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From generation to analysis - the general workflow

- Many steps involved from
generating events to
analyzing them

- Hundreds of SW packages

- Building & deploying
- Consistency
- Reproducibility

Event Data Model: EDM4hep

Analysis

struction
Overlay
Digitization
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Vertexing
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- Key4hep aims at facilitating
interoperability and focuses
on common approaches
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Software Challenges for Future Colliders

- Future Colliders demand
unprecedented systematic

power

- VERTEX pulsing
impact parameter —
secondary vertex

Machine background Bunch structure
beam strahlung trains of ~1 ms at 5 Hz
conversions 1train =1312 X554 ns

uncertainties | corec s »uz%f::::w \
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triggerless
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- Experimental sources
- Theory predictions Lo L —

' {SE A T gy
- Detector concepts under active s

Jet separation [——. particle flow
development

- Multifaceted optimization problem J—/II .
T’L—g&‘ A EWJ

- Modular, flexible and
well-maintained software is crucial P ——
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Key4hep (simplified) overview
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- Consolidated several

existing SW stacks

- Supports full lifecycle

for future collider
studies

- Core components

- Detector description

- Event Data Model

- Event processing
framework

*Some testbeam related
SW not yet included



EDM4hep - The common EDM for Key4hep

| EDM4hep DataModel Overview (v0.99) ‘
: : . RawCalorimeterHit - ParticlelD : Data fo rm at a n d
SISO caousncinn [ cuotmateri-ge] SO vocabulary types for
CaloHltContnbutlon I i .
| — %\ interfaces
oo — | o
MCParticle : Ll P> ReconstructedParticle - Based on L.CIO and
- I
\ I /Z \ FCC-edm
| yTrackerHit = Track  yjartay TR
/ . S
sy " brackertitplane| <> Focus on usability in
RawTimeSeries | ~TrackerHitaD .
Monte Carlo TrackerPulse Reconstruction & reconstruction &
Raw Data | Digitization Analysis .
analysis

( podi o coue

eeeeeee P +3FF Jinja - Can easily be extended

edm&hep.web.cern.ch - Prototyping!

- Generated via podio
- Different I/0 backends

key4hep.web.cern.ch/podio
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https://edm4hep.web.cern.ch/
https://key4hep.web.cern.ch/podio

DD4hep - Detector description

- Complete detector description ddshep.web.cern.ch

- Geometry, materials, visualization,
readout, alignment, calibration, ...

- From a single source of information
- Simulation, reconstruction, analysis

- Comes with a powerful plug-in oremons
mechanism that allows customization
- More or less “industry standard” now
- FCC, ILC, CLIC, EIC, LHCb, CMS, ODD, ...
- () key4hep/kageo with many detector
models

- ddsim - standalone simulation
executable
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https://github.com/key4hep/k4geo
https://dd4hep.web.cern.ch/dd4hep/

Common Challenges in SW for HEP (and science)

- Non-trivial ecosystem of interacting
components

specific

- Modern computing resources are
evolving rapidly

- Programming paradigms for optimal
exploitation change

0S Kernel and Libraries

(Non-HEP specific) Utilization

generic

100%

4 Years of Microprocessor Trend Data

- Multithreadin . .
: .g el
- Cache friendliness L /'
- GPU programming p{PERE s
- Limited personpower available
- Sustainable SW development is vital Year 2020 2021 20222023 20242035
5 . . Total FTE 35 4 3.5 3.5 4 3
- Avoid loss of precious expertise PermanentFTE 0.1 0.1 01 06 05 03

FTEs working on core Key4hep components
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Accelerating the Whizard Event Generator

- Multi-purpose MC generator, LO & NLO S /l
- Main tool for ILC, CLIC (beam polarisation!) % . = f% ==
- Major tool for FCC-ee & MuonCollider w T
- Parallization via OpenMP and MPI ’ :{\.

- EPJC 79 (2019) 4, 344
- 20-50 x speedup

- Ongoing work for GPU- in e
UIEo g. BTOr Bl ofﬂpad 8 [ Finsizaton | o {Tahmeis b
- Matrix-element evaluation & phase-space === % ) ey
integration . nchronization] e BB
. o . S=EgE | A
- Exploring application of ML techniques é ﬁ = % RS
- Invertible Neural Networks (INNs), W e
Normalizing Flows See also: J. Reuters talk @ LCWS 2024
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https://link.springer.com/article/10.1140/epjc/s10052-019-6840-2
https://agenda.linearcollider.org/event/10134/contributions/54512/attachments/39741/62756/202407_LCWS_WHIZARD.pdf

Key4hep approaches to SW challenges
- Foster collaboration by establishing O AVA @
common standards :

, 0 tests failed out of 109

- Data formats, build system, package
manager, ...
- Follow modern SW engineering practices
- Including (automated) tests
- Version control everything
- Open source, permissively licensed

Total Test time (real) = 1.16 sec

Class podio:Frame

- Write documentation

- Make it easily citable
- Automate, automate, automate

- Continuous integration & deployment
(CI/CD) pipelines
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5 years of Key4hep experience

- Initially started by ILC, CLIC, FCC & CEPC
- Now also used (partially) by MuonCollider, EIC & LUXE
- ~ 500 packages built and deployed via /cvmfs — Stewang | CCBY

- Reaching consensus and community building require work

- Sharing burden allows to reap benefits *a‘
+ ECFA report
- FCC Feasibility Study m

- New detector concepts

How STANDRRDS PROLIFERATE
(56 AIC OHARGERS, RGOS, TN MESSAGIG, m)

- Community appreciation does not necessarily 7 Datoos:
imply better funding

STUATION: || SEUNERSAL SO0 || imupaTion:

TEREARE || use cases, Ysan THERE ARE

14 COMPETING N O 15 COMPETING
STANDPRDS,

R
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- Fruitful approach to SW development

xked. com/927



https://cds.cern.ch/record/2920434
https://cds.cern.ch/record/2928193
https://www.flickr.com/photos/stewart/99129170/
https://creativecommons.org/licenses/by/2.0/deed.en
https://xkcd.com/927/

- Future collider studies require well maintained, yet flexible software

- Many challenges for sustainable software development in HEP (and sciences
in general)

- Key4hep project aims at providing a software stack for all projects

- Very successful in bringing communities together and focusing on common
approaches

- De-facto standard for all future collider project studies by now

- Possible blueprint for similar efforts in other areas of DESY or outside of HEP
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Keyhep releases and nightlies

- (Rolling) latest release of the complete Key4hep software stack
- Full stacks for AlmaLinux9, Ubuntu22.04, Ubuntu24.04
/cvmfs/sw.hsf.org/key4hep/setup.sh
/cvmfs/sw-nightlies.hsf.org/key4hep/setup.sh

- Documentation
Ubuntu 22.04 detected
Setting up the latest Keydhep software stack from CVMFS

M |<ey4hepg|th U b|O/ |<ey4hep’doc Note that you are using the latest stack, which may point to a newer stack in

the future

. |ncludes tuto I’IalS & HOW_tOS Use the following command to reproduce the current environment:

source /cvmfs/sw.hsf.org/keydhep/setup.sh -r 2024-04-12

¢ Release ea rly and release Often If yﬁu ZEve l2ny ;ssues Eomments or requests, open an issue at https://github.

- Make fixes available early
- Discover problems and collect feedback as early as possible

- Biweekly, alternating meetings for Key4hep & EDM4hep
- indico.cern.ch/category/11461/
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https://key4hep.github.io/key4hep-doc
https://indico.cern.ch/category/11461/

Spack for Key4hep

- Spack is a package manager

- Independent of operating system
- Builds all packages from source

- Originaly developed by the HPC community
- Emphasis on dealing with multiple configurations of the same package
- Basic building block is a formalized build procedure — spack recipe

- Build instructions, dependencies, versions and location of source code
- ~ 8000 packages currently available from spack
- Many Key4hep packages in () keyshep/key4hep-spack

- The whole Key4hep software stack can be built from scratch using spack

spack install key4hep-stack
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https://spack.io
https://github.com/key4hep/key4hep-spack
https://spack.io

Spack recipe

class Evtgen(CMakePackage): B u I I,d SySte m

"""EvtGen is a Monte Carlo event generator that simulates
the decays of heavy flavour particles, primarily B and D mesons."""

homepage = "https://evtgen.hepforge.org/"
url = "https://evtgen.hepforge.org/downloads?f=EvtGen-02.00.00.tar.gz"

Where to find source code

tags = ["hep"]
maintainers = ["vvolkl"]

version("02.00.00", sha256="02372308e1261b8369010538a3aa657e60728ab3437ch64b224dac7313deb719")
# switched to cmake in 02.00.00 . o
versiong Available versions
"91.07.00",
sha256=""2648f1e2be5711568d589d20797227589c283a2960390bbdb8d9d7f71bcoce14",
deprecated=True,

variant("pythia8", default=True, description="Build with pythia8")

variant("tauola", default=False, description="Build with tauola") va r|a nts / b u | [d Opt'o nS
variant("photos", default=False, description="Build with photos")

variant("hepmc3", default=False, description="Link with hepmc3 (instead of hepmc)")

patch("g2c.patch", when="@1.07.00") O n _th e_ﬂy patch eS

patch("evtgen-2.0.0.patch", when="@02.00.00 "pythias@8.304:")

depends_on("hepmc", when="~hepmc3")

depends_on("hepmc3", when="+hepmc3") D e pe n d e n C | eS

depends_on{"pythiag" when="+pythiag")
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podio supports different I/O backends

Default ROOT backend
- Effectively flat TTree / RNTuple
- Files can be interpreted without
EDM library(!)
Can be used in RDataFrame
(FCCAnalyses) or with uproot
- Also with Julia
Adding more I/0 backends is
possible
Alternative SIO backend exists
- RDataSource for better
RDataFrame integration

Generated interfaces provide many
“convenience features”

B partice ReconstructedParticles.energy
i —
X _Particle_ughters 108 'S"‘Zasev ?2722
A ParticlelDs
§k _ParticleIDs_parameters 10°
A Photon_obiltx
§& Proton_lsolatiorvar 10"
A ResonstrustedParticles
5% ReconstrustedPartioles type 10t
%% ReconstrustedPartioles eneray
%% ReconstrustedParticles momentum % 10

%% ReconstructedParticles momentum y
%% ReconstructedParticles momentum 2 |
3% ReconstructedParticles referencePointx 20 oy )
% ReconstructedParticles referencePoint
X% ReconstructedParticles referencePoint 2
- R ReconstructedParticles.charge
-4 ReconstructedParticles. mass
-4 ReconstructedParticles. goodness0fF ID
4 ReconstructedParticles covMatrix[10]
&% ReconstructedFarticles clusters_begin
4% ReconstructedParticles. clusters_end
~ 4% ReconstructedParticles. tracks_begin
% ReconstructedParticles tracks_end
% ReconstructedParticles particles_begin

|
80 100
ReconstructedParticies.energy

Collection

o] |

% ReconstructedParticles particles_end
% ReconstructedParticles particle|Ds_begin
% ReconstructedParticles particle Ds_end
B @size

A4 _Reconstructed Particies_clusters

X _Reconstructed Particies_tracks

A4 _Reconstructed Particies_particles

4 _Reconstrusted Particies_particleDs

24 _Reconstructed Particies_startverten

24 _Reconstrusted Particies_particleiDUsed!
A rackerHits

4 TrackerHits_rawHits

AP ARAMETERS

1/0
Backend
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https://github.com/peremato/EDM4hep.jl

kaMarlinWrapper

- Wraps Marlin processor in a Gaudi algorithm and allows to run them
unchanged

- Automatic, on-the-fly conversion between LCIO and EDM4hep

- Allows to “mix and match” existing reconstruction algorithms with new

developments
- Working horse for many FCC full simulation studies at the moment

Next alg.
algorithm e.g. ACTS

— A

LCIO2EDM4hep
converter

Prev.

MarlinProcessorWrapper
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