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ce7 Introduction
U CEPC as Higgs/W/Z boson factories

x H/W/Z hadronic decays adominant,it is crucial
to designcalorimetrysystemto well separate them
and make precision measurements

x Requiredlet EnergyResolutions/E ~ 30%40%/CE
x BosonMassResolutionBMR~ 4% or better
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7 Particle FlowAlgorithm (PFA)

The idea...
tracker ECAL HCAL
Charged particles Tracker e
measured with the £ ung| (B58mE =
N t I rt' I C I . t p IIIIIIII== ======Il
eutral particles alorimeter o — | gume o EoEmm
Particles in jets Fraction of energy Measured with Resolution [07] -=-E::'-
-]
Charged 65 % Tracker Negligible
Photons 25 % ECAL with 15%/E 0.072E,, 18%/\E * Particle Flow
Neutral Hadrons 10 % ECAL + HCAP‘I:With 50%/E | 0.162 Ejet
Confusion | Required for 30%/E | > < 0.242 Ejet tracker ECAL HCAL
— O 0 oo
Requirements for detector system p:t lunnnuunEEE EEEEE.:E.:
. . 0Og) |oooooo
— Need excellent tracker and high B — field 0 bBggoa

"Y S -II====

— Large R, of calorimeter 0 mEE
— Calorimeter inside coil : : : L I By
— Calorimeter as dense as possible (short X, A)) } thin active medium :E'En -
— Calorimeter with extremely fine segmentation
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Introduction

AHCAL, 40 layers, 4x4 ém




A Semi-Digital HCAL (SDHCAL)

A
A
A
A

A

(0.127,,1.14X,)

Stainless steel Absorber(15mm)

Stainless steel wall(2.5mm)

=

SDHCAL Prototype based on GRPC

Readout pads
PCB interconnect (1cm x/1cm)

Readout ASIC
(Hardroc2, 1.6mm)

Mylar layer (50 1)

48 layers (Im x 1m GRPCs, 6mm)  PCB (1.2mm)+ASICs(L.7 mm)
PCB support (polycarbonate)

High granularity (1cm x1cm)
Three thresholds (64-ch HARDROC)
Stainless-steel absorber with self-

. Mylar (175 1) Cathode glass (1.1mm\
supporting structure (20mm) Y Ceramic ball spacer (1.2mm) + resistive coating
Gl ass fiber frame (&1.2mm) Anode glass (0.7mm)

Test beam at CERN in 2012, 2015, + resistive _coating
2017, 2018 and 2022 JINST10 (2015) P10039

Stainless steel wall(2.5mm)

GRPC(6mm= 0 1;, X

2 ¥ il




SDHCAILEnergyReconstruction

E Energy reconstruction formula
> gate J»J ﬂJ ﬁil

= #pads with <signal < 2" threshold
N, = #pads with 2" threshold <signal < 3" threshold
N; = #pads with signal> 3™ threshold

» hraha are parameterized as functions of total
number of hits ( Ny = N1+N2+N3)

o) »J@«HJ@«F.
7l nd .. <=|=i7J<n <Fm
nd o <=|=-5J<n <n
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# of showers normalized

SDHCAL: PID and Energy Resolution

E Using BDT to improve pion, e and muon PID

E Pion eff > 99% with e & muon rejection > 99%

E TB data (pion/muon) and MC agree well

E Energy linearity:

E Energy resolution:

< ~3%
65%/VE @ 2.5%
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Gz ) From SDHCAL te3IDHCAL (5D)

U Hadronic showers have time structure
with late components connected to
neutron-induced particles

distance (cm)
(=2} ~
o o

o
o

TN
o

U Time resolution on order of 100 psto 1
ns results in a sharper distribution of
shower core which improve
significantly hadronic showers
separation at shorter distances

U Fast timing info of calorimeter (5D- Y
X,Y,Z,E, T) opens up new possibility in
event and object reconstruction

U Lyon-iP2i, IJCLab, CIEMAT, VUB, U.
Cordora, GWNU, Yonsei U., SJTU etc. y

NIMA 1077 (2025) 170520

30§

Distance from shower axis Distance from shower axis (without neutrons)
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X

From SDHCAL te3DHCAL (5D)

U Separation of close-by hadronic showers with variant timing resolutions

(e.g. 10 GeV neutral and 30GeV charged particle, 100ps i 500ps)
U Timing resolution ~100ps provides descent efficiency & purity of neutral particles

purity for neutral particle efficiency for neutral particle
= 100F F 100F
z [ z
2 g0fF & o
= TE S b
— t —
- o -
80_— BO_—
70F- 70(
60 60~
50:_ = 500ps 50:_
o ® 300ps - ‘
0F / = 150ps 40— o/
H - = 100ps L o/
E m periect timing C ,
30 30 o
p=- ] 1 1 1 1 l 1 I | (AN | I | | 1 | I 1 1 1 | I 1 1 1 ] l 1 p= I 1 L1l I I 1 1 I - I | | | I 1 1 1 I 1 1 1 1 l 4
5 10 15 20 25 30 5 10 15 20 25 30
distance between particles (cm) distance between particles (cm )

C. Devanne 6s thesis work 10



ce7 From SDHCAL to3DHCAL (5D)

U Replacing the single-gap RPCs with multi -gap RPCs (MRPC)
Y 4-5 gaps of 250 pm each can provide 100 ps timing resolution

U Replacing HARDROC ASIC with a new ASIC (continuous readout + Internal TDC)
Y started with PETIROC (~40ps jitter), aiming for LIROC+PicoTDC

U SDHCAL was firstly developed for ILC, i.e. low rate and power pulsing, needs to be
adapted to cope with future circular collider (CEPC, FCC-ee) reguirements

Using mylar as spacer MRPC: 30 x 30 cm? MRPC: 100 x100 cm? 11
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& From SDHCAL tcSDHCAL (5D)

U PETIROC-based readout PCB with 2 ASICs and
64 readout pads. (W. Wu et.al., SJTU)

450 T T T
Mean time diff = 11.6 ns

‘ 400 F RMS = 46.17 ps
enerator. 1 I A ——
Yol .k ' TIPS 350

Event Number
- N N w
(6;] o ()] o
o o o o

-
o
o

ZCU102 Evaluation Board

(42
o

Yongqi T an 6 S WO'HK €S I S 115;997115;99811599911 6000 11.6001 116602116003
IEEE TNS (2024) 0018-9499 ' T hmelneRElGs 20 2
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&Y AHCAL Prototype based on Plastic Scintillators

x Sampling PHCAL marcs
0 40 layers " N
o Each layer: 72 ¢cm72 cm
o Each layer: 18 18=324channels

x SensitiveDetector

o Scintillator cell sizetQ} 40! 3 mn?¥
o0 SIPMHPK S14160315 and NDR2-1515

X Absorber
o Iron, 2 cm thickness / layer

x Electronicswith analog readout
0 SPIROC2E ASIC Chipctd6

0 12960 channel %
fnﬁ&ﬁ%¢%mamﬂ

e of High En g_fo_y
ese Academy of Scie

13



Nl Scintillators Performance Test

x >15K scintillators are produced with injection molding technique
which are wrapped automatically with ESR films

x The batch test platform (with SB0)
0 HPK 13361325PEiPM+ SPIROC readout
0 144 channels / batch
o The light yield is fitted by landagauss function

C 91.6% ofscintillators are within 10% of light yield window

PC

fLYAI

L Entries 15524
1600~ Mean 12.99
s 4 eak: /222673 C Std Dev  0.8048
S peak:777.2 6:8.0 1400
B T, peak:832.3 5:8.0 _f
B \ peatigﬁg.? Gg:? & 1200
200/— peak:940.1¢:6. & LY<11.7 p.e. LY>14.3 p.e.
[ pea ;f -
150 HQ Chipd Channeld § 800 854 pieces 451 pieces
C Entries 28801 g
L Mean 1298 2 600
- , StdDev 3935 § )
100~ 200 14,219 piec
C : Mj within +10% ij‘
L 200
50— N
: OS SL 10 1I1 1‘2 1‘3 'II4 15 1‘6 17
— l l Light Yield (p.e.)

gﬂﬂ I I‘I(‘J‘CllfliI = 1500 EOOUI I I2500 3000 3500 4000
Sr90 Spectrum e JINST L7 {2022) POSOOG Light yield for all scintillators 14



https://iopscience.iop.org/article/10.1088/1748-0221/17/05/P05006

Assembly of ScmtlllatorSlPI\/Iand HBU

x Assemble of the AHCAL Prototyp&2060ch)
o Assemble the scintillator on HBU with glue
0 Press them with cover plate for solidification
o0 Combine 3 HBUs and install in 1 cassette (14.5mm)
0 40 layers are assembled in the AHCAL prototype

x 38 layers with HPK and 5 layers with NBIPM(3 backup)
X Assembly completed In August 2022

Scintillator (3 mm) Cassette pad (2.5 mm)

HBU (2 mm ) Silicon gasket (2 mm) Chips(2 mm)

Scintillators on HBU HBU finished 3 HBUs in 1 cassette AHCAL with 40 layers

15




CERN Test Beam in 2022023

May 17 - 31, 2023

Oct 19 - Nov 2, 2022

O
SPS H8 beamline

ACollected~60M of test beam data samples
A Muons: 10 GeV (PB), 108/160 GeV (H8), 120 GeV (H2)
A Electrons/positrons: 0.§ 5 GeV at PS; X0120¢ 250 GeV at SF

A Pions 1¢ 15 GeV at PS, 10120¢ 150¢ 350 GeV at SPS

SCW-ECAL |4

o
-a
.
L < D
e e
s
.
.
.
3 .
. 7
.
.
- .
.

(3
\ A J

y@ CEPC SCW-ECAL + AHCAL Prototype (3 ALI<00:

XY Plane

YZ Plane
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G ) PSAHCAL: Particle Identification
U PlDbased on ANNinput tensor of energy deposition per AHCAL tile

U ANN(ResNet)s consistent with FD withir-1% level for electron and pion
E - - - - e CEPC AHCAL =) () 5 () () 5 ) = 5 () 5 () \\\\°°°
1.47 ] Pion event o)é E g -01 E - -.! o -0! @ TI‘) = f.! ﬁ \)‘60
- ~|® Tlal 15|55 T s SlE5)8)3 L
1.2 213 §2'5 §z§z§z§z§= :
i ~ 10 —vbfg—»g—mbe-‘:—»%—m»%—m»%&;m E—»@
| 513 18] 12| (8] 12 |8 |8 L
: X% 1% (2] (& & & |2
B -/ -/ -, ./ ./ —/ -/
0.6k 1 i
: | CEPC AHCAL =23 Electron o Beam
04 100? mg Ef:::n?]fé approach Rion 0.201 gs;ﬁ;:’.‘ioc:team @10GeV I Electron
L i v - Muon
0.2 _ : ? ///f‘ Pion
0; 4 7 EPC AHCAL Simulation 107! E- 101 2 2 = 015 Noise
0 2 4 6 <EH§> [MeVﬁ0 % :; § %
E 102 7] ;: E
) ) C S 4 1 | 2010/
Fractal Dimension (FD): Self-similarity < *’ ]|
: . 10-3 -
In patterns of particle showers, 3 % . 0.05 |
| . s
: A " 107 5 S i)
00 < >where Yr —and{ | / 227 N
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is number of hits scaled by factor | ANN pion likelihood Eneray deposition [Mev]
Si yuan tlesiswpri s
M. Ruan et al., PRL 112, 012001 S. Song et al., JINST 09 (2024) P04033 18



PSAHCAL: Test Beam Performance

NIMA 1072 (2025) 170191

L
=

P 1.00/VE + (0.06), z%/ndf = 273.33
"l 2023 SPS H2 pion data (™)
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F

27.2
mm

27.2
mm

G

U Basic idea: to increase sampling fraction for better energy resolution

U With high density and thick GS cell design

, the sampling fraction of GS-

HCAL can be increased by a factor of ~20 compared to that of PS-HCAL

PS-HCAL

3

| Upper cover: 2 mm

PCB+ASIC chips: 3.2 mm

Scintillator cell: 3.2 mm
Bottom cover: 2 mm

Fe Absorber: 16.8 mm

|

GS-HCAL

Upper cover: 2 mm

PCB+ASIC chips: 3.2 mm

Scintillator cell: 10.2 mm

Bottom cover: 2 mm

Fe Absorber: 9.8 mm

> [MeV]

PS-HCAL

Fe: 20.8mm/171.5mm=0.1213 | ,

PS: 3mm/688.7mm=0.0044 1| ,

PCB: 1.2mm/492.2mm=0.0024 |
Sampling fraction ~ 1.6% ( p- TB, MC)

<Ereco

Erec [GeV]

GS-HCAL

Fe: 13.8mm/171.5mm=0.0805 I ,
GS: 10.2mm/242.8mm=0.0425 |,
PCB: 1.2mm/492.2mm=0.0024 |
Sampling fraction ~ 31% (MC)
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Glass Scintillator Collaboration

GS collaboratiorwas established in 2021 and ang
the largearea & highperformance GS for application
In nuclear and high energy physics.

5 Universities, 3 Factories currently.
The performance of glass scintillator samples look
promising, i.e6 g/cnt & 1000ph/MeV & O(100) ns

100000 ¢
3.3 giem’ I F B International glass GAGG
G 3408 phMev | ® GS Group LYSO
529 . .
* Typical scintillator
5.9 glem? I -
GSS 1154 phinvev %
323ns I E GSO
| < 10000 |
4.0 g/em’ = I BC418
GS4 128 puviev | =9 2. Georgia Tect ) BGO
1764 ns GS1 Gd-Al-B-Si-Ce™ g [ m v 2 GEO;?“‘ Tech
6.0 g/em? | GS2 Gd-Ga-B-Ce*" = - m Y
GS3 |o72 shviev | GS3 Gd-Ba-Al-B-Si-Ce* =, . 4. Tohoku -1 HEU
676 ns Qi - - u @® BGRIYsioM
| GS4 Gd-AL-Li-Si-Ce = 3KNU @ prad) ic
Gs2 6.0 glem’ | GS5 Gd-Ga-Si-Ce® oo 1000 F 1 KMUTT CIiLy
570 ph/MeV VR q
277 ns | GC Gd-K-Y-Si-Ce + 6. AFO Research Inc.
- Density—6 g/cm3 i
6.0 g/cm I Li . b
ight yield—1000 ph/MeV
1070 ph/MeV rarn "
GSI s HIS’ e : l Decay til.ne—ll]I] ns 9.Le Ve:e Fluor
0.0 0.5 1.0 1.5 2.0 100 . 1 . 1 . 1 . 1 . 1 . .
1 2 3 4 5 6 7 8

Target parameter 21

Density (g/cm?)



s

G2 Performance of Glass Scintillators

U 291 GStiles (size: 4 3 43 1 cm?) produced by three companies
U Test setup: Radiationsource( ¥’'Cs) with 26 PMT

U About 57% of GS tiles with light yield greater than 1000 ph/MeV

j

F

(xp2020)

hist

Entrics

® The light yield of 60.3% of GS is
>1000 ph/MeV (70/116)

The light yield of 20.7% of GS is
21200 ph/MeV (24/116)

The light yield of 54.0% of GS is
21000 ph/MeV (27/50)

The light yield of 24.0% of GS is
21200 ph/MeV (12/50)

The light yield of 55.2% of GS is
>1000 ph/MeV (69/125)

i | | The light yield of 30.4% of GS is
L2 el >1200 ph/MeV (38/125)

CBMA

22



2 AHCALGIlass Scintillators

U GS attenuation length: 6.1 cm @ 400nm U Cosmic ray test of GS -SiPM coupling
U Feasible to use one SIPM per GStile U Light output is ~ 64 pe/MIP

SiPM e 40mm
% SS Cover 2Zmm
—>

Steel cassette

ol

GS+Reflector 10.2mm

IS
=
=t

= PCB+ASIC 3.2mm
Steel cassette SS Cover 2mm
Cooling tube
4} Absorber 8.8mm

1 T - Figure 8.2: (a) Single layer structure of GS-HCAL. (b) One GS cell.

E [ T T
5 7__ . .”\ ...... <:+ ...... §ooeee + ______ . b ; _ 4x4x1 cm® GS, Teflon package, Hamamatsu S13360-3050PE
<< 6 v ] 2 f oo b .
— { 6.054+0.09 cm - & 5001 Cosmic ray test
S - “ [ CEPCRef-TDR wev-ss6i05
i 400 Sigma = 9.7+ 0.3 ]
4+ ¢ . - -
3F CEPC Ref-TDR _ 300 .
2F : ; ]
£ | Lo=(Lo-L)/In(Ty,/TL,) 200 -
0 . N T T T : 100 —
400 500 600 700 :
Wavelength/nm S T T

50 100 150

Z.H. Hua, S. Qian, et al. NIMA, 2025, 1072, 170182. Number of PE. o3
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Glass Scintillatas Min-Prototypes

LED

Zone PPE168 SIPM

|
F
RICH detector P ' Calorimeter
(CMN) 3m x1m M 1mxim
T

Steel cassette

11
Steel cassette

U Mini-Prototype: 7 layers, each layer has 32 3=9 GS tiles,
63 GS tiles in total, each GS size of 43431 cm?3

U Two mini -prototypes using HPK & NDL, respectively
U CERN beam tests (Pion / Muon) in October 2025

24



&L AHCALGIass Scintillator

U GS-HCAL: One Barrel (16 sectors) and Two Endcaps
0 Thickness of the barrel : 1315 mm
o0 Inner radius of the barrel : 2140mm (D,,=4280 mm)
o Barrel length along beam direction : 6460 mm
0 Number of layers : 48 (6 1))

Sector

4280(HCAL16-{ded)

6910(HCAL16-%i

6460(HCAL)
1315 6520(End-HCAL) 1315
- |
Barrel 3212800 27840 48 16=768

CEPODR (arXiv:2510.05260)

Endcag2 10060802 30722 481632 163 2 25



czvll AHCALGIlass Scintillator

U A full detector geometry constructed with DD4hep in CEPCSW
AGS density 6 "t ,_ 242.8 mm, attenuation length ~ 60mm
AGScellsizet 1 pA ,48layers, 6_gn total
A Geometry: follow the mechanics design with supporting structures.

'B_Q| E LA L | T T | T T T [ T T T [ T 1T ‘ LI '0:9' B LI I LI L B B B L B B NN B R B BN ‘6\? R [T 7 [T T [T T 7 17 77
W \ ———— Truth, o¢/E = 23.7% NE @ 4.7% 1 5 ———— Truth, o /E = 23.7% NE @ 4.7% = 40 e
= LY 10 pe/mip + 0.5mip,o/E = 32.3% NE @ 6.5% W Latt 5mm, o/E = 63.2% /|E ® 16.1% w ———— Truth,o /E = 23.7% NE® 4.7%
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AHCALGIlass Scintillator

U Hadron Energy Resolution (full  simu latio n + digitization):
0 MC Samples: eeA ZA ) @ 91.2 GeV, eeA ZHA nngg @ 240 GeV
o Tracker (Si+ TPC) + Crystal ECAL + GS-HCAL, Cyber PFA Reconstruction

BMR (ZA jj) = 4.0% BMR (HA gg) = 3.87%
- ——  r ‘T 1T rrrr-rrrro 4500:_'"'|""|'"'I""I""""I""""""""_:
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= - .
600F - L 1500F =
200f E 500 :
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m; [GeV] Invariant mass / GeV
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Summary and Plan

U PFA calorimeter prototypesgPlasticScintillatorsor GRPC based)
A Successful beam test campaigns at CERN PS/SPS
A Invaluablefor detector performance evaluation and shower studies

U GSHCAL is selected as baseline based on its promising performance
A Intensive R&D on high quality GS (e.qg. light yield, decay time, attenuation length)
A Sudy with CEPCSW shows promising result

U PID and validation studies: preliminary results promising
A Particleldentification with machine learning: muons, electrop®ns
A Prototype simulation + digitization: validation studies with beam data

U FuturePlan DRDon-Calorimetry (DRD6 and DRD1) collaboration
A To develop eammonsoftware, DAQ anbeamtestcampaigns
A To develop better GS and mature techniques for mass production with low cost
A TowardssDhadronic calorimeter system

[ Thanks for your attention ! }

28




G Acknowledgement

x Two prototypes are supported by the MOST and NSFC grants
x Successful beam test campaigns at CERN duringZuiZ22

x We highly appreciate strong teamwork and enormous support
received from CERN, CALICEEmwLabs

CERN SR$®, May 2023 /] V[ L/ 9 &aLRiSa CERN R$9, May 2023

29



