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A journey in HEP computing recent developments

Travel

Where we are ?

What's next ?

A changing environment: challenges and opportunities
What we would like to do better ?

Ongoing efforts

Quite a wide subject, impossible to give justice to the huge amount of work done

An invitation to dig more and to participate to the adventure !
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Data processing and analyses at the LHC

Triggers

@ — |IN2P3 — @' Tackling the computing challenge Sabine Crépé-Renaudin 21/04/2026 4

GRENOMIE | MODANE



Data processing and analyses at the LHC
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Data processing and analyses at the LHC
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Complex set of components

Infrastructure and Hardware
Triggers
WLCG grid
grid sites : CPU, storage disks and tapes
network
local analysis platforms/laptops

Middleware/interware and databases
Data management and distribution: FTS, xrootd,
webdav, DDM, Rucio, DIRAC, ...

Computing task management : Panda, DIRAC, ...

Software distribution: CVMFS

Databases: conditions database, detectors,
softwares, datasets, sites etc

Monitoring : sites, computing tasks, storages,
transfers, networks

Communication, tickets systems: GGUS, JIRA

mmmmmmmmm

Softwares
Trigger
MC generation
Simulation
Reconstruction
Analyse
Monitoring

10s millions of code lines

Skilled people

for all the components
technicians, engineers and physicists
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Tackling the computing challenge
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dCache

' XRootD
GCTA

N~= (Tape Archive)

S
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(File System)

(@CVMFS

= (Software Distribution)

CRID

(Information System)
S

OFT
(File Transfer System)

*RUCIO

(Data Management)

ODIRAC

(Workload Management)

IAM
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http://rucio.cern.ch/
https://panda-wms.readthedocs.io
https://mardirac.in2p3.fr/i
https://cernvm.cern.ch/

Data processing and analyses at the LHC
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+ storage

Continuous improvements Eam— e

. , improvement,
hierarchical fapeisa0e
+ a lot of P g

changes inside

Full Software
trigger ex LHCDb
FPGA GPU CPU

+ HPC
S = =T T ——T T + Clouds

~ 11000 Nt duplex DAQ bk (Versative Link / GBT @ 4.6G. 300 m) l contro ks

DAQ cards

Event Builder + HLT1|
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Continuous improvements

DAQ cards

Event Builder + HLT1|

Also a lot of evolutions in all the softwares i-
=> continuous effort to adapt to hardware (multiprocessor, multithreaded) :
=> continuous improvement on performance :

Tackling the computing challenge

Full Software
trigger ex LHCDb
FPGA GPU CPU

+ storage

- management
SO 5 09 (e improvement,
hierarchical tape usaage
+ a lot of 2 0

changes inside

+ HPC
+ Clouds

Generation T
Simulation R
Reconstruction

Storage Analyses

Analyses

Sabine Crépé-Renaudin 21/04/2026 10



Scal | ng Wlth tl me: Com putl ng 1e10  CPU Delivered: HEPScore23 hours per month

- Energy crisis 2022/23
[ ALICE \
Evolution of computing requirements o B ATLAS
HS23 unit = HEPScore23 M5

EEm LHCb

1 recent core ~10HS23 => 1.5 million cores 08 -
New benchmark deployed to better account for heterogeneous e
resources '
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Scaling with time: storage

Total: ~ 3 Exaoctets data stored : disk + tapes

Monthly volume of data archived at the TO (PB) — since LHC started I Run-3 Disk naacs (TB) comparsd o Fist Eudget Scenerics
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Faster and faster: data stored at CERN

> 1000 PB

Time
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Constantly evolving analysis techniques

Use of Al increasing
Signal/background noise separation, particle identification: BDT widely used since the 1990s
take a increasingly important place at all levels

photon vs jet ? Higgs candidate?
Simulator é#f:w N u
RAW | Clusters | Particles | Event level ~ Analysis level > g
inference inference o
o

3l
» | Detector level inference

Development of Al to accelerate simulation (digital twins, surrogate models), for selection, reconstruction, accelerator control,
triggering and online analysis
Use of various Al techniques: (BDT), conventional NN, variational autoencoder, Graph NN, DNN, generative adversarial NN
developments to adapt them to our specific requirements: large data sets, highly accurate simulations

collaborations with Al researchers
implementation on CPU, GPU or FPGA

@ — IN2P3 — @SC” Tackling the computing challenge Sabine Crépé-Renaudin 21/04/2026

mmmmmmmmm

14



with some important gains

Examples : flavour tagging
GN2 state-of-the-art jet flavour tagging algorithm,

> ' ' | | ) i i I | |
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Future challenges: the HL-LHC " arenere!

20 22 1 ) ) ) 2 0 ) 0 e ) ) ) e i
L-LHC: a new phase of data

13TV _ 136TeV _ 136-14Tev 13.6-14_TeV
accelerators and detectors S R 1
Pile-up ~20 Pile-up ~35 Pile-up ~45 Pile-up ~ <140 Pile-up ~ < 200
u p g ra d e S Trigger ~1 kHz Trigger ~ 2 kHz Trigger ~ 4k Hz Trigger ~10 kHz Trigger ~10 kHz
29 fb-1 156 fb-1 ~350 fb-! ~900 fb-1 ~3000 fb-!

a tenfold increase in the number
of collisions

much larger collision pile-ups
more and more complex data

"7 N

ATLAS

EXPERIMENT

plle up =5
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HL-LHC computing challenge

Data throughput at HL-LHC

from detectors o

LHC: 100 GB/s => HL-LHC 1-15 TB/s HooEe

Running time : S5Ms/year 1.00E+06

Data volume: 5-50 EB/year R
Drastic reduction required at trigger level g |

Expected throughput from CERN to Tiers1 = § 10008

4.8Tb/s ! 2 1006403

Also an analysis challenge

LHC run1-2 HL-LHC run
analysis dataset 10 TB 1000 TB o
used ressources laptop analysis facility

Tackling the computing challenge

uuuuuuuuu
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HL-LHC computing needs

Needs multiplied by 10

Experiments will collect exabytes of data each year
Significant investment in R&Dneeded to meet the challenges while staying within budget and energy constraints

Actually, R&D continuously progressing

2022 estimates

ATLAS

Annual CPU Consumption [MHS08years]

CMS
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2022-005/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults

The result of continuous efforts

HL-LHC computing resource needs evolution
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2015 projections: resource
needs = 10x more than
budget allows

2022 projections: resource

needs compatible with
budget (optimistic scenario)
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https://indico.jlab.org/event/459/contributions/11499/

HL-LHC computing needs

Needs multiplied by 10

Experiments will collect exabytes of data each year
Significant investment in R&Dneeded to meet the challenges while staying within budget and energy constraints
Actually, R&D continuously progressing: the graphs below have already benefited from R&D efforts in previous years

2022 estimates
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CMS
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2022-005/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults

A large set of challenges to tackle !

Resources and organisation
Grid: most of possibilities already studied and a lot already in use

datalake: big sites with storage and possibly of lighter site with only cache

+ play with quality of storage to avoid duplications
data carousel = organize data on tape to use it for reprocessing to save
disk (tape ~cheaper)
site will have to adapt to new technologies when needed
prices servers + fluids ?
cooling GPU is not cooling CPU...
minimize PUE
access to HPC ressources: already used, good idea to increase the
use ?

Analysis facility
how to do analysis on 1PB of data ? ( run 1-2 typical dataset was
size 10 TB)
Current workflows do not scale:

disk/tape are limited/expensive and analysis data are projected to occupy

~30% (ATLAS model)

mmmmmmmmm

Tackling the computing challenge

Interware and databases

what will be the interplay with others experiments/fields
extending to different type of ressources (HPC cloud) and other
science

Softwares: the greatest potential for improvement
a lot’s of past and ongoing work
at all steps from generation to reconstruction, performance and
analysis
possible gains with new hardware (FPGA, GPU) ?
what stability with time ? what efficiency ?

use of IA
Table 6. SLOCCount measured lines of source code for ATLAS and CMS.
Experiment Source Lines of code Development effort Total estimated cost to
Type (SLOC) (person-years) develop
ATLAS 5.5M 1630 220 M§
CMS 4.8M 1490 200 M$
Geant4 1.2M 330 45 M$

Human resources

adaptation, training, recognition
competition wrt private sectors

Sabine Crépé-Renaudin 21/04/2026 22
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Growing computing needs

In our research fields

Several experiments have or will have non negligible computing
needs in the near future : DUNE, Belle Il, JUNO ~ 10% LHC
Also in astro-particle and cosmology: Vera Rubin/LSST, CTA,
KM3NET, Euclid, ET and SKA and multi-messanger approach
Nuclear physics: dynamic structuration ongoing, EuroLabs,

FAIR, EIC, Lattice QCD...

In other research fields and in society

Importance of data growing everywhere: improved technologies

- ST

VERA € RUBIN  (noory ey arioves ave Tme

The final LSST 10-yoar sky map will be like The Rubin Observatory's total data holdings will start (after DR1) at ~40
having ~3 million of these, tiled over the entire PB and grow to ~200 PB over the 10-year LSST.
southern sky.

B Catakg Daatase
I Pasquet Tables
Co-actn Images
W Procossed mages
B Raw mages

Potabytes

KM3NeT Tier-1 requirements

Towards the full infrastructure

Computing Storage
16 00

easier to use and computing ressources more easily available, e T

developments of Al etc

Internet Traffic
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https://www.itu.int/itu-d/reports/statistics/2023/10/10/ff23-internet-traffic/
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Tackling the computing challenge
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Annual Data volumes through the systems
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https://indico.cern.ch/event/1203733/contributions/5110141/attachments/2542055/4376827/DUNE_Computing-2022-11-07.pdf
https://indico.cern.ch/event/1377701/contributions/5900678/attachments/2837948/4959790/hepix042024_km3net_mbouwhuis.pdf
https://indico.cern.ch/event/1203733/contributions/5110140/attachments/2542976/4378576/Rubin-USDF-IRIS-HEP-2022-11-07.pdf
https://www.skao.int/en/explore/big-data
https://indico.jlab.org/event/459/contributions/12503/attachments/9669/14097/Data%20Management%20in%20Astronomy%20CHEP23%20Bolton.pdf
http://www.apple.com/fr/
https://indico.jlab.org/event/459/contributions/12497/attachments/9513/13794/CHEP2023-HaiyanGao.pdf
https://repository.uwc.ac.za/bitstream/handle/10566/7611/taylor_big%20data%20research%20infrastructure_2021.pdf?sequence=1&isAllowed=y
https://repository.uwc.ac.za/bitstream/handle/10566/7611/taylor_big%20data%20research%20infrastructure_2021.pdf?sequence=1&isAllowed=y

Artificial Intelligence

Use of Al since decades in HEP

signal/background separation, particle
identification, multivariate analysis... ex
BDT widely used since 90’

Modern Al and computing

ressources allow new usage
generative models, unsupervised
classification, low latency inference,
transformers
CPU, GPU, FPGA implementation
Al assisted code generation
Al usage and developments at all
stages of computing in our fields

mmmmmmmmm

Detector level inference

ML Publications in Science
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Same but fast for DAQ/Trigger on GPU/FPGA : Fast Al ....
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Hardware costs
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Increase of WLCG ressources within flat budget
WLCG model relies on decrease of CPU, disk and tape cost => need ~15% increase of
ressource every year for same budget to fulfil experiments needs
Works well since beginning of LHC (one exception in 2017 with the outstanding

performance of LHC)

Observed average ressource increase in last 5 years (several countries report the

evaluation)
in the last years

CPU: +14%lyear, disk: +15%/year, tape media: +20%/year but no more true

Decision in 2025 to change the base of our computing model and go from 15 % to
10% for CPU and tape and 5% for disk

Start to follow up GPU

Trend in GigaFLOPS/USD is favourable for video games but flattened for HPC cards price
Very volatile markets, long procurement times (52+ weeks of delivery time). High demand

worldwide (AlI/ML/ChatGPT)

(CHEF/TB) Tape media price evolution

- LTO street prices, without VAT
- CERN purchase prices

LTO price/TB improvement rate: about a factor 1.2 per year

=
\__/—\
:
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[time]

FP32 GFlops per § for Nvidia high end gaming (GTX), Quadro and HPC cards
Release date prices

[FP32 GFlops/$]

100.00

1.00
pres / WPC Cards

Error bars at the 10% levd
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And this was before end of 2025...

Price evolution since end of 2025

Solid State Drive - M.2 NVME 2 TB (Average price in EUR over last 18 months)

DDR4-3600 2x32GB (Average price in EUR over last 18 months)
RAM ~x3 ou 4 SSD ~x 2
* Amazon pricing is not included in price trends graphs.

* Amazon pricing is not included in price trends graphs.

@ — IN2P3 — @

Intel Core i5 Alder Lake (LGA1700) (Average price in EUR over last 18 months)

CPU ~+ 25%

* Amazon pricing is not included in price trends graphs.
Tackling the computing challenge

Sabine Crépé-Renaudin
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WLCG: last RRB

Balance [%] 2026 Computing resources: (Pledged - RRB_Aproved) / RRB_Approved

2026 Ressources ATLAS CMS ALICE LHCb Total
. CPU 0 0 0 0 0
start to see tension o ek 0 0 0 o o
was forecast beginning of autumn Tape 0 0 0 0 0
before price big increase CPU : 6 -13 -14 -3
Tierl Disk 0 -6 -14 2 -4
Tape 0 -7 1 -3
- CPU 3 -3 -3 2
Disk -1 -1 -16 -4
ATLAS CMS ALICE LHCb Total
CPU 4% 0% -4% -8% 0%
Disk -1% -7% -2% -3% -3%
Tape 0% -3% 0% 4% -2%
@ — IN2P3 — @ Nouvelles Calcul et Données - CDU IN2P3 Sabine Crépé-Renaudin 16/12/2025 28
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Hardware evolution

Computing architecture evolution

Moore’s Law: transistor density still doubles every two years
Clock speed stalls since 2000 too much power used
Dennard’s scaling: power used by silicon device is
independent on the number of transistor but proportional to
the transistor area

New processors

GPU: multi-core servers with co-processors and complex
memory configuration
in 2023 70% of Top500 machine power is from accelerators
power consumption controlled
multiple competing infrastructure and different programming
langage
non-x86 CPU architectures share increasing (AMD, ARM)
more energy efficient than x-86 CPU
HPC FUGAKU is based on ARM

Consequences

evolution towards more parallelism
evolution towards heterogeneous system

Next revolution: Quantum Computing

@ — mners — KPSC
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50 Years of Microprocessor Trend Data

T T ! T

7 L i
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10* F | (SpecINT x 10%)
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10 =L, : : ‘\’ Logical Cores
100 X B mmmoo eed T

| 1 | i ! Parallelisation
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp

https://github.com/karlrupp/microprocessor-trend-data?tab=readme-ov-file

Accelerator performance share in Top 500 o CPU share
r——\/'_' s 1 1 § § 1§
80%
0% — — 1 1 1 1
60%
CPU so% - u — - —
40% — — 1 - 1 —
0% — — — - 1 —
20% — —
10%
0%
2020 2021(n 202z2(n 2023(n 2024(n 2025(n
Intel 88.9% 85.3% 79.5% 774% 74.1% 72.0%
- - - - - - = AMD 10.1% 11.2% 14.3% 15.2% 16.3% 17.4%
- . B -— e ol =Arm and others  3.0% 35% 6.2% 7.4% 96% 106%

https://www.digitimes.com/news/

https://www.top500.org/statistics/overtime/ a20211007GS400.html&chid=2
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Heterogenous resources

HPC

Huge investments of countries in HPC machines, entering
exascale area
Challenges

very heterogeneous in hardware and policies

mostly GPU now

not generally suited for data-intensive processing

also a network issue !
security policies

Commercial clouds

Clouds flexible, large ressources available
Challenges:
interfaces
networking
procurement, economic model and vendor locking
Cost effectiveness ? potentially interesting for special tasks or
peak needs

@ — IN2P3 — @' Tackling the computing challenge

mmmmmmmmm

Different hardware
CPU, GPU, FPGA, ASIC
Vendors: Intel, AMD, ARM, Power, NVIDIA
and different programming libraries !

Need portable code
Portability libraries with abstraction layer to hide
the backend implementation and use their
parallelism efficiently

Lkokkos (giwa
al™~aka

Sabine Crépé-Renaudin 21/04/2026
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Sustainability

Paris agreement goal

Zero emission around 2100 => -50% by

2030

To get the 50% in 2030 you have

equivalently
to expand CO2 free energies by a factor 12
to increase energy efficiency by a factor 2
to save energy by a factor 2

We are big consumers

lllllllll

Tackling the computing challenge

(MWh)

100 GERN's energy consumption

. LHC

SPS

. PS complex

Site infrastructure

1000 000 - ---

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

CHEP 2023

The CERN energy consumption is ~1.25TWh/year
during LHC runs

The CERN IT infrastructure contributes <5% in average
CERN provides ~20% of the WLCG resources

Sabine Crépé-Renaudin 21/04/2026
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https://indico.jlab.org/event/459/contributions/11499/

Estimating the WLC

Distribution of power

G energy footprint for HL-LHC

Simone Campana CHEP 2023

Power Usage
Effectiveness (PUE) of
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GWh and GWh/fb-1 estimation for WLCG
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https://indico.jlab.org/event/459/contributions/11499/
https://indico4.twgrid.org/event/25/contributions/1211/

Initiatives to decrease our computing footprint

First measures
Understand our current and future footprint and reduce everywhere as soon as we know how to do it
reduce use of older nodes
first study to reduce footprint: compare processors, decrease CPU clock speed when bad electricity footprint in country where
it matters
when to renew servers: depends on the energy mix of you country

WLCG environmental Sustainability workshop (Cf Indico)
First conclusions

Benchmarking: include storage and potentially networking, which are significant contributors to energy consumption.
Physics per Unit of Energy Metric: define a metric for "physics per consumed unit of energy" and its implications for the
evolution of computing models
Facilitating the Adoption of Heterogeneous Architectures: identify ways to support experiments in adopting new
technologies, including GPUs and other heterogeneous architectures. This includes access to resources for development,
profiling, and validation

Next: sustainability conference for responsible research computing in May
https://indico.cern.ch/event/1526482/

@ — IN2P3 — @SC’ Tackling the computing challenge Sabine Crépé-Renaudin 21/04/2026
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Open science

Objectives
Public research => knowledge has to be
shared back
Data and analysis preservation
Quality and reproducibility
Allow reuse or new usage => new science
valorisation

@ _ IN2P3 — kPSC
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Tackling the computing challenge

Open
publications
data

software
hardware (CERN
specificity)

Sabine Crépé-Renaudin
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FAIR Data is also good practice

Open and FAIR data

FAIR = findable, accessible, interoperable, reusable

does not just mean opening up data to the outside world

but also good practices for data management throughout the entire cycle:
collecting high-quality data =» describing it with rich metadata
identifying it (not just with a DOI) and referencing it =» storing it in reliable storage
facilities
process and analyse it =» delete, clean or archive it =» open it... or not

software is part of the process and is also a type of data that follows the same

rules: it must be referenced, versioned, stored and opened (if the conditions are

met) + licence

the data and the corresponding software must be associated

Consequences
Well-referenced data and software with well-defined metadata facilitate
high-quality processing and analysis and enable checks, reproducibility,
sharing and reuse to avoid duplication.
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Open Science in HEP: a long story

Article/Data SCOAP3: Open Data
WWW linking OA Policy 90% OA Policy
mm—— 3 I'XiV 2 SCOAP?
—— 4
1991 // 2018 A
4 T
(=) Rnaiysis
Preservation
open harduare Ooreana
Open Launch Reuse and Open Science
Hardware Open Data Reproducability Policy  |ink
License V1.0 Portal Framework

@ — IN2P3 —
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S. Dallmeier-Tiessen | CERN OS Policy
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https://cds.cern.ch/record/2835057/files/CERN-OPEN-2022-013.pdf

Publications

SCOAPS3 agreement

https://scoap3.org/
Partnership between 3,000 libraries, research
organisations in 44 countries and 3 intergovernmental

6,500 articles/year
New => books: https://scoap3.org/scoap3-books/

@

N
E}@ SCOAP°

organisations (CERN, IAEA, JINR)

Agreement with leading particle physics publishers for

open publication at no cost to authors

7 editors, 11 journals
Copyright belongs to authors and CC-BY licence

Covers approximately 87% of scientific output

IN2P3

Sabine Crépé-Renaudin

iINSPIRE @+

INSPIRE-HEP

INSPIRE (http://inspirehep.net/) : trusted community hub that helps researchers to
share and find accurate scholarly information in high energy physics.

Information platform for HEP community, comprising 8 interlinked databases on
literature, conferences, institutions, journals, researchers, experiments, jobs and
data.

CERN, Fermilab, IHEP, IN2P3, TIB collaboration

SLAC and DESY were pioneers and had important contributions but quit !
DESY partially replaced by TIB
Looking for new partners: INFN, UK...

Serves the scientific community for almost 50 years
previously known as SPIRES
first website outside Europe and the first database on the web.

Close interaction with the user community and with arXiv, ADS, HEPData, ORCID,
PDG and publishers is the backbone of INSPIRE’s evolution.

Journée des données ouvertes IN2P3 17 décembre 2024 38
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SCOAP3 agreement INSPIRE-HEP

https://scoap3.org/
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INSPIRE (http://inspirehep.net/) : trusted community hub that helps researchers to
share and find accurate scholarly information in high energy physics.

Information platform for HEP community, comprising 8 interlinked databases on
literature, conferences, institutions, journals, researchers, experiments, jobs and

Ing particle physics publishers for dital
‘cation at no cost fo authors CERN, Fermilab, IHEP, IN2P3, TIB collaboration
- {ediors. THjoumals SLAC and DESY were pioneers and had important contributions but quit !

DESY partially replaced by TIB
Looking for new partners: INFN, UK...

Copyright belongs to authors and CC-BY licence

Serves the scientific community for almost 50 years
Covers approximately 87% of scientific output previously known as SPIRES
first website outside Europe and the first database on the web.

6’500 amCIeS/year Close interaction with the user community and with arXiv, ADS, HEPData, ORCID,
New => books: https://scoap3.org/scoap3-books/ PDG and publishers is the backbone of INSPIRE’s evolution.
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INSPIRE (http://inspirehep.net/) : trusted community hub that helps researchers to
share and find accurate scholarly information in high energy physics.

Information platform for HEP community, comprising 8 interlinked databases on
literature, conferences, institutions, journals, researchers, experiments, jobs and
data.

Ing particle physics
Ication at no cost
- 7 editors, 11 jo

CERN, Fermilab, IHEP, IN2P3, TIB collaboration

SLAC and DESY were pioneers and had important contributions but quit !
DESY partially replaced by TIB
Looking for new partners: INFN, UK...

Serves the scientific community for almost 50 years
previously known as SPIRES
first website outside Europe and the first database on the web.

o of scientific output

amCIeS/year Close interaction with the user community and with arXiv, ADS, HEPData, ORCID,
New => books: https://scoap3.org/scoap3-books/ PDG and publishers is the backbone of INSPIRE’s evolution.
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srmilab, IHEP, IN2P3, TIB collaboration
SLAC and DESY were pioneers and had important contributions but quit !
DESY partially replaced by TIB
Looking for new partners: INFN, UK...

Serves the scientific community for almost 50 years
previously known as SPIRES
first website outside Europe and the first database on the web.

o of scientific output

amCIGS/year Close interaction with the user community and with arXiv, ADS, HEPData, ORCID,
New => books: https://scoap3.org/scoap3-books/ PDG and publishers is the backbone of INSPIRE’s evolution.
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Open data in HEP

of open data from particle physics!

.

CERN Opendata portal e
https://opendata.cern.ch/ _— ) W
different goals: education, research - e

Analysis: HEPData and Rivet toolkit
https://www.hepdata.net/
Repository for publication-related High-Energy Physics data @ H E pData
recommendations for analysis

Rivet toolkit: https://rivet.hepforge.org/ Repository for publication-related High-Energy Physics data

DPHEP Collaboration

i => : - :
data preserva’Flon htto.//d.oheo.orq o OE XEODIF 200 2012 2015 2023
last collaboration workshop in March 2026: indico o< B B Eleesin Collaboration Moy Decade report
p——— arXiv:0912.0255 arXiv:1205.4667 arXiv: 1512.02019 arXiv: 2302.03583

LEP experiment and data (re)analyses =4 g SLAS . -

LHC Opendata N I — mrmeerme | s

data preservation organisation ﬁ T

(1 = SRS
data preservation in experiments and technical solutions S e— )
new tools http://dphep.org o et
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. Recommendations for Best Practices for Data
O d t H E P Preservation
p e n a a I n and Open Science in HEP

Simone Campanal, Irakli Chakaberia?, Gang Chen®
Cristinel Diaconu®®, Caterina Doglioni®, Dillon S. Fitzgerald”

Main news
Recommendations for Best Practices for Data R e
Preservation and Open Science in HEP

https://arxiv.org/abs/2508.18892v1

Fazhi Qi%, Salomé Rohr!, Stefan Roiser!
Thomas Schorner'®, Ulrich Schwickerath', Elizabeth Sexton-Kennedy'?
Scema Sharma'®, Tibor Simko', Michacl Sparks®
Graeme Andrew Stewart'®, Nicola Taroceo!, Giacomo Tenaglia®
Gustavo Valdiviesso'”, Antonia Winkler?":! Christoph Wissing!®

[l _Executive Summaries|
(1.1 Executive Summary for Host laboratory] . . . . . .. ..
[I.2° Executive Summary for Experiment management| . . . .
(1.3 Executive Summary for Home institute|. . . . . . .. ..
(1.4  Executive Summary for WG leaders) . . . ... ... ..
(1.5 Executive Summary for Funding agency| . . . ... ...
[1.6  Executive Summary for Tool developers . . . ... ...
[1.7 Executive Summary for Analysts| . . . ... ... ...,
[1.8  Executive Summary for Data management|. . . . . . . .
[1.9  Executive Summary for Open data group| . . ... ...

LHC Opendata
Run 1 released
~ 25% run2 released

508.18892v1 [hep-ex] 26 Aug 2025

ATLAS released 2.7B events of event generation

He P Data Scenario A - Minimum Requirements for Analysis Preservation
Scenario B - Approximate Re-interpretability
all ATLAS exotic ana|yses Scenario C - Maximum Re-interpretability

Minimum for a search to be re-useable

Not necessarily enough for strict combinations... but good enough for
many analyses (especially searches)

Best case - aims to provide maximal information for reinterpretations.
Should be gold standard for precision measurements
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QA

Software v d,

Y ft '
<> <> Software Heritage
L\qA‘Z\ THE GREAT LIBRARY OF SOURCE CODE
. A\
Software needs also good practice
quality
documentation - .
deployments Software sky (image: Software Heritage very large telescope)
forge Ratio of commits by world zone over the 1971-2020 period. - _ o I ‘ s
licence i Kot e EAcehrol Gy Over 50 Yoars. MR 2022 g 140 rof10. 145, 3574843 3570871
archiving => Software heritage ' = s Anercs I pRE
Open Source/free software =“" O
Software Heritage = .
J , HTTHIT Il ="%% Software Heritage
Open SOftware arChlveS : ) £yolution of programming languages -Ev.ul:t:n-of Number of Objects p;:"iecaRr[AT ittt
allows also to study software evolution: 75% of software ‘
without licence
%10*
Structure for help i
Open Source Program Offices (OSPOs)
CERN https://opensource.web.cern.ch/
start to be deployed ex GRICAD Grenoble https://ospo- | e | e | we e @'“’*f-:*.?%
uga.sciencesconf.org/ B R D e e R TR A e e e e e ek

Work on developments of software management plan

R.Di Cosmo  roberto@dicosmo.org  (CC-BY 4.0) Academic OSPOs in France 23/09/2025 6/20
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Preparation of HL-LHC

LHC experiments
ALICE and LHCb have updated their computing model for run 3
planning now for a Run5 upgrade, not yet approved
ATLAS and CMS are preparing the computing infrastructure for HL-LHC
data challenges => DC24: target 25% of HL-LHC needs including the 4 LHC experiments + Belle2 + DUNE
New monitoring + Token AAI tested
2026 the year for writing
CMS’s Computing Conceptual Design Report (Computing CDR)

ATLAS’s Computing technical Design Report (Computing TDR)
to be reviewed by LHCC

WLCG
2026 also the year of WLCG Technical Roadmap
Technical Coordination Board
to manage the Technical Roadmap process (group appointed by the WLCG MB, includes experiments, sites and tool
stakeholders)
Open Technical Forum
open discussion forum to discuss technical aspects of the WLCG computing
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CMS preview

CMS Resource Projection Study for HL-LHC: January 2026

T T T T T T T T T T T T T T T ! ! ! ! ! ! ! ! ! ! ] J 12000 _(I_ZI:IISTPreIiminary
e / CMS Preliminary otal Tape
50000+ %tMa?Cﬁ’rﬁhmmaW 2000+ Total Disk "l‘ — q 10000} —=~ Nominal
- oo al i Fs :o: R&D Sc::::l: *H :/G:U)
B soooof | teimmtems . [EEmme. DATIEHETI] B o) & Hoimmieny
".>1‘ -~ R&D Scenario (H+M' w/GPU) E 1500 - ::: ::g ::::::: ::‘::"’:’S;’:;U) // / ‘.j.. EEVE g ‘T €235 2021 WLCG proj.(10 to 20% annual increase)
o~ ?,: ?:ffﬁ'é‘é':ﬁf(.’;?: :ﬁmm increase) = 303 2021 WLCG proj.(10 to 20% annual increase) L7 ":" % S 2025 WECC pmi 5 to 1% annusl increase)
% 30000} 55 2025 WLCG proj.{5 to 15% annual increase) 0 S99 2025 WLCG proj.(0 to 10% annual increase) g ‘I, ~ t 6000
v &} /" » ©
= T 1000 1 1 e
& 20000 e 4800
g
© 10000 500 20000
""""""""""""" — Rup3 L
L o Regnd . " Runj CRwps . " Rwma, . 7 Runs | 03025 2027 2029 2031 2033 2035 2037 2039
02025 2027 2029 2031 2033 2035 2037 2039 03025 2027 2020 2031 2033 2035 2037 2039 Year
Year Year
https://cds.cern.ch/record/2953830/files/DP2026_004.pdf
even in optimistic R&D scenarios, it does not fit for data
include part of the workflow offloaded to GPU
with H (high), M (medium), L (low) success probability
Infrastructure readiness for GPU processing ?
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HPC

HPC
huge amount of computing resources
in HEP use for LatticeQCD, All...
more opportunistic use for experiments

Difficult to use for experimental HEP
Much stricter access policies
nothing standard from one center to the other
Limited connectivity no or feeble data management
mostly GPUs

An opportunity ?
depends on national policy
A way to reduce (overall national) computing costs
A way to give additional computing to HEP ?
useful for Al
threat our our CPU ressources ?

Strategy (see JENAA, ESPPU)

Follow and influence if possible standardization
efforts in HPCs (EuroHPC EFP and DOE IRI)
HEP is not identified as a community by HPCs today
need to change this
initiatives in this direction:
JENAA/HPC, white paper
SPECTRUM EU project with SKA
a proposal of Center Of Excellence coordinated by
as answer to EuroHPC call

JENAA

Joint ECFA-NUPECC-APPEC Activities

&S sPECTRUM
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Improving the Madevent Side
Software

Process Madevent 262 144 events

. ) Total  Momenta+unweight Matrix elm
+ GPU-assisted unweighting

g9 - tigg 2093 s 78 s 2015 s
—Use GPU to for parallel weight CUDA Tesla A100 845 0.6
computation : 249 x 10 x g 336
~Helps FORTRAN unweighting | 99 — tigg 2003 s 78 s 2015 s
routine to discard events 1 CUDA Tesla A100 545 48 s 06 s
. hii GPU unweight 388 x 16 x 336 x
faster | i.
eneration .,
* More investigation on i
i |

will represent 10-20% of HL-LHC Computing i o

accounting and profiling to understand CPU costs, move to GPUs and _‘mimm-m ,
vectorised code IS

Miciyags MACNLO on GPUs and vcke CPUS expasce wh b st spha rese S, Hageboack - CHEP, Norolk, VA, 08 May 202 Argonne® () YL @ 14
Sherpa, Madgraph5

AdePT input buffer size

S i m u I ati O n Adept o0 m Geant4 @ Geantd + AdtlaPT(EM calorimeter)

use ML to accelerate fast simulation 000

E > 2x throughput increase

Full simulation: port EM shower simulation on GPU i o
& 10010 GeV e”/event gun,
(Accelerated demonstrator of electromagnetic Particle Transport), i fijf;iﬁff?;ﬁ,e.m:
Reconstruction

R&D on track reconstruction with high pile-up
ACTS project

R&D on method and algorithm, 2 main chains developed: Kalman Filter or ONN chain
Graph Neural Net (GNN) L{ w}_
R&D on parallelisation and performance portability o Y Y
Cori::::non L:beslzm Sexri’eanz:lion 6
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Analysis

Tools

new tools commonly used: Python, Jupyter notebooks/
browser frontends; data science tools
Root update: new ROOT data format from TTree to
RNTuple

10-20% smaller files, x3 to x5 better single core performance

enables fast adaptation to modern technologies, like object
stores

Data

Developments of more compact formats and reducing data copies
and intermediate formats
NanoAOD and ATLAS PHYSLITE, target ~10kB/event for fast
and lightweight analysis

@ — IN2P3 — @e Tackling the computing challenge

---------

Time (sec)

File Size (MB)

Wallclock time

10% 1

103 R

107 1

e

Tiree from EOSCMS
Tiree from EOSPILOT
TTree from local
RNTuple from EOSCMS
RNTuple from EOSPILOT
RNTuple from local

o R—e—e
CL R b o
> m e > B 0

p '

T

10°

70

52.5

35

17.5

10! 10?
Workers

Data 2023 - <u> = 62.9 - 2755 events

B RNTuple
I TTree

DAOD_PHYS DAOD_PHYSLITE
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IRIS-HEP Analysis Grand Challenge

Analysis

; Facilities
Analysis e e i

n u | ] | |
I I a I yS I S a C I I I ty Tools o B matching tech.requirements)
i Y . :"7 7 ServiceX = = i =
{ ° UP«@-\?,EWW i func-adl Meresm ‘ =
e S :. '—”1 3
Iating am = v
n me

Analysis Facilities
infrastructures tailored to provide an analysis ecosystem - tools and services

Possibly also centers for large scale Al training

Analysis Facilities White Paper: arXiv:2404.02100
Execution of AGC analysis benchmarlCERN facility software component
Several initiatives
IRIS-HEP Analysis Grand Challenge Link z._ ﬁm
Analysis Facility prototype at CERN_Link o L e a
Virtual Research Environment Link B2 2~ =
development in EU-founded project in the line of EOSC building: ESCAPE — = S
open source platform with access to all the digital content needed to ESCAPE VRE D
develop, share and reproduce an end-to-end scientific result in compliance
with FAIR (findable, accessible, interoperable, reproducible) principles - D(m N\
All the building blocks from storage to computing with AAI and notebook to § — ggreana || S g 5
analysis preservation // XRootd E \ ¥
Reana: reproductible research analysis platform Link ‘ (#]n] | KAL \ g
developed at CERN -—— 0 a0 0 nawm - / =
allow to preserve, distribute and reproduce el n n ™ :’"99 99.-. - .::L'io :)
flexible scalable and reusable => container s [ / | s
o —  sharedstorage &\ J """S’(ﬁ?'ff’,‘.“ e
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Artificial Intelligence

Al usage

ESPPU: experiments explicitly mention Al as a
cornerstone towards better and cheaper physics

Al needs
Data

Access to specific computing resources

Access to experts, training

Funding
. . (Gemresman e - - -» [cERN couNGIL |
Coordination =] y
EEEEE— )

‘CERN, and Laboraioey Divcotces Group [LDOH

In experiments

R&D ?

EUCAIF ? .

s
.
Al RAD (AI-RD) Colaborations
re af the praposed AT collnhors
the

Resenrel nnd Development

mmmmmmmmm
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control

e (Trigger & DAQ)

nd2End Learning

Foundation
Models

Tagging / Signal Particle flow / Organisa
classificatio reconstruction
Sustainabilit
Simulation / G ti Perturbative
Weak supervision / imula ';’An d Ienera ve calculation Sharing /
anomaly detection odels Automated . 9s
Reinterpretability

design
Physics Informed

Benchmarks

Al evolutions and tools
very very fast developments
needs huge investments

HR and time
infrastructure
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Skilled and motivated people

Recognition
Computing and software activities are fundamental in our research
activities
they have huge impact on our physics results
their cost is similar than the one of the experiment
they are part of our experiments and are no more a « service »
We need skilled and motivated people
Their work should be shared and publicised
Not only in dedicated meeting and conference !
Their expertise should be recognise also when physicists

Training
Students often lack of software and computing skills
Computing and software are evolving quickly => continuous learning is
needed

tutorials, training are important and there are lot’s of opportunities:

tutorials, school and training locally, by their institution, in

collaborations, organised by the HEP Software Foundation

(HSF)...

HSF as a forum to build the community and share knowledge
Software Training in HEP

@ — IN2P3 —
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CERN school of computing

MLHEP school (EU) \ y.
Industry (Intel, NVIDIA, )\ //
£

Advanced ROOT

Programming

Data science \»
C++ \

Geant4 s

/Tier 3 \

£

/ Advanced Ph.D. Students, Postdocs, Senior "\

Experiment
software
training

HEP domain
training

Carpentries

University workshops

courses

M. Ballroom CHEP 2023

N
s
\\ e

CMSDAS
/ ATLAS t
"& LHCb

s

tailored for HEP

HSF @‘ﬁcp Building a community HSF Tralning — Kilian Lieret for HSF Training

Weekly

’@hsftraining

Tackling the computing challenge

ms
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CoDasS-HEP (US)

GridKa school (DE)
INFN ESC school (IT)

utorial series
starter kit

ROOT Data

Python
Git

Registrations and material revisions

Monthly Hackathons Platforms

— - C ) ity pages 2000

® O @ »
- @88 e 1o

-2 8 @
GitHub e 1000}
Recognition How-to guides 500
S — H87 Toisb Wirahep Checim@ i

En®mew

O
 HSF

,/

Cumulative statistics,
excluding carpentries

= Registrations (total=1,637)
Material additions/revisions

oF

Jan
2020

(unique; total=2,302)
. L |

Jul Jan Jul Jan Jul Jan
2021 2022 2023

21/04/2026
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Conclusion

Software and Computing are key elements of our experiments

Starting with a success
Computing for LHC run1 and 2 with a complete and complex set of software, middleware and
WLCG infrastructure at the Exa-scale successfully allows to store, process and analyse LHC
data, leading to wonderful scientific results

Take up the HL-LHC software and computing challenge
Infrastructure and software will have to cope for high luminosity (200 x run 2) + pile-up up to
200 + throughput ~10TB/s
In a context that is rapidly evolving: hardware, technologies, cost =¥ constraints and

opportunities
Taking into account Open Science and effort to reduce our environmental footprint

Huge amount of work and R&D already done and still a lot ahead
New developments integrated in production as soon as validated
Software, hardware and computing models need to be adapted for heterogenous ressources,
more parallelisation => flexibility needed to adapt to ressources not build for and by us
Make best use of new technologies and technics: Al, progress done outside our field
Be careful on consequences on the infrastructure, adapt it => cost ??
Be prepared to the next (r)evolution like Quantum Computing
Training is very important as proper recognition for the work done in the computing and
software fields
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2 dedicated networks
LHCOPN

Tier-2 sites
labout 150)

7 LHCOPN

Tier 1 and Tier O

13 countries, 3 continents
2.1 Tb/s to Tier O

LHCONE

31 network providers
117 interconnected sites
5 continents
10-400Gb/s

Tier-1 sites

65 MoU’s
159 sites
40+ countries

WLCG today

159 sites in 40 countries
Tier 0 at CERN, 14 Tier 1, Tier 2, Tier 3
much less hierarchical than at the beginning,
much more dynamic and automatised

Pledged by Tier (2024)

100%

50%

B Tier 0
e Tier 1
B Tier 2

~
v

(]
a Q
S ©

2
Pledge Type

@ — IN2P3 — @(3 Tackling the computing challenge

GRENOMLE | MODANE

Sabine Crépé-Renaudin 21/04/2026



CMS Resource Projection scenario

What are the GPU offfoading ccenarios for each task?

0=

High succesc probabifity : assigned to

developments already integrated (at least
partially) in CMSSW
Generation Fraction of LO Fraction of LO and Fraction of LO and Approx. 90% of
MadGraph NLO MadGraph NLO MadGraph MadGraph
Combination of
Giﬁues:::)fd ML‘-\E:sr:;-Fsagzgim Combination of
Simulation None . : ! GPU-enabled
ML-FullSim replacing full sim Full-Sim + FlashSim
replacing Full-Sim for the HGCal
for the HGCal
H + M + other
Fraction of H + electron reco + H + electron reco + ML-based
Reconstruction | Tracking, vertexing ML based HGCal ML based HGCal developments +
& HGcal clustering reco + ML PF reco + ML PF fraction of muon +
MTD reco
Charis K. Koraka Heterogeneous architectures in WLCG - Progress from Experiments: Report from CMS - December 3™ 2025 14

https://indico.cern.ch/event/1526077/contributions/6773804/attachments/3185228/5667427/GPU@CMS_WLCG_ckk_Dec2025.pdf
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FCC estimation

see ESPPU G Ganis talk

Hypothesis
Sub-detector design : far from being frozen
use reference detector for scaling: CLD, FCC version of the CLIC detector

Event sizes (leptonic-hadronic): parametrized 1.2-18 kB, full sim 0.16-2.3 MB
Algorithm design

Workflows
Computing technology

Processing time (leptonic-hadronic): parametrized 0.5-30 ms, full sim 1.6-23 s
Statistics needs

Baseline assumption: MC = expected data sample

@ — IN2P3 — @SC” Tackling the computing challenge Sabine Crépé-Renaudin
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FCC Z run estimation

lllustrative Storage Projection for Z Run FCC
Ph ee he

4 experiments, 4 equal years at Z
[P — —pr FCC Storage Projections for Data Taking - Z run
8 i j ]
g % o 100~ :
£ / w - —
= / ] o gob— B Z run data storage projection
g~ / = = A Z run: data + MC ~ data o

/ g F
§' % g 80— * Z run: data + MC ~ 4 x data) e
. : % 2 - e  Zrundata+MC ~ 10 x data o +20%ly
Tz s 4 5 6 7 8 9 0 11 12 13 #zear;s E 70 ____ .| [ Projection of LHC storage needs | ...
2 = ity - Projection of WLCG resources | o Evolution of WLCG
. . 8 60 :_ resesesssssossansssesssansmessesfesssenssassesesesssmaseassenssenssemsems semsemesfossems eessmmses semsrmeseneremserarsagtBiommim e resources
Evolution of WLCG disk resources = +10%/y, +15%/y, +20%/y
+10%/y, +15%ly, +20%ly S0
(starting point: 500 PB in 2020 405—_ V ! X
= ATLAS+CMS + 10%) 5 :_ ~
20 SR o
LHC tape at the end of HL (=5 EB) /"‘1;'
|

LHC disk at the end of HL (=5 EB) — 2

EP-SFT

Software Frameworks And Tools

@ O

nnnnnnnnn

2044 2045 2046

Estimating FCC Computational Needs | ESPP 2026 Open Symposium | 23 June 2025

ESPPU G Ganis talk

10 042026

63


https://agenda.infn.it/event/44943/contributions/266421/attachments/137422/206602/Ganis-FCC-Resources-OS-ESPP-23Jun2025.pdf

FCC Storage projection

4 equally demanding experiments

More realistic sequence (15 y operations)

1. 1-2m 0.25 * nom_lumirun at Z

2. 1-2m 0.25 * nom_lumi run at WW
3. 35yHZrun

4. 4y Zrun (peak and off-peak)

5. 2yWWrun

6. bSyttbarrun

1 day Z calibration runs every month

during WW, HZ, ttbar runs

Based on P Janot et al (and P Janot

private communication)

~2500 PB e
- Z — qq,l+-
: =
~200PB = )
- ete- lumi
“6PB | et+e-—YY —*had

<1PB ete-W+W-

o

4

T

o

o

vk
<1PB o

b ete-—ZZ

oo

! ————
<1PB [oif

000"

aowe ete-—HZ

oos

00002

s
o Eé -

04 ete-—ft

03

02

o

2045 2059

Storage [PB]

FCCee Storage Needs Projection

10 = [ Z to ffbar
[ ] Lumi Bhabha
[ Two photons

Cumulative

107"

“8 EB

Ultimate FCCee computational needs are o(HL-LHC)
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A collaborative effort beyond HL-LHC

Enlarge collaborations
Common developments allow to share expertise, to share effort and
find common solution when possible
ease deployments and allow shared ressources and
infrastructure

Eased by international collaborations and programs
HEP Software Foundation (HSF), IRIS-HEP for software developments
WLCG/DOMA for WLCG infrastructure expands beyond LHC with DUNE,
Belle-2, JUNO and VIRGO as WLCG observers
European programs for the development of the European Open Science
Cloud (EOSC) => ESCAPE project for HEP, astronomy and nuclear
physics, EVERSE project for software, Spectrum for HPC

to discuss synergies across the 3

communities

@ — IN2P3 — @' Tackling the computing challenge
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HSE ©hs,
‘? DOMA

wWLCG

Worldwide LHC Computing Grid

(DE0OSC ESCAPE EVERSE
& sPECTRUM

=
JENAA
Joint ECFA-NUPECC-APPEC Activities

ECFA e WPECC ' APPEC
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GPU usage already in run 3 (I)

ALICE continuous readout

Heavy ion data taking rate increased from 10 to 50 kHz at run 3

With the high TPC latency, decision to operate in continuous PBEEE . , kL .
readout mode without trigger. : s e 7 Overlapping events inTPC it realistic bunch structure @ 50 kHz Pb-Pb

Time-frame (TF) of 2.5-20ms instead of event acquisition Timeframe of 2 ms shown (will be 2.8 ms in production)
Tracks of different collisions shown in different colour

02 facility
First Level Processing (FLP): Readout + FPGA corrections to ALICE IN RuN 3: THE 02 PROJECT
CompreSS data and bU||d the tlme_frames ............................................................................ s y"dmmous .......................................... Asynthronous ..........................
Event Processing Node (EPN): 8 GPUs AMD MI50 — 2 CPUs 32 oo ;;;:::;:::;7 ,,mf,f,",'e';';‘n‘;',}’,;’m,

core AMD Rome 7452
. . . up to 900 GB/s w 0130 GB/, EPN / Grid
online synchronous reconstruction and data reduction when 23.4TB/s - m

asynchronous reconstruction when beam off - “ —

EPN / Grid Permanent

Detector

Offloading 60% of the processing to the GPU induces a speedup .. e e
~2.5x, expect 5x with 80%

. . 12098 \—-/
2023 first use of EPN farm: 1/3 of data processed on EPN . n " | BEAM OFF. improved calibration
(CPU+GPU) and 2/3 on GRID (CPU) o EPN input data quantum is the 350 nodes I Takeaway message:

"”m‘-’f"’mz " :jf e ;;‘2’;‘1’7‘10“5 e One integrated system, from data taking to
Performance BEAM ON: dafa feduction I final reconstruction (and beyond).

55 CPU 3.3GHz Cores equivalent to a single AMD-Mi50 GPU WLCG-HSF 2023 CHEP 2023
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GPU usage already in run 3 (ll)

Full Software trigger at LHCDb
For Run 3, LHCb is getting 5 x more collisions per
second => trigger becomes the bottleneck
Goal evolved from rejecting (trivial) background to
categorise different 'signals’
=> Drop the LO trigger, reconstruct 30 MHz of events
before making trigger decision

RTA: Real-Time Analysis
FPGAs-based clustering for Silicon Pixel detector
HLT1: GPU based reconstruction
163 RTX A5000s (one per Event Builder node)

software HLT1 sequence has been implemented in CUDA
HLT2: CPU-based full reconstruction

Successfully commissioned
In 2022: 40 Tbits/s network throughput achieved
=» equivalent to 4% of the internet
Achieving 30 MHz with less than 200 GPUs !

REAL-TIME
ALIGNMENT &
CALIBRATION

4TB/s ¥,
30 MHz non-empty pp _:'
0.5-1.5
MHz

PARTIAL DETECTOR
RECONSTRUCTION :
& SELECTIONS

(GPU HLT1) 70-200

FULL
DETECTOR
READOUT

6%
CALIB

EVENTS

All numbers related to the dataflow are
taken from the LHCb

FULL DETECTOR
RECONSTRUCTION

Front-End electronics

DAQ cards

Event Builder + HLT1

HLT2

CHEP2023 - 1 and CHEP 2023 - 2

---------

Tackling the computing challenge

Upgrade Trigger and Online TDR & SELECTIONS
00 Upgrade Computing Model TOR (CPU HLT2)
(kHz)
[ C
N Y Y 2 T 1
(e ][ wen [ o ] e |F";J|“"°"H

nnnnnnnnnnnnnnnnnnnn

||||||||||||||||||||
(Versatile Link / GBT @ 4.8G, 300 m

T
> === = = ||

Event filter second pass (~4000 servers)
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https://indico.jlab.org/event/459/contributions/11817/
https://indico.jlab.org/event/459/contributions/11394/attachments/9352/13557/fpisani_CHEP_2023.pdf

CMS heterogenous HLT farm

HL-LHC will require ~one order of magnitude faster trigger
L1T 100kHz -> 750kHz (7.5x), pile-up 60 -> 200 (~3x) + more
complex detectors
=> include GPUs at the HLT already for run 3
200 nodes 2CPU+2GPU = ~26k CPU cores AMD Milan 7633 + 400
NVIDIA T4 GPUs
HCAL, ECAL, pixel local reconstruction and pixel tracking on
GPU => a lot of work needed to optimise software on these
heterogenous architectures
Allow scouting strategy = increasing event rate (lower thresholds)
and decreasing event size to perform analysis directly with
objects reconstructed at the HLT (no RAW data is stored

R&D in Performance Portability

Porting Heterogenous Code to Alpaka (performance portability
library) — to reduce dependency on hardware; kokkos and sycl

also studied
Aiming to offload 10% of (Run-3 and Phase-2) offline

reconstruction by end of 2023

---------

Tackling the computing challenge

Event throughput +80%
Average time per event -40%
Power consumption: -30%
Experience gained for offline
computing
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https://indico.cern.ch/event/1230126/contributions/5315416/attachments/2642333/4572930/The%20CMS%20heterogeneous%20reconstruction%20(3).pdf
https://indico.cern.ch/event/1230126/contributions/5315416/
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DC21: target 10% of HL-LHC needs
1Tb/s reached ! and lessons learned Site network monitoring Token utilisation in transfers
L~ site Network Utilisation o
DC24: target 25% of HL-LHC needs = Heoer
1,2 Tbps minimal scenario, 2,4 Tbps flexible 2 Tols
scenario 150 Tois
including the 4 LHC experiments + Belle2 + DUNE ’ 17bis
New monitoring following the DC21 post mortem, 500 Gb/e
tokens usage tests E I .
Token Al tested ] o e e
W Spring 2024 HZEOP?Q Paris, France 1 pg 2

DC27 50% of HL-LHC
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https://zenodo.org/records/5767913
https://indico.cern.ch/event/1377701/timetable/
https://indico.cern.ch/event/587955/contributions/3012583/attachments/1685421/2709996/CHEP-2018-Beyond-X.509-AC.pdf
https://indico.cern.ch/event/1369601/contributions/5923591/attachments/2855860/4994809/IAM@DataChallenge24.pdf

Storage and data management

Difficult challenge Primaty - 954 P8
No opportunistic storage and storage hard to operate => storage Averace Chiavet size 244 GB
needs are the hardest ressource to fulfil
Constant work to optimise data distribution ATLAS CHEP 2023
lifetime model, regular/automatic cleaning of unused or superseded data ‘""“ll | """m“"""""”l“““l”
Early R&D and test through DOMA collaboration and ESCAPE EU WAL OB UL LU
project and experiment o dataprimary bytes .
Better usage of tape: data carousel
tape driven workflow to allow job to get data directly from tape T T
=> disk space saving
close collaboration between sites, experiments workflow and data };a Jirﬁ m \
management system - 1, } e MW"* e k) |
in production in ATLAS with peak rate 20-25 GB/s it |
develop now derived reconstruction data on demand m \mﬂ " ﬂ lmmm [humi\illllllli ilillﬁmﬁil im m 4.& mlmhlmiulll

01/24

Tape smart writing: find intelligent algorithms for file placement on

Tape staging from TO/T1s in 2023-01 (ATLAS DDM dashboard)
tape

CHEP 2023
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https://indico.jlab.org/event/459/contributions/11307/
https://indico.jlab.org/event/459/contributions/11502/

Storage and data management

Data Lake

Put data in a distributed federated storage that minimise replication, assure
availability, with different storage quality level depending on the needs
Serve data to remote (or local) compute ressources => grid, cloud, HPC, ..
Simple caching is all that is needed at compute site (or none, if fast
network)

ESCAPE Data Lake

Based on CERN File Transfer Service (FTS), Rucio data management and
orchestration open-source tools

Security assured through token based AAI

HEP development benefited to astronomy and nuclear physics
collaborations, now collaborative developments within ESCAPE new
collaboration (CTA, SKA, LSST, KM3NET, LOFAR, FAIR, HL-LHC etc)

Part of EOSC-Future Virtual Research Environment, successfully exploited
with ESCAPE Dark Matter Science Project CHEP 2023 CHEP 2023

See also Data lake implementation in the Nordic countries CHEP 2023
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https://indico.jlab.org/event/459/contributions/11808/
https://indico.jlab.org/event/459/contributions/11671
https://indico.jlab.org/event/459/contributions/11671/
https://indico.jlab.org/event/459/contributions/11544
https://indico.jlab.org/event/459/contributions/11311/

HPC usage

Increased use of HPC ressources
Mostly for MC simulation, some MC reconstruction
Exploiting HPCs could be
relatively easy for those which have policies similar to HEP sites ones
very complicated In other cases: workload management systems had
to be creatively adapted in order to use these resources

Slots of Running jobs (HS23) by Resourcetype @ ATLAS

10 Mil

Volonteer
computing

8 Mil

6 Mil

4 Mil

2Mil

01/2016 012017 0112018
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Number of cores

Tackling the computing challenge

Challenges
low network connectivity on the worker nodes
security rules prevent access to standard software
repositories (CVMFS)
Ingress/egress requirements
ressources booking

CMS Public
Number of Running CPU Cores on HPCs - Monthly Average
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Cloud ressources

Clouds in WLCG sites have been used for a long time

Commercial Cloud usage
Clouds have a lot of different ressources and allows for flexibility, on
demand ressources
Some challenges: interface, network, provider specificities, vendor
locking
Also procurement and economic model
Cost effectiveness to be demonstrated

ATLAS Google project
Full integration of Google into ADC activities and infrastructure:
important work to adapt data and job management tools (Panda, Rucio)
PanDA & Rucio developments are cloud-independent
Available for user analysis with Dask & Jupyter
Work to understand cost of commercial cloud with respect to owning
our ressources
Look for interesting use cases
Cloud bursting: Dynamic/on-demand slot allocation
Network offloading: Use Google network for transfers
GPUs: On-demand GPU hardware
Special analysis workflows: ML, fitting, special MCs

GRENOMLE | MODANE

Tackling the computing challenge

Running various w/flows on 5k job slots at the Google site

) Google
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Bursting up to 100k slots for simulation and reconstruction jobs
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https://indico.jlab.org/event/459/contributions/11502/

Heterogenous computing and Carbon footprint: ARM

ARM architecture ARM and AMD comparison

Comparison of 80-core ARM Altra vs 48 (96 H.T.)-core AMD 7003

Promising architecture With IOW power Consumption . Events/Second vs Event/kWh plotted for 8 HEPScore workloads, normalised to non-H.T. AMD.
some sites planning to provide resources sl v ey -
=> most of the LHC workloads ported to ARM. I .
ATLAS software successfully validated and . -
running. Ongoing validation for the 3 other LHC 1 . A
experiments 5 100 .
In depth studies at Gridpp Glasgow site with very 7
Interestlng results 80% 100% 120‘::0'ma JSed::\(/);’/r':mpmkw:\so% 180% 200%
HEPScore/Watt workflow comparison HEP-Score/Power vs frequency Energy/thread vs frequency
- 324 —— L
L 259] o B
19 o ‘;E;<i&"’jj'l’ o P
S 230 ——— T ~ —_— . ==
s | (acie) At ax — B N — -
e T ., RS - :
T T Epscore/watt T " epscore/Watt (Normalised to x86) — T -
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https://indico4.twgrid.org/event/25/contributions/1211/
https://indico.cern.ch/event/1377701/contributions/5902147/attachments/2838250/4960775/HEPiXARMFarm.pdf

Heterogenous computing and Carbon footprint: ARM

ARM and AMD comparison

Comparison of 80-core ARM Altra vs 48 (96 H.T.)-core AMD 7003

Events/Second vs Event/kWh plotted for 8 HEPScore workloads, normalised to non-H.T. AMD.

ARM architecture

Promising architecture with low power consumption o
some sites planning to provide resources Ll v -
=> most of the LHC workloads ported to ARM. > Al
ATLAS software successfully validated and 65 a(e — .

running. Ongoing validation for the 3 othe~" of ‘0(8“

experiments 00655 £ peﬁ :
In depth studies at Gridp O\\(\eY \3( \ O |

interesting results S Normaled Events er
‘\o\(\\

. \ and slower
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Event Generation

will represent 10-20% of HL-LHC Computing

R&D in HSF Physics Event Generator WG

Main Objectives [Ref]

ATLAS Preliminary
2022 Computing Model - CPU: 2031, Conservative R&D
2

Tot: 33.8 MHS06*y

7%

W Data Proc
g9 ™ MC-Full(Sim)

MC-Full(Rec)
. MC-Fast(Sim)
B MC-Fast(Rec)
. EvGen

ATLAS Preliminary
2022 Computing Model - CPU: 2031, Aggressive R&D

2% 1%  Tot: 16.6 MHS06*y
9%

10%

mmm Data Proc
79 W MC-Full(Sim)

MC-Full{Rec)
. MC-Fast(Sim)
B MC-Fast(Rec)
. EvGen

« More investigation on

parallelised using vector CPU or GPUs madevent side possible

Vector CPU: Speed ups of 6x for AVX512 Before, FORTRAN only
GPU: 20x to 80x depending on the process using Tesla A100

Accounting and profiling to understand CPU costs P Heawions i Heawy lons
Move to GPUs and vectorised code - = Aty 5 = Anatyis
Optimise phase space sampling and integration algorithms, including Al use
=? see Vad ax (differentiable per-event MES)
- Research on reducing the cost associated with negative weight events Improving the Madevent Side
, , , o ,
=¥ see New Sherpa configuration by ATLAS that achieves 50% reduction of « Improved handiing of MLM —— e L
negative weights [Hcf] e B
- . . . e N . . o omens unwelg Matrnx eim
Promote collaboration, training, funding and career opportunities * GPU-assisted unweighting 99 — tigg 2003 5 785 2015 5
—Use GPU to for parallel weight CUDA Tesla A100 84 s 78 s 0.6 s
computation I 249 x 10 x 336 x
bt (e VIR
Example: MadGraph <€ runeodscardsvents L GO Wl 184w
Matrix Element calculation in event generator can be efficiently {

Vatches 09%

. . . 1 E. : : ——
=¥ reengineering of MG5aMC is a functional alpha release for LO QCD / EM Mo, MG P vodorCPU: st s oes S, Hgaboack - CHE, Norok, VA, 0o ey 2029 Argonne @ (51 US4) @) 14
processes, but weak interactions need more work MadGraph CHEP 2023
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https://indico.jlab.org/event/459/contributions/11829/
https://link.springer.com/article/10.1007/s41781-021-00055-1
https://iopscience.iop.org/article/10.1088/1742-6596/2438/1/012137
https://link.springer.com/article/10.1007/JHEP08(2022)089

Event Generators on GPUs

A very good candidate for GPU acceleration with benefits for many experiments

CPU + 5 - 2x 16-core 2.1GHz Xeon Gold 6130 with 2x HT
GPU §08< .;— No HT 2x HT | Overcommit
. i[sm:torisatio;,,] T ° gg—tigg
09—t tnguvEm ATy | ]S g 061 M z ’ (float)
2 2 _ 2 f % - 200
_T " nsl €5, AR, > 0.4 é @ 0.4 4 ;:; —0~ 0otiog-58-Cop FINIONONe
= S vt
é 10 é 00 g . : ¢ i ! ! 3' o' (”ug;u‘: cpr 'm|uv‘,.'.;:
S 10l % aioo . 0 20 140 60 80 100 120 140 160
= H100 Level of parallelism (number of ST jobs)
ik ?‘ff“i'\’l._‘,-.(. No Vectorisation
R Madgraph gg->tt+ng (n=2)
) Sherpa gg->tt+ng GPU-enabled Leao}mg Order: belng'rele"ased to produc'tlo‘n.
[_r] & By-product: enabling of CPU vectorisation: up to x8 gain in ME
U g Matrix Element event throughput: event throughput (x6 global). Note: all CPUs in WLCG provide
] S up to x10 gain when using GPUs vectorisation
; - Available for production GPU-related work brings immediate benefits also on CPUs
=
3“':4 20/03/2025 ISGC 2025 - Taipei 90



Simulation

Simulation impact
Simulations are dominating Run 3 CPU usage: ALICE 50%, LHCb 90%, ATLAS 5
Lot of R&D towards new technique and use of accelerators
Need
to improve accurate full simulation for detector performance and training of last simulati
to make more use of fast simulation

Fast simulation

originally based on parameterisations of detector response, (generative) ML techniques

now widely used
ATLAS AtlFast3, CMS FastSim and FlashSim

Porting fast simulations on heterogeneous resources, exploiting portability models

Cf FastCaloSIm

6 GeanT4

A SIMULATION TOOLKIT

Full simulation
Continuous progress to speed up Full Simulation:
same accuracy in the physics description, but faster

recent 20% improvement for ATLAS simulation (Woodcock Tracking of gamma -

avoid to stop at volume boundaries)
R&D with GPU prototypes: EM shower simulation on GPU
(Accelerated demonstrator of electromagnetic Particle Transport),

Tackling the computing challenge

mmmmmmmmm

Accuracy

FullSim

Full vs fast Simulation

) —————r
E [ ATLAS Simulation
€ Vs=13TeV,y,0.20 <yl <0.25
2 10'E
& E
®
£ [
ML S —+- G4
o 10° E
S 2 ~+- AF3
. =
FastSim g I v AF2
>
< 10F =
Speed - - rl
10 107
Energy [GeV]
FlashSim
FlashSim means skipping
all intermediate steps
o 2 ™ 161 REX 20D - MINT NAND
..5.2.4. — RECO —s AOD — MINI — NANG
Adept
AdePT input buffer size
B Geantd @ Geantd + AdePT(EM calorimeter)
250.00 -
200.00 > 2x throughput increase
»3 150.00
2
£ 100,00

100 x10 GeV e’/event gun,
85% EMCAL
AdePT buffer size = 2000

12 cores

5 10 15 20

#workers
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https://indico.jlab.org/event/459/contributions/11426/
https://indico.jlab.org/event/459/contributions/11725/
https://indico.jlab.org/event/459/contributions/11718/
https://indico.jlab.org/event/459/contributions/11809/
https://indico.jlab.org/event/459/contributions/11427/
https://indico.jlab.org/event/459/contributions/11818/

Reconstruction

R&D on track reconstruction with high pile-up
non linear increase of needed computing ressource with
event complexity for classical reconstruction algorithms

= 100 £
= = Reconstruction of 2017 pp data, {5 =13 TeV 3
= 90F i Athena release 21.0.37 tuned for (i) = 30 - 8
S C  onlntel’ Xeon® CPU ES-2630 v3 - -
q>) 80 low-y: reference runs 10862 luminosity blocks K 8
@ = [ high-i run 335302 463 luminosity blocks = 102 @
E T70p e 2
3 60F 7 g
< s0fF i 5
E A -
40 z |-' 10
30 ;—
i M -
:_ L)
10 - ATLAS Preliminary 1 /
Lo aaaa 1y L]
q 0 0 40 50 80 70 80 90 100 a ‘ -t
{n) “
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Triplet seeding / //‘?\ iy g
@ . / ombinatoral . ((An e ey
( )/ \\3\)_’&%:-’) l\\@j Duplicate /
\ \\:j/ Removal o
Seeding o Track Finding oot Resolving T
(+ Fitting)
Track parameter Track
X Track clsssification | 1ING
GNN chain 1
- Metric ». Gmph Nourst -2 Connectad -
N & F Nerwork Components & &
(@w‘w{ o } s o -{ - }éx'f:*@“ J
/) e 4 . & i N
NI A = iy > i e : R, :n_:_'; '7% \
Hits Graph Graph Edge Edge Scores Graph Track Candidates
Construction Labeling Segmentation

o
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Tackling the computing challenge

2018 <pi> ~ 40 2029 <p> ~ 200

2010 <p> ~ 5

ACTS project
ACTS open source project: toolbox for charged particle reconstruction for HEP/NP
R&D on method and algorithm, 2 main chains developed: Kalman Filter or Graph
Neural Net (GNN)
R&D on parallelisation and performance portability
On track to be used by ATLAS for track reconstruction by the LHC’s Run-4

Event throughput for ttbar

ttbar. IJ = 200 Peak performance across different hardware
- ! ’ AMO Theaadripper 39720x
NVIDIA Geforce RTX 2060 - =
g ->-onee NVIDIA Geforce RTX 3080 +—&—
ol — 2
e NVIDIA A40 ‘
o - T o Beeon NVIDIA ARO - @ |
[l 3 f
k) . &
N | :
E [~ 1 § -
20 - ]
w | FP32, CUDA / FP32, CUDA
U o 100 |
0 e = = e - = A A 1 A1 1 A b 4
! . 4 s % » o © & ® 10 140 200 300
CPU Theeads

Results partially Ueer phop

generated on DAS-6.

GPUs become competitive at high pile-up. Highest performance observed on NVIDIA®
workstation GPUs so far. CHEP 2023
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https://indico.jlab.org/event/459/contributions/11420/attachments/9416/13657/traccc%20-%20A%20(Close%20To)%20Single-Source%20Tracking%20Demonstrator%20on%20CPUs_GPUs%202023.05.08..pdf

An a I yS i S Columnar Analysis Python ecosystem

®

E Coffea

Analysis challenge
Typical dataset size 10 TB (run 1-2) => 1000 TB (run 4)
Current workflows do not scale:
disk/tape are limited/expensive and analysis data are projected to occupy ~30% (ATLAS
model)
will need to go from Laptop to Analysis Facility

Awkward
ra

ii Sc1k1t

Columnar
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Analysis R&D

Analysis workflow evolution: Columnar Analysis going from event loop to array
programming and more use of Python ecosystem and industrial standards

Event loop

Coffea: python ecosystem -> ScikitHER, Awkward array, DASK
array programming solution for quick insights delivery

Developments of more compact formats and reducing data copies and intermediate formats
NanoAOD and ATLAS PHYSLITE
target ~10kB/event for fast and lightweight analysis File size

Size on disk, zstd compressed “final-stage” ntuples
ROOQOT’s Tree -> RNTuple, RDataFrame high level API for data analysis

RDataFrame

. . § E_ ANTupw
encodings and I/O upgrade of the event data file format and access 2 BE = |
= 22—
Access to novel and future storage technologies: native support for HPC and cloud, 18- ’5 AnyTTree) | perormance Parale Tire oo
. . . E-
object stor.es, dllrect dlsk.-to-GPU data transfer | . - oaf- E Parate R (oo | [
Collaboration with experiment for Event Data Model integration and optimisation = ———— : e
g i Arbitrary Optimized 110 : Histograms
. . E o columnar scheduling [ %i;':““l:'d }
10-20% smaller files, x3 to x5 better single core performance & . ﬁ formats BunPy iy
. . . . z 0 - - [ ML inference |
enables fast adaptation to modern technologies, like object stores ATLAS Gpsapue
, ) WL CG-HSF2024
2024 goal: release RNTuple 1.0 supporting the EDM of all experiments HEP 202
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https://coffeateam.github.io/coffea/index.html
https://indico.jlab.org/event/459/contributions/11594
https://indico.cern.ch/event/1369601/contributions/5867782
https://scikit-hep.org/
https://awkward-array.org/doc/main/
https://www.dask.org/
https://indico.jlab.org/event/459/contributions/11586

IRIS-HEP Analysis Grand Challenge

CERN facility software component

u | ] | |
Analysis facilit
Analysis Facilities &> SWAN + HTCondor for interactive analysis
Tools T e _p—
data " Eos/ 7 software
g (CERNBoX/
Several initiatives 5 S Lk - ' "
& m_l,l,-_[:mu 3 Sﬂ@ | \Nen:.u:rml | [ ]
{ iminat  ZTHG] . — o Scheds Cnt,
i . Awlwal;'i_S‘[‘l. hep-'ab'le;_ . . J / %b‘
IRIS-HEP Analysis Grand Challenge Link | g ) 2 L sgee )
. . . . . . . . n.". X scheduter + sond results
binned analysis, reinterpretation and end-to-end optimisation of physics vettor | Ui L2 S
analysis use cases ERNm @ ,

includes the development of the required cyber infrastructure

Analysis Facility prototype at CERN_Link
both batch and interactive
DASK, HT-Condor integration
open for user tests (documentation)

Virtual Research Environment Link
development in EU-founded project in the line of EOSC building: ESCAPE
open source platform with access to all the digital content needed to develop,
share and reproduce an end-to-end scientific result in compliance with FAIR
(findable, accessible, interoperable, reproducible) principles

All the building blocks from storage to computing with AAl and notebook to
analysis preservation

Reana: reproductible research analysis platform Link
developed at CERN
allow to preserve, distribute and reproduce
flexible scalable and reusable => container

And more like INFN Napoli initiative Link
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Execution of AGC anafysis benchmark

ESCAPE VRE |
Analysis workflow
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/7/DASK
i machines
work scheduler connected over a
P retwork cluster of
resource manager cleud, lecal or grid
£ .38 resources)
kubernetes _Sl_l_-_l[ll'l
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https://iris-hep.org/projects/agc.html
https://indico.cern.ch/event/1377701/contributions/5883976
http://DASK-HTCondor%20integration
https://indico.jlab.org/event/459/contributions/11671
https://reanahub.io/
https://agenda.infn.it/event/34841/contributions/207747

HEP software : language

Curse of dimensionality in HEP software Fortran

>

Number of

Python

languages

Assembly Julia % Per:::nce = J

) Ease-of-use

1940 1950 1960 1970 1980 1990 2000 2010 2020 Learning Curve
Very early days Past Recent past & present Future Safety (memory)

© E_Rodrigues ESSPU 2025

Evolution of usage

Past essentially fortran, now C++ & Python (Python increasingly used in user analysis)
Julia sneaking into the arena, especially in smaller experiments (high performance + productivity)
Present & future: increasing mix of languages
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https://agenda.infn.it/event/44943/contributions/266401/attachments/137343/206378/EduardoRodrigues_2025-06-23_VeniceOpenSymposiumESPPU.pdf

Key4HEP

What HEP software for the future ?

we don’t know

but we already need software to build the next machine
HEP community has agreed on one common
software stack : ESPPU contribution #240 Applications
"members of the ILC, CLIC, FCC, CEPC and the [
Muon Collider communities ... decided to pool their B H
resources to develop a common and shared -
software stack ... Key4hep project which has
become the de facto standard for studying detector

: : DetSim EvGen

concepts in any currently foreseen future collider J d
https://key4hep.github.io/key4hep-doc/main/

_ Core HEP Libraries

index.html A

CHEP2020 OS Kernel and Libraries -
(Non-
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Database
Interfaces

.Specific

Experiment Framework
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https://key4hep.github.io/key4hep-doc/main/index.html
https://key4hep.github.io/key4hep-doc/main/index.html
https://www.epj-conferences.org/articles/epjconf/abs/2020/21/epjconf_chep2020_10002/epjconf_chep2020_10002.html

