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Where are we now?

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
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What do we still need to know?
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From the PS5 report

https://www.usparticlephysics.org/2023-p5-report/decipher-the-quantum-realm.html#32reveal-the-secrets-of-the-higgs-boson

3 .2 lllustration by Abigail Malate for U.S. Particle Physics

Reveal the Secrets of the Higgs Boson

Major questions remain about the nature of the Higgs boson. We do not know
it the Higgs field is a fundamental field, or if it is actually a composite field made
from other constituents. We do not know it there is only one Higgs boson, or it
there is a richer sector containing related particles with new dynamics. We do not
know why the Higgs boson mass should be as low as it is in the absence of
additional particles with similar masses that would stabilize it, or why the mass is
not zero in the ftirst place. We do not know it the Higgs boson can decay to non-
Standard Model particles. The interactions of the Higgs boson with the matter
particles—the generation of fermion masses and mixings—involve the largest
number of experimentally measured Standard Model parameters whose values
and pattern are not predicted by any theory. Understanding this pattern may
shed light on important questions such as the matter-antimatter asymmetry and

the origin of neutrino masses. .
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Reveal the Secrets of the Higgs Boson

Higgs boson physics can only be studied at high-energy collider
experiments, which are currently limited to the LHC and HL-LHC. Longer-
term, future colliders, described below, will further our understanding of
the Higgs boson by testing its couplings to lighter quarks, by improving
the precision of the Higgs couplings, and by measuring the Higgs
potential. Advances in theoretical calculations of Higgs properties will be
required to fully understand the experimental results.

21



— ————— ———— .

~ Neutrino ™\

N\ Masses

7~ Matter/anti-™\

I o -

\_ Mmatter

Although the Standard Model
agrees well with data across a large
range of energy scales, we do not
yet have a complete theory of

particle physics. A new collider is
necessary to explore answers

22




Future collider proposals
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A guantum lens on collider physics

Very recent development in high-energy colliders:
2020, Y. Avid & J. De Nova: Eur.Phys.J.Plus 136 (2021) 9, 207/

Entanglement is a key prediction of qguantum mechanics and now
understood as a fundamental aspect of nature. Has been experimentally
established in low-energy systems (2022 Nobel prize). Can we measure it
in a high-energy collider?

[t>~alt>+p| 1>
99009 a4t 9 t 4 t
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g EEET ey g t g ! |1t > ~ Entangled state
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A guantum lens on collider physics

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

ATLAS ~7

EXPERIMENT

Nature 633 (2024) 542 CERN-EP-2023-230
DOI: 10.1038/s41586-024-07824-z October 3, 2024

Observation of quantum entanglement with top
quarks at the ATLAS detector

The ATLAS Collaboration

Entanglement is a key feature of quantum mechanics [1-3], with applications in fields such as
metrology, cryptography, quantum information, and quantum computation [4—8]. It has been
observed in a wide variety of systems and length scales, ranging from the microscopic [9-13]

to the macroscopic [14-16]. However, entanglement remains largely unexplored at the highest
accessible energy scales. Here we report the highest-energy observation of entanglement, > d a ‘ T > + ﬁ ‘ l >
g .——4/ t g in top—antitop quark events produced at the Large Hadron Collider, using a proton—proton
M—QJ collision dataset with a center-of-mass energy of v/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 > ~NY }/ | T > _|_ 5 ‘ ‘L >
in their parent top- and antitop-quark rest frames. The observable is measured in a narrow
Y 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 modeling top-quark pair production. The entanglement marker
is measured to be D = —0.537 + 0.002 (stat.) + 0.019 (syst.) for 340 < m,; < 380 GeV. The

W* observed result is more than five standard deviations from a scenario without entanglement E 't | d 't t
" g ntangled state

12,

and constitutes the first observation of entanglement in a pair of quarks and the highest-energy
observation of entanglement so far.
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A guantum lens on collider physics
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A guantum lens on collider physics
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A guantum lens on collider physics
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A guantum lens on collider physics
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A guantum lens on collider physics
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A guantum lens on collider physics
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A guantum lens on collider physics

Probing new physics in the top sector using quantum information

Case study:

RAFAEL AOUDEY', HANNAH BANKSY2, CHRIS D. WHITE®| AND MARTIN J. WHITE?|

arXiv:2505.12522 [hep-ph]

g

g

Additional interactions due to new physics beyond the Standard Model, eftects

parameterized by hypothetical new scale in Nature A, an be systematically studied
using method of effective tield theory
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A guantum lens on collider physics

Probing new physics in the top sector using quantum information

Case study:
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arXiv:2505.12522 [hep-ph]
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A guantum lens on collider physics

Experimental status:

) CERN-EP-2024-137
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN) CMS, N 2024/10/30
\\y Aﬁ\ \
CMS-TOP-23-001

ATLAS ~7

EXPERIMENT

Nature 633 (2024) 542 CERN-EP-2023-230
DOI: 10.1038/s41586-024-07824-2 October 3, 2024

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

Observation of quantum entanglement with top
quarks at the ATLAS detector

The ATLAS Collaboration

Entanglement is a key feature of quantum mechanics [1-3], with applications in fields such as
metrology, cryptography, quantum information, and quantum computation [4—8]. It has been
observed in a wide variety of systems and length scales, ranging from the microscopic [9-13]
to the macroscopic [14-16]. However, entanglement remains largely unexplored at the highest
accessible energy scales. Here we report the highest-energy observation of entanglement,
in top—antitop quark events produced at the Large Hadron Collider, using a proton—proton
collision dataset with a center-of-mass energy of Vs = 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 modeling top-quark pair production. The entanglement marker
is measured to be D = —0.537 + 0.002 (stat.) + 0.019 (syst.) for 340 < m,; < 380 GeV. The
observed result is more than five standard deviations from a scenario without entanglement
and constitutes the first observation of entanglement in a pair of quarks and the highest-energy
observation of entanglement so far.
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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 36.3fb™'. 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 —0.48070 0 (—0.4677007%) 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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Experimental status:
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For anyone interested:

e Quantum Information meets High-Energy Physics: Input to the update of the European Strategy for Particle Physics,
arXiv:2504.00086 [hep-ph]

¢ Quantum entanglement and Bell inequality violation at colliders, arXiv:2402.07972 [hep-ph]

pp — tt  (Primary focus so far)

pp — 17
pp > WW~, 727

pp = h—yy

Many other works already exploring possibilities for proposed future colliders!
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https://arxiv.org/abs/2504.00086
https://arxiv.org/abs/2402.07972

Many fundamental guestions remain in the Standard Model|

 Answering some of those questions will require a new generation of
high-energy colliders, but this program is decades in the making

* [n the meantime, should explore new ideas to make the most out of our
time and efforts, ML, Ql, etc.

*Many directions to develop, exciting time to do ground-floor work!
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TRIUMF-ATLAS team
shares in major

Breakthrough Prize in
Fundamental Physics

April 10,2025 | Stu Shepherd

https://triumf.ca/2025/04/10/triumf-atlas-team-shares-in-major-breakthrough-prize-in-
fundamental-physics/
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