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Caveat:
A

Based on my perspective, oriented towards high-energy colliders 
and the search for new physics beyond the Standard Model
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Collider physics is the modern tool for studying one of the 
oldest questions in history

What is the universe made of?
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Where are we now?

Three (particle) forces of nature 
• Strong force 
• Weak force 
• Electromagnetism 

Higgs particle

Matter particles
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Non-collider discoveries, 1897 - 1964: , , , e± μ− νe,μ s

Where are we now?

SLAC, 1968: proton=qqq1-20 GeV
6-7 GeV
4-8 GeV
38 GeV

SLAC, 1974: c
SLAC, 1974: τ
Fermilab, 1974: b

546 GeV CERN (UA1/UA2), 1983: 
W±, Z

2 TeV Tevatron, 1995: t

7-8 TeV CERN (ATLAS/CMS run 1), 
2012: H

Λ

10-30 GeV PETRA, 1979: g
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SLAC, 1974: τ
Fermilab, 1974: b

546 GeV CERN (UA1/UA2), 1983: 
W±, Z

2 TeV Tevatron, 1995: t

7-8 TeV CERN (ATLAS/CMS run 1), 
2012: H

Λ

Non-collider discoveries, 1897 - 1964: , , , e± μ− νe,μ s

Where are we now?

Rutherford, 1906: Atomic substructure

10-30 GeV PETRA, 1979: g

SLAC, 1968: proton=qqq
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• Why build another collider(s)?

• Which collider(s) to build?

Where are we now?
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What do we still need to know?
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• We do not know how neutrinos get 
mass, or if Dirac/Majorana

• We do not really know the shape of 
the Higgs potential/self-interactions

• We do not know the mechanism for 
the matter/anti-matter symmetry

• We do not have a theory of Dark 
Matter (implied from cosmo 
observations)

🤔

What do we still need to know?

V(ϕ) = − m2ϕ2 + λϕ4
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• We do not know how neutrinos get 
mass, or if Dirac/Majorana

• We do not really know the shape of 
the Higgs potential/self-interactions

🤔

What do we still need to know?

https://www.nature.com/articles/d41586-022-01862-1V(ϕ) = − m2ϕ2 + λϕ4

• We do not know the mechanism for 
the matter/anti-matter symmetry

• We do not have a theory of Dark 
Matter (implied from cosmo 
observations)
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🤔

From the P5 report

Major questions remain about the nature of the Higgs boson. We do not know 
if the Higgs field is a fundamental field, or if it is actually a composite field made 
from other constituents. We do not know if there is only one Higgs boson, or if 
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 first place. We do not know if 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.

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

Neutrino  
masses

Matter/anti-
matter

Dark Matter

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.
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🤔

Neutrino  
masses

Matter/anti-
matter

Dark Matter

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
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Future collider proposals

https://cerncourier.com/a/music-city-tunes-in-to-accelerators/

https://ep-news.web.cern.ch/higgs-physics-future-colliders

Note: H self-coupling @ HL-LHC to ~50%
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Future collider proposals

https://cerncourier.com/a/music-city-tunes-in-to-accelerators/

https://ep-news.web.cern.ch/higgs-physics-future-colliders

Note: H self-coupling @ HL-LHC to ~50%
Driving theme behind this community planning: 

Complementarity with energy vs precision 
measurements of fundamental interactions
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Future collider proposals

https://cerncourier.com/a/music-city-tunes-in-to-accelerators/

https://ep-news.web.cern.ch/higgs-physics-future-colliders

Note: H self-coupling @ HL-LHC to ~50%

My take
The next generation of high-energy colliders (post 

HL-LHC) is decades in the making 

It’s critical in the meantime to continue to develop 
new skills and perspectives to make the most of of 

the remaining data taking at the LHC and for 
whatever comes next 

One way is to draw inspiration from other fields, e.g. 
Machine Learning (see talk later in this session by W. 

Fedorko) 

Recently, a lot of activity in bringing in tools from 
Quantum Information
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A quantum lens on collider physics

Very recent development in high-energy colliders: 
2020, Y. Avid & J. De Nova: Eur.Phys.J.Plus 136 (2021) 9, 907

Entanglement is a key prediction of quantum 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 > ∼ α | ↑ > + β | ↓ >

| t̄ > ∼ γ | ↑ > + δ | ↓ >

| tt̄ > ∼ Entangled state
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A quantum lens on collider physics

| t > ∼ α | ↑ > + β | ↓ >

| t̄ > ∼ γ | ↑ > + δ | ↓ >

Spin ,  of elementary particles  fundamentally the same as logical qubits, ↑ ↓ ↔ |0 > , |1 >

Reconstructing spin polarization Captures quantum information properties of 
particle collisions, parameterized by all 
possible ‘bits’ of |01 >

Quantum tomography: QI technique of 
reconstructing full information of 
correlations 
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A quantum lens on collider physics

| t > ∼ α | ↑ > + β | ↓ >

| t̄ > ∼ γ | ↑ > + δ | ↓ >

“New” properties of nature to measure 
and understand better

Until recently, LHC measurements of 
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A quantum lens on collider physics

| t > ∼ α | ↑ > + β | ↓ >

| t̄ > ∼ γ | ↑ > + δ | ↓ >

“New” properties of nature to measure 
and understand better

Until recently, LHC measurements of 
fundamental interactions have probed 
coherent correlations New observables for collider physics!
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A quantum lens on collider physics

Case study:

arXiv:2505.12522 [hep-ph]

ℒSM ℒSM +
1

Λ2
𝒪

Additional interactions due to new physics beyond the Standard Model, effects 
parameterized by hypothetical new scale in Nature ,  an be systematically studied 
using method of effective field theory

Λ

https://arxiv.org/abs/2505.12522
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A quantum lens on collider physics

Case study:

arXiv:2505.12522 [hep-ph]

Although effective interactions may be small, can imprint 
distinct changes in spin/kinematic distributions. A new 
precision tool for new physics signatures

https://arxiv.org/abs/2505.12522
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A quantum lens on collider physics

Case study:

arXiv:2505.12522 [hep-ph]

General outlook: Different QI measures can capture more 
refined picture in the structure of 
fundamental interactions

M. Fabbrichesi, M. Low, L. Marzola Phys.Rev.D 112 (2025) 1, 013003

https://arxiv.org/abs/2505.12522
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fundamental interactions
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Big picture
QI presents new tools to study fundamental 
interactions at colliders. Known case studies showing 
promising results, achieving superior precision over 
traditional observables.

A lot of work still to do to develop these tools!
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A quantum lens on collider physics

Case study:

arXiv:2505.12522 [hep-ph]

General outlook: Different QI measures can capture more 
refined picture in the structure of 
fundamental interactions

M. Fabbrichesi, M. Low, L. Marzola Phys.Rev.D 112 (2025) 1, 013003

Big picture
QI presents new tools to study fundamental 
interactions at colliders. Known case studies showing 
promising results, achieving superior precision over 
traditional observables.

A lot of work still to do to develop these tools!

Building new territory to explore principles of QI, 
interesting/useful scientific effort itself

https://arxiv.org/abs/2505.12522
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A quantum lens on collider physics

Experimental status:
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A quantum lens on collider physics

Experimental status:

Entangled 

States
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A quantum lens on collider physics

For anyone interested: 

• 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 → tt̄
pp → ττ̄

pp → W+W−, ZZ

pp → h → γγ

Many other works already exploring possibilities for proposed future colliders!

(Primary focus so far)

https://arxiv.org/abs/2504.00086
https://arxiv.org/abs/2402.07972
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Many fundamental questions 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 

• In the meantime, should explore new ideas to make the most out of our 
time and efforts, ML, QI, etc. 

•Many directions to develop, exciting time to do ground-floor work!
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https://triumf.ca/2025/04/10/triumf-atlas-team-shares-in-major-breakthrough-prize-in-
fundamental-physics/


