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Introduction

e Calorimeter R&D projects in Korea: optical fiber-based calorimeter

e FCC-ee (+CEPC) IDEA detector: Dual-Readout Calorimeter

e EIC ePIC detector: Barrel Imaging Calorimeter
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Introduction

e Calorimeter R&D projects in Korea: optical fiber-based calorimeter

e FCC-ee (+CEPC) IDEA detector: Dual-Readout Calorimeter

e EIC ePIC detector: Barrel Imaging Calorimeter
IDEA ePIC

Muon System Solenoid Dual-readout Fiber HCAL

Forward Calorimetry
(EM and Hadronic)
../

_ Dual-radiator RICH




R&D on Detector Technologies

Implemented through Detector R&D (DRD) collaborations hosted at CERN, with review and oversight provided by
DRD Committee (DRDC) and ECFA Detector Panel

DRD1: Gaseous Detectors
Large - Fast - eco-friendly
gases - MPGD, e.g. GEMs

PICOSEC: NIMAS03

(2018) 317 oucwy | e

DRD3: Semiconductor Det.
Monolithic CMOS - LGADs -
radiation hardness. - interconns.

DRD6: Calorimetry

Energy resolution - High
granularity - dual readout -
particle flow - sandwich - optical
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DRD7: Electronics

ADC/TDC IP Blocks - Opto-
electronics : packaging - power -
extreme environments - COTS -
intelligence on detector foundry

Si-Fiber couple s

access

DRD2: Liquid Detectors
for Neutrinos - Dark Matter
- Ovbb

Noble Elements Liquid Scintillators || Water Cherenkov

« Visible Scintillation,

« Cherenkov light,
light propagation
» Doping for n-capture

light propagatidn
transport « Scintillator properties

« Isotope loading,

DRD4: Photon detectors
vacuum,.solid-state (SiPM),.hybrid

single-photon and SciFi detectors -

applications in PID and RICH

......
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DRD5: Quantum Sensors
Quantum dots - superconduct.
nanowires - bolometers - TES -

MMC - nuclear clocks

First applications for DM, first
projects in HEPP happenmg

DRDS8: Mechanics

Ultra-thin beam pipes - CF foam and
new materials - curved, retractable
sensors - air & micro-channel cooling
- eco-friendly cooling fluids - robots -
augmented reality
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Status of Participations in Korea

Institute o
Osong Medical Innovation Foundation Won-Kyu Lee
DGIST Gain Kim
Hanyang University Tae Jeong Kim
Seoul National University Do Won Kim
University of Seoul lan Watson
Yonsei Cancer Center Dong Wook Kim
Kyungpook National University Chang Seong Moon
Kangwon National University-Gangneung Minsuk Kim
Hanyang University Byunggu Chun
Korea University Jae Hyeok Yoo
Kyungpook National University Sehwook Lee
Sungkyunkwan University Beomkyu Kim
Yonsei Cancer Center Dong Wook Kim
Hwidong Yoo
Yonsei University Jason Lee

Sanghoon Lim



DRDCalo Activities in Korea

e Huge participation in the DRD-Calo arelcals
collaboration from the beginning

ECFA DRD Calo - Proposal Team T— |

Coordinators: Roberto Ferrari, Gabriella Gaudio (INFN-Pavia), R.P. (IJCLab)
Representative from ECFA Detector R&D Roadmap Coordination Team: Felix Sefkow (DESY)

WP 1: Sandwich calorimeters with fully embedded Electronics — Main and forward calorimeters
Conveners: Adrian Irles (IFIC, adrian.irles@ific.uv.es), Frank Simon

(KIT, frank.simon@kit.edu), Jim Brau (University of O , jimbrau@ .edu), b 1 1 /9_ O )
e B (e o g b e e . imad.lakineh@inZp3.1) 1st collaboration meeting (4/9-11, 2024

WP 2: Liquified Noble Gas Calorimeters
Conveners: Martin Aleksa (CERN, martin.aleksa@cern.ch), Nicolas
Morange (IJCLab, nicolas.morange@ijclab.in2p3.fr), Marc-Andre Pleier (mpleier@bnl.gov)

WP 3: Optical calorimeters: Scintillating based sampling and homogenous calorimeters
Conveners: Etiennette Auffray (CERN, etiennette.auffray@cern.ch),

Macro Lucchini (University and INFN Milano-Bicocca, marco.toliman.lucchini@cern.ch),

Philipp Roloff (CERN, philipp.roloff@cern.ch), Sarah Eno (University of Maryland, eno@umd.edu),
Hwidong Yoo (Yonsei University, hdyoo@cern.ch)

WP 4: Electronics and DAQ
Christophe de la Taille (OMEGA, taille@in2p3.fr)
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DRDCalo Activities in Korea

+ Hwidong Yoo cdrelcals

e Current WP3 coordinator (elected)

e (Calorimetry group co-coordinators in FCC Detector Concept Group

MANAGEMENT: Chair: R. Ferrari
Chair: R.P., Deputies: M.C. Fouz, M.A. Pleier
W. Ootani G. Gaudio
WORK WORK PACKAGE 1 WORK PACKAGE 2 WORK PACKAGE 3 WORK PACKAGE 4
PAC KAGES: Z?Ir;d;v::ezzgirgfet;zmgg Liqugzle:ﬁ:zlt)éersGas Optical calorimeters Electronics and DAQ

Coordinators: Coordinator: 1iCoordinator; Hwi Dong Yod Coordinator:

L. Masetti N. Morange Deputy:M-Lucchii- = 7' C. de la Taille
A. Irles
WORKING :
GROUPS: Coordinators: uzzari
L. Pezzotti

v




All CMS members!

Part |I: Dual-Readout
Calorimeter for FCC-ee
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Prof. Kyeongpil Lee Prof. Sehwook Lee Prof. Minsuk Kim

Prof. Jason S.H. Lee Prof. lan Watson



Dual-Readout Calorimeter (DRC)

e FCC-ee (+CEPC) IDEA detector: Dual-Readout Calorimeter

ORORORORORORORORORORORO)
ORORORORORORORORORORORC

Fiber pattern RD52

: S: Kurary SCSF-78
Wi/ ) : C: Mitsubishi SK-40

gure 29: Barrel region of the dual-readout calorimeter, with a few towers tal
b for visualization purposes (left). Backside of one tower with the assembly of tul
1 the support structure around them, forming one tower (right).




Dual-Readout Calorimeter (DRC)

* DRC offers high-quality energy measurement for both EM particles and hadrons \ =T 22 o /~'
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 DRC consists of two different optical fibers (S, C) in a single component

* The main culprit of poor hadronic energy resolution is fluctuations of the
EM shower components of hadron showers (fem)

e fomcan be determined using the measured values of O i ]
e : 9T — EM particles
scintillation and Cerenkov signals [+ EGeVy,et _
_ . 0.8 |« EGeV protons
* Excellent hadron energy resolution can be achieved by - + EGeV pions
correcting the energy of hadron event-by-event [ hadronic
- 1 - 06T particles
SZEfm+@ng“-ﬁ4’ o — (W)= (C/S)h/e)s S |
i M(C/S) 1= (h/e)] —[1 = (h/e)s] o4l
C—E|f. + 1 (l_fem)]’ ( )[1 = (k/e)s] —[1 = (h/e)] I
L (e/h)c - /
02+ Ny : f
£ S—xC S - (he)e
1 —’Y 00 j /., N I R | M R | L l
0.0 0.2 04 0.6 0.8 1.0
P 1 — (h/e)s ke—— (hle)g ——| S/E
cotd = =Y,
1 - (h/e)C Signal generation: Scintillating & Cerenkov fibers
‘ CERN RD52 experiment \>/ /\\4)*\\ [ "T N
Leakage counters ",_. ".. >
Scintillating fiber: ST Cerenkov (clear) fiber:

10 red light, random blue light, directional



World-Wide Collabor

Telp

2023.May, DRC barbecue party
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What Team Korea has done since 2020

e All aspects of the DRC R&D toward FCC-ee detector design (TDR)
Module building

Training
next generation

GEANT4 simulation /
data analysis

2 Cun| Cro78%NEs % | Brass| C : 85.8%/VE+6.1% y Fen| C:84.7%/VE+5.9%
= S : 27.5%/VE+2.2% | S : 26.5%/VE+2.7% " S :27.7%/NE+2.9%
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~
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Test-beam
experiment
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Initial Contributions for CDR

 Dual-readout calorimeter R&D team has contributed major role for
CDRs of both CEPC and FCC projects (published in 2018)

Released CEPC CDR, Vol. 2 — Physics and Detector

November 2018 S = Executive Summary
IHEP-EP-2018-01

Barrel IHEP-TH-2018-01 1. Introduction

2. Overview of the Physics Case for CEPC

3. Experimental Conditions, Physics Requirements and
DCH Rin 30 cm _ CEPC Detector Concepts

5 4. Tracking System

_ 5. Calorimetry
CalRin = 250 cm \ Volume Il - Physics & Detector 6. Detector Magnet System
7. Muon Detector System
8. Readout Electronics, Trigger and Data Acquisition
9. Machine Detector Interface and Luminosity Detectors

Preshower

DCH Rout = 200 ¢cm

Detector height 1100 cm

,I

Conceptual Design Report

_{

I Cal Rout = 450 cm

] |

EASS Magnet z = + 300 cm 10. Simulation, Reconstruction and Physics Object
Performance
4 CDR volumes submitted to EPJ in December 2018. 11. Physics Performance with Benchmark Processes
The CEPC Study Group 12. Future Plans and R&D Prospects
C ST ST October 2018 13. Summary

e - = Glossary

= Author List

Released CEPC CDR, Vol. 1 and Vol. 2 — authorship

November 2018 IHEP-CEPC-DR-2018-02

IHEP-EP-2018-01

IHEP-TH-2018-01

1149 authors from France

FCC-ee: FCC-hh: CEPC 222 institutions S
ity The Lepton Collider ~ The Hadron Collider Conceptual Design Report i
S &) Springer Volume Il - Physics & Detector
: - ST 29% from foreign institutions
FCC Physics —
wgw - etherlands
Opportunities ‘ HE-LHC: RATRG
The High Energy :

Large Hadron Collider 24 countries

The CEPC Study Group

Copies can be requested at
October 2018

http://get-fcc-cdr.web.cern.ch
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Module Building

@ Dual-readout calorimeter (DRC) from Korea DRC group:
Two optical fibers (S and C) with Cu absorber

- Various Cu forming was studied and tested for the last few years K _

- Test beam experiment has been performed at CERN SPS or PS since

2022
TB2022 |

R e Bl L el Gadad

EM Performance Study

Cu Plate

PMT SiPM

10 ~120 GeV et

S—

@SPS H8

J

TB2023
B e 1N

TB2024

Low Energy
EM Performance Study
3D-Printed Module,
SFHS, Lego-Like
PMT, MCP-PMT
0.5~5GeVe™
@PS T9 14

EM&Hadron Performance Study
SFHS, Cu Plate
90% lateral hadron deposit, ~10 4.,
PMT, MCP-PMT, SiPM
10~120 GeV e*, 20~120 GeV =™
@SPS H8

TB2025

e Sklved EinHe st Sink

EM&Hadron Performance Study
SFHS, Cu Plate

90% lateral hadron deposit, ~10 4.,

PMT, MCP-PMT
Frame & DAQ upgrade from TB2024
10~120 GeV e™, 20~120 GeV 77 /p
@SPS H8



Module Building

Latest result:
TB2026 @CERN SPS

(27 July - 03 August, 2026)

e Dual-readg
T

© Module: Skived Fin Heat Sink (SFHS) Module
- Depth: 2.5 m (~10 4;,)

- Effective radius: 17 cm
© Readout & DAQ: PMT, MCP-PMT with custom DAQ boards (DRS4)

o © Program: EM & hadronic performance fe4t°Sink;
S -e+:6 - 120 GeV beams e Stud

EM Perfg; \ - hadron (z+,p): 20 - 120 GeV beams e 0
~3.5p ACP-PMT N
PM'AITSIPM ' @ upgrade from TB2024
PMT, MCP-PMT @SPS H8 10~120 GeV e™, 20~120 GeV ™ /p
0.5~5GeVe™ @SPS H8

@PS T9 15

10 ~120 GeV et |
@SPS H8 /
N




Cu Forming R&D

e Try to find a solution for mass production with local mechanical engineering
experts and manufacturers

e Skiving fin heatsink, 3D metal printing, drilling, etc.
Prototype at 2026

TB2023 3D metal printing’L | e | EE———
| IR ! Pin: ~0.4mm |
4 = ?

Tmm Tmm 0.5mm

0.5m

-1 B 3 o = 3
—————
: 3 S .

Structure of 3D-Printed Module

45mm (pin to pin)



3D Metal Printing ™

— e
e

/

LTSS




Drilling Module

 “Drilling” might be another good option for copper forming to build
full 4pi detector

* Prototype has been tested at KEK PF-AR




Readout R&D

- Usual towers: PMT for each S and C fiber type

e Readout detectors

35 towers x 2 fiber type = 70 channels

- M5T3: high-granularity MCP-PMT -> 8 fibers / channel (64 channels per fiber type)

(64 channels + 1 sum channel) x 2 fiber type = 130 channels

- Total 70 + 130 = 200 channels

Naming convention for each module & tower

PMT (R11265-100)

TrrLIe.

e 58
e oo

Py e EEEE NP i el L ~ MCP-PMT
Y . Bt et . XP85012 (S), XP85112 (C)
o HL - LT -_-'NQ‘L 471 %




DAQ R&D

- Customized DAQ system based on DRS4 chip
-> fast sampling rate (5GS/s) & excellent timing resolution

. Total 13 DAQ boards (32 channels / board) and 1 TCB board

DRS4 chip
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Customized MCP-PMT R&D

e SiPM based high granularity system R&D: DRC-EU, DRC-US teams Photonis

e MCP-PMT based high granularity system R&D: DRC-Korea

e Collaborating with Argonne Nat. Lab. Medium Energy team

* Achieve readout dimensions comparable to the module

front face -> compact design | asem
| o | A
* Enable evaluation of smaller pixel sizes with alternative 8888@“
pixel geometries (e.g. rectangular shapes) ” —
0 || — Tt
=1 [
for Cherenkoy signal
L ‘ H IL \I 8 pixels
- [ L L0

~J i o

8 pixels

- Front side of two MCP-PMTs - - Pixel array (ceramic pad) -
I

<.



Test-beam Experiments at SPS

e Experimental setups for 2022, 2024, 2025, and 2026 (2023 at PS)

Cherenkov z=0m

Counter (1,2) DWC 1 Veto 11, T2 DWC 2 MC

- North Area (SPS H8)



Team-Korea for Future Collider

» Students participation: TB 2022 (23), TB 2023 (15), TB 2024 (25), TB 2025
(20), 2026 (28)

e Training next generation is one of the most important missions




Team-Korea for Future Collider

e Students participation: TB 2022 (23), TB 2023 (15), TB 2024 (25), TB 2025 (20), 2026 (28)

e Training next generation is one of the most important missions
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Test-beam Campaigns (2022 - 2026)

Date D(‘v'vr:;il‘(’)“ Facility e Energy (GeV) Detector Type M°‘(’:r:?3)3ize Weight (kg)
08/17/2022 1 SPS 10 -120 DRC 10x20x250 300
07/05/2023 1 PS 0.5-5 DRC 10x10x50 30
08/07/2024 1 PS 0.5-3 BIC 15x9x32 15
08/07/2024 3 SPS 10-120 DRC 30x30x250 1500
07/23/2025 1 PS 0.5-5 BIC 32x15x24 30
08/06/2025 1 SPS 10-120 DRC 30x30x250 1500
07/27/2026 1 SPS 10 -120 DRC 30x30x250 1500
08/24/2026 1 PS 0.5-5 BIC 40x40x100 100
03/19/2025 1 PF-AR 0.5-5 BIC 32x12x24 30
06/12/2025 1 PF-AR 0.5-5 BIC 32x15x24 30
11/27/2025 <1 PF-AR 0.5-5 DRC 15x15x50 50
05/14/2026 1 PF-AR 0.5-5 BIC 40x40x100 100
05/22/2026 <1 PF-AR 0.5-5 DRC 15x15x50 50



Physics Programs for 1Bs

EM performance: EM response - linearity & resolution
Uniformity scan (EM)

Hadron performance: hadron response - linearity, resolution, and
features (™, p, jet-like) o

— w/o calib

Time performance: time resolution

O R LI T T 7 03 02
. Time [ns]
Multi DRS4

High granularity test: position resolution A 15620 Scint Equaized - 1536 evts

20




Event

Resolution (o/E)

Test-beam Results

* Analyses and paper preparations are on-going e

800 B Entries 6979
B Mean 17.01
| Std Dev 4.459
Calorimeter response %2/ ndf 830.6 /85
600~ 17858 Gev Constant  651.2+11.2
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Simulation/SW Framework

e Contribute on many centralized SW developments

e Migration to DD4HEP framework

e Faster simulation: developing optical photon transport in GEANT4

=> O(100) times faster

* Migration to Key4HEP framework

e Add digitization, reconstruction, calibration, etc.

Key4HEP migration

fullsim fastsim
GEANT4
WGR16
A v
V0.0.1 V0.0.1_fast
DD4hep
Evolved into V0.0.2
Git_IDEA_CALO_FIBER
Y
V0.0.2.3
\J
m Key4hep

+ EDM4hep
+ Gaudi

— Fully compatible with FCCSW at this stage

Simulation flow

:l Pythia8 Particle gun |E

GenAlg
EDM4hep

| SimG4FtfpBert |

v

SimG4OpticalPhysicsList |

E | SimG4PrimariesFromEdmTool |:

'I SimG4FastSimPhysicsList |'

E | SimG4SaveDRcaloHits | :¢ | SimG4FastSimOpFiberRegion | '

| SimG4SaveDRcaloMCTruth I

| SimG4DRcaloActions |

SimG4Alg

I
c
=3
©
c
=3

SimG4Svc

EDM4hep

=] ﬂ events;1
| DRealo2dHits
A DigiCalorimeterHits
ﬁ DigiWaveforms
& DigiWaveforms_0
& DigiWaveforms_1
A RawTimeStructs
& RawTimeStructs_0
% RawTimeStructs_1
& RawCalorimeterHits
A SimCalorimeterHits
| SimCalorimeterHits#0
4| RawWavienStructs
& RawWavilenStructs_0
& RawWavilenStructs_1
HINCParticles
HIMCParticles#0
HIMCParticles#1
ﬂ Leakages
& Leakages#0
| Leakages#1
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Faster simulation

Standalone GEANT4

DetectorConstruction()

DD4H

DD4hep

Mimic already existing intdvic&enerators

GEANT4

DD4hep

| .|
| GEANT4 Proto-EDM | )

Proto-EDM

2000mm Energy Resolution (MC TF)

E | | C:0.178//E+0.00643
0.09F | DD4HEP x/n:806/6
E ¥ $:0.134//E+0.01393
0.08: ¥2/n:9.01/6
0.07: o Sum : 0.114/YE+0.00212
E ¥2in:547/6
o.osE g
0.05F - \_\.\
9= T .
0.04
e N w0
= ~__ ~
£ R -
0.03F . S
0.02F T "\.‘.\
0,0|E -
0:\ L1 L1l L1l L1l L1l L1l L1 11l L1
045 040 035 030 025 020 015 010  0.05
1E
2000mm DR EM Energy Resolution
0.09 r
'g £ \t C:0.172/{E+0.00881
008: - Geant4 %/n:2.006/3
e ~ ; $:0.132/{E+0.01497
C * . \\\ %/n:0566/3
0.07— B ~
= -— C+5:0.119//E+0.00229
C . L ¥¥/n:3.152/3
006 ———
0.05F \\
0.04F
0.03—
0.02]—
0.0 E i L i i - i

With CLIC tracker

EP migration

FCCswW

MDI codes [link]
LHE! et MDI formats
Pymiod HopEvi/ MO format
[~ Interface HepMC reader readers.
Pileup / MDI overlay

G4 Full / Fast DO4hep
Geometry

Reconstruction

Analysis

Important for a longitudinally
unsegmented calorimeter




Performance Studies (Simulation)

E « _
—_— _ 0.25
e C ; C : 0.182/VE+0.007 . VE +
C .y . P 0.10 : bk Resolution C : 0.793+0.094/\/£+0.0590.011
E 16— Position Resolution S :0.130/v E£+0.015 S : 0.241+0.056//E+0.026::0.007
— T C+5:0.113/VE+0.003 0.20 1 DR : 0.259+0.035/v/E+0.017-0.004
8 - o 0.08 4
bl 1.4_— 9/,/
12— f,/” 0.06 4 o131 *
C 7 By
L i ©
1 .
N & 0.04 4 0.1o
- 3
0.8— 2
n 42+0.1 0.021 0.05 1 . - ' .
06— 041£0.02+—— |mm T
- VE EM Energy Resolution Jet Energy Resolution
j”l v e v v b e by o by oy by by 0.00 T 1 1 1 f ' ' T e
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.45 0.40 0.35 0.30 _ 0.25 0.20 0.15 0.10 o 0.14 0.13 \,"'J._) o1 \,"'m
~ 11/E o
gitudinal shower profile reconstruction Average scitiiation Enannel inmags
e Y n° nt
@ . . @ . ] .
¢ ¢ ¢ ¢
Average Cerenkov channel image
e Y n° nt
200 © . - ® » ® »
Particle IDs with ML
¢ ¢ ¢ ¢
ROC curves Image Classification 10-100 GeV AUC
1.00
3500 1 *hadronic P Often W p 0.999 0.999 0.999 | 0.663 0.683 m‘
have additional “legs” 35001 $ n
] \ B =1720 w00 w0 20,95 .
— . [ K
2500 - :“f_ Er*el'm - 1022 2500 L I'_ .G S’G- " BG. :AUC
' = W L
o &  Eon=20.04 - : b 0.00l|— n° vs y:0.979 K?
1 _ ] = 0
fi = —— n%vs e :0.977 n+
1 £ 1500 4 o
o . =1 n® vs it : 0.999 i
i ¥ 0.85 " n
) _— - —— yvsn':0.998
,m%gg'”igow | i 0 @ —— e~ vsnt:0.998 €
! T A
fﬂ{r“ 0 yexs =000 20 GeV 1+ 0.8 . v v -
11500 — 29 0.80 0.85 0.90 0.95 1.00 Y

Signal efficiencies




Simulation: 4pi Geome

® Detector geometry in the GEANT4 simulation
* 4pi full projective DRC implemented in the GEANT4
» composed with ~ 52000 individual towers

« Each tower has 2.5 m length

> which corresponds to
~ 10 nuclear interaction length

> allowing us to get ~ 99% energy deposit
for EW window

> implemented by ~O(1000) fibers
in copper absorber

2.5 m

20 GeV e- example

Cerenkov channel i
0 20— Total_C_Hit EC
% 200E- Enties 1000 5"‘"95 “9033
Z .C Mean 1465 & T S1d Dev 0.924
E StdDev  68.47 g 180 22/ ndf 11.08/ 12
160 } ‘ 4 C Constant 171+ 6.9
0: i 160 Mean 19.94 + 0.03
140— . - . E Sigma 0.924 + 0.023
3 Scintillation channel ] E Es
OF } - Total_S_Hit 140 Entries 7000
= £ - E Mean 20,04
E { { E 160~ Entries 1000 120— Std Dev 0,888
80— z C Mean 2.25e+04 C 22/ ndf 1495/ 11
sof- b ; 10~ SdDev 9782 100~ Constant 1763 7.1
E E E Mean 20.02=0.03
a0 ' 120~ 80— Sigma__0.8947 = 0.0230
20~ 100~ s0F—
Bt E
0 500 1000 1500 20 80— + 40—
sof- } } 200
£ £ J ]
40—
= h 0 30 35 40
20—
F t E [GeV]
Covvn b b b o v v B e 0 L buw o
5000 10000 15000 20000 25000 30000 35000 40000 L] -
# of p.e. alibration

Incident particle

Optical
Photon
GEANT4




Simulation: 4pi Geometry

Response

Energy reconstruction with Jet events
* Obtain energy response from whole detector
> e.g) 40 GeV u and ubar quark event
u
= corresponding energy is 80 GeV
180°
Estimation of Jet energy resolution with u quark jet simulation )
u
* Generated u and ubar quarks have the energy from 20 GeV to 110 GeV
» Resolution result for each energy is scaled to 1/ JE
« Stochastic term of resolution: 34.6% stochastic term — with 100 GeV: 3.7% res
1.3 Ly 03
- + Cerenkov + Scintillation + DR B B __ Cerenkov
125~ B 0.794/VE + 0.041
L 0.25| -
1_1'2_ B Scintillation
- B 0.347/VE + 0.011
1 :_ ° ° e ) Cce ® ° L] 02—
o ~ DR
0.9 ;_ o eew e . . - | 0.346/VE +0.002
- 0.15F
0.8 'Z— B
= Z
0.7 P 0.1}
C ® ° [ ] -
06 « ¢ = : ‘
E 0.05— .
0.5 B —
04: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | O_ 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1
0 50 100 150 200 250 0.18 0.16 0.14 0.12 0.1 0.08 0.06 0.04
Etruth 1/\/E

World the most and best precise simulation results!
Presented at CALOR 2024 (May g?, 2024) and paper in preparation



Simulation: 4pi Geometry

@ Energy separation between the events with 80, 91 and 125 GeV u and ubar quark jets simulation
* As future collider experiment aiming to see Higgs, mass separation between bosons is the most important aspect

« The DRC shows good separation between the energies that correspond the mass of bosons

w —
o 220 — 80 GeV (40 GeV u and T Jets)
Z — u=79.1GeV,c=382GeV
. . 200 — 91 GeV (45.5 GeV u and T Jets)
« Each simulation correspond to the - T =903 GeV, 0 =35 GeV
180 —
— 125 GeV (62.5 GeV u and T Jets)
. — =124.5 GeV, 0 = 4.2 GeV
» e.g) 40 GeV u and ubar jet events 160 = h=124.5GeV, o ¢
= 80 GeV ~ W inv. mass 140—
120 —
100 —
80—
60—
40—
20—

O \
50 60 70 80 90 100 110 120 130 140 150

E [GeV]

Presented at CALOR 2024 (May 23, 2024) and paper in preparation
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Particle ID with ML

e DL implementation setup for extended particle identification

Hierarchical point set feature learning

10

O 1 Scintillation fiber - weight, bj - bias
(}f Cerenkov fiber f - activation function

Q “ L__ SiPM @<

; Rear @<

side .
.
(X SETIAE (5[ [foue |2
B
, VvV  yvi=f(Zw;ix; +b;) " , )
o DA sampling & pointnet  Sampling & pointnet
Inciden | \ 1st Layer 2nd Layer grouping grouping
directio _ T Y I y
' Y Y
_____________________ Nth Layer :
fibers set abstraction set abstraction
inside
tower Dual readout Calorimeter (cross-section)

 Performance is quite promising compared to the classical
approach

. 1.0 : : , 1.0 1 — : —_ ;
—+—F £ i £ 1t —— £ I _I_’_I_"_l_'_I_‘_[_‘_V_‘_[_'_'_‘—I—'_[_F[—#—[—*’_I_"_[_:—%
§ §.
j . | Target 0.5 Target
' 0 %81 + EM vs Hadronic O +  EM vs Hadronic
<DE o yvsmO ?[ -+ yvsn®
0.71 4~ meson vs baryon 0.71 4 meson vs baryon

| == e T “+t
N 0.6- 0.6
£ o M (2260 41.9) S 2 0.5 T T T T T

. , 05— . | | | | | |
e o 4.8 e —-0.2 —-0.1 0.0 0.1 0.2 02 04 06 08 1.0 1.2 14 1.6
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Comparison for Various Absorbers

Simulation setup is based on Geant4 toolkit, 10.5.p01, physics list FTFP-BERT.

<

The geometry is longitudinally unsegmented, box shape, 7x7 modules.

5 different absorbers were used —

Copper, Brass (Cu:Zn=7:3), Iron, Lead, Tungsten

N
7

1mm diameter scintillating & Cherenkov (Clear) optical fibers are implemented.

Optical physics process inside fibers are fully simulated.

<

SiPM is attached for each single fibers.

J L,l———“" el — el | ||
Fi

iber + Glass + Readout
SiPM — Hamamatsu S13615- 1025N

1.00 mm 1 00 mm ‘ ' ’

0.97 mm 0.5mm 0.98 mm

Optical Photon
inside fibers,
(GEANT4)

Polystyrene PMMA
(SCSF —78) C (SK — 40)

Fluorinated Polymer

Rearside of module (GEANT4)

o NIM A 1090 (2026)



Comparison for Various Absorbers

=z “F .| Cue™ | C: 19.0%/VE+0.5% = "F Brass| C: 18.7%/VE+0.4% = "F Fee™| C: 17.9%/VE+0.5%
S b w | StI3A%/NVE+L5% & ST St 13.8%/VE+1.2% S s | St13.7%/VE+1.0%
S | Sum: 11.4%/VE+0.2% |3 o, Sum : 1L7%/VE+0.1% | § oo | Sum : 11.1%/VE+0.1%
L2000 S S N s O O T N L3 S N T e N T O S S AN

0.5 0.5 0.45 0.4 0.35 0.3 0.25 0.2 0.1;/\/%1[660.195_1/2? 0.5 0.45 0.4 0.35 0.3 0.25 0. 0. 51/\/% [6310/5—1/2(])

< "°F Pbe™| C: 18.2%/VE+1.9% 2 C: 22.7%/VE+4.9%

R S — S : 10.9%/VE+2.6% D S : 13.0%/VE+6.4% .

= Tl = Energy resolution of electron,

S r | 1 12.79 +0.39 S : 14.19 +2.09

Sl [ Sum: 12 7%/VE+0.3% | Sum : 14 ROAGACZRLE 5110 Gev 0,) = (15, 1.0

é 0.06:— 5

: Resolution = 0/Mean
Sum = C + S

« Used mean & RMS of guassian fit function of reconstructed energy — Scintillation Cherenkov, and Summation channel.
« Energy resolution of electrons, 5, 10, 20, 30, 50, 70, 90, 110 GeV.

 Low Z absorbers show relatively better resolution than Pb, W — 11~129% of stochastic term.

o NIM A 1090 (2026)



Comparison for Various Absorbers

Resolution (a/u)
o o < et g e
N w B (&) D ~
O [TTTT ‘ TTTT ‘ FTTT ‘ FTTT ‘ TTTT ‘ TTTT ‘ TTTT

o
=

oo

| Cum

o b b b by by b b b Ty

C : 87.8%/VE+5.9%
S : 27.5%/VE+2.2%

| DR : 25.8%/VE+1.0%

o e
) ~

Resolution (a/u)

Resolution (a/u)

a[TTTT[TTTT [ TT T T[T T T T[T T T T[T TTT[TTTT
' \ \ \ \ \ \

Brass

C : 85.8%/VE+6.1%
S : 26.5%/VE+2.7%

| DR : 26.9%/VE+1.0%

0.35 0.3 0.25 0.2 0.15 1/(\)/_]E_ [8-251)/—1702]
Pbmt™| C: 112.9%/VE+5.8%

S : 31.5%/VE+1.6%

DR : 32.5%/VE+0.8%

Resolution (a/w)

0.25 0.2 0.15 0.1 0.0

1/VE [Gesv-‘f?Z]

Resolution (a/w)
o o o o o o
N w B (6] (2] ~
OV[TTTT ‘ FTTT ‘ TTTT ‘ FTTT ‘ TTTT ‘ TTTT TTTT

o
=

oo

Fet

C : 84.7%/VE+5.9%
S : 27.7%/VE+2.9%

| DR : 28.9%/VE+1.1%

o
)

o
)

o
~

W™

C: 107.1%/VE+6.6%
S : 29.1%/VE+0.3%

| DR : 26.4%/VE+0.5%

Energy resolution of pion,

5~110 GeV, (6, ¢) = (1.5°1.0°)

Resolution = 0/Mean

S, C,Dual Readout corrected

« Used mean & RMS of distribution of reconstructed energy — Scintillation Cherenkov, and gaussain fit for DR corrected ch.

« Energy resolution of pions, 5, 10, 20, 30, 50, 70, 90, 110 GeV.

- Low Z absorbers show stochastic term of corrected channel under 30%, for copper — 25.8% /VE
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Toward Engineering Design

39 modules / wheel
14 wheels for barrel (5.6 m)



Part |ll: Barrel Imaging
Calorimeter for EIC




Barrel Imaging Calorimeter

o Korea-BIC group will construct 50% of BIC detector at EIC project

e 2026-2033 (7 years), ~$13M, PI (Hwidong Yoo)

Pb/SciFi Layers - 17 rows of fiber
between corrugated lead.

se ctor Mechanics Each sector has 12 Pb/ScFi layers.

12cm _ Individual light guides divide each
layer in 5 readout cells.

110

105}

. Quter Plate (Al)
~—y 25mm thick

/ SiPMs - 5 per layer
—  x 12 layers = 60

\ (Hamamatsu

| S$14161-3050)

38.18am

|
' End of Sector Box
(ESB)

AstroPix Layer 2 (empty)

Pb/ScFi Layer 1

Total BIC weight ~42.5 US tons i LR
ORI R 2 Tray - Structure
holding the AstroPix
AstroPix Module - Nine AstroPix sensors stavesgfor a single
daisy-chained together on Flex PCB. layer (217.5 cm
A stave consists of 12 modules. long).

A tray contains of 6-8 staves.

~100 m? of silicons / ~5,000 km of fibers 39



Pb/SciFi Layer Technology

0.06 mm (GlueX)
0.02 mm (BIC)
(cladding)

: [ cladding
\J
w 5 tborcore
.

[ tead

Our Pb/ScFi layers follow the GlueX Design
Energy resolution at GlueX: 0 = 5.2% /NE & 3.6%"

e GlueX has 15.5 Xy, and could not constrain the constant term
(due to low energies) — fixed in FTBF/CERN Beam Test (< 2%)

Position resolution in z: 1.1cm/\E 2

1.22 mm

longitudinal direction

0.233 mm

e 2-side SiPM readout, At measurement

Mature technology used in Barrel ECals (GlueX, KLOE)

e Detailed studies on calorimetry performance, including the light
collection uniformity in fibers, light collection efficiencies, etc.

e Construction (lead handling, swaging, Pb/ScFi layers assembly,
module machining) is fully developed for GlueX

Z. Papandreou, https://halldweb.jlab.org/DocDB/0031/003164/
Long-lead procurement items are ongoing for BIC (past FDR)

e SiPMs 1.2 x 1.2 mm? arrays, 50 um pitch (Hamamatsu S$14160-6050-04
or similar)

° Single Clad Kuraray (SCSF-78, ® 1mm) Nucl. Instrum. Meth. A, vol. 896, pp. 24-42, 2018

1)
2) Nucl. Instrum. Meth. A, vol. 596, pp. 327-337, 2008
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Imaging Layer Technology

4cm

AstroPix quad-chip

Imaging layers will use the AstroPix sensors
e Developed for NASA AMEGO-X space mission
arXiv:2109.13409 [astro-ph.IM]

Top Bus Pads

Bottom Bus Pads thlp-to-Chip Pads
NG
Key features: i

e Very low power dissipation - will be used in space!
Good energy resolution (thick silicon sensor)

Tracker Module —»

500 um pixel size (~144 um resolution)

First silicon layer has sufficient resolution to be
used as a tracking layer behind the DIRC
(replacing the MPGD layer)

Pixel

VDDA

1
1

I . .

1

1

! CSA “ilte
1

" ‘

: « ~
1 C X
1

1

1

1

1

1

1

/\

AMEGO-X Detector

arXiv:2208.04990 [astro-ph.IM]
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BIC Organization Chart

ePIC Leadership BIC DSC Board EIC Project L3 CAM

ePIC Technical Coordination

Spokesperson: DSC Leadership (DSL) : : L3 CAM for Electromagnetic Calorimetry: || Technical Coordinator:
+ John Lajoie (ORNL =7) + Sylvester Joosten (Argonne 1) = Alexander Bazilevsky (BNL ¥1) « Silvia Dalla Torre (INFN Trieste 1 1)
Spokesperson and TC: = Hwidong Yoo (Yonsei U ) - BIC Project Management Deputy Technical Coordinators
+ Silvia Dalla Torre (INFN Trieste k1) | -# = Maria Zdrek TATgonné ) . grsa:ha:‘ G:t;o ga('ggN :]!L]
: | Other Stakeholders Proi . . ar Hartor
i : roject Manager (and DSTC):
e eseerENIEerEeNnTIsErIEEsREnRIIEEL : « Zisis Papanaeou (U. Regw\a (8 )) . Jessica Metcalfe (Argonne !’) : « Matt Posik (Temple U, u)
« Regina Caputo (NASA-GSFC =) Deputy Project Manager : i
mcprmgr « Sylvester Joosten (Argonne 1)
+ Jessica Metcalfe (Argonne ®1) + Maria Zurek (Argonne =1)
) T
AstroPix Wafers || Modules & Staves Mechanics Sectors ESB i  DAQ & Readout System Testing || Software & Sim
TM: Manoj Jadhav (Argonne =1) TM: Sylvester Joosten (Argonne =4) TM: Zisis Papandreou (U. Regina 1#1) TM: Maria Zurek (Argonne 1)
Deputy TM: Sanghoon Lim (PNU =) Deputy TM: Hyon-Suk Jo (KNU =) Deputy TM: Shinhyung Kim (KNU ) Deputy TM: Jeongsu Bok (PNU =)
chip support | Module esion nssembly sews sugntoudes | e systemoemonsiration | Rapid Rosponse
PoC: Richard Leys PoC: PoC: Tom O'Connor PoC: PoC: Zisis Papandreou PoC: Regina Caputo PoC: Henry Klest PoC: Maria Zurek
Sites: + Manoj Jadhav Sites: « Kevin Bailey Sites: Sites: Sites: Sites:
« KIT = « Anthony Affolder « Argonne =4 Sites: « U. Regina ¥1 « NASA-GSFC =2 « Argonne =1 + Argonne =3
» NASA-GSFC = + Sanghoon Lim - : o + Argonne ¥4 « KNU = . - / + U, Regina ©! + U. Manitoba -1
- . g 3 . w - - s « P K « PNU =
stes S - ——— | - U 4
_ - UCSC = PoC: Vic Guarino x , ) PoC: Norbert Novitzky ——
PoC: Sanghoon Lim + PNU = Sites: D PoC: Aram Teymurazyan Sites:
Sites: \ y « Argonne ®2 Scintillating Fibers Sites: « ORNL =2 PoC: Bobae Kim PoC: Chao Peng
o= SO ey S (L | R M
- Y PoC: Steven Welch « U. Regina 1 ) - . , + U. Regina ©! + U. Manitoba 11
Sites: PoC: Andreas Jung + Argonne & Cooling . « EIC Korea »: + U. Regina
‘ " Oktanoma sate =1 | | Shes: : ) Pocwouterpeconinck | T l T
PoC: Jessica Metcalfe \ o Purdue =1 | Sites: . PoC: TBD e i L . J
* Argonne & Assembly & Install. + Argonne =i + Argonne ¥4
|- PNU | s \ /|« ORNL =2 z PoC: TBD
« Kevin Bailey \ / - « Argonne =1
Glossary « Dan Cacace PoC: PoC: Maria Zurek . .
h U. Manitoba 11
. - . Sites: « Zisis Papandreou Sites: « PNU »
gusgomltrlmm C?I:mter « Argonne =3 « Wouter Deconinck - Argonne =4
s ontrol Account Manager « BNL (EIC Project) =4 « Shinhyung Kim « U. Regina
DSC: Detector Subsystem Collaboration « ePIC BIC DSC &2 Sites: « BNL (EIC Project)
DSL: Detector Subsystem Lead L ) U. Reina 11
DSTC: Detector Subsystem Technical Contact v eglpa 1
ESB: End-of-Sector Box * U. Manitoba ¥
ETC: End-of-Tray Card (AstroPix module RDO) - ML All%on u. e
FEB: Front-End Board * KNU ==
PoC: Point-of-Contact b g
PM: Project Manager
QC: Quality Control
RDO: Readout board
TBC: To Be Confirmed BIC ORG Chart v1.0
I:?’TT":&?::"“'"“’ Note: The BIC internal work packages (AstroPix Wafers, Modules & Staves, Mechanics, Sectors, ESB,
M Tee anager ) DAQ & Readout, and System Testing) are integrated under the EIC Project P6 Work Packages

N
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Test beam Experiments

icm 2.5cm 16.25 cm
— S — —

Wire
chamber

Bigger, Deeper Pb/SciFi setup: 32x12x21cm?

Refine calibration procedure

Smooth operation with new DAQ

Operation of auxiliary detectors: Hodoscope, Trigger

Energy Resolution

© o EKrequiamentz 100E @ 42-ar%

*  TON2HWKEL PF-AS

preliminary
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Beam-test at CERN (8/24-31)
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Shower Profiles of electrons and pions

e CERN PS T10 in July 2025

Pions

Electrons

Postion Diflerence{AstroPix1 - AstroPix() Positon Differsnce(AstroPi@ - AstroPix0) Pesition DMerence(AstroPix! - AstroPu0)

Postion Difference(AstroPx2 - AstroPx0)

———

- | rdres neo

* W s 0327

Meony Qo0

%k D x $750

S5 Ows y 8308 o

12¢

10¢

00

o

©

i 0

1.5 Lo T o

20 0 1] w0 E) 30

A2l

Position difference Position difference Position difference
between 1st-2nd layer between 1st-3rd layer between 1st-2nd layer

~ i}

ST

Position difference
between 1st-3rd layer

~(Hl

Proof-of-principle imaging of electrons and pions was performed
using a synchronized AstroPix setup in the beam environment.

Proof-of-principle imaging of electrons and pions was
performed using a synchronized AstroPix setup in the

beam environment.

arXiv: 2605.07681, accepted by NW
45

1)§)26

C

Test-Beam Performance of the AstroPix Silicon Sensor for Imaging Calorimetry

Yoonha Hong®', Jeongsu Bok™', Geunpil An?, Joonsuk Bac*, Yunseul Bae*, Regina Caputo', Yun Eo®, Wooseok Ham®,
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Energy Resolution (%)

14+

12}

—
o

@
T

Energy Resolution & Linearity

Electron Energy Resolution at CERN PS T10, 2025 (Work In Progress) KoBIC WIP
— Fit: ‘,AIB 05/\ E )3' + (0.85)2 + ( OAUOCUO,IL"J: E L B | 1 T 1 ] LI T I 1 1 1 l LU | T
EIC requirement: 1;& :» 2-3% § : * 2025 CERN PS T10 :
\ 2025 CERN PST10 (WIP) LLI . MC ]
T50.95 -
o - i
Lu - -
— . -
ponm e ~ R il -, et 1 R
0.9+ —
- - A
\ .
e i ]
0.85 -
N " " ) 3\ _I | - | 1 L1 1 I 1 11 1 | 1| 1 I - 11 l 1 1 1 1 I | | - 1 I 1 I—
4 5 e 7
’ ' ‘ ’ Electron Energy (GeV) 0 1 2 3 4 5 6 7
e beam energy [GeV]
. . . Of a )
Resolution : (Stochastic) 8.05 %, (Constant) 0.85 %, (Noise) 0.00 % [—’ == ® b c/E
- \,"‘ v

The energy resolution has been progressively improved, achieving the best performance in this beam test.
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AstroPix Test System

e test

“Tikt Mseusad Stspz
Y Axis

|__Probe Call Vision
Probe Test
Rosstion Mokiriax) Prube Test Board
Sensor picker
NG Tray Bottom Vision Top Vision
| (Inspection) |
Working stage | Vision
s e g inspection
| Z Axis Stage | %’

Cooperate with wide semiconductor industry infrastructure in Korea
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Schedule

F || _— || _— || _— l
' I
10/2029 02/2030 04/2030 09/2031 02/2032 06/]032 11/2032 | 02/2033 02/2033 06/2033 06/2033
A A

A

Pre-OPS »

¥

Install Cradle and

moving mechanisms | J\ o Heal ePIC Solnoid Upper Hcal Barrel ECal installed Puter MPGD
IR-6 ready for installed installed installed , backward ECal
Magnet Njappijn and DIRC
installation Prep. Work for Magnet rfeady viag PR e o = stalled pfRICH and
for mapping ~ in IR complete dRICH installed
Magnet, e.g. Cryo. - roll back to
by 07/2030 south and north
01/2032 06/2033 attached In parallel we can assemble PST Start
with Silicon Detectors, MPGD \ . Commissioning
Disks and TOF Disk — d with Cosmic

SVT, TOF, MPGD-disks

and Cymbal
installed
fHCal and backward fECal and backward From the 7th EIC RRB meeting on June 9-10, 2026
flux-return endcaps HCal assembled
assembled
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Summary

e |n Korea, Calorimeter R&Ds for future collider projects, particularly, FCC-
ee and EIC are quite active and exciting moments are on-going

e \We successfully launch two major projects for FCC-ee and EIC
e We are world-leading group for dual-readout calorimeter for FCC-ee
e Korean group is leading the construction of BIC detector in EIC project

e Construction cost (> $13M) has been approved
by government and congress in 2025

e 7/ year construction program starts
this summer!

e Half of BIC detector will be fully constructed
iIn Korea!

Bright future for next generation and stay tuned!
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