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Disclaimers

* This is a very personal review, mainly focus on offline data processes,

highly biased

* Lots of things not covered
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Introduction

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

° The Standard MOdCl (SM) theory was I (fern;Iions) - (bosons)

Completed following the discovery Of cﬁr:?gs: ;246 MeV/c Z2‘1.273GEV/C ;172.57GEV/C g 0:125.2GEV/C
spin | % u % C % t 1 % 0 H
the Higgs boson in 2012. up charm top gluon higgs
* However, it remains merely an 7 d 7 g ” b ° y
effective theory at low energies. down J| strange J{ bottom J{ Photon
=0.511 MeV/c? =~105.66 MeV/c? =1.77693 GeV/c? =~91.188 GeV/c?
* The search for new physics beyond @ IF@ |- @ |I
the SM is a top priority in particle slectron JL_muen = Zbc’ij
. <0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? ~80.3692 GeV/c?
physics. N | | | W
lect t
neutrino_J |_neutrino J {_neutrino J ( W boson
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ML in HEP: the huge data volume

Image credit

oM Big Data sizes in 2021 &
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5.4k PBYy Iil 1.9k PBly data expected in 2026
: 10X
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The best way: Big data + Al



Toolkits for multivariate analysis
TMVA more than 20 years
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What should we know about ML?




Fact 1: Why it works? Neural network as universal function approximator

R BV I0AR S

Many towers

1D 2D

A notable fact about neural networks is that they can approximate a continuous function to
any desired level of precision, provided that there are enough neurons in the hidden layers.




Fact 2: Why it is difficult? Curse of dimensionality

2

. : L . 39
ratio: 4/ =127 ratio: 6/ =1.91 ratio: 4.2 + 10
™ T
irch 7,
Ao g e = oo P = Vol of s by ,
'square
06
V. T
—2= — — for d =3 b4
\/cube s
V4 dj2 e
hypersphere o 0 0 as d — 69 ol ; : i x . . ‘ . .
Vi percube d2d*1I‘(d/2) 0 2 a 8 8 10 12 4 16 18 20

Dimension
« When D=1: 100 evenly distributed points can sample a unit interval with a distance no greater than 0.01;
+ When D=10: it requires 10%° sampling points to achieve the same sampling rate.

« Almost all points in high-D are isolated

On one hand: fortunately, most specific problems can be reduced in dimensionality!




On the other hand:
Neural networks have demonstrated their ability to effectively
address the dimension problem!
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Fact 3: No Free lunch theorem and bias-variance tradeoff

No free lunch theorem ( http://www.no-free-lunch.org)

There is no single algorithm that is universally the best for all problems
Performance of a learning algorithm is problem-specific

P(DIM) | |

Well-Specified Model
Calibrated Inductive Biases
Ezxzample: CNN

Simple Model
Poor Inductive Biases
Ezxample: Linear Function

Complex Model
Poor Inductive Biases

Ezample: MLP

1
1
1
1
1
& 4

t
8?;‘21112) ?8 gIFAR 20 MNIST Dataset

Structured Image Datasets

Why do some models perform well on certain datasets? Inductive bias



http://www.no-free-lunch.org/
http://www.no-free-lunch.org/
http://www.no-free-lunch.org/
http://www.no-free-lunch.org/
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Inductive bias of various algorithms

n-body System (C.0. g

RN
r S &

N
[]
N

Sharing in time

i==

Sharing in space

. L] N
(a) Fully connected (b) Convolutional (c) Recurrent
Component Entities Relations Rel. inductive bias Invariance
Fully connected Units All-to-all Weak -
Convolutional Grid elements Local Locality Spatial translation
Recurrent Timesteps Sequential Sequentiality Time translation
Graph network Nodes Edges Arbitrary Node, edge permutations

arXiv:1806.01261
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https://arxiv.org/abs/1806.01261
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https://iml-wg.github.io/HEPML-LivingReview/
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Lots of tasks using Al

Classification
Anomaly detection
Unfolding

Statistical inference

oooooo

Particle identification
Tracking

calorimeter clustering
Fast simulation
Trigger



The most successful story starts from jets

v'  Jet: aspray of a bunch particles
v" Invariance: edge, node permutations

« Jet Classification

(jet tagger)

light jets bottom jets
(Cc?ntajining (containing
light hadrons) heavy flavour

hadrons)
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Learn the History of ML...in ATLAS FTAG
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C-jet rejection in simulated (Pythia8) top-pair events

:_ MM C-jet rejection in top-pair data events

B light-jet rejection in simulated (MadGraph) Z + jets events
4 light-jet rejection in Z + jets data events
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[Translated] Azimuthal Angle (¢)

Jet as images

250 <p,/GeV <260 GeV, 65 < mass/GeV <95

Pythia 8, W'— WZ, Vs = 13 TeV

— 10°
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L
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red = transverse momenta of charged particles

Pixel P, [GeV]
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[Translated] Pseudorapidity (n)

1511.05190

green = the transverse momenta of neutral particles

blue = charged particle multiplicity
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Pixel Intensity

bottom jets
(containing
heavy flavour

hadrons)



Jet as sequence

Output

1607.08633 MLP

LSTM
> 'E > o States
JAN
Input
Sequence

1711.02633

Classifier

Jet embedding

T8 (t5)

.

O 0. 0 0O

5

R

1702.00748

“DeepAK8”

CMS-DP-2017-049
Fully

P-CNN
(14 layers)
— —— connected| [Output
I T P-CNN N
< — (14 layers) 1 layer, softmax
tracks, ordered by Sip2p 512 units, activation

relu-activation,

Secondary Vertices 20% dropout

=R

PCNN: @ © ®
ki

k2 ks

!

. Reconstructed Jet

() Recombined pseudovet

Q Original particle

if dyg < d,s: Input list ordering 1-2-3-4-5
if dy, > d,s: Input list ordering 4-5-1-2-3

1711.09059

20235 YRR T B A S RATHTS

bottom jets
(containing
heavy flavour
hadrons)




Jet as sets or cloud

A [
- -
Point cloud Particle cloud

points are intrinsically unordered particles are intrinsically unordered
primary information: primary information:

3D coordinates in the xyz space 2D coordinates in the n-¢ space

but also additional “features”: ~
energy/momenta Ny

charge/particle type

track quality/impact parameters/etc.

bottom jets
(containing
heavy flavour
hadrons)




Particle Transformer

ParT architecture

H.Qu et al. arXiv:2202.03772, proceedings of 39th ICML, Vol.162

v

(b) Particle Attention Block (c) Class Attention Block

Multi-head attention

Accuracy AUC Rejsg0, Rejsg0,
P-CNN 0.930 0.9803 201 +£4 759 + 24
PFN —_ 0.9819 247 + 3 888 + 17
ParticleNet 0.940 0.9858 397+ 7 1615 4+ 93
JEDLnet (w/5°0) 0930  0.9807 — 774.6
PCT 0.940 0.9855 39247 1533 £ 101
LGN 0.929 0.964 — 435 + 95
rPCN — 0.9845 364 +9 1642 £+ 93
LorentzNet 0.942 0.9868 498 +18 2195 £ 173
ParT 0.940 0.9858 413 +16 1602 + 81
ParticleNet-f.t. 0.942 0.9866 487+ 9 1771 + 80
ParT-f.t. 0944 09877 691+15 2766+ 130
The-state-of-the-arts
7N
R /

023N TYELRHERMGSRAMTR

bottom je
(containin
heavy flavc
hadrons



The most performant

Accuracy AUC Rejs09 Rejs09
P-CNN 0.930  0.9803 201+4 759 + 24
PFN — 09819  247+3 888 £ 17
ParticleNet 0940 09858 3977 1615 £ 93
JEDI-net (w/ ) O) 0930  0.9807 — 774.6
PCT 0940 09855 392+7  1533+101
LGN 0.929 0.964 — 435 £ 95
rPCN — 0.9845 364+9 1642 £ 93
LorentzNet 0942 09868 498 +18  2195+173
ParT 0940 09858 413+£16 1602+ 81
ParticleNet-f.t. 0942  0.9866 487+ 9 1771 £80
ParT-f.t. 0944 09877 691+15 2766+ 130

On top quark tagging dataset

2025.10.20-11.02 FNEsERYEREEIETHYSREINBANS

bottom jets
(containing
heavy flavour
hadrons)




All 11 types of jets

1.0

PRL 132, 221802 (2024)
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Not only jets
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Multi
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Sophon at CMS

hep-ex:2405.12972

Major types Index range Label names

Resonant jets: 0-14 bb, cc, ss, qq, be, cs, bq, cq, sq, g9, ee, P, ThTe, ThTu, ThTh

X — 2 prong

Resonant jets: 15-160 bbbd, bbcc, bbss, bbgq, bbgg, bbee, bbup, bbty, Te, bbT, T, bbT,TH, bbb, bbc, bbs, bbq, bbg, bbe, bbu, cccc,
X — 3 or 4 prong ccss, ccqq, ccgg, ccee, CClft, CCThTe, CCTL Ty, CCThTh, ccb, ccc, ccs, ccq, ccg, cce, ccl, Ssss, $5qq, SSg4,

SS€e€, SSUl, SSThTe, SSThTu, SSThTh, ssb, ssc, sss, ssq, ssg, sse, Ss[i, 4999, 9999, qqee, qqiiit, QqThTe,
99™mTus 99ThTh, qqb, qqc, qqs, qqq, 999, qqe, qqi, 9999, ggee, ggitt, ggThTe, 99T™hTp, 99ThTh, ggb,
ggc, 99s, 994, 999, gge, ggu, bee, cee, see, qee, gee, bup, cupL, Sp, qup, g, bThTe, CThTe, SThTe,
qThTe; 9ThTes OThTu, CThTU, SThTu, QTh Ty 9ThTu, OThTh, CThTh, SThTh, 9ThThs 9ThTh, 9990, 999¢, 9qqs,
bbeq, ccbs, ccbq, cesq, sscq, qqbe, qqbs, qqcs, besq, bes, beq, bsq, csq, beev, csev, bgev, cqev, sqev,
qqev, bcuv, csuv, bquv, cquv, squv, qquv, betev, csTev, bqTeV, cqTeV, SqTeV, qqTeV, beTuv, csTuV,
bqTuv, cqTuV, SqQTLV, qqTuV, beThy, csThY, bqThY, cQThY, SqThV, QQThYV

QCD jets 161-187 bbcess, bbees, bbee, bbess, bbes, bbe, bbss, bbs, bb, beess, bees, bee, bess, bes, be, bss, bs, b, ccss, ccs,
cc, css, cs, ¢, 8s, s, others

resulting to 4-prong or 3-prong
All final states!

~200 classes



Sophon: performance benchmark

Search significance:
Z =/2((s + b)log(I + s7b) — 5)

arXiv:2405.12972

Transfer learning ability

v (adapt it to a brand new task)
% 5 4 gzgzggi;;.:quvs.qcn . e
€] B « Sophon (training o reaches the
& Sl i s 1 best performance after fine-tuned (via

transfer learning)
. and ParticleNet for binary X>bs vs QCD

e classification: they reveal the best
1073 1074 1073 1072 10! 10° f hinth .
SM background efficiency (e5) performance we can reach in the experiment
s now
% i [/ Qcb Il Higgs
3 200 i I Vijets —— X—bs
i I #+ST | SMtotal unc.
; = Vv

120 140 160 180 200 220 240 260
msp [GeV]

 Check discrimination power of
X (200 GeV) > bs signal vs. all backgrounds




Large Language Model
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CHATLAS: copilot of ATLAS experiment
What’s New? - Key Improvements

@ User Query
BCERN Data o

® Front-End Benchmark

@ Chunking

L ChromaDB & Local Filestore

% Embeddings B Twiki

EICERN Data # Indico Transcripts

@ Vector Search (Embeddings) l

v

&a Retrieve from Multiple

™ Embeddings

I

% pBoD

N DATABASE ON DEMAND

Document Types (Child +
Parent)

Token Limit

= Flask UT (Answer +
References)

@Q‘I!TMENT chATLAS - Daniel Murnane

2025.10.20-11.02 £ 1B 4 E R BAREGR R LB 5 FFTT S
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Supersymmetry Technologies

Feed data to LLM directly with
some sophisticated tokenizer

max | ew | ensk
BBT Tokenizer

Here is the numerical information for the variables of a final
-state particle from a jet.

‘input': ' @: 0, 5.747704, (2.936520, 0.212044, -4.936394, 0.
759494, 0.468962, -0.105280, 0.123419, -0.908613, -1.020542, 0.
162222, 0.000000, 0.000000, 0.000000, 0.000000, photon. 1: -1,
5.596247, (1.696568, -0.743452, -5.278977, 0.747897, 0.267714,
0.375683, -0.361671, -1.109861, -1.032139, 0.521482, 0.161311,
0.090676, 0.183614, 0.118264, electron. 2: 1, 5.336777, (2.400
219, 0.072230, -4.763990, 0.727279, 0.380447, 0.042209, 0.081

BBT Pretraining

The results comparable with the-
state-of-the-art models
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Summary

* Experimental particle physics is accumulating ever-increasing volume of data

* Al (machine learning) is essential for the search for the BSM physics

* Traditional methods remain powerful and offer greater interpretability

* Deep learning shows promising performance when proper invariance is injected
* Systematics uncertainties remain challenging

* LLMs simultaneously used as a copilot or directly employed to process data.
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iDcyTr: 3357

N_track: 16
N_chargad oz

rack pdgid

Q 443

1 -10213

2 211

3 331

4 223

5 -211

6 111

7 22

8 22

9 22

10 211

11 -211

12 221

13 22

14 -211

k 15 211

motheridm
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What we observed with noise

px
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-0.432345
0.0240193

>,

What we want to
know in a event
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