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High Energy Physics
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Standard Model

* Electromagnetic interaction (photon)
* Electric charge

« a~1/137 UL For;e
, , - Carriers
* Weak interaction (W,Z) Iy e Ana
e F | i I T H __| Z boson | photon
undamental particle decay TR P

¢ aW~1/4O \_| W boson | gluon

 Strong interaction (gluon)
* Color charge
¢ as"’l
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Understand the very first moment of our
Universe

* Using powerful telescope, we
can only look back until
cosmic microwave radiation

visible

History of the Universe
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* Using LHC, we can recreate
conditions shortly after Big
Bang and study them
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* Need high energy to probe

hotter space: 1 = ;
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27 km circumference
9593
superconducting
magnets at 1.9 K
120 tonne of liquid
helium
Accelerates beams
of protons to
99.9999991% the
speed of light
Proton beams
circulate 11245
times/sec

1 billion of p-p
collisions/second
Collisions with a
center of mass
energy 13.6 TeV
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Compact Muon

* Detects new
particles created in
LHC collisions
e 21 mlongand 15 m
high in a huge cavern
, 100 m underground
= » 12,500 tonne




LHC data size

* At the LHC, particles collide 1 billion
times per second generating one
petabyte per second

e Save only interesting events

* Level 1 trigger ~ 1 kHz
* High level trigger ~ 100 Hz

e Store 20 petabyte every year
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Event selection
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traditional way linear nonlinear
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Boosted Decision Tree (BDT)

@

[xj > c3J [xj < c3j
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Toolkit for Multivariate Data Analysis with ROOT (TMVA)
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E] is sex male? E]

is age > 9.57

\ 0.73 36%
é is sibsp > 2.5?
0.17 61%

0.05 2% 0.89 2%

Survival passengers on the Titanic
from WIKIPEDIA

10



Single top quark discovery with ML

b Jet

CDF Run Il Preliminary, L= 3.2 fb”

i )
e = All channels
' NN o 10°
b Jet A0 >
NS 10°
O S
B Muon 102
Neutrino 10

* Small cross section = simple cut and count 1
does not work

* Single top quark was discovered with a help |
of machine learning technique in 2009
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Discovery of Higgs

S GMS (STTTeVL=5AMis=8TeV.Lo53f * Higgs predicted in 1964

8 E ® ]

1500} 2 * Machine learning in 2012

o [ 5

g di10007 * Photon energy by regression
L

10001

* Photon identification by Boosted
Decision Tree (BDT)

| ¢ Data
I S+B Fit

| B Fit Component
¥ ;  Multivariate Data Analysis for event
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PLB 716 (2012) 30
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https://www.sciencedirect.com/science/article/pii/S0370269312008581?via%3Dihub

Discovery of Higgs

Breakthrough of the year 2012

i/

BREAKTHROUGH
of the YEAR
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Couling with the third generation particle
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https://www.sciencedirect.com/science/article/pii/S0370269318301035?via%3Dihub

Couling with the third generation particle

51" (7 TeV) + 19.7 o™ (8 TeV) + 35.9 fo™ (13 TeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231801

ttH(bb) searches for the coupling with top

Multi-classification Probability

ttH 0.41
- ttbb 0.18
% fce 013 Categorize
Events [ g ) "~ P by highest
T \ ttif 0.09 output
> =]
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35.9 b (13 TeV)

Pre-fit expectation

Events / Bin

SL (=6 jets, >3 b tags)
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DNN discriminant
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ttbb cross section measurement Submitted to JHEP

11/30/23

arXiv:2309.14442

Inputs Dense layers —
Dense layer
Outputs
Event inputs CNN+LSTM=— — — . Jet .
permutation
Jet inputs \___ | y,

Matching efficiency = 46.9%

Matching efficiency can go up ~ 60% with surrogate loss functions
EPJ Plus, C.Jang
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https://doi.org/10.1140/epjp/s13360-022-03024-8
https://arxiv.org/abs/2309.14442

ttbb cross section measurement
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https://arxiv.org/abs/2309.14442

Couling with the third generation particle
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801

Couling with the second generation particle
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https://link.springer.com/article/10.1007/JHEP01(2021)148

Complete Standard Model?
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Particle mass (GeV)

* Higgs self couplig?

g H
/
/
H )
L < AHHH
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g H

* Many attempts to measure

the coupling with Al
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Unsolved problems

Observations
from starlight

Velocity

 Dark Matter SRt i o

the visible disk

* Higgs mass (naturalness problem) o
* Matter-Antimatter asymmetry e ‘ oo 20000 0000 40,000

Distance (light years)

Standard Model Particles Hypothetical SUSY Particles
@ v &
g Higgs g Higgsino S
74 % DARK ENERGY  22% DARK MATTER
’ Yal Vi < - '
W DD w
Quarks L 2 FJ Squarks  Slept SUSY f 3,695 TNIERGA ACHIE GAS
uarks epions orce quarks eptons orce s :
carriers carriers 0.4% STARS, ETC.
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New physics searches

mixed sample 2

N\

>

dN/dmres

background

/

mixed sample 1

11/30/23 ATLAS artide taekim@hanyang.ac.kr

* Traditional way: Bump hunting

* Combining with technique:
Classification without labels
(CWola)

* Fully data driven machine-
learning anomaly detection

23



gluon and quark jets Physically motivated
observables still

necessary?

arXiv:1612.01551
or

Artificial intelligence
(deep learning) can find

J an optimal solution to
pre-process
the quark/gluon
— discrimination problem?

quark jet

" qq — qq, g4 — qq or gg — qq.

E| g]_uOn ']et

max-pooling

\ ) g9 — gg or qq — gg

11/30/23 X3 taekim@hanyang.ac.kr 24



gluon jet vs quark jet discriminator with CNN

1.0 —————

]
,,,,,,,,
'
:::::
ty

0.8

5 1000 GeV Pythia
@ 0.6H ... Girth
& Charge Particle Multiplicity
§ Leading Energy Fraction
S 0.4 ...+ Two Point Moment
5 N95
— BDT of 5 jet obs.
0.2 H — Fisher LD
—— Deep CNN grayscale
— Deep CNN w/ color
0.0 : : : L
0.0 0.2 0.4 0.6 0.8 1.0

Quark Jet Efficiency

11/30/23 taekim@hanyang.ac.kr 25



Traditional Programming

Data

Program

Machine Learning

Data
Output

from Pedro Domingos
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> Qutput

> Program
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Al everywhere

* Trigger

* Object ldentification

* Reconstruction

* Precisions measurement

 Search for new physics

11/30/23

taekim@hanyang.ac.kr

27



Challenges

-6 -4 (2

CMS Experiment at LHC, CERN

Data recorded: Tue Oct 18 21:11:41 2016 CEST

Run/Event: 283453 / 53384671

Lumi section: 90 muon

: pr = 28.9 GeV
AK4 jet { n = 0.17

Er = 73.1 GeV b =234
n=0.21 > '
¢ =2.31

AK4 jet

pr = 62.2 GeV
n = 0.22 "'

¢ = —0.82




HiLumMi

LARGE HADRON COLLIDER

LHC HL-LHC

I =15 13.6 TeV 13.6 - 14 TeV
e

energy
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7 TeV ﬂ button collimators interaction i _ inner triplet _ HL hHC
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII
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beam pipes : 2 ; : HL upgrade
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HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. |”| PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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Streaming data rate [B/s]

Data rate
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https://arxiv.org/pdf/2209.07559.pdf

100 TeV Future Circular Collider
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