
» detector response (resolution, noise)

* reconstruction of top quarks and their
decay products

* event selection

Measured (reconstructed) data corrected

to truth (particle) level

» particle-level cuts similar to
reconstruction-level

Calibration curves created for signal and

validation regions by reweighting

simulation based on truth D value

Uncertainty due to signal/background

modelling & object reconstruction

ATLAS, Nature 633 (2024) 542



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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S St em ati C u n C e]"t ain ti e S Systematic uncertainty source Relative size (for SM D value)
y Top-quark decay q.;?
. . Parton distribution function 2%
Each source of systematic uncertainty Recoil scheme 1.1%
results in a different calibration curve Final-state radiation 1%
Scale uncertainties 1.1%
Signal modelling - dominant NNLO QCD + NLO EW reweighting 1.1%
. pThard setting 0.8%
* main component: t decay (1.6%) Top-quark mass 0.7%
Background modellingo Initial'state radiation 0.2070
. o ) Parton shower and hadronization 0.2%
Z - tt dominant (0.8%) gamp seiting 0.1%
* leads to a flat cosg
d |St ri b Uti on Source of uncertainty ADgpserved (D = —0.537)  AD [%]  ADexpected(D = —0.470)  AD [%]
L . Signal modeling 0.017 3.2 0.015 3.2
* spin information from Electrons 0.002 0.4 0.002 0.4
T iS |OSt Muons 0.001 0.2 0.001 0.1
. . Jets 0.004 0.7 0.004 0.8
ObJeCt reconstruction b-tagging 0.002 0.4 0.002 0.4
Pile-up < 0.001 < 0.1 < 0.001 <0.1
Emiss 0.002 0.4 0.002 0.4
ATLAS (Backgrounds ) 0.005 0.9 0.005 1.1
EXPERIMENT Total statistical uncertainty 0.002 0.3 0.002 0.4
Total systematic uncertainty 0.019 3.5 0.017 3.6

ATLAS, Nature 633 (2024) 542 Total uncertainty 0.019 3.5 0.017 3.6



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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Calibration curve ATLAS
Detector effects induce shape distortions 2 AR R R R RS
to distributions g VL amas . g?;f}lsﬁcnaﬁeﬂtfg%ainty:
» detector response (resolution, noise) % oz b \!;34; li;iiv:;;; (g;bv : E{Z\t/\?eighting points ]
* reconstruction of top quarks and their s I - Eﬁ%é%%%?!ﬁi

decay products ol 7
* event selection I ]
Measured (reconstructed) data corrected 02} "
to truth (particle) level R _ B e —
* particle-level cuts similar to 0.4 *" Entanglement

reconstruction-level . ¢ ]
Calibration curves created for signal and 0.6 " ]
validation regions by reweighting T N AN VAN AV AV AT S

-0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04
Detector-level D

simulation based on truth D value

Uncertainty due to signal/background

modelling & object reconstruction ATLAS,


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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D in validation regions ATLAS

EXPERIMENT

» Measured D in validation regions
* 380 <m, <500 GeV
D = —0.265 =+ 0.001 (stat.) & 0.019 (syst.)

ATLAS, Nature 633 (2024) 542

o1l ATLAS Som
* m,; >500 GeV /s=13TeV, 140 ft'
D = —0.093 + 0.001 (stat. ) + 0.021 (syst. )2
C
o o®
. 3 -03
» Good agreement with &
theoretical predictions E o signal region
-0.5 @ Data T
@ Powheg + Pythia8 (hvg) |
I Powheg + Herwig7 (hvq) :
-0.6 340 < m;; < 380 380 < my < 500 mg > 500

Particle-level Invariant Mass Range [GeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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D marker: parton- to particle-level ATLAS

EXPERIMENT

» Parton-level entanglement limit
D < -1/3 folded to particle level

» Another calibration curve

ATLAS, Nature 633 (2024) 542

o4l ATLAS
constructed to relate D value of e 13 Tev. 14015 Son
parton- to corresponding ’
-0.2
particle-level | =
a A - é. _
B A
to ff production modelling and |
. o -
decay process considered —— Limit (Powheg + Herwig?7)
---- Limit (Powheg + Pythia8)
. . mmm Theory Uncertainty |
signal region ® Data ]
@ Powheg + Pythia8 (hvg) |
I Powheg + Herwig7 (hvq)
0.6 340 < my < 380 380 < myi < 500 my > 500

Particle-level Invariant Mass Range [GeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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Parton shower and hadronisation effects SATL

XPERIMENT

Large difference between Powheg+Pythia 8 and Powheg+Herwig 7 in signal region
 difference at particle and reconstruction level, while similar at parton level

Two main differences in models: ATLAS, Nature 633 (2024) 542

e hadronisation model (Lund-string vs. cluster model)

* shower ordering (pr-ordered vs. angular-ordered parton shower) = main cause of differences

H g OOQi —— Po h‘eg Pytha8‘ o ‘j g 0005 —;—IHI ‘ 7JLOIDI |l P“I o

- 5 VYV E wheg+ | S E erwi ipole shower -

FUture hlgher § 0.08 & —+— Powheg+Herwig 7 = g 0.08 E — Herwig7LO Anpgular shower E
precision quantum oo - g g0 E
. . 0.06 £ = 06 [ =
information E E 05 - E
(0] atio g.gi : ATLAS Simulation E Z.gi = ATLAS Simulation E
measurements 008 E- V5=13TeV, particle level - 003 i V§=13TeV, particle level é
would benefit from 002 = = 002 3
) d 0.01 [ — 0.01 =
Improve LOS;}I%I}I%I}I?I%%} 3 108 —=
understanding of g1 :_|—|_|_ E 2108 1 E
< E E 8 "TE E

parton shower B oo 1 = Zow. = -
096 - - % 096 =

H E L L | . B E | ) L Lo T

mec h anisms 094 -0.5 0 094 -o‘.s (‘) 0!5 1
cos @, my; < 380 GeV cos @, my; < 380 GeV


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

Measured D in signal region

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

Measured value significantly
(>50) below entanglement
limit (-0.322 £ 0.009 for
Powheg+Pythia 8)

First observation of quantum
entanglement

Particle-level D

V.A. Mitsou

ATLAS

EXPERIMENT

ATLAS,
o4l ATLAS Som
| /s=13TeV, 140 fb'
-0.21
i |
S . ¢
-0.3f
e
-0.4 e .
[ | —.— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8) |
o B Theory Uncertainty
-0.5 @ Data T
§ @ Powheg + Pythia8 (hvqg) |
I Powheg + Herwig7 (hvq)
-0.6
340 < my < 380 380 < m; < 500 myi > 500

Particle-level Invariant Mass Range [GeV]


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

Entanglement has been observed in a wide spectrum of physical systems

ATLAS performed first observation of quantum entanglement between a
pair of ‘bare’ quarks!

Simple but robust measurement that already highlights the importance
of precise top quark modelling near pair production threshold

Paves the way for future experimental tests of quantum entanglement,
decoherence, and quantum information transfer at LHC

ATLAS

|
\
\
}
EXPERIMENT l
|



https://atlas.cern/Updates/Briefing/Top-Entanglement
https://cerncourier.com/a/highest-energy-observation-of-entanglement/
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tf spin correlation measurements (1)

Measured AQ(€+,€7) differential cross-section compared to NLO
Monte Carlo generators and fixed-order calculations at parton level

Level of correlation assessed by quantifying it in relation to amount

waQcC 2025 V.A. Mitsou

of correlation expected in SM, fqy

Event selection:

* 1 electron

* 1 muon

e 2jets (21
b-tagged)

Events /0.1

Pred. / Data

Z<'1'('J:'3|‘"'|""|""\""|""|""|"" RARE RRARS
35:_ . Batah othiag ATLAS 4
T T aMCONLO Putias i 1s=13TeV, 36.1fb ]

£ oeeees Powheg Herwig7 . .
30F mm Si%gbe?ope ot Inclusive selection
~ mmm Fakelepton .. —
Othertop e e
Diboson
mm Drell-Yan (t7)
mm Stat. error
Stat. ® syst. error

25  Diboson
20
15
10

5

II||I\II IIIIlIIIIlIII\lI\

I||I\II|III1|IIII|III\|I

1.1F 5

—_
T

0 01 02 03 04 05 06 07 08 09 1
Detector-level Ao(I*,l)/n [rad/x]

77 [1(radm)]

ATLAS

EXPERIMENT

Run-2

2015-2016

Vs =13 TeV
ATLAS,
_IWIIITIIIXYIIY‘II!TIITIITllllllllllll{lllTllYl_
T ATLAS Inclusive ]
- Vs=13TeV, 36.11b" ]
C gy =1.257599 [
Ei-—-t-. o= ]
___'_,—|_| — Powheg (SM spin) |
i —— Powheg (No spin) ]
N ¢ Data ]
r ---- Fit result 1

0 |\|||\|||‘\ll\‘ll\\|||\|||\||||\|||||||‘|||\|||\|
9010203 040506070809 1

Parton levelA¢(I",I)/n [rad/x]


https://doi.org/10.1140/epjc/s10052-020-8181-6
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tf spin correlation measurements (11)

Observed spin-correlation degree
higher than predicted by generators

Results compatible with CMS analysis

[1/(rad/m)]

do

1

Theory
Data

o dAG(F, F)/m

ATLAS

EXPERIMENT

Significance strongly varies with theory precision

fixed-order NNLO predictions closer to data
but still not fully agree

* d ata agrees well with alternative differential

1.2

0.6

| ATLAS
 /5=13TeV, 36.1 b

¢ Data
—— Powheg Pythia8

Powheg Herwig7
--= MG5.aMC@NLO Pythia8
L M B

Sherpa
Powheg Pythia6

PowPy8 rad. down _|

1.05
1.00

P‘
0.95 -

| [ Stat. 1 Total

Parton- Ievel Ab(I*

/ 7t [rad/m]

prediction at NLO in QCD+weak

7 2/

do
S " dag(I,

1.3

1.2

0.9

ATLAS

\s=13TeV, 36.1 fb™

¢ Data
—— Powheg+Pythia8

——— MCFM

—— NNLO
Powheg+MadSpin
+Pythia8

==

——

L | L | T 17T | T 17T

I

11

Inclusive

— NLO QCD+Weak (1 _=m,) $

i

e=

| III\

5:&

|II|lII

||l||J||l||J||ll||l||l||| 1
0-8"0.102 03 04 05 0.

Parton level

6 0.7
Ao(

0.8

09 1

I*,I)/x [rad/=]

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


https://doi.org/10.1140/epjc/s10052-020-8181-6
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