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Introduction

ÅCEPC: future circular lepton collider

Å Higgs/W/Z bosons, top, BSM searches, etc.

Å PFA calorimeter: promising to achieve 3-4% jet resolution, and 

<4% boson mass resolution

ÅHigh-granularity calorimeter with PFA

Å Electromagnetic calorimeter with crystal option

Å Expect to provide Space + Energy + Time

Å To improve EM energy resolution from ρφϷȾὉ(CEPC-

CDR) to ~σϷȾὉ

Å Hadronic calorimeter with glass option

Å Scintillating glass(dense and bright): in the form factor of 

tiles for high granularity

Å To improve hadron energy resolution from φπϷȾὉ(CEPC-

CDR) to σπϷ τͯπϷȾὉ

CEPC the 4th conceptual detector design

PFA- oriented calorimeter

High-granularity scintillating glass HCAL R&D activities and highlights ςSen Qian

https://indico.in2p3.fr/event/20053/contributions/137828/
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Physics Benchmarks: CEPC Detector with BGO Crystal ECAL

ÅIdeal crystal ECAL geometry with 1ὧάBGOs

ÅHiggs boson mass resolution(BMR) :

ÅJets(ὌᴼὫὫ)Ḋ3.8%  Ÿ 3.6%

ÅPhotons(Ὄᴼ‎‎)Ḋ2.1%  Ÿ  1.2%

Ὄᴼ‎‎

CrystalSiW

Work in progress Work in progress

ECAL with 1ὧάcubic crystals



< 4 >Ҩ ᶾ ѳ      ⱶ ѳ 

Flavor Physics Potentials

ÅὄȾὄ ᴼ““ ᴼ‎‎‎‎
ÅNecessary channel to determine CKM angle ‌ 

ÅMeasurement  can be characterized by „

ÅGood measurement precision on ὄȾὄ ᴼ““  
with crystal ECAL

SiW

Crystal

ωϷO τϷͽυὋὩὠ
“ ᴼ‎‎

JHEP12(2022)135

Å Smaller „ will give a better Ὓ ὄȾὛ

https://link.springer.com/article/10.1007/JHEP12(2022)135
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Millions of channels

towers

Less active materialsLess dead materials

Geometry of ECAL Barrel - Polygon

Tower structure:  orthogonal long  bar design

Å Long bars: 1 40cm, double-side readout

ÅOrthogonal arrangement in adjacent layers

Å Save #ch and reduce dead materials, while keeping fine granularity

Å Challenge: reconstruction algorithm

Polygon Crystal ECAL 
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Geometry of ECAL Barrel - Stereo StereoECALïHuaqiao Zhang

Separation and energy regression using end - to- end NN PhysRevD.108.052002

https://indico.cern.ch/event/1335278/contributions/5734291/attachments/2781795/4848763/StereoECal_HuaqiaoZhang_HK.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.052002
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PFA Reconstruction Algorithm for Long Bar ECAL 

̡ ʽʴ̧ ɴ-ɴ ĚÙēÀĖÀġíĆĀ ÙææíÎíÙĀÎĴ ̩ ʶÎÿ

Reconstruction algorithm development towards crystal bar ECAL ïFangyi Guo

ÅPFA reconstruction algorithm dedicated to long bar ECAL
ÅMain challenges from overlapping and ambiguity

ÅAlgorithms are developed and show promising results

Clustering
Pattern 

recognition

Ambiguity removed by 
information from track, 
neighbor tower and time

Multi- particle ambiguity in jet event
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Digitization for Long Bar ECAL 

ÅRealistic digitization model: scintillation ˋSiPMˋADC

ÅScintillation: crystal light yield and uniformity 

ÅSiPM response and saturation correction

ÅADC precision, noise and dynamic range(3 gains)

ÅSiPM resolution is the dominate term

ÅADC resolution exhibits drop at switching points

Bar energy with full simulation of 180 e -

Digitization induced resolution in 0~15GeV

0~15GeV dynamic 
range of bars

Linearity after digitization
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Overview of Crystal ECAL Specifications

Å Dynamic range of electronics and its precision
Å Optimal time resolution in experiment and its impact 

on shower reconstruction and hit positioning
Å Temperature control

Å Calibration schemes
Å LED single photon calibration of SiPMs
Å Transmittance of crystal: radiation damage
Å Operation and maintenance: MIP calibration

Further issues:

Key Parameters Value Notes

MIP light yield ~200 p.e./MIP 8.9 MeV/MIP in 1cm BGO

Energy threshold 0.1 MIP Depends on S/N and light yield

Crystal non-uniformity <1% Calibration precision

Dynamic range ρ ρȢχ ρπp.e. Up to 15GeV per crystal bar

Time resolution ~400 ps @ 1-MIP Ideal performance from G4 simulation

Temperature stability Stable at the level of 0.05ɫ CMS ECAL value

Gap tolerance ~100ɛm -
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EM Energy Resolution: Threshold and Light Yield Requirements

ÅImpact of hit threshold and light yield

ÅDigitization: photon statistics (crystal + SiPM), electronics resolution

Å200 p.e./MIP is enough for σϷȾὉ, low threshold is promising forρȢφϷȾὉ

Geant4 Simulation (v10.7)

ρ ρ τπὧάBGO bars 
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Test of Radioactive Sources for Long Crystal Bar

Å BGO crystal bar coupled with SiPM

Å Energy resolution of : 11.2% @662keV

Å Light yield: ~200 p.e./MeV, enough for the LY requirement

Å Uniformity scan: <5% non-uniformity

Å Relatively low response near one side
Å/ƻǳǇƭƛƴƎΣ ŎǊȅǎǘŀƭ ƳŀƴǳŦŀŎǘǳǊŜΧΧ

Experiment: detected photon

Measured data
137Cs source

ρ ρ τπὧάBGO,

covered by ESR

HPK S13360-6025PE
6 6 mm2, нр ˃m pixel 57600
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Intrinsic Dynamic Range of SiPM ïLaser Test

Å Experiment to measure the intrinsic dynamic range of SiPM with laser

Å Pico-second laser: <40ps pulse width, 405nm wavelength

Å SiPM: HPK S14160-3010PS, 10‘ά pixel, 89984 pixels(SiPMs with 50ɛm and 6ɛm 

pixel were also tested)

Å Deviation from linearity becomes noticeable starting from ρπp.e.

Å SiPM saturation value is close to but a little smaller than its pixel number

Studies on wide dynamic-range SiPMs with high pixel densities - Zhiyu Zhao

SiPM: σ σÍÍ
ρπ‘άὴὭὼὩὰψωωψτ 

SiPM output vs. input

Start to deviate from linearity

Saturate at ~82000p.e.

https://indico.tlabs.ac.za/event/112/contributions/2992/attachments/1231/1678/20230907_SiPM_Dynamic_Range_TIPP2023_ZhiyuZhao.pdf
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Simulation of SiPM ïScintillation Light 

~10% non - linearity 
at ρȢχ ρπpe

Å Maximum energy deposition in one crystal(from 180GeV Bhabha electrons): 

~15GeV Ÿ ~ρȢχ ρπp.e.(1 side)

Å Detailed simulation including SiPM pixel recovery effect:
Å Photon time stamps: based on Geant4 optical simulation of ρ ρ τπὧάBGO crystal bar

Å Assuming uniform light profile on SiPM

Å Including SiPM PDE and BGO emission spectra

Å ρ ρ τπὧάBGO + ρπ‘άSiPM with σ σὧάsize: 10% non - linearity at 

ρȢχ ρπp.e. -> can be corrected by this model

Toy Monte Carlo including

Å SiPMpixel density, PDE spectrum, 

crosstalk, pixel multi-fired effect

Å BGO emission spectrum, detected 

time of scintillation photon 

Multi- fired within one pixel

Detected time of photons (Geant4)

Simulated response curve of SiPM
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Time Resolution of BGO Crystal Bar

♯Ў╣
Ȣ

▪▼ Ȣ ▪▼

Fit

ÅExperiment setup: 
Å Double-side readout by SiPMs

Å Oscilloscope with fast sampling rate(1.25 GS/s)

Å Leading edge fitting + constant fraction timing

ÅTiming resolution  ~1ns at 1-MIP signal level

Timing Studies with a Crystal ECAL Readout Unit - Zhiyu Zhao

╬□BGO

HPK C13360-3050SA 

Time Resolution from Waveform Simu

ͯ Ȣ ▪▼

https://indico.ihep.ac.cn/event/17296/contributions/54639/attachments/25494/28899/20220713Timing_Studies_with_a_Crystal_ECAL_Readout_Unit.pdf
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Development of Crystal Modules

ÅMotivations
Å Identify critical questions/issues on system level: 

Å Frond-ŜƴŘ !{L/Σ ƳŜŎƘŀƴƛŎǎΣ ƛƴǘŜƎǊŀǘƛƻƴΣ Χ
Å Evaluate key performance with TB data
Å Validation of simulation and digitization

Å First crystal module, 72 channels , ρπȢχὢ
Å First beamtestat CERN PS-T9(May, 2023)
Å Main goal: first module commissioning

Å Second module, 144 channels, ςρȢτὢ
Å Beamtestat DESY TB22(Oct, 2023)
Å Next beamtestat CERN PS-T9(Jun, 2024)
Å Main goal: EM performance
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Small-Scale Crystal Module Design: Impact of Module Size

40 cm module

Sketch of 40 GeV 
electron shower

~92.7% 
shower 
energy

12 cm module

~93.6% 
shower 
energy

ÅFor EM showers, 12 cm size is enough to contain most of the energy when 
particles hit on the center of the module
ÅDegradation of energy resolution: ~0.1% level

ςυὢ in beam direction 
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First Crystal Module: Batch Test of BGO Crystal Bars

ÅBatch test of SIC-CAS BGO crystal bars
Å40 crystals with ESR and Al foil wrapping
ÅScan with Cs-137 radioactive source

Å Generally good uniformity along a single bar
Å Response varies among bars, 36 crystals were selected for beamtests

Response uniformity along #1 BGO bar Comparison of 40 crystal bars

Cs-137 with ~ 8mm collimator

Crystal bar
SiPM

BGO crystals from SIC-CAS

ς ς ρςὧά
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2023 CERN Beamtest: Setup of the First Crystal Module

Beam profile 1 GeV/c e-

Å Beamtest of the first crystal module at CERN PS-T9(May, 2023), together 

with CALICE Sci-W ECAL and AHCAL prototype 

Å EM performance of crystal module

Å Technical issues: design of mechanics and electronics, temperature monitoré

CALICE calorimeter overview ïYong Liu

ü ς ς ρςὧάBGO σφ, 72ch, 10.7 ὢ

ü SIPM: HPK S14160-3010PS, 10 ˃Ƴpixel pitch

https://indico.in2p3.fr/event/20053/contributions/137825/
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2023 CERN Beamtest: EM Performance

Å 10 GeV muon beam: MIP calibration for each channel

Å 1-5 GeV electron beam: EM performance

Å Event selection: events hitting at the central 2 bars of the first 2 layers

Å Simulation: realistic module geometry, upstream material, beam profile(energy 

dependent), momentum spread(0.5% FWHM)é

Å Energy resolution worse than 6%: significant energy leakage due to the limited depth 

(10.7 ὢ)

Beam profile 1 GeV/c e-

Beam profile 4 GeV/c e-

Energy deposition of 5GeV e- in module
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Dark box

Crystal Modules

SciGlass
Long crystal bar

LYSO

Å Items tested with DESY TB22 electron beam(1~6GeV), Oct. 2 ~ Oct. 15, 2023

Å Small-scale prototype of crystal ECAL(21.4 ὢ): system integration, EM performance 

Å Long BGO crystal bars(40/60cm): time resolution

Å New ASIC(MPT2321) for 32-ch SiPM readout: large dynamic range

Å The 2ndbatch of tiles from the ñGlass Scintillator Collaborationò(τ τ ρÃÍ : MIP signal

Trigger,

1Ãά scintillator 2

Dark box

Displacement table

Long Crystal Bars

SciGlass

Crystal 

Modules

2023 DESY Beamtest: Setup and Tasks 
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2023 DESY Beamtest: EM Performance of BGO Crystal Module

ÅMIP calibration from CERN is still used here 

ÅCrystal module: 1~5GeV electron beam data

ÅMC validation

Å Including beam momentum spread and σάάbeam profiles

Å EM resolution is significantly impacted from momentum spread

ü DESY TB21 momentum spread ~16% at 1 GeV, 
no measurement for TB22

ü ς ς ρςὧάBGO χς, 144ch, 21.4 ὢ

ü SIPM: HPK S14160-3010/15PS, 10/15 ˃Ƴpixel pitch

DESY TB22 

MC ρφϷ„ MCρϷ„
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2023 DESY Beamtest: Time Resolution of Long Bars

Å Time resolution of long crystal bars(40/60cm BGO) with DESY 5GeV e- beam
Å SiPM25 ˃ Ƴpixel pitch, DAQ with 1.25GS/s sampling rate

Å Good uniformity of time resolution along crystal bars

Å Time resolution varies with signal amplitude: 

Å Single bar: 200ps (40cm BGO at >12MIP, 60cm BGO at > 20 MIP)

Å Adjacent bars: 700ps (at > 8MIP)

φπ ρȢυ ρȢυȾτπρ ρὧάὄὋὕ, 25 ɛmSiPM

ὃάὴ ὃ ὃ Ⱦς

Ch1 Ch2

Ch4Ch3

Leading edge fitting 
with 10% constant 
fraction timing

0~6ὢ

preshowers

Single bar Adjacent bars

Work in progress Work in progressWork in progress
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2023 DESY Beamtest: ASIC MPT2321

Å 32-channel ASIC board for SiPM readout

Å High S/N: single photoelectron calibration in high gain mode

Å Large dynamic range: up to 35k p.e. measured with 5cm LYSO and 25ɛm SiPM

Dynamic range test 

ü 5cm LYSO + 25 ɽÿSiPM(χ ρπgain)
ü Up to ~ 35k p.e.at 1.6nC

Single photon calibration

ü 25 ɽÿSiPM, LED source

Work in progressWork in progress
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