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Vector-bosons

e Hadronic final states

e Jet substructure

e Longitudinal/transverse

L | Event
il i : :
= = * A lot of event information

Forward (quark] jets
e Quark/gluon separation
e Jet resolution
e Pileup mitigation

cds.cern.ch/record/2714080
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a perceptron “may eventually be able to learn, make decisions, and translate languages.”
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Back to Main page
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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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Popular information

John J. Hopfield Geoffrey Hinton

The Nobel Prize in Physics 2024 was awarded
jointly to John J. Hopfield and Geofirey E. Hinton
"for foundational discoveries and inventions that
enable machine learning with artificial neural
networks"

nobelprize.org/prizes/physics/2024
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John J. Hopfield Geoffrey Hinton

The Nobel Prize in Physics 2024 was awarded
jointly to John J. Hopfield and Geofirey E. Hinton
"for foundational discoveries and inventions that
enable machine learning with artificial neural
networks"

rize.ora/prizes/physics/2024

Today’s Al An Alternative to today’s Al?

TR
L1

|

Universal
Approximation
Theorem

1

)
1|l

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,,)]
1

q= p=1

Model
(Shallow)

(a) . fixed activation functions
on nodes

[ learnable weights
& g on edges

learnable activation functions

A 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



https://arxiv.org/abs/2404.19756
https://www.nobelprize.org/prizes/physics/2024/summary/

AlphaFold nature cover

/"

B
4
/

IS

)‘
\

T1037 / 6vr4 T1049 / 6y4af
90.7 GDT 93.3 GDT
(RNA polymerase domain) (adhesin tip)

y

Al

.»/’\\_
. 7 N
N,

'\.

'
- 4

Experimental result

@ Computational prediction

sequence—the structure prediction component of the ‘protein folding problem’®—has
been animportant open research problem for more than 50 years’. Despite recent



AlphaFold nature cover

7 "‘\ | ALPHAFOLD MANIA
. The number of research papers and preprints citing the AlphaFold2 Al
AN : software has shot up since its source code was released in July 2021*.
\ - 9. l Journal article m Preprint
& 4
{ O
“ 1 3 [0 o TR —— W . .
~ & ' / = Paper describing
i
D 75 nivitamaaasnivsisos st ddaisaatton -AlphaFold2 ...
\ {‘ o L S AlphaFold2 released, with
.» v D announced as source code.
Wai | = 50 -winner of
o protein-folding
3 - software contest.
T1037 / 6vr4d T1049 / 6y4f § :
90.7 GDT 93.3 GDT A
(RNA polymerase domain) (adhesin tip) Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

*Nature analysis using Dimensions database; removing duplicate
preprints and papers/R. Van Noorden, E. Callaway.

)Experimental result

@® Computational prediction

sequence—the structure prediction component of the ‘protein folding problem’®—has
beenanimportant open research problem for more than 50 years’. Despite recent
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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%
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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
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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 <111 _ ___ . __* . AT DAY TN

partikelkolliderare, LHC (Large Hadron Collider), 4r
troligen den storsta och mest komplicerade maskin som
nigonsin byggts av manniskor. 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 dr 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 malen 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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pp collisions up to
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A SIMULATION TOOLKIT
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Monte Carlo simulation takes us over 20 orders of magnitude in length!

Dimensions
0(10) 0(10°%) 0(1019)

10~ 8m 10~ m 10~°m 100m

Perturbative QCD Markov model Hadronization Detection
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults
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We had to collide billions of protons, R . —
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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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!

Supervised versus unsupervised
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pp collisions up to
production of stable
particles [Easy & Fast]

detector response
simulation [Hard & Slow]
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A SIMULATION TOOLKIT
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Jet tagging - our MNIST!
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But... Inhomogeneous geometry,
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SOTA: Graph Neural Networks acting on point cloud data
e ParticleNet (GNN on point cloud]
LundNet (GNN,Lund plane)

ABCNet (GNN, )

Point Cloud Transformers (transformer. ]

ParticleNeXt (GNN, . Lund]

ParT (transformer, ] *

Invariant Operation

o
Fully connected

I v Fully connected
Voo '.. J
€;; = MLP(v, Vi, Vjj 1 .



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.056019
https://arxiv.org/abs/2012.08526f
https://arxiv.org/abs/2001.05311
https://arxiv.org/abs/2102.05073
https://indico.cern.ch/event/980214/contributions/4413544/
https://arxiv.org/abs/2202.03772

Transformers and (self-)attention

Adding (Self-)Attention
e Allows particles to interact with each other (“self”) and find out which
other particles they should pay more attention to (“attention”)
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Google Al blog



https://ai.googleblog.com/2017/08/transformer-novel-neural-network.html

Transformers and (self-)attention

Adding (Self-)Attention
 Allows particles to interact with each other (“self”) and find out which
other particles they should pay more attention to (“attention”)

Weighted sum over all input vectors:
Y = 2 WijX;
]

Weight (how related inputs are):

/ T

Wij = Xi Xj
Map to [0,1]:
exp W{j
Wi)'

— /
)_; eXp Wi,

xj>MLP(x)])
Xi—>MLP(xi)




Transformers and (self-)attention

Adding (Self-)Attention
 Allows particles to interact with each other (“self”) and find out which
other particles they should pay more attention to (“attention”)

Attention weights: weighted importance between each pair of particles
e Determine relationship between all particles of point cloud
e Several attention layers — different important features
[multi-head attention]

Weighted sum over all input vectors:
Y = 2 WijX;
]

Weight (how related inputs are):

I _ ~ T

Map to [0,1]:
expW{j

Wij

— /
)_; eXp Wi,

xj>MLP(x)])
Xi—>MLP(xi)




ABCNet

ABCNet:
Pixel intensity = particle importance w.r.t most energetic particle in jet, from attention weights
Learned through attention!

Light Quark . Z Boson W Boson Top Quark



https://arxiv.org/abs/2001.05311
https://arxiv.org/abs/2001.05311
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Parameters X3 gain from classical

ML — deep learning!



Reconstruct complex patterns in
complex detectors
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Jetector reconstruction and tagging

100m
NIGI+RECO

Energy deposits—digital
signals—reconstructed by
the reconstruction software
[Hard & Slow]

pp collisions up to
production of stable
particles [Easy & Fast]

detector response
simulation [Hard & Slow]

6 GEANT4

A SIMULATION TOOLKIT
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m,, = 124.70 + 0.34 GeV

19.7 b (8 TeV) + 5.1 fb (7 TeV)

S/(S+B) weighted sum
Data

S+B fits (weighted sum)
B component

t1o

t2c
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https://indico.cern.ch/event/649482/contributions/2993322/attachments/1688082/2715256/WeakSupervision_BOOST2018.pdf

Bias in particle physics

Searches at LHC always start by
e assuming Standard Model and some signhal hypothesis

This is fine when we know what “signal” is (like Higgs)

e Tailor search to a given theory
e Powerful, but limited to model of choice
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Bias in particle physics

Searches at LHC always start by
e assuming Standard Model and some signhal hypothesis

This is fine when we know what “signal” is (like Higgs)

e Tailor search to a given theory
e Powerful, but limited to model of choice

e How do we know we are looking for the right thing
In the enormous New Physics model landscape?



Anomaly detection for New Physics searches
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Anomaly detection for New Physics searches
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Types of anomaly detection

Outlier detection Detecting overdensities

Find (non-resonant) out-of-distribution datapoints Find (resonant) overdensities in distributions







Outlier detection
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Outlier detection

E.g 3-prong gluino fat jet

nxm

mk

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



Outlier detection in analysis
E.g CASE
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Finding overdensities
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Finding overdensities - CWoLa bumphunt
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CMS Preliminary 138fb=1 (13 TeV)
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isi “nergy deposits—digital
PP CO”',SIOHS Up to detector response STy EEP .
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. "~ simulation [Hard & Slow] .
oarticles [Easy & Fast] the reconstruction software
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GEN SIM DIGI+RECO

op collisions up to Energy deposits—digital
production of stable signals—reconstructed by
particles [Easy & Fast] the reconstruction software

[Hard & Slow]



107 18%m 10~ m 10~°m 100m

100 events SLOW but ACCURATE

GEANT4 10° events Surrogate model 109 events

(GAN, VAE, Normalizing Flow, ...)
Learn underlying distribution of GEANT4 events

FAST and ACCURATE?

GEANT4

ML methods can provide fast and accurate “surrogate models” for GEANT4 etc



Diffusion models

(Gaussian noise

Learn systematic decay of information due to noise, then reverse process and
recover the information back from the noise.
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FastCaloGAN Being used in ATLAS!
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Luminosity: HL-LHC - 90% of
final LHC dataset!
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latency

Discard >99% of
coll

Decide which event to
keep within ~12 ps

WA
o.. .

.fﬂ .
"
..

.
S < % AR N .:.qll’. 0...
.\ : . % A4S 78 : AN Y\ Y

»" Al I .o‘ .“ TN L
N ¢.e.,.... 10 I

:




.S
fe '
N ....“..ésﬂ?w»w

| S

,....4). vt

h“_;f_..\“.“..;.f;.,....y,....« ,t..u\.....w,”.m.uﬂ,\wsr .
LS AT D - — v ~ P——— ‘o
rev m ,‘.l_o ﬂa-:Wl‘ v .. .ﬂ.a 1-’ ‘\..‘do.- .’.q.o.".h'"a. ...Q . bo‘.l\.(. 0..[. s ! ‘-n.-._\ ..
. &u Hf.,/ J..v/_ X A Uﬂ'v.. -,- : .uW...../o . \ &-‘;f-- \
N C \m,a... ﬂ, : . "v}m.-\n'\.“ Vio® 0\:4’\1.-.‘ p)‘;\l_.
\ULr\ &GN L 0d
Ay 0l & .-....v.r\.r....ba...?..r..Uﬂ...fu-?.‘.\.\...ﬁ.g
_ NI o i TR
TR TR A S A S
A Y’/ PR L O
. - o..s-. e .P‘.
p _ i
v N

-
.
:
.

v

N




136N

. Cw%.\.\\ﬁ\

....c\:.,_.
unil.\.&\“\... ' )Yy
) \-Nﬂy‘...‘....
.\..\.\.v.. : .;..'\ W fy
. . : \\:1.~.~t..i\s \\\' 5
. > rs i E )
al oV AN oy 1’»...?.._ v
. \. ™\ v...z-a..a.t‘. .
WV . .l-\).l. 4
A, PO
" A k
'.v...r

’,
.




. .?

ry;

Ay

- Y L .
-~

.'\ N

., s 5
b’ \.‘ v,

-

' I

. .'.

~n.'

o

AN W
S ar

_"

»

”r

/
:
-

o~

N
QN A GAS
.J-J.“.—. t‘. »

.
‘U l-.

-
.

.




Yy
$ T

70 - .sc..N.\ \‘\ .......
y 7 et . . 5
: AT
A iy
T O e
\' " -‘ W

)
N -
... .-‘n...

AV Y LT

R Ry s

High Level Trigger

o<
O~
O~
-
)
=
-
S
-
-
)
&
)
" m—
)
2

Ny
A r AN
P S
c.w.. i /4




SRR

i\, N -

\S0 DD 0 0 D57 50 SR S __‘

\NOOO DO00 0600 2000, 20407 VLI AT

wannn.nnnn G Y e e
- “RRnn-Ropp-ALen shﬁ&..@ﬁﬁ\m\\,:\w\..\.\...\\_\.. .

V1T IR TIRGAT IR 2 ol I
0] DILLIL  SILTLTLT LA LA oA Aot
» 7, x\“\\\c i Y.A.‘\s\....

e A\ AN

_ _.:.wwﬂ Var
| l '..Jr b,
| \._%_J.v LA

Q
oc
—
-

£5.

y o

7 :
N O

AU
Y4

L
\

h Level Trigger

19

Latency 0(100) ms

H

. * PN + T ) ” 14 L A . ! . - A
N Pﬂ ‘.4.-..f..» f(. .‘f OM ...-Jawr..” . A ! o oM
A TR R

VA

i srs....._. ... A AR R

2 Mﬂa Ju...v?. s.. A lf:ﬂ&’ F.&).,..\-..)(l.”wq’,.m
: w Wy A G e .w.r-. TR A s

N ..é / r.'.fn.....!u. Ol N TS0 L Y g
! Ul ld. 4‘ A \] W) . . .
¥ .J f. f\ﬁ‘

YAy L




_242....._‘:s.q.s\vw.ihw.§m ,‘
::5:: :E.S§§.§§§§\x\§.§§tﬁg_
wnnnn NO00 0000 LI SIS S A A Ry

NORR-RBOR ROOA \@\.@\ﬁ\w\\/\\\.\.\\\ :

nnnn pneee.a, \\\\ LIATLST, SoS LS S
\\c\\u\.\o i

VR

SRR

£45.
2% O

Yh ’
N O
AU
Y4

_ _.:.wwﬂ L
i w@...ﬁ \

“ B
. wiar :
)

u,_.c..e,._,:.‘“.:z._.._é,...”...,
_ ...J..c..? N ) vJ.. : i |
'.v.u_...._p 21

....4.—..”,“/.\1. "
AR - .
N .. WS Ay
v ! :
i g AV LN
: ....l. ..-'.t.r.:,-v.... ......
¢ .\4.0«.. )..,r-A-.?.I..’...
,.‘..»uu..v..-‘ .u I -“.
O s S
W, r.’. tr\.y. Al .,._v.... N
Y .,rn*.)».f.,_.‘.i.&...flu

AV AL .....H‘.v. ! ( v {-—\ .
B ’-o..r.raﬂl...n ‘%w’!’\‘.-/. v'..u'ul/ l‘ ~\o.

h Level Trigger

19

Latency 0(100) ms

H




- T2 S

I

M

.4
.‘.M.J.W%h -.o -" .
v.r % : It 4%
e U 1405 SR NS
W AR
r

\'
"

K

LR DA R . ¥
e .owr AR WA
L

h Level Trigger
Latency 0(100) ms

19

H



HIG-19-001
CMS Supplementary

Vs=13TeV: L = 137 fb-' (2018)
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https://cds.cern.ch/record/2668684?ln=en

8TeV 14TeV 33 TeV 100 TeV
LHC LHC  HELHC VLHC

“Probability” of
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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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HL-LHC tt event in ATLAS ITK
at <p>=200
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Latency O(1) ps

FPGA inference
Level-1 trigger
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Fast inference on specialised hardware
40 MHz
~Pb/s

~ ASIC inference

HLT trigger
Latency 0(100) ms

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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” retury yoke interspersed
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Trigger
accept/reject




HEP developed
libraries for fast ML
on FPGAS
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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

o

/

&... ..\pwﬂ&wv; N
,.\\\ w.m.\&%.. Nl ST
LA S o A . \&W\Mﬁ
e i AR

B .\&..‘ ~_‘.. v

Y h— ‘_ "W Ny
[ ! \‘».."’}w—\‘..ﬂ . 4 ..%W
. .fw\«.\ W

Ay ¥ »

o

¢

3
4

™y
P
B B
\ y ¢

o

-
.
‘..\.
¥
B

e
"

RS

| “ A4 & TRl -
.~ \..




CMS High Granularity calorimeter :
e 6.0 million readout channels, 50 layers \
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BUT: Cannot read out all these channels

fast enough for L1 to trigger!
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Hexaboard

Sensor

Kapton sheet

Cu/W Base plate

Compress data ON the detector
e ASICs reduce + transmit data
e 40 MHz trigger data
e 750 kHz DAQ data

e High radiation
e Cooled to -30 = low power (Max 500 mW total]
e 1.5 us latency



ECON-T, D. Noonan

(lower dim.

290" A

/

Encoded data

N
>
2

Variational Autoencoder


https://indico.cern.ch/event/1156222/contributions/5062791/attachments/2521161/4335130/DNoonan_ECON_Autoencoder_FastMLWorkshop_Oct_3_2022.pdf

ECON-T, D. Noonan

AEs for compression also at LHCb!

N\
79

Encoded data



https://indico.cern.ch/event/1156222/contributions/5062791/attachments/2521161/4335130/DNoonan_ECON_Autoencoder_FastMLWorkshop_Oct_3_2022.pdf
https://sse-ml-lhcb.gitlab.io/

ECON-T, D. Noonan

AEs for compression also at LHCb!
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Encoded data Encoded data


https://indico.cern.ch/event/1156222/contributions/5062791/attachments/2521161/4335130/DNoonan_ECON_Autoencoder_FastMLWorkshop_Oct_3_2022.pdf
https://sse-ml-lhcb.gitlab.io/

ECON-T, D. Noonan

AEs for compression also at LHCb!

e 75-100 mW
e Triplicated w/b for radiation safety
Reprogrammable w/b over IC2!

Encoded data Encoded data



https://indico.cern.ch/event/1156222/contributions/5062791/attachments/2521161/4335130/DNoonan_ECON_Autoencoder_FastMLWorkshop_Oct_3_2022.pdf
https://sse-ml-lhcb.gitlab.io/

ECON-T, D. Noonan

AEs for compression also at LHCb!

e 75-100 mW W
e Triplicated w/b for radiation safety .-
Reprogrammable w/b over IC2! UXCS5
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STV Transmit encoded data!
OO Encoded data Encoded data
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https://indico.cern.ch/event/1156222/contributions/5062791/attachments/2521161/4335130/DNoonan_ECON_Autoencoder_FastMLWorkshop_Oct_3_2022.pdf
https://sse-ml-lhcb.gitlab.io/
https://indico.cern.ch/event/1283970/contributions/5550653/attachments/2722805/4730907/fkeras-fastml23.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

VN
), 4 ), 4
- [
E, Px, Py, Pz ] : E, Px, Py, Pz
u
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| [ [ | | [} .
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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
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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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CMS DP2023 079 L1CaloTriggerPublicResults



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
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1CaloTriggerPublicResults#ATLAS_Level_1_calorimeter_eFEX_t

Foundation models



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

Foundation models



https://www.youtube.com/watch?v=c2DFg53Zhvw
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Heterogeneous detector
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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
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® Find distinctive style of the input

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



Contrastive learning (self-supervised)

CatﬁA




Augmented Cat A




135

Minimize

Augmented Cat A




Maximize

Augmented Cat A




Contrastive learning (self-supervised)

Anchor Negative Samples

maximizing

Minimizing
Augmentation

e Minimizing and maximizing distances learns a space



Augmented Cat A




Physically motivated augmentations?

Anchor Negative Samples

No class labels used in training! How do we augment detector data”?



Physically motivated augmentations?

Anchor Negative Samples

No class labels used in training! How do we augment detector data”?



) Some new space

Training 1: Learn neural embedding
(on a lot of data, for a long time)
On simulation? On data?

Downtream
Task

Downtream
Task

Downtream
Task




Downtream
Task

Downtream
Task

Downtream
Task

5) Some new space

Training 2: Fine tune for specific task
(fast, small dataset, simulation)



arxiv:403.07066
‘ Augmentation ‘
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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

From Phil Harris arxiv:403.07066

Capture
Physics


https://arxiv.org/abs/2403.07066

From Phil Harris 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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