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Introduction to Key4hep
turnkey software stack for all future colliders

• HEP community decided to develop a common turnkey software stack – 
for future collider studies


• create a software ecosystem integrating in an optimal way the best 
software components to provide a ready-to-use full-fledged solution for 
data processing of HEP experiments (with initial focus on future colliders)


• similar to what was done with iLCSoft for the linear collider community 
>15 years ago 

• supported by HSF and CERN EP-R&D and AIDAinnova 

• involved communities/contributors: 


• CEPC, CLIC, FCC, EIC, ILC, LUXE, Muon Collider … 


PandoraPFA, ACTS, ...

EDM4hep, Podio,...

GAUDI / Marlin

DD4hep, delphes, 

Whizard,...

Root, Geant4, ...

HEP Software Stack

OS Kernel and Libraries
(Non-HEP specific)

Core HEP Libraries

DetSim EventGen

Experiment Framework

EDM Database
Interfaces

Applications
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Application layer of modules / algorithms /
processors performing physics tasks
(PandoraPFA, FastJet, ACTS, ...)

Data access and representation layer
including Event Data Model

Experiment core orchestration layer
(Marlin, Gaudi, CMSSW, ...)

Specific components reused by many
experiments
(DD4hep, Delphes, Pythia, ...)

Commonly used HEP core libraries
(ROOT, Geant4, CLHEP, ...)

Commonly used tools and libraries
(Python, cmake, boost, ...)
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Workflows in HEP and Interoperability

• Level 0 - Common Data Formats


• Maximal interoperability, even on different hardware


• Level 1 - Callable Interfaces


• Defined for one or more programming languages


• Implementation quality of interfaced components important


• Required to define plugins


• Level 2 - Introspection Capabilities


• Software elements to facilitate the interaction of objects in a 
generic manner such as Dictionaries and Scripting interfaces


• Language bindings, e.g. PyROOT


• Level 3 - Component Level


• Software components are part of a common framework, 
optimal interplay


• Common configuration, log and error reporting, plug-in 
management, ...

the analyst and developers view
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G.Ganis

• top:typically workflows as seen by the analyst


• right: software techniques to enable these workflows 
in a turnkey stack
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The common software vision

• complete set of tools for


• generation, simulation, reconstruction, analysis


• build, package, test, deploy 


• core ingredients of current Key4hep


• PODIO for EDM4hep (based on LCIO and FCC-edm)


• Gaudi framework, devel/used for (HL-)LHC


• DD4hep for geometry


• originally developed for LC now adopted by community


• spack package manager

the high altitude view

• generic scheme of iLCSoft framework and 
core tools


• very similar now in Key4hep:

• Marlin -> Gaudi

• LCIO -> EDM4hep
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• complete set of tools for


• generation, simulation, reconstruction, analysis


• build, package, test, deploy 


• core ingredients of current Key4hep


• PODIO for EDM4hep (based on LCIO and FCC-edm)


• Gaudi framework, devel/used for (HL-)LHC


• DD4hep for geometry


• originally developed for LC now adopted by community


• spack package manager

the high altitude view

• generic scheme of iLCSoft framework and 
core tools


• very similar now in Key4hep:

• Marlin -> Gaudi

• LCIO -> EDM4hep


•   re-use tools and algorithms from iLCSoft

 - using MarlinWrapper (see later)
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Gaudi 

• C++ application framework for HEP


• developed at CERN


• used in production for 


• LHCb and ATLAS (battle-proven)


• FCC-SW and smaller experiments


• and now in Key4HEP


• highly configurable


• EDM, workflows (algorithms)


• allows parallelisation through multi-threading


• integration of heterogeneous resources


• CPUs, GPUs, FPGAs,…

the application framework

similar to MARLIN framework

yet more powerful and larger user basis
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EDM4hep

• the event data model defines the language for all data 
processing tasks in HEP


• EDM4hep aims at getting this right for all future collider 
projects - independent of the type of collider


• (ee, mumu, pp,…)


• largely based on (battle-proven) LCIO and FCC-EDM


• first example analyses for FCC-hh successful


• EDM access and I/O part needs to be 


• fast and efficient 


• support multithreading


• transparent choice of actual I/O system


• implemented with PODIO

generic HEP event data model LCIO

FCC-EDM

see more on EDM4hep in next talk by Thomas
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DD4hep geometry toolkit

• LC community and CERN have developed a generic 
detector geometry system - based on best practises by 
ILC, CLIC, LHCb  (in AIDA, AIDA2020)


• supporting the full life cycle of the experiment


• providing components and interfaces for 


• full simulation, reconstruction, conditions, alignment, 
visualisation and analysis


• adopted also by CMS and LHCb

defining the detector geometry and different views on it

CLICdet ILD

CMS LHCb

FCC-hh

SiD

DD4hep: de facto industry standard 
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DD4hep detector models for FCCee

• ongoing work to implement the other two 
FCCee detector models in DD4hep:


• IDEA w/ drift chamber and


• dual readout calorimeter


• LAr/Noble Liquid calorimeter 

all Higgs factory detectors in new package k4geo

• CLD detector:  based on CLICdet


• adjusted for FCCee at lower energies and lower B-field:


• larger tracker, thinner calorimeters,….



Frank Gaede, ECFA Reco Workshop 2023, 11.07.23 11

DDRec

• DD4hep provides access to the detector geometry as needed in typical 
reconstruction algorithms in DDRec:


• tracking surfaces attached to sensitive and dead material volumes in 
detailed model


• material automatically averaged for multiple scattering and E-loss


• measurement directions on surface


• dedicated high level reco API for common sub detectors:


• e.g. LayeredCalorimeterData:


• positions of absorber and sensitive layers


• cell dimensions


• symmetry (barrel, endcap)


• also automatically extracted from detailed model


• used for example in MarlinPandora to describe the calo geometry

interfaces for reconstruction in DD4hep

ILD inner tracker

CLD central tracker
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large reconstruction code base in iLCSoft

• realistic detector models for incl. 
tracking/reconstruction geometry


• track reconstruction


• generic API for fitting algorithms


• large number of pattern 
recognition algorithms

Developed over >15 years for (linear) lepton colliders

Frank Gaede, LCWS 2021, 17.03.21 6

Tracking in iLCSoft

• generic tracking API MarlinTrk based on DDRec 
material surfaces 

• many pattern recognition algorithms exist, e.g. 

• ConformalTracking:   

• generic algorithm that works for all Si-Trackers 

• used by CLICdet and SiD (also works for ILD inner)

pattern recognition and Kalman-Filter 

achieve excellent tracking efficiencies and  
resolution w/ realistic tracking codes
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Particle Flow Algorithms

• all current detector concepts for LC are based on 
highly granular calorimeters  

• optimised for the Particle Flow Algorithm 

• PandoraPFA is the de facto standard used by 
ILD, SiD and CLICdp 

• alternative PFA algorithms exist and provide 
possibility to cross check 

• Arbor ( CEPC), April (SDHCal prototype)

highly granular calorimeter reconstruction
slide: J.Marshall

ArborPFA AprilPFA
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large reconstruction code base in iLCSoft
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High Level Reconstruction

• High-Level reconstruction algorithms are crucial to 
achieve the ultimate physics reach of detectors 

• vertex finding and flavor tagging: LCFIPlus 

• PID tools: dE/dx, TOF, shower shapes,…  

• Jet clustering:  Durham, Valencia, …

analysing the Particle Flow Objects
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• very active field of development 
• already good set of tools available 

• further improvement in HLR tools often directly 
impacts the final physics performance

δλHHH improves by 40% w/ perfect jet clustering
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High Level Reconstruction

• High-Level reconstruction algorithms are crucial to 
achieve the ultimate physics reach of detectors 

• vertex finding and flavor tagging: LCFIPlus 

• PID tools: dE/dx, TOF, shower shapes,…  

• Jet clustering:  Durham, Valencia, …
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• very active field of development 
• already good set of tools available 

• further improvement in HLR tools often directly 
impacts the final physics performance

δλHHH improves by 40% w/ perfect jet clustering

• it is vital for the LC (and CEPC) community to 

preserve this code in Key4hep for some time


• a lot of this code would be very useful for FCC(ee) 

studies as well


• -> need a migration scenario that allows a smooth 

transition from LCIO/Marlin to EDM4hep/Gaudi
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k4MarlinWrapper

• set of Gaudi algorithms that wrap Marlin processors


• developed by CERN-SFT


• automatic XML to Python steering file conversion


• tools for automatic in-memory, on-demand 
conversion between LCIO and EDM4hep


• developed by IHEP, CERN, DESY


• possibility to mix Marlin processors with genuine 
Gaudi algorithms  

• this is the intended working horse for a smooth 
transition from iLCSoft to Key4hep


• CLIC and ILD  full reconstruction run as proof-of-
concept

running Marlin processors in Gaudi (Key4hep)

,Ʉȳ̇ǖʯɼŗʚǶɄȳ ŗȳƕ ɼʯȳȳǶȳǖ

࣢ ,Ʉȳ̇ǖ ŗȳƕ ɼʯȳȳǶȳǖ ƕɄȳƨ ˙Ƕŗ
â˦ʚǫɄȳ ̇țƨ ŗʌ ˝Ƕʚǫ ʚǫƨ eŗʯƕǶ
bɼŗȭƨ˝Ʉɼȕࣖ

࣢ âɼɄƉƨʌʌɄɼ ɱŗɼŗȭƨʚƨɼʌ ƕƨ̇ȳƨƕ
ǑɄɼ ƨŗƉǫ ǶȳʌʚŗȳƉƨࣗ ŗȳƕ țǶʌʚ
ŗțǖɄɼǶʚǫȭʌ ƉɄȳ̇ǖʯɼƨƕࣖ

࣢ ¶ȳ ŗțǖɄɼǶʚǫȭ ǶȳǶʚǶŗțǶ˲ŗʚǶɄȳ ɄǑ
¡ŗɼțǶȳ âɼɄƉƨʌʌɄɼʌࣗ ʚǫƨ
MARLIN_DLL ƨȳ˙ǶɼɄȳȭƨȳʚ
˙ŗɼǶŗſțƨ Ƕʌ ʯʌƨƕ ʚɄ țɄŗƕ ʚǫƨ
ȳƨƉƨʌʌŗɼ˦ țǶſɼŗɼǶƨʌࣖ

MyTPCDigiProcessor = MarlinProcessorWrapper("MyTPCDigiProcessor")

MyTPCDigiProcessor.OutputLevel = INFO

MyTPCDigiProcessor.ProcessorType = "DDTPCDigiProcessor"

MyTPCDigiProcessor.Parameters = [

"DiffusionCoeffRPhi", "0.025", END_TAG,

"DiffusionCoeffZ", "0.08", END_TAG,

"DoubleHitResolutionRPhi", "2", END_TAG,

"DoubleHitResolutionZ", "5", END_TAG,

"HitSortingBinningRPhi", "2", END_TAG,

"HitSortingBinningZ", "5", END_TAG,

"MaxClusterSizeForMerge", "3", END_TAG,

"N_eff", "22", END_TAG,

# ...

]

algList.append(MyTPCDigiProcessor)

¡ŗɼƉǫ ࣗࢉࡹ ࡹࡽࡱࡽ yȳʚƨǖɼŗʚǶȳǖ Ƕ�,óɄǒʚ ǶȳʚɄ �ƨ˦ࢅǫƨɱ ࣽ âțŚƉǶƕɄ bƨɼȳŚȳƕƨ˲ 6ƨƉțŗɼŗ ࢉ

,�y, ɼƨƉɄȳʌʚɼʯƉʚǶɄȳ
yʚ ʌʯƉƉƨʌʌǑʯțț˦ ƉɄȭɱʯʚƨʌ ʚǫƨ Ǒʯțț ,�y,
ɼƨƉɄȳʌʚɼʯƉʚǶɄȳ
࣢ ,�y, ɼƨƉɄȳʌʚɼʯƉʚǶɄȳ ƉɄȭɱʯʚƨʌ ŗ
ʌƨɸʯƨȳƉƨ ˝Ƕʚǫ ƕǶ˽ƨɼƨȳʚ Ʉ˙ƨɼțŗ˦ʌࣗ
ƕǶǖǶʚǶʌƨɼʌࣗ ɼƨƉɄȳʌʚɼʯƉʚǶɄȳࣗ âb¶ ʌƨțƨƉʚɄɼʌࣗ
ʚɼŗƉȕƨɼʌࣗ ˙ƨɼʚƨ˥ ̇ȳƕǶȳǖ ŗțǖɄɼǶʚǫȭʌࣗ ŗȳƕ
Ʉʚǫƨɼʌࣖ

࣢ ,Ʉȭɱțƨʚƨ ʌƨɸʯƨȳƉƨ ǶȳʌʚŗȳʚǶŗʚƨƕ ǑɼɄȭ
ȕࢅ¡ŗɼțǶȳİɼŗɱɱƨɼ ƕƨțǶ˙ƨɼǶȳǖ ʌŗȭƨ
ɼƨʌʯțʚʌࣖ

࣢ ,Ʉȳʌʚŗȳʚʌ ʯʌƨƕ Ƕȳ ƉɄȳ˙ƨɼʚƨƕ ˙ƨɼʌǶɄȳࣖ

࣢ yȳɱʯʚ Ƕʌ ƉɄȳ˙ƨɼʚƨƕ ˝Ƕʚǫ ʚǫƨ ʯɱƕŗʚƨƕ ķ¡�
ʚɄ â˦ʚǫɄȳ ƉɄȳ˙ƨɼʚƨɼࣖ

࣢ ,Ʉȳ̇ǖʯɼŗſțƨ ɄɱʚǶɄȳŗț ɱɼɄƉƨʌʌɄɼʌ ſ˦ ʚǫƨ
ʯʌƨɼʌࣖ

from Gaudi.Configuration import *

CONSTANTS = {'BCReco': "3TeV",}

parseConstants(CONSTANTS)

# ...

read = LcioEvent()

InitDD4hep = MarlinProcessorWrapper("InitDD4hep")

Config = MarlinProcessorWrapper("Config")

VXDBarrelDigitiser = MarlinProcessorWrapper("VXDBarrelDigitiser")

VXDEndcapDigitiser = MarlinProcessorWrapper("VXDEndcapDigitiser")

# ...

algList.append(InitDD4hep)

algList.append(Config)

# algList.append(OverlayFalse)

# algList.append(Overlay350GeV_CDR)

algList.append(VXDBarrelDigitiser)

algList.append(VXDEndcapDigitiser)

# ...

¡ŗɼƉǫ ࣗࢉࡹ ࡹࡽࡱࡽ yȳʚƨǖɼŗʚǶȳǖ Ƕ�,óɄǒʚ ǶȳʚɄ �ƨ˦ࢅǫƨɱ ࣽ âțŚƉǶƕɄ bƨɼȳŚȳƕƨ˲ 6ƨƉțŗɼŗ ࡽࡹ
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K4MarlinWrappper

• in a transition phase algorithms developed in the new EDM4hep/Gaudi world can gradually replace 
older algorithms


• e.g. eventually one might want to replace track fitting with ACTS also for LC detectors


• some technicalities have to be address under-the-hood 


• see also next talk by T. Madlener

the vision: mix and match Marlin and Gaudi algorithms
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ACTS 

• ACTS tracking toolkit is the the current choice for track fitting 
(and finding !?) in Key4hep


• recently implemented interface to write out EDM4hep Tracks


• some discussion needed w/ tracking and ACTS experts 
on details of the tracking data model


• perigee vs. on-surface parameterisation …

a common tracking toolkit

P.Gessinger, CHEP 2023
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k4ACTS

• basic package infrastructure exists


• no real implementation of tracking example in 
key4hep yet


• some work planed at CERN (L.Reichenbach) in 
context of electron reconstruction w/ ACTS


• some examples for track fitting in ACTS w/ 
a DD4hep detector (OpenDetector) exist


• crucial is the interface to the tracking geometry


• ACTS has interface to DD4hep to extract 
surface geometry


• need to check compatibility w/ 
ddrec::Surface used in LC tracking

integration of ACTS in Key4hep

see also talk: K.Krizka on ACTS tracking for muon

collider later today
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ACTS for LUXE

• LUXE is a planned high field QED experiment at 
DESY


• colliding a strong laser with e- beam from EU-
XFEL


• LUXE will use the Key4hep stack


• implemented the rather simple tracker - 4 layers 
of Si-sensors in spectrometer setup 


• use of tracking geometry conversion provided 
by ACTS


• using CKF code from ACTS achieve good 
tracking efficiencies at “high” multiplicities


• ideal testing ground for ACTS integration in 
Key4hep - tracking geometry and EDM4hep    

Y.Chin Yapp, T.Madlener
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k4Pandora

• first implementation exists


• implemented by CEPC colleagues


• currently only targeted at CEPC


• uses old GEAR geometry description


• need to generalise for all future collider       
detectors that have a DD4hep geometry          
model


• should use ddrec::LayeredCalorimeterData classes 
consistently 


• work started/planed at CERN (S.Sassikumar):


• investigate PandoraPFA for LAr calorimeter 
reconstruction 


• add LAr calorimeter to CLD detector 

interfacing PandoraPFA to Key4hep
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k4Clue

• originally developed for CMS HGCal:


• fast clustering for high granular calorimeters - 
based on local energy density


• ported to Key4hep and extended to 4pi geometry


• dedicated tuning of clustering parameters for CLD 
and LAr ECal


• shows performance comparable to pre-existing 
dedicated algorithms


• versatile clustering algorithm for a variety of 
different calorimeter technologies

CLUStering Energy 

E.Brondolin, CHEP 2023
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Summary and Outlook

• Key4hep started as a new future collider community wide effort in 2020 to put 
together a modern turnkey software stack


• with growing community of users and contributors: CEPC, CLIC, FCC, EIC, 
ILC, LUXE, Muon Collider … 


• core tools: DD4hep, EDM4hep(podio), Gaudi


• reconstruction (and simulation/analysis) tools and algorithm from CEPC, FCC 
and the linear colliders included in Key4hep stack


• can run complete LC reconstruction w/ MarlinWrapper


• first genuine Key4hep/EDM4hep/Gaudi reconstruction algorithm start to 
become available (k4Clue, k4ACTS, k4Pandora,….)

• Key4hep project is the first time that such a large number of experiments develop a common software stack

• Progress crucially depends on contributing person power

• Now is a great time to get involved in contributing to Key4hep w/ (high level) reconstruction algorithms  



Frank Gaede, ECFA Reco Workshop 2023, 11.07.23 24

pointers to documentation

• Key4hep GitHub Project


• https://github.com/key4hep 


• Key4hep main documentation page


• https://key4hep.github.io/key4hep-doc/ 


• Doxygen available., e.g. for EDM4hep


• https://edm4hep.web.cern.ch/  

• iLCSoft Github Project


• https://github.com/ilcsoft

entry points to Key4hep

https://github.com/key4hep
https://key4hep.github.io/key4hep-doc/
https://edm4hep.web.cern.ch/
https://github.com/ilcsoft

