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Introduction

« CEPC: future circular lepton collider
» Higgs/W/Z bosons, top, BSM searches, etc.
* PFA calorimeter: promising to achieve 3-4% jet resolution, and
<4% boson mass resolution

» High-granularity calorimeter with PFA
« Electromagnetic calorimeter with crystal option
» Expect to provide Space + Energy + Time
- To improve EM energy resolution from 16% /vE(CEPC-
CDR) to ~ 3%/VE
« Hadronic calorimeter with glass option
« Scintillating glass(dense and bright): in the form factor of
tiles for high granularity
« To improve hadron energy resolution from 60% /vE(CEPC-
CDR) to 30%~40%/VE
High-granularity scintillating glass HCAL R&D activities and highlights — Sen Qian

PFA-oriented calorimeter

tracker ECAL HCAL

* Particle Flow

tracker ECAL HCAL

Solenoid Magnet (3T / 2T )
Between HCAL & ECAL

7 Advantage: Cost efficient, high density
Scint Glass
PFA HCAL Challenges: Light yield, transparency,

massive production. Advantage: the HCAL absorbers act as part

of the magnet return yoke.

Challenges: thin enough not to affect the jet
resolution (e.g. BMR); stability.

Transverse Crystal bar ECAL

Advantage: better 1%y reconstruction.
Challenges: minimum number of readout
channels; compatible with PFA calorimeter;
maintain good jet resolution.

A Drift chamber
that is optimized for PID

Advantage: Work at high luminosity Z runs

Challenges: sufficient PID power; thin
enough not to affect the moment resolution. |

Muon+Yoke  Si Tracker Si Vertex
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https://indico.in2p3.fr/event/20053/contributions/137828/

Physics Benchmarks: CEPC Detector with BGO Crystal ECAL

Detector with SiW-ECAL option

- |deal crystal ECAL geometry with 1cm3 BGOs

* Higgs boson mass resolution(BMR)
e Jets(H —» gg): 3.8% — 3.6%
* Photons(H — yy): 2.1% — 1.2%

ECAL with 1cm3 cubic crystals

Co T T T hilnvMads
500 - Entries 3945
- Mean 125.21
| RMS 5.648
400 - 2/ ndf 50.52/ 11 ]
L Constant  470.4 £ 10.4 ]
P Mea 12554011
-2 300 . =
= L | Sigma 4,745+ 0.082
b 4
=
= N ]
200 - 0 =
- l BMR:3.8% ]
100 - JJ?
100 1 50 200
Higgs Invariant Mass / GeV
" 5 hrec mass |
£ 450~ Entnes 7489 H
2 F Mean 1236 =
W s00k- Std Dev 4.081 w
- 22 I ndf 3481717
350 - Prob 0.006581
E Constant 4028:74
H Mean 1243+00
300 SIW Sigma 2507+ 0.057
. 0,
250 B M R a 2 - 1 A ‘
200}
150}-
100}~
50f-
Q00 105 110 115 120 125 130 13 140

Mass[GeV)

Detector with crystal ECAL option

Entries

Entries

80 B Mean
I Std Dev
I ¥/ ndf

60 -

[

20} |

TR AT

T T hiTnvNiass ]

Constant 86.45 +3.56 |
Mean 125.5 +0.2 |
Sigma 4517 £0.137

HBMR: 3.6 %]

1067
124.9
5.754 1
2511 /177

0
80 100 1 20 140 160 180

Higgs Invariant Mass / GeV

h_rec_mass

- ["Entres 7564
800 | Mean 124.1
= Std Dev 2,865
700}~ % 1 ndf 1489/8
b Prob 0.06138
= | Constant 8196+ 139
600~
; Crystal - 1248200
500}~ : =
- BMR:1.2%
400
300
200~
100
E i | 5 i | i
P00 705 110115 120 125 130 135 140

Mass{GeV]

<3>




Flavor Physics Potentials

BY/B9 » n°r® - yyyy

Good measurement precision on B°/BY - &

* Measurement can be characterized by oy,

Necessary channel to determine CKM angle «

with crystal ECAL
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* Smaller gy, will give a better vS + B/S
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https://link.springer.com/article/10.1007/JHEP12(2022)135

Geometry of ECAL Barrel - Polygon

Polygon Crystal ECAL Tower structure: orthogonal long bar design

7‘&*0 40C[n

| Crystal Scintillu?r (eg. BGO, LYSO..)
4
i 1x1x40cm 3 fi
\Photodefectors (eg. FPMT, SiPM.../'

o

towers - e I//%\cident

particles

HAN ;
:n Hit (x;, ¥, Erec)

* Long bars: 1x40cm, double-side readout

« Orthogonal arrangement in adjacent layers

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

Less dead materials Less active materials ) )
« Challenge: reconstruction algorithm

Millions of channels
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Geometry of ECAL Barrel - Stereo

* To improve the 3D position resolution
* Pointing angle of even layers alone Z: «
* Pointing angle of odd layers alone Z:
a'=-a

* Benchmark design:

* a=20 degrees

* R segmentation = 10
Crystal: (8-8.1)*10*284 mm?3
Readout: SiPM (or APD/PD) + electronics
Cooling pipe planted into the outside of the mechanical support
24X0+10mm electronics+10mm support + 10 mm contingency = 200mm
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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

PFA Reconstruction Algorithm for Long Bar ECAL

Reconstruction algorithm development towards crystal bar ECAL — Fangyi Guo
Multi- partlcle amblgmty in jet event
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D|g|t|zat|0n for LOﬂg Bar ECAL Bar energy with full simulation of 180 e-

107

 Realistic digitization model: scintillation & SiPM & ADC og 0~15GeV dynamic
«g range of bars — Digi

Entries

 Scintillation: crystal light yield and uniformity
« SiPM response and saturation correction
« ADC precision, noise and dynamic range(3 gains)

* SiPM resolution is the dominate term

« ADC resolution exhibits drop at switching points ST TUURRETTUN | NI ST
0 2 4 6 8 10 12 14 16 18 20
E_bar [GeV]
Digitization induced resolution in 0~15GeV . . .
Linearity after digitization
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[ AN/ \Y4 \ 12000
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10203 o/<E> (%) | 2020 14.33 | 6.51 459 205 1.84 0.71 0.52 0.42 2000l
Total OI<E> (%) | 19.74 1415 | 6.51 460 205 1.83 0.71 0.51 0.44 :L: N TR J
% 2000 4000 6000 8000 10000 12000 14000

True Energy [MeV]
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Overview of Crystal ECAL Specifications

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 1—1.7 x 10° p.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 0.05°C CMS ECAL value

Gap tolerance ~100um -

Further issues:

* Dynamic range of electronics and its precision * Calibration schemes
* Optimal time resolution in experiment and its impact * LED single photon calibration of SiPMs
on shower reconstruction and hit positioning e Transmittance of crystal: radiation damage

* Temperature control * Operation and maintenance: MIP calibration



EM Energy Resolution: Threshold and Light Yield Requirements

« Impact of hit threshold and light yield
 Digitization: photon statistics (crystal + SiPM), electronics resolution

« 200 p.e./MIP is enough for 3% /~+/E, low threshold is promising for 1.6%/VE

Energy Resolution 100p.e./MIP Light Yield vs Stochastic Term

—é— Raw Po=1.24%, p1=0.19%

Geant4 Simulation (v10.7)
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Number

Test of Radioactive Sources for Long Crystal Bar

HPK S13360-6025PE
6x6 mm?, 25 um pixel x 57600

 BGO crystal bar coupled with SiPM
» Energy resolution of : 11.2% @662keV
» Light yield: ~200 p.e./MeV, enough for the LY requirement
» Uniformity scan: <5% non-uniformity

_ Experiment: detected photon
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e Relatively low response near one side
* Coupling, crystal manufacture......
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Intrinsic Dynamic Range of SIPM — Laser Test

SiPM: 3 X 3 mm?
10um pixel x 89984

« Experiment to measure the intrinsic dynamic range of SiPM with laser SiPM output vs. input

« Pico-second laser: <40ps pulse width, 405nm wavelength 5 10059 , | | | , o
z FE 3
* SiPM: HPK S14160-3010PS, 10um pixel, 89984 pixels(SiPMs with 50um and 6um B S
. 80! —
pixel were also tested) oF Saturate at ~82000p.e.
- Deviation from linearity becomes noticeable starting from 10* p.e. 60F—i =
. . . . . . 50 f_,l — Njeq = 89984 _f
« SiPM saturation value is close to but a little smaller than its pixel number b g
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Studies on wide dynamic-range SiPMs with high pixel densities - Zhiyu Zhao



https://indico.tlabs.ac.za/event/112/contributions/2992/attachments/1231/1678/20230907_SiPM_Dynamic_Range_TIPP2023_ZhiyuZhao.pdf

Normalized Ratio

Simulation of SIPM — Scintillation Light oy i Cals indlveine

* SiPM pixel density, PDE spectrum,
Maximum energy deposition in one crystal(from 180GeV Bhabha electrons): crosstalk, pixel multi-fired effect

~15GeV — ~ 1.7 x 10° p.e.(1 side) «  BGO emission spectrum, detected

Detailed simulation including SiPM pixel recovery effect: time of scintillation photon
« Photon time stamps: based on Geant4 optical simulation of 1 x 1 x 40cm?® BGO crystal bar
« Assuming uniform light profile on SiPM

. . . Simulated response curve of SiPM
* Including SiPM PDE and BGO emission spectra

1x 1 x 40cm® BGO + 10um SiPM with 3 x 3cm? size: 10% non-linearity at |
1.7 x 10> p.e. -> can be corrected by this model . ]
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Time Resolution of BGO Crystal Bar

« Experiment setup:
* Double-side readout by SiPMs
* Oscilloscope with fast sampling rate(1.25 GS/s)
» Leading edge fitting + constant fraction timing

« Timing resolution ~1ns at 1-MIP signal level

MIP
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https://indico.ihep.ac.cn/event/17296/contributions/54639/attachments/25494/28899/20220713Timing_Studies_with_a_Crystal_ECAL_Readout_Unit.pdf

Development of Crystal Modules

= | = | 12x12x12cm?
 Motivations Beam particles . .
» |dentify critical questions/issues on system level: | m | | u |
* Frond-end ASIC, mechanics, integration, ... | w | | u |

» Evaluate key performance with TB data EM Module-1 I = | EM Module-2

e Validation of simulation and digitization

Second module, 144 channels, 21.4X,

* First crystal module, 72 channels, 10.7X, Beamtest at DESY TB22(Oct, 2023)

e First beamtest at CERN PS-T9(May, 2023)
* Main goal: first module commissioning

Next beamtest at CERN PS-T9(Jun, 2024)
Main goal: EM performance
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Small-Scale Crystal Module Design: Impact of Module Size

* For EM showers, 12 cm size is enough to contain most of the energy when

Percentage [%]

particles hit on the center of the module
* Degradation of energy resolution: ~0.1% level
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Sketch of 40 GeV
electron shower
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Mean Detected Photon
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First Crystal Module: Batch Test of BGO Crystal Bars

N

m B %R %X 12cm?

Batch test of SIC-CAS BGO crystal bars AN U = = o
e 40 crystals with ESR and Al foil wrapping
e Scan with Cs-137 radioactive source

# DetectedPhoton_sum |
DetectedPhoton_m
DetectedPhoton_p :

Pos / mm

el alaly

oo . LAl
| | i 4
=5 B N {r

L] | apu
BGO cPystalsfrom SIC-CAS

—e— DetectedPhoton_sum |~

H —=— DetectedPhoton_m

E —+— DetectedPhoton_p

FeT T

AN RARNRRANLS

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

L Crystalbar
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2023 CERN Beamtest: Setup of the First Crystal Module

CALICE calorimeter overview — Yong Liu

« Beamtest of the first crystal module at CERN PS-T9(May, 2023), together
with CALICE Sci-W ECAL and AHCAL prototype

 EM performance of crystal module
» Technical issues: design of mechanics and electronics, temperature monitor...

> 2x2x12cm3 BGO x 36, 72ch, 10.7 X,
»  SIPM: HPK S14160-3010PS, 10 um pixel pitch

Daisy chained
trigger distribution

36/64 channels used

CAEN A5202 units
Built-in HV power supply

Self-designed
adapter boards

4 PCBs with 18 SiPM channels
(HPK S14160-3010PS)

External triggers from plastic scintillators
(Event synchronization of 2 units: triggers within 20 ns)



https://indico.in2p3.fr/event/20053/contributions/137825/

2023 CERN Beamtest: EM Performance

CALICE-CEPC calorimeter
prototypes

« 10 GeV muon beam: MIP calibration for each channel Beam particles

» 1-5 GeV electron beam: EM performance Glass Tiles b

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

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

dependent), momentum spread(0.5% FWHM)... DESY Table CEPC Motorised Table
_ o o for prototypes
« Energy resolution worse than 6%: significant energy leakage due to the limited depth
(10.7 X,)
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2023 DESY Beamtest: Setup and Tasks

p———

crystal bar

\
- _{
% ﬁ ¥ SciGlass

-\ ,.,2;)5:
-

R
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9 = . O ‘:!! ”":. =
H Displace 'ou

" { rigger, B .
< ficin3 scintillator X2
W B - W

o e

A \ ; \ 1l

* |tems tested with DESY TB22 electron beam(1~6GeV), Oct. 2 ~ Oct. 15, 2023

« Small-scale prototype of crystal ECAL(21.4 X,): system integration, EM performance
* Long BGO crystal bars(40/60cm): time resolution
* New ASIC(MPT2321) for 32-ch SiPM readout: large dynamic range

<20>



2023 DESY Beamtest: EM Performance of BGO Crystal Module

> 2X2x12cm3 BGO X 72, 144ch, 21.4 X,

L L » SIPM: HPK $14160-3010/15PS, 10/15 ixel pitch
MIP calibration from CERN is still used here / /15 pm pixel pitc

Crystal module: 1~5GeV electron beam data
MC validation

* Including beam momentum spread and +3mm beam profiles
EM resolution is significantly impacted from momentum spread

Energy Resolution Energy Resolution
% 14 % 14
g DESY TB22 { MC 8 } MC
8 8
g " I Data 5 " | Data
) 10.0
: MC 16% 0, | mm - MC 1% oy, ;;:

2.5
v

00 ®
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=15

-10.0
L

FrTTrT T[T T T[T T T[T T T[T T T[T TT[T
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> F .

1Il|l1.5IllI21IlI2.5111I31I113.5IIll4llll4.51lllsl 1I|II1.511112IIII2-51III3I|II3'5IIII4IIII4.5IIllsl
Particle Energy [GeV] Particle Energy [GeV]

» DESY TB21 momentum spread ~16% at 1 GeV,
no measurement for TB22 <21>




2023 DESY Beamtest: Time Resolution of Long Bars Lom® plastic 550 long bar

scintillator x2 preshower BGO
* Time resolution of long crystal bars(40/60cm BGO) with DESY 5GeV e- beam —ai— ..
* SiPM 25 pm pixel pitch, DAQ with 1.25GS/s sampling rate 0~6X,

* Good uniformity of time resolution along crystal bars

* Time resolution varies with signal amplitude:
* Single bar: 200ps (40cm BGO at >12MIP, 60cm BGO at > 20 MIP)
* Adjacent bars: 700ps (at > 8MIP)

Ch2

60 X 1.5 X 1.5/40 X 1 x 1 cm3 BGO, 25 ym SiPM Ch3

Single bar Adjacent bars

Y z F z F
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o.7;— " "39968%‘*%0383;%*’ a Zi:H —4— 40cm BGO 2;-—.— —%— Ch2-Ch4
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with 10% constant  osf e HE
fraction timing 04f F = bai
0.3 — :— ::: :g :io;“f:v F - - e
e N e l o | 3
01 ol o
| W I U I BPI BE B R E— - — R R ST S —
-300 -200 -100 O 100 ZEl?tPos lsr% ; <Amp> [mV] <Amp> [mV] <22 >
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2023 DESY Beamtest: ASIC MPT2321

32-channel ASIC board for SiPM readout
« High S/N: single photoelectron calibration in high gain mode

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

Single photon calibration

— Fitted Single Photon Spectrum
LED Data

Work in progreg

Entries: 29423
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Summary & Prospects

» High-granularity crystal calorimeter: optimal EM energy resolution, promising to improve

measurements of higgs and flavor physics.

» R&D on Crystal-SiPM units and modules

« Series of experiments and simulations were conducted to study the characters of crystal-SiPM units

* The first crystal module with 10.7X, and the second module with 21.4X, were built to study the EM
performance, mechanics, electronics and integration of crystal ECAL design

« Time resolution of long BGO bars with cosmic ray and electron beam

» Prospects

* Next beamtest at CERN PS-T9 to study the EM performance of the second module with muon and
electron beam

* Optimize time resolution measurement with high speed DAQ

* More research on dynamic range and timing performance of new ASIC

<25>
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Short Bar Design of Crystal ECAL

* Anatural design compatible with PFA: fine segmentation in

both longitudinal and transverse directions
» Single-end readout with SiPM
» Large #ch and dead materials

Crystal bars SiPM  FE+PCB Cooling + Support

E—

Incident
particles

Energy Resolution [%]

0.1X0 non-sensitive material, 3=1.30%

[ ] 0.5X0 non-sensitive material, S=1.62%

1.0X0 non-sensitive material, S=2.11%

1.5X0 non-sensitive material, S=2.55%
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40 X 40 x 40cm3 module, 1~40GeV e-
1 X 1 x 4cm® BGO crystals, with Cu as dead material.
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Energy resolution worsens as the thickness of Cu increases.
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Low Energy Photon Detection of BGO

BGO has the ability to detect low-energy photons

« SiPM: HAMAMATSU C13360-3050SA
» BGO crystals with different sizes

Source: Cs-137, 662keV y

BGO_401010_SiPM_ESR_Th30mV_4x4Window BGO_801010_SiPM_ESR_Th30mV_4x4Window BGO_1601010_SiPM_ESR_Th30mV_4x4Window
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PCB Layout of Crystal Module

Front side Back side
<29 >




Mechanical Design for Crystal ECAL




PMT Calibration for the Test of SIPM Dynamic Range

« Select the linear region of PMT with a Si-PIN at different light intensities

«  Weak light intensity — 600V

« Strong light intensity = 500V
« Gain of PMT is not high enough to discriminate single pe with 600V bias voltage
« SiPM calibrates PMT in weak light intensity region

Common Linear region
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CERN Beamtest: Muon Data for Parameter Scans and Calibration

o 575 T ; : ;
temperature 1 Tbpedestal-— -t~
BT H] e S SRR S
* 10 GeV/c muon- beam: MIP response sof- |
* High-gain and Low-gain scans "
* Hold-Delay / Shaping time scans 45
* Channel-by-channel calibration NAGHTAYS
o N ) 25 30 S 20
Run Number
* Hold-delay time scan: Energy Deposition 10 GeV Muon- Energy Deposition 10 GeV Muon-
* 10 GeV muon, HG 59, LG 63, scan from 5 ns to 300 ns. T r : : : 14000
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* Channel-by-channel calibration completed <32>




o, [ns]

Time Resolution Measured with 15uym SiPM

SiPM: S14160-3015PS, 15um pixel pitch, 3 x 3mm?3

Timing method: leading edge fitting with 10% constant fraction timing
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