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1. Introduction
CEPC as Higgs/W/Z boson factories

“ H/W/Z decay into hadronic final states are dominant, it is
crucial to design high performance calorimetry system

** Required Jet Energy Resolution o/E ~ 3-4% at 100 GeV
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2. Requirement

Hadron Energy Resolution  60%/VE @ 3% 40% /VE @ 5% Jet performance

flavor physics

Longitudinal Depth 48 layers, total depth of 6 A, Containment most of jets
Transverse Granularity 40mm x 40 mm H = gg (gluon jets)
Signal Dynamic Range 1-100 MIPs 0.1 MIP as trigger threshold

Time Resolution 1ns Bunch crossing ID
(1-MIP signal) timing hadron performance
Power Consumption 15 mW/ch O(5.6M) channels



I 2. Requirement

=>» The increase of sampling layers (40 = 48 layers) will improve the total nuclear
Interaction length (~5\1 - 6\) and suppress hadronic shower leakage, which is
beneficial to achieve better BMR and accuracy of benchmark physics processes.
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I 3. Technology Survey and Our Choice

Three major options for CEPC Hardronic Calorimeter

— @ RPC-DHCAL (SDHCAL, prototype): 48-layer
— @ Plastic Scintillator-AHCAL (PS-HCAL, prototype): 40-layer
— @ Glass Scintillator-AHCAL (GS-HCAL): (new design for CEPC Ref-TDR)
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PFA calorimetry: extensively explored within the CALICE collab. .




I 3.1 RPC based SDHCAL (Prototype)

B Semi-digital HCAL (SDHCAL)

High granularity (1cm x1cm)

48 layers (Im x 1m x 1.3m)
Three thresholds readout
Stainless-steel absorber with self-
supporting mechanical structure
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https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07017/pdf

I 3.2 Plastic Scintillator HCAL (Prototype)

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

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

PS-HCAL | 40 PS+SiPM Fe 4x4 cm? | SPIROC-2E 461% |60%/VE®3%| 50T
514160-1315 12960-ch
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https://iopscience.iop.org/article/10.1088/1748-0221/17/05/P05006

I 3.2 Plastic Scintillator HCAL (Prototype)

=2 About 65 M test beam events collected

5% -> AHCAL prototype pion TB data
=>» Energy linearity within +1.5%

=>Energy res. 56.2%/ E(GeV) @ 2.9%
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I 3.3 Glass Scintillator R&D

» The GS collaboration was established in 2021, it focuses on the large-area & high- P T

4
y O

Jj‘ ,\

performance glass scintillator for applications in nuclear and particle physics. i
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3.3 Glass Scintillator R&D
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I 3.3 Glass Scintillator (GS1) TB Performance

CERN Muon-beam (10 GeV muon)
11 glass tiles tested at CERN (2023/5)

CALICE-CEPC calorimeter prototypes

Beam particles
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I 4.1 GS-HCAL vs PS-HCAL

Sampling fraction of PS-HCAL and GS-HCAL | cepc ancar &
Pion beam A
1000 A A *
PS-AHCAL : *
i Upper cover: 2 mm PS-HCAL (6.151) f * * wsm
PCB+ASIC chips:3.2mm  Fe: 20.8mm/171.5mm=0.1213 A, B el - L
:cit“tﬁ“a“" ce'_'=23-2 mm  PS: 3mm/688.7mm=0.0044 ), v s PS-HCAL
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Fe: 13.8mm/171.5mm=0.0805 2, i ]
GS: 10.2mm/242.8mm=0.0425 A, 10F E
Bottom cover: 2 mm PCB: 1.2mm/492.2mm=0.0024 A,

Scintillator cell: 10.2 mm
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4.2 GS-HCAL Energy Resolution

A full detector geometry constructed with DD4hep in CEPCSW

— GS1 (Gd-Al-B-Si-Cs): density 6 g/cm3, 1; = 242.8 mm, attenuation length ~ 23mm
— Geometry: follow the mechanics design, with simplified supporting structures.
— GScell size 4 x 4 x 1 cm?®, 2.7cm / layer, 48 layers, 64, in total

30

Birks = 0, %%9& © 4.67%, X Indf=102.76/7
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I 4.2 GS-HCAL Energy Resolution
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4.3 GS-HCAL Physics Performance

Hadron Energy Resolution (full sim + digi) :
PFA Reconstruction for ee - ZH — vvgg events:

29.75%
VE

CTEu/l; = (}9 6.46%

— Tracker + crystal bar ECAL + GS-HCAL (barrel only)
— Improvements are expected with further optimizations (e.g. tracking, clustering, calibrations)

— BMR = 3.95+0.10% (mj; = 123.81 + 4.89 GeV).
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I 5. GS-HCAL Design

O GS-HCAL: Barrel (16 sectors) and two Endcaps 1367.56

Thickness of the Barrel : 1315 mm e—_
Inner radius of the Barrel : 2140mm (D,,=4280 mm)
Barrel Length along beam direction : 6460 mm
Number of Layers : 48 (~ 6 1))

O
O
O
O

6910(HCAL16-sided)
4280(HCAL16-sided)
—End-cap HCAL —

i
6460(HCAL)

\
1315 _ 6520(End-HCAL) 1315
|




5.1 GS-HCAL Mechanical Design (Barrel)

> One Sector 1367 .56 > Several Layers == =—="10)/
%b—@/

gé I T ' = ' il Q/f

L i

/

Active layer Cooling pipe  Trapezoid
(17.4mm)  (6*6mm?) plate

v

Absorber layer
(9.8mm)

Upper cover plate Chip
PCB
Used for fixing
module to absorber
GS
PTFE gasket

Used for making the
module as a integration

1 module of active layer Removing the upper coves plate

Bottom cover plate



5.1 GS-HCAL Mechanical Design (Barrel)

» Simulation of one active layer module (320mm x 646mm) Total Deformation

Type: Total Deformation

Units mm Max. deformation 0.7mm

A: Static Structural Tirne: 1
Total Deformati 2024/10/6 4:50 [0) | ith ab b
T:;ae: th:rg:::r:natic = n e aye r WI a So r e r
it mm 0.70112 Max
2024/9/26 11:35 0.62322
0.1187 Max 0.54531
0.10551 046741
0.09232 0.38051
0.079131 0.311861
0.065943
0.052754 0.23371
0.039566 0.1558
0.026377 0.077902
0.013189 .
o Min 0 Min
Max. deformation 0.11mm (single active layer) A: Static Structuras
- i Maximum Principal Stress 2
l::i‘ai‘i:n':‘ms;:lil::i:':lsrress 2 Type: Maximurm Principal Stress MaX. St ress
'LFJyP::’\:/;aximum Principal Stress Ul"lit: MPa

Time: 1 28.1MPa of GS

202479730 13:23

Tirne: 1
2024/9/26 11:33

2.1412 Max
1.865

1.588
13111
1.0341
0.75714

28.122 Max
24 679
21.236
17.793

Max. stress 14340

10.906
2.1MPa of GS 74634
4.0203
0.57729
-2.8658 Min

043012
0.20323
-0.073726
-0.35068 Min

® The allowable max. stress of Gé IS about 50MPa
.



5.2 GS-HCAL Mechanical Design (Endcap)

N Barfel Iron yoke ¥

Maanet
<

P

2 99

P

Two GS-HCAL endcap, 360 tons / each

Cooling pile /

Absorbe'r

A\

Cover plate

PCB+SiPM
+Chips

\

Absorber

Cover plate

Schematic of one layer 20



I 5.2 GS-HCAL Mechanical Design (Endcap)

Cover plate

GS + PCB

Tighten Strips ‘

Thermal Conductor

Cover plate

» GS cell size: 40 x 40 x 10 mm?3
» Four special-shaped at edge

GS-SiPM-PCB
four SiPM (3x3 mm?)

21




5.3 GS-HCAL Cooling Simulation

» Cooling simulation of 1 active layer module (320mm x 646mm)

@® Heat source (chip): 15 mW/ch

® coefficient of heat conduction: 5000W/m? K;

® Inlet water 25°C, environment temperature is 25°C
® Thermal contact resistance: 500W/m?2

A: Steady-State Thermal
Temperature
Type: Temperature
Unit: °C
Tirne: 1
2024/10/6 7:09

31.955 Max
3182
30409
29.636
20.864
28.0M
27.318
26.545
25.773

25 Min

100.00 200.00 (mm) 7
I ]

50.00 150.00

Temperature distribution: 25 °C ~ 32 °C
.

y 4 l v

PCB Chip cover plate Absorber GS

v

cover plate

A: Steady-State Thermal
Termperature 2
Type: Temperature
Unit: *C
Tirne: 1
20241046 7:11

27.879 Max
27.559
27.24

26.92
26.601
26.281
25.962
25.642
25.322
25002 Min

100.00 200.00 (mmm) 74
T ]

50.00 150.00

Temperature difference (GS vs SiPM): 2.8 °C



I 6. GS-HCAL Readout Electronics

= Thickness: 3.2mm

Channel N |

Channel 0
—_ PCB 1.2mm >—SSH @_
. Magnet n ¢ Luwlgrain Slow Shaper  Track&Hold ADC o' | Out
— ASIC Chlp 2mm @ . amplifier
—{ HG @—@_ trigger
= Aggregation board at | e .
h d of barrel ampifer
the end o - ~ . — |
L Fast Shaper

Barrel end

ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC ASIC

------ A 70 =

Cable direction Cable direction

Barrel

Aggregation board at the end of barrel, cable connection =




7. Cost Estimation: GS-HCAL vs PS-HCAL
m-

Inner Radius for HCAL
Length for barrel or Radius

Longitudinal Depth

Glass Scintillator (S1/cc)
Granularity 4cm x 4cm

Material Volume (m?3)
Fe (tons, $8/kg)

Readout channels
Power (15mW/ch)
SiPM ($1.5/ch)
Electronics: $2.5/ch

Total

2140 mm 400 mm
6460 mm 3455 mm (R,,,)
1315 mm (64;)
54.6 m3 35.6 m3
75.3 m3 49.2 m3

3.4M (5450m2)  2.2M (3552m?)

51 kW 33 kW
$5.1M $3.3M
$8.5M $5.5M

GS (90.2 m3) Plastic Scintillator
S$1/cc, $90.2M $1.5/ch, $8.4M
124.5 188.3 m3
983.6t ($7.9M) 1488t ($11.9M)
5.6M 5.6M
84 kW 84 kW
S33.6M S8.4M
$14M $14M
$145.7M (x7) $42.7M (x7)
~1020M RMB ~299M RMB

24



8. Technical Challenges

B The main technical challenges

B R&D of the high performance Glass Scintillator
M e.g. high density, high light yield, large attenuation length, short decay time;

B Mass production of high quality GS title and SiPM in cost effective way;
B Cost of GS title (40x40x10 mm3) ~ S1/cc = further cost reduction ?
B Hamamatsu HPK / NDL SiPM (3x3 mm?2) ~ $1.5/ch with O(5M) pieces
B Optimizing granularity, GS and SiPM couplings to reduce cost

B Highly integrated, fully embedded and scalable electronics with a parallel readout;

B Design and installation of the big size and heavy weight detector structure.

25



9. 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);

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

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;
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10. Summary and Plan

Detector

— R&D of high quality GS and develop technique for mass production
— Optimize GS title granularity (cell size), GS and SiPM coupling

— GS-HCAL prototype for beam test

Electronics

— Optimization of readout electronics design

Mechanics

— Optimization of the mechanic design

— Optimization of the cooling design

Simulation and Performance with CEPCSW

— Optimization of GS-HCAL design

— GS-HCAL full simulation and reconstruction for benchmark physics
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7. Cost Estimation: PS-HCAL

Inner Radius for HCAL

Length for barrel;

Outer radius for endcap*

Longitudinal Depth

Plastic Scint. (S1.5/ch)
Granularity 4cm x 4cm

Material Volume (m3)
Fe (tons, S8/kg)

Readout channels
Power (15mW/ch)
SiPM ($1.5/ch)
Electronics: $2.5/ch
Total

2140 mm 400 mm
6460 mm 3455 mm N
1315 mm (64;) NA
9002 m?
2 2
5450 m 3552 m ($8.4|\/I)
188.3 m3
3 3
114m Al 1488 t ($11.9M)
3.4M (5450m2) 2.2M (3552m?) 5.6M
51 kW 33 kW 84 kW
S5.1M S3.3M S8.4M
S8.5M S5.5M S14M

$42.7M (x 7) ~ 299M (RMB)
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7. Cost Estimation: RPC-SDHCAL

Inner Radius for HCAL 2140 mm 400 mm
Length for barrel; NA
Outer radius for endcap* 6460 mm 3455 mm
Longitudinal Depth 64; (Thickness depends on each option) NA
RPC + Casette (51425/m?2) 5 5 9002 m?
Granularity 2cm x 2cm >450 m 3552.m (512.9M)
Material Volume (m3) 3 3 142 m3
Fe (tons, $8/kg) 86 m >6 m 1122 t ($9M)
Readout channels 13.6M (5450m?) 8.9M (3552m?) 22.5M
Power (kW)
1.4mW/ch, 5.4W/DIF/m? 48.5 kW 31.6 kW 80.1 kW
Electronics: S1/ch S13.6M S8.9M S22.5M
Total $44.4M (x 7) ~ 311M (RMB)
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HPK-SiPM

o Low PDE, dark rate and crosstalk

o High breakdown voltage
o Better quality control

wHPK 13360- 1325PE ’
2668 plxels

Company
Type
Light output [p.e.]
Crosstalk[%)]
Dark Counts [kHZ]
Breakdown|[V]

13360-1325PE

13
1.59
120

53

(K 14160 151595 |
\ @t /284 pixels ||

HPK

14160-1315PS

17
1.17
290

38

14160-3015PS

700
38

NIMA 980 (2020) 164481

NDL-SiPM
High PDE, dark rate and crosstalk
Low breakdown voltage
Low price

NDL 221313 155 |
T
!

NDL
22-1313-15S
20
4.4
550
27.5
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SIPM

m SiPM Options:
— HPK S13360-6025PE, 57600 pixels
_ NDL EQRO6 11-3030D-S, 244760 pixels gy -
_ HPK S14160-3015PS, 39984 pixels
_ HPK S14160-3025PS, 14440 pixels

e MIP

NDL EQRO6 11-3030D-S

e

D1 .

|

3X3 mm?
25 um pixel X 57600 6 um pixel X 244720
Nominal gain 7 X10° : Nominal gain 8 X 10*




Key parameters to energy resolution

Dynamic range: 0~ 100 MIP can cover >99.99% cases

— For SiPM: 8000 p.e. can be controlled in linear range (suppose LY ~ 80 p.e./MIP).
— For electronics: 1~1k can be achieved.

— Considering the common electronics design for ECAL, HCAL and Muon, HCAL's
demands can be covered by ECAL.

¥ ee > vvHgg, /s = 240 GeV e ee - qq,+/s = 360 GeV
el Ehit>100 mip: 4 X 107° L Ehit>100 mip: 0.003%
105_ 10°
10“;5 10'
103;5 10° ;—
10225 107 %—
1D;§ 1{];_

1§|||||||||||||||||||||||| 1;_ PR R N R SR SRR N SRR N R 1 I'In"l'-l'

1] 20 40 60 80 100 120 140 160 180 200 220 240 0 100 200 300 400 500 &00

Ehit / MIP Ehit / MIP 33



4.4 GS-HCAL Background Estimation

Simulation of beam background processes:

— 50 MW(H), bunch spacing 355 ns, with pair production, single beam processes

— Event rate with 0.1 MIP threshold: barrel <5 kHz, endcap < 50 kHz

105k | CW/O threshold
W/ 0.1 MIP threshold

1045_ ?:
§10%
G10% 3
10%
1OOE il R ey g, ir a3

0 10 15 20
Count / KHz

_I I I 1 I 1 I 1 1 1 1 1 | 1 1 L

105__ W/O threshold i
W/ 0.1 MIP threshold 3

104'§_ 3

" n .
5 F 3
c - .
W 10%¢ 3
101 3
of ]

10 E | | .| I 3

o

AR RRIAY £ LA yumni
50 75 100 125

Count / KHz
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I 5.2 GS-HCAL Mechanical Design (Endcap)

» Max. deformation in one active layer: 3mm
(due to gravity)

> Horizontal extrusion deformation: 0.037mm

» Max. principal stress at narrow end: 37MPa

b3
ﬂ
%

oooooooooo

000000000000




3.3 Comparison of Scintillators

#
- 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
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1. GS-HCAL: Sample test

--- el e i
529 ns |
Cost 0.17? 5.9 glem’ I
GSS L1154 phMev
Density g/cm3 7.13 6.0 6.0 5.9 333 ns I
5.6 g/em’
Transmittance % 82 70 80 80 GS4 [2202puveey :
2466 s I GS1 Gd-ALB-Si-Ce**
Refractive Index -- 2.1 1.74 1.71 1.75 6.0 glom’ GS1+ Gd-Al-B-Si-Ce™
GS3 |1286 pivMev | GS2 Gd-Ga-B-Ce**
Emission peak nm 480 400 390 390 ?;;S . | GS3 Gd-Ba-ALB-Si-Ce*
i GS4 Gd-Li-B-Si-Ce**
Light yield, LY ph/MeV 8000 985 2445 1154 GS2 o PUNEY ' S5 GA.GaSi.Ce™*
Clll3 I KV_Si_ I+
Energy resolution, ER % 9.5 30.3 25.8 25.4 GS1+ oy | e
1456 s | Density—6 g/cm’
. 6.0 glem’ Light yield—1000 ph/MeV
Decay time ns 60, 300 36,105 101,1456 90, 300 GS1 555 peV ! Decay time—100 ns
0.0 0.5 1.0 15 2.0

Target parameter

The samples (called AS glass) post to EIC for the test.




1. GS-HCAL: Sample test

Small-Size Sample
Size=5*5*5 mm?3

— BGRI-97S
Density~6.0 g/cm?3 e
LY~2445 ph/MeV 114 860
ER=25.8%
LO in 1us=1074 ph/MeV 71 Density>6.0 g/cm?3 | 7
Decay=101 (2%), 1456 NS =i ™ LY>1000 ph/MeV

ADC channel dl:';- 6 6
E ______________________ -
. Q m Ce3gl 3
Large-Size Sample 5 o CERN ||
- 5 *x GSGroup || ¢
Size=40*40*10 mm? £ — soms & .
Density=6.0 g/cm?3 ol — SIOM-58 | sl A
y g 1400 h‘m — BGO 4 4 . ' - 4
LY ~1200 ph/M eV izz 7 \ AFO Research Inc.
ER=33.0% e L\ \ o Tohoku HEU
. 600 'h‘ /r'\‘ 3 T T T T T T T T T T
LO in 1us=607 (51%) g v AN 0 1500 3000 4500 6000 7500
200 X, - . '
Decay:117 (3%), 1368 ns L T '1‘00:6‘_‘15600%-26500 25000 30306AD235031;1“:::M nght YIEId l:ph'fMEV}



6. GS-HCAL Readout Electronics

___ﬁ—————————————

Customized Common data platform

| |
| |
L I_I FEE BEE
Data Data Link Optical Fiber Common
ASIC aggregation <:> (GBTx-like) Module data

I I (TaoTie) (ChiTu) (KinWoo) Board
A a
S IS VIR A A
Cable
Power Management (BaSha) < POWER

Energy Measurement: ASIC for ECAL & HCAL
Data transmission: common data platform (see electronics report)
Trigger mode: FEE trigger-less readout



5.1 GS-HCAL Mechanical Design (Barrel)

» Absorber layer structure The bolts go through the upper
trapezoid plate, the lower
absorber layer and fix it with the
lower trapezoid plate

Screws used for fix the upper
absorber plate and upper

4 li i
trapezoid plate COODE PIPES

for each layer

Screws used for fix the edge sealing Screw for fixing active
> layer module

module (320mm x 646mm)

0.75106 Max
0.74618
0.74132
0.73645
0.73158
0.72671
0.72184

C: Copy of Static Structural
Total Deformation

Type: Total Deformation
Unit: rmm

Tirme: 1

2024/9/19 16:04

0.71697
07121

Deformation difference between 48 layers is lower than 0.05mm

0.78638 Max 0.70723 Min ED:

e

i Wﬂ

carars oy [ : —

T ~ _
Deformation:0.786mm oz - e
Due to gravity - e 0086453 Min

Deformation difference within 1 layer is lower than 0.7mm 40



I 3. GS-HCAL Mechanical Design

» Assembling of one division

© DN T— =3 ©
First absorber Second absorber and trapezoid plate 3 3‘
First trapezoid plate = ; = = —_—
B w E. = — . 1e) Second active layer : :
One division

First active layer

> Installation
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