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and enhancing sensitivity with
hardware triggers and artificial intelligence
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Research history

* Ph. D. on Belle/Belle Il experiment
@ Korea University

> Search for CP violation in Charm mesons

»Level 1 CDC track trigger (FPGA)

* Post-doc/Scientist on CMS experiment

"Korea University

@ University of California, Santa Barbara ! Expormenai Parice [P
- - A= ris y @ s B

>Search for HH + pss

»Muon Detector Upgrade Coordinator

* Assistant Professor @ Korea University

Working with 5 grad-students + a KU HEP-ex group
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Probing Higgs boson and enhancing sensitivity

HL-LHC hardware track trigger
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HL-LHC hardware track trigger |3
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Overview of Al in particle physics

How has Al been used in particle physics?

Al papers for HEP since the Seoul Olympics (1988)

How will Al be used in particle physics?

Jaebak Kim (Korea University) o= 10| X|=2|22| 2026 & St=CHZ| (2026.06.11) 8



How has Al been used in particle physics?

1. Reconstruction / Pattern recognition \ -
/ Computer Physics
. . . ? Communications
» Hit reconstruction, Track reconstruction, ... : 49 (1988) 429-448
;
++ f«t
2. C|aSSiﬁC3ti0n CERN-EP-2025-103 b-jet
» Triggering, Particle identification, ... ight et %
Q,C’G\\QJ Secondary vert
3. Modeling distributions / Regression rimry s 3<%

»NNPDF, correcting distributions, estimate background distributions, ...



Papers of Al in Particle Physics since Seoul Olympics

Computer Physics Communications 49 (1988) 429-448
North-Holland, Amsterdam

First paper that used Al in particle physics. \ i o

Track reconstruction:

Year 1988 NEURAL NETWORKS AND CELLULAR AUTOMATA | NN finds lines that g
IN EXPERIMENTAL HIGH ENERGY PHYSICS

connect detector hits (+). i
Reconstruction | B
Laboratoire de I’Accélérateur Linéaire, Orsay, France ‘ d)
+4 44
Physics Letters B 295 (1992) 383-395 Track
North-Holland Energetic di-jet mass parameter
° (c) IV
g q
Year 1992 g™
. . . O | -
Classification of the hadronic decays of the Z S 02
. . into b and ¢ quark pairs using a neural network E [ & wm om_ o mER B S BB
Classification s o O s s 5 61 & 5 ORI

ete™ collision experiment from 1989 to 2000 up to /s = 209 GeV



Papers of Al in Particle Physics since Seoul Olympics

Year 1997/

Classification

Nucl st $ ¢ Methods in Physics Res h A 997) 128-13
uclear Instruments and Methods in Physics Researc 389 (1997) 128-133 NUCLEAR

INSTRUMENTS
& METHODS
IN PHYSICS

RESEARCH
Section A

Realization of a second level neural network trigger
for the H1 experiment at HERA

e p collision experiment from 1992 to 2007 at /s = 320 GeV

Trigger-levels
at H1
hold- :
signal :
1 B.C.=96ns ~10MHz
................. Ll-reject 1:n:::] 2.3 ps  (pipelined)
L1

hardwired logic

L2-reject

Year 2009

Modeling

Available online at www.sciencedirect.com

ScienceDirect

NUCLEAR
F'HYEIBS

el

ELSEVIE

Nuclear Physics B 809 (2009) 1-63

www.elsevier.com/locate/nuclphysb

A determination of parton distributions
with faithful uncertainty estimation

NNPDF Collaboration
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Papers of Al in Particle Physics since Seoul Olympics
Year 2016-present: b-jet tagging

Classification

* Algorithms

»DeepCSV (2016): Deep MLP

»Deeplet (2018): CNN + RNN

»UParT (2022): Transformer NN

Jaebak Kim (Korea University)

CERN-EP-2025-103 b-jet
50 CMS Simulation Preliminary 13.6 TeV
S R T N ML B E S S
O s
light jet g - ttevents, pr > 20 GeV, |n| < 2.4 /
'O i CSVv1 (Likelihood ratio - Run 1) /]
< = — CSWv2 (MLP - Early Run 2) /|
SHY c 1o DeepCSV (DNN - Run 2) /
o& Secondary vertex _g —— DeepJet (CNN+RNN - Late Run 2) ¢
i 8 —— ParticleNet (DGCNN - Early Run 3) /
EA _.'% —— UParT (Transformer - Run 3) //
Primary vertex T - GC) /
Impact 5.2 S arXiv:2412.05863v1 /
parameter 0 1077 / ]
E | /
kS /
:T: / 4
e / !
. /// | Better
/
/ =
/ |
'
10-4' P / | I ;|| .// . /I/ . M
0.0 0.2 0.4 0.6 0.8 1.0
b-jet tag efficiency
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How will Al be used in particle physics?

* Past Al usage * Additional current/future
1. Reconstruction Al usage ChatGPT
~
2. Classification 1. Coding & Documentation
3. Modeling distributions 2. Differentiable experiment
AUODQM o e e design optimization

. Sample SingleMuon SingleMuon
DQM source: Offline

Run 356001 355998_355993_355991_355988
Subsystem: CSC
RT—

«— 3. Experiment monitoring

hORecHits hORecHits hOSegments

——— | J 4. And more ...

'.i._'_"_! “Anomaly detection for automated data
guality monitoring in the CMS detector”
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Higgs boson measurements

H = Zy and HH + pss



Search for H - Zy

* Motivation:

» Close to finding evidence of decay at

B(H - Zy)B(Z - ¢+¢7) ~ 1.1x10~*

single experiment (CMS 1.90) pal

CMS-PAS-HIG-25-010

> Sensitive to new particles

['(h—Zy)/SM

**E.g., Composite Nambu-Goldstone -

20+

f =500 GeV
0.1<r<25
f =800 GeV
01<r<25

H IggS mOdeI Rescaling tree—level
couplings ogjyy = Vv2/ f 2
. p- . 00— - , F : : ]
o Small modifications to H — yy 06 -04 02 00 0.2 0.4 0.6
om/m
o Large modificationsto H = Zy “New Prospects for Higgs Compositeness in h>2Zy”
Jaebak Kim (Korea University) o= 10| X|=2|22| 2026 & St=CHZ| (2026.06.11) 16




CMS Preliminary

138 fb" (13 TeV) + 62 fb " (13.6 TeV)

Our group’s 2026 CMS result

%502— —e— Data
o F S+B
* Extracted signal yield by fitting m(££y) Baok e B only
gSOf— e +0.52
over smooth background 2 © Background W= 11010
Higgs signal &~%
10—
ML: Machine Learning g E
. LS
e Used ML to create 13 categories, and got P P % 3 P
a 110 120 130 140 150
+0.5 : 1 2026 CMS PAS (HIG 25.010)  MwlGeV)
H — 1.1_0'6 and 1.90- Wlth 200 fb data. \ c':nsss,f:brem(n\;,frwaV)szm ' (Vs =13.6 TeV) S S b4 Total ---SM — Simul fi
 Improved expected significance by 30% e -+ owit i
compared to previous result using — o

138 fb! data.

PAS: Physics Analysis Summary



Ongoing research 2 Run-3

600

CMS 2010 7TeV 450pb1

w2011, 7 TeV, 6.1 fb /
-1
77500 | m— 2012, 8 TeV, 23.3 fo 450 fb
2 m— 2015, 13 TeV, 4.3 fb™
> 2016, 13 TeV, 41.6 fb™
% 400 w2017, 13 TeV, 49.8 fb™
g m— 2018, 13 TeV, 67.9 fb
5 — 2022, 13.6 TeV, 41.5 fb™"
= 0 o 205 156 eV 52 fo Data used for 2026 PAS
T m— 2024, 13.6 TeV, 122.2 fb™" 200 fb1 f
> 2025, 13.6 TeV, 125.7 fb™" ,/
@ 200
I= m— 2026, 13.6 TeV, 33.1 fb™" /
‘_3 https://twiki.cern.ch/twiki/bin/view
© 100 : Dbl
— /CMSPublic/LumiPublicResults
—
0 1 —_ /I ] ] ] ] ] ] ] ] ] ] ] ] ]
VN o\ Z g gt a0ND goh® g\ T geh® g0\ 020 g02' 022 23 g2k 02d 20

Date

1. Going through CMS reviews for 2026 PAS to publish paper this year.

2. Including remaining Run-3 data and enhancing sensitivity

Jaebak Kim (Korea University) o= 10| X|=2|22| 2026 & St=CHZ| (2026.06.11) 18
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Search for HH + p™ss

[Motivation]

* Searching for BSM Di-Higgs

: . miss £ = 3000 fb~! Reach
production with p7
10 Type-I seesaw
MSSM ———
Supersymmetric seesaw
* Probes many BSM models Litle Hige
»SUSY: [
~0 =50 ~0 50
o pp — X3Xz = HH + Y1 X1 0.1}
> Litt I e H iggs : 200 4;)0 (il()() 8I()() 1(;()() 1200
M /(GeV)
o pp = ZyZy - HH + AyAy N_evy Physics Opportunltles.m the Boosted Dl-t:hcg)gs—BisEIn Plus
Missing Transverse Energy Signature” KIAS 0 & & ==l
Jaebak Kim (Korea University) o= 10| X|=2|22| 2026 & St=CHZ| (2026.06.11) 20




O u r rO u ’S R u n_z res u It CMS | |Pred $ Data 137 b (13 TeV)
g p = Resolved, 1.1 < ARpax < 2.2 5 Resolved, ARpmax < 1.1 Boosted
L N,=3 : N,=4 N,=3 : N,=4 PNyt Ng=2
10° E g?'ss [&GeV] 5 g%”'“ [;ieV] 3 g?“'“ [?GeV] ] g?'“ [Sevl p%"': [GeV] p%"': [GeV]
= 2, D, D g, %0, B, B g, "%, %, D g, %0, %, D g, D, D, v B, D,
° ° - ~ 6’00 @00 700 005 900 000 700 (27} % @00 700 002 c”oo L?oo 700 005 6‘00 )00 002 6‘00 )00 [27)
* Split data into 22 categories T | :
o = —
> F . L ol
o qc_) 10 ==
and apply ABCD method using  &"¢ ..
e “
Higgs mass and b-jet category. F
10 E | | 1 | | 1 1 | 1 B 1 | | 1 | | 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Bin number
CMS 137 fb™ (13 TeV)
> [T T . 137 b (13 TeV)
825;’Bgtrfn4zat32b ~ TChiHH-G(500,1) 40| 5 '° "CMS v v e ‘éé' o
M : H - i _ L 1 = pp — X X" — X9X9 + Xyoq = HHGG + X
e Set 95% CL limits in m~o for 2 [ - TONHHG(175.1) 4o TOHHG(E50.1) 40 | £'10 T =t = e @ 21 GO
Xl 24 C ARpax < 1.1 ] -.8' 10*
S t 1 o 95% CL upper limit
Lﬁ 15:— + : : . § 10° —— Observed
- = EBEeS\ .. e Expected
] [} [] F (©) o W\ el
simplified SUSY model. Jr }ﬂ | SRS .
| | 10 0 - e
.k i
» Improved by 30% compared to e ob WE I £ e — %
gls 15 + || | 1 FmewEm
j‘%g L — H ++:+-0- """ |} """""""""" E 10 e a0 o0 800 1000 7200
1 aliS a E 70
previous result. s 03 ‘I’ R LA N m(X) [GeV]
0 50 100 150 200
<m,, > [GeV]
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Ongoing research

1. Analyzing neutralinos having different final states JHEP 03 (2018) 160

CMS O G S 35.9 fo' (13 TeV)

>H(bb)H(bb) + phiss
»H(bb)H(yy) + piss

>H(bb)Z(£¥) + ppss

»Adding channels improves model coverage.

200 400 600 800 1000
Higgsino mass m  [GeV]
X1

2. Enhancing sensitivity to H(bb)H(bb) + piss

Jaebak Kim (Korea University) ot 00| X|Z2|et2] 2026 & SH=CH 2] (2026.06.11) 22
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Hardware Trigger research for
High-Luminosity LHC (HL-LHC)

Enhancing measuremen t efficiencies



Hardware (level 1) track trigger in experiments

NIMA 1078 (2025) 170577

. L] L]
Hardware track trigger allows highly sl 2 1568 Evr 78335
Event from 2019
efficient experiments. 160
50
* Developed with FPGAs -
L 0
Three-dimensional Fast Tracker for the Central Drift Chamber Based Level-1 S | R JNees i RN e
Trigger System in the Belle Il Experiment
Contents lists available at ScienceDirect — 5 O
Nuclear Inst. and Methods in Physics Research, A
journal homepage: www.elsevier.com/locate/nima
—100 s L
A software framework for pipelined arithmetic algorithms in field ' SR
programmable gate arrays Lo Stereo CDCHit TRG2DFinder
J.B. Kim, E. Won * e Axial CDCHit
Physics Department, Korea University, Anam-ro 145, Seongbuk-gu, 02841 Seoul, Republic of Korea = = 2 | i ' :
] . . -100 =50 0 50 100
My primary author papers using FPGAs for Belle Il level 1 trigger x (cm)

Jaebak Kim (Korea University) o= 10| X|=2|22| 2026 & St=CHZ| (2026.06.11) 25




F PGA fOr expe ri me ntS My co-developed CMS CSC DAQ board
* Developed FPGA board for CMS.

JNA

July 27, 2022 bgb
The Ohio State Uniy
&

» Served as acting Upgrade et

° o
coorainator 1or uon grou |8
. 2
@]
=3
Muon Institution Board _ FE 5
Muon IB Chair CSC IB Chair RPC IB Chair | GEM IB Chair CMS./ i =
— A. Colaleo 1 5. Durkin M. Tytgat B. Choudhary = D ¢
Deps: P. Iaydjiev, R. Erbacher ,,,\\ A\l
: <\
& T 1 e -
_I Conf. & Pub. Board B. Pavlov (Chair), . R. Lopez and I. Vai (co-chairs) Internal Scrutiny Group Outreach BE fupp
(0T) MBKiani, B. A Gonzalez, A. Sharma: (CSC) M, Herndon, J. Richman, R. Breedon, D. Loveless; (RPC) ME, J. Hauser (Chair), F. Geurts., P.Paolucci, €U, Estrada
‘Shopova . Qian, EF.Vazquez, K.5. Lee: (GEM) P,_Karchin, O. Bouhali, P.5 Iaydjiev, L.Vai: (DPG) A. Sharma U. Yang, M. Dragicevic (ext) !
Muon SM
<=1 6. Pugliese To FE »l
Dep.: T. Kim Muon Management Board Reps.
TCO AD"EO ~_ECO _’I
CSC PM RPC PM GEM PM MTO | LBorgonovi — 5. Meola From FE |7 5 Rt E S
D. Morse S. Buontempo 6. Lentdecker 6Mocellin :
Dep: J. Wang D=Es= N. Zaganidis Deps:M. Naimuddi RMO %'gcé — ch, E
S. Fonseca I erTs I. Pedraza —‘ e orayn B. Kiani .
i Optional SFF
CSC RM |8
M. Herndon &
CSCTC
M. Ignatenko
Dep: E.Kuznetsova
CSC DPG
T. Cox
Dep: V. Valuev
Ccsc uc
J. Kim
Dep: T. De Bruyn
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FPGA for expelments Me
' \J A 7. ':1:, '—'t' .g ‘ — |4
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N @

L25-28Aug 2025, Inst/tute of Ocean Science Educatlon Gangneung -Wonju University-
/ DEXX| 5}2_1_0”&‘;[53&!9[ k1§A|a|EH3|’_1 rip (s U el By ae{CHstn 7|jQ f._}OjQEI %Pé_rjxr_“_t—\ X}o:\"\\.'es}of\:‘l)‘

Pa=X=T i

'Y
N —sww s Wl 0N \—”””TTT

Now helping others learn about FPGAs W|th support from communittee

Syllabus of “FPGA-BASED DIGITAL SYSTEM
DESIGN FOR PHYSICS EXPERIMENTS”

Professor: Jaebak Kim (jaebak@korea.ac.kr)

Course goals:
e Learn about Field Programmable Gate Arrays (FPGA)
e Make firmware for Physics experiments

Jaebak Kim (Korea University) o= 10| X|=2|22| 2026 & St=CHZ| (2026.06.11) 27



CMS hardware track trigger for HL-LHC research

https: //cmsexperlment web. cern. ch/detector/ldentlfylng tracks 7

* CMS is developing hardware track trigger

for silicon detector for HL-LHC.

* Challenges due to large number of hits at

”Connectmg the dots 2020”

XN N
T
/ ~N \
Our group has started working on this project )‘"\\
“Tracking Triggers for the HL-LHC”
Jaebak Kim (Korea University) Sh=2 00| X| 22|53 2026 & St OS] (2026.06.11) L~ > 28
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Track trigger enhance physics sensitivity

CMS Phase 2 Simulation 14 TeV

AL LA LA BN BELANLANLE IELENLENLEN BRI R

* Hardware track trigger increases « [ Thresholds Thresholds for _-
. — u with L1 tracks — rate of 42 kHz (“) E

sensitivity to many physics processes S | Hwithoutli tracks  ~ rate of 28 kHz (e)

. — e with L1 tracks

."2 4 : - > e without L1 tracks N
s g o a—
. . E. : E I “« : :
* Di-Higgs search becomes more S sk Tracking Triggers
:é i : for the HL-LHC”
.. . < | - _
sensitive to low myy region, where 2 & Single top -

tt— bbrvgq

—
LI

HH —bb 1t = bb 1y, + v

Higgs self-coupling contribution is large

1 I :I 1 1 I 1 :I 1 I 1 1 1 1 1 1 .
20 40 60 80 100 120 140

Lepton p; (GeV)

Jaebak Kim (Korea University) o= 10| X|=2|22| 2026 & St=CHZ| (2026.06.11) 29
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Artificial Intelligence research

Enhance measurement sensitivity

Analysis strategy based Al classification
Efficient Al on FPGA

New platforms for Al



Enhancing H = Zy with Al

* Machine learning (ML) classifies events into e

bins. Signal extracted with m,,,, distribution.

* Analysis strategy based Al
» Optimized for expected significance

» Avoid sculpting m,,,, distribution

* Future research: Consider fit stability.

138 fb-! (13 TeV) + 62 fb~' (13.6 TeV

CMS Preliminary * \[/);tsaz
+y

Z+FakePhoton
mm Z+y
—— Total Signal x 3

n
(ol
o

n
o
o

Events / 0.01

XGBoost

Evel

Data - B model

nts/(1 GeV)

CMS Preliminary 138 fo” (13 TeV) + 62 fb™ (13.6 TeV) MS Preliminary 138 fb" (13 TeV) + 62 fb™! (13.6 TeV)
000

-e-Data

---B model

— S+B model
1o

20

-e-Data

---B model

— S+B model
1o

Events/(1 GeV)

6000

DN ®mon s> oSN
s e

ll# thHx ) +u+ I**

FUk I ARA ML

§§)

Data - B model

m;, (GeV)

PHYSICAL REVIEW D 109, 096035 (2024)

Training toward significance with the decorrelated event classifier
transformer neural network

Jaebak Kim®"
Department of Physics, University of California, Santa Barbara, California, USA

® (Received 18 January 2024; accepted 24 April 2024; published 24 May 2024)

Also working on Al for other analysis strategies.
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Combining FPGA research with Al research

Nuclear Inst. and Methods in Physics Research, A 883 (2018) 83-89

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

A software framework for pipelined arithmetic algorithms in field
programmable gate arrays

J.B. Kim, E. Won *

Physics Department, Korea University, Anam-ro 145, Seongbuk-gu, 02841 Seoul, Republic of Korea

_|_

JAEBAK KIM

] ‘Eventchssifer transformer output

PHYSICAL REVIEW D 109, 096035 (2024)

Training toward significance with the decorrelated event classifier

transformer neural network

Jaebak Kim
Department of Physics, University of California, Santa Barbara, California, USA

® (Received 18 January 2024; accepted 24 April 2024; published 24 May 2024)

Jaebak Kim (Korea University) ot 104 X| Z2|22] 2026 & St=LH

— -

tot

| (2026.06.11)

_ One of my
research
directions

33



Efficient Al on FPGA

* Difficult to implement large Al on FPGAs due

Required DSP resource on FPGA
4 21,100

CMS

to resource constraints FPGA limit

Belle Il
FPGA limit

* Researching efficient ML methods on FPGA to

1 miSS : P CcMS - - \)O \)0 \)O \)O
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New platforms for Al

e AMD has Versal FPGAs that have
Al Engines (AIE)

* Researching the use of AIE for

trigger applications

»E.g., BDT on AlEs >

Jaebak Kim (Korea University)

Versal (VP2802)

~500
Programmable L™\
) <>
Logic (gates) | ,[[| Alengine
<+~
_ C++ code
AIE tiles
g- /‘///,
=
o //
<
1/

st 10| X|Z2|2t2] 2026 & =013 (2026.06.11)

sklearn BDT
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Conclusion: Research program

\acx\\,ﬁ\ AN
. , \;7‘\\*\\ \ “Tracking Triggers
Main target S\ W\ for the HL-LHC”
D

Higgs boson

Production
, +

Artificial Intelligence research

Probing nature with Higgs boson.
Enhancing with trigger and Al.
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Backup
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Analysis strategy ~ -

https://cds.cern.ch/record/2807943

* Reconstruct Z(£ €7 )y H = Z(up)y

candidate event

»Backgrounds: 7y,
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q >
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Y
Category4  Category 3 Category 2
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* Use BDT to categorize events to

500}

Data/MC
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enhance sensitivity

. 0.0 02 04 08 08 1.0
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https://escholarship.org/content/qt56d5x8sr/qt56d5x8sr.pdf

Analysis strategy

* Reconstruct Di-Higgs, with each =
Higgs from two b-jets. : ., [

>H(bb)H(bb) + p'ss

e Background: 2b-jet + fakes

w
o

N
o
— T T T T

»tt and Z — vV processes

% events / 20 GeV

—_
o
LI S

o
T

» Extract signal with ABCD method 5" .l s [ B )
St 1 0f L X| 22|38 2026 £ B e R (mpp) [GeV]

Jaebak Kim (Korea University)
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CMS displaced track hardware trigger research

https://tikz.net/bsm_longlived/

— . (— BSM
(] R proll e
dilepton <@ quark jet

* CMS is also developing a

— anything
\. v

displaced track trigger, that diseppearing displaced
rac epton
enhances sensitivity to BSM Dl & T
long-lived particles. SR
displaced \: \\\ displaced
dijet i ‘\ photon
Our group is focusing on displaced tracks i ¥
displaced ; displaced
vertex conversion
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Enhancing H = Zy with Al

* Optimized for expected significance

»Loss and “early stopping” based on significance.

> Use effective Transformer architecture
= Foundation of modern
Large Language Models

* Avoid sculpting my,,, distribution

» Use distance-correlation regularization
“Robust jet classifiers through distance correlation”

* Future research: Consider fit stability.

Also working on Al for other analysis strategies.
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Training evaluation
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Efficient Al on FPGA

Required DSP resource on FPGA

e Difficult to implement large Al on FPGAs due { 21,100
. CMS
to resource constraints 11100 W Foca it
. . . Belle Il
* Need to optimize neural network architecture | -, 30.50 FPGA limit
H
for FPGAs ORI
@ . 9 ©
. . > % 2%
»E.g., Alternative network structures, pruning % ‘2 2 9
: : < \)@ \)Oo
nodes, reducing bits, ... v
MLP: Multi-Layer Perceptron %o



Efficient Al on FPGA research
« Researching ML methods on FPGA to improve ' NStitnng L nehotson PG4 oo

miss . L. PoS LHCP2025
pr - trigger efficiency . (2026) 209

it ey
e Efficient ML on FPGA can also be used to

develop “smart sensors” to reduce trigger rates

50 ym
125pum_ 7
“Smart pixel sensors: Silicon sensor 2 :
towards on-sensor filtering - . -
of pixel clusters with deep Bump bonding |
learning” 26 pm ~ 2 A"D <«— ADC with Al = —
) 25 ym “ D|g|ta| "“."'.'.'l
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