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Top quark production at LHC

Top quarks mainly produced in pairs
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Top quark polarization and spin correlation

* Top-pairs @LHC are mainly unpolarized (parity invariance of QCD)
* Their spins are strongly correlated

N QCD Spin-flip
lifetime < timescale < tmescale

107%%s < 107%%s « 107 21g

- Spin information is passed onto = and d-quark %dizf“azcow

—> preferentially radiated in the top spin direction

* Many NP models modify spin polarization P t
and correlation of top quarks \ /

* New mediator ? p/ \t p// N:

* New particles decaying to tops ?

...but also interesting for testing the foundations of Quantum physics
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Top quark polarization and spin correlation PRD 100 (2019) 072002

tt production cross section parametrized vs polarization & spin correlation coefficients
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Helicity basis
ij =7,k

6 polarization and 9 spin correlation coefficients can be extracted k: top-quark direction in tf CMF ("helicity")

n = normal to tt scattering plane ("transverse")

from differential measurements

# =normal to k in T scattering plane
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Top quark polarization and spin correlation PRD 100 (2019) 072002

tt production cross section parametrized vs polarization & spin correlation coefficients
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6 polarization and 9 spin correlation coefficients can be extracted
from differential measurements

k: top-quark direction in T CMF ("helicity")

n = normal to tt scattering plane ("transverse")

# =normal to k in T scattering plane
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Observation of quantum entanglement in top-quark
pairs using the ATLAS detector

The ATLAS Collaboration

We report the highest-energy observation of entanglement, in top—antitop quark events
produced at the Large Hadron Collider, using a proton—proton collision data set with a
center-of-mass energy of /s = 13 TeV and an integrated luminosity of 140 fb™! recorded
with the ATLAS experiment. Spin entanglement is detected from the measurement of a
single observable D, inferred from the angle between the charged leptons in their parent top-
and antitop-quark rest frames. The observable is measured in a narrow interval around the
top—antitop quark production threshold, where the ! detection is expected to be
significant. It is reported in a fiducial phase space defined with stable particles to minimize the
uncertainties that stem from limitations of the Monte Carlo event generators and the parton
shower model in modelling top-quark pair production. The entanglement marker is measured

Einstein’s “Spooky Action at a Distance” tobe D = —0.547 £ 0.002 (stat.) + 0.021 (syst.) for 340 < m; < 380 GeV. The observed

Between the Heaviest Particles at the Large result is more than five standard deviations from a scenario without entanglement and hence

Hadron Collider constitutes both the first observation of entanglement in a pair of quarks and the highest-energy
observation of entanglement to date.

TOPICS: CERN Large Hadron Collder Particle Physics  Quantum Mechanics

Physicists confirm quantum entanglement
persists between top quarks, the heaviest
known fundamental particles
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Physics
enmcsmememeanee Large Hadron Collider turned into
o world's biggest quantum experiment

Physicists have used the famous particle smasher to investigate the strange phenomena of
quantum entanglement at far higher energies than ever before

By Alex Wilkins
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Observation of quantum entanglement in top quark pair
production in proton-proton collisions at /s = 13 TeV

The CMS Collaboration®

Abstract

Entanglement is an intrinsic property of quantum mechanics and is predicted to be ex-
hibited in the particles produced at the Large Hadron Collider. A measurement of the
extent of entanglement in top quark-antiquark (tt) events produced in proton-proton
collisions at a center-of-mass energy of 13 TeV is performed with the data recorded
by the CMS experiment at the CERN LHC in 2016, and corresponding to an inte-
grated luminosity of 36.3 b™". The events are selected based on the presence of two
leptons with opposite charges and high transverse momentum. An entanglement-
sensitive observable D is derived from the top quark spin-dependent parts of the tt
production density matrix and measured in the region of the tt production threshold.
Values of D < —1/3 are evidence of entanglement and D is observed (expected) to
be —048070036 (~0.46710:026) at the parton level. With an observed significance of
5.1 standard deviations with respect to the non-entangled hypothesis, this provides
observation of quantum mechanical entanglement within tt pairs in this phase space.
This measurement provides a new probe of quantum mechanics at the highest ener-
gies ever produced.
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Measurements of polarization, spin correlations, and
entanglement in top quark pairs using lepton+jets events
from pp collisions at /s = 13 TeV

The CMS Collaboration

Abstract

Measurements of the polarization and spin correlations in top quark pairs (tf) are pre-
sented using events with a single electron or muon and jets in the final state. The mea-
surements are based on proton-proton collision data from the LHC at /s = 13 TeV
collected by the CMS experiment, corresponding to an luminosity of
138 fb~". All coefficients of the polarization vectors and the spin correlation matrix
are extracted simultaneously by performing a binned likelihood fit to the data. The
measurement is performed in bins of additional observables such as the mass of the
tE system and the top quark scattering angle. Inclusive coefficients are obtained by
combining the results of all fitted bins. From the measured spin correlations, conclu-
sions on the tf spin entanglement are drawn. The standard model predicts entangled
spin tf states at the production threshold and at high masses of the tf system. Entan-
glement is observed for the first time in events with high tf mass, with an observed
(expected) significance of 6.7 (5.6) standard deviations. The observed level of entan-
glement cannot be explained by classical exchange of information between the two
particles alone. The observed (expected) signifi for 1 attributable to

space-like separated tt pairs is 5.4 (4.1) standard deviations.
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Entanglement in tt #

* Spin correlation is and dependent «

- Ent | ti hase- ' —. : :
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* Peres—Horodecki criterion for entanglement
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Entanglement in tt 4

e Spin correlation is and dependent f
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* Peres—Horodecki criterion for entanglement
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Extract D and D from single differential measurement
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? : unit vector in top rest frame
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Entanglement in tt (dilepton channel)

36.3 fb™! (13 TeV)
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Entanglement in tt (dilepton channel)
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Entanglement in tt (dilepton channel)
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Entanglement in tt (dilepton channel)
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Entanglement in tt (£ + jets channel)

e/u + 4 jets, =1 bjets
Better sensitivity at high m,;

O
_|_
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* Spin information via £/d-quark
cosp=+0-d

NN for correct assignment of top decay products (up to 50% correct assignment
including d-type quark jet)
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Entanglement in tt (£ + jets channel)

* Events are categorized according to e/m, Nbjets, and NN score
* Profile likelihood fits to cos ¢ in bins of m(tt) and |cos 0| in each event cathegory
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Polarization and Spin Correlation coefficients
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Measured the coefficients for
polarization and spin-correlation
in inclusive and various
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So far measurements agree with
the SM predictions
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Entanglement in tt (£ + jets channel)

* Entanglement is established at high m(tt )
for the first time with >50
* Complementarity wrt. dilepton channel

AE=Cnn+|Crr+Ckk|
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Entanglement in tt (£ + jets channel)
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Entanglement in tt (£ + jets channel)

| CMs 138 tb™' (13 TeV)
S\o\ T i Data
_ O:E 1= stat, total unc.
* Entanglement is established at high m(tt ) | 09E  _ powhedrr®
for the first time with >50 o 08 - -MGSPE I
P Complementa rity Wrt- dilepton Channel |C 07 ;— I sizezazizezazezszszchazizezaizazezazizaze
OC 0 6 ;_T:T:T:T:T:T:T:T:T:.-.:T:T:T:T:T:T:T:T:T
W 05E
O 04F
- 6.1(5.5)c 4.0(3.6)c
Fraction of events with space-like separation 0.3F \J Separable states \J
increases with m(tt) m(tf) > 800 GeV m(tf) > 1000 GeV
Icos(8)] < 0.4 Icos(6)| < 0.4
e 100
2 90;— """""""""""""""""""""""""""""""""""""""""""
g 33: “““““““““““““ Entanglement at high m(tt )
S of — space-like separated region
f-} o — prospects for Bell inequality tests
c 40F .
& gof ¢ Demina, et al. 2407.15223
20;_,__-‘! Severi, Boschi, Maltoni, Sioli . .
10+ S — A new window to look for new physics effects
By v by by b b e b
goo 400 500 600 700 800 900 1000 Severi, et al 2210.09330

m(tf) [GeV]
Didar Dobur, Ghent university 15


https://arxiv.org/abs/2210.09330
https://arxiv.org/pdf/2407.15223
https://arxiv.org/search/hep-ph?searchtype=author&query=Severi,+C

Summary

F . Entanglement in top quark pairs is observed with > 50
* Multiple analyses in different phase-space regions!

* Detailed measurements of polarization coefficients and spin
density matrix

* Exciting sensitivity to toponium state!

* A new experimental tool to search for new physics!

Didar Dobur, Ghent university
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Differential cross sections
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Excluding classical explanation ?

* What is the maximum value of AE that can still
be explained by the non-quantum
communication (v < ¢)?

* In this case only t and t decays separated by a
time-like interval are entangled

* The rest of the events must be separable

* tt decay vertices are not observed, the fraction of space-like events, f, can only be determined

statistically
—> Form a new A threshold

In space-like Separable
All ttbar interval (f) Max(Ag)=1
i i In time-like Entangled
R. Demina interval (I1-f) Max(Ap)=3
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