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Introduction

Typical entanglement

- LHC data offer a new way to test experimentally the fundamental experiment with photons LHC
principles of quantum mechanics at very high energies l o l

eV KeV MeV GeV TeV

- One of such tests involves quantum entanglement
- Observation reported by both ATLAS and CMS experiments in events with top quark pairs
- Ongoing studies in the Higgs sector as well

- There are lots of other concepts from quantum computation that can be explored at the LHC
- One is fimagico or fi n estabilisernessd0 o f  q stades, t 2% stabilizer Renyi entropy)

® Spin correlation: Y found in Run-1

Statistical classical correlation between spins
0 Quantum discord:

Quantum correlations yet in separables states

Spin-Correlation

& Quantum entanglement: Y what we will talk about today
Subsystems are not separable

Separability

Non-separability

0 Steering:
Measurement in one subsystem influences the other

0 Bell non-locality: Y will we ever get there?
- Correlation cannot be described by local hidden variables
- Are the effects strong enough to violate B e | ihequslities?
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Introduction

Typical entanglement

- LHC data offer a new way to test experimentally the fundamental ki wich iee e
principles of quantum mechanics at very high energies l o l

eV KeV MeV GeV TeV

- One of such tests involves quantum entanglement
- Observation reported by both ATLAS and CMS experiments in events with top quark pairs
- Ongoing studies in the Higgs sector as well

- There are lots of other concepts from quantum computation that can be explored at the LHC
- One is fimagico or fi n estabilisernessd0 o f  q stades, t 2% stabilizer Renyi entropy)

T o d amedis(using top quark pairs):

- Observation of qguantum entanglement at production threshold
1] Nature 633 (2024) 542 [by ATLAS]

2] Rep. Prog. Phys 87 (2024) 117801 [by CMS]

- Observation of quantum entanglement in the boosted regime
3] Phys. Rev. D 110 (2024) 112016 [by CMS] "/
- Measurements of polarization and spin correlation
3] Phys. Rev. D 110 (2024) 112016 [by CMS]

- Observation of magic states of top quark pairs

[4] CMS PAS TOP-25-001 [by CMS]

R
BB R trcTory

LLLE g
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https://www.nature.com/articles/s41586-024-07824-z
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-25-001/index.html

The top quark Is special

Most massive elementary particle known to date - very short lifetime -

q
t, =108 6 < bd s¥B<m/ §p2d 6L t, ¢ W LT

decay hadronization spin decorrelation b

Decays before hadronising A access to bare quark properties

Spin information preserved A can measure its quantum state Leptons and d-type quark (from W)
for maximal top quark spin transfer:
a ( spin analyzing power) Y 1

g t q t
g% :i c‘:: : t
top-antitop spins stay correlated (two qubit system)
- inferred from the decay productsé a n glistrib@ions
- polarization and spin correlation measurements already in LHC Run-1 & Tevatron

- also, new ways to test Quantum Theory with unstable particles (quarks) at high energies
in specific phase regions

In top quark pair production (tt):

Entangled particles A their guantum state cannot be described independently !
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Top quark spin density matrix

Mixed states described in terms of the density matrix: p = ZPz‘W@)WH Probability of being
;. T in state I

The top quark spin density matrix has decomposition:
3 _ 3 . _
p=(n4+z B] 1,® a‘)+z ﬂw@cﬂ)/z}
i=1 i,j=1

Spin correlation matrix

Spin polarisations

Spin dependence of tt production is completely characterized by 15 coefficients

Probed by angular distribution of decay products (spin analyzers)

Double diff. xsec Polarisation (0 in SM) Spin Correlation

1 d’o 1
o = —(1 + B% cos 6 + B® cos 6 — C(a, b) cos §* cos
o d cos 6%d cos 6” 4( _ * (a,b) + )

. |  B'=3(cos0’)
For each of the coefficients, a change of variables can be made to obtain ; i
a single differential cross section that depends only on that coefficient. Cij = —9{cosb; cos 92)
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Top polarisation and spin correlations

Helicity e

Each element of the spin density matrix can be probed through basis

a unique angular distribution measured in helicity bases {]} P A y &rf yrest
(defined in the parent particle frame) o + p
Y
[_‘ tt CM frame
rrest

Observable Measured coefficient Symmetries ;/rame
cos &% B* P-odd, CP-even
cos 6% B} P-odd, CP-even 1 do 1 _ _
cos 0} ;A P-odd, CP-even —m = 5 (1 + Bj cos 911),
cos 8} B} P-odd, CP-even 0 acos by
cos 0] B} P-even, CP-even 1 do 1 _ _
cos 9% B P-even, CP-even S — A (1 + B/ cos 95)1
2 - ocdcos@, 2
cos 6% B P-odd, CP-even 2
cos B BY P-odd, CP-even ldo 1
cos 97 BT P-odd, CP-even ;E — 5 (1 - Cijx) In m ’
cos 05" BY* P-odd, CP-even _
cos 6% cos 6% Cx P-even, CP-even x = cos @} cos &}.
cos 8] cos &, C.. P-even, CP-even
cos 8§ cos &) Con P-even, CP-even | Jo 1 Cij + Cji .
cos 87 cos 0% + cos 6% cos 67 Cy + Cpr P-even, CP-even dx, = 2) ( - > x:l:) cos™ x|,
cos 07 cos 65 — cos 6% cos 05 Cy —Cy, P-even, CP-odd _ _ _ _
cos 87 cos & + cos 6] cos 0 c,+¢C,, P-odd, CP-even X4 = COS 911 COS 9‘% + cos 94 CcOS 95.
cos &7 cos @ — cos 6] cos 0} C.,,—C,, P-odd, CP-odd
cos 0" cos 9% + cos 0% cos 97 C. +Cp P-odd, CP-even _ _
cos 9{’ cos 9% — Cos 9’1: cos 95% Czk -C k: P-odd, CP-odd off-diagonal redefined Ciii = Cij + Cji

only non-zero off-diagonal C,,*
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Top polarisation and spin correlations

Helicity e

Each element of the spin density matrix can be probed through basis

a unique angular distribution measured in helicity bases {]} P A y &g yrest
(defined in the parent particle frame) o + p
Y
[_‘ tt CM frame
rrest

Observable Measured coefficient Symmetries ;/rame

cos &% 66\0 Bt P-odd, CP-even

cos 6% (\,'\ B P-odd, CP-even 1 do 1 _ _

cos 0} ‘ \(\?\0 ;A P-odd, CP-even dcosd 2 (1 + B cosd)),

cos &, 6\‘\\\\ B} P-odd, CP-even 0 a Cos vy

cos 67 (< B} P-even, CP-even 1 do 1 _ _

cos 8 N\e'a%\) B} P-even, CP-even —W = 5 (1 + B5 cos 95),

cos 6% | BY* P-odd, CP-even G acost;

cos 6% BY* P-odd, CP-even ldoe 1 1
cos 97 BT P-odd, CP-even ;E — 5 (1 - Cijx) In m ’
cos 05" BY* P-odd, CP-even _

cos 6% cos 6% Cx P-even, CP-even x = cos @} cos &}.

cos 8] cos &, C.. P-even, CP-even

cos 8§ cos &) Con P-even, CP-even | Jo 1 Cij + Cji .
cos 87 cos 0% + cos 6% cos 67 Cy + Cpr P-even, CP-even dx, = 2) ( - > x:l:) cos™ x|,
cos 07 cos 65 — cos 6% cos 05 Cy —Cy, P-even, CP-odd _ _ _ _
cos 87 cos & + cos 6] cos 0 c,+¢C,, P-odd, CP-even X4 = COS 911 COS 9‘% + cos 9{ CcOS 95.
cos &7 cos @ — cos 6] cos 0} C.,,—C,, P-odd, CP-odd

cos 0" cos 0% + cos 6% cos 0% Cou + Crn P-odd, CP-even _ _ .

cos 07 cos 65 — cos 6% cos 05 Coi — Cin P-odd, CP-odd off-diagonal redefined Cy* = C; £ C;

only non-zero off-diagonal C,,*
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Top polarisation and spin correlations

Helicity e

Each element of the spin density matrix can be probed through basis

a unique angular distribution measured in helicity bases {]} ? Ay Y &Af yrest
(defined in the parent particle frame) o + p
Yy
[_‘ tt CM frame
rrest

Observable Measured coefficient Symmetries ;’rame
cos 6% 66\6 BX P-odd, CP-even

cos 65 (\,'\ B P-odd, CP-even

cos 8] ) \(\?\0 B P-odd, CP-even

cos & d\‘\\\\ B} P-odd, CP-even

cos 0] 0(6 B} P-even, CP-even

cos &5 N\ea% B P-even, CP-even

cos % | B P-odd, CP-even

cos 0% B P-odd, CP-even

cos 97" BT* P-odd, CP-even

cos &5 By P-odd, CP-even

cos 6% cos 6% Cu P-even, CP-even

cos 8] cos &, C,, P-even, CP-even

cos @7 cos 05 Con P-even, CP-even

cos 07 cos 8% + cos 60X cos 05 C + Cy, P-even, CP-even

cos 0 cos 65 — cos 65 cos 05 C — Cy, P-even, CP-odd

cos &7 cos @, + cos 6] cos 8} c,+C,, P-odd, CP-even

cos @] cos 8, — cos 8] cos &} C..—C,, P-odd, CP-odd D = _—TI‘[_C] /3 = _(Ckk + CTT + Cm’l) /3
cos 0" cos 0% + cos 6% cos 0% Cou + Crn P-odd, CP-even

cos 07 cos 85 — cos 6 cos 6 Cor = Cin P-odd, CP-odd DI 0 top quark spins are correlated
cos @ D P-even, CP-even
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Quantum entanglement

Conditions for quantum entanglement

(based on Peres-Horodecki criterion) T

AE — Cnn —I_ |Crr —I_ Ckk| > 1

In tt production, the SM predicts entangled states:

—> at the production threshold region in gg-fusion production
— at the boosted region for central production of the system

g8 —> 1t qq — tt
1.0 4= 1000 1.0 —
o o
0.9 0.9
e 900 £
08 @ 0.8 )
07 800 0.7 =
= 06 B o6 | 8
w C o 00 =
O os WO 0.5 L
2:: 0.4 2: 600 { []os
0.3 0.3
500

0.1 400 0.1

Eur. Phys. J. Plus (2021) 136:907 (Afik, De Nova)
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Sensitive observables to entanglement with top quarks

Remarkably entanglement can also be probed from single differential distributions

ol

Threshold do _
= A(1+ DKK cos ¥)
dcos x
k angle between the directions of two decay
products measured in their parent top
quark and antiquark rest frames
O Boosted dO
Helicity * A% /5 - 00osSste e ~
R — = A(1+ DxK cos x)
"” So i dcos y
P
v with inverted sign of n-component
CM frame .
r ‘ t in one of the decay products
yres

frame
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ATLAS: 1st observation of entanglement in top quarks

Focus on the threshold region, m,<380 GeV Nature 633 (2024) 542

Using dilepton emchannel, O2 jets, Ol b-jet (85% eff.)
Top reconstruction: ellipse method for neutrino reco.

Nominal S.ignal. model: Powheg+Py8 SR: 340<m,<380 GeV [high degree of entanglement]
Three regions in my are defined: VR1: 380< m, <500 GeV [some entanglement]

VR2: m, >500 GeV [no entanglement
Detector-level t [ g ]

‘.2 :I TT | TTT | TTT | TTT | TTT | TTT I TTT | TTT TTT T T T] _0.1 %
L%soooo'ATLAs $ Data . 8 )
e .1 <@ Pow+Py (hv ~ =
s =13TeV, 140" Pow+H¥'((hv(;)) : 0125 Truth Systematic Shift .
i i ° 4 A
s0000[>0 < Mi <380 GV g powspy (bbal) ] "] 014"
- M Background -
- Total uncertainty ®
40000 — a0 1-0.16
- 11 4
30000 2 o] _‘+ 17018
N 1t 4-0.2
20000_— ]
{-0.22
100001 5
- i -0.24 forvard >
N Y I P S N P BT ST ST i
@ 0 i i i i i ‘ i ‘ i _ 1 5 © scattering decay Qcp shower detectors Events
5 1.25 - 5 Sl [T [T |2 [0 [ T8\
o ] .ﬁ‘l o -
Q 0'8_ 7 . 0 5 Q erse
& 1080604020 02040608 1 a

Detector-level cos ¢
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ATLAS: 1st observation of entanglement in top quarks

Calibration curve to correct for detector effects

Nature 633 (2024) 542

5 hypothesis to cover SM and 4 different values of D: +20%, -20%, -40%, -60%

Results quoted at particle-level
parton-level theory prediciton is folded

Particle-level results in SR and VRs

éol

VR1 VR2
o°®

—.— Limit (Powheg + Herwig7)
---- Limit (Powheg + Pythia8)

B Theory Uncertainty
@ Data

@ Powheg + Pythia8 (hvq)
B Powheg + Herwig7 (hvq)

e l LI | T T | T 7T | T T | T T T | T T ‘ LI | T T T | T T \_
% 04 - ATLAS Total Uncertainty 0.1 ATLAS
- r Statistical Uncertainty’ _ -1
3 Vs=13TeV, 140 &' e Data 1 j /s =13TeV, 140 b
= I ) m Reweighting points ]| I
& 02[ 0= mi= 380 GeV o Powheg + Pyihia8 02| SR
L e Entanglement limit | .
0 -_ — % ....................... -
I i>-> -0.31
8 o - [(EEE———
-02 2
- - E
oo -0.4r
i < - H
0.4 -
D o
[ ) J -0.5
-0.6 l_ . H —
: Particle-level calib. curve] ®
T L1 1 | L1 1 | L1 1 | L1 1 | L1 1 I L 11 ‘ 11 I 11 | I 1 \_ B
-0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04 —0.6 340 <mg < 380
Detector-level D
In the SR, data few sigmas away from MC expectationé
Agreement in the validation regions D. = 1
First observation of entanglement with significance >5s Ddata - 7
PP8 —

Leading unc. is parton shower modelling

380 < my < 500 my > 500

Particle-level Invariant Mass Range [GeV]

0+.09CR Tstat.] + 0.019 [syst.]
0+.04002 (stat.] £ 0.017 [syst.]
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CMS threshold results using dilepton channel

Partial Run-2 dataset; em €e+ mahannels, O2 jets, QL b-jet
Focus on low-mass region (345<m;<400 GeV)

Cut on velocity of the tt system (6<0.9) to increase fraction of gg events

Kinematic top reconstructed (weighting method)

Includes toponium model with MG5 _aMC@NLO (LO) + Py8
D extracted at parton-level from binned profile likelinood fit

to angular distribution

Rep. Prog. Phys 87 (2024) 117801

Toponium simulated as a pseudo-scalar
color singlet and spin-0 particle with
m=343 GeV and s=6.4 pb

~47500 signal events

i -1 CMS 36.3 fb~! (13 TeV)
Analysis >106CMS ‘ 3637 (13TeV) e 0000
region 8 TV B tiother WM ttdileptonic p 60000:— v I 1, dileptonic M it dileptonic
- Diboson m tw 777 Stat @ Syst > | [] Diboson [ twW 77 Stat@ Syst
210¢ n dileptonic  EE Z+jets 4 Data . £ 50000f B fiother W Z+jets
) (O]
> > -
L1 400001 _
w F 345 < m(th) < 400 GeV
102 30000F 3, (t1) < 0.9 ?
20000 ”
10 ‘ ‘ 10000
5|8 121 fpr.ps - Nop, rew - Pl-li P8 —- Noplrew. &n |
o E 5 +EG+7), pr rew. + Pt rew. &
i o ://", D 7 /% ////% i __//Z/ /// A . —r 1T I
1 0_‘“/" i, ." s '—"%_ 5 8 %1_1 ~— PH+P8+7,  —— No p} rew. PH+P8  —- Nop} rew. & 7
-Gc,; ﬂ12 __f|PH+F‘B+1;l‘ —-l F'H+Hlpp+y'," —‘ |\AG5_aMC@NLO[Fxe]+F'B+7;. __ 0.9 : ! : | : L l: i : PR IR : . rl—:-_L.—:
£ CDU - - -8 %1'2 :_P_H_"E%*"f - IH+pr+7,t e MGS_LMC@NLO(FJ(FX)+P8+77L
o8 bz T
1.0 -0.66 0.33 0.0 0.33 0.66 1.0
cos ¢
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CMS threshold results using dilepton channel

CMS
/% POWHEGY? +IHERWIG+I++U, /
/M MG5_aMC@NLO(FxFx) + PYTHIAS + 5 /
|/! POWHEGV2 + PYTHIAS + 1, /

[/ MC Stat.

/11 MC Stat. @ Syst.

— Entanglement boundary
¥ Data extr. with PH+P8
1 Data extr. with PH+P8+1,

36.3 fb~' (13 TeV)
Al LA

m(tt) < 400 GeV
8,(tt) <0.9

Without toponium
6.3 o obs.
(6.3 0exp.)

04915558

| With toponium

5.1 o obs. 4

I" (4.7 o exp.) B

o))

O

-0.480:3928 | ——e—— )
WETE PETE PETEE TS ST e

-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30

D

5s observation of top quarks entangled at threshold

Agreement with SM significantly improved by including d;

~1.5s tension with the expectation without d,

Rep. Prog. Phys 87 (2024) 117801

Data: D = —0.48010 015 (stat) fg;ﬁﬁg(syst)

i . — 0.016 0.021
Expectation: D = —0.467 Too17(stat) 15 o (syst)

Source Uncertainty

D345 <m; <400
oponium normalization /9%
JES 9.68%
Parton Shower (ISR) 6.81%
Scale 1.68%
Parton Shower (FSR) 1.00%
JER 0.76%
Z+jets shape 0.67%
Top quark py 0.23%
PDE 0.16%

Color reconnection 0.11%
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CMS lepton+jets channel: strategy

Phys. Rev. D 110 (2024) 112016

- Evaluation of full correlation matrix C and polarization vectors B, as well as pE D & D,
Inclusive + differential measurements in bins of m,/p;, and cos(Q)

- Nominal signal: Powheg+Py8+EWK corr. from HATHOR
(higher order QCD unc. from Powheg MINNLO)

Ty

- Challenging identification of d-type quark in W decay oo so0 e o0 a0 oo oo

- NN used to reco tt system, with inputs: lepton and jet | 138 fb™! (13 TeV)
: . . . i

kinematics, b-tagging scores & E+ s 10° - cMs 2  PDaa - mmfeoredt

Reduce bkg. by mass window cuts in top and W mass 107 M tf non e/u+jets = Single t

B DY/W-boson [l Multijet

Remove events with S, < 0.1 o~ 10° | Uncertainty
S 10° ! Shigh
- 4 event categories based on # b-tags & S, score %‘ 10°
Sion(1b): Sy <0.30  Spigh(1b): Syy O 0.30 102
Sion(2b): Sy < 0.36 Shigh(2D): Syy O 0. 3 6 10
optimized to minimize unc. in spin density matrix 14
oo 1.2
A | e AR T
Reco efficiency of the NN (including d-type id): ~ —'® 0.8
A% TOr Siou(1b) - 75% Tor Srgn(20) "0 0102 03 04 05 06 07 08 09 1

SNN
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CMS lepton+jets channel: fits to various distributions

Binned maximum likelihood fit combining information of the 4 categories of various distributions
in various regions of phase space - bins of m,/p;, and cos(Q) -

@ unrolled 4D distribution of ¢5, cos(85), ¢,,, and cos(6,) A to extract full matrix coefficients

® cos(y) and cos(¥) distribution A to study quantum entanglement

. . CMS simulation 59.7 fb™ (13 TeV)
to reco-level templates (one for each coefficient 20000 =
G LY
enerator level LE C.
to00g | —— Tm (40) for2b'S_ 7
from the outermost to Qb COS(H ) Qb and COS(Q ) ] ] [ H P ] [
. . = — 0
the innermost variable 7 P? p/> Frp> p ] hd 1| [ .g
138 b (13 TeV) {0000~ — — — = — | 3
105 CMS 2b Shigh § Data . tt gen: all other bins o0
3 " -4 t 600 GeV, . m(t 80 V,
pre-fit B gen: 0.040<< I(To(s()eﬁ o7 E  gen: QizTcos?eﬁi 0.7 5'
f%) Single t [ Multijet+EW S
S 10* | 1t no correlation Uncertainty
> . .
w g "1, - 2 “ _ aalh = Anadl] : g ) A
100 ° I ‘ a * | i .I|i|ll.| ! '."ulii.-ﬁ#-'ii' ill"'i'Nlllu ‘ I g
| |
. . . A alm i __m v
5 1.4 - : —
2842 <
-.f_.—b o s By —
E=o8f "™ , : 7
Y i 5 S
ioos(ell 0 M ® cos(ep) ® 6 ®cos®) 0.7 10 10000 = —
m(ff) [GeV]400 . j ’ 600
138 fb (13 TeV) 10000 — Cr >
108 | CMS 2b Shigh i Data . ﬁgen:all(;ther bins [H]
postfit NN fgen: 0= TOIOPEY, N fgen: YN 7 BN S ol O
@ Single t P Multijet+EW o
g0t Uncertainty S
B flense e el ettt elttene el et ee e Sowelsl o0 e e T -10000 [— O
103 [ .-..-. oty . . -..¢.o .o'., . ot . 1. 00 S 1 .-.-. q) [rad] V
' . ; ' . ' /2 0 2 T
. cos(f - =
2% 12 (6) 0 1 0 ] 0 1 0 1 =
o2
Hs | L L R R T
0.8 ; 8
lcos(o)l O 04 B Ee,@cs@) 0 10 COS(B,) g T ATy ¥
m(tf) [GeV]400 600
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CMS lepton+jets channel: fits to various distributions

Binned maximum likelihood fit combining information of the 4 categories of various distributions
in various regions of phase space - bins of m,/p;, and cos(Q) -

@ unrolled 4D distribution of ¢5, cos(85), ¢,,, and cos(6,) A to extract full matrix coefficients

® cos(y) and cos(¥) distribution A to study quantum entanglement

to reco-level templates (one for each coefficient)

COS (Z) o COS(X) 138 fb' (13 TeV)

. 138 fb (13 TeV)
10°F cMms 2bS I Data i
. gen: all other bins -
high CMS 2b Sh‘ h Data tf gen: all other bins
i B i gen: 400 <M(t) <500 GeV, i gen: 800 < m(th < 900 GeV, 10° | g 400 < m(tf) < 500 GeV, 800 < m(tf) < 900 GeV,
10° pre-ft single {4 <150 <07 m— mietsew ' <07 pre-fit - iger 0.4 <lcas(é)i <07 — :fﬁ” 04 < lcos®) <0.7
ingle - ultijet+!
tf no correlation Uncertainty o 10* | #f no correlation Uncertainty
c
[
@ 10°

.14 : : .
T : T H : o9
=912 I—‘—L‘_H_ : ; 29
= 1_l_‘_l:l_‘—_‘‘1_._I|—l_\_‘_‘_|—""‘-‘-|_._|<} EIGIE a“mﬁ____i*‘—-—-_lr‘_‘_'_'— —-—._._'_|r‘_‘_‘_‘_'ﬁ"-h_._ £a 4?'_'_‘_'—1 LEREIR vt
© bt col d @t .. ) 2L oL L Ll ol lololo oo NN Py © =
ﬂ:%o_g ¢ 4 : : : I%O.STTT,T}!*{*{W i!{} _,_'J—'_‘!}!*{I-bﬂ"_.iq. }**
cos(x) 06 0 06 06 O 06 06 O 06 06 O 06 -06 0 06 -06 0 06 cos(¥) -06 0 O 6 -06 0 0. G -06 0 06 -06 0 O. 6 -06 0 O. 6 -06 0 06
Icos(8)l O 0.4 0.7 0 0.4 0.7 1.0 Icos(8)l O 0.4 0.7 0 0.4 0.7 1.0
m(tf) [GeV]300 400 500 m(th) [GeV]900 1000 13000
138 fb™' (13 TeV) 138 fb' (13 TeV)
6
10 CMS 2b Shigh ¥ Data : v, ttgen: all otherb{lns Gov. 10° b CMS 2b Sy I Data 400 <o) <500 GoV, ff gen: allolhsr(t;ri)ns 000 G,
N A t 1 . < mtt) < @' <m e
. post-fit I gen: O%O:Irr?o(s()(-);l o7 I gen: 0% < kr;?:(s()eﬁ e post-fit I fgen: o ) S b < 0.7 B fgen: 30 Icos(®)l < 0.7
10 Single t I Multijet+EW o Single t P Multijet+EW
® Uncertainty ..2 10° f Uncertainty
5 H : [ H :
> o -
w
1.2 0312 I
3B 2911 :
051'1. ) PP W 4 4 PP PP R SR W P T oa 1l t {[l ib gl t I 1!1:1:*:..{'[|l|:$x '{{' t3
Ll o e e e SRS B RS AU K RS A A e R . T ol ] Hl I RS ]”'i AR LR TN D Bh S ERR AR B AR Ty
T 209 : : : : TH g g { : : :
08 z z : 5 0. i i i i
XSV X SRV X S X S X S R VX S (X S R (N ST (X S 1Y Gosg (080 08 080 06 O 0 06 05 0 06 D8 0 06 D& 0 06
7 0 0.4 0.7 30 m) [Gev1900 1000 13000

cos(y) -06 O 0.6
Icos(6)l O 0.4 A
m(tf) [GeV]300 400
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CMS |+jets: polarisation vectors & spin corr. matrix coef.

Phys. Rev. D 110 (2024) 112016

Full measurement of the polarisation vector and coefficients of the spin correlation matrix
performed inclusively and differentially in bins of m, x cos(g) or p;, x cos(g)

0

MS

138 fb™' (13 TeV)

-0.062+ 0.053
-0.0037 £ 0.0077
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Inclusive from m(tf) vs Icos(0) bins Data
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off-diagonal redefined C;* = C;  C;

03 -02  -0.1 0 0.1 0.2 0.3 005 0 005 0.1
Coefficient value A(data, Powheg+P8)

- Only C,.* is invariant under P and CP parity transformation and
is the only non-zero off-diagonal element
- Good agreement wrt. SM and previous results
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CMS |+jets: polarisation vectors & spin corr. matrix coef.
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0< pT(t) < 100 GeV
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p_(t) > 300 GeV
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Phys. Rev. D 110 (2024) 112016

- With these measurements, the differences in the
spin correlation for various kinematic regions

become clearly visible

- For the p, measurement, the signs of C,, and C,

change from positive to negative with increasing p,
- Diagonal elements indicate the transition from the
spin-singlet to the spin-triplet as the dominant state

'
C..,C

jogd

Cy>0

138 fb™ (13 TeV)

CMs
c1 | -0.166+0.057
P, |_ -0.026+0.029
P, [ 0.004+0.027
P, [ -0.015+0.034
B, [ -0.010+£0.029
P, |_ -0.004+0.027
P, [ 0.002+0.034
C, [_ -0.678+0.083
C, |_ 0661+0.064
Cy [ -0.69:0.12
C, [ o0.14x0.10
Ci [ -0.00£0.15
C -0.17+0.14

nk j—
Cy [ -0.04:0.10
C. [ -001:0.15
C, L -0.06+0.14
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m(tf) > 800 GeV, Icos(6)l < 0.4
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1 1
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First at high my
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CMS lepton+jets channel: guantum entanglement

Phys. Rev. D 110 (2024) 112016

A CMS ] 138 b (13 TeV)
? = Data
oo E g oane .
oal T hgsees CMS 138 fb™ (13 TeV)
I MINNLO+P8 gy — 2.2
0.2 :— > Strong - ; Data
E entanglement (_i 2 g ;tat,':otal ;gc
o i C owneg+
-1 [cos(6)] < 0.4 O 1.8 — Powheg+P8+ e s
E-O.135i0.062 0.129+0.019 0.314+0.027 0.652+0.052 _+ : ----- POWheg+H7 ''''''''''' S o ]
® 01E | | | = 1.6 ---M95+P8
g 0.05F I ¢ [ -~ MINNLO+P8
s op == ndin - #5804 o 14C
0.“—0_05 ;— I I w i:-_--'n'-; [ e e e
g 0 < 12|
Z-0.15E : . : B Tt
00 0. %o 1) - 2.2(2.4)c 6.7(5.6)c
"ty P <S00g,, S0, ey 1= ( )i Separable states | =
= |
Good agreement with predictions m(ti) < 400 GeV. m(tt) > 800 GeV
lcos(0)l < 0.4

- Entanglement observed for first time in events with high m, !
highest sensitivity using full matrix C

- No sensitivity in low m, region
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Evaluation o f mafico states of the tt system (CMS)

CMS PAS TOP-25-001
- Quantum Magicoquantifies computational advantage of quantum over classical states
- Entanglement by itself d o e sgnabantee this

- For mixed states:
) can be calculated from the

A—/-’ |Og 1+Z:€nkr[(P4+’54)]+Z,JEnerj d15 ff . t
2 = — 2 measure coertrcients
qq pp
- M, is phase-space dependent
- For ppA tt, M, is maximal near
' I threshold
o 138 fb™' (13 TeV) 138 b (13 TeV)
'S 14F cMs Data 2 N1.4- Data
1 oF Preliminary stat, total unc. = 1 2:_ gr:dliginary i stat, total unc.
15 Powheg+P8 e Powheg+P8
- e Powheg+H7 = 0 s Powheg+H7
0.8F < MG5+P8 na e MG5+P8 - Flat after a cut on cos(g)
R MINNLO+P8 : <owo MINNLO+P8 - In agreement with the SM
0.6F 0.6 o — .
04k I . rreeiiErere - Limited by stat unc.
i —— X 0.2 [cos(6)] < 0.4
| | | | |
300-400 400-600 600-800 > 800 b 300-400 400-600 600-800 > 800
m(ff) [GeV] m(tf) [GeV]
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Summary

30 years of top quark physics!

- Top quark physics at center of big questionsé a mprecision era

- it spin correlation measurements in dilepton and lepton+jets channels in agreement with SM
- Full spin-density matrix in the lepton+jets channel
- First observations of entanglement between top quarks in top pair production
at production threshold in dilepton ch. and boosted regime in lepton+jets ch.
- Quantum magic measurement
- one of the first connections between quantum information science and particle physics
- shows the potential of collider experiments for testing foundations of quantum mechanics

THANKS FOR YOUR ATTENTION

maria.moreno.llacer@cern.ch
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ATLAS: 1st observation of entanglement in top quarks

ﬂ E I T T T ‘ I T T I ‘ T T — ﬂ 0 09 T T T T ‘ ! T T T ‘ T T T T T 1
§ 0.09 = —— Powheg+Pythia 8 = g - —+— Herwig 7 LO Dipole shower -
g 0.08 — —+— Powheg+Herwig 7 = g 0.08 - —+— Herwig 7 LO Angular shower E
5 007 =N i E
= 0.06 = 5 To0eE E
= 3 0.05 — =
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0.94 E | 1 ‘ | | ‘ | | ‘ | | 3 0.94 E | | ‘ 1 | ‘ | | | ‘ | | 3

-1 05 0 05 1 1 -0.5 0 0.5 1

cos ¢, my; < 380 GeV cos ¢, my; < 380 GeV

Notable differences seen at particle-level for two different parton-shower models

Nature 633 (2024) 542
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ATLAS: 1st observation of entanglement in top quarks

Nature 633 (2024) 542

Source of uncertainty AD gpservea (D = —0.537) AD [%] AD expected (D = —0.470) AD [%]

Signal modeling 0.017 3.2 0.015 32 O

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
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%
hgamp setting 0.1%

18/09/2025 Maria Moreno Llacer - Spin correlations and entanglement in top and Higgs @ LHC 25



CMS threshold results using dilepton channel

- i -1
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CMS: strategy In lepton+jets channel

1 CMS simulation (13 TeV)

Illlll:ll

The 2b and 1b cal'egories‘are further split based on the

NCOI‘TEleN reco

value of Sy In the 15 (2b) category events belong to the 0 Sr
Shigh category if Syn > 0.30 (0.36), while the remaining 02FE
events are placed in the Sy, category. These requirements 0.1 Reco efficiency of the NN
define the signal categories for the analysis and were E
systematically optimized to minimize the uncertainties in 400 600 800 1000 1200 1400
the expected spin polarization and correlation coefficients. m(tt) [GeV]

In the simulation, the fraction of reconstructable e/u + CMS Simulation (13 TeV)
jets events is 73% for 2b Syign, 47% for 2b Sy, 64% for 1b ! ==2bS__ E==2b S
Shigh» and 38% for 1b Sy,,. The fractions of correctly gg ---- 1b8h:§h “"“1'5'3|:
reconstructed events with respect to all signal and back- _ 0:? _
ground events in the various categories are 46% for 2b E‘j‘ 0.6 Fraction of correctly reco events
Shigh» 21% for 2b 8oy, 37% for 1b Spign. and 15% for 1b 8
Siow- Figure 2 shows these fractions as functions of m(#r) 8
together with the fraction of correctly reconstructed events
with respect to all reconstructable events.

| I [ ] | 1

L L PRI S T T .
800 1000 1200 1400
m(tt) [GeV]

400 600
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From CERN EP seminar, Giulia Negro (CMS)

Comparison with ATLAS

¢ Entanglement in top quark observed by both ATLAS and CMS with >5 standard deviations!
* despite different analyses...

Dataset

tt decay

ATLAS
Full Run 2 (140 fb-)

Dilepton: e

CMS
2016 (35.9 fb 1)

Dilepton: ee, ey and pp

tt reconstruction

Ellipse method

Weighting method

Main selections

340 < m(tf) < 380 GeV

345 < m(tt) < 400 GeV, beta <0.9

Triggers

Single lepton

Single lepton + dilepton

Corrected to

Particle-level

Parton-level

Fit type No fit, calibration curve Profile likelihood template fit
Alternative hypothesis D Reweighting Mixing samples with/without spin corr
Threshold effects Neglected Considered (toponium contribution)
Nominal MC PowhegBox+Pythia8 PowhegBox+Pythia8

Alternative MC

PowhegBox+Herwig7, bb4l

PowhegBox+Herwig++, MG5_AMC@NLO

Significance

>> 5 standard deviations

> b standard deviations
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D, = —0.547 £ 0.002(stat) = 0.021(syst) D, =— 0-480f8j8}$(Stat)fgjgig(syst)
_ 0.016 0.02
D, = —0.470 £ 0.002(stat) £ 0.018(syst) Dexp = —0.467" o O:T(Stat)to.og:l(syso




ATLAS dilepton
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