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Introduction
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ü CEPC as Higgs/W/Z boson factories

× H/W/Z hadronic decays are dominant, it is crucial 

to design calorimetry system to well separate them 

and make precision measurements 

× Required Jet Energy Resolution, s/E ~ 30%-40%/ÕE

× Boson Mass Resolution, BMR ~ 4% or better

CEPC CDR (arXiv:1811.10545)
CEPC TDR (arXiv:2510.05260)



Particle Flow Algorithm (PFA)
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Introduction
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SDHCAL, 48 layers, 1x1 cm2

AHCAL, 40 layers, 4x4 cm2

Prototypes



SDHCAL Prototype based on GRPC
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Â Semi-Digital HCAL (SDHCAL)

Å 48 layers (1m x 1m GRPCs, 6mm)

Å High granularity (1cm x1cm)

Å Three thresholds (64-ch HARDROC)

Å Stainless-steel absorber with self-

supporting structure (20mm) 

Å Test beam at CERN in 2012, 2015, 

2017, 2018 and 2022

PCB support (polycarbonate)

PCB (1.2mm)+ASICs(1.7 mm)

Mylar layer (50 ȉ)

Readout ASIC
(Hardroc2, 1.6mm)

PCB interconnect

Readout pads
(1cm x 1cm)

Mylar (175 ȉ)

Glass fiber frame (å1.2mm)

Cathode glass (1.1mm)
+ resistive coating

Anode glass (0.7mm)
+ resistive coating

Ceramic ball spacer (1.2mm)

Gas gap

JINST10 (2015) P10039



SDHCAL:EnergyReconstruction
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♪ȟ♫ȟ♬are parameterized as functions of total 

number of hits ( Ntotal  = N1+N2+N3)

♪ ♪ ♪╝◄▫◄╪■♪╝◄▫◄╪■

♫ ♫ ♫╝◄▫◄╪■♫╝◄▫◄╪■

♬  ♬  ♬╝◄▫◄╪■ ♬╝◄▫◄╪■

ÉEnergy reconstruction formula :

  ╔►▄╬▫♪╝ ♫╝ ♬╝

JINST 10 (2015) P10039

JINST 11 (2016) P04001

JINST 12 (2017) P05009

80 GeV Pion beam (CERN)

multi -threshold mode

helps at high energy



SDHCAL: PID and Energy Resolution
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ÉUsing BDT to improve pion, e and muon PID

ÉPion eff > 99% with e & muon rejection > 99%

ÉTB data (pion/muon) and MC agree well

JINST 15 (2020) P10009

JINST 17 (2022) P07017

ÉEnergy linearity: < ~3%

ÉEnergy resolution: 

Bing Liuôs thesis work 



From SDHCAL to T-SDHCAL (5D)
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üHadronic showers have time structure 

with late components connected to 

neutron-induced particles 

üTime resolution on order of 100 ps to 1 

ns results in a sharper distribution of 

shower core which improve 

significantly hadronic showers 

separation at shorter distances

üFast timing info of calorimeter (5D-

X,Y,Z,E,T) opens up new possibility in 

event and object reconstruction

üLyon-iP2i, IJCLab, CIEMAT, VUB, U. 

Cordora, GWNU, Yonsei U., SJTU etc.

NIMA 1077 (2025) 170520

No Neutrons



From SDHCAL to T-SDHCAL (5D)
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üSeparation of close-by hadronic showers with variant timing resolutions

    (e.g. 10 GeV neutral and 30GeV charged particle, 100ps ï 500ps)

ü Timing resolution ~100ps provides descent efficiency & purity of neutral particles

C. Devanne ós thesis work



From SDHCAL to T-SDHCAL (5D)
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ü Replacing the single-gap RPCs with multi -gap RPCs (MRPC )                                        

Ÿ 4-5 gaps of 250 µm each can provide 100 ps timing resolution

ü Replacing HARDROC ASIC with a new ASIC (continuous readout + Internal TDC)     

Ÿ started with PETIROC (~40ps jitter), aiming for LiROC+PicoTDC 

ü 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) requirements 

Using mylar as spacer MRPC: 30 x 30 cm2 MRPC: 100 x100 cm2



From SDHCAL to T-SDHCAL (5D)
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ü PETIROC-based readout PCB with 2 ASICs and 

64 readout pads. (W. Wu et.al., SJTU)

ü Single channel test, time resolution ~46 ps (RMS) 

Yongqi Tanôs thesis work
IEEE TNS (2024) 0018-9499



AHCAL Prototype based on Plastic Scintillators
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×Sampling PS-AHCAL

o 40 layers

o Each layer: 72 cm¦72 cm

o Each layer: 18¦ 18= 324channels

×Sensitive Detector

o Scintillator cell size:40¦40¦3 mm3

o SiPM: HPK S14160-1315 and NDL-22-1515

×Absorber

o Iron, 2 cm thickness / layer

×Electronics with analog readout

o SPIROC2E ASIC Chip (36-ch)

o 12960 channels

Scintillator tiles (τ τÃÍ )
wrapped with ESR foil 



Scintillators Performance Test
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× >15K scintillators are produced with injection molding technique 
which are wrapped automatically with ESR films

× The batch test platform (with Sr-90) 

o HPK 13360-1325PE SiPM + SPIROC readout

o 144 channels / batch

o The light yield is fitted by landau-gauss function

Č 91.6% of scintillators are within 10%  of light yield window

TilesESR films

Wrapped Tiles Reinforce w/ adhesive tape 

Labeling machine

Sr-90 Spectrum Light yield for all scintillatorsJINST 17 (2022) P05006

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


Assembly of Scintillator, SiPM and HBU
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× Assemble of the AHCAL Prototype (12960-ch)
o Assemble the scintillator on HBU with glue

o Press them with cover plate for solidification

o Combine 3 HBUs and install in 1 cassette (14.5mm)

o 40 layers are assembled in the AHCAL prototype

× 38 layers with HPK and 5 layers with NDL SiPM (3 backup)

× Assembly completed in August, 2022

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



CERN Test Beam in 2022 - 2023
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ÅCollected ~60M of test beam data samples
ÅMuons: 10 GeV (PS-T9), 108/160 GeV (H8), 120 GeV (H2)

ÅElectrons/positrons: 0.5 ς 5 GeV at PS; 10 ς 120 ς 250 GeV at SPS 

ÅPions: 1 ς 15 GeV at PS, 10 ς 120 ς 150 ς 350 GeV at SPS



CERN Test Beam in 2022 - 2023
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100 GeV mu- 60 GeV electron

60 GeV negative pion (SPS) 350 GeV negative pion (SPS)10 GeV negative pion (PS)



PS-AHCAL: Particle Identification
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ü PIDbased on ANN: input tensor of energy deposition per AHCAL tile 
ü ANN (ResNet) is consistent with FD within ~1% level for electron and pion

S. Song et al., JINST 09 (2024) P04033

Siyuan Songôs thesis work

M. Ruan et al., PRL 112, 012001

Fractal Dimension (FD): Self-similarity 

in patterns of particle showers,  

ὊὈ ȟ  where Ὑȟ  and ὔ  

is number of hits scaled by factor ‌



PS-AHCAL: Test Beam Performance
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NIMA 1072 (2025) 170191

Hadron Energy Resolution

 ȢϷȾ╔ Ä 2.5%
Rec. Energy Linearity < 1.5%



GS-AHCAL: Glass Scintillator (GS)
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üBasic idea: to increase sampling fraction for better energy resolution

üWith 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
Fe: 20.8mm/171.5mm=0.1213 lI

PS: 3mm/688.7mm=0.0044 lI

PCB: 1.2mm/492.2mm=0.0024 lI

Sampling fraction ~ 1.6% ( p- TB, MC)

GS-HCAL
Fe:  13.8mm/171.5mm=0.0805 lI

GS: 10.2mm/242.8mm=0.0425 lI

PCB: 1.2mm/492.2mm=0.0024 lI

Sampling fraction ~ 31% (MC)

GS-HCAL

PS-HCAL

PS-HCAL

SPS-H2

PS-HCAL

GS-HCAL



Glass Scintillator Collaboration
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üGS collaboration was established in 2021 and aiming 

the large-area & high-performance GS for application 

in nuclear and high energy physics.

ü The GS collaboration includes IHEP, 3 Institutes of CAS, 

5 Universities,  3 Factories currently.

ü The performance of glass scintillator samples look 

promising, i.e. 6 g/cm3 & 1000 ph/MeV & O(100) ns



Performance of Glass Scintillators
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ü 291 GS tiles (size: 4 ³ 4 ³ 1 cm 3) produced by three companies

ü Test setup:  Radiation source ( 137Cs) with 2ô PMT (xp2020)

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



AHCAL: Glass Scintillators
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ü GS attenuation length: 6.1 cm @ 400nm

ü Feasible to use one SiPM per GS tile

ü Cosmic ray test of GS -SiPM coupling

ü Light output is ~ 64 pe/MIP

Z.H. Hua, S. Qian, et al. NIMA, 2025, 1072, 170182.



Glass Scintillators Mini-Prototypes
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ü Mini -Prototype: 7 layers, each layer has 3³3=9 GS tiles, 

63 GS tiles in total, each GS size of 4³4³1 cm3 

ü Two mini -prototypes using HPK & NDL, respectively 

ü CERN beam tests (Pion / Muon) in October 2025



AHCAL: Glass Scintillator
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ü GS-HCAL: One Barrel (16 sectors) and Two Endcaps

o Thickness of the barrel : 1315 mm

o Inner radius of the barrel : 2140mm (Din=4280 mm) 

o Barrel length along beam direction : 6460 mm 

o Number of layers : 48 (6 lI)

Quantities Cell Box Layer Sector

Barrel 3212800 27840 48³16=768 16

Endcap³2 1006080³2 3072³2 48³16³2 16³2

Sector

CEPC TDR (arXiv:2510.05260)



AHCAL: Glass Scintillator
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üA full detector geometry constructed with DD4hep in CEPCSW
ÅGS density 6ὫȾὧά ,‗ 242.8 mm, attenuation length ~ 60mm
ÅGS cell sizeτ τ ρÃÍ , 48 layers,  6‗Ὅin total
ÅGeometry: follow the mechanics design with supporting structures. 

Â GS light yield: > 50 p.e/MIP

Â Threshold: 0.1 MIP (> 5 p.e)
Â GS attenuation length Â GS attenuation length: ~60mm

sE/E = 29.8ϷȾ╔ Ä 6.5%



AHCAL: Glass Scintillator
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ü Hadron Energy Resolution (full simu latio n + digitization):

o MC Samples:  eeĄZĄjj  @ 91.2 GeV, eeĄZHĄ nngg  @ 240 GeV 

o Tracker (Si + TPC) + Crystal ECAL + GS-HCAL, Cyber PFA Reconstruction

BMR (ZĄjj ) = 4.0% BMR (HĄgg) = 3.87%



Summary and Plan
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Thanks for your attention !

ü PFA calorimeter prototypes (Plastic Scintillators or GRPC based) 
ÅSuccessful beam test campaigns at CERN PS/SPS
ÅInvaluable for detector performance evaluation and shower studies

ü GS-HCAL is selected as baseline based on its promising performance
ÅIntensive R&D on high quality GS (e.g. light yield, decay time, attenuation length) 
ÅStudy with CEPCSW shows promising result

üPID and validation studies: preliminary results promising
ÅParticle Identification with machine learning: muons, electrons, pions 
ÅPrototype simulation + digitization: validation studies with beam data 

üFuture Plan: DRD-on-Calorimetry (DRD6 and DRD1) collaboration
ÅTo develop common software, DAQ and beamtest campaigns
ÅTo develop better GS and mature techniques for mass production with low cost
ÅTowards 5D hadronic calorimeter system
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