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This talk is about the design and developments of the electromagnetic
calorimetry system (related to the RefDet TDR Chapter 06)

General remarks: the calorimetry system (in the CEPC reference detector)
will based on the particle-flow paradigm = high granularity in 3D

— Aim to achieve an unprecedented Boson Mass Resolution (BMR) of 3 —4%

07.08.24
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I ECAL requirements

EM energy resolution

Longitudinal Granularity
and Depth

Transverse Granularity

Signal Dynamic Range

Time Resolution
(1-MIP signal)

Power Consumption
(per channel)

07.08.24

% = 15%/\JE(GeV) ®1% oy /E = 3%/\/E(GeV) D1%
26 — 30 layers, total depth of 24X,

10x10 mm?

0.1 MIP -3000 MIPs

15 mW/ch
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Jet performance; flavor
physics

Full containment of EM
showers

H - gg (gluon jets);
Z 1T

0.1 MIP as trigger threshold;
Bhabha electrons at 360 GeV

Bunch crossing ID;
timing to improve clustering
and hadron performance

o(1M) channels in final
detector
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I Technical option survey

Three major options for CEPC electromagnetic calorimeter

— Silicon-tungsten (SiW): sampling calorimeter

— Scintillator-tungsten (ScW): sampling calorimeter

Highly granular (imaging) calorimetry
+ particle flow algorithm (PFA)

— Crystal: homogeneous calorimeter (new!)
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Silicon | |Scintillator, | MAPS Scintillator| | RPC || GEM n’:";"g’s

o70:.PFA calorimetry: various options explored in the CALICE collaboration in past 20 years




I SiW-ECAL option

Silicon sensors+ CuW

Stacking structure

1 EM resolution in beamtest:

16.5%/+/E(GeV) @D 1%

Large area silicon sensors (plxelated) interleaved with CuwW plate (compact showers)

Baseline option in CEPC CDR: extensive Higgs physics studies

Hardware activities in CALICE collaboration, no involvements of CEPC-calo groups

wosApplication in CMS-HGCAL project (siliconeseetor)ramany synergies 6




8-inch silicon module

¥

silicon+ PCB + ASICs (HGCROC)

PCB é
Epoxy Layer R :
ilicon N . i

Stepped holes Wire bonds

BV \ / Gnd
. ring
- Silicon (320 pm
3 mm Kapton™ foil plated with gold (~ 100 pm

Wire-bonding for PCB
and silicon sensors

Established two centers at IHEP for CMS-HGCAL project

— MAC (Module Assembly Center) Beijing Site, with 6 MACs around the world
— SQC (Sensor Quality Center) BeijingESite, with 5 SQCs around the world

07.08.24 PC Detéctor Ref-TDR Review 7




ScW-ECAL option

Alveolar
_structure

Heat Shield, ScECAL

Fastening copper
“system PCB

== (rails) scintillators

Scintillator-SiPM readout scheme

-
P
—
-
-
-
-
-
-

186.5

-
”””
e <« tungsten abs.

-
==

==
-
P -
’/
e

015! CALICE ScECAL

—o— central

o /E

—e— uniform

F-D conﬁguration
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beam momentum [GeV/c]

Scintillator strips + SiPMs, interleaved with CquIate (compact showers)
Alternative option in CEPC CDR

Strong involvements of Chinese and Japanese groups in CALICE collaboration

0.05

o:Development of a technological prototype, followed by successful beamtests at CERN ;




ScW-ECAL option

ScW-ECAL tech. prototype
(e

(N ,;. Ty ‘ i 4 i
e Layer:! h

ScW-ECAL tech. prototype developed in 2016-2020

— (Effective) Transverse granularity of 5X5 mm?

— 6,720 channels, 32 longitudinal sampling layers (22X0)
— Successful beamtest campaigns at CERN in 2022-2023

07.08.24¢ Collected data sets with various beamqarticlesor review
.




I 4D Crystal ECAL option

A new option: development started since ~2020
| Crystal Scinﬁlla?r (eg. BGO, LYSO..)
Compatible for PFA, Boson mass resolution (BMR) < 4% TR i
\Phofodefec?ors (eg. FPMT, SIPM.../
Optimal EM performance: oz /E = 3%/VE o
Minimal longitudinal dead material: orthogonal arranged bars ,,,,,,,,,,,,,/ lncritgieint ‘
“ particles

— 3D positioning with two-sided readout for timing

+ BGO barsin 1x1x~40 cm3

*  Effective granularity 1x1x2 cm3
Modules with cracks not pointing to IP
(with an inclined angle of 12 degrees)

CEPC Reference detector

Solenoid Magnet

PFA HCAL
PFA ECAL

SiTracker  SiVertex 1acker (TP':;/Dch)lmon+Y0ke 32-Side pOIVgon’ depth 24 XO

07.08.24 i ovtertaver 28 longitudinal layers . ., 10




Technical options: comparison and option selection

Technical Option Silicon-Tungsten ECAL Scintillator-Tungsten ECAL Crystal ECAL

EM energy resolution og/E = 17%/\ E(GeV) oz /E = 13%//E(GeV) og/E = 3%/ E(GeV)

New dedicated PFA (ongoing

Particle-Flow Algorithm(s) Arbor; Pandora Arbor; Pandora
developments)

Jet Performance

1 (o)
T e Boson Mass Resolution (BMR) <4%

Physics Prototype (2006-2010) Physics Prototype (2007)
Technological Prototype (2011- Technological Prototype
now) (2016 - 2021)

First Physics Prototype (2022-
2024)

Technical Readiness Level
(prototypes, beamtests)

ILD (proposed in ILC TDR, 2013), followed by several detector A completely new concept
concepts: CLICdp CDR (2012), CEPC CDR (2018), FCC CDR (2019) Wposed by the CEPC tezW

Novelty Level

Option selection Selected as a baseline option
 Crystal ECAL, as a novel option, shows significantly better EM performance for the CEPC reference detector
07.08.24 CEPC Detector Ref-TDR Review 11


https://linearcollider.org/technical-design-report/
https://arxiv.org/abs/1202.5940
https://arxiv.org/abs/1811.10545
https://link.springer.com/article/10.1140/epjst/e2019-900045-4

Main Technical Challenges

High granularity: ~1M channels

— Multi-channel ASIC embedded in readout boards

— Hermetic design: minimum space for mechanics and services (cooling, cabling)
— Low power consumption, given material budget and hermicity

— Mass production capability and scalability to a final detector

Beam-induced backgrounds

— Data throughput, pile-ups (events + backgrounds)
Irradiation damages

— SiPM, crystal: monitoring, calibration, annealing
— ASIC, FPGA: radiation tolerant

In-situ calibration system (on-detector)

— SiPMs, crystals due to irradiation (instantaneous, long-term) and temperature

07.08.24 CEPC Detector Ref-TDR Review
.
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I Crystal ECAL: specifications

Key Parameters Value Remarks
MIP light yield ~200 p.e./MIP Ensure EM resolution ~3%/\/177
Energy threshold 0.1 MIP Balance between S/N and dynamic range
Crystal non-uniformity <1% Along the crystal length and between crystals
Dynamic range 0.1~3000 MIPs / channel Maximum energy deposition with 360 GeV Bhabha
Timing resolution ~500 ps @ 1 MIP Bunch crossing ID; clustering and hadron performance
Temperature stability Stable at 0.05°C Reference from CMS ECAL; validation with beamtest
Detector requirements Hardware activities: addressing crucial issues
 Moderate MIP light yield e SiPM response linearity
* Good uniformity e Uniformity of long crystal bar
e Optimal time resolution * Time resolution: different crystal dimensions
e Large dynamic range e Dynamic range of electronics
* Moderate S/N ratio * Energy response of crystal module

07.08.24 CEPC Detector Ref-TDR Review 13




R&D efforts and results: MIP response, uniformity

Geant4 full simulation with digitization: shower studies, requirements

Dedicated setup with radioactive sources for energy resolution, response uniformity

-
MIP response: >200 p.e./MIP = o5 /E = 3%/VE
Energy threshold: 0.1 MIP

Light yield v.s. energy resolution

Uniformity along one 40 cm crystal bar: ~2.5%

- Can be further improved after calibration

5¢ — Response uniformity along bar
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R&D efforts and results: dynamic range

Simulation of high energy electrons: maximum energy per crystal
Test-stand with pico-second laser: SiPM non-linearity effects (with various pixel pitches)

Beamtest of crystal-SiPM units with a state-of-art chip: dynamic range of both SiPM and ASIC

—

——

. . . . Laser system for SiPM non-linearity studies
1o Simulation: energy depositions |n_ Chip dynamic range: ~33000 p.e. for 25um SiPM
10°E 40cm crystals bar from 180 GeV e SiPM linear range Electronics with lowest gain
105;E 14000
104_5 s 12000
= _g 10000
103;€ ';; 8000
102;5 § 6000
"8 Bhabha events at CEPC (360 GeV)~ = 0 N m
1_5 | N 0 5000 10000 15000 20000 25000 30000 350015
oI I Itl')l = I1|0I = I1|5I = I2|0I = I2|5 I I3|0I ol I4o PED X incident photons Number of detected photons )
Energy per crystal / GeV ) _ .
2023 DESY beamtest: crystal-SiPM units and a state-of-art
~30 GeV as max. energy deposition per crystal bar front-end chip with EM showers induced by 5 GeV electrons
07.08.24 CEPC Detector Ref-TDR Review 15



R&D efforts and results: timing studies

Dedicated beamtests for timing studies with MIP and EM showers

7~ 7~
Timing performance within EM showers Timing performance with MIP-like partiCIES
- 5GeV e~ beam to test 40cm BGO bar with 25 um SiPM - 10 GeV ™~ beam to scan one 40cm BGO bar along its length
- ~200 ps within EM showers (>12 MIPs) - 1-MIP timing resolution: 735 ps for 2 ends - 520 ps single end

1.2
Time resolution vs signal amplitude

SCERN beamtest in Jul. 202#’
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4D Crystal Calorimeter: First Physics Prototype

12 X2X 2 cm3 BGO crystals from SIC-CAS 1st 12X12 X 12 ecm* module AR T
with 36:BGO bars (10.7 X)) '

| :!‘fi|’ T .él‘;*-,»,,
W e o oy
W‘ - 1 il

‘First crystal calorimeter prototype

i’l * Successfully developed in 2021-23

* With commercial ASICs

% . Major motivations

,’ — < C(ritical issues at system integration

» Y performance in system level

* Validation of simulation and
digitization with beamtest data

Concentrator board only
for trigger distribution

New 4-layer PCBs
with 10 and 15 um
pixel pitch SiPMs

Custom-made readout boards (144-ch), equipped with &ASICs(CIFIROC:1A) —> Custom-made ASIC in planning 17




I Beam tests: 4D Crystal Calorimeter Prototype

( 2023 CERN beam test at PS-T9

- Successful system commissioning

- Clear MIP signals for all channels
Energy Deposition 10 GeV Muon-

14000

st A Workirf progresés

§12000F v ‘\ --------- GaussSigma = 5.436 + 0.062
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10000 |4 -vvo
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Energy / MeV

Crystal modulej8
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(2624 CERN beam test at PS-T9: finished in July 10th

- Promising EM resolution with 1-5 GeV/c e beam
- Data analysis is still ongoing: detailed calibrations, shower profiles

8 s L e T B e P S

- CEPCcrystal modules ]

7; Beam test 2024 -

X 6F .
S s € beam, E, =1~5GeV/c -
=} — i
5 I\ 0s/E =3.72%/VE © 0.63% -
0 EN ]
g F N E
> 3, N ]
o e~ 7
g o I :
w 15 Work in progress ]
Ol :
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I Beam tests: 4D Crystal Calorimeter Prototype

( 2023 CERN beam test at PS-T9 | 2024 CERN beam test at PS-T9: finished in July 10th
- Successful system commissioning - Promising EM resolution with 1-5 GeV/c e~ beam

- Clear MIP signals for all channels - Data analysis is still ongoing: detailed calibrations, shower profiles
Energy Deposition 10 GeV Muon- ST T T T, S T }
Y00 ; z : - CEPC crystal modules " ast E
7 : Work in progress - | NAata & F E
12000 A --------- GaussSigr:la‘=p5.43sg £0.062 | ’E" Beam test 2024 ward ERIES MC =
. C l ‘\ LandauSigma = 4.0000 + 0.0016 X 6F 3,5f_ _f
L e e I \ | MPV= 115442 :0020 [ 5 55 e beam, E, = 1~5 GeV/c ] JF E
A 1 " T 3 N op/E=3.72%/VE®0.63%] .- E
- I \ 2 4 ] = E
6000 [+ onai rsommsalasin d‘-; 3k \ e E
: [ 5% — I
4000 [ | T 22 T ] £G4 simulation + digitisation 3
2000 : : \'\ — ; s 1E-Work-in-progress . °5E-Work in progress E
e b — A RUP OO DOOOEFOPU UL DVVOL OO OO FUVOI IO B e e e B e
OB M00 120 140 160 180 200 220 240 1 15 2 25 3 35 4 45 5 Erun [GeV]

Energy / MeV ) Energy / GeV

Ongoing studies on fresh/preliminary results on EM performance

* Limitations of commercial ASIC: pedestal shifts (stability), High Gain and Low Gain switch
* Implemented into digitisation model: generally can reproduce beamtest data

e Gaussian fitting to reconstructed energy (asymmetric distribution) - Crystal Ball function

07.08.24 CEPC Detector Ref-TDR Review 19




I Crystal ECAL: impacts of temperature stability

Energy Resolution

CERN beamtest in Jun. - Jul. 2024

_ 8 > 255°C
i g + DESY setup w/ cooling, Stoc.=3.65%, Cons.=1.16% e
Qg 7 [ ' 4§— DESY setup w/o cooling, Stoc.=3.81%, Cons =2 94% e CWMWW
o . | '
9% 23°C
| Active Cooling
* Mean: 21.7 °C; StdDev: 0.09 °C
Environment
e * Mean: 24.7 °C; StdDev: 0.21 °C
OI:IIIIIllllllllllIlIllllIlllllllllIllll[lllIIlll . - - - - . -
1 1.5 2 2.5 3 3.5 4 4.5 5
Reco [GeV]
Temperature stability is crucial to crystal ECAL [ fictivercoaling fluctyations controlled

. within =0.05.°C .. .

— Significant impact to constant term of EM resolution
— Specification on stability of £0.05 °C is validated with beamtest data

07.08.24 CEPC Detector Ref-TDR Review 20




ECAL mechanics design

A first design of ECAL mechanics with active cooling

Barrel ECAL design Endcap ECAL design

Cooling pipes

Barrel ECAL parameters

Parameter Value / mm

Inner radius 1900

Outer radius 2200

Length 5900

Crystal length ~ 400 3
# Modules in 7 — ¢ 39 BGO moduis
# Modules in 7 15

¢ Projectivity tilt 17°

# Layers 28

*07Support structure is based on Carbon-Finbers-forBGOomedules (in cyan)



ECAL mechanics design: FEA simulation

FEA simulation studies on ECAL mechanics (ongoing): further iterations + validation

* Material :T700 reinforced epoxy resin.

* TSAIW=0.64 (When TSAIW=1,
material begins to fail)

» Safety factor of the structure is
1/0.64=1.56

w0 |Max 186MPa e o= | Max 0.64

Failure parameters of composite materials
07.08.24 CEPC Detector Ref-TDR Review ( P P )




ECAL cooling system

Cooling for 1/32 barrel module
42W for each module (15mW/ch)

FEA simulation studies on ECAL cooling

_ » outlet

ﬁ f T < < T T A\ A\ A}

inlet ﬁ \ A} X A} e Y A '
—_—
Cooling medium: 10°C water Copper sheet:0.5mm
g Three channels + 40g/s flow Low Temp: 10°C (283.15K)
High Temp: 28.9°C (302.014K)

2.973e+02

2.926e+02

2.879e+02

2.831e+02
K]

Temperature requirements:

Gradient within +1.5°C [ A A Y A Y Y B B A I B B B

Stability within +£0. 05°C R - : .
183e:o|:our channels + 100g/s flow Cooling medium: 10°C water
Plan to investigate cooling e e — — ———————— e
with future low-power ASIC e A T
(expected < 10mW/ch) e Low Temp: 10°C
(L 1 c0eor High Temp: 19.2°C Second versien
07.08.24 CEPC Detector Ref-TDR Review Z3



I ECAL module integration

FEA simulation studies on ECAL mechanics (ongoing): further iterations + validation

Cooling system

Cooling pipes

Copper sheets

BGO bars

CFRP shell

PCB + SiPMs

Frame is made of CFRP
- with 5BGO bars in 1 cell.

Frame for BGO module

Frame + BGO bars
07.08.24 CEPC Detector Ref-TDR Review 24




I Readout electronics for ECAL

et W ASIC e
:i i i (Rad-tol)
1] I
I I I ABC : Data
! I : I bEl:/i(Iednetr — readout —i:
I I | ! manager |
| I I MUX I Data link
I | I | T C | ,
i I I XHG | Discri : Q'bk
' I I I GDAC Common port @ '::c;\gﬁar
LLL _____________________________ | 12/SPI %@ =
- - \QJ\, optical
= For different options, o > QQ&‘
FEE module can be one Conper pipe S 6\)\{\"
PCB or multiple PCBs . WO
= PCB dimensions: flexible _
to different options Ve
- .
150m3\2/£\l//Ch (eStI mate) CEPC Detector Ref-TDR Review




Beam-induced backgrounds: simulation studies

Hit rate map of 15t layer in barrel ECAL (0.1MIP threshold) Hit rate suppression with 0.1 MIP threshold
itk dbmd I ) o ol 1 g L e B S e B B R ——
150 |||||1 13 1 0 T L [TRY T W/O threshold

(o0}
o

B W/ 1MeV threshold ]

10 o QI i i

100 &L 1 o g ]
) o ) g i ||l|\r| i
) 50 e H ijam o wnff 60
o g o o 1§ wfp v =
v | i Y ! I ~ B
ge) O 11101010 00T i | IIIlIIIIII WY 1y = =
~ N e 40 5
— iy gont o o o oo oo f o ol 03
'S_ -50 i l I\III

—100 4 ||| | Il i

N
o

IIIIII | ‘ il |
_ 1 50 I II‘II\I QAT
L 1 AN 11 00 0

—2000 -1000 O 1000 2000 500 400 600 800 io'o_B
Z/ mm Count / kHz

Il |

Simulation studies on beam background in Higgs mode: crystal ECAL barrel

— Including physics events + backgrounds (major contributions from pair production)

— With threshold, rate can be significantly reduced: 100kHz (0.1 MIP threshold) from 700kHz (0 threshold)
— Need to further investigate impacts of pile-ups, and endcap regions

07.08.24 CEPC Detector Ref-TDR Review 26
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I Performance in simulation: separation power

Separation power of close-by particles: key performance in PFA

— Y — vy separation: 100% efficiency for distance > 20mm
— y — m separation : 100% efficiency for distance > 50~100mm

Y - ¥ separation for 5 GeV photons Y - 1T separation for 5 GeV y and it~
IOO‘III—Il—ZHoulgh """"" I N 100_"|""|""|""1' | T
[ —e— 2 PFO I
r —¥— Energy 3
© 80 — —— Energy + Position 7] © 80 _ ]
S~ - ~~ L
> 60r . > 60 i
@) - O I
- L C r E A
[} : Q i E
o 40r 1 o 401 17
g TR
Or u 20 | —=— 2 PFOs 1] x/mm
¥s B I - —e— Position efficiency
9 0 3 0 | —— Position + Energy ]
— i T A S A S SO SO S A SR S S | I S A S (N S S ST S T ST SR S S Y
Lo b v v by v v b o b oo by oy o by oy by |
—40 —30 -20 -10 0 10 20 30 40 —100 =50 0 >0 100 150

distance / mm Distance / mm

*Asymmetry pattern is due to the magnetic field

07.08.24 CEPC Detector Ref-TDR Review 27




Physics performance in simulation: H — yy

Physics process: ee » ZH — vvyy in+/s = 240 GeV

— Full simulation and digitization, with energy correction in crack regions

6000 CI|EPC simlljlation | | —
_ + Data E
5000 —
% E —— H — yy, DSCB fit E
5 4000:— .
£ 30001 =
2 - -
LW 20001 —-|  Double-side CB fit, c(m,,) = 0.57 GeV
1000~ = Long tail from
- | | . - Lossy processes of crystal calorimeter

|1 25 | 130 135 140 - Imperfect correction in crack region.
Can be fixed with better photon energy correction

9% 115 120

Invariant mass / GeV
07.08.24 CEPC Detector Ref-TDR Review 28



Physics performance in simulation: H - gg

Physics process: ee » ZH — vvgg in+/s = 240 GeV

— Full reconstruction of two gluon jets in the full CEPC detector
— Dedicated developments of PFA for long crystal bars
N — N — Boson mass resolution (BMR): 4.11%

350§_CEPC simulation + - _;

300 ! 3 With truth tracking: BMR 3.73%
> o50F — H=BDSEEI 3 (comparable to CEPC CDR performance)
O - ] USSR R
» 200 E .
= - ]
Ij‘>j 1501 m;; = 127.3 GeV,

100E o(mj;) =5.23 Ge\J

50F- =
80 90" 100 110 120 130 140 150 160 170 180
U/.UB.24 Invariant mass / GeV cepc peteNEHE@Xp Silicon + TPC tracker, crystal ECAL, ScintGlass HCAL



Alternative ECAL design: stereo crystals

Stereo design with long crystal bars inclined

— Longitudinal segmentation by tilting crystal bars
— Single-end readout: 50% less readout channels than crossed bars (two-sided readout)

Only one freedom left, a or longitudinal sampling Ny Separation power of two particles

separation effciency

Even layer  Odd layer

4 % 100} /./-f’/’ pam———— gy
4 % 80 v ] v
8 / / e *  5GeV gammalgamma
|:> 4 g E /‘ Vs 5GeV gamma/10GeV pi-
5 60 fr/ vx' 5GeV gamma/10GeV pi+ [~
/ \ E / [ 4 10GeV pi-/5GeV gamma
\ o / ¥ 10GeV pi+/5GeV gamma
20: . // Threshold: 2MeV
One trapezoid Form steres Form a super layer of  Super layer form : /
shape structure 30 cm thick along Z the full barrel | L R .
m Y Y -

Simulation studies on reconstruction: promising separation power of two particles

Ongoing designs on mechanics, cooling and integration

07.08.24 CEPC Detector Ref-TDR Review 30
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Taskforce and collaborations

Taskforce working on CEPC ECAL

— Detector (hardware/software): physicists (8), postdocs (3), students (8)

— Engineers in electronics (3) and mechanics (1)

Many members deeply involved in large-scale experiments/projects &=l

— BES-IIl Experiment: Electromagnetic Calorimeter with 6,240 Csl(TI) crystals

— JUNO Experiment: 20,000 ton ultra-pure liquid scintillator
— CMS HGCAL project for HL-LHC: ~5,000 silicon modules (8-inch) at MAC-Beijing

S

@;

Institutions as working groups in CALICE and DRD6 collaborations

— IHEP, SIC-CAS, SITU/TDLI, USTC, SCNU
— Shinshu U. and U. Tokyo (on ScW-ECAL option)

07.08.24 CEPC Detector Ref-TDR Review 31
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Working plan

Near future activities (in 2024): towards reference detector TDR

— Beam-induced backgrounds: simulation in barrel and endcap regions, impacts to
physics performance, estimate of data throughput

— Mechanics and cooling: refine FEA simulations, validation by dedicated tests
— Detector: fully exploit beamtest data on EM performance and validation studies

— Software: geometry updates (interplay with mechanics/cooling), digitistaion
(inputs from beamtest and electronics)

— Calibration: sensitive units (SiPM, crystal, ASIC) versus temperature, irradiation

— Particle flow performance: further optimizations

Beam backgrounds

) ) Mechanics, cooling
Timeline

07.08.24 Oct. 2024 CEPC Detector Ref-TINGWi2024 Dec. 2024 32
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Summary

Overview of CEPC ECAL options and dedicated R&D in past 8 years

Crystal selected as a baseline option for the CEPC reference detector

— Extensive studies on simulation performance and specifications
— Steady progress with prototyping/beamtests, and dedicated PFA developments
— First designs of general design, mechanics, cooling and readout electronics

More efforts in planning to address critical issues for reference detector TDR
— Beam-induced backgrounds and data throughput

— System integration issues with mechanics, cooling and readout electronics
— Calibration schemes (on-board designs for in-situ): SiPM, crystal, ASIC
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Crystal calorimeter R&D: contributions at CALOR 2024

Development of high-granularity crystal calorimeter

SiPM dynamic range studies

Particle-flow software and performance of crystal ECAL

Stereo Crystal ECAL

High-granularity crystal calorimeter talk at ICHEP2024

07.08.24
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Electronics diagram for ECAL & HCAL

————————————————ﬂ

[ Customized 1 | Common data platform

4 H : 1 . | |

| L | FEE BEE |
u Data Data Link Optical Fiber Common

| ASIC <J_|£[> aggregation <:> (GBTx-like) | Module data |

| | | (TaoTie) (ChiTu) (KinWoo) Board
SR I i s S I o
' Cable
Power Management (BaSha) < POWER

Energy and time measurements: ASIC for ECAL & HCAL
Data transmission: common data platform (refer to the “Electronics TDR Report”)

Trigger mode: trigger-less readout in Front-End Electronics (FEE)

07.08.24 CEPC Detector Ref-TDR Review
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R&D efforts and results: dynamic range

SiPM with 10um/15um pixel pitch

Dark count rate*> Direct crosstalk | Terminal capacitance Temperature
S DCR probability at Vop*6 Gain coefficient of Vop
ype no. typ. max. Pct Ct M ATVop
(keps) | (keps) (%) (PF) (mV/°C)
$14160-1310PS 120 360 100
$14160-3010PS 700 2100 530 1.8 x 10°
$14160-6010PS 03 | 3000 10000 <1 2200 34
S$14160-1315PS 120 360 100
S$14160-3015PS 700 2100 530 3.6 x 10°
$14160-6015PS 0EW | 3000 10000 2200
SiPM with 25um pixel pitch
Dark count*3
Temperature
Photon .
Spectral | Peak . . Recommended | coefficient at
T response| sensitivity gt?rfceigrllzg c::arg:tlgglc A e Br\cle;l;gggn Crosstalk | operating |recommended
Type no. ol range |wavelength pDE* | TYP. | Max. Ct M VBR probability |  voltage operating
A Ap e Vop voltage
=P ATVop
(hm) | (nm) | (%) |(keps)|(keps)| (PF) () (%) V) (mv/°C)
S13360-1325PE 320 to 900 70 | 210 60
$13360-3025CS 270 to 900
] 400 |1200| 32
S13360-3025PE | 'S 320t 900 25 o ° |70 105 1 | VeR+5 54
$13360-6025CS 270 to 900
S513360-6025PE 320 to 900 160015000 4260

State-of-art ASIC dynamic range

07057 EXpected to reach ~128k p.e. for SiPM.with_10um pixel pitch

Dynamic range of a state-of-art chip:

—

~33000 p.e. for 25um SiPM

Electronics with lowest gain

14000

12000 1

10000 1

8000 1

6000

4000

2000 1

0

20000 25000
Number of detected photons

30000

35000
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I Summary: crystal ECAL with long bars
I T T

Inner Radius for ECAL 1900 mm 350 mm
Length. for barrel; 5900 mm 1900 mm + 24X, NA
Outer radius for endcap (2168.3mm for BGO)

Longitudinal Depth 24X, (268.3 mm BGO) NA
woduarty IO Noonreteden (el

Material Volume (m3) 20.2 7.8 28.0

Readout channels 0.92 M 0.36 M 1.3 M

Power dissipation 18.4 kW 7.2 kW 25.6 kW
07.08.24 CEPC Detector Ref-TDR Review 38



I Data throughput estimate: first simulation results

Crystal bar ECAL data size estimation Crystal bar ECAL data size estimation
7 Luminosity (CEPC accelerator TDR, 2023) < Fired bar size in each module

e L= 115)(1034 Cm_zs_1/|P@30 MW Barrel Rate @ 30 | Rate @ 50

— BhaBha Bhabha 48.7%

Z mode L2 Ge 107 T ete- St 82% 142 238
ete” - qq 30.20 34.7 58.0 —1r ete - q7 99.4% 345 577
ete” > utu- 151 1.73 2.90 1072 —qq ete - qq 79.9% 27.7 46.3

*No ee = 77 cross section, but should at the same level as ee = pp. (E¢or > 30 GeV)

*Definition: deposit >1GeV energy in ECAL.
*Use o(ee = pup) and it's rate.

T TTTTI]

« Simulation geometry: Octagonal ECAL 10°

* Inner R =1860 mm, depth 280 mm, Z = 6700 mm.
* In each module: 4*11 blocks, bar length 400~600 mm, bar size ~60k.
* Physical process: v/s = 91 GeV, Bhabha, ee —» Z/y* — uu/t1/qq. 107

aak WU 11 1 || APPSR vt |1 L PN P | R T =
. B 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
* Digitization:
X o NECALbar
* Bar energy threshold 0.1 MeV. #

Crystal bar ECAL data size estimation
i‘:@Readout:

* Double-side readout, so 2 channels / bar.

* data size = 32bit / channel.

* Data size for the hottest module (only count ete™ — qg process):
* 30 MW: 27.7 [kHz] * 5k [bars] * 2 * 32 [bit] = 8.86 Gbits/s = 1.1 GB/s
* 50 MW: 46.3 [kHz] * 5k [bars] * 2 * 32 [bit] = 14.8 Gbits/s = 1.9 GB/s

Plan to update estimates with the latest ECAL geometry implemented
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I Beam-induced backgrounds: simulation studies

= Higgs mode:

m pair production: double beams, e+-

= Simulation Time Window: 3.6 us (6 collisions and 6 bunch

m Considering physics events and beam background events.

m Taking into account the scintillation decay time of the
crystal and the shaping time of the electronics.

G4 step

Pair production --- ~ 7800 = BG: single beam
Beam-Gas Bremsstrahlung (BGB) 83,280.65 ~0.30 .
= Using 4 types of beam backgrounds.
Beam-Gas Coulomb (BGC) 884,002.12 ~3.18
Beam Thermal Photon Scattering .
23,520. ~2.24
(BTH) 623,520.09 spacmg)
Synchrotron Radiation - ---
Radiative Bhabha - -
Touschek - -
T O N L T L 105§_|""

|"| ; 102:— = 104;_

I || 2 jets E 3 ]

{ w [ ] n103L

Pair production : 0:) i | . . qC) E

A /\ A /\ A | /\ = | | j>|mulat|on = )

1K ; MC Particle :

t O.GMSTO.GusTO-GuSTO.GusTO-GuSTO-GusT [ 10%

100:‘[ MY I N BN N B | PRI | I S - 100;_; :
0 1000 2000 3000 4000 0

07.08.24
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I Beam-induced backgrounds: time structures

single crystal bar

step (E, T) 08| ] 10.0¢
oo 1| 8 7sF
IR : : £ 10000f ] T i
101 S F & 5.0
: 5000 . C
> 3 2.5
g G—I I | I F
= 0 500 . 3000 1500 2000 E
> . . For pach p.e., getduminous time %97
£10% 3rd pair  6th pair - — -
e ] and transmission time
: :\ 150-_I Pt b b loals B B b Nl A e L e D l__/
Epyp 2w Nl awi il ogz gl g e R F g 1.0
0 1000 2000 3000 4000 125F / .
Time / ns r : o.8f
05100:_ E %o.s:—
S 75F - S.4F
: = : E Eoaf
n 50F 7 0.2F
11 2)§ts ; ]
11 25F .
! c ]
1 A B B N D
‘I 0 0 1000 2000 3000 4000
1

T 0.6 us T 0.6 us T 0.6 us TO.S us T 0.6 us TO.G us T

07.08.24

F time structure of single crysta
: with 2 pair production

e | | ]
1000 2000 3000
Time of p.e./ ns

4000 100F ]

80F .
60F .

Amplitude

— 40F =

20F .

] L1 L " " 1 " " " L ' L N L N L L ]
] 0 0 2000 4000 6000 8000
] Time / ns

0-0;|‘...|.,..|....|...,|'
thie shapingtime of the el€¢tronics:

Time / ns CR'(RC)3

Detected Np.e in SiPM: 100 p.e./Mip
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Mechanics: FEA studies on deformation

U, Magnitude
+5.085e+00
+4.661e+00
+4.,238e+00
+3.814e+00
+3.390e+00
+2.966e+00
+2.543e+00
+2.119e+00
+1.695e+00
+1.271e+00
+8.475e-01
+4.,238e-01
+0.000e+00

i mm hKCER B

01 , 0071 0.075 g.071

0.06 0.061

0.05

Q2.08.24
.

A/B/C/D are the sides of the cell

L BKDLE

0.104 0.104
0.096 0.0%6

0.08
0.06
0.04

0.02

1 cEPCbetécto? ReRTDR Re¥iew 10 11 12 13 14

-0.05

27 mm WKAZE

0.25 0.23 0.23

0.2
0.15
01
0.05

-0.955 0
EA o883 8 7 8 o3s
0.098.0.103-0.098

12 13 14

-0.1

-0.15

-0.166-0.166

The BGO is brittle, so we have to
know the deformation of each cell .
According to the FEA, the maximum
deformation of the cells is O.%23mm.
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CERN setup: energy resolution
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I Planning

100 leIlﬂlﬂﬁ?-llﬂﬂ“ AL L T T T T T T T T T

R&D planning to address critical issues:
beyond 2024

o]
o
I
|

— Radiation damages in SiPM and crystal: i)
S |
mitigation solutions Qe | i\ N y
5 = |ecer. =300 nm) ‘\-\
© | 33x32x191 mm S
= = CMS2 PWZO (A=424 gm) wd
) 28.5°x30°%x220 mm
£ 40 I'A SIC BGO (1=480 nm) i
6 25x25x200 mm SO
Z FONIIC BGO (k=4§0 nm) -

25x25x200 mm

¥V LYSO/LFS (=425 nm)
~ 25%25x180 mm

CIBaF, (A=220 nm)

|~ 30x30%x200 mm

ACsl (A=310 nm),

29x29%230 m
102 103 104 105 106 107 108

Integrated Dose (rad)

N
o

Fig. 21. Normalized LO as a function of integrated dose for various crystals.
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1.Geometry design of ECAL barrel

(4 (4 [ J
< < < “ “ N

Design of 32-side crystal ECAL geometry.

— Invert trapezoid module with minimized crack angle: reduce energy leakage.

Y/ mm

— Correspondence of layers between adjacent modules: clear shower structure.

A realistic crystal ECAL geometry has been implemented with DD4HEP and
released at CEPCSW MR 19.

-2000 -1000 0 1000 2000

X/ mm
Summary of all crystal ECAL parameters.
Fine geometry and material description. _
Parameter Value / mm — : i /_/' T
Inner radius 1900 W TRTETR TR 0T i 7 / ] \' \L. /'/
Outer radius 2200 ' M. < N
Length 5900 7 I i I i . 3 I i » T
Crystal length ~ 400 ‘ I : —— ,'l . ! ‘
# Modules in r — ¢ 32 ] // 6 B~
# Modules in Z 15 i 3 o
¢ Projectivity tilt o= LL‘LJ I — ' ’ ' / 'T'\
i b 25 Geometry Size / mm Material —
Supporting’ 5 carbon fiber
Parameter / mm Anti-Trapezoidal Trapezoidal Cooling? 1 copper
Bottom length 314.598 435.106 Electronics front end? 1.2+1 PCB+ASIC
Top length’ 492.657 369.809 Electronic back board* 10 PLE
Module helght 280.232 292.216 Electro-optical device® 3*3*0.8 SiPM
Layer height 9.651 10.079 Wrapping® 0.1 ESR

Crystal height 9.451 9.879 . 6 _ Rt
07.0%R%4iation length 93.628 X, 924.698 X, CEPC DetectdrREFAIR Review il ki Bae 45



https://code.ihep.ac.cn/cepc/CEPCSW/-/merge_requests/9

Digitization and single photons energy resolution

m Digitization: energy deposition = digits in ADC, considering crystal scintillation and electronic design.

Poisson Distribution SiPM gain calibration HG-LG conversion 5
based on muon data from LED data
of long crystal bar ‘ % Truth + 0.1MIP thres : a=0.89
o 2.5
X ‘ © PE. +wo thres : a=1.05
~ O P.E. + 0.1mip thres : a=1.4
g 2 < Digi + 0.1MIP thres : a=1.47
5
=
015
g
>
o 1
)
&
0.5
0
0 3 6 9 12
Energy of photons / GeV
07.08.24 CEPC Detector Ref-TDR Review 46



Geometry of Crystal ECAL endcap

15t version: preliminary design
Consist of several same modules, right plot shows single module.

Dead material (carbon fiber, electronics and so on) is similar v

barrel.
Inner radius 350 mm
Outer radius 2200 mm
Z start 2930 mm
300mm
Z depth (24 X,268.8 mm)
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Overall Structure
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‘. 29.80 cm
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