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I Physics Requirements of HCAL

CEPC HCAL Design requirements: Leading contributions to BMR:

Jet Energy Resolution AE/E < 30%/vVE GeV » HCAL resolution dominant the uncertainties

(BMR) < 4% from intrinsic detector resolution: ~19.7%
“+Boson Mass Resolution < 4% -

it is strongly motivated by H/W/Z hadronic final states,
BSM & Flavor Physics

» Further improvement of HCAL is needed
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https://arxiv.org/abs/1811.10545

Technology Survey

PFA calorimetry: extensively explored within the CALICE collab.
— RPC-DHCAL (SDHCAL): 48-layer prototype

— Plastic Scintillator-AHCAL (PS-HCAL): 40-layer prototype

— Glass Scintillator-AHCAL (GS-HCAL): new design and baseline
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I Glass Scintillator HCAL

27.2
mm

27.2
mm

m

Basic idea: to increase sampling fraction for better energy resolution

With high density and thick GS cell design, the sampling fraction of GS-
HCAL can be increased by a factor of ~20 compared to that of PS-HCAL

PS-HCAL

|

|

GS-HCAL

Upper cover: 2 mm

PCB+ASIC chips: 3.2 mm

Scintillator cell: 3.2 mm
Bottom cover: 2 mm

Fe Absorber: 16.8 mm

Upper cover: 2 mm

PCB+ASIC chips: 3.2 mm

Scintillator cell: 10.2 mm

Bottom cover: 2 mm

Fe Absorber: 9.8 mm

:
PS-HCAL
Fe: 20.8mm/171.5mm=0.1213 A, v

PS: 3mm/688.7mm=0.0044 2,
PCB: 1.2mm/492.2mm=0.0024 A,
Sampling fraction ~ 1.6% (=~ TB, MC)

Erec [GeV]

GS-HCAL

Fe: 13.8mm/171.5mm=0.0805 A,
GS: 10.2mm/242.8mm=0.0425 ),
PCB: 1.2mm/492.2mm=0.0024 },
Sampling fraction ~ 31% (MC)
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I GS-HCAL Mechanical Design

O GS-HCAL: One Barrel (16 wedges) and Two Endcaps

O
O
O
O

Thickness of the Barrel : 1315 mm

Inner radius of the Barrel : 2140mm (D,,=4280 mm)
Barrel Length along beam direction : 6460 mm
Number of Layers : 48 (6 A))

910(HCAL16-4ded)

4280(HCAL16-s{ded)

6460(HCAL)
1315 6520(End-HCAL) 1315
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I Barrel HCAL Mechanics

Main Structure

Integration of barrel HCAL structure

1 cell dimension

_— 40mm

///7////%////////; i

/)

S

Vi

1 Wedge dimension

_ 1367.56

1315

Quantities 3212800 27840
6460
Length: 6460mm

48*16=768
Total weight: 955 €018, ., 505 6. ceionn, 1619 une 2025




I Endcap HCAL Mechanics

Main Structure

- 1360 _

Integration of barrel HCAL structure

‘ ‘ 1307 ‘

4 types Box

6670

2862

=

1 box 1 layer
| cel | Box | layer | Wedge

Quantities 1006080%*2 3072%*2 48%16*2 16*2

Two endcap HCAL Total weight: 362 x 2 = 724 tons
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GS-HCAL Energy Resolution

A full detector geometry constructed with DD4hep in CEPCSW

— GS density 6 g/cm?, 1; = 242.8 mm, attenuation length ~ 62 mm

— GScell size 4 x 4 x 1 cm3, 48 layers, 64, in total

— Geometry: follow the mechanics design with supporting structures.

— Light output: LO ~ 60 p.e./MIP can satisfy the design goal.  o/E = 29.8%/\/E' ® 6.5%

'o\?' T ‘ T T T | T T T | T T T | T T T | T T 'B_Q| C LA I B B T T L IR B B | T T 'BE' T | T T | T T | T T | T
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- LY 10 pe/mip + 0.5mip,0/E =32.3% NE® 6.5% | — ——e—— Latt5mm,o/E =632% NE®16.1% | ~ Truth, o /E = 23.7% NE® 4.7%
w | ——<—— LY 20pe/mip+0.25mip,c/E =28.7% NE®5.7% | \ ———— Latt 10mm, o /E = 35.1% NE ® 9.6% B 35 B
© \ (———— LY 40 pe/mip + 0.125mip,0/E = 26.8% /IE ® 5.2% ———— Latt 20mm, o /E = 29.0% NE & 6.5% ———— Digi.,o/E = 29.8% NE ® 6.5% .
———e—— LY 80 pe/mip + 0.1mip,o/E = 26.9% /NE @ 5.2% ———— Latt40mm, o /E = 28.1% NE®5.6% ] 30 E
_ CEPCRefTDR -
B e CEPC Ref-TDR
10\ E
. - B . ¢ < ] —
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GS light output: > 40 p.e/MIP GS attenuation length GS attenuation length: 62 mm
Threshold: 0.1 MIP (> 5 p.e) .
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GS-HCAL Physics Performance

Hadron Energy Resolution (full simu. + digitization):
o MC Sample: ee - ZH — vvgg @ 240GeV

o Tracker (Si + TPC) + Crystal ECAL + GS-HCAL, Cyber PFA Reconstruction
BMR (H2>gg) = 3.88% 4500 T T ARRARRARAL EAARE AR A =

40002— + Rec. events
35001
30005
2500F
2000F
1500
1000}
500F

— H—jj, DSCB fit

Fitted Higgs mass is 126.32 £0.04 GeV,

o(mijj ) = 4.90 +0.04 GeV. CEPC Ref-TDR

Events / GeV

%O 90 100 110 120 130 140 150 160 170 180

Invariant mass / GeV
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I Performance Comparison

PS-HCAL, 40-layers, 4x4 cm? GS-HCAL, 48 layers, 4x4 cm?

o

RPC-SDHCAL, 48-layer, 1x1 cm?

. Pion Beam MC Simulation

A 0.5 T T T T T - E - : B \'_O' 4077| T s B B B B \;
u? - CALICE SDHCAL B I ” - A C 7
¥ 045 g S 025 — 60%/VE @ 3% Y4l T Truth, o /E=237%/VE®@4T7%
2 0.4f - o i B :
© 0355 —e— PS(-11GeV) + SPS(2080GeV) | 5 ° 30t ~— Digi. o/E=29.8%/|E®©65%
e E g "2 ¥ 56.24%/\E ® 2.51% :
0.3E '* E oc - E
025}l s & 0.15[ ] =
ozF 4 = @ - Preliminary H =
E = L § F —
0.15F L = 0.1 = ]
0.1 ° = . = - = E
oosE e 0.05[ 3 :
| T TR TR T TN RN T : 2023 SPS H2 pion data (7™ N I

0 10 20 30 40 50 60 70 80 0 ) ! L : 0 20 40 60 80 100 120

E[GeV] 20 40 60 80

Beam Energy [GeV] E [GeV]

65%/VE & 2.5% 56.2%/VE @ 2.5% 29.8%/VE & 6.5%
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GS-HCAL Constant Term

562A)

|||||||||||||||||

@D 2.5%, with shower % 02sf ]

48 Layers 6\ GS HCAL

» PS-HCAL prototype: 51, (ZE

start and end selection (requwe shower start at first 5 layers).  92f /E=2520%/(E ©295% ]

» GS-HCAL in full sim+digi: 64, — °F — 298/0 @D 6.5% (all events) 0'15;_ CEPC RelTDR

0.1F

237A)

« All events at truth level: 2£ - D 4.7% -t
* Shower starts at first 3 layers: a; 259/0 @D 3.5% :

* Low energy beam (E,- <30 GeV): = 25/3/0 P 2.9% % sk SOILayer'Sm;GSH'CAL' _
 Large HCAL (80 layers, 101): G; = 24\1/1/0 b 2.9% 02 éﬁpé”ﬁi’f"fﬁﬁﬁo’ :

=» Large constant term in GS-HCAL is partly due to
longitudinal leakage of the hadronic shower - T
=» Short attenuation length may also contribute " K E [GeV]

Hengne Li CEPC WS EU 2025, Barcelona, 16-19 June 2025 11




GS Study

» The GS collaboration was organized by IHEP in 2021,
it includes 4 Institutes of CAS, 6 Univ., 3 Factories .

A e e

)

Vi

e,

UV Light

bbb
P £
T

Ef'" '.in'

¥ = .
1;;[.1‘-151--‘-.—.-—.- H Normal light

L

High Density

Produce in Lab
5T High Light Yield

» HighEnergy
Physics:
CEPC+EIC

# Nuclear Detection :

.
m Gamma /neutron
detection

» X-ray detection:

the requirments?

Density~6.0 g/cm? i
LY ~ 1500 ph/MeV |
Emission peak: 400 nm i
Decay time: 60 and 500 ns i
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GS Study: Attenuation Length

W GFO samples with varying thicknesses were
fabricated to measure the light attenuation length.

W Using energy spectra and light yield vs thickness of
GFO to fit attenuation length: 6.2 cm @ 400nm

-— .

-=- Before

W New GFO samples from three vendors are under
test, promising results will be available soon.

S r Loy
4Q0 500 600 700
: Wavelength (nm)
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I GS Study: cosmic ray tests

New GS sample for Ref-TDR

15t Cosmic ray

(Integral gate=1 ps)

(a}iiuumyms(hj;__ 8 b [ A
GUmSRY YwHAY -
T |

n
4

 Lab grade GS (Smm cube)

 Normalize the thickness and

density of GS

* Prove consistency of LY and

MIP responses

Hengne Li

2" Cosmic ray
(Integral gate=4 ps)

Muon Events

1 \
Coin-Trigger

Tedes 1 for o

Size=40%40*10 mm?

Light yield:

~750 ph/MeV
MIP response:
~67 P.E./MIP

3rd Cosmic ray
(Integral gate=4 ps)

Size=20%20*10 mm3

Light yield:
~1800 ph/MeV
MIP response:

~400 P.E/MIP
CEPC WS EU 2025, Barcelona, 16-19 June 2025

Atten.leng. = 62mm
Size=40*40*10 mm3
Teflon wrapped

Count

' @IHEP

%2/ ndf 138.4/105

Constant 384 +11.7

MPV 159.9+0.8

Sigma 16.91+ 0.46
— BGRI-172L

IS Pl IR I A
o 50 100 150 200 250 300 350 400 450 500

SiPM: 6*6 mm?
HPK S13360-6025CS

PDE: 0.221

MIP response:

~159.9 p.e./ MIP

Convert to SiPM 3050 Result:
0.325 3*3
159.9. .

0.221 6*x6
PDE Area

Light yield ~1250 ph/MeV
Integral gate=1 ps

4x4x1 cm® GS, Teflon package, Hamamatsu S13360-3050PE.

2001

100

300~

Cosmic ray test E
CEPC Ref-TDR MPV = 63.6 :y 05 ]

Sigma=9.7+0.3 3

SJTU -

A S
50

100 150

SiPM: 3*3 mm?

HPK S13360-3050PE
PDE: 0.325

MIP response:

~63.6 p.e./ MIP

58.8 p.e./MIP
Consistent results

V.S.
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GS Study: beam tests

CERN Muon beam
(Integral gate=1 ps)
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Glass Index

(25-40)*(25-35)*(4-10) mm?
Typical light yield:

500-600 ph/MeV

* Typical MIP response:
60-100 P.E./MIP

Hengne Li
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DESY Electron beam

(Integral gate=1 ps)

............................ | I -
50 100 180 200 250 300 350 400 450 500

Size=40*40*10 mm?

Typical light yield:
600-700 ph/MeV

Typical MIP response:

80-90 P.E./MIP

S IR

New results from KEK, CERN,
and DESY are coming soon.

PE
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GS-HCAL Full-size Prototype (C3)

Preparation of full-size GS-HCAL prototype (2025-2026)

>

V.V V V V V

>

Total: 48 layers

Each layer: 13 x 13 GS cells (52 x 52 cm?)

GS cell size: 4 x4 x 1 cm3

Total GS cells: 13 x 13 x 48 = 8112

1 SiPM (3x3 mm?) for each GS cell

8112 NDL-SiPMs will be used

ASIC Chip with power consumption of 15mW/ch
Stainless steel as absorber and covers: 13.8mm

Cooperation with DRD4 and DRD6

>
>

Sen Qian is deputy convener of WG4.1 in DRD4
Contact person for GS-HCAL in WP6.1 in DRD6

TB plan (2027):

>

CERN: 2-180 GeV, e / u/ n beams

» CSNS (China): 1.6 GeV proton beam

Hengne Li

SiPM LEL
Steel cassette ——>  SS Cover 2mm
_% GS+Reflector 10.2mm
: 3 PCB+ASIC 3.2mm
SS Cover 2mm

Cooling tube

-% Absorber 9.8mm

Steel cassétte

) o

Figure 8.24: One layer and whole size of GS-HCAL prototype.

Wit

CEPC WS EU 2025, Barcelona, 16-19 June 2025 16



HCAL Research Group

® CEPC-HCAL team: IHEP, USTC, SJTU, XJTU, SCNU, SCU, HEU, ZZU
«  Detector for PS/IGS-HCAL: Staff(9) + Student(5)
«  Electronics: Staff(5)
«  Mechanics: Staff(3)
« GS Collaboration: 13 institutes, Staffs (26) + Students (10)

Convener: Sen Qian (IHEP), Jianbei Liu (USTC)

Physics: Mangi Ruan(IHEP), Haijun Yang (SJTU)

Software: Sengsen Sun(IHEP)

Design: Fangyi Guo(IHEP), Hengne Li(SCNU), Qingming Zhang(XJTU), Weizheng Song(IHEP), Peng Hu(261)
Dejing Du(IHEP), Hongbing Diao(SUTC), Jiyuan Chen(SJTU), to design the GS-HCAL based on CEPCSW;

Glass Scintillator: Sen Qian(IHEP), Jing Ren(HEU), the GS collaboration (13 institutes, 26 staffs +10 students);

Electronics: Jingfan Chang(IHEP), to design the ASIC and FEE, power supply, cables etc.;

DAQ: Chen Boping(IHEP)

Mechanics and cooling system: Yatian Pei(IHEP), Junsong Zhang(IHEP), Shang Bofeng(ZZU)

Detector: Boxiang Yu(IHEP), Yunlong Zhang (USTC) Yong Liu (IHEP), GS-HCAL module, TB and cosmic test;

Henagne I CEPE oYaYe Yl ] 1€.10Q o YaYo T
CHEEE WSEHU zZUZJ, uau.cmua 1+6-194une2025

SiPM: Yuguang Xie(IHEP), Jifeng Han(SCU), Guang Luo(SYSU), SiPM and electronics for the GS performance test;

17



Summary and Future Plans

Physics requirement for the design:
Hadron energy resolution < 30% /VE
Boson mass resolution (BMR) < 4%
GS-HCAL is selected as baseline based on its promising performance
Intensive R&D on high quality GS (e.g. light yield, decay time, attenuation length)
Update design of GS-HCAL mechanics, cooling and readout electronics

Simulation studies with CEPCSW demonstrated: with a Light output of 60 p.e./MIP
and attenuation length of 62 mm, can well satisfy the physics requirement.

Future R&D plans
To develop techniques for mass production of GS, SiPM with low cost
To further optimize GS-SiPM coupling, cooling and readout electronics
To prepare full-size GS-HCAL prototype with integrated electronics for beam test

Hengne Li CEPC WS EU 2025, Barcelona, 16-19 June 2025 18
.

18



Thanks for your attention!




Mechanics

FEA simulation study to evaluate key parameters: deformation and stress

A: Static Structural

Total Deformation et Rl 5
Type: Total Deformation aximum Principal Stress
Unit: mm ° mm Type: Maximum Principal Stress
Time: 1 Unit: MPa
2025/3/3 13:21 Time: 1

2025/3/3 13:22

A: Static Structural

20MPa

05008 Max
s 20,087 Max
0.38951 17.628
i 1568
0.27822 12.708
0.22258 1925
016693 16993
011129 5331
0.055644 2B71%
e 041235
-2.047 Min

Figure 8.81: When the difference between the lowest point and highest point is 0.5mm (left), the stress distribution (right)

P nra——

0.33mm 24.TMPa

Figure 8.73: Deformation and stress distribution of one wedge

» Max deformation of GS box is 0.5mm, deformation of wedge is 0.33mm
» Max stress of GS is 20MPa (Box) and 37MPa (Endcap): less than allowable stress of GS (60MPa)

Tett Daermation
Type Tots Dormtion

ooooo
yyyyy
nnnnn

e08 L S . S ' T

Figure 8.75: Deformation and stress distribution of berral HCAL

Vol el a Wl W Wl ud H e Va Ve ¥ il o

(=] VLI U VVO LU LULJ, DdI

Endcap —
elona, 16-19 June 2025
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Cooling

ASIC chip

@ Air cooling can not meet heat dissipation demands. 8
® Liquid cooling technology is employed to ensure
efficient heat dissipation and temperature uniformity.

Upper cover plate

Glass scintillator Active layer
/ and SiPM

PCB plate

Lower cover plate

Thermal interfacial material
Cooling pipe

Absorber layer

Tmu.\'= 15.56 OCs Tmin =15.00 °C

Figure 8.65: Cross section structure of each layer of detect module

® 4 pipesin each layer in parallel

Tar=15.03 °C Tar= 15.11 °C Tar=15.33 °C ® 8 layers gather in one pipe in parallel
Tin=15.01 °C L in=15.09 °C min= 15.28 °C L. .
—— ® Oneendisinlet and another end is outlet
15 15.1 15.2 15.3 15.4 155

e - -

Bmm+6mm  (0.5mm in

P

= (lémm *12mm
—— 1mm in thickness)

> FEA simulation of liquid cooling system 1

@ Inlet T=15 °C, flow rate 0.005 kg/s (inlet velocity 0.1 m/s). 'H'N | }' _
® Temperature within same layer < 0.6 °C b
‘ Temp. Variations Of ChipS in same mOdUIe < 0-1 OC Figure 8.100: C:c;lling routing for each wedge

Hengne Li CEPC WS EU 2025, Barcelona, 16-19 June 2025 22 22
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I 2.1 RPC based SDHCAL (Prototype)

High granularity (1cm x1cm)
48 layers (Tm x 1m x 1.3m)
Three thresholds readout

100 T

m Semi-digital HCAL (SDHCAL) ¢ -

80

70
80

sopes v e er e

40
30

Stainless-steel absorber with self- 1

supporting mechanical structure

Hengne Li
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CALICE Preliminary
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80 GeV Pion

P— " " " 1 PR
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JINST 11 (2016) P04001
JINST 17 P07017 (2022)
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0.2

0.15

0.1

0.05

CALICE SDHCAL

—e— PS(3-11GeV) + SPS(20-80GeV)

M,

65%/VE ® 2.5%
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I 2.2 Plastic Scintillator HCAL (Prototype)

60 GeV pion (SPS)

pach-

B Plastic Scint. AHCAL (PSHCAL)

* High granularity (4cm x4cm)
40 layers (72cmx 72cm x 1.1m)
» Plastic Scintillator + SiPM (12960)

* Stainless-steel absorber with self-

supporting mechanical structure

et
e

| 2023 pion data (SPS-H2)

—— 60%/VE @ 3%

=
o
w
T ™

=
]
22
5]
c
w
Z 60
B
3
2
@
c
o
(%]
o1
x

Prelfminary-_ } 56.24%/\E ® 2.51% -

1.00/VE + (0.06), x*/ndf = 273.33
2023 SPS H2 pion data (™)

20 40 60 80
Beam Energy [GeV]

\
\ —
A

0.5 ¢ 1
s Preliminary 1

Energy Resolution oz /E
[—]
o

&
—

S0015F ==
2 omf Preliminary i
= 0.005F i
of . _ 0.05} ]
~0.005} : ‘ E i - .
"ot 5 (;: 2923 SPS le pion dE{ta(n ) o F|g8.14
-0015f 2 20 40 60 80
(a) 20 0 Beamognergv [Gggl (b) Beam Energy [GeV]

. NIVA 1072 (2025) 170191  56.2%/VE®2.5%

Hengne Li arcelon




5-2 Readout EleCtl'On iCS (CZ) See Wei Wei’s talk for details

ASIC AsIC
Optical Data
Module aggregation

ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC

Power Manager

Power Data Data Power Data .,  Data Power Data .~ Data
Manager  Link aggregation Manager  Link aggregation ~ Manager  Link aggregation
Barrel end
ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC
o g el Az 2022 m==ee
> FEE Cable direction Cable direction _ 19
< Barrel I

Front-End Electronics (FEE) readout boards in HCAL cell Box
— Thickness: 3.2mm =PCB 1.2mm + ASIC Chip 2mm
— SiPMs, ASICs and Data Aggregation
— PCB dimensions: flexible in different positions
SiPM-readout ASIC: under development
— Self-developed for CEPC calorimeter system
— Functionality: energy and time measurements
— Power consumption: target at 15mW/ch
Aggregation board at the end of barrel, cable connection

Hengne Li
.

— — — — E— — — —— S— S— SS—— SS—— S— S— S— S— —

r Customized 1 | Common data platform
i

| I

1 1

| |I FEE BEE |
Data Data Link Optical : Co

| H AsiC Ci) agaregation || (GBTelike) | Module | | " data |

| |

L eow (FEDI) | (0AT) u Board
1 | 7y ry
S RN T SRS SN TR ———
Cable
Power Management (PAL) «+ POWER

CEPC WS EU 2025, Barcelona, 16-19 June 2025

Energy Measurement: ASIC for ECAL & HCAL
Data transmission: common data platform
Trigger mode: FEE triggerless readout
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I 7.2 Research Team of GS-HCAL

» GS collaboration: 13 institutes, 26 faculty/staff, ~10 students
» HCAL working group: 8 institutes, 17 faculty/staff, ~10 students

s i = r = T - Insritute of High Encrgy Physics, CAS
_ PhysicsofHeAL | g BRI @) B AR b A S
)- Jinggangshan Universiry

)| oy )
Technical Survey e ¥ @ ['@\'} == FRL R
o

pem  Beijing Glass Rescarch Institute

" Design of the GSHCAL <& @ ERR A B

Sun Yar-sen University

Tl K%

Zhejiang University
#ir k%

Fudan University

EERY

China Building Marerials Academny

CBMA b [ i 5 AHE SO South China Normal University

' 5\ (_:\ ) T ) e
The Glass Scintillator | [ e SICCAS | PR
= fans

{"A% China Jiliang University
My FEHERE

Shanghai lioo Tong University

b K

The SiPM of HCAL

University of Scence and
Technology of China
R K R

Electronics & DAQ ] -

Harbin Institute of Technology
LS s o O

Zhengzhou University

SELEA S

Sichuan University
m I Fg

Harbin Engincering University
el Ui LA KB
1]

Mechanics of HCAL @ @

Xi'an Jiaotong University

LE SRR

Calibration of HCAL ]

Shanghai Institute of Ceramics, CAS
L.

A i s e Henan Universicy
"ﬁ Ll B A Y R ST K 2
f - Y e iy ) . .
The Mass Production @ = pen (& Shanghai Institute of Optics i .
\ CBMA SIOM e and Fine Mechanics, CAS Beijing Normal University

L8

A B L A LA R A

% Ganjiong Innovation Academy, CAS T

o B A LA A R

Morth China University of Technology

" Performance of HCAL | - @.l@;ﬁl G ¢
- S i f{\\b_ ) deF Lk

_ T, CMMNC Beijing Nuclear Instrument Co,, Chino General Nuclear Zhongjin
The Outook sty | < €5 K38 §F ot eemlosmn o,y Gt e
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I Research Team of GS

N : Institure of High Energy Physics, CAS
Research & | [ u SR L AER @ B #4414 LR AT
[ B QR e @

| Development ths A7 Jinggangshan Universiry
F’rodGu?:tinn }7 i Ik‘#""’; e
, e — Beijing Glass Research Institure
. 4 —-[ Mass production | ﬁ (el B Ril :l;‘.'-}‘rmtﬂ'rxﬁ l
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. CBMA o [ A S B R
_"| Optical test T’g ~SICCAS I{"’T"“ﬁl China Jiliang University
’ N e PAdERE
oS o D i
Mechanical test i Harbin Engineering University
Research ! | = % o R 3 TAL
L A
. L | AR g - Harbin Institare of Technoloay
—'[ Irradiation test !,j - gz @. o A Tk e
L=, Sichuan University
—+  Simulation ] - i !: o ] & &
( GS h . . ‘ J Shanahai Institute of Ceramics, CAS
: SiPM Research | == M ICCAS o () fe b i Ak B 2k B 90 B
HCAL Design }_ ! ® W -
. S Bl Shonghoi Institute of Optics and Fine Mechanics,
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GS-HCAL Digitization Model

8.9.2.1 Energy linearity and resolution

The energy linearity and resolution are estimated with Geant4 simulation in CEPCSW. In order to study the intrinsic
energy response in GS-HCAL, all inner sub-detectors are removed. A digitization model is constructed considering the
following items:

o Birks constant. Currently a preliminary estimation of Cpg;.xs = 0.01 is applied, considering the BGO has
Cpirks = 0.0086. A measurement with heavy ion beam is being planned.

o Light yield. With the measurement from glass scintillator samples, the intrinsic MIP light yield can reach to 2000
ph/MeV, thus the detected light yield is expected to be at least 100 p.e./MIP. This satisfies the requirement from
noise and 0.1 MIP threshold.

e Attenuation length. 2.3 cm attenuation length is expected, based on current measurements. While more detailed
studies of the glass scintillation properties need to be studied.

e Threshold. With the scanned impact on energy resolution, a 0.1 MIP threshold is expected.

@ SiPM response.

e Electronic system.

@ Other items are considered as negligible after the calibration.

This model gives an estimation of the energy resolution op/E = 29.8%/ VE & 6.5% and linearity within 2% before
calibration in Figure 8.106 The physics list ' QGSP-BERT” is used as default one. Other physics lists are also tested. The
large constant term is contributed with the longitudinal leakage from this 6 A; design, which is limited by the total detector

volume and cost. This result is better than the traditional HCAL with typical energy resolution of o /E = 60%/ VE®3%.

Hengne Li CEPC WS EU 2025, Barcelona, 16-19 June 2025
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I SiPM Dark Current Rate (DCR)

i~ 10" g AL L s Sy N B B B B B S B B B B | The nominal dark count rate (DCR) of SiPMs, along with their testing temperature and bias voltage.
I ——
—_— 1 05 NDL EQRO6 SiPM DCR (MHz)  Over votage (V)  Temperature (°C)
Y —-—
(&) 5 HPK S$14160-3015PS HPK S§13360-3050CS 0.5 3 25
A 10 —+— HPK S13360-3050CS HPK S$14160-3015PS 0.7 4 25
] 04 NDL EQRO6 11-3030D-S 25 8 20
10° I MPPC (multi-pixel photon counter) S13360 series
10°
== Electrical and optical characteristics (Typ. Ta=25 °C, unless otherwise noted)
1 U Dark count**
Photo Temperature
1 e sy | o I P i i
R oy [ g i B W o B S e il
A Ap A=hp Vop voltage
1 0_1 ATvop
(nm) | (nm) | (%) |(kcps)|(keps)| (pF) (V) (%) (v) (mV/°C)
"I 0—2 1 1 1 I 11 | I 11 1 I 11 1 | 11 1 I 11 1 I | 11 I 1 1 1 I [l 513360-1325PE 320 to 900 70 210 B0
0 2 4 6 8 10 12 14 16 513360-3025CS 2010 900 200 | 200|320
) S13360-3025PE | 'y |320t0900 25 7.0 x 10° 1 | ver+s
Fig7.61 Threshold [p.e.] $13360-6025C5 27010900 1600l 5000| 1280
513360-6025PE 320 to 900
513360-1350PE 320 to 900 90 | 270 | 60
513360-3050CS 270 to 900
~ S13360-3050PE | %)% [20w900| 450 | 40 500115001 320 ), 5 10¢ 5325 | 3 | ver+3 54
» HPK 13160: DCR ~ 0.5MHz, 513360-6050CS 2010 900 2000l co00] 1200
513360-6050PE 320 to 900
~
» Threshold >5 pe (0.1 MIP), DCR rate ~ 1Hz SizsiD 757 1050 % [270| e
1 -3075 70 to
. . ————————1 \over 500 | 1500 320
~ S13360-3075PE | 320 to 900 50 4.0 x 108 7 | ver+3
> integral time ~1us, smwne| ) [om T JOO
9 H PM : ~ M %k 1 -6~ 513360-6075PE 320 to 900
Si noise rate ~ 5.3 0°~5.3

*4: Photon detection efficiency does not include crosstalk or afterpulses.
*5: Threshold=0.5 p.e.
. Mote: The above characteristics were measured at the operating voltage that yields the listed gain. (See the data attached to each product.) 33
Hengne Li CEPC WS EU 2025i Barcelonai 16-19 June 2025 33



GS+SiPM

® Mass production of high quality SiPM;

‘ * HPK S13360 series (3x3 mm?) ~ 20% Detection efficiency.
L - e HPK S14160 series have about 43% PDE @390nm, more suitable for
HCAL, will be tested soon.

* NDL (3x3 mm?2) ~40% DE, could be improved to 60% in the future

_ NDL e |HEP will cooperation with NDL for the performance test

NDL EQR20  HPK S13360-3025CS

Photosensitive area (mm) 3X3  3X3 ® Mass production of low cost SiPM;
Operation Voltage (V) 32.3 56.64 * Hamamatsu HPK / NDL SiPM (3x3 mm?2) ~ $1.5/ch with O(5M) pieces
Gain 8§X 10> 7X10° * Optimizing granularity, GS and SiPM couplings to reduce cost
SPE channel 99 01 il oS 1 — T—
PDE @3%0nm (%) 2 2 1
o N s e - _ . T ] %m. E 20E404
Scintillation decay (ns) 487.6  594.4 R

» 137Cs Energy spectra » Average waveform » Glass+137Cs Energ%/4spectr_§14

Hengne Li CEPC WS EU 2025, Barcelona, 16-19 June 2025
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| SiPM+GS Coupling

Relative detection efficiency A Glass SiPM LED . LED
SiPM coupled glass _ D\ Sl
TiO, Teflon ] _ )
6% 6 SiPM 3X 3 SiPM : d (~] SS Cover 2mm \ Stee' cassette /- L

Reflectivity (%@400 nm) 70 86 g

YV V V

GS+Reflector 10.2mm

Single 3 X3 mm 0.7 /

Glass Glass

' O O o PCB+ASIC 3.2mm Ll
Single 6 X6 mm 1 1.43 . ~N S Cassette cover 3 SS Cover 2mm Steel cassette
Four 3 X3 mm 2.08 24 s
3X3 SiPM / \ —> Absorber 9.8mm
Four 6 X 6 mm 2.98 4.2 - =

Because the light attenuation length is only ~¥23 mm, more SiPMs are needed to collect sufficient light.

One scintillator is coupled with either 1, 2, or 4 SiPMs (3 mm X 3 mm SiPMs).

In the future, the performance of GS is expected to improve, potentially allowing the use of fewer SiPMs —
possibly even just one.

Glass scintillators bonded to the PCB with optical glue were tested. The results show that the glue is sufficiently
strong for this purpose.

There is a gap to hold the SiPM either in the GS or in the PCB. More tests are needed to determine the optimal

posmon of this gap (in the glass or PCB) and to identify a low-cost and practical method for |mplementat|on 35
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5.1 GS Study: large size (4x4x1cm?3)

Density=6.0 g/cm?
LY=1506 ph/MeV
ER=41.2%

LO in 1ps=1129 (75%)
Decay=53 (3%), 655 ns

» Three companyl/institutes are capable to produce larger size GS with mass production;
> For GS-HCAL prototype: Size =40*40*10 mm?3 ; Density = 6.0 g/cm?;
» Light yield could > 1000 ph/MeV, but typical decay time > 100 ns;

(a) r T T
| Transmission spectrum

XEL spectrum

\.
\

Y 4 1 1 N ————

(b)g

GFO glass

1/3 BGO

PP EPUNTEN ISP PP e v = o e R
000 10000 12000 14000 16000 18000  20€

300 400 500 600
Wavelength (nm)

> (a),Transmission and XEL spectra

ADC channel

ceoc % cABY ENergy spectra, oo,.

(C) 896
—
894 | |
892
- 5 |
|
& \
> 890 |
- W,
3 | /
= | |
= sss i
= | |
- | |
886 i
|
884 | H -
[ ~——-GFO glass
882 A A -" A A A A A
0 S00 1000 1500 2000 2500 3000 3500 4000

Time (ns)

» (c) Scintillation decay curves



5.1 GS Study: Irradiation Test

O 6 GS samples (5X5X5 mm3) were irradiated with
a 59Co source of 3.656 X101 Bq

O GS samples were placed with different distances

|
[ #AOcmT >
Mem
(3.7 10" Bq)ho T =
cin lem @ 3cm 8cm
0Co - - 55 ——————— - = "
Icm Jem
[ 4om 7
le 28cin 5 =
=
e 53cm 2
I =
Eﬁ 50
O Light output of GS samples are reduced to 58% of its
40
original level after ~200 Gy dose exposure which is
consistent with proton irradiation in 20 years (~200 Gy) >
Hengne Li CEPC WS EU 2025, Barcelona, 16-19 June 2025
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Power Supply for SiPM

>

The Box Design for the GS-HCAL in the Prototype

Upper cover plate

PTFE gasket
ASIC chip

PCB plate
Glass scintillator

Lower cover plate

1.5pF L

i

-
|+

TP

Low gain
Preamplifier

i

"1pF-1.5pk

Slow Shaper,

T P,
1T L—
L=

Il o.1pF-1.50F

15;151‘{_

IN (
- DAC output

ﬁigh gain
Preamplifier

I e
il N

Slow Shape

0-100ns

nalog memo

Depth 16

adjustment

I Fast Shaper

4-bit threshold |~

|
Common to the 36 |
channels :

SiPMs in the GS-AHCAL receive a uniform bias voltage via a PCB box.

I
Char
measung;ent
Depth 16 READ
HOLD
Varigble delay
Trigger
7T 99 Flag
] 4 yDepth 16| TDC
A
EEE
/— R R I
— """ Time
TDC ramp | measurement
300ns/5 ps |
I

—»
Analog
output

SiPMs will be categorized, and those with similar operating voltages will be grouped in one box, sharing the

same power supply.

ASIC chip can regulate the bias voltage within £0.5 V, which is narrower than the =5 V range of SPIROC2E.
Tests have confirmed that £0.5 V regulation is sufficient for SiPM operation.

Hengne Li

CEPC WS EU 2025, Barcelona, 16-19 June 2025
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Readout Electronics

Details in “Electronics” talk

* Dynamic range of charge measurement:

- 0.1MIPs (800fC) — 100MIPs (800 pC);
* Charge resolution: 10% at 1 MIP;
* Integral non-linearity (INL): < 1%
* SiPM Terminal Capacitance : <100pF;
* Single channel average event rate :
1.5kHz/ch at Higgs;
* Single channel maximum event rate :

42.33kHz at Higgs.

Hengne Li
.

[ Esgmiz_ed 1 Common data platform B
- :LI
FEE BEE
Data Data Link Optical : Common
‘ ‘ ASIC <:£> aggregation || (Gamele) | Module | || | data
I (FEDA) (FEDI) (OAT) Board
7y 1
T
i Cable
Power Management (PAL) < POWER

Energy Measurement: ASIC for ECAL & HCAL
Data transmission: common data platform

Trigger mode: FEE triggerless readout

CEPC WS EU 2025, Barcelona, 16-19 June 2025 44
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5.3 GS-HCAL Full-size Prototype (C3)

2021-2023 2024-2025 2026 2027
Physics+ new Design;
Software+ Design Optimization calibratiogn _’
Design+ TDR calibration beam tes;:
Mechanics
Glass R&D R&D maigKch):ngi:ion
Scintillator 5X5X5 mm3 40X40X10 mm3 baFt)ch test Assembly the cell;
. 20K o FInish the Module for
i perrormance pleces erformance test;
SIPM test samples test, choice batch test P
the cosmic ray test;
the design of V1, V2 V2 the beam test;
Electronics ASIC and FEE, performance | mass production
power supply test batch test

Hengne Li
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I Working Plan

® Plan of the Prototype of GS-HCAL in the next two years (2025-2026).

® Prototype of the HCAL was designed right now.

o - Prototype design

D Item Start time Compeleted Duration

014 028 038 o4F 058 06A o075 084 09AF 108 1A 125 01 028 038 048 o0sH 068 07A 088 09A 108 18 125
1  GStiles production 1/1/2025 30/3/2026 64.8/8
2 GS and R&D 1/1/2025 30/6/2025 25.8/8
3 GS mass production and QC 1/7/2025 30/3/2026 39/
4 SIPM purchase and QC 1/1/2025 1/1/2025 ofd
5 SiPM selection 1/1/2025 30/6/2025 25.8/
6 SiPM purchase and QC 1/7/2025 31/3/2026 39.2/8
7 ASIC chips research and production 1/1/2025 30/3/2026 64.34 N ———
8 ASIC chips design 1/1/2025 30/9/2025 398 |
9 ASIC chips production 1/10/2025 30/3/2026 25.8/8 ]
10  Electronics design and production 1/10/2025 1/7/2026 39.2[
11 PCB design 1/10/2025 27/2/2026 21.6/8
12 PCB production 2/3/2026 1/7/2026 17.6/8
13  Machine and cooling 1/1/2025 1/7/2026 78.28
14 Machine and cooling design 1/1/2025 30/9/2025 39/ |
15 Machine and cooling installation 1/10/2025 1/7/2026 39.2/8

® Total: 48 |

16 | Integration of Sensitive Layers and test 1/1/2026 30/9/2026 39/ | O a * ay e rs

17 | GS-prototype integration and test 1/2/2026 30/11/2027 7478 | . Ea C h I aye r: 1 3 * 1 3 gl asses

This study is to address the IDRC Comment (3):

Pr ation and beam testing of full-si




I HCAL Mechanics Design

Layout for all HCAL components

Barrel HCAL

0 Requirements:

Endca p HCAL @ Support structure zone is as lower as possible.

€ Maximum stress of different materials need to be
lower than their allowable stress level.

@ Deformation of different materials need to be
controlled so that there will be no broken parts
under different conditions.

@ Outer contour dimension tolerance need to be
Omm to -5mm ;

@ Inner contour dimension tolerance need to be

Omm to +5Smm.
Support rings

O General structure information:

@ Cross section of barrel HCAL is a regular hendecagon

€ Outer hendecagon inscribed circle diameter is 6910mm and the inner hendecagon
inscribed circle diameter is 4280mm.

€ Total weight is 1679 tons and there are totally 5224960 (~530M) glass sclntlllator

Hengne Li CEPC WS EU 2025, Barcelona, 16-19 June 2025 47
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I 2.1 RPC-DHCAL (Gas Detector)

[ | Sem|-d|g|ta| HCAL (SDHCAL) > 80 GeV Pion beam test in CERN > The prototype of the DHCAL
 High granularity (1cm x1cm) Do cucepinion . ‘
« 48 layers (1m x 1m x 1.3m) | -
ME— i"
« Three thresholds readout ; ke "”m‘” 'm“"”m!"““" E
« Stainless-steel absorber with self- : : ‘ 3
supporting mechanical structure ‘ [T J. S T I m‘
Z(cm)
B DHCAL performance: 38805_"5‘"55"55""5““ """"""""" ¢t ouslcAUCESDHOAL
w701 - = ;E = _i
 Higgs boson mass resolution(BMR): = T s I =
«  H— gg: 3.68% (full sim + Arbor rec.) .- ERS
* Energy Linearity within =1.5%7 : / I — b
* Energy Resolution: J b .. A T
gy EEgzggjﬁ ) - é | D:i I | \ T | [ g
0.08E N 0 10 20 30 40 50 60 70 E[GBeOV]

65%/&@2.5% R R L

Hengne Li CEPC WS EU 2025, Barcal INST 1910 (2006) P04001; JINST 17 P07017 (2022 48 48



| 2.2 PS-HCAL

» 80 GeV Pion beam test in CERN » The prototype of the DHCAL

B Plastic Scintillator-AHCAL (PSHCAL)

* High granularity (4cm x4cm)

« 40 layers Three thresholds readout
« Plastic Scintillator + SiPM

« Stainless-steel absorber with self-

Moveable Table

supporting mechanical structure

B PS-HCAL performance: : w Preliminary g _
% ol S 025\ 60%/\VE+3% s
« Higgs Boson Mass Resolution (BMR): ™ « e At
* H— gg:3.77% (full sim + Arbor rec.) . e i RN ]
« Energy Linearity within =1.5% ey e h Pre"minar;’\“ — ]
* Energy Resolution: &) preliminary A sl |
e 5 Hncident EnfCev) Incident En[GeV]
60% /VED3%
Hengne Li A]/ ° CEPC WS EU 2025, Barcelona, 16-19 June 2025J|NST 17 (2022) PO5006 49 49




I 2.2 Plastic Scintillator HCAL (Prototype)

B We have developed a PS-HCAL prototype and TB at CERN in 2022-2023

Calo Layers | material | Absorber | Granularity | Electronics | Thickness | Resolution | Weight

PS-HCAL 40 PS+SiPM Fe 4%x4 cm? | SPIROC-2E 4.6 \, 60%/@@3% 50T
$14160-1315 12960-ch
Scindliator o JINST 17 (2022) P05006

and PCB /

Scintillator (3 mm) Cassette pad (2.5 mm)

HBU (2 mm ) Silicon gasket (2 mm) Chips(2 mm)

cassette

fLYAI
Entries 16524
Mean 12.99
Std Dev__0.8048

tors (pieces)

2 R 2 @
g 8 & 8
s 8 8 8

LY<11.7 p.e. LY>14.3 p.e.

854 pieces

8 9 10 1 12 B
Hengne L| Light Yield (p.e.)

451 pieces

Number of scintilat
@ @

14,219 piec
within +10%

14 15 16

50



https://iopscience.iop.org/article/10.1088/1748-0221/17/05/P05006

Light Yield

* Light yield/ Light output:

The efficiency of converting particle deposition energy into photons; photons/MeV, requires the device to be able

to distinguish a single photoelectron signal. The results are obtained by comparing a single photoelectron signal

with a test sample to the full-energy peak.
* Intrinsic light yield:
The light yield without any light loss inside the scintillator.

SiPM-6025Cs-57.19V

1000 : —emp
: u s
800__ channel = 473 j-:m ccccc nod
8 e00[- S
E : Sigma 3553 £ 256
400
200-) N B N
%00 200 600 800 7000 05="T0000 20000 30000 40000 50000 600D 70000 80000 90000
. ADC [Channel] ADC
Hengne Li CEPC WS EU 2025, Barcelona, 16-19 June 2025

BGO:

Ly _Mx1000keV
_ngpDEXEkeV_

7917 ph/MeV (5*5*5 mm?)
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Progress of large size GS

BGRI
Size=40*40%10 mm3
Density=6.0 g/cm?
LY=1506 ph/MeV
ER=41.2%
LO in 1ps=1129 (75%)
Decay=53 (3%), 655 ns

B Size=40*40*10 mm?3
B Density=6.0 g/cm?
B LY=1119 ph/MeV
H
|
n

Size=40%*40*10 mm?
Density=6.0 g/cm?
LY=861 ph/MeV
ER=41.7%

LO in 1ps=697 (81%)
Decay=114 (11%), 516 ns

ER=57.1%

LO in 1pus=616 (55%)
Decay=80 (4%), 1167 ns

— 114BGQ

=
=] E .
S BGRI -«

i B2 1 BES
5000 3000 6000 800D 1000 12000 14000 16000 I8000 20000
ADC channel

000 10000 15000 20000 25000 30000 35000
ADC channel

§ "h e ] pliguigs "
0 5000 10000 15000 20000 25000 30000 35000
ADC channel

t
[ [ =
: =
= TTTT TTT T[T TT




I Ultra-Large GS (10cm X 10cm)

E — GSPlus-1
(3 \ — GSPlus-2 894
107 | =7 R
L ,". “.1 N J" "-‘l - BSO 9
] . f " 893
*“; & o "\ 1/4 BGO ‘E’ /
10 [l 2 101.9 (1.0%)
L B 8% Plus-1 ’
g £ GSPlus i 1456.5
: g
o : X . o pLi B n !' L | < 1 72.1(3 3(y)
Yord s el e GSPlus-2 795 Pt
1 oy e i i ——— GSPlus-2
0500040006000 500010000 12000 14000 16000 13000 20000 8890 1000 2000 3000 4000 5000 6000

ADC channel Time (ns)

- 5,5,S mm3 5!5,10 mm!
LY from PMT
(EW/MeY) 1464 1273 1155 941 861
Hengne Li
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Ultra-Large GS (12.5cm X 122cm)

. = v'-L-_,_'._,,.:f.:A _ -x-?: ,,‘\_,*@,1
T T T ugd,&_’; g
MBRIG 7 110 ' Pa, R R 0 26 B 0 R0 B . 245 0 W 4
B SRUTE 0 A L T e e B 2% ok, R i 4 JR T A4, Sﬂ"
AR e

,_ﬁtmuﬁ’\ﬂ =T [F) 2 JR e £ R Ge P °T B ol % mh g 22 1 5
...amwrmrzr “RER. B—R e KGR, mwzmﬁ
W000m, 2. Bk %R T B SR, “iﬂ.i.,g
L_ﬁﬂ*iﬂ Ti, M Rgay,

IR SE T AE P B 0, DS e e AT L P AR M A F X R ’é%|

SR LA R 5 %) BRI, ke RIRRY, ﬁk(:%uEw

1 3 BEEMHBTEMEESE

'FEWﬂﬁaaﬁmﬁw kTl T EYTT,

ﬁhi.w$$yﬁﬁﬂﬁ£mmgﬁmrm$ﬁ%M@
< BUI, BEEEERAT o, B Al
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Scintillator-AHCAL: Materials

’ ——
A A
HND-S2
BC418
Plastic Scintillator Glass Scintillator Crystal Scintillator
Large density Large density Large density
High light yield High light yield High light yield
Energy resolution Energy resolution Energy resolution
Low cost Low cost Low cost
Fast decay Fast decay Fast decay
Large size Large size Large size
Hengne Li CEPC WS EU 2025, Barcelona, 16-19 June 2025
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