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Outline

» Concept of next-generation calorimeter

» Sub-detector development

* Cherenkov detector
» Scintillation detector

» Performance study by simulation
= Summary and prospect

July 9th, 2024 Weiyuan Li | LCWS2024, Tokyo



Concept of
Next-generation Calorimeter




Calorimeter in collider experiment

ILD event

We should focus on precision measurement of
the Higgs sector for the next-generation
collider experiments

« Most of the final state includes multiple jet

* Jet energy resolution is crucial for modern
collider experiment

« ~ 3% for broad energy scale

« 70% of energy deposit in hadron calorimeter
« However, energy resolution of HCAL is poor

— Due to complex interaction by hadrons

-

https://www-jlc.kek.jp/~mivamoto/evdisp/html/index.html
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https://www-jlc.kek.jp/~miyamoto/evdisp/html/index.html

Concept of next-generation calorimeter

Combine two calorimeter technology in corporation with psec-timing

High-granularity Calorimetry
Dual-readout Calorimetry

Unprecedented jet energy resolution
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High-granularity

Particle flow algorithm

Use best suited detector for energy measurement considering particle species

Y N &:
\! *' .E:o'n . R .E:.o“ ~
Tt - ) 1.5:..." ***. _.;.':{‘a.;ﬁ. 7\
g i T "~ Granularity required to
w ,,.:". - jl> — .".:". - separate different showers
- w Drawback: Large number of channels
Ejer = Eccar T Encal Ejer = Evrack + E, + E,

» Mainly cultivated by CALICE collaboration
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Dual-readout

; ABSORBER
= Em
component

Non-em
component

hadron

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

Energy compensation of hadronic shower by
scintillation and Cherenkov radiation

R wiclear fracment
A m . nuclear fragmen
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psec-timing

20.0

T% ILD | = #/K, dEdx
$ IDR-L| '«  7/K, TOF100
* /K, combined |/
= K/p, dEdx

Timing as additional information R

{
\
10.0r, * K/p, combined ||
* PID by TOF _! \\\
N

Separation Power
—
(€]
o

. . . . . 5.0
« Timing cut by detected time in calorimeter \\“3 WS
o . 0.0 el "y _.*"l‘v"‘..“.
* Pile-up reduction b tum (GeV)

* Reject off-timing background
« Timing as additional input for PFA

» Clustering by hit timing in calorimeter

w/o timing cut w/ timing cut
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Implementation

—

HCAL

Ors Simulation study of performance by
/ combination of PFA + dual-readout and psec HCAL

Absorber Scintillation detector Cherenkov detector

psec-timing
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Sub-detector Development

 Cherenkov detector

* Scintillation detector




Cherenkov detector

» Requires granular readout and psec-timing

Charged particle
» Cherenkov radiator coupled to Gaseous photomultiplier

 Electron amplification by resistive plate chamber (RPC) Cherenkov light

Cherenkov radiator

v" Fast timing

UV-photocathode

v Simple structure — Large area by low cost =
Anode electrode

v" Readout segmentation iy Readout pad

 Diamond-Like Carbon as resistive electrode (DLC-RPC)
v High-rate-capability > 1 MHz/cm?
v DLC sputtered on polyimide = “film" electrode

July 9th, 2024 Weiyuan Li | LCWS2024, Tokyo



Cherenkov detector

DLC-RPC

lonization
& near cathode
— large pulse

/]

* g, =50 - 60 ps for large pulses in DLC-RPC (gap thickness 200 um) “

» < Tionization electron cluster generated by single charged particle
» Average 2.8 primary electron in a cluster

« 80— 100 ps for single primary electron generated near cathode
— close situation for single photoelectron (p.e.) in Cherenkov detector

DLC-RPC Time Resolution Height Slice

» Considering 10 p.e. for Cherenkov detector, it estimates 20 — 30 ps

Time Resolution [ps]

* 10 p.e. achieved by similar concept detector: PICOSEC (Micromegas-based)

« RPC signal contamination and photon-feedback could affect performance
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Cherenkov detector

Chamber frame Configurations
[ ] r Radiator 2.4 mm
_ B RPCgas T Mgk
Gas WLl MgF2 - Photocathode Csl 18 nm
Conductive layer ¢ 3 nm
Contact layer Al 100 nm
Resistive layer DLC 100 nm
Active area _ 2x1 cm?
Sample waveform Kapton
. P i s RPC ga Plastic 200 ym
First prototype constructed £ 3E—y— ————""— oo Cu "
_200;_ ...............................................................................
Signal data taken by 5 GHz |/ | Fall ~ 2ns | R134a 3%
waveform d|g|t|zer _6002_ ........... A Rise: ~ 10 ns |. RPC gas SFe 1%
—700 E—-eeor R i S e . 6%
(1)) S S .1 ------- C4H1o
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Cherenkov detector

= Successfully observed Cherenkov light signal!
= Discrete peaks of #p.e. in height(charge) spectrum = photon counting capability

' Low #p.e.

* |lon-backflow (IBF)? Height Spectrum
8 g T
— robust photocathode required é | —— w/o photocathode E
= L O O
* Failure in the handling of photocathode? E o :W/ photogathode ¥
=T 21 1 SN SR A U T IS — .
= o | Tee | 2pe | 3pe
4 107 : ............................................ ................................. =
10 1‘“” ................................. _§
105 L I\i oo ............ |
SRR T
0 0.2 0.4 0.6 0.8 1
Height [V]
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C h eren kOV d ete Cto I _. I#Ilo-f- Dependenlcy of Time Resolution

g ® Data
g : Fit: 125.6/\#p.e. ps i
. . .:_‘g 110_ ...................... ......... Fit: 11&7/% @311 PSE
Time resolution depends on #p.e. s i
m 100 [ ...................... _:
« 126/,/#p.e. or 114/,[#p.e. @B 31.1 ps =P N SN SN SO S E
e 40-50 ps for 10 p.e., 30-40 psS for 20 p.e. 802— ....................................................................................................................................... _i
« RPC signal contamination (~ 50%), 701 =
Photon‘feedbaCk (PFB) 60;— ................................................................................................................................... _;
. . . I IS BT RV T
— Possible reason of discrepancy to estimated value 1 2 3 4
#p.e.
» Improvement planned
Photon-feedback
» Reduce gap thickness — mitigate RPC contamination -
« Switch to robust photocathode — mitigate PFB © ® Hit photocathode
The construction technique been established ®  Photon
: s mission > Distort waveform
— Moving on to the upgrade of the detector @
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Scintillation detector

» Granular readout but moderate number of channels

Place strip scintillator in orthogonal way and realize virtual cell

« Concept already proven in 45 x 5 mm? strip for ECAL
(Virtual segmentation of 5 x 5 mm?) Particle

« Test if it works for large size: 300 x 30 mm? 30

30
30

)

— See if light yield and its uniformity is sufficient
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Scintillation detector

Setup
Scintillator (EJ200)

1. Single SiPM =N

Dimple SiPM

-ray source
b-ray (8 mm-diam)

scintillator

I
v < Position scan 2. Double SiPMs I G

Trigger counter

~& mitigate ghost hist by charge, timing difference

" Double the #channels
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Scintillation detector

Result ) ZEPTS SEECAAN PPN S
- Sufficient light yield + good uniformity T S S
for both configuration (5).. " ui N E
 Non-uniformity around SiPM can be Yaxts tm]

mitigated by dimple design []

 Study for performance evaluation of position = )
reconstruction using charge and time T T e P
S RS KT TR T ET TS SO B
difference in a single strip bar ongoing P SRS S S
*Asymmetry in Y axis to be investigated S ST TL L R
left side (yer) | I
right side (ypigne) |0 o ]
-100 0 100
Sum (lyleft + l:Vright) Yaxis [mm]

July 9th, 2024 Weiyuan Li | LCWS2024, Tokyo



Performance Study by
Simulation




Setup

» Simulation study targeting to understand the performance of combination of high-
granularity and dual-readout calorimetry, adding timing information to the analysis

1 layer

Absorber: Cu

Absorber

July 9th, 2024

Cherenkov radiator: Quartz

Scintillator: Polystyrene

CALICE AHCAL as baseline design
Switch half of scintillation layers to Cherenkov layers
> First step is to apply dual-readout analysis to a AHCAL design

* Single ™ injected into the calorimeter
* Energyscanfrom 10 GeV to 150 GeV

_ 60 layers in total ~ 8 4.
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Setup

Compare different configuration to understand the behavior of dual-readout analysis
Sampling frequency N

3 mm-thick 1.5 mm-thick 1 mm-thick
[ Abs. S C
S/ C separated
10.5 mm-thick 5.25 mm-thick 3.5 mm-thick

o -

* The total thickness of each layers are the same
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Dual-readout analysis
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Dual-readout analysis

22| ® Scintillator

20| ® Cherenkov
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Dual-readout analysis
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Dual-readout analysis
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Dual-readout analysis
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Discussion

S / C config. Sampling frequency
Correlation: 0.56 0.66 0.66 } 0.77
TR 1.14 < 1.01 1.01 0.82
DR

Separated Neighbored Low freq. High freq.

More likely to observe the same shower Measures better profile of the shower

> Further study to investigate the best configuration
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Prospect for the simulation

v’ Investigation of better configuration for DR

v’ Create a framework for PFA + DR
 Segmentation for each layer in calorimeter
* |ILD configuration as baseline

v' Add timing information to PFA

30 mm 30 mm

30 m

Scintillator tile Cherenkov tile
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Summary and Prospect

« Development of next-generation calorimetry that combines high-granularity

and dual-readout in addition of psec-timing

« R&D for sub-detectors ongoing
« Cherenkov detector has proved its detector principle

« Scintillation detector has shown its sufficient light yield and

 Simulation study has provided the direction of calorimeter configuration

« S and C combined system to be tested in testbeam facility to study overall

performance
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Thank you!
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Backups
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DLC-RPC Cherenkov detector




Experimental setup

Sr beta-ray, Cosmic-ray

Counter

Cherenkov detector
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Difference of signal generation process
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Cherenkov

Cherenkov hoton DLC-RPC
Detector I P \\
I
I \
photocathode w X
T & = o 1 —— S——

Welyuan Li

/]

@ Ionization

Avalanche

+ Correlation of signal height and starting position of avalance
 #clusters

« #primary electrons




DLC-RPC Time Resolution Height Slice

Time Resolution [ps]

DLC-RPC Height [V]

WENERRR
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200

150

100

| Core:62.2 ps
| @ subtracting
""""""""""" | contribution from
| reference counter:

| 52.9 ps

[y

trpc - trrg [0S]




Cluster and primary electrons

#clusters #primary electrons
2
[ — 107F
E 16 o i-GHyg 100 X 8 ° CZF4H2/i-C4H1O/SFS96.7/3/0.3‘
P 1ab : CzE4:z/!:g4:1o/§Ee gg’?ggm > B C,F,H,/i-C,H,/SF, 85/5/10
2 : A %H41?)/(I) STy 6.7130. 310 8 g [2 Gy, 100 ‘
D qof : T
C:; ? S 2 © 8
Y fudt
w— 10F o 1 4 8
o » 3 el A8
@ :AA l°§°¢baaaad3‘°aa°°°866 AAQBBa
2 8r A 0880808083 A 5,
e I 10 | aa”
-] 6j L E t
Z |
% 4+ 2
S L AAAAAAAAAAAAAAAAAAAAAAAAAA. 10 k
— r L
o 2r :
> , Ly
T o] AR [
10 1 10 10° 1 10 10
¥-1 Electrons per Cluster

https://doi.org/10.1016/S0168-9002(03)00337-1

* #clusters

« 0SrB-ray: y—1~1 - ~ 2clusters /200 upm

 Clusters that can be grow to signal: some 10% — #cluster ~1
» #Primary electrons: 2.8 electrons / cluster
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https://doi.org/10.1016/S0168-9002(03)00337-1

Detector photo

DLC (anode) electrode Photocathode electrode Detector Chamber

Mng transparent)
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Scintillator strip




Strip and SIPM

e Scintillator
« ELJEN EJ200, EJ232
e 295mMMmMXxX30mmXx3mm

« SIPM
« MPPC 513360-2050VE

2.4mm
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using Sr90 beta-ray.

Strip material candidates

Readout candidates

EJ232 [

EJ200
1. Single SiPM 2. Double SiPMs
Light yields [photons/1MeV] 10,000 8,400
L
Attenuation length [cm] 380 17 Strlp / \
rise time [ns] 0.9 0.35 Dimple SiPM (MPPC S13360-2050VE)
charactaristic standard fast
3. Double SiPMs
Hits! Ghost hits at each side
Accidentally 1 1
coming 2 particles n _ _ N
at the same time < 2 & 3 setups are motivated for hit position
reconstruction to mitigate ghost hits.

\_

~

J

July 9th, 2024
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Experimental setup of position scan

1.5mm collimator

\ Sr-90 . Strip response measured with B from
Scintillator Sr-90
move l Y MoV r-
= ' 2D position scan with x-y moving
MPPC /7 stage

Trigger counter(5x5x5 mm? plastic scint +SiPM)

X axis Hit position
10mm 1 .-7
®e - - - e—9 ¢ . . e ®
tomm¢ 140m /
- oo o ~&+/ Y axis
e = e © ¢ o'/
scintillator
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Analysis method

(charge of scintillation )

Light Yied = :
gain

Sum light yield = (Ch1 light yield) + (Ch2 light yield)
Geometric mean lihgt yield = \/(Chl light yield) X (Ch2 light yield)

gain « run IJE‘LS

295 mm Strip

s LB

(T
g Lz
LI f

—an d A } M‘l—l—l—l—.—l—l—-
iL.8n0s il (11 ) .82 825 -t}
Singk choarge [10*10¢]

EJ200 charge distribution
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Why a geometrical mean?

 For uniformly reconstructing light yield.

Simple case
’ lyo Attenuation length:
gth: 4
Ly1eft I< )I Wright
| | | _
| I — -
0 x L

[Y1eftt{Yright Lyo
2

_x L
« Mean: (e 24+e 2)

L
» Geometrical Mean: \/lyje - [Yright = [yoe 22
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Single readout (EJ200 & EJ232)

single EJ200 LY

15

E - = 30
g 102 = »s
e = —
= = -
g - :
SE : )
N =
155 — \ _— =
-100 -50 0 50 \00 Vs [mm]
. . . N _
EJ232 single light yield Dimple and SiPM
EJ232 single
E 10
#
>

LY [p.e]

S = N W R T A XL

0 50 100

Yaxis [mm]
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Double readout (EJ200)

Ch1 light

double EJ200 Ch1

Ch2 light yield

double EJ200 Ch2

LY [p.e.]

SiPM

£ F
™ 2
£
g
<]
-1 - —50 100 Yaxis fmm] 10 Yaxis [mm]
SiPM
chl and ch2 sum chl and ch2 geometric mean
double EJ200 LY double EJ200 geometric mean LY
T 15 = - 40 T 15 = — 20
% WwE 0 38 £ E 3 18
z = o 36 : e - »
A sE— I — g sE = 14
= I = - = 3 12 =
3 = = 3
0— - = 0= — 10 &
E I = E [ 8 el
-5 :_ : -5 - = 6
0 = -0 ; ; :
sE = 5= ~100 50 0 50 100 = 0
100 Yaxis [mm]
Yaxis [mm]
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Double readout (EJ232)

Ch1 light yield

Ch2 light yield

Xaxis [mm]

double EJ232 ch1 double EJ232 Ch2
T 15 22 E
£ 20 2
'5 18 3
16
14 _ 3
12 ;_ E
10 = 2
-
-10
15 50 Yaxis [mm]
: SiPM
SiPM
Chl and ch2 sum chl and ch2 geometric mean
15 double £J232 LY 2 double EJ232 geometric mean LY
E = 20 E
10— = 18 %
c — z
: = F
0 = = 12 E-
— — 10 ™
-5 :_ = 8 =
= 3 6
-10 — — 4
C = 2
15 100 = 0
Yaxis [mm]
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de readout (EJ200

1 at left side Ch2 at right side
side EJ200 Ch1 side EJ200 Ch2
— 15 = - 15 = -
E = E E =
3 = g 10E =
= E 2 E = 30
sE 5 E = 25 _
= E = S
o = - 20 £
= E = -
sE = = b :
= = = 10
10E )= — 5
155 -100 -50 0 100 . 155 ~100 50 0 50 100 = 0
Yaxis [mm] Yaxis [mm]
Ch1l and ch2 sum Geometric mean chl and
_ s side EJ200 LY o C h 7 side EJ200 geometric mean LY
£ E = - 15 30
E = - g = _
2 = — 55 % = =
k = = ] U= = 25
5 ; ; 50 _ g 5 f f 20
= 3 ) = = s
0 g ; 45 E 0 = 3 15 é-
SE = 40 S — 10
155 ~100 50 0 50 100 ‘ - * s 100 50 0 50 100 = 0
Yaxis [mm] Yaxis [mm]
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Side readout (EJ232)

at left side at right side

side EJ232 ch1 side EJ232 Ch2
_ = 16
£ = E 3
g E -~ - 14
£ 10 = -] —
2 E 4 = 12
5 = = 10 -
= = — ¢
0= ) - 8 &
= e = . €
= =
g = R
-10 = = 2
-15 100 100 0
Yaxis [mm] Yaxis [mm]
side EJ232 LY side EJ232 geometric mean LY
—_ 15
E T 5= ,
E E = 3 10
E 10 2 10 —
K| % = =0
» = — 8
5 5 —|
S = - o
0 £ o = 6 i
o] = 3 A
-5 -5 : : 4
—10 -10 : : 2
15 -100 50 0 50 100 15 -100 50 0 50 100 0
Yaxis [mm] Yaxis [mm]
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Simulation
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Simulation setup

Launch single 1000 events of e~,7~with 30,40,50,60,100, 150 GeV into
the center of the detector.

particle
[ ]

100 mm
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Scintillator signals

« Use p.e. assuming MPPC linear response.
60 GeV 1t~

©

IIIIIIIIIIIIIIIIIIIIIIIIIIIII]IIIIIIIIIIIIIII

0

« #p.e. = 0.0005 / MIP (3 mm thick)

80

70

60

50

40

30

20

10

lod 1 L o100 1 1 1 1 | 1
5000 10000 15000 20000

# p.e.

IS

OO

1
25000
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Cherenkov signals

htemp
Entries 1000
Mean 1.479e+04
Std Dev 2840

« The number of generated Cherenkov .
photons:

40

Particle 30

Al / A=A1~A1+dA, dx,
d*N 2mZ* 1 .
dx Y _ e (1 — >
dxd/l AZ nZ(A)ﬁZ 00 B |nn;gol£nnl"-|. 10(|)00I — I15(|)()0I = I20(|)()0I - I250()0
# p.e.

N: the number of Cherenkov photons
. particle path length

IIII|IIII|IIII|IIII|IIII|III

« # Digitized detected Cherenkov photons

: wavelength of Cherenkov photons

X
o~ 2
¢ Mean: Ngge = AL- [ 222 (1 — ———) . QE()dA 4
a: Fine-structure constant
YA

min A2 n?(1)p?

- Digitized: Ngo = gRandom—Poisson(Ne¢)
: charge
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Impurities

OH < 100 ppm Al < 0.2 ppb
https://www.nikon.com/business/components/assets/pdf/sio2-e.pdf Li <0.2 ppb Ti < 0.2 ppb
Na < 0.2 ppb Cr < 0.2 ppb
» NIFS-V made from NIKON. DL S I
g < 0.2 ppb Cu < 0.2 ppb
Ca < 0.2 ppb
« Refractive index
P Az P Az P AZ P AZ P, 6.40349086E-01
nZ—=1= 21 + 22 4 23 + 24 P, 3.74308316E-01
— — — — P3 8.97505390E-02
A Ql A QZ A Q3 A Q4 P4 9.08924481E-01
Q1 4.25379400E-03
Q 1.27798420E-02
Qs 1.40044370E-02
Qs 9.93231891E+01
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https://www.nikon.com/business/components/assets/pdf/sio2-e.pdf

Refractive index

Ref. [44]
Ref. [58]
Ref. [61]
Ref. [63]
Ref. [75]
Ref. [54]

mxXxogpo

T U T TS T P T Yol VA YUY T Y VA e R T T

AR A AR AN A
D% —— — - —

— —Ref. [23]
Ref. [29]
Ref. [62]
Ref. [50]
Ref. [27]

100 »

A A A a

25
c =
17k
1.68{—
~ 20 +
1.66[—
u ot
1.64— £
C 515 1
~ =]
1.62— £
C )
. Z
1.6_— 3]
u S 104
1,581 §"
s8[ >
1.56[— I
- 05 +
=y | | | | |
0.15 0.16 017 0.18 0.19 0.2 0.21
A/ um
0.0
0
https://www.seas

v A T S e WA e O e B
T T T T T T

0.1 0.2 03 0.4 0.5 0.6
Wavelength, A (pm)

.ucla.edu/~pilon/Publications/

0.7 0.8 0.9 1

AO2007-1.pdf
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https://www.seas.ucla.edu/~pilon/Publications/AO2007-1.pdf

T|%] =01 <150 nm = A,,ip,)

T|%]

T[%]

July 9th, 2024

10- (A —150nm) (1 < 160 nm)

100 (4 = 160 nm)

100

80 NIES:,

o ’ NIFS-U_
§ m
E 60
£
Z
g 40
g
s 20 — NIFS-V
- — NIFS-A
: /)

0

100 150 350

Thickness:10 mm

https://www.nikon.com/business/components/assets/pdf/sio2-e.pdf

Wavelength [nm]
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https://www.nikon.com/business/components/assets/pdf/sio2-e.pdf

e Assume ~ 10 %.

+ 1 <200 nm = A,y

SeBEMU B (mA/W)

600 = o]
% 50
10 441K aaok|— B2 5 %
200 — N — | - T/r
= | 444K 7 !
100 4008 = \‘}‘_/' 10 I/o
60 - o - %o
40 S00U T3 =1 = — e ]/
o | 5008 S AR 500K 5T WS 55 %
N SHEN WR Y=l
18 __Ai:/‘_'—}_é 400[4; - 5_(.]‘)_2K<‘/ 2 | “;‘:‘.‘ \‘\ Ll ‘\ O/o
6 7 = T ——] = 1 ’ =t i’o
s A 2O d01K, 40oK 205
20OMA [N200S AP~ T N[0k
° i NN—= N |
08 100M =5 ; £ :
0.4 NS — /“; “\ \‘\
e —mjmgj;/, T
0.2 L —] l‘:"“ \
0.1 — “1‘,
100 200 300 400 500 600 700 800 1000 1200

EE (nm)

THBV3_0402JBb

® 4-2(b) BB B BES BN




Calibration with EM component

« Showers caused by e~ has only EM components.

(Output signals) = k - (Initial particle energy)

« Using this k, reconstructing initial hadron energy from
output hadron signals.

(Reconstructed hadron energy) = % (Output hadron
signals)



y estimation

Using initial particle energy and solving

x=(S—E)/(C—E).
(use most probable value)

piminus 60 GeV y distribution

snf
403
305
ch

101

hist chi

Entries 1000
Mean o.afor
S1d Dey  D.1395

Hhﬁhlﬂru-ﬂh

Dl by by byera byl e iy
OD 01 02 03 04 05 06 07 0B 09 1

X




Cc / em GeV

eadout performance wi

Scintillator signals and Cherenkov signals.

igher correlation petween

- - o
Correlation vs Resolution Improvement (% / ‘;—5)
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