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This talk is about the design and developments of the electromagnetic calorimetry system

(related to the RefDet TDR Chapter 06)

Requirements: CEPC calorimetry system in the 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%




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

— Crystal: homogeneous calorimeter
Y g + particle flow algorithm (PFA)

New

digital

MAPS

PFA calorimetry: various tech. options explored in the CALICE collaboration in past 20 years
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I SiW-ECAL option

Silicon sensors+ CuW CALICE SiW-ECAL Physics Prototype ~ EMresolution in beamtest:  gj\-ECAL Tech. Prototype
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Silicon-Tungsten option

— Silicon sensors (pixelated) interleaved with CuW plates (compact showers)
— Baseline ECAL option in CEPC CDR: extensive Higgs physics studies
— Active hardware activities in CALICE collaboration: prototypes/beamtests

Strong synergies with CMS-HGCAL: application in silicon sector

— HGCAL taskforce successfully established two sites at IHEP
 MAC (Module Assembly Center) Beijing Site (1/6 MACs)
* SQC (Sensor Quality Control) Beijing Site (1/5 SQCs)




ScW-ECAL option

CALICE SiW-ECAL Physics Prototype

/
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Scintillator-Tungsten option

— Scintillator strips + SiPMs as sensitive layers
— Cost effective option for fine transverse granularity (5 X 5 mm?)

ScW-ECAL tech. prototype in 2016-2021 100GeV m;, | 60GeV electron

— Developed by Chinese and Japanese groups in CALICE collaboration
— Successful beamtests at CERN PS/SPS in 2022-2023
— Collected data sets with various beam particles




I 4D Crystal ECAL option

A new option: development started since ~2020
‘-Crysfal Scinfillu?r (eg. BGO, LYSO..)
Compatible for PFA: Boson mass resolution (BMR) < 4% ﬂf T 7)
'\Phofodefecfors (eg. FPMT, SIPM...)/
Optimal EM performance: oz /E = 3%/VE =
Minimal longitudinal dead material: orthogonal arranged bars / Incident "

|V 151 16 5 0 0 6 5 R ]
I

particles
— 3D positioning with two-sided readout for timing

« BGObarsin1x1x ~40 cm3

* Effective granularity 1 X 1 x 2 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 Tracker (TPCIDC")/IWMYOKe 3 2'5 i d € po Iygo nl d e pt h 24 XO
with outer ayer 28 longitudinal layers




Crystal ECAL: physics motivations

Crystal provides an energy resolution to photons and electrons at the level of 3%/\/E

— Significantly enhance EM performance with similar budget of SiW-ECAL
Higgs and EW physics programs

— Precision measurements of Higgs recoil mass: e.g. Bremsstrahlung energy corrections of electrons in ZH — eeX
— To further enhance jet performance by fine reconstruction of neutral pions (7° — yy), esp. in 4-/6-jet scenarios

Flavour physics programs: benefit from excellent performance for photons and neutral pions

Searches for new physics beyond Standard Model

— Using photons as a portal to search for new particles (e.g. Axion-Like Particles)
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Technical options: comparison and option selection

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

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

New dedicated PFA (ongoing

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

Jet Performance

' B Mass Resoluti BMR) <49
(with a full detector) oson 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) proposed by the CEPC team

Novelty Level



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

Technical options: comparison and option selection

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

EM energy resolution

og/E = 17%/ E(GeV) og/E = 13%// E(GeV) og/E = 3%/ E(GeV)

New dedicated PFA (ongoing

Arbor; Pandora
developments)

Particle-Flow Algorithm(s) Arbor; Pandora

Jet Performance

(with a full detector)

Technical Readiness Level

Boson Mass Resolution (BMR): 3-4%

Physics Prototype (2006-2010)
Technological Prototype (2011-

Physics Prototype (2007)
Technological Prototype

First Physics Prototype (2022-

(prototypes, beamtests) 2024)

now) (2016 - 2021)

ILD (proposed in ILC TDR, 2013), followed by several detector
concepts: CLICdp CDR (2012), CEPC CDR (2018), FCC CDR (2019)

A completely new concept
proposed by the CEPC teay

Selected as a baseline option

Novelty Level

Baseline ECAL option for the CEPC reference detector

» Crystal ECAL, as a novel option of PFA calorimetry, provides optimal EM resolution
10


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

Crystal ECAL: Main Technical Challenges

Particle-flow algorithm: pattern recognition and ambiguity issue for long bars

High granularity: at the level of 1 million 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

11



I Crystal ECAL: specifications

Key Parameters Value Remarks
MIP light yield ~200 p.e./MIP Ensure EM resolution ~3%/VE
Energy threshold 0.1 MIP Balance between S/N and dynamic range

Crystal non-uniformity <1%
Dynamic range 0.1~3000 MIPs / channel

Timing resolution ~500 ps @ 1 MIP

Along the crystal length and between crystals
Maximum energy deposition with 360 GeV Bhabha

Bunch Crossing ID; clustering and hadron performance

Detector requirements

e PFA compatibility and BMR<4%
 Moderate MIP light yield

* Good uniformity

* Optimal time resolution

e Large dynamic range

e Moderate S/N ratio

R&D activities: addressing crucial issues

* New PFA to address pattern recognition issues
* SiPM response linearity

* Uniformity of long crystal bar

* Time resolution: different crystal dimensions

e Dynamic range of electronics

* Energy response of crystal module

12



I Crystal ECAL: mechanics and software

Physics performance studies in CEPC software (CEPCSW)

— Implemented with geometry of mechanics design and digitistation (prototyping and beamtests)
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: 5800 mm in length
Endcap ECAL: 4260 mm in outer diameter ' ' 13




I Performance in simulation: separation power

New PFA reconstruction software developed for the design of long crystal bars

Separation power of close-by particles: key performance in particle flow

— Yy -y separation: 100% efficiency for distance > 20mm
— 7y — 1 separation : 100% efficiency for distance > 50~100mm

Y - Y separation for 5 GeV photons
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Performance in simulation: neutral pions

Using CyberPFA for long crystal bars

Crystal ECAL shows excellent performance for single ©° in 1-10 GeV

— More than 95% of ©°% with energy <15 GeV in jets from Higgs and Z

— Ongoing crosschecks to further improve ° performance in higher energy

5 GeV 7° (Two PFOs)

¥/ ndf
Prob
Height
Alpha
Power
Sigma
Mean

144.9 /87
9.831e-05

556.3 £12.2

1.044 + 0.066
2.85+0.29
0.005083 + 0.000121
0.1351+ 0.0002

- Work in Progress
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EM resolution dominates in lower energy,
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angular resolution prevails in higher energy

Energy of 7% in jets from H/Z bosons
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https://indico.ihep.ac.cn/event/21331/contributions/161217/attachments/80718/101259/CrystalECAL_Software.pdf

Physics performance in simulation: Higgs boson

Using CyberPFA for | tal b
Higgs benchmark studies at CEPC 240 GeV YInG BRI BT TONG LYt bar

— Higgs decays to 2 photons (EM performance) and 2 gluon jets (PFA performance)

ZH - vvyy (H = yy): o(m,,) = 0.57 GeV ZH - vvgg (H - gg) at 240GeV : BMR = 3.95%
T AR R R RN RS R RN RERRE RS R
6000~ - - = -~ CEPC simulation E
. CEPC simulation + Data . 350E + Data .
5000 — 300 F 3
% C — H— 7, DSCBfit ] %; 2505 —— H - jj, DSCB fit
4000 - s . E
© "t H-vyy ] © H - jj *
£ 3000 = o 2000 E
< C ] c ]
S - . O 150 =
W 2000F = T
F ] 100 E
1000— - N ) ’
: . 50 - 2 gluon jets A
fere e % ceooc b by g ]
'P10 115 120 125 130 135 140 Lo

0 ™ |1 h n
80 90 100 110 120 130 140 150 160 170 180
Invariant mass / GeV With truth tracking: BMR 3.73%

Invariant mass / GeV
(comparable to CEPC CDR performance)
* Tracker + crystal bar ECAL + GS-HCAL, barrel only

* Improvements are expected with further optimizations (tracking, clustering...)
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https://indico.ihep.ac.cn/event/21331/contributions/161217/attachments/80718/101259/CrystalECAL_Software.pdf

I 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

K MIP response: >200 p.e./MIP = oz /E < 3%/E r‘ Uniformity along 40 cm crystal bar: ~2.5%
* Energy threshold: 0.1 MIP e Can be further improved after calibration
6 Light yield vs. energy resolution Response uniformity along bar
T — — s o s —
I m ; : 137¢s with ® 8 mm o) R
—_ - i ¥ g 120
X 0 s TR Digi
‘g N ; g 110 §
g | o r :
D] U WSS WSS N —_— 8 10of
P £ «f
g B o \AL D)
?,_J' 2__=‘ ............ A .................................................................................................................... 3 80 VV J[k [] r UB[Ebb
B ] § 70
| * .................................... = .................................................................. : ..... 8 coFo ...T.a':...f=.f“,'...f.‘T...T..T..‘ I-ITI
____________ —150 100 50 0 50 100 150
1 R ER EPTI E B Radiative source position / mm
0 200 400 600 800 1000
Light Yield [p.e./MIP] J
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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 (target for 6um pixel pitch)

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

T ee——

“Pico-laser system for SiPM non-linearity studies in lab

© S'mUIat'O":I energfy depositions n State-of-art ASIC dynamic range: ~1.2nC tested in showers
0 = 40cm crystals bar from 180 GeV e SiPM linear range ASIC with lowest gain
10° - Work in Progress T enelnumbenstssn ] oo |
g ) o os3 | WorkinProgress i
10° S ' ¥ e 30" 1
= E ' ''''''''' | | 3 10000, | I
10° _E -g- I l l _§ 8000 {
= g “ N E
102_5 g ; U ; 6000
" Bhabha events at CEPC (360 GeV) i o = .. MWMMM LL
15 e L Lo Lu s I L1l I R I a1 LEI —Sge T F0E0 B0 7000 260 Hfo&oa 0 — y : ! ' : !
0 > 10 15 3 40 PED X incident photons ' S(I)\Iofjmsg(:'oofléot(a):eczt(zfio lif:::)n;oooo o
Energy per crystal / GeV P P )
/ 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
18
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R&D efforts and results: timing studies

Dedicated beamtests for timing studies with MIP and EM showers

—
Timing performance with MIP-like particles

Timing performance within EM showers

Time resolution / ns

Tested 40cm/60cm BGO bars with 5GeV electron beam

~200 ps around EM shower maximum (>12 MIPs)

Time resolution vs signal amplitude

- —$— 40cm BGO o
25~ & eocm BGO |DESY beamtest in Oct. 2023
2_— >
1.5_—
E
E —
&5:— ——
ol ! i 1
B 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 l 1
0 200 400 600 800 1000

Signal amplitude / mV

10 GeV 1t~ beam to scan 40cm and 60cm BGO bars
40cm BGO: MIP timing resolution of 520 ps at a single end
60cm BGO: MIP timing resolution of 665 ps at a single end

1.2

40cm BGO: ~735ps timing
resolution (two ends)

-20

-15 -10 -5

10

15

20

60cm BGO: ~940ps timing
resolution (two ends)

CERN beamtest in Jul.
‘40cm BGO bar

By

2024
I
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4D Crystal Calorimeter: First Physics Prototype

BGO crystals from SIC-CAS (12X2X2 cm? )l 1st crystal module 12X 12X 12 cm? Bhisics Prototype with 21.745
K’ ERE | with 36 BGO bars (10.7 X))

‘ First crystal calorimeter prototype

e Successfully developed in 2021-23
* With commercial ASICs

/" Major motivations

Concentrator board only
for trigger distribution

) e §

New 4-layer PCBs
with 10 and 15 um

oy pixl ptch SPMs * Critical issues at system integration
4 with 8-layer adaptor boar .
(R AR « EM performance in system level

* Validation of simulation and
digitization with beamtest data

Custom-made readout boards (144-ch), equipped with 6 ASICs (CITIROC-1A) —> Custom-made ASIC in planning 5




I Beam tests: 4D Crystal Calorimeter Prototype

( 2023 CERN beam test at PS-T9 (2324 CERN beam test at PS-T9 (June 24 — July 10)

- Successful system commissioning - Promising EM resolution with 1-10 GeV/c e~ beam
- Clear MIP signals for all channels - Data analysis: detailed calibrations, shower profiles
Energy Deposition 10 GeV Muon- 5GeV u- 5GeVe-
s F . Work in progress o00
S12000]- [ GaussSigma= 6.43 10,062 | - Lot s024 Eool 238605 Mev T s MIP El 2 800435 Moy
“F LandauSigma = 4.0000 + 0.0016 | * ' e 500
10000} — | MPV = 115.442 1 0.029 2 2
- : : : : 52 200 =
8000— > >
C 2 >
DR N AU WU 0 U TR Y SO NN NN A A S 20 & 300 &
- Ll w
- 5 -
4000_— l 15 E L 200 E
- © @©
- H £ e
2000_— : - Q Q
0:1 J_ Sesiesd L - .n_“‘l [ - | 11 | Ly . J
60 80 100 120 140 160 180 200 220 240
Energy / MeV
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Crystal Calorimeter Prototype: 2024 CERN beamtest

lative Difference [%)

“TWork'in Progress |

61—

L4

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

........

11111111

9 10

Data, 3.6%/VE€0.28%

Truth, 1.1%/NEG0.78%

Truth + Digi, 1.3%/VEGD.71%

el Bl R 2N S

_____
-
-
-

Truth + Beam spread + Digi, 3.7%/@@3.78%

Studies based on electron beam datain 1 — 10 GeV

— Data taken with ALL beam instrumentation in upstream: Cherenkov
detectors (XCET), SciFi trackers for beam profiles

EM response linearity within +1%

— Better understanding of calibration precision (~0.5%) and corrections
of crosstalk in ASIC neighbouring channels

EM energy resolution

— CERN expert confirmed our observation: larger beam momentum
spread in data than expected from beamline lattice (~1%)

— Calorimeter EM performance majorly dominated by beam spread in
lower energy (typically ~¥3% at 1GeV)

— Extensive studies on PS-T9 beamline (with kind help of CERN expert)
to quantify momentum spread due to beam instrumentation

— Crystal prototype EM performance (preliminary): 1.3%/vVE @ 0.7%

22



ECAL mechanics design

Crystal ECAL mechanics integrated with active cooling

Endcap ECAL design
Barrel ECAL design

Cooling pipes

e (Carbon-Fiber structure for crystal modules

23



ECAL mechanics: main structure and barrel modules

Module integration . .
Copper sheet Cooling pipes for a module Two crystal modules

in one phi/z segment

Carbon fiber plate BGO + Carbon-Fiber casing

Carbon fiber plate

-

\ ';\y

Readout PCBs

Barrel ECAL parameters

Parameters Value

Main structure is based on carbon fibers

Inner Radi 1830 : . : :
NEr Radius mm — Ensure mechanical strength/stability and lowest possible materials
Outer Radius 2130 mm B IE L dulari
Length in Z 5800 mm arrel ECAL modu arity
(Typical) Crystal Length 400 mm — 16 segments in phi, 15 segments along Z-axis
#iModulesinR=Phi =0 — In each segment: two crystal modules in trapezoid-shape
#Modules in Z 15 .. . . . .
— Optimised module boundaries (in R-phi): not projectile to IP
Tilted Angle in Phi 12 degrees

Longitudinal Layers 28 24




I ECAL mechanics: endcap structure and modules

Endcap crystal modules

— Optimised module boundaries to avoid projectile cracks to IP

— 6 different types, trapezoid modules in blue and _— -_'___'_'f_‘_'_'_'_‘_‘:gl:-::::;;;:::::TP

Supporting frame to hold both endcap ECAL and OTK

Planning: FEA simulation for stability, deformation and cooling

&

Front-end PCBs
Front-end PCBs (SiPMs, ASICs)
(SiPMs, ASICV
'y

Crystal bars
inarra Vi




Barrel ECAL mechanics: FEA simulation

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

e Material :T700 reinforced epoxy resin

Max 66.4MPa R T — Smeoe | Max 0,117

(Failure parameters of composite materials) s




Barrel ECAL cooling system

Cooling for 1/32 barrel slice:
FEA simulation studies on ECAL cooling 42W for each slice (15mW/ch)
— Preliminary result: temperature gradient of ~8 degrees

— Ongoing studies in calorimeter simulation to quantify its
possible impacts to EM performance

Copper sheet:1mm
Low Temp: 10°C
10 10.78 11.56 1234 12.11 12,80 14.67 15,45 16.23 17.01 17.72 ngh Temp: 17.8°C

e e e —

Plan to investigate cooling with future low-power ASIC (expected < 10mW/ch)
27
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Readout electronics for ECAL

Details in the “Electronics” talk

Qut

Channel M
In Channel 0
LG SSH T&H
£
Low gain Slow Shaper  Track&Hold o ADC
amplifier
> e ﬂl
High gain Slow Shaper Track&Hold e
amplifier
ERG TOC
| Fast Shaper

For different options,
FEE module can be one
PCB or multiple PCBs

Passive Cooling

Copper pipe

Copper

PCB dimensions: flexible _

to different options

15mW/ch (estimate)

socket
|
chip

FEE module
Socket ASIC Board
7 ASIC = = = ASIC Datd  \§iC = = = ASIC
aggregation
Socket
- - ea» o t - a» o
Socket ASIC Board
\_  ASIC = = = ASIC Datd g0 = = = ASIC
aggregation
(\, Socket
P $
% Power Socket Data Board
@K Cable
f’b&' ] Cable space
Dat g
% o ficaal Optical Data Data Power
Q\QJ p(\‘/’g Module Link aggregation Manager g
®0b QQQ o Socket A
<0 : 2
| \&
@060 ™ Socket ASIC Board
1 , ASIC = = = ASIC Datd  \§iC = = = ASIC
aggregation
. Socket
Socket ASIC Board
\\ ASIC = = = ASIC Data ASIC == == == ASIC

aggregation

Socket
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I Beam-induced backgrounds: simulation studies

50MW Higgs runs: 355ns bunch spacing e e s
105E W/ 1MeV threshold -
— Hit rate 200-300 kHz with 0.1 MIP threshold 104 Crystal ECAL Barrel
— Barrel : maximum rate! (230 kHz) vs. mean rate? (13 kHz) 8 ok 3
LLJ102;— é
Beam Backgrounds 50MW Higgs (355 ns) 10%F 3
el 0200 200 600 800 1000
ey Pair Production 1300/BX Count / KHz
dependent
Beam-Thermal Photon 359kHz *2 105? wﬁﬂssﬁihomé
10% E
Beam-Gas Bremsstrahlung 41kHz *2 i 1032_ Crystal ECAL Endcap_;
Single Beam = 02?_ :
Beam-Gas Coulomb 238kHz *2 e § :
10% E
Touschek Scattering / Look | ]

0 200 400 600 800 1000
. . Count / KHz
Maximum ratel! : max. rate in a crystal bar per module

Mean rate?: average over all crystal bars over threshold per module
29



I Alternative ECAL design: stereo crystals
Stereo design with long crystal bars inclined

= 100% eff. After 20 mm distance Di-photon efficiency
. . . . . 100% effwhen2y —— 04—+
— Longitudinal segmentation by tilting crystal bars dsence>20mm |
— Single-end readout: 50% less readout channels than G
crossed bars (two-sided readout) rre o wovermmt £ o B soov oo
Only one freedom left, « or longitudinal sampling Ny Aabi i e

Distance (mm)

Even layer  Odd layer

Beadaut at ouler SIS . Applied to separate 5 GeV photon and 10 GeV T +
F V/// 'y 7 » ~100% efficiency when > 100 mm distance
[ f; | N Efficiency Vs Distance
ARRRRN Y | I 10
| | | A .‘I |
/ TR EERERRN v 08 yHTT 1T only
) / / - ‘ ~

=== single photon

o $ pion+ gamma
5 04

One trapezoid Form a super layer of Super layer form . Y
Form stereo ) i)
shape structure 30 cm thick along Z the full barrel 02 :

R e e e e e

Distance (mm)

Simulation studies on reconstruction: promising separation power of two particles

Ongoing designs on mechanics, cooling and integration
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Taskforce and collaborations

Taskforce Working on CEPC ECAL CEPC calorimeter team in beamtests

— Detector (hardware/software): physicists (9), postdocs (3), students (8)

— Engineers in electronics (3) and mechanics (2)

Many members deeply involved in large-scale experiments/projects (i

— BES-IIl Experiment: Electromagnetic Calorimeter with 6,240 Csl(TI) crystals
— JUNO Experlment 20,000 ton ultra-pure I|qU|d scintillator

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

Near future planning: towards reference detector TDR

— Beam-induced backgrounds: impacts to physics performance, data throughput
— Mechanics and cooling: FEA simulations, validation by dedicated tests

— Detector: fully exploit beamtest data on EM performance and validation studies
— Software: geometry updates (interplay with mechanics/cooling), digitisation

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

— Particle flow performance: further optimizations
Beam backgrounds

) ] Mechanics, cooling
Timeline ﬁ

Oct. 2024 Nov. 2024 Dec. 2024
Long-term planning beyond TDR (in next 3-4 years)

— R&D on crystal detector units: joint efforts on BSO crystal, new SiPM and readout chip
— Full-scale calorimeter prototype integrated with mechanics and cooling

— Radiation damages in crystal and SiPM and possible solutions 32




Summary

Overview of CEPC ECAL options and dedicated R&D activities 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 for SiPM-crystal units and 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
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I ECAL requirements

EM energy resolution

Longitudinal Depth

Transverse Granularity

Signal Dynamic Range

Time Resolution
(1-MIP signal)

Power Consumption
(per channel)

% = 15%//E(GeV) D1%

oz /E = 3%//E(GeV) ®1%

24X,

(with longitudinal segmentations)

10 X 10 mm?

0.1 MIP - 3000 MIPs

1 ns

0.5 ns

15 mW/ch

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 Summary: crystal ECAL with long bars
I N T

Inner Radius for ECAL 1830 mm 350 mm

Length for barrel; 5900 mm 1900 mm + 24X, NA
Outer radius for endcap

Longitudinal Depth 24X, (268.3 mm BGO) NA

28 modules in phi,

Modularity 13 e elleri 2 6 types of modules NA

Material Volume (m?3) 17.8 6.5 24.3
Readout channels 0.96 M 0.39 M 1.35M
Power dissipation 14.4 kW 5.9 kW 20.3 kW
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I Crystal ECAL digitistation

A summary table on digitisation: ongoing validation studies

Process Parameters Value Note Prototype value
Intrinsic light yield 8200 ph/MeV BGO properties (8000~10000 ph/MeV) 8200 ph/MeV
Effective light yield 200 p.e./MIP LY} * LCE » PDE, 40 x 1 X 1cm® BGO 760/1340 p.e./MIP (module-1/2, 12 x 2 x 2cm? BGO)
MIP energy 8.9 MeV 5 GeV muon pass through 1cm BGO 17.8MeV (2cm BGO)
Scintillation Non-uniformity along bar 0.03% [(Ch1 + 2)pax — (CR1 + 2) il /(CR1 + 2) 1hin No this parameter (<1% in measurement)
Difference between 2-ends 5% (Chlpax — Ch2in)/Ch2 min No this parameter (<1% in measurement)
Light collection efficiency 11% Ensure the effective light yield 3.1%/5.4%
Photon detection efficiency 25% SiPM NDL-EQROé 17%/30% (HAMAMATSU S14160-3010/15PS)
Active area 3 x3mm? SiPM NDL-EQRO0O& 3 x 3mm? (HAMAMATSU S14160-3010/15PS)
Pixel pitch 6 um SiPM NDL-EQRO06 10 um/15 um
Pixel number 244M9 SiPM NDL-EQROé& 89984/57600
SiPM DCR 2,500,000 Hz SiPM NDL-EQROé 700,000 Hz
Gain fluctuation 8% SiPM NDL-EQROé 5%
Crosstalk 12% SiPM NDL-EQROé 0.5%
Time window 150 ns Assumption 87.5ns
Number of gains 3 Assumption 2 (CAEN A5202, Citiroc-1A)
Dynamic range 0.1~4885 MIP Accurately meas. within 30 GeV 0.1~80 MIP
ADC Vertical accuracy 13-bit, 8192 ADC Citiroc-1A 13-bit, 8192 ADC
Switching point 8000 ADC Citiroc-1A 7900 ADC
Pedestal position 50 ADC Citiroc-1A 40~80 ADC
ASIC noise 4 ADC Don't varies with gain
FEE noise 15 ADC Varies with gain
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Electronics diagram for ECAL & HCAL

e e e -

—_—
Customized | I- Common data platform

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

|
=
|
|
|

I I (TaoTie) (ChiTu) (KinWoo) Board |
A .
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)



Temperature impacts to crystal-SiPM

o 22pT T L L R B BB . . .
o o PoSmak iSO 3 Linear modeling of temperature gradient
% : rad. 1K, 1.5 %/VEE0.16% 3
13;& L Grad.3K, 1.5 %/\E@0.17%
ed T Grad 5K 1.5%EGO.16% — The same temperature change for a given distance
4 :_i Grad. 9K, 1.6 ‘%:/\15550.180/2 E . . .
2 T Gt ook 16 %ESO e Assuming temperature difference can not be corrected, which
__".:‘ rad. . WVED0.19% — . .
0_;;_ 'éige £ Orad. 25K, 1.7 SIS0 19% E is especially true for crystals
O.BE— : '_:_:_ . _E . .
b ﬁ-&iq Check EM performance by varying temperature gradient (Tmax
02 E - Tmin)
% 5 o 5 20" 25 30
§ Oy Preliminary result: temperature gradient of 5 degrees seems
oo ; to introduce no significant impact
—0.025— . " e
-0.08 -

* 100p.e./MIP, 0.1MIP threshold per channel, 12-bit ADC

 150ns time window, 2,500,000 Hz DCR

» Temperature dependence of BGO light yield: -1.38%/K, doi:10.1007/s11433-014-5548-4

» Temperature dependence of SIPM(HAMAMATSU S13360-3050CS) gain: -3%/K, doi:10.1016/}.nima.2016.09.053

» Temperature dependence of SIPM(HAMAMATSU S13360-3050CS) DCR vs temperature, doi:10.1016/j.nima.2016.09.053 20



I Beam-induced backgrounds: simulation studies

50MW Higgs runs (355ns bunch spacing): updates from 30MW

— Barrel module: maximum rate! (230 kHz) vs. mean rate? (13 kHz)
— Patterns in even/odd staves: different crystal lengths in the first layer (300mm/400mm)

Beam Backgrounds 50MW Higgs (355 ns)

220

200

180

£
160
<

Luminosity Pair Production 1300/BX od
dependent
Beam-Thermal Photon 359kHz *2 100
Beam-Gas Bremsstrahlung 41kHz *2 -
Single Beam ;
Beam-Gas Coulomb 238kHz *2
Touschek Scattering / 103

Maximum ratel! : max. rate in a crystal bar per module
Mean rate?: average over all crystal bars over threshold per module
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Barrel Mo

Beam-induced backgrounds at CEPC: TID

50MW Higgs runs (355ns bunch spacing): updates from 30MW

— TID per year: ~4k rad for barrel crystals; 50k rad for endcap crystals

40

351

Barrel Mo

5 10 15 20
Layer

dule: BarID vs LayerlID (hits>1MeV)

40r

dule: BarID vs LayerlID (raw hits)

160

FT T L B
1()5 -
104 Crystal ECAL Barrel -
9103 | Lill -
2o I f
L 1()2 .
1()1 | | | | é
Nl T
0 1000 2000 3000 4000

Radiation dose in 1 year / [rad]

0 10000 20000 30000 40000 50000
Radiation dose in 1 year / [rad]

80

2]
o

Normalized LO (%)

N
o

Radiation Damages to Crystals

® CeF, (3=300 nmy)

L 33x32x191 mm

W CMS PWO (=424 pm)
28.52x30%x220 mm

A SIC BGO (=480 nm)
25%25x200 mm

O NIIC BGO (2.=480 nm)
25x25%x200 mm

| ¥ LYSOILFS (A=425 nm)
25x25x180 mm

[OBaF, (A=220 nm)

[~ 30x30%200 mm

ACsl (2=310 nm)3

29x230.m

2 3 : 4 5 6 7 8
10 10 10 10 10 10 10
Integrated Dose (rad

BGO: dramatic Light Output (LO) drop

at TID<1kRad and TID>10Mrad



Beam-induced backgrounds: simulation studies

Hit rate map of 1stlayer in barrel ECAL (0.1MIP threshold)

\IWIII l“ 0 A N0 AT Qe o i'” WII‘
150 i II H‘III LD IO T T O R [ R0 gL Ry l nm l Ty
i | A0 AT g0 1) O I QAR O IIIIII IIIIIIIH |
100 IIII\I II“IHII (I A W IR \ L I (i IIIIIII il
Il A l (1 (M) IRRQRIY T [ L] T [TV I MmO R O 1
50 I II\I IJ LT LI [T TR N 00 R | I I {1
\ I||IIIII|| I l I 1L TR LI T TN R A M - I | | I Tmim

O I LI IIIIHI i) IIII\III\ LT -ll mlllll Elllllll.ll Im: IIIII [0 1A MY RO B :I:I L) III:IIIII I
| L0 N1 R O L R 1]
50 11 I- ((LIDETYT RURTIANTY (WHE 0 B AR B 1

phi/degree

N 10 1 VAN TR ! | 1

—2000 —1000 0 1000 2000
Z/ mm

I\SO

o
o

Conut / KHz

IS
o

N
o

Hit rate suppression with 0.1 MIP threshold

0

| T T T | T T T T T T T T T T T |
W/O threshold

. W/ 1MeV threshold ]

LT EETEE FEEECA T PR EERT LT e =
200 400 600 800 1000

Count / kHz

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 (O threshold)
— Ongoing simulation studies to investigate impacts of pile-ups, and endcap regions
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SiPM irradiation damage: neutron fluence

Simulation based on measurements: SiPM DCR vs. neutron fluence

Estimate noise-only events above 0.1MIP trigger threshold (10 p.e.) for ECAL

Preliminary conclusion: 4.3 X 10°n,,(1MeV)/cm? is likely the limit for SiPM
operated at room temperature; beyond this limit, SiPM needs specific cooling

1610 10°
— 107 e NUV-HD-RH 15um
S - ¥ 4 .
o s~ Cubi sine it ‘
< 10°k -~ NUV-HD-RH 15pm ¥ ﬂl
@ - NUV-HD-RH 20pm — - 1 4
8 ©  NUV-HD cryo 20um ~ . 17 10l e e e e e e e e
— ©  NUV-HD cryo 40pm £ 10 '
o 10°L " RGB-HD20um e :
o @ RGB-HD 20pm Enhanced Border £ |
) @ NIR-HD 20ym N 107 y
T 2 1
10’ = yi
x * o 10° o
QO 10 4
10°; a = o ‘g/"/
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10 a’/f!?
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.2 O\ L L~
Fluence [cm™] = 0 - = RE R wm 10-244% Mean of Simulated Charge Spectra
S ®  (Asipw = 3mm x 3mm)
< <5 == Cubic Spline Fit
__ (@=10pe.
; : ®=4.351 x 10° cm~2
. . c oS S S S g 3 -4 103
When SiPM DCR=91MHyz, it can produce average 10 p.e. nois& & " ¥ S s s 5 S 9 S S K
) i i Fluence [cm™2] )]
SiPM NDL- EQRO6, pct=12%, DCR increases with neutron fluence Fluence [cm™2] a4



I SiPM irradiation damage: neutron fluence

Hamamatsu S13360-1325

. . 0.234 GHz
Estimate noise-only events above 0.1MIP S
. 0.144 GHz
trigger threshold (10 p.e.) for ECAL .
0.0886 GHz
m \
— Based on the Hamburg SiPM simulation model Yy -
I - 0.0336 GHz
[ [ [ 1 | ; [ ][] } A1 . I 0.0207 GHz
T et ‘ ——————————— ;,,?{‘,";:‘:,: “ 0.0127 GHz
— —— — f; — Am
HEl pLINEN | 0.00785 GHz
| | _ h
‘ ‘ ‘ ¢ 42 l 0.00483 GHz
1000 | 1L LA SERI——— 3 h
Haa — *’P — el e e
T | A h |
o g ] | 0.00183 GHz
< 1] o
8 10714 - ——— -,,*‘ 0.00113 GHz
= T
- ,,ﬂ ‘ n ‘ -1 0.000695 GHz
P I I h
‘ /" ‘ ' B [ 1] ' 0.000428 GHz
10724 ® ¢ Mean of Simulated Charge S‘pe‘ctra I
T Least-Squares Fit To Data: ' 0.000264 GHz
1] | | m = 109.640 + 0.043 n.p.e/GHZ {
i s c=-l093x107s2265x107GHe | g
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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
Tvoe no DCR probability at Vop*® Gain coefficient of Vop
ype no. typ. max. Pct Ct M ATVop
(keps) | (keps) (%) (pF) (mV/°C)
5$14160-1310PS 120 360 100
514160-3010PS 700 2100 530 1.8 x 10°
S14160-6010PS 1371 | 3000 10000 <1 2200 34
514160-1315PS 120 360 100
514160-3015PS 700 2100 530 3.6 x 10°
$14160-6015PS 1371 | 3000 10000 2200
SiPM with 25um pixel pitch
Dark count*>
Temperature
Photon .
Spectral | Peak A . Recommended | coefficient at
Measurement response| sensitivity gﬁ%ggr'g; caT:;:QtI::::e Gain Brs;lgg;vn Crosstalk | operating |recommended
Type no. conditions range |wavelength PDE* | TYP. |Max. Ct M VER probability |  voltage operating
A Ap A=A Vop voltage
=P ATVop
(m) | (m) | (%) |(keps)|(keps)| (PF) M (%) ()] (mv/°C)
S13360-1325PE 320 to 900 70 | 210 60
$13360-3025CS 270 to 900
e — 400 |1200| 320
S13360-3025PE | %S [320to 900 25 7.0 x 105 1 | ver+5 | g
513360-6025CS 270 to 900
S13360-6025PE 320 to 900 1600|5000/ 1280

State-of-art AS

C dynamic range

~33000 p.e. for 25um SiPM

14000 4

12000 -

10000 4

8000 -

6000 1

4000 4

20004

Electronics with lowest gain

—

Dynamic range of a state-of-art chip:

0

10000 15000 20000 25000
Number of detected photons

5000

— Expected to reach ~128k p.e. for SiPM with 10um pixel pitch

30000
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Digitization and single photons energy resolution

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

Geant4 hits: Crystal-SiPM: SiPM: p.e. ASIC: ADC in High o
. . . . D AD
Energy deposition detected photons conversion to ADC Gain or Low Gain . igits in ADC
Poisson Distribution SiPM gain calibration HG-LG conversion
based on muon data from LED data

of long crystal bar

—_— r T . T r . . . T . . — . . r . r . T . '_o' =T T T T T T T T ‘ T T T T ‘ T T T | T T T T I T T T T T T
3 50— : e =, n .
O] L — e Dgiw.E,_=100E,,+(003) | |
= B ] w 3 5 . ——<—— Digivo, GJ/E = 1.64% / E ® 0.18%, chi2/ndf 63.61/12 —
|_|_|'8 [ ———+———  Dgiviwihodpars. E, = 1.00E,,, +(0.03) _ L .
-~ C ]
40 [ ——e——— Digiviwihnewpars, E, = 1.00E,, + (001 7 w j ———=———  Digiv1 with old pars, o/E = 1.50% /{E @ 0.24%, chi2indf 94.88/12
- - o} 3 7
L
B 7 Il ——————  Digiv1 with new pars, 6/E = 0.64% /YE ® 0.19%, chi2/ndf 15.41/12 |
30 n 2 5 1R ]
B _ B ]
20 = 21 =
10 1.5 -
_ - / . 1 1 =
& ofF ) . = = _
3 5 Ee ® _ o8 s 3 L _
_ . @ =  E— |
3 -4 ?- * E 0.5 C - N . .
3 =Y E C a :
I 8 _. E C | | | | 1 L 1 | ‘ | 1 1 | ‘ | | 11 | 1 1 1 1 | 1 1 1 1 | 1 [ -
1ol E 0 5 10 15 20 25 30
0 5 10 15 20 25 30
E [GeV] E [GeV]
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I Beam-induced backgrounds: simulation studies

spacing)

Pair production - ~ 7800
Beam-Gas Bremsstrahlung (BGB) 83,280.65 ~0.30
Beam-Gas Coulomb (BGC) 884,002.12 ~3.18
Beam Thermal Photon Scattering 623,520.09 294
(BTH)
Synchrotron Radiation - -
Radiative Bhabha - -
Touschek - -
|
f'l 2
,“l 2 jets 10 é
11
\ ()]
Pair production 1 q:)
[ C
TOﬁysIaﬁusT&GusT&ﬁusT&ﬁusT&GusT [
109

= Higgs mode:
= pair production: double beams, e+-
= BG: single beam

MC Particle

10°

= Using 4 types of beam backgrounds.

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

= Considering physics events and beam background events.

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

107k
1. 5107
simulationt |

G 10%

E L
0

4000 2000 3000
Time / ns

4000

10%

G4 step

Ll
0

PRI T T AN T ST SR S (N S SR S E
1000 2000 3000 40I00

stepT / ns



I Beam-induced backgrounds: time structures

single crystal bar

step (E' T) 150002 10'0; :
510000k 1 875 ; time structure of single crysta
Lol ' ' ‘ g I 1 & sor ' | . with 2 pair production
: ] 5000 . i & -
> - 2.5F _'\uQ: ! ' ' i
2 ‘ ] - 7
= 1560 2000 b o SRBNIG) 1, ( L SRRTININ) ) S 1
> : . For each D. e getT]}umsmous ime %07 1000 2000 3000 4000 100F ]
g10%c  3rd pair  6th pair - Time of p-e. /ns S sof :
2t : and transmission time 2 80 ]
[ ] /’ g 60F ]
r b [ L L L L L L L L B <C N 1
L N N " M L H N M M L N i " M | N " " M L \1505 : 10 trT T T T 40:_ _:
0 1000 2000 3000 4000 125F / i 1 20 ]
Time / ns C 1 0.8r ] C ]
0% ] 0.6f : 07572000 4000 6000 800D
S 75k 3 O Time / ns
1 N ED.4_
; 2 fod
::2 ts 505 ] 0.2:— J
'] 25k 3 0.0F . | B
pair production '| A3 D N N the Shaplnloo%lmféoﬁasff:' ef8 8 'ronics:
i 0 1000 2000 3000 4000
| i Time / ns CR-(RC)3
time
" osus0sus 06us 06us06ps osps” Detected Np.e in SiPM: 100 p.e./Mip
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I Crystal ECAL: impacts of temperature stability

UE’{Ebeam [%]

Temperature stability is crucial to crystal ECAL

— Significant impact to constant term of EM resolution
— Stability of £0.05 °C in beamtest data

=N

Energy Resolution

o

: + DESY setup w/o coaling, Stoc =3.81%, Cons =2 94%

IiIIII

+ DESY setup w/ cooling, Stoc =3 65%, Cons.=1.16%

1

1.5

2

2.5

3

3.5

4

5

EReco

[GeV]

. 9%

CERN beamtest in Jun. - Jul. 2024

255°C
25°C
245°C
24cC

235°C

225°C

a2, :

215°C

Active Cooling

*  Mean: 21.7 °C; StdDev: 0.09 °C
Environment

2 *  Mean: 24.7 °C; StdDev: 0.21 °C

195°C

21°C

205%C

12-00

Active cooling fluctuations controlled within ==0.05 °C
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I Barrel ECAL: module integration

Install BGO crystal bars Install plates to “seal” and fix BGO bars,
(grouping 5 BGO bars per casing)  with holes for couplings with SiPM

Chery

CF structure to protect BGO bars

Install coppe sheets for
passive heat dissipation

Assemble the module into
the main support structure

Install front-end readout PCBs




I Barrel ECAL: module integration

Copper sheet

Carbon fiber plate

Readout PCBs
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I Barrel ECAL: integrate modules in main structure

 Each module is fixed in the main support structure by bottom bolts
* Four active cooling pipes are installed at the top of each row of modules
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Mechanics: FEA studies on deformation

B mm

-0.05

-0.1

-015

-0.2

U, Magnitude
+5.085e+00
+4.661e+00
+4.238e+00
+3.814e+00
+3.350e+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

MRCERE

0.071 0075 o7

0.061 0.061

- 163

0.08

0.06

0.04

0.02

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

- mm WKDEE

0104 0.104

0.056 0.056

i
B
3
3
=3
oK
]
}d;{«
W
]

0.23 0.23

30455 P31 12 13 18

6 7 g
-0.883_0.09&0_103_0.093-&%83

-0z

-0.14

-0.166-0.166

-0.16

-0.18

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.gfmm.



I ECAL barrel: geometry and materials

Design of 32-side crystal ECAL geometry.

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

Summary of all crystal ECAL parameters.

Fine geometry and material description.

2000

1000

Y/ mm
o

-1000

-2000
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Inner radius 1900 \il,;
Outer radius 2200 l
Length 5900 ; —-'\T\
Crystal length ~ 400 ¥ M
# Modules in r — ¢ 32 6\4
# Modules in Z 15 ——
¢ Projectivity tilt 12° / ' B "
7+ Layers 28 Geometry Size / mm Material -
Supporting’ 5 carbon fiber
Parameter / mm Anti-Trapezoidal Trapezoidal Cooling? 1 copper
E‘ott(l)m ‘lte}?gth iéggg? gggégg Electronics front end® 1.2+1 PCB+ASIC
i ! ’ ' Electronic back board® 10 PCB
Module height 280.232 292.216 £l eal device® 3%3%0.8 SiPM
Layer height 9.651 10.079 ectro-optical device : 1
Crystal height 0.451 0.879 Wrapping o1 ESR
Radiation length 23.628 X, 24.698 X, Crystal ~10%10%400 BGO 55



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

detailed design

I Barrel ECAL geometry
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