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1. Introduction

Instrumented return yoke

e Dual-Readout Calorimeter

. i ) Dual-Readout Calorimeter
) The dual-readout calorimeter has been included in the (Korea DRC team contribute)

conceptual design report of both FCC-ee and CEPC 2T coil

I) Non-gaussian electromagnetic fluctuations are a Uttra-light Tracker
major factor that makes it difficult to measure the
energy of hadron shower

MAPS

\ LumiCal

[Il) The dual-readout calorimeter offer high-quality Brochower countars
energy measurement for both EM particles and
hadrons simultaneously

V) Outstanding energy resolution can be achieved by
measuring EM component and correcting hadron
energy event by event

JO Pceereeeeniiiiiiiiiiiiiiiiiiana,
|+ EGeVy,et

08 _ * E GeV protons
[ 4+ E GeV pions

PA (IP)

SIS W Fee
# \ <47 100 km circumference

(),()P’...1.,.1...1.,.1...1..‘|
0.0 02 0.4 0.6 0.8 1.0

|..— (l]f’(_‘}\. 44 S/E

PGA(IP)
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2. Goal of Test Beam

1) Measurement Goal

North area at CERN

Shower depth Position resolution
Time resolution (MCP-PMT) Time resolution (SiPM)
Longitudinal shower profile Lateral shower profile
Light attenuation length EM energy resolution
Uniformity study
2) R&D Goal 3) Training goal
- Readout test (MCP-PMT vs. SiPM) » Training next-generation experts for DRC HW

- Fiber type test (Shape/Cladding)
- Time resolution (< 50ps)

* Timeline (Preliminary) ® Today

Date| | Feb |Mar|Apr| May | Jun | Jul |Aug Sep| Oct  Nov | Dec_
Attach

Module Rebuilding (fiber+Cu) readout Commissioning Shgggﬁ e Test Beam Analysis

/ Test
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2. Configuration

* The dual-readout calorimeter can be divided by 2 parts in building process

i Copper plate Module #1 (2x2)
) PPEr P B __ Module#1

» 61 plates are used to build a module
i) Optical fibers
» Cerenkov fibers: round shape and single

Toweri#1 Tower#2

Tower#3 Tower#4

Radial direction

Claddmg Combination of fibers for Module#1
> Made by M|tSUb|Sh|, Japan Tower #1 Tower #2 Tower #3 Tower #4
» Scintillating fibers: round and square shape seintilation foers | 1 rone o s
. . Single claddi Single claddi Single claddi
& single and double cladding —— — —
Cherenkov fib / / / /
> Made by Kuraray’ Japan SremerTRER Single cladding Single cladding Single cladding Single cladding
Readout detector
o Module 1 o Module 2 (24 ch) 2 PMTs 2 PMTs 2 MCP-PMTs 2 PMTs
> 4 towers > O towers

> Different shape & » PMT & SiPM Module #2 (3x3) Module#2 Module#2
cladding for scintillating I
fibers
> PMT & M CP_PMT / Tower#4 Tower#5 Tower#6
Tower#7 Tower#8 Tower#9
- - 04 1.5 1.0
Implemented Optical Fibers pr B ol e Radial direction

Combination of fibers for Module#2

Ol®ICI®IOIOIOI®IOI®ION®] |15 |-

0.5
imm * r1“nr:1m @ U @ U @ U @ U @ U @ Tower #1~4 and #6~9 Tower #5
0 @U@ @) Scintillation fibers Round / Single cladding ROL:;?:d/dﬁngle
Scintillation (S) Cerenkov (C) Cherenkov fibers Round / Single cladding Ro%?: d/dﬁiggle i
Scintillaton Cerenkov Cu:Te(Cu260,tellurium 0.35%) Re?f(;)ouj1d6etcehc):tor 16 PMTs 400 SiPMs
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3. Process of Assembly

3-1. Preparation
3-2. Assembly
3-3. Reflector

Saga-Yonsei Joint Workshop 6 Jan. 28, 2022



3-1. Preparation

1) Clean up copper plates

* To build calorimeter, we have to disassemble and clean up all plates
because they were used in 2016

Before cleaning
G }'.\‘3:‘\\"-“\"\";3" W '»
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3-1. Preparation

2) Optical Fiber Treatment

* First, we measured 50 optical fibers that are randomly picked:
polished, unpolished Cerenkov and scintillating fibers respectively

Cerenkov fiber

Length of fibers Diameler of fibers @0cm Diameler of libers @100cm
. 100 ; : . ~_hlngh | 2 S Foished Fibers e e
£ . i Mo 07|  ohUnmoisnes Gber ] o
% E_ Pohshed ST N e e . _ — - e - _ e
el i ' af ERUOY SUUR S DO fenale . Jom
70— ; 3 !\’ : F K Dav 0034009 - 86 Dev 00354
= N 20} i - 201 oEe
" Eo ;
s '; _\' “E_” hf_'
20— i ]! : . . s
Wb [ E E |
i L4 PPPTE PP Y P aas ass Los
; T T R e A / “ RN L 08 0085 000 C.006 1 10C6 1.01 1016 102 08 0086 000 C.006 1C06 1.01 1016
g 0 3005 3 ans 3o ometery - diametanme,
the length distribution of unpolished fibers ooTe Diameter of fibers @200cm Dlameter Diameter of fihers @300cm
E : H H 5i S poishe - - - i - —— - T Jn:, iad _
~~Unpolished . & L o N T Y P [ = .z
E : ; : 5_ i i i = - o £ i ‘::‘ I;“
= : : ELLSACL
E K 20 20 S
20— too | L :
= [ F :
15— bt e
E "‘ | .“. 10} .
F : H {
;_' : : : . !. \ Fo ] 3 - :
9;' ; mis‘ e e ‘aéo' = bolo;' = s{’n = Bo‘.;\"“ 202 W | : R W E ol l
engihicmy dbe"oess "aoe Coes W 0 Tole 02 d5a" oges 006 C.996 106 107 TOte
- -
» Length: polished 300.7cm, unpolished 301.2cm
)
-
» Diameter: Tmm
-
> Note: some fibers have cracked or been curved

Scintillating fiber

Length of fibers Diameter of fibers
h length D T S S 1 h_dial
. Entles 50 3 Entrics 50
- Mean  300.9 i Mean  0.3854
RMS  0.0666 | AMS  €.00734
20— . .
15—
15— -
10} 1o
5_— 5} |
TS I A e P AP P T T P -H....I..I.’...“.[nn--nlnltl
900 300.2300.4 300.6300.8 301 301.2301.43C1.€301.8 302 8_9 0.92 094 096 098 1 1.02 1.0¢ 1.06 1.08 1.1
mm mm

> Length: 300.9cm
> Diameter: Tmm
> Note: most fibers have good quality

* We also checked the quality of fibers and discriminated them to good or bad

Saga-Yonsei Joint Workshop
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3-1. Preparation

e Damage Test

* Then, we tested the damage when dealing with the fiber’s surface using various
materials: tweezer, ruler, fiber(Scint.), glove, sponge, PLA, 3D-printed holder,
copper plate

In tweezer case

. Copper Plate

e Polishing Test
* Also performed polishing fibers using sandpapers & polishing film

Before Polishing Step1 Step?2 Step3 Step4 StepS
A
Polishing film
Sandpaper
T 1000 grit 9* Sum 1 um Final film
Sandpaper Polishing film
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3-1. Preparation

3) 3D-printed Tools

e The alignment supporters
* We prepared tools to align fibers when assembling

bt b b ol L B L LA

HiLA wmn\

For module1 : H TR L - For module 2

. Because we Changed the way to align fibers in module 2 assembly,
the different-shaped supporter is used

e Painting supporter
* |t helps to paint the edge of scintillating fiber
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3-2. Assembly
el (VR EN  Cleaning plate and
s Module 2 fibers

Black paint
(Scintillating fiber)

Assemble scintillating

fibers e The process of assembly for

module 1&2 is the same

Assemble Cerenkov . .
e However, there are differences in

alignment, taping, and painting
scintillating fibers

fibers

Taping 5 5
Bl  Module 1 Module 2
_ Al t C: 30mm C: 2mm
Tagging plate '‘ghmen S:2mm | S:0mm
and fibers et
Taping Straight |  Spiral
Writing Logbook | ERRRRSSRSSUSSNISUNSSSIES SN —
Gooale drive .- g After Before
( 9 ) painting inserting fibers | inserting fibers
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=—u Module 2

Assemble scintillating

Assemble Cerenkov

fibers

fibers

fibers

3-2. Assembly

e {LTVER I Cleaning plate and

Black paint
(Scintillating fiber)

"
———

e HOWeVer, there are difterences In
alignment, taping, and painting

Taping
(Straight)

scintillating fibers

Module 1 = Module 2

Tagging plate
and fibers

(Google drive)

: C:30mm | C:2mm
Alighment S omm S Omm
Taping Straight |  Spiral
Writing Logbook A
aintin After Before
P g inserting fibers | inserting fibers

Saga-Yonsei Joint Workshop
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3-2. Assembly

=== Module 1 Cleaning plate and
wee Module 2 fibers

Black paint
(Scintillating fiber)

. Assemble scintillating
‘ fibers '

Assemble ¢erenkov
fibers

. ,‘gﬁx X

alignment, taping, anainting |
scintillating fibers

Taping 5 5
Bl  Module 1 Module 2
_ Alianment C: 30mm C: 2mm
Tagging plate 9 S:2mm | S:0mm
and fibers e
Taping Straight |  Spiral
Writing Logbook | ERRRRSSRSSUSSNISUNSSSIES SN —
(Goog'e drive) . s After Before
painting inserting fibers | inserting fibers
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3-2. Assembly

=== Module 1 Cleaning plate and
wee Module 2 fibers

Black paint
(Scintillating fiber)

Assemble scintillating
fibers

't  Assemble Cerenkov
' fibers

SN SR VY N UG g

scintillating fibers

Taping ; ;
(Straight) ~ Module1 = Module 2

) : C:30mm | C:2mm
Tagging plate Alignment S:2mm | S:0mm
and fibers e
Taping Straight |  Spiral
Writing Logbook i
(Google drive) painting inser’?:;e:‘ibers inse:%f; rf?bers
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3-2. Assembly
=== Module 1

Cleaning plate and
= Module 2 fibers

Black paint
(Scintillating fiber)

Assemble scintillating
fibers

Assemble Gerenkov G e - N
fibers ' |

alignmeht, taping, and painting
scintillating fibers

Taping ; ;
(Straight) [ v ~ Module1  Module 2

) : C:30mm | C:2mm
Tagging plate Alignment S:2mm | S:0mm
and fibers e
Taping Straight |  Spiral
Writing Logbook i
(Google drive) painting inser’?:;e;ibers inse:;fg rf?bers
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3-2. Assembly
= Module 1

Modu= ?' ,
= i;: 3
Copper Plate # :?; =
Cerenkov 1 E
fiber #
Scintillatin - B
g fiber #
<
Note "
i « However, there are differences in
alignment, taping, and painting
scintillating fibers
Taping ; ;
(Straight) Module 1 Module 2
_ " ¢ | C:30mm C: 2mm
Tagglng plate 'ghmen S:2mm | S:0mm
and fibers I e i S
. . Taping Straight ~  Spiral
Writing Logbook | ERRRRSSRSSUSSNISUNSSSIES SN —
GOO Ie drlve . o= After Before
( < ) painting inserting fibers | inserting fibers

Jan. 28, 2022
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== Module 2 §

3-2. Assembly

=== Module 1 Cleaning plate and

Date 01/06
Session 1
Superviser Guk, DW, SK
Participants
Team A DW, SY
Team B TI, SY
Time |
Assembled (plate #)
7
8
Status Stopped (plate #)
- BN=lE #E 8.
Good
D - S fiber painting A|Zt @24z 2l
- O|H plateS painting ZAt % Si& &t
Bad - KY black paint method |2t % test, S fiber stLt £2{%.

plate tag
Team A

30 [ o [ A
10 V| =S
i

Team B

EIE)
= "Ly for
3
...... rences in

Taping
(Straight)

Tagging plate
and fibers

)

Writing Logbook
(Google drive)

l i

alignment, taping, and painting
scintillating fibers

Module 1 = Module 2

Alignment

painting

C: 30mm C: 2mm

.....................................................................

After Before
inserting fibers | inserting fibers

Saga-Yonsei Joint Workshop
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3-3. Reflector

1) Reflectors

* The characteristics of lights At the front side of copper plate,
PTTITETI ET «  scintillating fiber: block the
Quantity Bright Not bright y. Iivght
Speed Slow(~2ns) § Fast(~0ns) §° Cerenkov fiber: reflect the light
Attenuation lengths Small ( ~3m) _ Long (6~10m) f which gives the depth of light

in the module

* The 1st trial
> We tried to attach an aluminum mirror, which is adhered to 3D-printed holder

> Reflectors impact on the height of module 1
* Method

1) Remove cerenkov holders for module 1 2) cutting fibers 3) Polishing fibers

R Module 1 » Sandpaper: 400 grit ->

1000 grit -> 2000 grit ->

> polishing film: Qum -> 3um
->1um

e The 2nd trial
> We changed the material as a reflector from the
aluminum mirror to an aluminum foil

Removed cerenkov holders
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4. Readout System

4-1. Configuration
4-2. PMT
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4-1. Configuration

* All the towers for modules 1 & 2 will be attached to PMTs except for tower 3
of module 1 & tower 5 of module 2
Readout Detector s
e Tower 3 of module 1: MCP-PMT

MCP- PMT
e Tower 5 of module 2: SIPM _ -

Module 2

Iiﬁ »~!"' |
‘:g‘- m’ e Module 1
7~ «© 400 SiPMs
|| 0 |
| Y
—y =3 = | o® .64 LEMOO0Os

(Sc, smgerald) (Sc, doubleCaId) (Sz, square) .

ower: m ’ owerl
' (CE round! " (Ck round)  1Ck, round)

!ower; . rowa
(Sc, singleCald) (Ck, round) 2 MCP-PMTs
MCP . MCP

.

2 Cable Covers

Saga-Yonsei Joint Workshop Jan. 28, 2022



e Procedure

1) bundle case &
epoxy

3 <3
4

o By ;
S L S g
e S AR

A AR

2) cutting bundles

3) polishing bundles

4) attaching PMT
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e Procedure

> - -
B - e P Y N Py

“

1) bundle case & ’
epoxy '

-~ — e e — = ey

-

2) cutting bundles

3) polishing bundles

Hardener 1g : Resin 49

4) attaching PMT
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e Procedure

1) bundle case &

2) cutting bundles

N .

e o, i e er e m i v ay— ~ py

-

3) polishing bundles

4) attaching PMT

Saga-Yonsei Joint Workshop
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e Procedure

1) bundle case &
epoxy

4) attaching PMT

Saga-Yonsei Joint Workshop
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e Procedure

1) bundle case &
epoxy

E 1300 W mmrm 795356
EJ-5360

Optical Interface Sheets
3mm x 330mm x 530mm

(Hy: 2 pieces 09 Jul 2021

2) cutting bundles

3) polishing bundles

y
[
J

et

/.,‘_44
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5. Summary

e e . 2% 5 s b YT o .

S— 23 e AL 8 - p- ,
. 5 R =ty R B o = e Sy Tl e
2 . ; X AU p L ST et

-~ — =
y Tuei 430 - 7) - ey — - -
RAY 7 s BTN 2 s e v S v O Vi o B i i .
- /o S DLl L oy et | .. AR = ——
=
& b R & ey
R o i s .
; 0

e We are building 2 modules and planning to test at CERN
e The first important is the alignment of fibers during building modules
e The second is that inserted fibers on the copper plate is not escaped
> We introduced the spiral taping method to prevent bulging fibers
e Now, the assembly is finished, polishing and reflector steps are on going
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Dual-Readout Calorimeter

KyuyeongHwang’s slide, 2021.01.22, Saga-Yonsei workshop

 Cerenkov and scintillating fibers which are implemented on copper plate can
measure EM particles and hadronic particles at the same time

* fm, Can be measured by implemented two different type of fibers with different
hle responses in a calorimeter

- 1
|_(); ................................ 1.C=E fEM'*'m(l-ng)l Z'S—E[fEM+m(1_fEM)

¢ EGeVy,et

(h/e)c — (C/S)(h/e)s

().8; * E GeV protons 3 f =
EM T (/91 = (h/e)s] — [1 - (h/e)c]

-+ E GeV pions

06
=3 | 4 =cot9-1_(h/e)s Impl ted Optical Fib
S | : X = 1= (h/e). mplemented Optical Fibers

04 - R 0.5mm

I s i1mm . « 1mm N
S—xC
5. E =
02} 1-x

0.98mm
PMMA

0.0 h NI B S BEP S l Y T N LI Uy~ 1 .
0.0 0.2 0.4 0.6 0.8 1.0
- (h/e) - S/E

Scintillaton Cerenkov
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Energy Resolution

KyuyeongHwang’s slide, 2021.01.22, Saga-Yonsei workshop

EM Energy Resolution

= EM energy resolution is measured with different 8 energy points electron and scaled with 1/VE.
= Stochastic & constant term of energy resolution can be obtained by linear fitting.

EM Energy Resolution EM Energy Linearity
1.020
0.10 4 C : 0.182/vE+0.007 T 1C'~'E—1
S 0130/VE+0.015 1.015 4 :
C+S:0.113/vVE+0.003 $ C+S
0.08 4 Ry 1.0104 A
| =
S
g 1.005 # * !
Rq o 2
006 4
E L_; 1.000 A ‘ ' é ‘ * +1%
]
0.04 4 a 0.995 4 ‘
S
Q
E 0.990 4 4
0.0
(.985 4
.00 T T 1 T 1 T 1 : 0.980 : ' ! : I
0.45 0.40 0.35 (.30 (.25 0.20 0.15 .10 0 20 10 60 =0 100
1/VE [GeV~1/?] E [GeV]

= Stochastic term for EM energy resolution is ~11%.
= Measured EM energy satisfies linearity within 1% level at both scintillation and Cerenkov channels.
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Energy Resolution

KyuyeongHwang’s slide, 2021.01.22, Saga-Yonsei workshop

Hadronic Energy Resolution

= Hadronic energy resolution is measured with 8 different energy single pion beams.
= Two chi values(0.221 and 0.291) are used for DR correction.

Hadronic Energy Resolution Hadronic Energy Linearity
0.6
C : 0.889//E+0.051 1.14
) S : 0.223/v/E+0.020
h DR(x=0.221) : 0.205/VE+0.012 sl
b ( M 01) N 99 10 N12 ' T ~ - e * o
DR(\:*Z 'J.z‘J_, : 0.221// £+0.013 I ® ® PY S . e %
04 A g 0.9 1 = ® Py ° L] a L]
£ 3
gy ~~
~ 0.3 - Ly 0.8
© S
Q a
5 o7 : °
0.2 g 0.7 = °
%’ ' pu/E=1
0.6 1 - e (
0.1 4 e S
¢ DR
0.51—* ¢ DR(x=0.291)
0.0 T T T T T T T T T T T T T
0.45 0.40 0.35 0.30 0.25 0.20 0.15 0.10 0 20 10 60 80 100
1/VE [GeV~1/?] E [GeV]

= Stochastic term for hadronic energy resolution is ~21%.
= Energy resolution differs with chi values.
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Energy Resolution

KyuyeongHwang’s slide, 2021.01.22, Saga-Yonsei workshop

Jet Energy Resolution

= Jet energy resolution is measured with 4 different energy u quar. (50, 70, 90, 110 GeV)
= Jet is reconstructed with anti-kt algorithm(R=0.8) and chi value for DR correction is 0.221.

I Generator |evel Jet S & C Jets of each channel DR corrected Jet
energy distribution Energy distribution E Clets energy distribution I
E_Gendets Entris 794 E DRiet
I L I Entries 794 C Mean 45.46 120— Entries fee 792
250 — | Mean 67.78 100 — SidDev  7.006 Mean 66.01
i - E_Sjets Std Dev 3.398
I “ r I StdDev 1725 a - Entrios 794 a gg / ndf (1)2.55,4/13
200 (— C = onstant 104.5 + 4.
X E 0.9 x 70 = 63GeV |  e0- ear o140 S oF Mean 65.95 +0.12 I
S~ S : N Sigma 3.259 +0.088
I Q 50— I O ol Q C
~ C =~ - =~ 60 I
v L | v - )
- T = LD < L
I g | g S ol
= | | S T ~ I
= s Only event in this < 20 =
I r scope is used. C
ol | ! MR I N B ol—— L, . - [ Ll ol \ L [ I
0 20 40 80 80 100 0 20 40 50 80 100 0 20 40 60 80 100
I Energy of gen.lv.Jet [GeV] Energy of S&C Jet [GeV] Energy of DR corr.]et [GeV] I

= Missing energy from neutrino and neutron during simulatation makes resolution worse.

= Only events are used for jet energy resolution measurement whose Gen. Iv. Jet has an energy over
90% of generated jet.
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er Specificat

« . Table 1 SK-40
C b
° eren kOV fl er Specification
Item
Unit Min. Typ. Max.
Core Material - Polymethyl-Methacrylate Resin
Cladding Material — Fluorinated Polymer
Core Refractive Index - 1.49
Optical Fiber Refractive Index Profile — Step Index
Numerical Aperture — 0.5
Core Diameter pum 920 980 1,040
Cladding Diameter um 940 1,000 1,060
Approximate Weight g/m 1
( ecti 3 laf INs k

Outer Cladding(FP)

Inner Cladding
(PAMMA)

Core (PS)

MMA)

e Scintillating fiber __Clackingm

Core(PS)

|
Round Fiber (D)
| i
Cladding Thickness : T=2% of D Cladding Thickness : T=2%(To)
Numerical Aperture | NA=0.55 =4% O
Trapping H‘ti“é'“-:-,' Ca1% Numerical Aperture : NA=0.
S l'rapping Efficiency : 5.4%
_~Cladding

(PMMA)
|- Core(PS)

fo |

——

Cladding Thickness : T=2% of S
Numerical Aperture: NA=0.55
Irapping Efficiency : 4.2%

Not available

Square Fiber (5Q)

1) n some cases. cladding thickness T 3% of D 2) In some cases, claddng thickness Tis 6% of D. Toand Tiare both 3% of D

Jan. 28, 2022
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Reflector: Cerenkov holder

* We choose 3D-printed holder as a reflector
* And, tried to attach holders to cerenkov fibers
e But FAIL

, ® '\,, rT, S e ik s 7 4 " R
L , . % e W 2" el

> e o0 O O PR L . &
Prer er e @ § OO O OO0 I3 D D RN S e %9 9 0 % Hb “5e et
oF e e @ @ OO OT U O N N i ng me Ng g N mg gy

PO T OSSO0 UGG B D R e ey i myy SR Cerenkov holder

e At this method using Cerenkov holders, we also worry about that there may be
having a gap between holder and reflector

S S S ST SRR .~ x- _

Cerenkov fiber

e :"Reflector Optical cement Cerenkov holder
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Reflector: Aluminum Foill

TR TR
MIRO =
high reflective 95

e The material as a B3
reflector is changed |
from aluminum mirror
to aluminum foil

100 B gz ; [ — Aluminum(Al)

e Aluminum Foll
> We choose aluminum foil as a reflector 80
> Aluminum foil has advantages
1) high reflectance: over ~90%
2) availability: easy to get
3) low cost 20

60

Reflectance(%)

40

Silver(Ag)

uv
200nm

0 Visible light IR

500nm Tpm 2um Spum

* Method and key point
> The key point is how well it adheres to the fiber

> Procedure (plan)
» Cutting fibers at the front side using a grinder
> Polishing fibers by hand
> Attaching aluminum foil
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Reflector: Procedure

1) Procedure for ¢cerenkov fibers of module 1
1) Remove cerenkov holders

e e e M i

Removed c¢erenkov holders

il
3) Polishing fibers
» Sandpaper: 400 grit -> 1000 grit
-> 2000 grit ->
> polishing film: Qum -> 3um -> 1um

P j- = B
Sandpaper

Polishing film

Saga-Yonsei Joint Workshop Jan. 28, 2022



The alignment of Fibers

* Differences between module 1 and 2
1) The alignment of fibers

30mm k fb

Module 2




Taping Methods

o Differences between module 1 and 2

2) Taping
Module 1

Kapton tape

_ >
_ >

Copper plate

Module 2

Kapton tape

I
Copper plate
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Module Frame

Module 1 Module 2

.

2 Cable Covers
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