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N —
Introduction

LEPTONS

Most massive elementary particle known Bt e ) P
QUARKS

Largest Yukawa coupling m, =173 GeV

Might couple to new physics
Short-lived, decays before hadronising
e Spin correlation measurements: test SM
prediction and tool for BSM effects
o Can also test some of the core properties of

quantum mechanics — unique tests of actual
quantum behaviour of quarks at LHC

QCD predicts a quasi-bound state close to the
threshold for low momentum top quarks

The large datasets collected by ATLAS and CMS allow extending the scope and
reach of precision measurements!

Here: recent observations of quantum entanglement and bound tt at threshold
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Spin correlations in tt

@ Spin information is preserved through the top quark decay

1 1 1 mg
— < = < — < —
my T Aqep A2
~N~ ~ SN—— . - :
production10=27 s lifetimel0-25 s hadronization10-24 s  SPin-flipl0=21 s

@ Top quark and antiquark produced in pairs — S; and S; correlated = two
qubit system

[):% 1@(’1+ZBi0i®l+Zle’f)(fj+ZZC,;]'U,"JC(J'J'
i=1 j=1 i=1j

(Si) = Bi, (S;)=Bj, (5:5;)=Ci

@ 15 parameters in total that describe the quantum state of a tf
e 6 polarisations, 9 correlation coefficients
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Measuring spin correlations

@ Angular distributions measured in
helicity bases — defined in the
parent particle frame

@ The spin of the top quarks can not be
measured directly: extracted based on the
direction of the final state particles

o Relation created by the weak decay Wi o beost axi
e Strength given by the spin analysing G e L
power, it depends on the particle
flavour Helicity i, ¢
e { ic I

—0.41 bquark » -
a0 S e
@ Each element of the spin density matrix can '
. e
be probed through a unique angular ‘ CMframe
-

P rest

distribution. frame
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Spin correlation and entanglement

( M) = 144,

There are four maximally entangled states |o¥) =

%\

o) = —=([tL) £ [41)).

ﬁ

at high M”_ triplct vector state
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at low A/ . singlet

pseudoscalar state - 0.0
Peres-Horodecki criterion

A, =Tr(C)=-3D>1

D<—l
3

From R. Demina, LHCP2024
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https://indico.cern.ch/event/1253590/contributions/5838612/attachments/2870380/5027133/RD_top_entanglement_LHCP_v3.pdf

Quantum entanglement in dileptonic tt
[Nature 633 (2024) 542, Rep. Prog. Phys. 87 (2024) 117801]

ATLAS uses ey final state: very clean (90% purity), while CMS measurement used

all three dilepton channels

Measure entanglement proxy D = —A/3 = —Tr[C]/3 extracted from angle between
do_ — 1(1 — Dcos®)

ocdcos¢ 2

charged leptons:
ATLAS:

1

o Calibration curve method: use the nominal MC to map the detector-level D
value (average of the distribution) to the fiducial particle-level D.

o Define entanglement signal region and validation regions based on m;
CMS: D extracted at parton level from binned profile likelihood fit to cos ¢ in
my < 400 GeV and 3, < 0.9

Particle-level D

C. Diez Pardos

2
@

T
ATLAS + Data

°
R R RAnE R 60000 oy v H
b S=13Tev, 140" POW*Py (hva) 0125
HL aras Stasien Uncavaint s40<m<ss0cey ¥ PO ()
Ts=13TeV, 140 5" o Dat s0000f" " =" Y #-Powsy (bba) Ll PP
®  Reweighting points ] M Background
02[ 340 <my<380 GeV o Powheg + Pythia8 Total uncertainty .
.- Entanglement limit 400001 - -0.16
*)
o 1 30000;:,fr__,_|_:—g\; + 018
=gl 02
-0.2 o 20000 E
- -0.22
- 10000 3
-04 j
. 024
.
£ 15 8
-06 B 8§17 3
R O e
PP T P B AU RN R WO B 208 B s g
-02 -018 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04 @ ~1-080604-020 02040608 1 &

Detector-level D

Detector-level cos ¢

6/21


https://arxiv.org/abs/2311.07288
https://arxiv.org/abs/2406.03976

Observation of top quark entanglement
[Nature 633 (2024) 542, Rep. Prog. Phys. 87 (2024) 117801]

@ D < —1/3 established at 50 level

_01l ATLAS §..
/s=13TeV, 140 ft'
-02
X
[= R [ ]
]
3 03
® ezsoeoe=—oe ]
S
2
&
04 [ | —.— Limit (Powheg + Herwig7)
---- Limit (Powheg + Pythia8)
[ ] BN Theory Uncertainty
-05 @ Data
@ Powheg + Pythiag (hva)
§ B Powheg + Herwig7 (hvq)
-0.

340 < my < 380 380 < my < 500

mg> 500

Particle-level Invariant Mass Range [GeV]

non-relativistic QCD effects close to threshold

not included in MC generators

— more on threshold effects in a few slides!
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Taking it a step further iphys. Rev. b 110 (2024) 112016]

@ Measuring the correlation matrix in
single-lepton tt events

@ All coefficients of polarization vectors
and correlation matrix from fit to the
angles of the down-type quark and the
charged lepton in the W boson decays.

@ Challenging identification of down-type
quark in W decay

@ Using NN to reconstruct the tt system

@ A from the full [natrix, or from two
proxies: D and D = 3(Gsz — Ci1 — ()
for high masses
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-007/index.html
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Spin density MAatriX [Phys. Rev. D 110 (2024) 112016]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-007/index.html
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Quantum entanglement at high m;; (from full SDM)

[Phys. Rev. D 110 (2024) 112016]

CMS Simulation 00 CcMS 138 fb™' (13 TeV)
> 1 TR — F
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@ At high m;; with low cosf;: entangled states
o Criterion: AE = Cpp+|Crr + Cui| > 1
@ First observation of an entangled quantum state at high m,;

C. Diez Pardos 10/21


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-007/index.html
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Top quark production at threshold

@ Excesses of events at the threshold over the prediction observed by both ATLAS and
CMS, in both lepton+jets and dilepton channels
@ Excess found compatible with t pairs in a pseudoscalar state

@ As just mentioned, threshold region also relevant in the context of quantum

entanglement
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https://arxiv.org/abs/2506.14700
https://arxiv.org/abs/2507.05119
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Top quark production at threshold

[Rep. Prog. Phys. 88 (2025) 087801, CONF-TOPQ-2025-03]

@ SM predicts a quasi-bound state below the tf

threshold

o Coulomb potential with gluon and soft-gluon
emissions between the top quarks

o It behaves dominantly like a pseudoscalar but
it is not an s-channel resonance

@ o(n:) = 6.4 pb

o ~0.6% that of inclusive tt at 13 TeV
e myz resolution too poor to see it directly

@ Need to use spin-sensitive observables to exploit

the pseudoscalar component
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https://arxiv.org/abs/2503.22382
https://cds.cern.ch/record/2936538

Toponium modelling [Rep. Prog. Phys. 88 (2025) 087801, CONF-TOPQ-2025-03]

@ ATLAS: S-wave, colour-singlet state with Green's function of non-relativistic (NRQCD) -

EPJC 85 (2025) 157

@ Generate gg — tt with MG5_aMC, including spin correlations.

@ Reweight matrix element with the corresponding QCD Green's squared functions

~ 2 »
G(E; p*

ME M| ) .

Go(E: p¥) <

G: Green’s function considering i

QCD potential
Gy: Free Green’s function

@ CMS: Simplified model - JHEP 03 (2024) 099

@ Approximate tt bound states by generating
gg — n — WbWhb in MG5_.aMC at LO: generic
particle with direct couplings to gluons and tops use
M(n:)=343 GeV I'(n:)=2.8 GeV from fit to NRQCD
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https://arxiv.org/abs/2503.22382
https://cds.cern.ch/record/2936538
https://arxiv.org/abs/2411.18962
https://arxiv.org/abs/2401.08751

Sensitive variables [Rep. Prog. Phys. 88 (2025) 087801, CONF-TOPQ-2025-03]
@ CMS and ATLAS: use dilepton events

@ Reconstruct top quarks and use spin-sensitive observables

0 Chel = ll e (helicity basis, used to extract D)
— a maximum slope for a spin-singlet state.

@ Cpan: defined similarly, but flipped sign of £ in the t frame — maximum slope
for a spin-triplet state.

CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV)
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https://arxiv.org/abs/2503.22382
https://cds.cern.ch/record/2936538

Backgrou nd modelling [Rep. Prog. Phys. 88 (2025) 087801, CONF-TOPQ-2025-03]

o Challenging measurement: precise modelling of the tt threshold region crucial
o tt: Fixed-order perturbative QCD NLO MC Powheg v2 hvq + Pythia8, using
narrow-width approximation, m; = 172.5 GeV
e 2D kinematic reweighting in (cos 8%, m.;) to higher order predictions: NNLO
QCD with MATRIX, NLO EW with HATHOR
0*: / between p' in the tf c.o.m. frame and p'’ in the lab frame
o Normalised to NNLO+NNLL cross section
o Alternative: tt Powheg v2 bb4l + Pythia8 pp — blvblv including off-shell,
non-resonant contributions, and exact spin correlations at NLO
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https://arxiv.org/abs/2503.22382
https://cds.cern.ch/record/2936538

|
CMS measuremMent [rep. Prog. Phys. 88 (2025) 087801]

@ Signal model with simplified model
@ Profile likelihood fit to m;z (20 bins) in 9 regions split by cher and Chan
@ Z-+jets production: Data-driven normalisation from Z peak

CMS 138 fb~1 (13 TeV) CMS 138 fb~1 (13 TeV) CMS 138 fb~1 (13 TeV)
{ Data = tX Unc. ¢ Data = tX Unc. 4 Data mmm tX Unc.
tt mm Other tE mm Other tt mmm Other
T

E 103 .—1<Cne|<—é =1 < Chan < —% §103 ‘.—% <Che\<% —% <Chan<% E 103 ..%-T'Cng\ <1 3<Chan<1l
= <Lt < L .
8 g e g
S 10 S 10 S 10 ..
> > > .
w w w .

10t 101 10t :
O] G} O]
o 5] o
+ 1.1 Postfit (FO pQCD + BG + n;) + 1.1} Postfit (FO pQCD + BG + n,) + 1.1r Postfit (FO pQCD + BG + n)
a a a
g | g n : +
2 1 o byt HH H | = Z10 VLSV S 1 ottty H‘+H | |
2 PEEEEEEE o utans sl o r
] S S
2 0.9/ M oln) =8.8*17pb O 0.9/ M. on) =8.817pb O 0.9l M oln) =8.815pb
5 0. 5 0. 5 0.
ks 400 700 1000 1300 ke 400 700 1000 1300 k: 400 700 1000 1300

myi [GeV] me [GeV] my [GeV]

o(n:) = 882 pb = 88+05 (btat)jg (syst.) pb

C. Diez Pardos 16/21


https://arxiv.org/abs/2503.22382

CMS Results: Pseudoscalar or scalar [rep. prog. phys. 85 (2025) 0s7801]

@ Also studied compatibility with a scalar toponium, x:: 3P£l] spin-0, CP-even,

color-singlet

Data prefers pseudoscalar over scalar toponium [o(x:) = 3.035 pb]
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|
ATLAS measurement [cONF-TOPQ-2025-03]

@ Selecting region m;z <500 GeV
@ Fit to mz (4 bins) in 9 signal regions split by angular variables
e tt contribution free-floating
@ Control regions to extract normalisation of
o fake/non-prompt leptons (heavy-flavour and photon-conversion electron fakes,
and heavy-flavour muon fakes) by fitting sub-leading lepton pr distribution
o Z+jets to normalise the Z+b process
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https://cds.cern.ch/record/2936538

|
ATLAS results [conF-ToPQ-2025-03]

(5.70)
@ Goodness-of-Fit: 0.93 04

@ Results also obtained
for simplified signal
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Systematic UNCErtaiNti€s [Rep. Prog. Phys. 88 (2025) 087801, CONF-TOPQ-2025-03]

@ ATLAS vs CMS: Slightly different set of uncertainties considered for tf modelling

and signal

@ Modelling uncertainties partially decorrelated in the ATLAS measurement to avoid
large constraints

CMs
Supplementary
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tt modelling: variation in final state radiation
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Summary and outlook

o First observation of quantum entanglement at the LHC!

e Top quark polarization and spin correlation measurement: interesting in its own
right as a test of the SM, but it also provides new opportunities for testing
quantum mechanics

e Angular distributions of the top and antitop quarks used to measure their
polarization and spin correlation matrix

@ tf production at threshold Excess of events observed over the NNLO
perturbative QCD prediction, with 7.70 (5.70) by ATLAS

o Excess consistent with color-singlet, S-wave, quasi-bound tf states predicted by
NRQCD with cross-section of 9.0 + 1.3 pb
o Confirms observation by CMS with o(7:) = 8.8732 pb
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