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Introduction: PFA Calorimeter

• High precision Higgs / Z factory:
— Heavy bosons separation and precise Higgs 

measurements require excellent jet energy 
resolution 3~4%.

— Fine 𝛾 / 𝜋! reconstruction for flavor physics.

• Particle Flow Approach (PFA):
— Identification of energy deposits from each 

individual particle.

—𝜎"#$ = 𝜎%&'()* + 𝜎+,* + 𝜎-'.* + 𝜎/01234501*

— Imaging calorimeter + Topological analysis
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Long Crystal Bar ECAL
• Long crystal bar ECAL:

— Homogeneous structure è Op/mal energy resolu/on ~𝟑%
𝑬
⨁~1%

— Significant reduc/on of number readout channels
— Larger Moliere radius 𝑅% è increase probability of shower overlap
— Smaller 𝜆&/𝑋' è increase probability of hadronic shower in ECAL

• Key issues:
— Ambiguity caused by matching of horizontal and ver/cal bars.
— Iden/fica/on of energy deposits from each individual par/cle.

𝜇 𝜋𝛾

Reconstruction is big challenge!
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Design Concept of Long Crystal Bar ECAL

A BGO crystal barrel ECAL
Crystal Bar:
• BGO：𝑋' = 1.12𝑐𝑚, 𝑅% = 2.23𝑐𝑚
• Size: 1×1×40~60 𝑐𝑚(

• Time measurements at both ends readout for position 
along bar

Basic Detection Unit — Super Cell:
• 2 layers of perpendicularly crossing bars
• Size: ~40×~60×2 𝑐𝑚(

Detector:
• 𝑅 = 1.9𝑚, 𝐿 = 6.6𝑚, 𝐻 = 28𝑐𝑚
• 8 same trapezoidal staves
• Avoid gaps point to IP

DD4Hep is used for geometry construction
Focusing on software performance, ignoring dead
area, supporting and cooling mechanics, etc

25X 025X 0
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Simula?on and Digi?za?on

• Simulation is performed using GEANT4:
Ø Electromagnetic interactions
Ø Hadronic interactions

• Digitization for one long crystal bar:
Ø Contribution of each G4step i

𝑄±5 = 𝐸! - 𝑒
7

⁄" #±%&
"'(()*,        𝑇±5 = 𝑇! + 𝐺𝑎𝑢𝑠(𝑧±5 /𝑣, 𝜎%)

Ø Readout at both ends: 𝑸± and 𝑻±
𝑸± = ∑4$#8𝑄±5 , 𝑻± = 𝑇±) | ∑59:) 𝑄±5 > 𝑡ℎ𝑟𝑒𝑠

Simplified Conditions: 𝐿;$$#1 = ∞

i

{𝑸!, 𝑻!} {𝑸", 𝑻"}

6



Design of Reconstruction Software 

Design the reconstruction software as a proto-PFA: 
• Follow the idea of PandoraSDK: flexible, reusable, modular. (Many thanks!)
• Develop in CEPCSW: based on the common HEP software stack Key4HEP.

Not mature yet, so it’s just a “proto”-PFA now. 

Gaudi framework (CEPCSW)

Tools
(Client App.)

ECalRecAlg
(register and 

run algs
following 
configs )

Sub-Algs.
(Core algs for 

reconstruction)

modular & 
flexible

Common EDM: EDM4HEP

Self-EDM

Reconstruction flow:
- CoreForming:

LocalMaxFinding, 
HoughClustering. 

- 1D: EnergySplitting
- 2D: Matching in 2 

adjacent layers. 
- 3D: Clustering with 

cores. 
- Track matching
- Re-clustering

….

J.S.Marshall, CHEF 2013
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https://indico.cern.ch/event/773049/contributions/3474763/attachments/1938664/3213633/191105_sailer_key4hep.pdf
https://inspirehep.net/literature/1250003


Reconstruction Algorithm

• Cluster Finding:
• Neighbor clustering

• Cluster/Particle Recognition:
• Local maximum and seed candidate 𝐸: > 𝐸;<=>>?

• Hough transformation for EM showers
• Match of extrapolated charged track and cluster

• Energy Splitting:
• Efficient ghost hit removal
• Correctly assigned the energy deposits to correct particle

Energy deposits in ECAL of
𝑒)𝑒* −> 𝑍𝐻 −> 𝜐𝜐𝑔𝑔
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Cluster Finding

• Cluster: 
• a group of adjacent fired crystals 

whose energy is greater than 
threshold

• Each crystal bar has 3-dimentional labels
• Event data model (EDM):

üSingle layer   (1D)
üBi-layer          (2D)
üMulti-layer    (3D)

• Algorithm: 
• if objects are neighbor in pairs, they 

are merged
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Performance Check of Cluster Finding

Single Photon: 200 events
𝐸< = 10𝐺𝑒𝑉 𝜙< = 0° 𝜃< = 90°

• Much more than 1 cluster/event in 
most cases. 200 clusters 𝐸<~10𝐺𝑒𝑉
and ×2.5 clusters with small energy
• “Isolated hits” is planned to be 

absorbed into clusters nearby

Jet: 240GeV 𝑒F𝑒G −> 𝑍𝐻 −> 𝜐𝜐𝑔𝑔
• There are lots of “isolated hits” same 

as photon
• Typical lateral development of jet 

event will bring challenge for cluster 
recognition and energy splitting

200 Events

Y / cm
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Impact of Threshold on Energy Resolution

Digitization Clustering

stochastic term 

constant term 

𝜎+
𝐸
=

𝑎
𝐸
⊕ 𝑏

3%
𝐸
⊕ 1%
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• Impact of thresholds on energy resolution is studied using single 
photon simulation samples with different energies.

• Comparison of all fired crystals (single photon + isolated hits, 
Digitization) and energetic cluster (single photon) shows slightly 
differences in stochastic term with threshold<1MeV.

3%
𝐸
⊕ 1%



Cluster / Par?cle Recogni?on — Local Maximum
• Larger 𝑅" enhance probability of lateral overlap of showers.
• In each layer / 1D : local maximum

• Real: core of energy deposition è real cluster 
• Cluster recognition è Energy “Core” recognition

• Reduce the negative effects due to wider longitudinal and lateral developments of clusters.
Energy core

5MeV

incident 
photonFluctuaWon of energy

Local Maximum DistributionEnergy deposits in crystals
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Principle of Hough Transformation

• A feature extraction method for 
detecting simple shapes (e.g. lines) in an 
image.
• For straight lines:

𝜌 = 𝑥 cos 𝛼 + 𝑦 sin 𝛼

• Each point 𝑥, 𝑦 in image space is 
transformed to a curve in Hough space.

• If several points (𝑥5, 𝑦5) are collinear, their 
curves intersect at a point (𝛼, 𝜌) in Hough 
space.

• 𝛼 and 𝜌 are parameters of the straight line 
that pass through these points (𝑥, 𝑦)

Image Space Hough Space

𝑥, 𝑦 à 𝜌 = 𝑥 cos 𝛼 + 𝑦 sin 𝛼

𝑥:, 𝑦: à 𝜌 = 𝑥: cos 𝛼 + 𝑦: sin 𝛼
A Point                       A Curve

A series of Points             A Series of Curves

A Line                         A Point

𝜌 = 𝑥 cos 𝛼 + 𝑦 sin 𝛼 à (𝛼, 𝜌)
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Crystal Granularity Hough Transformation
• Each crystal in image space is transformed to a 

band in Hough space instead of a curve
• Cluster recogniaon in horizontal and veracal 

projecaon spaces respecavely
• Each point/peak (overlap region of band) in 

Hough space is chosen as a cluster candidate

Image Space

Energy “core”
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Point/Peak



Performance Check of EM Shower Recognition

• Energy of shower    à fluctuation     à number of fake clusters
• Further optimization improve performance: number of continuous local maxima, 

usage of common points, ……

1 GeV 10 GeV 50 GeV

Optim
iza

tio
n
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Efficiency and Fake Rate of Single Photon

• Low energy or small |cos𝜃| : One & only one cluster
• High energy and large |cos𝜃|: >1 clusters

―Fluctuations of energy deposits increase fake shower

Energy
fluctuation

Meet the requirement of EM showers recognition 
in jet reconstruction in most cases
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𝜃 = 90∘ 𝜃 = 120∘ 𝜃 = 136∘



Charged Hadron

𝝅G,  1000 events, E=10GeV

Prob of hadronic shower: I
J&
∫IKLL
MLKL 𝑒

G'()*++,& 𝑑𝑥 ≈ 71%

300 MIPs,''''
--.

𝑒*
!"#$%%
&&'

fit

Energy deposition in longitudinal direction 
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MIP in ECAL Shower start in the ECAL

Shower start in front of ECAL

Shower start in the ECAL



Match of Extrapolated Charged Track and Cluster

• Matching the extrapolated trajectory of charged 
track with the energy “core” of cluster in ECAL.

• A 𝜒# is defined to describe the consistency 
between the trajectory and local maxima.

• Hadronic shower “generaaon point” recogniaon 
is crucial to obtain an accuracy result.

Helix
Parameter Extrapolation

Trajectory
projection

Least 𝜒#
method Match

Cluster
“Core”

Hough
Transformation

Local
Maxima

𝜒M/𝑛?NO =C
:PI

Q 𝒚𝒊 − 𝒈 𝒙𝒊
𝜎:

M

/𝑛

Local maxima and 
Trajectory projection

𝜒-
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Ambiguity Removal
Update the performance with cluster recognition:

• Solve the ghost hit problem with energy-time 𝜒* matching [Ref].

• Particle gun events simulation for two 5GeV photons in parallel. 
• Scan the distance between photons, check the successful reconstruction efficiency and 

energy resolution. 
Separation efficiency

Energy resolu:on Position resolution

𝜎!
𝐸
~5%~1%⊕

11%
5𝐺𝑒𝑉

d

d

𝛾B

𝛾A
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https://indico.ihep.ac.cn/event/13888/session/3/contribution/22/material/slides/0.pdf


Performance Check of Energy SpliNng
Gamma / gamma Separation:
• Particle gun event of two 5GeV photons.
• Scan the angle(distance) between two photons, check the successful 

reconstruction efficiency and energy / position resolution.

𝛾B𝛾A

𝜎.
𝐸
~5%~1%⊕

11%
5𝐺𝑒𝑉

Separation efficiency

Position resolution

2 Hough clusters: 𝑁! ≥ 2 && 𝑁" ≥ 1
2 PFOs: Npfo>=2
Position: 2 PFOs + |𝑧 − 𝑧#$%#&|<10mm. 
Position + energy: position + |𝐸 − 𝐸#$%#&|< '

(
𝐸. 
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Summary

• Long crystal bar is a promising solution for ECAL, it is challenging for hardware and software to 
obtain a maximal exploitation of precise measurements. 

• Simulation and digitization of barrel part of long bar crystal ECAL have been simplified for 
reconstruction algorithm without electronics, supporting, etc.

• Software development of reconstruction algorithms is in processing, basic functions of cluster 
finding, particle recognition and energy splitting has been implemented.

• Performance checks provide positive feedback of EM showers and MIPs, continue to improve for 
utmost precision.

• Next to do:

• Emphasis on clusters separation of charged and neutral particles in ECAL.
• Simulation and reconstruction of endcap ECAL and HCAL for jet energy measurement.

Thank you!
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