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Introduction to Key4hep
Brief history of Key4hep
 Common software framework for all future HEP experiments proposed at the Future Collider Software 

Workshop at Bologna June 2019 [link], followed by mini-workshop at Hong Kong Jan 2020 [link]
 Consensus among future collider communities including ILC, CLIC, CEPC and FCC
 Encompass typical needs of HEP experiments, provide common turnkey stack covering different domains

Key4hep as compositions of FCCSW
 Core framework of FCCSW has been transferred to key4hep

 FWCore → k4FWCore
 Generation → k4Gen
 Sim → k4SimGeant4
 …

 Now FCCSW repository holds scripts and config files
k4SimDelphes

k4SimGeant4k4Gen
k4FWCore

dual-readout

k4RecCalorimeter

fccdetectors

key4hepkey4hep hep-fcchep-fcc

FCCSW

https://agenda.infn.it/event/19047/
http://iasprogram.ust.hk/hep/2020/workshop_experiment.php
https://github.com/key4hep/k4SimDelphes
https://github.com/hep-fcc/k4SimGeant4
https://github.com/hep-fcc/k4gen
https://github.com/key4hep/k4FWCore
https://github.com/hep-fcc/dual-readout
https://github.com/hep-fcc/k4RecCalorimeter
https://github.com/hep-fcc/fccdetectors
https://github.com/key4hep
https://github.com/key4hep
https://github.com/HEP-FCC
https://github.com/HEP-FCC
https://github.com/HEP-FCC/FCCSW
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EDM4hep & Podio
Common event data model for key4hep stakeholders
 EDM4hep [github] is the common EDM which can be shared by multiple future collider communities
 Support various use-cases motivated from different experiments
 Data model based on the Podio [github], a code-generator which supports the creation and handling data models

MCParticle

SimTrackerHit

CaloHitContribution

SimCalorimeterHit

EDM4hep DataModel Overview (v0.3)

Monte Carlo DigitizationRaw Data
Reconstruction & 

Analysis

TPCHit

RawCalorimeterHit

CalorimeterHit

TrackerHit
Track

Cluster

ReconstructedParticle

Vertex

ParticleID
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MCRecoTrackerAssociation

MCRecoCaloAssociation
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SimTrackerHit

CaloHitContribution

SimCalorimeterHit
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TPCHit

RawCalorimeterHit

CalorimeterHit

TrackerHit
Track

Cluster

ReconstructedParticle

Vertex
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https://github.com/key4hep/EDM4hep/
https://github.com/AIDASoft/podio
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EDM4hep & Podio
Podio – Generator for EDM4hep
 Generate thread-safe code starting from a high-level 

description written in yaml format
 Produces c++ code at CMake step via Python
 Additional user-class ‘SparseVector’ was linked to 

EDM4hep for handling waveforms at the moment
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Saving waveforms
User-class edm4hep::SparseVector
 EDM4hep does not have designated data model to save 

waveforms
 Expect O(100ps) sampling time, while the length of integration 

gate can be up to O(100ns)
 Majority of bins can be empty after applying DCR threshold

→ use ‘sparse’ vector instead of a plain vector to suppress storage
 User-class is linked to EDM4hep

→ able to use EDM4hep classes and user-class simultaneously 
under Podio framework

FYI: on-going discussion on user data in EDM4hep #117

https://github.com/key4hep/EDM4hep/pull/117
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Implementation w/ EDM4hep
MC truth Edeps “SimCalorimeterHits”MC truth Edeps “SimCalorimeterHits”

GEANT4 SiPM hits “RawCalorimeterHits”GEANT4 SiPM hits “RawCalorimeterHits”
Digitized SiPM hits “DigiCalorimeterHits”Digitized SiPM hits “DigiCalorimeterHits”

Calibrated Calorimeter hits “DRcalo2dHits”Calibrated Calorimeter hits “DRcalo2dHits”

See example at [analysis.cpp]

https://github.com/SanghyunKo/dual-readout/blob/dev_reco/analysis/analysis.cpp
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GEANT4 SiPM hits “RawCalorimeterHits”GEANT4 SiPM hits “RawCalorimeterHits”
Digitized SiPM hits “DigiCalorimeterHits”Digitized SiPM hits “DigiCalorimeterHits”

Calibrated Calorimeter hits “DRcalo2dHits”Calibrated Calorimeter hits “DRcalo2dHits”

See example at [analysis.cpp]

User class to store timing (waveforms)User class to store timing (waveforms)
~ O(Mb) / evt

dominated by waveforms, can be 
dropped by ’drop DigiWaveforms’

https://github.com/SanghyunKo/dual-readout/blob/dev_reco/analysis/analysis.cpp
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History of DRC framework
Development history of DRC simulation
 Started from standalone GEANT4 simulation of 4th concept 

geometry i.e. WGR16
 Essential refactoring & implementing ROOT datamodel

→ v0.0.1 (full simulation)
 Development of G4VFastSimulationModel for optical fibers

→ v0.0.1_fast (fast simulation) – GEANT4 R&D meeting [link]
 Migration to DD4hep

→ v0.0.2 – FCCSW meeting [link]
 … leads to current version (v0.0.2.3) after several minor fixes

e.g. support IDEA geometry, calibration constants, …

 Last remaining components for migration were EDM4hep 
(data model) and Gaudi (framework core)

V0.0.1_fastV0.0.1

WGR16

V0.0.2

V0.0.2.3

GEANT4GEANT4

DD4hepDD4hep

??? Key4hepKey4hep

Evolved into 
Git_IDEA_CALO_FIBER

fullsim fastsim

+ EDM4hep

→ Fully compatible with FCCSW at this stage
+ Gaudi

https://indico.cern.ch/event/915715/#2-fast-optical-photon-transpor
https://indico.cern.ch/event/960882/#13-dd4hep-migration-of-idea-du
https://github.com/lopezzot/Git_IDEA_CALO_FIBER
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Simulation flow
Typical simulation workflow (runDRsim.py)
 A Gaudi workflow consists of 2 types of components:

 Service & Algorithm

 Gaudi Service takes responsibility of handling setup 
of the run, e.g.

 Geometry
 G4RunManager

 Gaudi Algorithm handles flow of the event, e.g.
 Generating & saving events
 Triggering & event selection

 Baseline framework of GEN & SIM step is based on 
k4Gen [link] and k4SimGeant4 [link], respectively.

Particle gunPythia8

HepMC

EDM4hep

SimG4SaveDRcaloHits
SimG4SaveDRcaloMCTruth

SimG4PrimariesFromEdmTool
SimG4FastSimOpFiberRegion

SimG4FastSimPhysicsList

SimG4OpticalPhysicsList

SimG4FtfpBert

SimG4DRcaloActions

Output
SimG4SvcSimG4Alg

GenAlg

https://github.com/HEP-FCC/dual-readout/blob/master/DRsim/DRsimG4Components/test/runDRsim.py
https://github.com/HEP-FCC/k4Gen
https://github.com/HEP-FCC/k4SimGeant4
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Typical simulation workflow (runDRsim.py)
 A Gaudi workflow consists of 2 types of components:
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Holds G4UserActions 
(UserSteppingAction in the case)

Holds G4UserActions 
(UserSteppingAction in the case)

https://github.com/HEP-FCC/dual-readout/blob/master/DRsim/DRsimG4Components/test/runDRsim.py
https://github.com/HEP-FCC/k4Gen
https://github.com/HEP-FCC/k4SimGeant4
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Digitization

Choose with collection to keep or dropChoose with collection to keep or drop

Define sequenceDefine sequence

Digitization configuration (runDigi.py)

simply run with ‘k4run runDigi.py’

Configurable SiPM parametersConfigurable SiPM parameters

[link]

https://github.com/HEP-FCC/dual-readout/blob/e9c04f95471e8b6686c15a7173f08c731dd561a1/DRdigi/test/runDigi.py
https://github.com/EdoPro98/SimSiPM
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Integration
Signal integration (and # p.e. before digitization) for 20 GeV e-

2 p.e.
3 p.e.

4 p.e.
…

afterafter

beforebefore
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Reconstruction (calibration)

Append “GeoSvc” module 
when needs geometry

Append “GeoSvc” module 
when needs geometry

Reconstruction configuration (runDRcalib.py)

20 GeV e-20 GeV e-
Validation on-going

https://github.com/HEP-FCC/dual-readout/blob/e9c04f95471e8b6686c15a7173f08c731dd561a1/DRreco/test/runDRcalib.py
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Applications & Remarks
Potential applications
 The framework is now fully migrated to key4hep (FCCSW) at this stage

→ possible to overlay any existing FCCSW algorithms to DRC
 Applying magnetic field
 Merging (grouping) calorimeter hits
 …

Pre-exist in k4SimGeant4 [link]Pre-exist in k4SimGeant4 [link]

https://github.com/HEP-FCC/k4SimGeant4/blob/be1f3c336edc5637b0f839f6bfb625e4ac9e31b7/SimG4Components/src/SimG4ConstantMagneticFieldTool.cpp
https://github.com/HEP-FCC/k4SimGeant4/blob/be1f3c336edc5637b0f839f6bfb625e4ac9e31b7/SimG4Components/src/SimG4ConstantMagneticFieldTool.cpp
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Applications & Remarks
Potential applications
 The framework is now fully migrated to key4hep (FCCSW) at this stage

→ possible to overlay any existing FCCSW algorithms to DRC
 Applying magnetic field
 Merging (grouping) calorimeter hits
 …

Remarks
 Validation on-going
 Minor difference of definitions in using edm4hep::SimCalorimeterHit & edm4hep::RawCalorimeterHit 
 User-class edm4hep::SparseVector to save waveforms & timing structure
 Usage of SimSiPM as an external library → needs to be part of key4hep-spack to deploy the simulation on CVMFS

https://github.com/EdoPro98/SimSiPM
https://github.com/key4hep/key4hep-spack
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Backups
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SiPM & ADC spec
Hamamatsu S13615-1025
 PDE applied in GEANT4
 Referenced from INFN Insubria group [link]

S13615-1025
Dark count rate 100 kHz
X-talk prob 0.03
Recovery time 20 ns
Cell pitch 25 μm
Afterpulse prob 0.03
Signal decay time 50 ns
Signal rise time 1 ns
Signal-to-Noise ratio 30 dB
Sampling rate 0.1 ns ADC param Integration param

Bits 16 Gate start 10 ns
Range [-2^15, 2^15] Gate length 240 ns
Gain 20 dB threshold 30 (1.5 p.e.)

ADC & integration parameters
 Expected bits & gain estimated from the light yield

 s.p.e./SiPM ≲ 100 for 20 GeV e- 
 Avoid saturation at ~ 1000 s.p.e.
 Need 10x – 20x gain for signal w/ 1 – 2 c.p.e. 

→ Require coverage ≳ 10000 – 20000

https://indico.cern.ch/event/919812/#10-sipm-digitization
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Hamamatsu S13615-1025
 PDE applied in GEANT4
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ADC & integration parameters
 Expected bits & gain estimated from the light yield

 s.p.e./SiPM ≲ 100 for 20 GeV e- 
 Avoid saturation at ~ 1000 s.p.e.
 Need 10x – 20x gain for signal w/ 1 – 2 c.p.e. 

→ Require coverage ≳ 10000 – 20000

Demo from FCCSW meeting [link]Demo from FCCSW meeting [link]

https://indico.cern.ch/event/919812/#10-sipm-digitization
https://indico.cern.ch/event/979160/contributions/4125110/attachments/2171859/3666888/SiPM%20digitization%20software.pdf
https://indico.cern.ch/event/979160/contributions/4125110/attachments/2171859/3666888/SiPM%20digitization%20software.pdf
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Demo from FCCSW meeting [link]Demo from FCCSW meeting [link]

From Hamamatsu HP [link]From Hamamatsu HP [link]

https://indico.cern.ch/event/919812/#10-sipm-digitization
https://indico.cern.ch/event/979160/contributions/4125110/attachments/2171859/3666888/SiPM%20digitization%20software.pdf
https://indico.cern.ch/event/979160/contributions/4125110/attachments/2171859/3666888/SiPM%20digitization%20software.pdf
https://hub.hamamatsu.com/jp/en/technical-note/how-sipm-works/index.html
https://hub.hamamatsu.com/jp/en/technical-note/how-sipm-works/index.html
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Toy SiPM signal
SiPM signal demonstration with toy input
 Demonstrated SiPM signal with only 2 – 3 p.e. for visual purpose

 Hamamatsu S13615-1025
 16 bits ADC with 20x gain

2 p.e. at 20 ns
1 p.e. at 40 ns

2 p.e. at 20 ns
1 p.e. at 40 ns

1 p.e. at 20 ns
1 p.e. at 100 ns
1 p.e. at 250 ns

1 p.e. at 20 ns
1 p.e. at 100 ns
1 p.e. at 250 ns
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Waveforms & ToA
Digitized waveforms & Time of Arrival for 20 GeV e-
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Speeding up optical photon tracking
erenkovČ ScintillationOptical photons tracking in dual-readout calorimeter

 Full simulation of optical photon tracking explodes CPU cost: O(h)/evt
O(10k) tracks/photon × O(10k) photons/GeV ≃ O(100M) tracks/GeV

 Having reasonable CPU cost is important
Conventional solution is killing optical photons after counting
→ not an optimal solution for dual-readout calorimeter

 Numerical aperture is important for the yield of eČ renkov signal
 Light attenuation of fibres & timing of optical photons

Measuring depth with dual-readout calorimeter
 Depth x can be represented as a function of detection time

→ simulating timing structure of optical photons is essential

Propagation time of optical photons

Detection time
TOF of π+ in vacuum/tower

x [m]

t [ns]

0 h

h/0.3

h/v

+    
       

=

20 GeV e- 
20 GeV π+

→ Due to total internal reflections → Due to scintillation yield

Important for a longitudinally 
unsegmented calorimeter
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Fastsim
Fullsim

Fastsim
Fullsim

Speeding up optical photon tracking

 Preliminary Fastsim model shows 
excellent agreement with Fullsim

 Takes ~ 4 mins to simulate an event 
of 20 GeV e-
→ more efforts for further 
improvement on-going

Center of fibre (      )step·axis stepaxis (     )

     

(0, 0, 0) x⃗
x⃗ '

f⃗ 0

End of fibre (      )f⃗

L/2

î

 

Developing fast simulation for optical photon tracking
 Simulating photon propagation is necessary, but dominates CPU consumption
 Yet, propagation of optical photons in fibres can be estimated, skipping full tracking

→ Developing a fast simulation module presented at GEANT4 R&D meeting at May 2020
( f⃗ − x⃗ )⋅̂i
s⃗tep⋅̂i

# of reflections = std::floor(                          )

Photon arrival time (scintillation)Photon arrival time ( erenkov)Č

Fas
tsim

 / Fu
llsim

Fas
tsim

 / Fu
llsim

time [ns] time [ns]
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Backups
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