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a perceptron “may eventually be able to learn, make decisions, and translate languages.”
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19.7 b (8 TeV) + 5.1 b (7 TeV)

2E71 E’VQ (17 COS 9’71’72)

S/(S+B) weighted events / GeV
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https://arxiv.org/pdf/1407.0558.pdf
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All results

S/(S+B) weighted events / GeV

Task 1 (classification) , : -
Task 2 (localization) : :

Task 3 (fine-grained classification)

Team information and abstracts

Task 1

test-preds-141- Using extra training data
SuperVision 146.2009-131-137- 0.15315 from ImageNet Fall 2011
145-146.2011-145f. release

140 145 150

m.,, (GeV)

test-preds-131-137- Using only supplied
P 0.16422 g on'y supp

SuperVision -
145-135-145f.ixt training data

Weighted sum of scores
from each classifier with

pred_FVs_wLACs_wei
0.26172 SIFT+FV, LBP+FV,

ghted.txt

Our model is a large, deep convolutional neural network
trained on raw RGB pixel values. The neural network, which
has 60 million parameters and 650,000 neurons, consists of
Alex Krizhevsky, five convolutional layers, some of which are followed by
llya Sutskever, max-pooling layers, and three globally-connected layers with
Geoffrey Hinton a final 1000-way softmax. It was trained on two NVIDIA

SuperVision o
GPUs for about a week. To make training faster, we used

University of non-saturating neurons and a very efficient GPU

Toronto implementation of convolutional nets. To reduce overfitting in
the globally-connected layers we employed hidden-unit
"dropout", a recently-developed regularization method that
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https://arxiv.org/pdf/1407.0558.pdf

Overview of m, measurements

ATLAS

LEP Combination
Phys. Rep. 532 (2013) 119
m,, = 80376 = 33 MeV

DO (Run 2)

Phys. Rev. Lett. 108 (2012) 151804
m,, = 80375 = 23 MeV

CDF (Run 2)

Science 376 (2022) 6589
m = 80434 = 9 MeV

LHCDb 2021
JHEP 01 (2022) 036
m,, = 80354 = 32 MeV

ATLAS 2017
Eur. Phys. J. C78 (2018) 110
m,, = 80370 = 19 MeV

@® Measurement
|:|Stat. Unc.

ATLAS 2024 [l Total Unc.
iy = 80367 = 16 MeV {7/SM Prediction

80200 80300

CERN Seminar: W-mass measurement in CMS

arXiv:2403.15085

o= Smy = 19MeV

= Smy =16MeV



http://High-precision%20measurement%20of%20the%20W%20boson%20mass%20at%20CMS
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Overview of m, measurements

ATLAS ?

LEP Combination
Phys. Rep. 532 (2013) 119
m,, = 80376 = 33 MeV

DO (Run 2)

Phys. Rev. Lett. 108 (2012) 151804
m,, = 80375 = 23 MeV

smy, = 9.4MeV
CDF (Run 2)

Science 376 (2022) 6589
m = 80434 = 9 MeV

LHCDb 2021
JHEP 01 (2022) 036
m,, = 80354 = 32 MeV

= Smy = 32MeV

ATLAS 2017 oM , : i .

Eur. Phys. J. C : I —_—

m,, = 80370 < 1MoV easuremen : . 5mW = 19 MeV
Stat. Unc. : :

ATLAS 2024 Bl Total Unc. 3 :
;hflvs:wg(r)gm + 16 MeV i_: SM Prediction [- ® = 5mW — 16 MeV

| |
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CERN Seminar: W-mass measurement in CMS
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Kolmogorov-Arnold

Representation
Theorem

Model

Multi-Layer Perceptron (MLP)

Kolmogorov-Arnold Network (KAN)

Theorem

Universal Approximation Theorem

Kolmogorov-Arnold Representation Theorem

Formula
(Shallow)

N(e)

fx) = Z ao(w; - X + b))

i=1

2n+1 n
SEDY-A DY ¢q,,,(x,,)]

q=1 p=1

Model
(Shallow)

fixed activation functions
on nodes

(@) .

v
oA XA learnable weights

‘.'}._,;;;‘ii-»»"" = \Y on edges

learnable activation functions
on edges

sum operation on nodes

Formula
(Deep)

MLP(X) = (W3 ° 0'2 ° W2 ° 0'1 ° wl)(X)

nonlinear,

fixed

linear,
* learnable

nonlinear
learnable

arxiv:2404.19756
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https://arxiv.org/pdf/1407.0558.pdf

Nature Review

Sensitivity Sensitivity Ratio Additional
Years of data without machine with machine of P data

Analysis  collection learning learning values required
CMS24 2011-2012 2.20, 270, 40 ( 519%
H— ~~ P=0.014 P =0.0035

L ATLAS*  2011-2012 2.5¢, 3.40, 18 85%,

} H— 7t P =0.0062 P = 0.00034

ATLAS®®  2011-2012 1.9g, 2.50, 4.7 73%
VH — bb P=0.029 P =0.0062

ATLAS*  2015-2016 2.80, 3.00, 1.9 15%
VH — bb P =0.0026 P=0.00135

CMS!0  2011-2012 1.4, 2.10, 4.5 125%
VH — bb P=0.081 P=0.018
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https://www.nature.com/articles/s41586-018-0361-2
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MPI—~-PAE/PTh 64/84
October 1984

An Evolutionary Procedure for Machine Learning

Leonard D. Mlodinow*

and

Ion O. Stamatescu**

Max-Planck—-Institut fiir Physik und Astrophysik
- Werner—-Heisenberg-Institut fir Physik =
8000 Munich 40, West Germany

Abstract:

We discuss an evolutionary procedure for machine learning
and present in detail an application of this procedure to the
control of a robot TURTLE, which, beginning from a state of
total ignorance, is able to develop the ability to circumnavi-

gate a variety of obstacles. The procedure discussed 1is related

to the strategy signature table method used in computer game

playing.




NEURAL NETWORKS AND CELLULAR AUTOMATA
IN EXPERIMENTAL HIGH ENERGY PHYSICS

B. DENBY

Laboratoire de I'Accélérateur Lineaire, Orsay, France
Received 20 September 1987; in revised form 28 December 1987
Within the past few years, two novel computing techniques, cellular automata and neural networks. have shown

considerable promuse in the solution of problems of a very high degree of complexity, such as turbulent fiuid flow. image
processing, and pattern recognition. Many of the problems faced in experimental high energy physics are also of this nature.

Track reconstruction in wire chambers and cluster finding in cellular calorimeters. for instance. involve pattern recognition
and high combinatonal complexity since many combinations of hits or cells must be considered in order to arrive at the final
tracks or clusters. Here we examine in what way connective network methods can be applied to some of the problems of
experimental high energy physics. It 1s found that such problems as track and cluster finding adapt naturally to these
approaches. When large scale hard-wired connective networks become available. it will be possible to realize solutions to such
problems in a fraction of the time required by traditional methods. For certain types of problems, faster solutions are already

possible using model networks implemented on vector or other massively parallel machines. It should also be possibie, using
existing technology, to build stmplified networks that will allow detailed reconstructed event information to be used in fast

(rigger decisions.




NEURAL NETWORKS AND CELLULAR AUTOMATA

IN EXPERIMENTAL HIGH ENERGY PHYSICS

B. DENBY

Laboratoire de 'Accélérateur Lineaire, Orsay, France

Received 20 September 1987; in revised form 28 December 1987

Within the past few years, two novel computing technique
considerable promise in the solution of problems of a very high
processing, and pattern recognition. Many of the problems faced i
Track reconstruction in wire chambers and cluster finding in cell
and high combinatonal complexity since many combinations of hi
tracks or clusters. Here we examine in what way connective net
experimental high energy physics. It 1s found that such proble
approaches. When large scale hard-wired connective networks becc
problems in a fraction of the time required by traditiornal methods

possible using model networks implemented on vector or other m:

existing technology, to build simplified networks that will allow

trigger decisions.

A @ Institut Langevin

Q SORBONNE
b UNIVERSITE

ONDES ET IMAGES

What’s in the article?

Introduces neural networks to the HEP community for
the first time

— Simple units sum their inputs & apply an activation function

— Outputs connect to other inputs via weights, and

— Perform a useful task by mapping from inputs to outputs
Proposes a recurrent neural network algorithm for track
finding (Denby-Peterson algorithm)

Highlights the parallel nature of calculating with neural
networks and its interest for experimental triggers

Also discusses feed-forward neural networks for
template matching, and the possibility of using learning

CMS Level-1 Trigger Workshop — 11-15 September 2023 - Athens, Greece



https://indico.cern.ch/event/1288569/contributions/5491069/attachments/2712204/4709807/Denby_CMS_trigger_workshop_talk.pdf
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Train (GPT-4):

2.1525 floating point operations

~25,000 A100 GPUs
90-100 days

$63 million

Trained on 13 trillion tokens
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Train (GPT-4):

» 2.1525 floating point operations
» ~25,000 A100 GPUs

* 90-100 days

 $63 million

* Trained on 13 trillion tokens

ChatGPT 40

I'm looking for a really good Svensken, Dansken
and Nordmannen joke. Could you help me?

Certainly! Here's a classic "Svensken, Dansken, och Nordmannen" joke:

Svensken, Dansken, and Nordmannen were stranded on a desert

island. They found a bottle, rubbed it, and out popped a genie.

The genie said, "I'll grant each of you one wish."

Svensken said, "l wish | was back in Stockholm, sitting at my favorite

café with a cold beer."

Poof—he was gone.

Dansken said, "l wish | was back in Copenhagen, enjoying a hot dog and

a Carlsberg."

Poof—he was gone.

Nordmannen looked around an”’ ~aid, "I'm feeling lonely. | wish

Svensken and Dansken were back here with me!"

Inference (GPT-4):

» Multiple clusters of 128 GPUs
* Model carefully mapped onto hardware
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- we have to be humble

» Cannot com'pete with industry

* Loosing many of our best
people to private companies

(salaries, interesting problems)
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 Where can we contribute?
Where are we special?



 Where can we contribute?
Where are we special?

+ ‘High fidelity

Here is the subtly flawed image of Albert Einstein, where a minor detail, such as

his hair being parted on the wrong side or a slight facial proportion, creates a

small but noticeable inaccuracy.




 Where can we contribute?
Where are we special?

+ ‘High fidelity

Here is the subtly flawed event display of a proton-proton collision in the CMS

Here is the subtly flawed image of Albert Einstein, where a minor detail, such as . : : . ,
experiment. The image contains realistic particle tracks and detector layers, but

his hair being parted on the wrong side or a slight facial proportion, creates a

with a small inaccuracy, such as incorrect track curvature or missing elements,

small but noticeable inaccuracy. noticeable to those familiar with high-energy physics experiments.




 Where can we contribute?
Where are we special?

o H|gh f|de||ty Approximating Likelihood Ratios with

Calibrated Discriminative Classifiers

o U ncerta| n'ty treatment Kyle Cranmer!, Juan Pavez?, and Gilles Louppe!

'New York University
2Federico Santa Maria University

G

//nips.cc/

TUTORIALS SYMPOSIA ORGANIZING COMMITTEE
Deep Reinforcement Learning Through Policy Optimization opre Recurrent Neural Networks and other General Chairs: :
Pieter Abbeel (OpenAl, UC Berkeley) and John Schulman (OpenAl) Susan He Machines that Learn Algorithms Daniel D Lee (University of Pennsylvania)
— = - e . T Alex Graves (Google DeepMind) Masashi Sugiyama (The University of Tokyo)
ation: Beyond Stochastic Gradient Dyl g ts Juergen Schmidhuber (IDSIA)
ity ok Marc Raibert y Rupesh Srivastava (IDSIA) Program Chairs:
Francis Bach (INRIA, ENS) and Suvrit Sra (MIT) i v ‘ Sepp Hochreiter (Johannes Kepler University) Ulrike von Luxburg (University of Tubingen)
P Intelligent Biosphere Isabelle Guyon (Clopinet)
Variational Inference: Foundations and Modern Methods Drew Purves (Google DeepMind) Deep Leamning
David Blei (Columbia), Shakir Mohamed (Google Deepmind) and Navdeep Jaitly (Google) Tutorials Chair:
Rajesh Ranganath (Princeton) Predictive Learning Roger Grosse (University of Toronto) Joelle Pineau (McGill University)
Yann LeCun (Facebook and New York University) Yann LeCun (New York University & Facebook) Hanna Wallach (Microsoft)
Natural Language Processing for Computational Social Science
Cristian Danescu-Niculescu-Mizil (Comell) and Lilian Lee (Comell) Machine Learning and Likelihood-Free Inference in Machine Learning and the Law Workshop Chairs:
Particle Physics | | Adrian Weller (Cambridge, Alan Ralf Herbrich (Amazon)
Generative Adversarial Networks Kyle Cranmer (New York University) ) Conrad McDonnell

lan Goodfeliow (OpenAl) , —— e r Singh
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A3D3 institute

e Where can we contribute? FPGA/ASIC

Where are we special?

CPU/GPU

« ‘High fidelity

* Uncertainty treatment  HC HLT
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* Extreme high throughput, low-
latency constraints

LHC LT  pUNE

IceCube @) Netflix 4K UHD

10¢ 10* 102 10 102 104 10°
Latency requirement [s]
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* High fidelity
Uncertainty treatment

* Extreme high throughput, low-
latency constraints

 And extremely complex and
exciting problems!
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6 GEANT4

A SIMULATION TOOLKIT
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the reconstruction software

[Hard & Slow]
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obelpriset® ar av Nobelstiftelsen registrerat varumarke.

Nobelpriset i fysik 2013

PRESSMEDDELANDE

Press release

8 oktober 2013

Kungl. Vetenskapsakademien har beslutat utdela Nobelpriset i fysik 2013 till

Francois Englert

Université Libre de Bruxelles, Bryssel, Belgien

Peter W. Higgs

University of Edinburgh, Storbritannien

"for den teoretiska upptéackten av en mekanism som bidrar till forstaelsen av massans
ursprung hos subatomara partiklar, och som nyligen, genom upptackten av den
forutsagda fundamentala partikeln, bekraftats av ATLAS- och CMS-experimenten vid

CERN:s accelerator LHC”

Antligen har!

Francois Englert och Peter W. Higgs delar arets
Nobelpris i fysik for teorin om hur partiklar far
sin massa. Oberoende av varandra foreslog de
teorin samtidigt ar 1964 (Englert tillsammans
med sin numera avlidne kollega Robert Brout).
Forst 2012 bekraftades deras idéer genom upp-
tackten av en sa kallad Higgspartikel vid CERN-
laboratoriet utanfor Genéve i Schweiz.

Den i dr prisbelonta teorin ir en central del i fysikens
standardmodell som beskriver hur virlden ar uppbyggd.
Allting, frin blommor och minniskor till stjirnor och
planeter, bestir enligt standardmodellen av nagra fi
byggstenar, materiepartiklar. Dessa partiklar styrs av
krafter som formedlas av kraftpartiklar som ser till att
allt fungerar som det ska.

Hela standardmodellen vilar pi att det ocksé finns en
sarskilt sorts partikel, Higgspartikeln. Denna ir en
vibration av ett osynligt filt som fyller rymden. Till
och med nir universum verkar tomt pa allt, finns filtet
dir. Utan det skulle vi inte finnas, for det ar genom
kontakten med filtet som partiklarna fir sin massa.
Den av Englert och Higgs foreslagna teorin beskriver
hur detta gar till.

Den 4 juli 2012 bekriftades teorin i och med upptickten

Ty __.+1__1 c 1 L0 <1 1.1 _ ___ . __* . AT DAY T _

partikelkolliderare, LHC (Large Hadron Collider), 4r
troligen den storsta och mest komplicerade maskin som
nigonsin byggts av minniskor. Ur miljarder partikel-
krockar i LHC lyckades tvd grupper, ATLAS och CMS,
med cirka 3 000 forskare var, vaska fram Higgspartikeln.

Aven om det ir ett storverk att finna Higgspartikeln,
den sista pusselbiten som fattades i standardmodellen,
sd 4r standardmodellen inte den sista biten i pusslet
om hela universum. Ett av skilen ir att vissa partiklar,
neutriner, beskrivs i standardmodellen som masslosa,
medan ny forskning pekar mot att de faktiskt har
massa. Ett annat skil dr att modellen bara omfattar den
synliga materien, vilken endast ir en femtedel av all
materia som finns i virldsalltet. Att hitta den mystiska
morka materien ar ett av milen for den fortsatta jakten
pa okinda partiklar vid CERN.

Francois Englert, belgisk medborgare. Fodd 1932 (80 ar) i
Etterbeek, Belgien. Fil.dr 1959 vid Université Libre de Bruxelles,
Bryssel, Belgien. Professor emeritus vid Université Libre de
Bruxelles, Bryssel, Belgien.

www.ulb.ac.be/sciences/physth/people_FEnglert.html

Peter W. Higgs, brittisk medborgare. Fodd 1929 (84 ar) i New-
castle upon Tyne, Storbritannien. Fil.dr 1954 vid King's College,
University of London, Storbritannien. Professor emeritus vid
University of Edinburgh, Storbritannien.

www.ph.ed.ac.uk/higgs/
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No labeled data!
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Monte Carlo simulation takes us over 20 orders of magnitude in length!

Dimensions
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~40 quadrillion collisions
recorded at LHC
(1 fb-1 ~ 100 trillion collisions])

CMS B LHC Delivered: 226.25 fb!
] CMS Recorded: 208.65 fb!
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults

cmsexperiment.web.cern.ch
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only around 10 signal events were needed to claim discovery!



https://arxiv.org/pdf/1407.0558.pdf
https://cmsexperiment.web.cern.ch/news/using-golden-decay-channel-understand-production-higgs-boson
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We have a lot of high
quality simulated data
that we want to use to

train Al algorithms!
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CMS I LHC Delivered: 226.25 fb!
1 CMS Recorded: 208.65 fb!

But we have even more
unlabelled data we’d like
to use!

(Simulation != test data)
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Jet tagging - our MNIST!
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ABCNet

ABCNet:
Pixel intensity = particle importance w.r.t most energetic particle in jet, from attention weights
Learned through attention!
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Al-assisted design of experiments
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pp collisions up to
production of stable
particles [Easy & Fast]

detector response
simulation [Hard & Slow]
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_The next-generation triggers

for CERN detectors
LHC

—_—

(-
p—
()

The recently launched Next-Generation Triggers project is set to

remarkably increase the efficiency, sensitivity and modelling of CERN
experiments

Streaming data rate [B/s]
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The foundations of the NextGen project were laid in 2022 when a group of private donors,

including former Google CEO Eric Schmidt, visited CERN. This first inspiring visit eventually
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p—
—

evolved into an agreement with the Eric and Wendy Schmidt Fund for Strategic Innovation,
approved by the CERN Council in October 2023, to fund a project that would pave the way
for the future trigger systems at the HL-LHC and beyond: NextGen was born.
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https://cds.cern.ch/record/2668684?ln=en
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New Physics is produced less

than 1in a trillion (if at all) > New Physics?

Need more data!
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FPGA inference
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~ ASIC inference

HLT trigger
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GPU inference



Silicon
Tracker

Electromagnetic™
Calorimeter

Hadron
Calorimeter

Xilinx Ultrascale+ FPGAs

CALORIMETRY- TRACKING
370 FPGAs 174 FPGAs

*54 for HGCAL only!
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CALORIMETRY
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with Muon chambers

MUONS:
96 FPGAS 5 s

Trigger
accept/reject




HEP developed
libraries for fast ML
on FPGAS

TMUX=1 TMUX=1
RS = 36 RS = 108
FPGA = 36 FPGAs = 216
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https://github.com/fastmachinelearning/hls4ml
https://fastmachinelearning.org/hls4ml/

KERAS / PyTorch / ONNX
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https://github.com/fastmachinelearning/hls4ml
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 Tailored hardware for a model

 Each layer is separate compute unit

o Stay on-chip

* “Decisions are design time”

Prediction


https://arxiv.org/abs/1804.06913
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Quantization

Floating point 32:
4B numbers in [-3.4e38, +3.4e38]




Quantization

Quantising:
int8 28=256 numbers in [-128,127]

Af
scale

X, = Clip(Round( ).


https://developer.nvidia.com/blog/achieving-fp32-accuracy-for-int8-inference-using-quantization-aware-training-with-tensorrt/
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https://www.nature.com/articles/s42256-021-00356-5
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Predicted labels True labels

Is dog = 0.54

Soft labels contain information!!

Predicted labels True labels

Is cat = 0.03 Iscat=0
is cat =0.03. is cat=0

Is dog = 0.97
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True labels

Distilled *
nowledge e

Train student to learn both
true and predicted (teacher) labels!

Ltotal — ,B X LDistillation +a X Lstudent

Student learns subtle learned features from teacher!



CICADA

Anomaly score = input - output


https://cds.cern.ch/record/2879816/files/DP2023_086.pdf
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Anomaly Detection triggers

Level-1 rejects >99% of events!
|s there a smarter way to select?

Energy (GeV)



Anomaly Detection triggers

Everything here Everything here
is normal is abnormal
_ >

Reconstruction error




Outlier detection
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Compressed representation of x.

Latent space R¥, k < mxn
prevents memorisation of input, must learn



Outlier detection

E.g 3-prong gluino fat jet

nxm nxm

ERk

£ (X, X) is Mean Squared Error(X, X), “high error events” proxy for “degree of abnormality”



Outlier detection

QCD

), . t

g (400 GeV)

MSE(x, X)

| Large error for
ERk abnormal data

Reconstruction Error



https://arxiv.org/abs/1808.08992
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First ML triggers in ATLAS and in CMS Iin 2024

DNN anomaly detection in 50 ns BDT selecting t's <100 ns
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https://cds.cern.ch/record/2876546/files/DP2023_079.pdf
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1CaloTriggerPublicResults#ATLAS_Level_1_calorimeter_eFEX_t
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.and outside

Seizure Predicting Brain Implant
Semantic segmentation for autonomous vehicles 4 distributed NN accelerator for quantum control

recording ASICs e Putting control in cryostat

le.g optimal pulse parameters])

Conventional Our ML model
quantum control algorithm
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N. Ghielmetti et al.
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https://iopscience.iop.org/article/10.1088/2632-2153/ac9cb5
https://arxiv.org/abs/2208.02645
https://indico.cern.ch/event/1156222/contributions/5058420/attachments/2535257/4363120/CJH_FML4Science-10_4_22.pdf
https://docs.google.com/presentation/d/1gnAqn4gpZvx4JVVD8dqbXKMsZ_vpguO9hxC7zH0jv6w/edit#slide=id.g13512715b6e_0_5
https://indico.cern.ch/event/1156222/contributions/5062816/attachments/2522993/4338612/fast_ml_2022_gk.pdf
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.24.104601
https://ieeexplore.ieee.org/document/9354037
https://arxiv.org/abs/2206.11791
https://ieeexplore.ieee.org/document/9181293
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Foundation models



https://www.youtube.com/watch?v=c2DFg53Zhvw

Foundation models



https://www.youtube.com/watch?v=c2DFg53Zhvw
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Too many models, too little learning?

T
L

NN
x= (0,0 fgw) y

Discrimination



Instead of features like “says meow”, can we make new and better features?

Metric Learning




What if we really try to focus on this space

Neural embedding
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Learning the space




Learning the space

® By looking at data, we can learn a lot

- Go over input piece by piece

- Analyze every aspect

.‘ / ' r ; .p"/’ ..‘. . N ~
s l." l » d g . '." "."_ - - "
,/I ﬂ' : \.|l _‘\ 4 E
I X T8 :

- Compare every feature Ao
P ./Aﬁé_.l..‘-nh ke

® Find distinctive style of the input

- can be done e.g by looking for a deviation



arxiv:403.07066
‘ Augmentation ‘

A‘('
= 3.
a\ A :\:2
> .

Higgs

Baseline Augmented by
Reshowering

Embedded Space can use any NN to embed


https://arxiv.org/abs/2403.07066

arxiv:403.07066

— embedding quantum mechanics into Al algorithm


https://arxiv.org/abs/2403.07066

arxiv:403.07066

Physics feature
(says meow)

Theorists N-D Space

Capture
Physics


https://arxiv.org/abs/2403.07066

arxiv:403.07066

We can replace the QCD theorist with a NN
(And it works better)

(Graph) NN N-D Space

NN Capture
Physics


https://arxiv.org/abs/2403.07066

Detector des acquisition and triggering
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