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Dual-Readout Calorimeter (DRC)
• DRC offers high-quality energy measurement for both EM particles and hadrons


• 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)


• fem can be determined using the measured values of  
scintillation and Cerenkov signals


• Excellent hadron energy resolution can be achieved by 
correcting the energy of hadron event-by event

2

EM particles

hadronic  
particles

CERN RD52 experiment



Status of DRC R&D in Korea
• We are doing all aspects of the DRC R&D


• Module building


• Electronics system


• DAQ system


• Data analysis framework


• Test-beam experiments at CERN


• Full/fast GEANT4 simulation framework (standalone, key4hep)


• Performance studies using simulation


• We expand our activities to barrel ECAL construction 
for Electron-Ion Collider project (BNL)

38 institutes participates DRC projects in Korea



Module Building
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The DRC module used for TB
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• DRC has 50 cm length (~ 25 ), front side cross section of  (~ 2.5 Moliere radii) 

• Dimensions corresponds to ~99 % longitudinal shower containment, ~95 % lateral shower containment 

• Readouts : MCP-PMT and PMT for 3D tower, PMT for others 

• Detector, readouts supported with aluminum profile specially designed for the TB

χ0 10 × 11 cm2

Upstream view of DRC module

~10 cm

~11 cm3D
SFHS

SFHS
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Cu Forming R&D
• Try to find a solution for mass production with local mechanical 

engineering experts and manufacturers


• Skiving fin heatsink, 3D metal printing, drilling, etc. 
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Scintillating fiber

Cerenkov fiber

Copper

1mm 1mm 0.5mm

0.5mm

Structure of 3D-Printed Module

- 3D-Printed module is made using 3D metal printing technology.

- It has projective geometry as a prototype of 4𝜋 geometry aiming

on FCC IDEA detector.

- Total 812 (S 406, C 406) fibers are implemented in copper.

- Fibers are implemented on side of the module, following the

projective slope by varying length.

30mm

30mm

Front Side Projective geometry

45mm

45mm

500mm

Module Setup : 3D-Printed Module
DRC Module of TB2023

Pin: ~0.4mm

gap: ~1.1mm

~12m
m

~12.5m
m

45mm (pin to pin)

gap

3D metal printing Drilling

Skiving fin heatsink

TB2023

TB2024

Future TB



Module for TB2024
• Biggest prototype DRC module with copper-based
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Prototype�Detector�Production
Dual-Readout�Calorimeter

• Arrived module was assembled with another prototype module, which was used in TB2022.

• The total geometry gave more than 90% of lateral shower deposit of hadronic particles,
and length of 10 nuclear interaction length.

2022	
Module

1.6 mm

29.0	cm

29
.9	
cm

./ 01 Sampling�Fraction

2.92�cm 27.91�cm S=5.10%, C=5.77%

TB2024Module Speci8ication
Oct.�25,�2024



Electronics R&D
• High granularity solutions: MCP-PMT (128 ch) vs SiPM (400 ch)
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T1 T2

T3 T4
M1 M2 M3

M4

M7

M5

M8

M6

M9

M10 M11

MCP
Twr

29.0	cm

29
.9	
cm

Oct.�25,�2024

R11265-100

XP85012 (S)
XP85112 (C)

• The DRC module is divided to ‘tower’ unit, each tower is bundled to
single readout channel. (Square type PMT, Hamamatsu R11265-100)

• On M5-T3, MCP-PMT is attached, which provides high granularity,
dividing single tower into 64 channels. (XP85012, XP85112)

MCP-PMT	(	talk	J2.07)

ScintillationCherenkov

Readout
Dual-Readout�Calorimeter

SiPM

S-ch: 200 
C-ch: 200 

on the center of M10



DAQ R&D
• Customized DAQ system is designed: 20 DAQ boards and 1 TCB board (to control multi DAQ boards)


• DAQ board is based on DRS4 chip for fast timing resolution (32 channel / board)


• Very powerful performance during test-beam experiments


• Upgrade plan is under discussion for faster timing resolution
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DAQ�system
Experimental�Setup

Oct.�25,�2024

• The readout channels of auxiliary detectors and DRC module were connected to single DAQ system.

• The whole system is consist of 30 DAQ boards and 1 TCB board, which each DAQ board provides 32 channels.

• Detailed setup will be shown in next talk. (J2.08)

DAQ Board

TCB Board

DRS4 chip
200-400 ps with MCP-PMTs



Test-beam Experiments at CERN
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Overall�Setup
Experimental�Setup

Cherenkov
Counter 1,2 DWC1 T1,T2,

Veto DWC2 PS Leakage Counter
(LC)

Tail Catcher
(TC)

Muon Counter
(MC)

DRC

z =	0	m	

Oct.�25,�2024

0		0		0		
0		

0		0		 0		 0		

Invisible�Block
(Concrete)

North Area (SPS H8)



Training Young Generation
• Students participation: TB 2022 (23), TB 2023 (15), TB 2024 (25)
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TB 2022

TB 2023

TB 2024

SPS H8

SPS H8
PS T8



Experimental Setups
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TB 2024

TB 2023



Results of Test-beam Exp.
• Analyses and paper preparation are on-going
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TB 2022 TB 2023 TB 2024

10− 0 10 20 30 40 50
Energy (GeV)

0

200

400

600

800

Ev
en

t Entries  6979
Mean    17.01
Std Dev     4.459

 / ndf 2χ  830.6 / 85
Constant  11.2± 651.2 
Mean      0.02± 17.88 
Sigma     0.017± 1.507 

Entries  6979
Mean    17.01
Std Dev     4.459

 / ndf 2χ  830.6 / 85
Constant  11.2± 651.2 
Mean      0.02± 17.88 
Sigma     0.017± 1.507 

Calorimeter response

= 17.88 GeV
20 GeV

= 0.894

Energy resolution

= 1.507
17.88 = 0.084

Energy distribution

Gaussian 
fitting function

Figure 20: The measured energy distribution (red line), Gaussian fitting result
(black dotted line) and calorimeter response and resolution of the towermulti
obtained (written by blue color). It is measured from the Sc channel only by
using the 20 GeV e+.

plying the scale factor to the measured energy. Figure 19 shows
the corrected energy of Č and Sc channels with 20 GeV e+ beam
for the towerre f .

3.3.3. EM energy linearity and resolution
The energy distribution obtained from the calibration and

correction, as described in previous sections, is fitted with a
Gaussian function in order to obtain the calorimeter response.
The calorimeter response is determined by dividing the mean
value of the fitted results by the incident beam energy. Figure
20 shows an example of the calorimeter response measured for
the towermulti using 20 GeV e+. The calorimeter response of
the combined channel (Sc + Č) is also measured by summing
up the Č and Sc energies and dividing the summed energy by
two times of the incident beam energy in same event.

As the DRC response should be proportional to the incident
beam energy, it is crucial to show a linearity of the calorimeter
response as a function of e+ beam energies. The linearity of
towermulti and towerre f is studied using e+ beam with energy of
20, 40, and 60 GeV.

The energy resolution �/
p

E is determined using the mea-
sured calorimeter response, by dividing the standard deviation
of the measured energy by its mean value. Figure 20 also
shows the example of calculating the energy resolution of the
towermulti using a 20 GeV e+ beam. The resolution of the com-
bined channel (Sc + Č) is also calculated by summing up the
energy distributions of the Sc and Č channels. This summed
energy distribution is also fitted with a Gaussian function. The
standard deviation of the fit result divided by its mean value
gives the energy resolution of the Sc + Č channel. It is well
known that the resolution scales by 1/

p
E, so that it can be writ-

ten as �/E = ↵/
p

E � � [20]. The ↵ is the stochastic term of
the resolution, while the � is the constant term. The stochastic
term shows the resolution itself, and the constant term repre-
sents the e↵ects originating from the impact point of the beam.

Using the same physics runs for calculating the linearity, the en-
ergy resolution is measured per energy point for both towermulti
and towerre f . A linear fit is performed to estimate the stochastic
and constant terms.

4. Results and discussion

Figure 21 shows the linearity plots of towermulti and towerre f .
For both towers, the Sc channel shows response proportional
to beam energy within ±1%, and the Č is proportional within
±2%. Also, the S c + Č channel shows the best linearity, with
a value about ±0.75%. Therefore, the calorimeter responses of
each channel of the DRC and its combination are consistent up
to ±2% within beam energy of 20 GeV to 60 GeV.

Figure 22 shows the plots of the measured EM resolution of
the towermulti and the towerre f . The Sc channel, Č, and the Sc+
Č channel are plotted for each energy point respectively. The
towermulti shows a stochastic term of 16.2% for the Sc channel
and 35.2% for the Č channel. For towerre f , the stochastic term
of Sc is 15.6% and 31.4% for the Č channel.

Both results showed a lower stochastic term in the Sc channel
compared to the Č channel. The Č channel only responds to
relativistic e+, while the Sc channel produces photons with e+ as
well as other particles. It results in much higher light yields in
the Sc channel. The stochastic term of the resolution is strongly
dependent on the standard deviation of light yield (�ly), and
therefore the Sc channel with higher light yields is expected to
show a lower stochastic term than the Č channel [1, 3], same as
our results.

The constant term of Č shows smaller results than the Sc
channel. For towermulti, the Sc channel constant term is 4.8%,
whereas the Č channel shows a smaller value of 3%. The
towerre f Sc channel constant term is 5.3% and for the Č channel
it is 4.1%. The constant term represents the e↵ects regarding the
impact point of the incident beam. Since Č photons are mainly
produced by the particles around the shower maximum [1], Č is
more robust to the e↵ects of the beam impact point. Therefore,
the Č is likely to show a lower constant term compared to the
Sc channel, as shown in our results.

The best energy resolution is achieved by the combined chan-
nel (Sc + Č) as expected. The energy resolution of the Sc + Č
channel is 17.4% and 4% for the stochastic and constant term
respectively for towermulti. Results in 60 GeV show larger fluc-
tuations, which originates from low statistics due to poor purity

Tower Channel Stochastic (%) Constant (%)

towermulti

Č 35.2 3
Sc 16.2 4.8

Sc + Č 17.4 4

towerre f

Č 31.4 4.1
Sc 15.6 5.3

Sc + Č 19.4 4

Table 6: The stochastic and constant terms of towermulti and towerre f , for each
channel.
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Figure 21: DRC response as a function of incident beam energy for (a) towermulti and (b) towerre f . The blue, red, and black mark represents the Č, Sc, and Sc + Č
channel respectively.
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Figure 22: The EM resolution of (a) towermulti and (b) towerre f . The x-axis is scaled by 1/
p

E. The blue line represents the Č channel, the red line represents the
Sc channel, and the black line represents the S c + Č channel.

of the incident beams. The DRC uses both Č and Sc fibers,
which are designed to have independent sampling structures.
Thus, improvement in the resolution is promising by combin-
ing the photons produced from both types of fibers. The energy
resolution terms for both towers are summarized in Table 6.

Overall, the results of towermulti and towerre f agrees well
with the expected behavior. The Sc channel shows a lower
stochastic term compared to the Č channel, while the constant
term is the opposite. Also, the Sc + Č channel shows best reso-
lution for each energy point.

5. Summary

The Korea DRC R&D collaboration has built two DRC mod-
ules with a length of 2.5 meters (10 nuclear interaction length)
and performed test beam studies at the CERN SPS H8 beam
line facility to measure its EM performance. The DRC mod-
ules are assembled with stacks of copper plates with two types
(Č and Sc) of optical fibers installed on copper plates. A cus-
tomized DAQ system, which consists of the DAQ boards based

on DRS4 chips and the TCB board, is adopted together with the
NIM system and DAQ control PC to take the data.

To ensure the high-quality data, event selections for geomet-
rical acceptance and the PID are performed. After selecting
high-quality events, the DRC towers are calibrated to measure
the energy, and corrections are applied to match the expected
energy estimated by the GEANT4 simulation. Two DRC tow-
ers, towerre f and towermulti, are used to measure the EM perfor-
mance. The towerre f is used to measure the performance of the
most general configuration among the DRC towers, which uses
a round-shaped single cladding Sc fiber and a square-shaped
PMT. The performance of towermulti is measured to find out
the performance of the multi-cladding Sc fiber. The energy of
20, 40, 60 GeV e+ beams are measured, and the linearity and
resolution of the energy measurements are calculated for both
towers. Overall, the results of the two DRC towers show the
expected EM performances and good agreements.
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Result : EM energy resolution and linearity
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• Result with  beam with momentum spread ±0.7% 

• Stochastic term of 25.3% (C) , 13.7% (S), 14.7% (S+C) 

• Linearity : ±1.1% (C), ±2.6% (S), ±2.2% (S+C)
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• DRC shows comparable energy resolution result with previous 

RD52 experiment (14 % stochastic term, ref) even with ~5 % 
lateral shower leakage

±2 %
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Submitted to Journal of Subatomic 
Particles and Cosmology (Elsevier) Presented at CALOR 2024
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Simulation/SW Framework
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• Contribute on many centralized SW developments 


• Migration to DD4HEP framework


• Faster simulation: developing optical photon transport in GEANT4 
=> O(100) times faster


• Migration to Key4HEP framework


• Add digitization, reconstruction, calibration, etc. 

DD4HEP migration

Faster simulation

[link]DetectorConstruction() Mimic already existing interface

DD4hep

GeoSvc

GEANT4

Proto-EDM
GEANT4 Proto-EDM

Analysis

Standalone GEANT4 DD4hep FCCSW

Simulation flow

Key4HEP migration
EDM4hep

13



Performance Studies (Simulation)
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Comparison for Various Absorbers
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3

Geometry, physics setup
Simulation Setup

• 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

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

• Optical physics process inside fibers are fully simulated.

• SiPM is attached for each single fibers.

Rearside of module (GEANT4)

𝜃

𝜙

9
9

x7
 m

m

Fiber + Glass + Readout 
SiPM – Hamamatsu S13615-1025N

Optical Photon
inside fibers,
(GEANT4)

Presented at CALOR 2024 and paper in preparation



Comparison for Various Absorbers
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Presented at CALOR 2024 and paper in preparation

• Used mean & RMS of guassian fit function of reconstructed energy – Scintillation, Cherenkov, and Summation channel.

• Energy linearity of electrons, 5, 10, 20, 30, 50, 70, 90, 110 GeV.

• Regardless of energy or absorber, energy linearity matches in ±𝟏%

6

Single electron – Energy Linearity
Simulation Result

Energy linearity of electron, 
5~110 GeV, 𝜃, 𝜙 = (1.5°, 1.0°)

Cu e− Brass e− Fe e−

Pb e− W e−
Response = Reco. E/Incident Energy

𝐒𝐮𝐦𝐦𝐚𝐭𝐢𝐨𝐧 = 𝐂 + 𝐒

𝐸𝑛𝑒𝑟𝑔𝑦 [𝐺𝑒𝑉]

𝑅𝑒
𝑠𝑝
𝑜𝑛

𝑠𝑒

𝐸𝑛𝑒𝑟𝑔𝑦 [𝐺𝑒𝑉]

𝑅𝑒
𝑠𝑝
𝑜𝑛

𝑠𝑒

𝐸𝑛𝑒𝑟𝑔𝑦 [𝐺𝑒𝑉]

𝑅𝑒
𝑠𝑝
𝑜𝑛

𝑠𝑒

𝐸𝑛𝑒𝑟𝑔𝑦 [𝐺𝑒𝑉]

𝑅𝑒
𝑠𝑝
𝑜𝑛

𝑠𝑒

𝐸𝑛𝑒𝑟𝑔𝑦 [𝐺𝑒𝑉]

𝑅𝑒
𝑠𝑝
𝑜𝑛

𝑠𝑒

±𝟏 % ±𝟏%
±𝟏%

±𝟏% ±𝟏%



Comparison for Various Absorbers
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Single electron – Energy Resolution
Simulation Result

• 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 – 11~12% of stochastic term.

Energy resolution of electron, 
5~110 GeV, 𝜃, 𝜙 = (1.5°, 1.0°)

Resolution = σ/Mean

𝐒𝐮𝐦 = 𝐂 + 𝐒

Cu e− Brass e− Fe e−

Pb e− W e−

1/ 𝐸 [𝐺𝑒𝑉−1/2]
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)

1/ 𝐸 [𝐺𝑒𝑉−1/2]

𝑅𝑒
𝑠𝑜
𝑙𝑢
𝑡𝑖
𝑜𝑛

(𝜎
/𝜇
)

1/ 𝐸 [𝐺𝑒𝑉−1/2]

𝑅𝑒
𝑠𝑜
𝑙𝑢
𝑡𝑖
𝑜𝑛

(𝜎
/𝜇
)

1/ 𝐸 [𝐺𝑒𝑉−1/2]

𝑅𝑒
𝑠𝑜
𝑙𝑢
𝑡𝑖
𝑜𝑛

(𝜎
/𝜇
)

C : 19.0%/ 𝐸+0.5%
S : 13.1%/ 𝐸+1.5%
Sum : 11.4%/ 𝐸+0.2%

C : 18.7%/ 𝐸+0.4%
S : 13.8%/ 𝐸+1.2%
Sum : 11.7%/ 𝐸+0.1%

C : 17.9%/ 𝐸+0.5%
S : 13.7%/ 𝐸+1.0%
Sum : 11.1%/ 𝐸+0.1%

C : 18.2%/ 𝐸+1.9%
S : 10.9%/ 𝐸+2.6%
Sum : 12.7%/ 𝐸+0.3%

C : 22.7%/ 𝐸+4.9%
S : 13.0%/ 𝐸+6.4%
Sum : 14.1%/ 𝐸+2.0%



Comparison for Various Absorbers
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Presented at CALOR 2024 and paper in preparation

12

Single charged pion – Energy Resolution
Simulation Result

Energy resolution of pion, 
5~110 GeV, 𝜃, 𝜙 = (1.5°, 1.0°)

Resolution = σ/Mean

• 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%/ 𝑬

Cu π− Brass π− Fe π−

Pb π− W π−

1/ 𝐸 [𝐺𝑒𝑉−1/2]

𝑅𝑒
𝑠𝑜
𝑙𝑢
𝑡𝑖
𝑜𝑛

(𝜎
/𝜇

)

1/ 𝐸 [𝐺𝑒𝑉−1/2]

𝑅𝑒
𝑠𝑜
𝑙𝑢
𝑡𝑖
𝑜𝑛

(𝜎
/𝜇

)

1/ 𝐸 [𝐺𝑒𝑉−1/2]

𝑅𝑒
𝑠𝑜
𝑙𝑢
𝑡𝑖
𝑜𝑛

(𝜎
/𝜇

)

1/ 𝐸 [𝐺𝑒𝑉−1/2]

𝑅𝑒
𝑠𝑜
𝑙𝑢
𝑡𝑖
𝑜𝑛

(𝜎
/𝜇

)

1/ 𝐸 [𝐺𝑒𝑉−1/2]

𝑅𝑒
𝑠𝑜
𝑙𝑢
𝑡𝑖
𝑜𝑛

(𝜎
/𝜇

)

Cu π− Brass π− Fe π−

Pb π− W π−

C : 87.8%/ 𝐸+5.9%
S : 27.5%/ 𝐸+2.2%
DR : 25.8%/ 𝐸+1.0%

C : 85.8%/ 𝐸+6.1%
S : 26.5%/ 𝐸+2.7%
DR : 26.9%/ 𝐸+1.0%

C : 84.7%/ 𝐸+5.9%
S : 27.7%/ 𝐸+2.9%
DR : 28.9%/ 𝐸+1.1%

C : 112.9%/ 𝐸+5.8%
S : 31.5%/ 𝐸+1.6%
DR : 32.5%/ 𝐸+0.8%

C : 107.1%/ 𝐸+6.6%
S : 29.1%/ 𝐸+0.3%
DR : 26.4%/ 𝐸+0.5%

𝐒, 𝐂, 𝐃𝐮𝐚𝐥 𝐑𝐞𝐚𝐝𝐨𝐮𝐭 𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝



Electron-Ion Collider
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Brookhaven National Lab

3D structure of protons and nuclei Gluon saturation

Proton spin puzzle Quark gluon confinement

5 GeV to 18 GeV41 GeV, 100 to 275 GeV
p/A beam e beam

IR-6, ePIC
Detector

IR-8

A high luminosity (1033 – 1034 cm-2s-1) 
polarized electron proton/ion collider

The EIC luminosity will be a factor 100 to 1000 higher 
than at HERA.

Both electrons and protons / light nuclei will be highly 
polarized (70%).

Science Program: An EIC can uniquely address three 
profound questions about nucleons - neutrons and 
protons - and how they are assembled to form the 
nuclei of atoms:

o How does the mass of the nucleon arise? 
o How does the spin of the nucleon arise? 
o What are the emergent properties of high-

density systems of gluons? 

The Electron-Ion Collider (EIC) at BNL

Brookhaven National Laboratory (BNL)



ePIC Detector
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ePIC 실험 검출기

Korean group is responsible for 50% of construction of EM calorimeter 



EIC (BNL) Activities in Korea
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위치 분해능:
실리콘 검출기 영역
AstroPix
500x500 !"# pixel size

Pb/ScFi 열량계 영역

AstroPix 실리콘 검출기를 위한 슬롯

435 cm

14.9 cm

40 cm

10.3 cm

Fiber direction

o Barrel Imaging Calorimeter
o 4(+2) layers of imaging Si sensors 

interleaved with 5 Pb/SciFi layers 
o Followed by a bulk section of Pb/SciFi
o Total radiation thickness ~17.1 $%
o Sampling fraction ~10%

에너지 분해능:
열량계 검출기 영역
Pb/SciFi
Two-sided SiPM readout

Pixel layers

Pb/Sci layers

Test-beam at CERN PS T9 (24.8)



BIC Collaboration
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Korean institutions for the BIC 

2

Pb/SciFi layers
with two-sided
SiPM readout

Silicon layers
with AstroPix
500x500 !"! pixel size



Roadmap of BIC Construction
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Summary
• Dual-Readout Calorimeter R&D project for future e+e- collider in Korea is very active


• All aspects of the DRC detector R&D have been done


• Innovative R&D approaches for HW systems such as copper forming, 
electronics readout, DAQ


• Wide contribution to next generation of SW framework development under 
global organization


• Various performance studies using  
GEANT4 simulation


• Training next generation of  
calorimeter experts


• Expand our activities to barrel ECAL  
construction for Electron-Ion Collider  
project (BNL)

24 TB dinner at Les Armures Geneva (24.8)


