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[. Open data is a crucial part of science and brings many
' benefits to society and the public:

\ Enables public
rstan

Informs

M policy * Increases trust in scientific research.

in research

Benefits for society

&

— * Increases understanding of innovation and economic growth.

of research

* Allows the public to understand the results obtained.

* Promotes citizen science.

* Fosters educational efforts, allowing students and teachers to

Promotes / .
SC‘ obtain and reproduce our results.
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Disc

Explore more than three petabytes

O
of open data from particle physics! /

avitational Wave

pen Science Center

Major discoveries within the last 10 years

2012: Discovery of the Higgs boson at the LHC at CERN.

2015: Detection of gravitational waves by LIGO.

2019: Direct detection of the event horizon of a black hole
by EHT.

Open Data is available
for all of them!



https://gwosc.org/
http://opendata.cern.ch/
https://eventhorizontelescope.org/for-astronomers/data

Open data is not enough
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The solutions adopted by the high-energy physics community to foster ples

vasive goals across research communities, political circles
and funding bodics' . The understanding is that open and
reproducible research practices enable scientiic reuse. accelerating
future projects and discoveries in any discipline. In the struggle to
take concrete steps in pursuit of these aims there has been much
discussion and awareness-raising, often accompanied by a push to
make research products and scientific results o
Although these are laudable and necessary first steps, they
are not sufficient to bring sbout the transformation that would
allow us to reap the benefits of open and reproducible research.
tis time to move beyond the rhetoric and the trustin quick fixes
and start designing and implementing tools to power 3 more
profound change
‘owen experience from opening up vast vokumes of data is
that openness cannot simply be tacked on 25 an afierthought a the
end of the scientifc endeavour In addition. opcancss alone docs
ot gusrance reproducbilyor reusabily, o it shouk ot
sucd 252 goal in tself. h

Om sclence and reproducible research have become per

Ml o reprocducibe nd rewsable ressrch more widly n ther
ic disciplines.

Approaching reproducibility and reuse in HEP
"o set the stage for the rest of this picce, we first construct 2 more
nuanced spectrum in which to place the various challenges facing
HEP, allowing us to better frame our ambitions and solutions. We
choose to build on the descriptions introduced by Carole Goble'
and Lorena A. Barba* shown in Table
These concepts assume  rescarch environment in which mul
tiple labs have the equipment necessary to duplicate an experiment.
which essentially makes the experiments portable. In the particle
physics context, however, the immensc cost and complexity of the
experimental set-up esentially make the independent and com:
plete replication of HEP experiments unfcasible and unhelpful,
HEP experiments are set up with unique capshiltis, often being
the anly facilty or instrument of their kind in the world: they are
also constantly being upgraded to satisfy requirements for higher
dlcve of sccuracy. Th he Large

1o besccompanied by softare gt oplantons all "
and close

mmhm.mh s Peady for 4 sl open reisos il the veele

Thus, we argue that having the reuse of research results as 2 goal
e th gt of e et peicion damtag the
analysis peocess. Such practices need to be tailored to the needs
of cach given discipline with its particular rescarch environment,
culture and idiosyncrasies. Services and tools should be developed
with the idea of meshing seamlessly with existing research proce
dures, encouraging the pursuit of reusability 25 2 natural part of
researchers’ daily work (Fig. 1). In this way. the gencrated rescarch
products are more likely to be uscful when shared openly

In tackling the challenge of enabling reusable rescarch, we
keep these ideas as our guiding lght when putting changes ito

Hadron Colider (LHC) are prominent examples. It is this unique

ness that makes the experimental data valusble for prescrvation so
that i canbe e rused i athr mesurements o comparea,
confirmation or inspir:

‘Our comdeations bere resly begin aic gathering th dta
Thismesa that we e sioe cncerned whb epestiog o vesf g
he computational nalyss performed over 2 given dataset rather

o ot 4 e

o s compuatona anlys o  defned datact, nd 1 can be
ought of a5 an experimental collsboration or an analyss group.
of computational processcs. physics analyses them
seves are .nmnmu\ compler e 1o thelarge data volume and
ih

ved”, In addition, the

practice in our c (HEP). H
Mlustrate our approach, pnn.uhvh hrough oar work at CERN,
and present our community’s requirements and rationale. We
hope that the explanation of our challenges and solutions will

date d d the work

mm one physics 'Vou\\ and consider St olected wder if-
ferent running conditions. Although comprchensive documenta
tion on the analysis methods is maintsined. the complexity of the
software often hides minute but crucial details,
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potentially leading to a loss of knowledge concerning how the
1t btained

In absence of solutions for analysis capture and preservation,
knowledge of specific methods and how they are applied to a given
physics analysis might be ot To tackle Ihu(um\mumly specific

Table 1

Introduced by Carole Goble and Lorena A. Barba

Term Purposs _Description

Rorun. Robast and
conducted in the same kab.

Fopeat Defend Same axpecimant, $3ma sot-up, same
iab

Repiicate  Certify Same experiment, same set-up,
independent lab

Reprodce  Compare  Variations on experiment and set-up,
independant labs.

Reuse Tanster  Diferent axperiment

ne

Nature Physics 15, 113-119 (2019)

RN, but involv
ing o community) has emerged. .nmu..,. various projects.
some of which are described below

The
icpendiasly of e other,d the. do ot hes pyees s
wntl Gy s b cgufontly wesiod by Wil Toies PR~
ceses’, Bocause these reviews often olve the input of the chtre
collsbo here the level of crosschecking is extensive, the
measurcments are considered trustworthy
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define your reproducibility.

runnable usage examples.

* preserve computational workflow.

enable FAIR reuse



FAIR principles

scientific data

Explore content ¥ About the journal ¥ Publish with us v

nature > scientific data > comment > article

Comment | Open access \ Published: 15 March 2016

The FAIR Guiding Principles for scientific data
management and stewardship

Mark D. Wilkinson, Michel Dumeontier, Usbrand Jan Aalbersberg, Gabrielle Appleton, Myles Axton, Arie

Baak, Niklas Blomberg, Jan-Willem Boiten, Luiz Bonino da Silva Santos, Philip E. Bourne, Jildau Bouwman,

Anthony J. Brookes, Tim Clark, Mercé Crosas, Ingrid Dillo, Olivier Dumon, Scott Edmunds, Chris T. Evelo,

Richard Finkers, Alejandra Gonzalez-Beltran, Alasdair JG. Gray, Paul Groth, Carole Goble, Jeffrey S. Grethe,

.. Barend Mons®  + show authors

Scientific Data 3, Article number: 160018 (2016) | Cite this article

732k Accesses \ 5469 Citations | 2223 Altmetric | Metrics

O 2n Addendum to this article was published on 19 March 2019

Abstract

There is an urgent need to improve the infrastructure supporting the reuse of scholarly data. A

Scientific Data 3, 160018 (2016)

Box 2 | The FAIR Guiding Principles

To be Findable:

F1. (meta)data are assigned a globally unique and persistent identifier

F2. data are described with rich metadata (defined by R1 below)

F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:

Al. (meta)data are retrievable by their identifier using a standardized communications protocol
Al.1 the protocol is open, free, and universally implementable

Al.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:

[1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles

13. (meta)data include qualified references to other (meta)data

To be Reusable:

R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license

R1.2. (meta)data are associated with detailed provenance

R1.3. (meta)data meet domain-relevant community standards
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Latin America involvement at the LHC
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Data at the LHC H

LHC data collection:

“...and the results of its experimental and
theoretical work shall be published or
otherwise made generally available”

* 90 petabytes (PB = 1024 TB) per year
from LHC + 25 PB from other
experiments

CERN Founding Convention (1953)
LHC data storage:

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

* CERN data center has ~400 PB on .
tapes + ~350 PB on disks

* CERN storage system served 2.5 CONVENTION
€Xa byte (EB =1024 PB) of data FOR THE ESTABLISHMENT OF A EUROPEAN ORGANIZATION

(J. u St i n 2020 ! ) FOR NUCLEAR RESEARCH

PARIS, 1st JULY, 1953



ALICE data preservation strategy
Sundy, Octobors, 2012
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CERN Open Data Portal H

Launched in November 2014: Open
CERN
* Collision and simulated datasets for research https://opendata.cern.ch/
* Derived datasets for education Explore more than five petabytes “ \
* Configuration files and documentation of open dataiiemip=htigEpiptics \
* Virtual machines and container images m
* Software tools and analysis examples =
As of today: )
y Explore \Focus on
datasets }AS\
* over 40.000 datasets e
* over 50 different software Al
e over 5 petabytes of data -~ -
R R e
aLce ATLAS PH- -ENIX



https://opendata.cern.ch/

Interation of radiation with matter H

Each layer of the ATLAS detector is sensitive to different types of particles and/or radiation
produced in the collision: photons, electrons, muons, charged and neutral hadrons...
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Total Disk size

Data analyses require hundreds of petabytes of ~o
data storage and hundreds of thousands of CPUs s
to execute millions of lines of code. THHTT S
ATLAS has collected ~4 PB of data so far. e
Data reconstruction and preprocessing take sis e
~100 PB of space. R

The software for reconstruction, simulation, and
analysis consists of ¥4 million lines of C++ code.

2022-06 2022-07 2022-08 2022-09 202210 202211 202212 2023-01 202302 2023-03 2023-04 2023-05

2 atas » £ athena

None of this is trivial to communicate and share ) dthema o

. .
W I t h t h e p u b I I C see The ATLAS Experiment's main offline software repository

(2]
-




Open data available from LHC experiments H

CMS releases 13 TeV proton collision data from 2016

April 2024: CMS publishes proton collision data at 13 TeV from =
2016. More than 70 TB of 13 TeV data and 830 TB of MC.

February 2024: The ATLAS Experiment releases 25% of the
main proton-proton datasets for research purposes.

December 2023: LHCb releases the complete Run | dataset.
800 TB of data and algorithms for research and education.

December 2022: CMS completes the release of all its Run | ATLAS rélEases TSTEV ofihidata fr sdience
proton-proton collision data. 491 TB of data and code. education

February 2020: The ATLAS Experiment releases open data at 3 ‘ I

13 TeV for education.

November 2014: ALICE releases educational datasets. ALICE's
datasets customized for demonstration and education.




Education-oriented use cases

ISpy WebGL

open .
About -
Need HEL

Need HELP?
dimuon events with invariant mass between 2-110 GeV ~

Select one or more parameters:

(= [ n]a]a afn w ] (e T v Lo L | & Lo | oz [ oma ] 2 )

Detectar
Pixel
Pixel Endcap (+)
Pixel Endcap (-
Tra Inner Barrel
Tracker Quter Barrel

Tracker Inner Detector
()

Tracker Endcap (+)

00 00

= weam L

on [Gev] The pseudarapidity of the second leptan

Interactive event display and histogram creation using small datasets

13



Research-oriented use cases

[-TF e — p————
e s e i
(2 Appacanons Merw - (7] ALIGE analysis modules. | ™) MAS TERCLASS MENU IN...| @ Tenmnal - ancesiocaios. =1

Terminal - alice@localhost:~lanalye'

- Higgs-to-four-lepton analysis example using 2011-2012 data

$ root Jomhan, NUF Zulaiha; Geiser, AT Bin ARUAF, Aflg AIZUGdI;

Cite as: Jomhari, Nur Zulaiha; Geis
CERN Open Data Portal. DO

BIH Al Iudl qu Alzudd

2017). Higgs-to-four-lepton analysis example using 20112012 data.

Lo Lo )
ALICE analysis modulos eooce
ALICE analysis mogles Réva_t | e | Stranganass | Pt iutorisi]
Evar display menrcisn ——
o DESCHptIOH

This research level example s astrongly s.mpnned reimplementation of parts of the original CMS Higgs to four lepton analysis published in
hys.Lett. B716 (2012) 30-61, arXi

= El The published reference plot which is being approximated in this example is hitps //inspirehep net/record/1 s
Other Higgs final states (e g. Higgs to two photons), which were also part of the same CMS paper and strongly contributed to the Higgs boson
discovery, are not covered by this example

The example consists of different levels of complexity. The highest level of this example addresses users who feel they have at least some

— irimal understandine of the content o hs baer apd of the meaning ar this reference olot. i h can be reached via (sevarate)
\STERGLAS STRUGTIONS il the 3
e cducationsl arerc o, COMIIEEY BTTBLLI e I taE e rienloonlneoTerLeen \cquaintance

™ ] - & 30

Gee the Lusce sackice ekcen shoviag the ALLEE logs s spen the decimsmsabicn £ the st with the linux ope 12| Data H CMS Open Data

Iy Sram . b

T st it bl 11 o, g s e S ki i wile B

Use the ¢Info> bubtons in each frane to get = description of what DZT’ 2z &

or7 trus by nsing the (ERIE: busen of ths nema. Tn raatart s massarelsss open Use with
T TatmanL by SLLoEion the CoTALAA SmLIat Lhonoh 13 Detoel LAER. Then e

Events / 3

[[]m=126 Gev
Ialiceblocoluost analysas] coot mstercisss. 5

The example use:
publication due t
butnotidentical 1

in many later CM:¢
=g

12 original
again close ta,
Iy as they are,

/DoubleElectron/

DoubleMu/

FEECEFEEE

!
80 100 120 140 160 180 %0 100 120 140
my [Gev]

CERN Virtual Machines Simplified research-level analysis
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Independent theoretical research

I N S P I R E Welkcome to INSPIRE, the High Energy Physics information "
system. Plzase cirect guestions, comments or CONCerns o
feedback@inspirshep.ret. g
& - CMS 2010 Oen Data. c o8
4 Theory (MLL all) S
HEPNAMES I INSTITUTIONS ! CONFERENCES o T prmmsas g — 30| 2011 CMS Open Dt
1do T e T 06 € rrviaa pt
adz, 3 #5106V : [ Prompt Sample, 57 >25 GeV
ry 4 ARS; In| < 2.4 c T 180 aim =L =04r%
‘reference-10,7&83[DPENDATA,EMS | Brief format > 100 Ge¥ 3 o4 H
—_ 2 T8, 08 g &
find | "Phys Revlett 105" = moe €4 Search the new INSPIRE bt ] = 100
3 g
+ 1 @ 02 ]
) sg? 4-mom, AUC = 0.71 5 50
Sort by: Display results: g; . — EB,AUC =081 ®
- —— CNS8.AUC = 0B2 4
[atestfist =] | desc o] |timescited =] |25 results ] | singie fist i * W : -
S S T B R R 1] P~ e e s [
Track =, )
B signal Efficiency my [GeV]
No exact match found for 10.7483/OPENDATA.CMS, using 10 7483 OPENDATA CMS instead...
HEP  35records found 1-25P jump to record: |1 Search took 0.12 seconds.
1. Exposing the QCD Splitting Function with CMS Open Data arXiv:1704.05066 arXiv:1807.11916 arXiv:1902.04222

(3] Andrew Larkoski (Rezd Coll.), Simone Marzani (SUNY, Buffalo), Jesse Thaler, Aashish Tripathee, Wei Xue (MIT, Cambridgs, CTP). Apr 17, 2017. 7 pp.
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Test-bed for new ideas
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Fostering educational efforts: the case of ATLAS

How can we overcome distances and enable anyone interested in particle physics and
interaction of radiation with matter to learn remotely?

How can students replicate the procedures used at CERN?

How can teachers improve their own lectures and science communication?

The ATLAS Collaboration at CERN launched an educational platform (opendata.atlas.cern)
designed to help students and teachers foster educational efforts at both undergraduate
and graduate levels.



http://opendata.atlas.cern/

Open data stored at the CERN portal and on the
online webpage

Comes with codes written in C++ and Python,
uproot, pandas/numpy, pyROOT and RDataFrame,
available on GitHub.

Interactive visual data analysis and notebooks
Jupyter that allow one to get results online

Virtual machines that allow contains the operating
system, software and data, and containers Docker
for a local interface.

Fostering educational efforts: the case of ATLAS

ATLAS Open Dat

High Energy Physics data for everyone

0

The Mission of ATLAS Open
Data

- P —

ATLAS - - S

L
"ERIMF [E— owic | notebaols

ATLAS Outreach data and
tools . ¥ . o ¥

@ docker hub @ Search Docker Fiub

Explore  atlasopendata/root_notebook

atlasopendata/root_notebook

By atlasopendata * Updated 10 months ago
Jupyter notebook containing a fresh installation of ROOT@CERN, in both python and C++ kernel

Overview  Tags

ATLAS Open Data ROOT notebook
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http://opendata.cern.ch/
http://opendata.atlas.cern/
https://github.com/atlas-outreach-data-tools
http://opendata.atlas.cern/release/2020/documentation/visualization/
http://opendata.atlas.cern/release/2020/documentation/notebooks/intro.html
http://opendata.atlas.cern/release/2020/documentation/vm/index.html
https://hub.docker.com/r/atlasopendata/root_notebook

Fostering educational efforts: the case of ATLAS

Recreate the main LHC discoveries over the past 10 years of data-taking:
find the heaviest top quark, or the Higgs boson in various final states

19



Fostering educational efforts: the case of ATLAS

The audience

Advanced high school

Minimal setup & supervision Hands-on setup & supervision

Browser based

Downloads required

20



Educational efforts using CERN Open Data

CERN Open Data incorporated into the curriculum of several universities.

N N i
1 Switzerland
é sl \IANCHESTER

The University of Manchester

PINKERTON
ACADEMY .

...and more! 21



Educational efforts using CERN Open Data |H

Educational workshops and schools using ATLAS Open Data worldwide, including Argentina,
Colombia, Ecuador, Mexico, Peru, Uruguay, and Venezuela.
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Educational efforts using CERN Open Data

Educational workshops and schools using ATLAS Open Data worldwide, including Argentina,
Colombia, Ecuador, Mexico, Peru, Uruguay, and Venezuela.
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Educational efforts using CERN Open Data

Educational workshops and schools using ATLAS Open Data worldwide, including Argentina,
Colombia, Ecuador, Mexico, Peru, Uruguay, and Venezuela.
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Educational efforts using CERN Open Data

e e

Open Data Challenge

Science education programs in Latin America:

Programa académico 2021
LA-CoNGA physics

LA-CoNGA
ICTP Physics Without Frontiers
CEVALE2VE (Centro de Altos Estudios de Altas

PHYSICS WITHOUT FRONTIERS 4
, - CALL FOR PROPOSALS Ene rgla S)
Una alianza Europea-Latinoamericana Tral and mathematio
para desarrollar una experiencia virtual de stu d ' qh GI b |s yh

aprendizaje en 8 maestrias de fisica en
Colombia, Ecuador, Perti y Venezuela.

PPGCosmo
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BSc and MSc theses using CERN Open Data H
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Enabling Open Science with the
ATLAS Open Data (2018)

Measurements of top-quark pair
production using ATLAS open data (2021)
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A Contribution to ATLAS Open Data
Collaboration at CERN (2019)



https://cds.cern.ch/record/2281684
https://cds.cern.ch/record/2291838
https://cds.cern.ch/record/2293251
https://cds.cern.ch/record/2630961
https://cds.cern.ch/record/2704159
https://diploma.ictp.it/students-(past-and-present).aspx

Open data hackatons H

CMS Open Data Workshop & Hackathon 2024

Jul 29,2024, 200 PM — Aug 1, 2024, 6:00 PM Europe/Zurich
Q@ IdeaSquare (CERN)

A Julie Hogan (Brown Univ , Bethel University (U Kati Lassila-Perini (Helsinki Institute of Physics (FI))
Description Since 2014, the CMS Collaboration has picneered the release of LHC research quality data
for public use by making a significant amount of these data accessible through the CERN
Open Data portal. Recently in 2024, the CMS Collaboration has released a sizeable new
set of 13 TeV data collected in 2016.

This workshop is the fifth in a series that started in 2020 and it aims 1o bridge the
technical gap that usually exists between the scientific creativity of an external analyst
and the nuts-and-bolts details of a full analysis with CMS open data.

All exercises will be hands-on and participants should be prepared to dive into the data
right away. A set of pre-exercises are provided and required for participants so that they
can make the most of the workshop.

CMS Open Data Workshop & Hackathon

New for this workshop are morning hackathon segments where users with Open Data JIJ|‘_J 29“1 _ Aug ]51’ 2024 CERN IdeaSquare
projects in mind can take advantage of the facilitators’ knowledge 1o jump-start their

work. Tutorial sessions in the afternoons will give users at any stage a pedagogical grounding in the CMS experiment and relevant open data
analysis techniques.

The tutorial segments of the workshop will be offered in hybrid mode. The hackathon working segments will be optimized for in-person
participation.

Access the tutorial site here (coming in July)
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S

Open data from CERN (each experiment having its own open data) has proven to be highly
successful in outreach and education.

The tools are designed to assist students and teachers and foster educational efforts at both
undergraduate and graduate levels.

| invite you to use them in your courses or mention their existence and potential use to your
professors and teachers in their classes and science outreach efforts!

To start using CERN's open data, check out the tools and resources provided on the CERN
Open Data portal, where access guides, analysis examples, and necessary software to process
the data are offered.

open
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https://opendata.cern.ch/

