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lenght units → L = 10−10 m

energy/mass units → E = 109 eV = 1 GeV

(Bohr’s radius, size of H atom)

(mass of H atom, E=mc2)

long distances 
& low energies

short distances 
& large energies

atomic nucleus 
(10-5 L, probe 10-3 E )

quark and gluon structure of 
protons (10-6 L, probe 101 E)

The Zeptospace!
10-11 L

Rutherford’s 
experiment

SLAC accelerator (2 km)

Higgs boson (10-8 L, probe 103 E)

Drell-Yan (10-10 L, probe 104 E)

Large Hadron Collider (27 km)

CMS experiment @ LHC
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The Electron-Ion Collider

where does proton spin s=1/2 come from?



Robust and predictive mathematical 
framework describing elementary particles 
and their (non-gravitational) interactions

Matter particles: three families of quarks and 
leptons

Force mediators: photon (QED), gluons 
(strong interaction), W & Z bosons (electroweak 
force)

The Higgs field and its excitation, the Higgs 
boson: both a completely new fundamental 
particle & interaction (first non-gauge 
elementary force)

The Standard Model: a Success Story

Do we really need all these particles and interactions?



Everyday matter composed exclusively of 
protons, electrons, and neutrons

However, without the full complexity of the SM, 
the universe as we know it would be impossible!

No nuclear fusion (and hence no stars!) without 
the strong nuclear force

Matter would have fully annihilated with antimatter 
in early universe without CP violation, which 
requires 3 quark generations

Without the Higgs boson, the electron would be 
massless and hence stable matter would not exist

The Standard Model: a Success Story
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Robust and predictive mathematical 
framework describing elementary particles 
and their (non-gravitational) interactions

Matter particles: three families of quarks and 
leptons

Force mediators: photon (QED), gluons 
(strong interaction), W & Z bosons (electroweak 
force)

The Higgs field and its excitation, the Higgs 
boson: both a completely new fundamental 
particle & interaction (first non-gauge 
elementary force!)

Describes an incredibly wealth of measurements with 
astonishing precision: a major triumph of modern science

The Standard Model: a Success Story



The Standard Model: not the Full Story
Is the Higgs boson elementary or 
composite? Do other fundamental 

scalars exist? 

Is there a more fundamental description of 
the EWSB mechanism? What sets 

strength of Yukawa interactions?

Does the Higgs mechanism 
provide a mass for all 1st and 

2nd generation fermions? And 
for neutrinos? 

What determines the pattern 
of masses and couplings of 

the SM particles? 

mt /me ∼ 4 × 105



The Standard Model: not the Full Story

Innumerable extensions of the SM have been proposed. Despite extensive 
efforts, no clear pathway to physics Beyond the SM has been identified

Is the Higgs boson elementary or 
composite? Do other fundamental 

scalars exist? 

Is there a more fundamental description of 
the EWSB mechanism? What sets 

strength of Yukawa interactions?

Does the Higgs mechanism 
provide a mass for all 1st and 

2nd generation fermions? And 
for neutrinos? 

Is there a particle-based 
description of Dark Matter? 

Do Dark Sectors exist? 

What determines the pattern 
of masses and couplings of 

the SM particles? 

Which mechanisms explains the 
observed matter/antimatter 
asymmetry of the universe?

What is the correct quantum mechanical 
description of gravity? Can we test it in 

the lab or the cosmos?

and many others + new particles/forces may 
exist without serving any obvious ``purpose’’ 



Fundamental Physics: a thriving field

1994: top quark 
discovery

2012: Higgs 
boson discovery

1998: discovery of 
neutrino masses

1998: discovery of 
cosmic acceleration

2019: first Black Hole 
direct observation

2015: discovery of 
gravitational waves

2030+: discovery of 
Higgs self-

interactions?



ML & AI for HEP



ML & AI for HEP

Machine Learning has been used in HEP 
applications since the early 90s

Classification: learn decision boundaries 
to classify events into different categories

Regression: learn physical behaviour from 
data without model assumptions

Inference: learn forward models from 
simulations for parameter inference



ML & AI for HEP

ML for regression: discovery of intrinsic charm quarks in the proton

ML for inference: optimally sensitive observables for proton structure

ML for classification: towards evidence for Higgs self-interactions

The next frontier: Agentic AI for HEP



Machine Learning and 
Proton Structure



heavy quarks, photons, 
leptons, Higgs bosons

26

long distances / low energies short distances / high energies

a point particle

the proton is a beautiful example of the richness of quantum mechanics: 
what a proton is depends on the resolution with which we examine it!

E ≪ 1 GeV

sea quarks, gluons

E ∼ 50 GeV

3 valence quarks

E ∼ few GeV E ∼ 1 TeV

The hidden life of protons



credit: visualising the proton, Arts at MIT (https://arts.mit.edu/visualizing-the-proton/)

The hidden life of protons

x: fraction of energy carried by proton constituents: the quarks and gluons



mp ∼ 1 GeV

mc ∼ 1.3 GeVmp ∼ 1 GeV

ms ∼ 0.1 GeV
The “charm quark” is a “heavier cousin” of the 
well-known up quark: same charge, etc., but 

heavier than the proton itself

Would it be crazy to think that protons 
contain charm quarks? 

The hidden life of protons

What does Quantum Mechanics say?



Textbook QM: quantum superposition

Cat⟩ ≈ Alive⟩ + Dead⟩

The same holds for proton?

The hidden life of protons



Textbook QM: quantum superposition

Cat⟩ ≈ Alive⟩ + Dead⟩

The same holds for proton: it can, in principle, 
host constituents heavier than itself but only 

for a short amount of time

⟨mp⟩ = 0.99muud + 0.01muudcc̄

Light, high chance Very heavy, small chance

??

``Regular’’ proton Rare quantum fluctuation

The hidden life of protons

Proton⟩ ≈ 0.995 uud⟩ + 0.1 uudcc̄⟩



credits: https://www.quantamagazine.org/inside-the-proton-the-most-complicated-thing-imaginable-20221019/



Charm in the proton
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Machine learning for unbiased regression 
of proton structure from data 

Global analysis of collider data with state-
of-the-art QCD theory: evidence for charm 
in the proton

x: fraction of energy carried by proton constituents

Ball, …, JR (Nature, 2022)



Charm in the proton
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Intrinsic charm
Radiative charm

Measurements from the LHCb experiment at 
CERN indicate a strong preference for charm 

quarks in the proton

Key insights for our understanding of 
Quantum Chromodynamics

Implications for ultra-high energy 
astroparticle physics



AI for Optimally Sensitive Inference



The inference problem
 HEP experiments performs searches at the detector/reconstruction level

 Measurements are typically unfolded to particle- or parton-level binned distributions, 
theory-friendly quantities for their interpretation

 Sensitivity loss from unbinned detector data to binned parton-level cross-sections

 Solution: train ML surrogates on simulations to construct a forward model to carry 
our parameter inference with unbinned detector data



Neural Simulation-Based Inference
NSBI: learn from simulations mappings such as

Higgs width from off-shell 
production with NSBI

Unbinned measurements approach optimal 
sensitivity: for a given dataset, you are 

guaranteed to use all available information 



Dataset 
Likelihood

Single Event 
Probability

Sum over 
events

All final-state 
features

Parameters of 
Interest

detector-level simulations to train ML surrogates

NSBI involves learning complex functions in very high-dimensional spaces

Neural Simulation-Based Inference

Crucial: linear expansion to decouple surrogate training



NSBI for Proton Structure
Construct a linear model for the gluon PDF

Learn PDF variations from event-by-event detector-level simulated MC sample

ML surrogates

Lineal Model 
parameters

Include systematics errors

Use resulting forward for 
NSBI of proton structure



NSBI for Proton Structure

PRELIMINARY

Determination of the gluon PDF from top-quark pair production at LHC

NSBI analysis: comparable sensitivity to global fits (very large dataset combinations)

Internal calibration of proton structure within the LHC experiments

Barrue, Benato, Kaan Guven, Hammou, ter Hoeve, Krause, Li, Mantani, JR, Sanchez Cruz, Schofbeck, Ubiali, Wang (WIP)



ML and the Higgs Self-Interactions
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Double Higgs production allows accessing crucial components of the Higgs sector:

 Reconstructing the electroweak symmetry breaking potential

 Probing the Higgs self-interaction 

 Assessing the doublet nature of the Higgs boson

Higgs Pair production

Higgs self-coupling: a unique new fundamental interaction (non-gauge & non-Yukawa!)
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Double Higgs production allows accessing crucial components of the Higgs sector:

 Reconstructing the electroweak symmetry breaking potential

 Probing the Higgs self-interaction 

 Assessing the doublet nature of the Higgs boson

Higgs Pair production

Each possibility associated to different EWSB mechanism
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In the SM, Higgs pair production rates are small

QCD backgrounds are large, specially for Higgs decays into a bottom-anti bottom pair

Di-Higgs is almost here



AI for classification
ML classifiers on simulations / control samples to enhance signal vs background discrimination

b

b

b̄

b̄



Recent progress in ML classifiers improve 
even the most optimistic projections

ML classification essential in the measurement of Higgs pair production

ML-based classifier combining boosted 
and resolved topologies

We found that full HL-LHC luminosity 
required to observe hh → 4b

Di-Higgs is almost here

extracting Higgs trilinear coupling remained very 
challenging, even at the HL-LHC, in this final state



AI for classification

Graph Neural Networks & 
Transformers enable greatly 
superior b-jet tagging at the LHC



ESPPU19 vs ESPPU26

Main triumph (so far) of AI for particle physics? Enabling the 
discovery of the Higgs self-coupling at the LHC!

Do we need a post-LHC collider to measure the Higgs self-coupling?



Model-agnostic strategy to interpret constraints on (heavy) BSM dynamics affecting 
(very) different sectors & energy regimes

A single SMEFT analysis automatically constrains all UV models matched to it

J. Fuentes-Martin, SM@LHC2024

BSM

flavour, low-energy

LEP, LHC

SMEFT ``signal’’

SMEFT interpretation



ℒSMEFT = ℒSM + ∑
i

c(5)
i

Λ
𝒪(d=5)

i + ∑
j

c(6)
j

Λ2
𝒪(d=6)

j + ∑
k

c(7)
j

Λ3
𝒪(d=7)

k ⋯

all possible operators consistent 
with these requirementscutoff (BSM) scale

Wilson coefficients

Specify the particle (matter) content: three generations of quarks and leptons 

Indicate gauge (local) symmetries and their eventual breaking mechanisms

Impose Lorentz invariance and other global symmetries

Ensure that predictions are valid up to a cutoff scale Λ (say Λ=10 TeV)

The dim-6 SMEFT is the most relevant for LHC data (with exceptions e.g. VBS)

σSMEFT (c(6)
j ) = σSM + ∑

j

c(6)
j

Λ2
σEFT,j + ∑

j,k

c(6)
j c(6)

k

Λ4
σEFT,jk

constrain from data

SMEFT interpretation



Large differences between one-parameter and 
marginalised fits: global interpretation unavoidable

FCC-ee needs top run to be competitive

 Global SMEFT analysis of (HL-)LHC and future collider projections

 Study impact RGEs, NLO QCD/EW, higher order EFT, UV matching, theory uncertainties

ter Hoeve, Mantani, JR, Rossia, Vryonidiu (2025)

SMEFT interpretation



Agentic AI for HEP



Agentic AI for HEP





Productivity-enhancing tools or 
replacing physicists?



MadAgents

LHC simulations entirely prompt-driven

Input the .pdf of a publication, produce automatically 
the associated madgraph simulations

Assist user with result interpretation, though 
extensive literature searches



Autonomous Agents for Experimental HEP

Productivity-enhancing tools or 
replacing physicists?



Caveats

AI agents may introduce subtle physics errors: strong need for human 
validation remains (is trade-off worth it?)

AI agents less reliable for genuinely novel approaches, may ignores niche (but 
powerful) methods

What is their complexity ceiling? Suitable for genuinely new analyses?

Insufficiently robust review practices, danger of validation biases

Huge potential for HEP 
Theory and Experiment, but

Personal take: agentic AI is here to stay, and 
precisely for this fostering critical and innovative 

thinking is more important than ever 



Summary and outlook

Thanks for your attention!

Machine Learning and AI methods have revolutionised the way we do particle physics, both 
from the Theory and Experimental activities

ML enables major extensions of the physics program of our colliders, such as Higgs 
self-coupling discovery at the LHC

Agentic AI can streamline many tasks through end-to-end pipelines, but does not replace 
(actually, makes it more important than ever) critical human thinking

As HEP defines the post-LHC era, ML/AI will be ubiquitous at any future collider


