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- huge data set
- complete uncertainty control
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Al and Modern particle physics

Classic motivation Proton collisions in virtual worlds
- dark matter? - start with elementary particles
- matter vs antimatter? - calculate in quantum field theory
- origin of Higgs boson? - simulate collisions
- simulate detectors
Defining LHC experiment — Data science and Al?

- huge data set
- complete uncertainty control
- first-principle simulations

— Data science and Al?

Past strategies
- counting particles
- theory-driven Higgs discovery
- looking for more discoveries
— Data science and Al?
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Al and Modern particle physics

Classic motivation Proton collisions in virtual worlds

- dark matter?
- matter vs antimatter?
- origin of Higgs boson?

Defining LHC experiment

- huge data set

- start with elementary particles
- calculate in quantum field theory
- simulate collisions
- simulate detectors
— Data science and Al?

- complete uncertainty control Future analyses

- first-principle simulations
— Data science and Al?

Past strategies

- counting particles

- theory-driven Higgs discovery

- looking for more discoveries
— Data science and Al?

forward

- compare simulations and data
- understand LHC dataset completely
- determine underlying theory

— Data science and Al!
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Internationale Spitzenforschung

LHC collaborations

- ATLAS & CMS general purpose
LHCb, ALICE, FASER... specialized

- international collaborations
5000 scientists per experiment

Siovakia

Siovenia
i South Africa
spain

s ATLAS

u” Collaboration

ISA 185 institutions (253 institutes) from 42 countries

o 'ATLAS
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Internationale Spitzenforschung

LHC collaborations

- ATLAS & CMS general purpose
LHCb, ALICE, FASER... specialized
- international collaborations
5000 scientists per experiment
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Internationale Spitzenforschung

LHC collaborations

- ATLAS & CMS general purpose
LHCb, ALICE, FASER... specialized
- international collaborations
5000 scientists per experiment

LHC detectors
- measuring all outgoing particles
- seriously big and complex...

Muon detector

Electromagnetic

calorimeters End-cap toroid

Solenoid
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Internationale Spitzenforschung

LHC collaborations

- ATLAS & CMS general purpose
LHCb, ALICE, FASER... specialized

- international collaborations
5000 scientists per experiment

LHC detectors
- measuring all outgoing particles
- seriously big and complex...

Muon detector

Electromagnetic
calorimeters

Solenoid End-cap toroid

Barrel toroid
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Hadronic calorimet

Inner detector Beam axis

LHC Event

OATLAS

EXPERIMENT

colliding two protons at 40 MHz
- producing old and new particles
- most particles decaying
- measure energy, charge, etc

- electrons, muons easy
quarks, gluons hard

- event: 100+ vectors (E, B, Q)
ATLAS output 3 PB/s



Discovering (elementary) particles

LHC discoveries

- Higgs discovery, July 4, 2012 @
Nobel Prize 2013

ner-»
\E

CERN-PH-EP-2012:218
Accepted by: Physics Lettrs B

Observation of a New Particle in the Search for the Standard

< Model Higgs Boson with the ATLAS Detector at the LHC
S The ATLAS Collsboraion
S s —
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Discovering (elementary) particles

LHC discoveries

- Higgs discovery, July 4, 2012
Nobel Prize 2013

- 75 more discovered particles

- particles «» elementary particles?

like proton vs electron
no size, structure, constituents
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Discovering (elementary) particles

LHC discoveries

- Higgs discovery, July 4, 2012
Nobel Prize 2013
- 75 more discovered particles

- particles <> elementary particles?
like proton vs electron
no size, structure, constituents
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— discoveries hiding in LHC data
guarantee we do not miss anything in PB/s
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Al-Jet physics

Partons as jets

- most interactions just qq, g9 — qq, 99

- quarks/gluon visible as jets
splittings described by QCD
hadronization and hadron decays in jets

- jets as decay products
67% ¢t —jj 60% H—j 70%Z—j 67%W—j 60%7—j..
- new physics as ‘dark jets’
— Everywhere in LHC physics
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Al-Jet physics

Partons as jets

- most interactions just qq, g9 — qq, 99

- quarks/gluon visible as jets
splittings described by QCD
hadronization and hadron decays in jets

- jets as decay products
67% ¢t —jj 60% H—j 70%Z—j 67%W—j 60%7—j..
- new physics as ‘dark jets’
— Everywhere in LHC physics -

Dealing with jets
- 50-200 constituents per jet
40 simultaneous scatterings
- jet algorithms returning energy and momentum oo ) sk, Rt
- sub-jet physics new at LHC !
— Crucial for precision hadron collider
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November revolution

Stanford, Nov 16, 2015
- interpret jet signal as image
- analyze using image networks [cnns]

Jet-Images — Deep Learning Edition
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November revolution

Stanford, Nov 16, 2015
- interpret jet signal as image
- analyze using image networks [cnns]
— Starting a revolution?
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November revolution

Stanford, Nov 16, 2015
- interpret jet signal as image

- analyze using image networks [cnns]
— Starting a revolution!

Starting slowly

- MIT/Harvard December 2016
Heidelberg January 2017

- looking for convincing application
- comparison with standard methods
- using special relativity

— First working analysis tool
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Hello World of LHC-AI

History of modern jet tagging

2017: What network architecture best?
2018: Image, text, physics architectures all work

The Machine Learning Landscape of Top Taggers
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April 12, 2019

Abstract 10t

Based on the established task of identifying boosted, hadronically decaying
top quarks, we compare a wide range of modern machine learning approaches.
We find that they are extremely powerful and great fun.
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Hello World of LHC-AI

History of modern jet tagging
- 2017: What network architecture best?
- 2018: Image, text, physics architectures all work
- 2024: ML-classification standard
- known and learned structures the future
— Understandable Al
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Generative Al s

First-principle simulations

scattering

wX

decay.

shower

@

- start with particles
and their interactions

- compute scattering amplitudes
include decays
add extra jets

- apply parton shower
create and decay hadrons

- simulate detector
— Modular precision simulations



Generative Al s

| = it
First-principle simulations P I B I B B B ev=g H @

- start with particles
and their interactions

- compute scattering amplitudes
include decays
add extra jets

- apply parton shower
create and decay hadrons

- simulate detector
— Modular precision simulations

One problem, many networks

- generative adversarial networks (2019

- normalizing flow (2020) SciPos Physcs submisson
- diffusion (2023 Jet Diffusion versus JetGPT — Modern Networks for the LHC
- diffusion with attention [2023) i P ecsSomensos, a7 s pimmes

. 1 Institute for Theoretical Physics, Universitit Heidelberg, Germany
- autoregressive transformer  [2023/2024] 2 LPNHE, Sorborne Universit, Universcé Paris Cité, CNRS/IN3P3, Paris, rance

3 Heidelberg Collaboratory for Image Processing, Universitit Heidelberg, Germany
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Generative Al s

scattering decay Qco shower detectors
First-principle simulations [T e[ [ o “ @

- start with particles
and their interactions

- compute scattering amplitudes
include decays
add extra jets

- apply parton shower
create and decay hadrons

- simulate detector
— Modular precision simulations

One problem, many networks 10 e

~ --e-- MLP

- generative adversarial networks [2o19] \ fransformer
- normalizing flow [2020]

- diffusion (2023

- diffusion with attention (2023

Neural classifier AUC

- autoregressive transformer  [2023/2024]
- equivariant diffusion generator (2024

— Work vs glamour... 0s
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Generative Al s

scattering decay Qco shower detectors
First-principle simulations [T e[ [ o “ @

- start with particles
and their interactions

- compute scattering amplitudes
include decays
add extra jets

- apply parton shower
create and decay hadrons

- simulate detector

7 + 1 jet exclusive

— Modular precision simulations

One problem, many networks

—— Reweighted
- generative adversarial networks [zo19] ool — Train R
- normalizing flow (2020 £ 10 r e bt IH]IHII
 difusion poes Rt
- diffusion with attention (2023 B - w“ﬁf

- autoregressive transformer  [2023/2024]
- equivariant diffusion generator (2024
— And then we add error bars
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Inverse simulation o

Number of analyses > []

Hlel = & 8 ®

- backgrounds known
- too many potential signals
— Backwards-simulate detector once

Optimal analyses

- make use of continuous progress
- allow for analyses to be updated

Public data

- common lore:
LHC data too complicated for amateurs

- in truth:
scattering simulations easy

— Backwards-simulate to hard scattering
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— Backwards-simulate detector and save data

inverse

0.06

m, =171.5 GeV.




Outlook

Al in particle physics
- thank you to the BW-Foundation for fundings us!
- LHC just a typical research field
- trustable Al crucial for quantitative science
- understandable Al for established problems
- transformative Al generating excitement
- if you think society is tough, try 10000 university physicists...
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Outlook

Al in particle physics
- thank you to the BW-Foundation for fundings us!
- LHC just a typical research field
- trustable Al crucial for quantitative science
- understandable Al for established problems
- transformative Al generating excitement
- if you think society is tough, try 10000 university physicists...
— instead of a conclusion...

JUNE:

simulation
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