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New for ICHEP 24
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— Production & decay are sensitive to: anomalous couplings, cLFV,
BNV, LFU, CP violation, FCNC, Charge asymmetry, Spin correlations ...

Top quark production at LHC

The heaviest elementary particle
ye~1, mpyy, = 172,52 + 0.33 GeV

— Quantum loop corrections
— Impact on EWK vacuum stability

Decays before hadronizing

lifetime < QCD timescale

1072%s < 107 2%s

— Access to ‘bare’ quark properties

Excellent setting for testing pQCD predictions

— Measurements g, g, Mrop, PDFs, ...

Potential portal to New Physics
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Top quarks at LHC at ICHEP 2010

‘eu candidate | lée‘pﬂhﬁNST

2 The signal region is getting populatedi
At least 1 jet b-tagged
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Since then, LHC provided ~200 M top-quark pairs to ATLAS & CMS
m)p more than 300 publications on top physics
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Top quark production at LHC

B(t > Wbh)~100%

Dilepton: 9% tt > ¢ +jets
£ +jets: 45%

Fully hadronic: 46%

Ever increasing precision and performance of
object identification and calibrations:

* Improved jet calibrations
* ML based lepton identification
* Luminosity uncertainty <1% e

Improved b-jet tagging performance

13.6 TeV ATLAS Simulation Preliminary

tt events, pr > 20 GeV, |n| < 2.4, €,=70% Vs =13TeV
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ATLAS Vs=13TeV — total uncertainty
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NNLO+NNLL, PDFALHC21 (pp)
== NNLO4+NNLL, PDFALHC21 (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
Myp = 1725 GeV, a (M) = 0.118 + 0.001

+ stat. = syst. = lumi.
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* Stringent tests of pQCD via
inclusive and differential
cross sections

* All decay channels and /s
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Measurements of tt + bb

>5 jets: > 3bf
>3b, 23 light|
> 6 jets: >4bf

>4b, >3 |ightj‘Y

b
b * Sensitive to EFT operators -
* Irreducible background for ttH, H — bb/cc, multi-top
N  Difficult to simulate accurately
7 Extensive differential measurements:

— various kinematic regions & modelling effects
—> Comparisons to state-of-the-art simulations
—> Additional b-quarks via ME(4FS) or via PS (5FS)

£ + jets channel
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* Irreducible background for ttH, H — bb/cc, multi-top
 Difficult to simulate accurately

[ Other 77 Uncertainty

7 Extensive differential measurements:
— various kinematic regions & modelling effects 7
— Comparisons to state-of-the-art simulations !
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—> Additional b-quarks via ME(4FS) or via PS (5FS)
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Single-top production in tW channel

* Sensitivity to V;, and b-PDF
* Large tt background
* tW @NLO interferes with tt

* ML algorithms to separate tW from tt
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Jet P, (GeV)

Comparisons to different models of
handling the interference with tt

It is complementary to other measurements
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Top quark production in nuclear collisions

PRL. 125.222001

 pPb (PbPb) — tt
* Probes of nuclear PDF at high-x
* Observation of tt production in p-Pp collisions CMS & ATLAS
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.242001
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https://arxiv.org/abs/2006.11110

Candidate ttZ event with
o 2 muons + 1 electron
o 4 jets, of which 2 b-tagged
o 30 GeV missing transverse
energy

ATLAS

EXPERIMENT
Run: 350751 H @
Event: 2361796077 . _—Y
2018-05-20 13:04:35 CEST } AN

Z candidate

>/ b-tagged jet: p, = 250 GeV
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Associated top quark production (tt+V)

First observation
at the LHC
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Associated top quark production (tt+Z, tWZ)

CMS

2312.11668

CMS-TOP-23-004

ttZ +tWZz

1.14 + 0.05 = 0.04 pb

Didar Dobur, Ghent university

Evidence for tWZ: 3.40 obs (1.40 exp)
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https://arxiv.org/abs/2312.11668

Associated top quark production (tt+V)

. : ATLAS, L =140 fb™", Vis 1
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tt+V sensitive to anomolous couplings of top quark = EFT interpretations
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Associated top quark production (tty) e
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ATLAS and CMS observe

simultaneous production of four top
quarks

The ATLAS and CMS collaborations have both observed the simultaneous production
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Observation of 4 top quarks by CMS and ATLAS

ATLAS and CMS observe
simultaneous production of four top
quarks

The ATLAS and CMS collaborations have both observed the simultaneous production
of four top quarks, a rare phenomenon that could hold the key to physics beyond the
Standard Model

24 MARCH, 2023 | By NaomiDinmore
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Measuring the heaviest particle mass

* Significant improvements over the past years: Better calibrations, alternative techniques, improved theoretical modelling
— More than 40 publications by CMS and ATLAS collaborations
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* Direct measurements from top quark decays
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Boosted measurements
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* Significant improvements over the past years: Better calibrations, alternative techniques, improved theoretical modelling
- More than 40 publications by CMS and ATLAS collaborations
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* Direct measurements from top quark decays
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Direct measurements

Full reconstruction R 9 bette r p reCiSiOn

Dilepton 7 TeV, KINb and AMWT
Lepton+jets 7 TeV, 2D ideogram
Dilepton 7 TeV, AMWT

All-jets 7 TeV, 2D ideogram
Lepton+jets 8 TeV, Hybrid ideogram

m®=1755 +46 (stat)*4.6 (sys)GeV
mi'C = 173.49 + 0.43 (sta) + 0.98 (sys) GeV
mf°=1725 £0.4 (sta)+1.5 (sys)GeV
m}'® = 173.54 £ 0.33 (stat) + 0.96 (sys) GeV
mi'© = 172.35 + 0.16 (stat) + 0.48 (sys) GeV.

- Mass from Boosted top-jet: Future prospects in precision & theoretical interpretability
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* Significant improvements over the past years: Better calibrations, alternative techniques, improved theoretical modelling
— More than 40 publications by CMS and ATLAS collaborations
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Differential tf 13 TeV, NLO + 3D fit (m{°°, a,, PDF)
Dilepton 7+8 TeV, ATLAS+CMS cross section
Differential tf+jet 13 TeV, NLO ® CT18

MS mass from cross section

Inclusive tt 13 TeV, NNLO ® CT14 —eo—

Direct measurements
Full reconstruction

Dilepton 7 TeV, KINb and AMWT
Lepton+jets 7 TeV, 2D ideogram
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All-jets 7 TeV, 2D ideogram

Lepton+jets 8 TeV, Hybrid ideogram
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Single top quark 8 TeV, Template fit
Dilepton 8 TeV, M,,+M?25 Hybrid fit
Lepton+jets 13 TeV, Hybrid ideogram
All-jets 13 TeV, Hybrid ideogram

Dilepton 13 TeV, m, fit

Single top quark 13 TeV, In (m,/ 1 GeV) fit
Lepton+jets 13 TeV, Profile likelihood
Combination 7+8 TeV

Boosted measurements
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* Indirect measurement from cross section
- ~19% precision

* Direct measurements from top quark decays

- better precision
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- Mass from Boosted top-jet: Future prospects in precision & theoretical interpretability
- Alternative measurements: sensitive to different systematics
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Top quark mass: Run | combination [& Bl PRL132, 261902
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Lepton Flavor Universality in top decays

* Large and pure tt sample to measure B(W — #v) and test LFU
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Lepton Flavor Universality in top decays

* Large and pure tt sample to measure B(W — #v) and test LFU
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https://arxiv.org/abs/2403.02133
https://arxiv.org/abs/2201.07861

2403.06742

2312.03199
CMS-PAS-TOP-22-011

Search for cLFV in top-quark production and decay
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Stringent limits on B(t —» utq) and B(t —» pueq) < 107% - 1078 depending on the Lorentz structure of the vertex

Searches for BNV/FCNC in top quark production and decay

arXiv:2402.18461 (BNV) JHEP 06 (2023) 155

CMS JHEP 02 (2022) 169 @ JHEP 07 (2023) 199 Covered in parallel talks
PRL 129 (2022) 3, 032001 ATLAS arXiv:2404.02123
CMS-PAS-TOP-22-002 U JHEP 12 (2023) 195
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https://arxiv.org/abs/2312.03199
https://arxiv.org/abs/2403.06742
https://arxiv.org/abs/2402.18461
https://link.springer.com/article/10.1007/JHEP02(2022)169
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.032001
http://cds.cern.ch/record/2872677
https://link.springer.com/article/10.1007/JHEP06(2023)155
https://link.springer.com/article/10.1007/JHEP07(2023)199
https://arxiv.org/abs/2404.02123
https://link.springer.com/article/10.1007/JHEP12(2023)195

Spin Correlation, Polarization & Entanglement in tt

o

Polarization & spin correlation coefficients from differential measurements Al

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

* Spin information is passed onto ¥ and d-quark

—> preferentially radiated in the top spin direction 1 dI 1+acosg
rd cos@ 2

1 do 1 ) . ) . . .
= (1 +B%cos 6 +BL cos 8. —(Cyjcos 6 cos 6.)

X X X
B. =[x (=[xx»
s X X X

* NP can modify spin polarization and correlation structure
* Possibility to test the foundations of quantum physics

Edcos@idcos@f 2

Helicity basis
ij = A,k
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Einstein’s “Spooky Action at a Distance”
Between the Heaviest Particles at the Large
Hadron Collider

TOPICS: CERN Large Hadron Collder Particle Physics  Quantum Mechanics

s B
NewScientist

arXiv:2311.07288,
Accepted by Nature

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

As X/
EXPERIMENT
Submitted to: Nature CERN-EP-2023-230

November 20, 2023

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 entanglement 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
to be D = —0.547 + 0.002 (stat.) + 0.021 (syst.) for 340 < m,; < 380 GeV. The observed
result is more than five standard deviations from a scenario without entanglement and hence
constitutes both the first observation of entanglement in a pair of quarks and the highest-energy
observation of entanglement to date.

Physicists confirm quantum entanglement
persists between top quarks, the heaviest
known fundamental particles

(‘sinin &)

2406.03976 , Submitted to

Reports on Progress in Physics
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

(j CERN-EP-2024-137
V574 2024/06/07

CMS-TOP-23-001

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 tobe 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 36.3fb™". 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 —0.480*0036 (~0.467+0026) 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.

Scientists measure

CMS-TOP-23-007

DRAFT
CMS Physics Analysis Summary

The content of this note is intended for CMS internal use and distribution only

2024/06/10
Archive Hash: 982a1b8-D
Archive Date: 2024/06/10

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

of the polarization and spin 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 i d luminosity of
138 fb~. All coefficients of the polarization vectors and the spin correlation matrix
are extracted si ¥ p ing a binned likell 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 tt 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 tf pairs is 5.4 (4.1) standard deviations.

follow +

Scientists on the ATLAS collaboration performed the
highest-energy measurement of quantum
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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

£ 3 October 2023
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Highest-energy observation of quantum
entanglement

29 September 2023

A report from the ATLAS experiment.


https://arxiv.org/abs/2311.07288
http://arxiv.org/abs/2406.03976
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-007/index.html

Entanglement in tt 4
* Spin correlation is and dependent “(
= Entanglement in some phase-space regions * tt in mixed states (eg. |¥) = j—E(HL) — |i1)) 2 two qubit system

* Peres—Horodecki criterion for entanglement

Ap = Cyn + |Crr + Ckkl > 1

— AE 1 H ry N AE 1
: _ _ _Z High m(it ): I
Low m(tt): e 3 <73 Bh izt

Extract D and D from single differential measurement

ntangled

S
)]
S,
<
~
—
S

1 do
odcosq@

1
=§(1+Dcos<p)

-1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75 1.00
cos 0

? : unit vector in top rest frame
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1

Entanglement in tt (dilepton channel)
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e Background modeling

* Statistical
* Experimental (b-jet tagging, JES...) st

* Modeling of tt production/decay 20


https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7

Entanglement in tt (£ + jets channel)
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https://arxiv.org/abs/2210.09330
https://arxiv.org/pdf/2407.15223

Summary

* Top quark physics is living its golden age

* Excellent precision in many areas thanks to:

* Large LHC datasets
* Improved analysis techniques/calibrations
* Better theoretical modeling

* Combined ATLAS-CMS results prove to be powerful
* Observed quantum entanglement in top quark pairs

- Multiple analyses in different phase-space regions!

* More exciting results to come with Run3 data
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EPIC 83 (2023) 560

Mass from boosted TOp-jEt B ATL-PHYS-PUB-2021-034

ATLAS

Unfolded x-section to particle level
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http://dx.doi.org/10.1140/epjc/s10052-023-11587-8
http://cds.cern.ch/record/2777332

Observation of 4 top quarks by CMS and ATLAS 20247 (2923] 138290
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http://dx.doi.org/10.1016/j.physletb.2023.138290
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0

ttZ, tWZ, tZq production
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Differential cross sections
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http://arxiv.org/abs/2402.08486

Entanglement in tt (dilepton channel)
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Parton shower modeling (ATLAS)
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ATLAS ttBar modelling:

Powheg @NLO QCD with NNPDF3, top-decays
& spin correlations @LO in QCD
PowhegBOXRes ( bb4l) to modell off-shell
production (NLO) and decays& spincorrelations
@NLO

Parton shower: Pythia & Herwig
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