e D202 ICHEP 2022 6
XL 13 07 2022

International Conference
on High Energy Physics

Bologna (Italy)

A novel high-granularity crystal calorimeter

Baohua Qj
On behalf of CEPC Calorimeter Working Group

ICHEP 2022, Bologna
July 6-13, 2022

2022/07/08 gibh@ihep.ac.cn



CEPC overview

U The CEPC aims to start operation in 2030’s, as a Higgs (Z/W) factory in China.
Q Torunat+/s ~ 240 GeV, above the ZH production threshold for ~1M Higgs; at the Z pole for ~Tera Z,

at the W*W- pair, and possible tt pair production threshold.

O

O Possible Super pp Collider (SppC) of \/s ~ 50-100 TeV in the future.
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Higgs, EW, flavor physics & QCD, BSM physics (eg. dark matter, EW phase transition, SUSY, LLP, ....)

More details:

Haijun Yang’s talk on
Joint Workshop of the
CEPC Physics, Software
and New Detector
Concept in 2022
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https://indico.ihep.ac.cn/event/16509/session/0/contribution/0/material/slides/0.pdf

Motivations for crystal ECAL

* Background: calorimeter for future lepton colliders (e.g. CEPC, FCC-ee, ILC, CLIC...)
* Jet energy resolution of 3-4%@100GeV is required
* Particle flow approach: high-granularity calorimeter

* Particle-flow crystal ECAL
* Homogeneous structure
* Intrinsic energy resolution: ~3%/VE @ ~1%
* Physics benefits
* Energy recovery of electrons: to improve Higgs recoil mass

» Capability to trigger single photons: precision y/m° reconstruction
* Focus on low energy particle measurement
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an

p: -Illlld “l
 |.oam8 .

I

L | i
an

* Particle Flow
tracker ECAL HCAL

Homogeneous ECAL

7l T
digital * digital I

Micro

MAPS megas

| RPC H GEM H

2022/07/08 A novel high-granularity crystal calorimeter, ICHEP 2022  gibh@ihep.ac.cn 2




Two designs of crystal ECAL

Design 1: short bars Design 2: long bars

I

Crystal bars SiPM  FE+PCB Cooling + Support Mol
Crystal Scintillator (eg. BGO, LYSO..)

( 1x1x40cm? [i
\Phofodefectors (eg FPMT, SiPM...)/
o4
C
Incident E
particles
P 8 1 1 lnCK_jent
' particles
* A natural design compatible with PFA  Long bars: 1x1x40 cm, double-sided readout

e Super cell module: 40x40 cm
e Crossed arrangement in adjacent layers
* Fine longitudinal granularity
e Save #channels and minimize dead materials

* Timing at two sides: positioning along bar

* Fine segmentation in both longitudinal and
transverse

* Single-ended readout with SiPM
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Outline: R&D of a highly granular crystal ECAL

* Performance studies

e Evaluate physics potentials
* Separation power, Higgs benchmarks

e Reconstruction algorithm dedicated to new geometry design

* Detector design and hardware development
* EM energy resolution: light yield requirements

* Detector unit characterization
 Cosmic-ray and radioactive source tests

* Response uniformity
e Time resolution
e SiPM characterization

 Small-scale detector module design
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Performance evaluation
CEPC Software v0.1.1

* Adapted from CEPC baseline detector
* Application and optimization of Arbor-PFA

| Crystal Scintillator (eg. BGO, LYSO..) (v Ep)
) ‘ "
i 1x1x40cm? ﬁ 2 layer 40+40
= 1x1x40cm?
\Phofode’fcctors (eg. FPMT, SiPM...)/ L, crystal bars
c

e

(xi, E¢)
index i
Reconiuction

1550 i
L

“| 1layer40*40
1*1*2cm?
g cells

Arbor-PFA: necessary to

et o be optimized for crystal
. e : ECAL design
Crossed long bar design: :

1x1x2 cm3granularity
after digitization

Event display: crystal compared to
SiW: significant increase of #hit
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Separation power

CEPC Software v0.1.1

. . . . (672N
* Reconstruction of jets: separation power of close-by particles .
« Arbor-PFA: ongoing optimization g o
* First find the shower core/axis to separate particles, then do }
clustering for better energy resolution ndexi e
y/y separation study with barrel ECAL m*/y separation study with barrel ECAL
E" 100__ .. .. - - é 100:— S R _\‘
T r e T gap between modules
) 60_— ______ ___________________ __________________ __________________ _____________ _.S_Siw ECA;_ . Z 60 I .S N N —-:—SiW ECAL
- : : : : +.Crystal E(_)AL i —-:—Crys1al ECAL
a0l S— wof-
20 20
0_ L L L | L | L | L | L 0_ P IS BT R R BT
0 20 40 60 80 100 120 140 0 50 100 150 200 250
Distance / mm Distance / mm

* Hadronic shower: challenge on clustering
* Key question: matching clusters of charged
particle to their tracks

« EM shower: good separation power -
Separated 7*/y
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Higgs benchmarks

CEPC Software v0.1.1

* Physics performance
* Boson mass resolution (BMR) for di-jet events: ZH (Z - vv, H & gg)
» BMR for di-photon events : ZH (Z = vv, H = yy)

BR (H > gg)

400- ' o hllnvMass | F L T T hlInvMass
- Entries 3565 Entries 1067 | Reconstructed Mass of Higgs
Mean 125.27 80 | Mean 124.9_ 2 - : : : : : — h_rec_mass -
i RMS 6.596 ] : Std Dev 5.754 1 £ 800F 5 : : : A Mean 124.1
300 - £/ ndf 316/ 1 ¥/ndf  25.11/171 700F Lo et 1450/8
i Constant  361.6+8.4 ] 60 |- Constant 86.45 £3.56 | = Prob 0.06138
@ Mean 125.4%0.1 ] g Mean 125.5 +0.2 | 600F constant 81962152
- - . J - p— | S. . +0. | E . 4+ 0.
E 500 |- Sigma  5.635+0.104 1 - E i igma 4,517 +0 137_ 500F- L Sigma 1.4 0.0
= 1 = 40 | - 2
f et 400
] - Optimized - =
i . i T 300F . . : : -
o ] - Arbor-PFA ; 5
100 BMR: 4.5 %1 20f ] - B.M.R ....... 1.‘..2.%‘ ........ R —
] i BMR: 3.6%] N :
i N N | L L J . N . . X i -..- g d I TR R T R T EJ__... PSP ‘-m-"rIJ I.L_ — L
0 . ' 0 900 ?fl? 1A1 G ;5 T R T R a7
100 150 200 80 100 120 140 160 180 Mass[GeV]
Higgs Invariant Mass / GeV Higgs Invariant Mass / GeV

* Significant improvement after Arbor-PFA algorithm optimization
* On-going optimization and further BMR study...
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Reconstruction algorithm dedicated to long bar design

Fangyi Guo, Weizheng Song, Shengsen Sun, Linghui Wu, Yang Zhang (IHEP)
* Detector description

e Full barrel geometry with DD4HEP

Oy Ep)
1 layer 40*40
1*1*2cm?

e 28 longitudinal layers, crossed arrangement

: clr;(stlalxb:roscmj‘ ' & ;
* Reconstruction algorithm: aims VIO

index j

 Final granularity 1x1x2 cm3 -
* Minimize impact from ghost hits
PA t i ]
pd: j i :.
° Cha”enges /ﬁ:/:;:lmn::pbmm:m::m:ﬂp:nmmq

e Pattern recognition of clusters
e Associating charged clusters with tracks

An octave in the barrel ECAL with
crossed long crystal bars

200+ 200 :
122 E , 0.07 122 E 0.01 300 i
2 2 B d £ 200 —
X11 X172 100 - oot (008 100 j 0-008 W 0.08
E 0.05 - 100
50 50 b
£ > 0.006 > £ Ee 006 >
E o 004 & E o 5] E  o- 8
= 003 W i = E i
_50 . 50 0.004 it E. 0.04
-100F - ¥ 0.02 —100}- 0.002 E e BUR 0.02
Xz % ~150 - 0.01 150 ' —200 '
2 _20%:,.,._1,.,‘,.,‘,4 RPNl PONI L BN _20%:,.,_,”“,‘4,4‘,‘x...‘,.,A,...,.,H,.J,_ -300. L I |
1800 1850 1900 1950 2000 2050 2100 1800 1850 1900 1950 2000 2050 2100 X800 1850 1900 1950 2000 2050 2100
x/mm x/mm x/mm
Remove ghost hits .
g EM cluster MIP cluster Hadronic cluster
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Outline: R&D of a highly granular crystal ECAL

e Performance studies

* Evaluate physics potentials
* Separation power, Higgs benchmarks

 Reconstruction algorithm dedicated to new geometry design

* Detector design and hardware development

 EM energy resolution: light yield requirements

Detector unit characterization
e Cosmic-ray and radioactive source tests

* Response uniformity

* Time resolution

* SiPM characterization
 Small-scale detector module design
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EM energy resolution: light yield requirements

Geant4 Simulation (v10.7)

* Impact of energy threshold (in MIP) and #detected photons (in p.e./MIP)
* Digitization: photon statistics (BGO crystal + SiPM), electronics resolution
Energy Resolution 100p.e./MIP Light Yield vs Stochastic Term
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* Moderately high light yield (#detected photons) and low threshold required
* Low energy threshold can be feasible with low crosstalk SiPMs
e >100 p.e./MIP light yield is enough for ~3%/+E energy resolution
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Cosmic-ray test of long crystal bar

e 400x10%10 mm3 long BGO crystal bar, ESR wrapping o MIP
) SiPM
* SiPM readout at both two ends
* Energy deposition in Geant4 simulation: 9.1 MeV/MIP Scintill ator(BGO)
Cosmic-ray test
g 200 lﬂ E/Ir:;i:s ?ggg
c I td Dev 634
2 180 Ssion 1
i B
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Waveform of a typical cosmic-ray event
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500 1000 1500 2000 2500 3000 3500
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* BGO crystal: high enough light yield
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Energy calibration with 13’Cs radioactive source

* Experiment setup 1
* 662 keV gamma form 13/Cs, 1D moveable support 137Cs '
« ~5mm spread of gamma source ChB@-200 mm ChA@200 mm
* 400x10x10 mm?3 BGO crystal bar, ESR wrapping R
* 6x6 mm?2SiPMs with 25 um pixel, air coupling, double-sided readout

Detected photon: ChA + ChB

S 300 T T T Entries 9969
£ 0 Mean 115
5 Std Dev 34.85
‘ 250 _| Underflow 38
Overflow 31

x2 I ndf 27.71124

200 | Prob 0.2724
Constant 2585+49

Mean 134.1+0.3

150 Eslgma | 15.07 + 0.43

100

..................... . ........................ . ........................ P’W,WMW’W
'} Energy resolution: Y i

Slgma/l\/lean 11.29

50

I"III||II|||I||I||II||I||||||II|

Typical 137Cs signal

o

200 250 300
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Study on response uniformity of a long crystal bar

Geant4 Simulation (v10.7.3)

 Uniformity scan: 662 keV gamma for 137Cs, change hit positions m Air gap E5R wrapping
emm z- end

* Geant4 optical simulation: a single BGO crystal bar wrapped with ESR film &mﬁ en

SiPM

Substrate Sensor Epoxy

Experiment: detected photon Simulation: detected photon
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e Relatively low response near one side: ) ) )
y P *  ~10% non-uniformity with current

surface defects : . i -
N . simulation parameters Potential factars. surface
* Need more repetitive experiments defects, coupling...
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MIP response uniformity of crystal ECAL module

Geant4 Simulation (v10.7.3)

* Simulation setup
* 400x10x10 mm3 BGO crystal Bar MIP Response Uniformity
* Crossed bar arrangement
* 1 GeV muon: perpendicular incidence
e Response has been parameterized
(based on optical simulation)

e Responses depend on hit positions

e Time information for positioning
Response differs e Can be calibrated with position information
along the bar MIP response of crystal module
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Response uniformity: impact on energy resolution

Geant4 Simulation (v10.7.3)

* Impact on energy resolution
 1-100 GeV electron
* 3x3 modules are used to prevent energy leakage
* Digitization and energy calibration are implemented
* Energy resolution = Mean/StdDeV

Energy Resolution vs Non-uniformity of Crystal Bar

® 0% non-uniformity
m 5% non-uniformity |~
A 10% non-uniformity

39 Incident particles randomly hit this

area of the middle module

Energy Resolution [%]

2.5

* Severe distortion of energy resolution
* Effect on energy distribution

Fl_li’l‘lllﬂllllllllllllllll
:P i H i

1.5

SO R S * Response non-uniformity need to be calibrated
- i L i i : i : . . . .
0.5 ¢." * Goal: non-uniformity < 1% after calibration
u f f f L [
0 _I L1 1 I L1 11 i L1 11 l | I - | 1 11 1 I L1 11 I L1 11 l | I - -
0 10 20 30 40 50 60 70 80

Particle Energy [GeV]
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Latest progress on time resolution study

. . Waveform of a typical cosmic-ray event Zhiyu Zhao (SJTU)
e Cosmic-ray events with 400 mm long crystal bar

¥® ! ndf 1.052e+05/ 85

* Fit the leading edge of SiPM signals , 2 a1
e ,~‘ & 1800) = P! 1455f 02177
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e SiPM signal rising edge, front-end electronics

« Scintillation properties of BGO crystal, light transmission Expected time resolution in simulation: ~400 ps
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Laser calibration of SiPMs

* Motivation: characterization of large dynamic range SiPMs

3x3 mm?
25 um pixel x 57600 ) 6 um pixel x 244720
Nominal gain 7x10° ] Nominal gain 8x10*
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Single photon spectrums of SiPMs

* Single photon spectrums of DUTs

Hamamatsu S13360-6025PE NDL EQRO6 11-3030D-S
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e Criteria for SiPMs: dynamic range, gain, price, crosstalk, capability of single photon detection...
* NDL EQRO6 series with 6 um pixel and 3x3 mm? active area

* High pixel density (244720 pixels), narrow pulse shape (~10 ns)
* Ongoing tests on response linearity
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Small-scale detector module design

* Motivations: to develop crystal modules
* Small-scale modules is sufficient for compact EM showers
* |dentify critical questions/issues on system level

* Key issues
e Temperature control and monitoring
* Mechanical design: crystal fixture, tolerance, gaps
* Space for readout electronics
* Dynamic range of SiPMs and FEE

* Preparations for future beam tests
* Energy resolution, shower profiles

fsi=
=BT

it

pat EXILNX " 18

R Rs - BEE ks

M “4; :

ae
|. E )

:-v'af’r)

Caa]  A5202 unit (FERS-5200)

1) crossed crystal bar 2) 6x6 crystal matrix
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Crystal ECAL specifications

Key Parameters Value Notes

MIP light yield > 100 p.e./MIP 9.1 MeV/MIP in 1 cm BGO
Dynamic range 0.05~103 MIP About 500 keV~10 GeV

Energy threshold 15 p.e. Feasible for 0.05 MIP signal

Timing resolution ~400 ps Expected value from simulation
Crystal non-uniformity <1% After calibration

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

Gap tolerance — TBD through module development

Further issues:

* Temperature control e Calibration schemes
» Temperature dependent properties (SiPM crystal) * LED single photon calibration of SiPMs
« Cooling system for Front-end electronics * Transmittance of crystal: radiation damage

* QOperation and maintenance: MIP calibration

1w Ly 2022/07/08 A novel high-granularity crystal calorimeter, ICHEP 2022  gibh@ihep.ac.cn 20



Summary & prospects

R&D of a highly granular crystal ECAL:

* Performance studies: PFA & reconstruction algorithm

 Hardware development

* Prospects
* Challenge on PFA: still optimizing
* Detailed simulation studies on crystal ECAL performance
e Address key issues of crystal ECAL through module development
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Latest progress on time resolution study
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Small-scale detector module design: saturation effect

Simulation of BGO/PWO crystal matrix for beam test: saturation of SiPMs and front-end electronics

Energy Linearity

Energy Linearity
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e Saturation effects: severely degrade energy linearity (as well as resolution)

e Adjust the fluorescence property of BGO crystal (collaboration with Shanghai Institute of Ceramics, CAS)

* Neutral density filter, Si-PIN photodiode, TOT technique...
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R&D efforts on crystal ECAL

Specifications Contributions to performance Limiting factors

* Crystal intrinsic properties
MIP light yield * Energy resolution * Geometry and surface treatment
* Coupling
* Signal saturation * Power consumption

Dynamic range .
Y & * Small signal measurements * Expense

* Signal to noise ratio : :
Energy threshold & . * Electronic noise
* Small signal measurements

* Positioning
Timing resolution * T,timing
* Potential benefits for clustering

* Time constants of crystal scintillation
* Time resolution of electronics

e Crystal intrinsic properties

Response uniformit  Energy linearity and resolution : ..
P y &Y y e Light transmission

* Realistic ECAL: temperature control, physical gaps, mechanical design, monitoring and calibration...
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