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Introduction

* CEPC: Future circular ete™ collider experiment

T T
CEPC 2018

* Aiming the precise measurement of
Higgs/EW/top/flavor physics & BSM search. ‘"

 Detector requirement:
- Jet energy resolution < 30%/+E.
-W/Z — qq separation: BMR~4%.
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* Particle flow in the calorimetry: A — = H'II

» Hardware + Software i I “HE-.

* Hardware: various options explored in the CALICE collab. * ST

e Software: PandoraPFA, ArborPFA, etc. figcker, __FGAL__(HCAL n ™ :
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Introduction

* CEPC efforts for the PFA calorimetry _PFA Calormeter |

* Follows the CALICE strategy: high granularity sampling calorimeter.

.
* ECAL prototype: scintillator strip + SiPM + CuW (ScW) E!
* HCAL prototype: scintillator tile + SiPM + steel (AHCAL) T
* From 2016 to now: * *
* Technical R&D, prototype development, beam test @ CERN... M@ ’”Apsl @

Greceis
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I nt ro d u Ct i O n Reports in CALICE Collaboration

meeting, TIPP2023 by team members

e

« CEPC efforts for the PFA calorimetry
* 3 beam tests @ CERN SPS H2, H8 & PS T9 in 2022-2023.

* Very successful tests and promising results:
* Scintillator + SiPM response, electronics, system robustness...
* Calorimeter-only PID with hit information.

Y[cm]

* Energy linearity and resolution.
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Introduction

* New concept: CEPC 4" conceptual design

- Advantage: Cost efficient, high density Solenoid Magnet (3T / 2T )

Scint Glass i . Between HCAL & ECAL

PFA HCAL Challenges: Light yield, transparency,

o massive production. E

* Better low energy response for flavor @ Z mode: St s Hcal Mscioasac B
Crystal ECAL.

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

* Large light yield crystal + SiPM for small signals.

Transverse Crystal bar ECAL

Advantage: better n%y reconstruction.

Challenges: minimum number of readout
channels; compatible with PFA calorimeter;
maintain good jet resolution.

* Time response for 5D measurement (x, v, z, E, t).
« Expected EM resolution 1% @ 3%/VE.

A Drift chamber
that is optimized for PID

Advantage: Work at high luminosity Z runs

/ * Reduce confusion in PFA: Dedicated reconstruction

. Challenges: sufficient PID power; thin
al gorlth mS. MiohiYoks: (81-Thacker Si Vertex enough not to affect the moment resolution.
Key limitations « New crystal dedicated reconstruction algorithm. PandoraPF ArborPFA
In PFA S A
F T G oo
* Better HCAL resolution: Scintillate glass tile HCAL g oF ] et o,

HCAL resolution

* Higher density for higher sampling fraction. 2 """"""""""""""""

‘‘‘‘‘‘‘‘

1. Photon E > 0.2GeV
ﬂ & Charged P> 0.2GeV
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https://www.sciencedirect.com/science/article/pii/S0168900209017264
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Homogeneous crystal ECAL

Fangyi & Shengsen, TIPP2023

- ‘General design concept: orthogonal arranged crystal bars.

* A pseudo-granular calorimeter: Crselbas SPMFLPCE | Coolng | Suppert
* 3D info from adjacent layers by reconstruction.
* Double-end readout with SiPM (Q, T). s
) ) Incident
* Less #channels, lower cost in electronics. particles
* Minimiz materials.
Min ed dead materials Real high granular crystal ECAL

Too ideal to be true
3 /
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Homogeneous crystal ECAL

°"' General design concept: orthogonal arranged crystal bars.
* Main challenge in software:

PFA software task:
+ Difficulties in the mechanical/geometry design. * Clustering

« More shower overlap with larger crystal Ry, and X,/4;. * Pattern recognition.
. Multi-particle ambiquit + Overlap: energy splitting.
P guity. + Ambiguity removal

Basic Module ™

' Crystal Scinﬁlla?r (eg. BGO, LYSO..)

Ir 1x1x40cm* ﬁ

\Phofodefcctors (eg. FPMT, SiPM...)/ y

Reconstruction

Cross-location

Ror

waot

Ghost hits.

Incident ;
particles

Hits (x;, yj, Erec)
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Homogeneous crystal ECAL

+ General design concept: orthogonal arranged crystal bars.
* Main challenge in software: PFA software task:

« Difficulties in the mechanical/geometry design. * Clustering

More shower overlap with larger crystal R,, and X,/4;. = Patte:n recognitionl.. _
Multi-particle ambiguity. + Overlap: energy splitting.

: . + Ambiguity removal
Severer in real physics case.
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Homogeneous crystal ECAL

* Dedicated PF reconstruction algorithm [ cooimeservis_|
* Global neighbor clustering. cvirapoting Long R
* Shower recognition. ! ‘
* Extract the local maximum to simplify the pattern. (o) oo ) Coecunene) o
* 3 dedicated algorithms & topological cluster merging. simpfythesmbigiy prole
* Energy splitting for overlapped showers. [ |
Energy & Time Matching Ambiguity removal

* Ambiguity removal with track + neighbor tower + time.

¥
/ Particle Flow Object /
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Homogeneous crystal ECAL

« Preliminary performance
* Single photon: ~100% efficiency for E,, > 1 GeV.
* 2-particle separation: >95% efficiency with distance > 30 mm.

Photon reconstruction Y — v separation efficiency Y — m separation efficiency
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* This is still ongoing...
* Clustering together with HCAL
* Final reconstruction of jets & BMR
* Timing information
* A large field waiting for exploration!
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Homogeneous crystal ECAL

Baohua, ICHEP2022
* In the real world: hardware study for crystal bars. ===='=';.1?5§EE
] 77T :

* Better EM resolution needs large light yield
* Lab test: BGO crystal satisfy the requirement. 7/ g
* Very promising energy resolution with 137Cs: 11.2% @ 662 keV BGO bars

Light Yield vs Stochastic Term
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Homogeneous crystal ECAL

* In the real world: hardware study for crystal bars.
* Time resolution: O(1) ns level with leading edge waveform fit.
* Can be improved with the Cherenkov light detection ~O(100) ps.
* Electronics: SiPM dynamic range tests.
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Homogeneous crystal ECAL

* In system level: crystal module construction

« 12X12%12 cm3 BGO module, with 36 2x2x12 cm?3 BGP bars.
* Beam test @ CERN, together with CEPC/CALICE ScW+AHCLA.

Beam particles
L1 7 g

CALICE-CEPC
calorimeter prototypes

Baohua, TIPP2023

EM Module-1

[+ ’ Beam particles Crystal Module
Z\:—*—“‘ 19 | Plastic scintillator e E—
LU A V' N triaqers ass Tiles
s N R 4 SN %

DESY Table CEPC Motorised Table
for prototypes
Beam test setup
= el ; ,
i
- e - Crystal module and
= CEPC/CALICE prototype
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Homogeneous crystal ECAL

* Beam test @ CERN T9: Muon beam for MIP response --redestalshift while data takipg
* High/low gain, hold-delay and shaping time scan. A i
. ) - 55.5E | 1*“
* Provide channel-by-channel calibration. . M H
54.5: +
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* Data shows better linearity and larger E, 047, T
* Preliminary results. Further studies is ongoing! LT O P N R A e

Particle Energy [GeV]
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Homogeneous crystal ECAL

« On-going beam test @ DESY TB22
* DESY TB22 CALICE-Crystal beamtest NOW!

Energy Resolution

‘i e ‘ :
| MClselected -

Percentage [%]

25F

“”; xpected-energy resolutio
7 ftwo modules: 3% @1 GeV
2 modules in serial

Particl

* Targets
* Timing studies with 40/60 cm long crystal bars
Timing performance for MIP/shower
Time resolution of 2 cm BGO as reference SRR

SciGlass

-
- w m wm m e e w m m m m m m m e m m wm m e e m ow e m m wm om om m ow om e owmw

e Scintillatingglass ~  NEEmmhm et T m it n At R mm A m L L Em L non oo h Lo

e LYSO with MPT2321 electronics.
» Overview of the planned beamtest setup at DESY
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* Validate with standalone simulation:

* A; = 23.83 cm, MIP response ~7 MeV/cm.
* Standalone simulation of glass-steel:

* 40 layers, total depth 5A.

Glass scintillator HCAL

« Motivation: better energy resolution
* Higher density m) higher sampling fraction.
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Sen & Dejing, TIPP 2023

“SiIPM-on-tile” design
AHCAL-like glass HCAL

- HCAL resolution can be
improved with higher density.
- Consider 6 g/cm? as glass
scintillator R&D target (a
balance with the light yield).
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Glass scintillator HCAL

- Global performance with Arbor PFA
* Design optimization with the main CEPC benchmark: Higgs mass resolution @ 240 GeV
* Study with CEPC baseline detector: TPC + SiW ECAL + glass-scintilator HCAL.
* BMR is improved with higher density, larger thickness and smaller cell size.
* 3.4% BMR achieved with glass-scintillator HCAL. New goal: BMR ~ 3%.
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Glass scintillator HCAL

. Glass samples in the lab: >400 samples from 11 institutes/universities/factories

M _

G-Al—B-Si—Ce3+ glass L
11 12 13 1 16 17
42mm*5STmm*10mm m‘;gé
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Glass scintillator HCAL

. Glass component study
* Key parameters: density, light yield, decay time.

¥ _\
Energy resolution Time response

ce S : * Targets

3408 ph/MeV :

‘:;’6;“3  6g/cm3, 2000 ph/MeV, 100 ns

.9 g/em .
GSS | 1ossmavev : « Bestglass sample in mm scale
GS4 | 12 puncey LS * 5.9g/cm3, 1058 ph/MeV, 352 ns

1764 ns ' -Al- i-Ce

60 glent’ GS2 G&-Gi-B-C&™ (not at the same time unfortunately)
GS3 | o141 phniev : GS3 Gd-Ba-Al-B-Si-Ce*"

- G GLALLISHCeT * Challenges

5.9 g/em?® : -Ga-Si-Ce’*
GSZ | Somnvey GC GAE-Y-SiCe™  Increase density while keeping high light

— ; Density—6 g/em’ . | d d
GS1 |roro suev : Light yield—2000 ph/MeY| yleld and transparency

465 ns : Decay time —100 ns .. . .

. i . * Synthesizing large cm-scale glass tiles with
0.0 0.5 1.0 1.5 2.0 e _ _
Target parameter good scintillation and optical properties
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Glass scintillator HCAL

> 11 large glass tiles for the beam test
Sample size ~3x3x1 cm?.
* Key target: glass MIP response.

* Beam setup @ CERN T9
* 4 tiles with individual SiPM readout
3 glass tiles and 1 plastic tile (reference)

Glass tiles wrapped with Teflon and black tapes

* Data acquisition usmg a 4-ch fast oscilloscope (5GS/s)

CALICE-CEPC calorimeter

prototypes
) Crystal Module
Beam particles N
Glass Tiles
DESY Table CEPC Motorised Table
for prototypes
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Glass scintillator HCAL

 Beam test @ CERN: MIP response
* Target for samples: ~150 p.e. / MIP.
* Observed: clear MIP signal in all 11 samples. Typical response: 15~74 p.e. / MIP.
* Looks promising! Will go further for the detector performance & construction.
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Summary

« Enormous efforts in CEPC HG calorimeter
* 2 prototypes developed and tested.
* Preliminary results look promising, detailed studies under way.

* New ideas are always on the way:
* Homogeneous crystal ECAL for EM resolution and flavor.
* Dedicated PFA reconstruction algorithms.
* Glass scintillator HCAL for hadronic resolution.

« Still large fields for studies:
* PID with HG calorimeter: GNN with hits?
* New DL-based PFA?
* Better sensitive materials?
* More advanced electronic technics?

2023/10/11
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PID studies in HG AHCAL

- Characteristics of fractal dimension (FD) with different beam particles
* Only possible with imaging calorimeter (high granularity)

Xin Xia (IHEP)

a ] o
=14} 1 102 '
: ] E \\W“M W .
1'2_ \m\:\\‘ 8 )
1 : A: MIP '+ B:EM shower
; 10
0.8: . N o. .., » \mrnAn'mnuMm
[ = o g e ‘ !
04f ) C: hadronic shower D MIP+EM shower
0.2_ o ' ata ..... 0 ..... GepVe- - | | |
:_ﬁA ! N W 3 .' Ww! g :
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FD methodology based on E' readout issue? " "V F: EM-shower like
M. Ruan et al., Phys. Rev. Lett. 112, 012001 R p—— R ——
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Crystal ECAL reconstruction

- “Global neighbor clustering for pre-processing. e
* Clustering

* Pattern recognition.

I - :. = =AW e * Overlap: energy splitting.
Crysta| bars Cluster in 2 T = 2 . \ * Ambiguity problem.
: >

Software task:

|rect|ons

* Shower recognition:
e Use the local maximum to simplify the pattern in homogeneous ECAL

g = Energy core
S
incident |
photon
— B i
; 3 0
10O
z 'sqgoo 18501900 19502000 20502100 10 v 180018507000 7950"~ 2006 20502700
xmm 250200150 100 %0 0 50 100 150 200 250 x/imm
Energy deposits in crystals Picking out local-max in each layer Local Maximum Distribution
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Crystal ECAL reconstruction

« Shower recognition:
* 3 individual algorithms for different type: track-match, Hough, Cone-clustering.

* A set of topological cluster merging. Software task:
* Clustering

* Pattern recognition.

0 e
st * Overlap: energy splitting.
A0\ ted point N ' * Ambiguity problem.
K extraP® " [ — o o 8
t"ac .,.,al-'ll"-'l R C L []
dep! sits IN c( Q
Ene‘ gy /' A\ Half Cluster Half Cluster

core axis
P1 Pb
————— > B

core axis branch axis

Ecenter

Pb P3

£ 3007 : y 1> a 9 '
DI Image !>pac e g o branch axis
200}
7
100 10" 6
- - - 5 Half Cluster Half Cluster
oF -
- o= 4 Wecenter Pc
100 ‘ L 102 5 core axis
: ’ ay core axis
Energy “core 2 < PN Woenter
-200 P2
1 W aris branch (cone) axis
0

1800 1850 1900 1950 2000 2050 2100
x/mm
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Crystal ECAL reconstruction

Software task:

* Clustering

° Splltl'lng for the overlapped shower: * Pattern recognition.

* Overlap: energy splitting.
* Ambiguity problem.

* Calculate the expected energy deposition from EM profile.
* Expected energy : E; " = ES®°IXf(|x; —x|)

exp 150f = : e IR

. . Elli . WE T Showerl
* Assigned weight: w;, = > exp oo Tes Il olgapy | i o shower2 —
wk e osoohpmnany Nf o B
§ -1

o ill" 1 IR
:I II ll!. Il 1 06
II.II

—1001 [ 1 o2

* Ambiguity removal:
* Information from: track, neighbor tower, time.

i e SRR SRS

PRI BRI BR R ' = T iy
S00 80 60 40 20 0 20 40 60 80 100

1850 1000 1950 2000 2050 2100 2150
x/mm y/ mm

Track

time
info

Neighbor
module
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Crystal ECAL beam test

« Uniformity scan of BGO crystal bars
* Batch test of SIC-CAS BGO crystal bars

* 40 crystals with ESR and Al foil wrapping © Crydtdlbar |

* Scan with Cs-137 radioactive source

Re #1 BGO bar Comparison of 40 crystal bars

Zhikai Chen (USC)

SiPM

c = ~ H

BT 110 S R T SIS PSRRI SR -

_8 N_.. e o...... ' ................ L s
o : : : : : : : o i . °i e ¢
E 280 eebusacasscsscsssnceananal ...................... ,, ...................... .. ...... B 300

5] : : : : |5}

2 el ; _ 2 280

o DetectedPhoton_sum [a]

S DetectedPhoton_m S 26

g 240 DetectedPhoton_p - §

220 H—e— DetectedPhoton_sum [~

H —=— DetectedPhoton_m |
200—- ]

—=+— DetectedPhoton_p

180—-

160 —

140 I I [ t [ M i [ M i (R R 1 TR A i I I

Pos / mm

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

* Mechanical and PCB design:
* Special mechanical support:
* Light weight and enough strength

©

()
i | e | e |
Eal . i .Hebperzltu.
senso

= o %
S BRI S

e Support for crystal to decouple with PCB.
* Assemble procedure.

* Readout PCB: s
* HPC connectors for SiPM signals. D E ey

HPC connectors for
2 micro~coaxiahjv cables

o ' Holes for'crystal support o

* temperature monitor.

* Electronics: CAEN A5202 units with Citiroc-1A chips

* High & low gain ADC
* Timing: ToA, ToT C
* External trigger & self trigger supported. agr st

oY
36/64 channels used

CAEN A5202 units Self-designed
Built-in HV power supply 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)
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Crystal ECAL beam test

. PCB layout Front side Back side
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Crystal ECAL beam test

* Data taking summary

* 10 GeV/c muon beam: MIP response mmmmm) |- Verification of the system
* High/low gain, Hold-Delay time, shaping time scans e Parameter scans
 ~5.5M events acquired

* 0.5~5 GeV/c electron beam: energy response « Severe energy leakage is expected
- ~980k events acquired. — * Preliminary reference for energy

« Other data resolution

* Pion- data for high fluence test
* > 80% trigger loss at ~20 k events per beam spill

* Performance of A5202 units: ~4-5 kHz under current
beam status: dead time + event synchronization....

* Self-trigger of “leaked particles” from upstream

>>>>>

°C temperature ..
change during the .-
beamtest I N R

* Muon events can be clearly observed B ~2
* Temperature monitoring data

“~EBo n

2023/10/11 Fangyi Guo | Second ECFA Workshop, 2023 32




Crystal ECAL beam test

* Electron data performance

* Energy leakage observed.
Energy vs Hit Energy Linearity

- Entries 30326 | 6
g Mean x 3254 > L
= 5 : i : : : 5 i |Meany 3957 O -
O R e A Std Devx  483.5 > C
£ 5 : f . |StdDevy 5644 2 5
¥ R TR SR SO SO 1 L. P S o o] o] & C
0[ 30278 48 9 L
of o 0| < =
....................... g 4_ "
AAAAAAAAAAAAAAAAAAAAAA 30 8 C "
o 3
................................... - 4
20 C H ¥ MC Selected
2r “ ! DataSelected |7
10 E ioy=x
1_ ,"’
00 500 1000 1500 2000 25100 3OI00 35100 40100 45100 5000 B
Energy / MeV Ot 1
8-0.13
$-0.14 .
g-015 = » Beam profile: severe
5 -0.16 . .
° o7 changes in the spatial
-0.18 . . .
» Events hitting at the centred 019 distribution of the
2 bars of the first 2 layers o1 2 3 4 5 s beam spot

Beam Energy [GeV]
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Crystal beam test

Bigitization in simulation:

2023/10/11

Single photon calibration

_ Entries 10000
é L 'gtzagev ggg;
.. 2 250 T gnd(:nrﬂow 13?2
Energy deposition Edep J H win 2075113
- Constant 1477 +4.9
| Photon statistics (Poisson distribution) # 1 N Seme 6.711% 0350
Incident photons Scintillation photons f I |
_Nphoton 5 (J \ ;uf | HPK: $13360-6025PE
Nfired = Npixel xe Npixel ¥ Wum
SiPM response Detected photons T e
1 SiPM gain and its error
MIP response of glass tile
Charge output Charge , - - _
1 MIP cut \ rJL B o |
Digitized energy Edigi y
74p.e./MIP @ 7.4mm thick | w%h
100p.e./MIP @ 10mm thick ’J ""WWWM
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Cylindrical geometry design for CEPC ECAL

Quan Ji, Chang Shu (IHEP)

« CEPC crystal ECAL barrel geometry design
* Finer segmentation of towers for better homogeneity

4 layers per
“step” with the
same transverse
size

* Decrease outer radius for lower cost of the outer detectors
* 28 towers per ring, 17 rings along beam direction
* ~25 radiation length: 28 layers

|| Previous design:
% octagonal detector

New design:
cylindrical
crystal ECAL

Key questions
e Space for electronics and cooling
 Assembly
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Glass scintillator HCAL

« Simulation: Impact of glass thickness to energy resolution

* Varying glass scintillator thickness
* Shower starting layer < 5 to mitigate leakage effects

35— . . e Stochastic and constant terms in energy resolution
- : + Glass Thickness: 5mm,%7g5%®7.62% ¥2Indf=162.94/9
30 _— Glass Thickness: amm,&fg%@s.gs%, ¥¥Indf=136.51/9] -—
25 ;J ——J——  Glass Thickness: 10mm,%‘§%96.84%, $Indf=102.21f9 30
- E  ‘ | + Glass Thickness: 12mm,§?%-%easz%. ¥2Indf=114.95/p 25 |
%u 20 3 T 1 (- P
E ' 20 F —&— Stochastic term [%]
= —e— Constant term [%]
= 15F
10f
i —— — —e- . ®
6 8 10 12 14

Glass thickness [mm]

» The hadronic energy resolution can be improved with thicker
i glass tiles, especially the stochastic term
Incident particle energy [GeV] » Glass thickness of 10 mm will be chosen for current design

Relative Difference in %
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Glass scintillator HCAL

. Lab test for small glass samples

o B .
: E;T;gz 3}15/1\%1/:{'/1 W Density~6.0 g/em’ Dengity~6.0 gicm? ! B Density~5.8 g/cm? B Density~6.0 g/cm?
B ER=26.8% ® LY>1000 ph/MeV LY~1 1000ph/MeV : B LY~1000 ph/MeV B LY~700 ph/MeV
B Decay=262 (18%) B ER=49.6% ER=24.4% B ER=26.8% B ER=323%

1235 ns B Decay=847 ns Decay=460 ns B Decay=1091 ns B Decay=382 ns

05" 5000 10000 15000 20000 26000 30000 35000 40000 45000 80000
ADC channe!

2022.11

Normalized Count
3 e
S -

JGS-60
1/3 BGO

mmmmmmmm

Count

—1.0Ce™
2.0Ce™
—3.0Ce™
4.0Ce™
—5.0Ce™
—6.0Ce™

MR AL Ak

2023.02

- ¥ 8 58§

» There are 5 types of SG for the study, and focous on the GS1, the Borosilicate Glass for better performance;
» Finally, the Density~6.0 g/cm3.LY>1100 ph/MeV, ER=24.4%, could be accept to be the candidate for GS-HCAL

» But the Decay time =460 ns, still need to improve.
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Glass scintillator HCAL

. Beam test results of 11 glass tiles

Index Dimensions (mm) Muon response Scale to 10mm o
(p-e. /MIP) thickness (p e/MIP) GC |
33.5x27.6x5.1 Gss | e
o " 82 GS4 %%;:;“ GS1 Gd-AL-B-Si-Ce**
#2 30.2%29.5%6.6 35 53 60 glea® GS2 Gd-Ga-B-Ce**
GS3 | 941 pinev GS3 Gd-Ba-Al-B-Si-Ce**
#3 29.9x28.1x10.2 66 05 7840 Gs4 Gd—Al—Li—Si—(33e3+
5.9 g/lem? H GS5 Gd-Ga-Si-Ce**
#3 ESR 69 68 GS2 T GC Gd-K-Y-Si-Ce**
60g ,::3 Density—6 g/cm®
#4 37.2x35.1%x5.3 31 59 GS1 fommmncey e yield—2000 ph/MeY
#5 40.0x35.1x4.2 38 91 0.0 0.5 1.0 15 2.0
Target parameter
#06 30.3%29.8x94 67 71
#1 34.8x34.8x7.5 60 80
#8 27.8%25.6%5.0 41 82
#9 34.6x34.7x7.5 69 92
#10 34.7/x35.2x7.4 74 100

73 34

#11 30. 5><30 0x8.7

Y, UV



Glass scintillator HCAL

« Beam test analysis @ CERN T9

* Observed (unexpected) structures in energy spectrum. (Partially) due to incidence of two
muons

MIP response: plastic scintillator 500.0 100.0 100.0 100.0 500.0 100.0 100.0 100.0
mV. mV mV. mV mV mV mvV. mV
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(40%x40x10 mm?) SIPM-Tile waveforms: two muons in a short time window
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