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CERN, the LHC, and CMS
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» Since 2010 the Large Hadron AR PR R A B P o

Collider (LHC) at CERN has been
delivering stable proton-proton
collisions to the 4 large LHC
experiments at centre-of-mass
energies from 7-13.6 TeV In
addition to heavy-ion collisions.




CERN, the LHC, and CMS
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» CMS (Compact Muon Solenoid)
IS a general-purpose detector
which iIs used to conduct a
broad physics program of Higgs,
heavy-flavour, top quark,
electroweak, Standard Model,
and heavy-ion physics as well as

searches for physics beyond the
SM.




LHC luminosity

Run eras and data delivered
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults#Full_summary_proton_proton_colli

Why Open Data?

CMS Open Data Policy

“CMS data are uniqgue and are the result of vast and long-term moral, human and financial investment
by the international community. There is unique scientific opportunity in re-using these data, at
different levels of abstraction and at different points in time . This opportunity calls for our collective
responsibility, and poses unprecedented challenges as no data sample of this complexity and value
has ever been preserved or made available for |later re-use.

The CMS collaboration is committed to preserve its data, at different levels of complexity, and to
allow their re-use by a wide community including: collaboration members long after the data
are taken, experimental and theoretical HEP scientists who were not members of the
collaboration, educational and outreach initiatives, and citizen scientists in the general public.

CMS upholds the principle that open access to the data will, in the long term, allow the maximum
realization of their scientific potential.” - CMS Data Preservation and Open Access (DPOA) Policy (first
drafted and adopted in 2012 and updated in 2020) DOI:10.7483/OPENDATA.CMS.1BNU.8V1W



http://doi.org/10.7483/OPENDATA.CMS.1BNU.8V1W

CMS Open Data Policy

» Data releases since 2014
* Publish 50% of luminosity after 6 years, remainder released within 10 years

* “Amount of open data will be limited to 20% of data with the similar centre-of-mass energy and collision
type while such data are still planned to be taken”

* Releases are made under the open license Creative Commons CCO waiver, essentially releasing into the
public domain

* Principles aligned with the CERN open data policy for the LHC experiments

* There are also CMS policies (restrictions) on use of open data by CMS collaborators

« Recommendations for Best Practices for Data Preservation and Open Science in HEP

Data preservation, re-use, and open access are interrelated, as used data are preserved data.

The best time to prepare for data preservation and open data is before data are even taken; the second
best time is now.


https://creativecommons.org/publicdomain/zero/1.0/
http://dx.doi.org/10.17181/CERN.QXNK.8L2G
https://icfa-data-best-practices.app.cern.ch/

CERN Open Data Policy

Levels

* | evel 1: data directly related to publications
 Level 2: simplified data formats suitable for education and outreach
 Level 3: “analysis level” reconstructed data and simulation and software

e | evel 4: raw data and associated software



LHC luminosity

Run eras and data delivered
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CMS Open Data releases

Timeline

2010 pp, 50%

First release,
virtual machine
environment

2011 pp, 50%

Simulated
samples,
validation
examples, basic
tools

2012 pp, 50%

More usage
examples

(Higgs), Jupyter
notebooks

2010 pp, 100%

ML samples,
special datasets,
docker
containers,
simulated data
generation tools

2021, Dec

2020, Aug

2014, Nov \2016 Apr \2017 Dec : 2019, Jul :

2020, Dec

2011 pp, 100%  2010-11 HI, 100%

First examples of First heavy-ion
automated data release
workflows,

improved tools

2022, Dec

2023, Sept

2015pp,99% 2012 pp, 100% 2013 HI,100% 2016 pp, 50%

First Run-2 data
release,
slimmer data
format

Full Run-1 pp Full Run-1 First data format
data release, heavy-ion data, not requiring
improved usage extended usage CMS software,,

examples examples updated usage
instructions




CMS Open Data releases
CERN Open Data Portal

Help* Abcut~

_ _ Explore more than five petabytes /
CMS data are available via the of open data from particle physics! |

CERN Open Data Portal

Datasets are categorised,

searchable, and citable (with a DO Ephas Neon
attached to each dataset) D .
There are 300+ collision and 50k+ s
simulated datasets available, over

4 PB (disk and tape)

"11: . " DoubleMu primary dataset in AOD format from RunA of 2011 (/DoubleMu/Run2011A-
Over 16 billion real collision events 120012015 v L/AGD)
DoublefuRun2C 1181202013
e as OMS colabaration (7

v 11AQD, CM3 collazoraiion
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https://opendata.cern.ch/
https://opendata.cern.ch/record/17
https://opendata.cern.ch/

CMS Open Data Guide
Home

CMS Open Data releases

CERN Open Data Portal

Conte nt CMS Open Data
Finding Data
Warkshops

Computing Tools

Providing just the datasets isn’t enough. If the data aren’t

UNIX
usable, then what’s the point? Therefore a data release oo
also includes: Git
Virtual Machines
e Software environments via Docker containers and/or CMSSW
virtual machines Overview
» Analysis software: CMS software, example analyses, .
validated run information, conditions database Conditions Data
access, ... Anabsls
» Documentation (such as the CMS Open Data Guide) P

Background Madelling
* Continued support via e.g. a support forum Systematics

Statistical Interpretation
FAQ
About

11


https://docs.docker.com/get-started/
http://www.apple.com/uk
https://opendata-forum.cern.ch/c/cms/6

CMS Open Data usage

General challenges

* A certain amount of knowledge about physics, detectors, software, and data
analysis is needed in order to use the open data “like a physicist”

 The datasets available are large and cover a broad range of physics, what
data should one use and once one knows that, how does one find them?

« Some data formats are complex and require use and knowledge of CMS-
specific software

 On the experiment end: person-power is heeded to prepare the releases

and to prepare and maintain the open data infrastructure like documentation,
software environments, examples, etc.

12



CMS Open Data Workshop for Theorists

Reso u rces Fermilab LHC Physics Center (LPC)

Online (link) Instructors: Matt Bellis, Edgar Carrera,
Open Data Workshops

Sep 30 - Oct2, 202C

Julie Hogan, Clemens Lange, Kati Lassila-
8:30 am= 5:00 pm (US Central Lime Zone) Ferini, Santeri Laurila, Adelina Lintuluoto, Tom
MeCauley, Sezen Sekmen, Jesse Thaler

» Since 2020 CMS have been Oﬁering Open Helpers: Asdrubal Cruz, Nada Mohamed
Data WOI’kShOpS Nikolas Pervan, Farrah Simpson, Stefan

Wunsch

* The goal: to lower the threshold to access
and use open data for students, educators,

theorists, phenomenologists, MLs, ... [...]
* Open Data Workshops are in-person and .

hybrid \ =

| - GMS Open Data Workshop

 Even after the workshops, the material | 202 4

prepared remain a persistent and invaluable /

resource for learning CERN IdeaSquare |

Jul 79 - Aug 1. 20724 Instructors: Maft B=lis, JLlie <ogan, Kafi

* The next workshop, 28-30 July at ND, will . 08100 - 18:00 CEST Lass"a'Pe”'m .'m‘ 'Vf‘z':a“'?'y" b‘eze"" P9Amen

focus on educational uses, targeting \ plelpers: vt TN, D el

teachers and lecturers
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https://cms-opendata-guide.web.cern.ch/cmsOpenData/workshops/
https://cms-opendata-guide.web.cern.ch/cmsOpenData/workshops/
https://cms-opendata-guide.web.cern.ch/cmsOpenData/workshops/
https://cms-opendata-guide.web.cern.ch/cmsOpenData/workshops/
https://indico.cern.ch/event/1672496/
https://cms-opendata-workshop.github.io/2020-09-30-cms-open-data-workshop-for-theorists/
https://cms-opendata-workshop.github.io/2024-07-29-CERN/

CMS Open Data usage

Education

 Education (and outreach) was the first and is
the most enduring use-case for CMS open
data. In fact, the successful use of small
datasets released especially for education
helped to encourage the collaboration to
release more and to adopt an open data
policy.

Vs=7TeV,L=23fb" Vs=8TeV,L=19.8fb"

- CMS Open Data ¢ Data

W
o

 Open data from CMS have formed the raw

>
[] [ ] o
material of the CMS masterclasses since the 325._ E%’Qr
beginning of the International Masterclasses . J O 725 Gev

N
o
[rr1

(in collaboration with QuarkNet). These data
have been used by tens of thousands of i 4
students all over the world.

—
oL
L

* There are over 200 “derived” (i.e. Level 2)
datasets available on the CODP for use in
education and outreach

 Example analysis code is also available (e.g. ok | 'l&*d el |

. . . 80 100 120 140 160 _ 180
4-lepton analysis, i.e. discovery of the Higgs) m, (GeV)

14



https://www.physicsmasterclasses.org/
https://quarknet.org/
https://opendata.cern.ch/search?q=&f=experiment:CMS&f=type:Dataset+subtype:Derived&l=list&order=desc&p=1&s=10&sort=mostrecent
https://github.com/cms-opendata-analyses

Educational usage
How do (did) we get there?

 The bulk of CMS open data are research-level (data preservation is part of our mandate as
well), i.e. at a level used by the physicists on the experiment

* Collaboration between educational experts and physicists to help bridge the gap of expertise
and knowledge: the collaboration between QuarkNet (an NSF-funded physics teacher training
program) and CMS has been crucial to success

* Access at different levels appropriate to the intended audience needs to be provided: e.g.
example analyses in Jupyter notebooks, simplified datasets and formats, open access
applications and tools such as event displays and learning portals

* As with everything, person-power is required:. we need sustained collaboration between
experiments, universities, and funding bodies to create shared teaching resources,
maintain tools, and recognise the contribution of those who build and support open
data infrastructure

15


https://quarknet.org
https://ispy-masterclass.web.cern.ch/
https://sites.google.com/siena.edu/particle-physics-playground/home?authuser=0

Resources

Summary

e Over 4 PB of collision data and simulation

« CERN Open Data Portal: https://opendata.cern.ch/

« CMS Open Data Guide: https://cms-opendata-guide.web.cern.ch/

» CMS Open Data Forum: https://opendata-forum.cern.ch/c/cms/6

« CMS Open Data Workshops: https://cms-opendata-guide.web.cern.ch/
cmsOpenData/workshops/

16


https://opendata.cern.ch/search?q=&f=experiment:CMS&f=type:Dataset+subtype:Collision&f=type:Dataset+subtype:Simulated&l=list&order=desc&p=1&s=10&sort=mostrecent
https://opendata.cern.ch/
https://cms-opendata-guide.web.cern.ch/
https://opendata-forum.cern.ch/c/cms/6
https://cms-opendata-guide.web.cern.ch/cmsOpenData/workshops/
https://cms-opendata-guide.web.cern.ch/cmsOpenData/workshops/
https://cms-opendata-guide.web.cern.ch/cmsOpenData/workshops/
https://cms-opendata-guide.web.cern.ch/cmsOpenData/workshops/

Thank you






CMS detector

Requirements and features

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 pm?) ~1.9 m* ~124M channels

Ovenllength  :287m Microstips (80-180 um) ~200 ' ~9.6M chanaels * A high-quality central tracking system
et SUPERCONDUCTING SOLENOID to give accurate momentum

Niobium titanium coil carrying ~18,000 A

e measurements

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

* A high-resolution electromagnetic
calorimeter to detect and measure
PRESHOWER
= Slcon strips 16 m? ~137,000 annes electrons and photons
| FORWARD CALORIMETER A “hermetic” hadron calorimeter,
~ Steel + Quartz fibres ~2,000 Channels . .
47 By - ' Ny designed to entirely surround the
I 0 /4 collisions and prevent any particles
‘ Gy - L & Y from escaping undetected

* A high performance system to detect
and measure muons

CRYSTAL
ELECTROMAGNETIC ) |
CALORIMETER (ECAL) 7\ Y 4

~76,000 scintillating PbWO, crystals ) i

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

* A solenoidal magnet to provide a large
magnetic field

19



CMS detector

Légende: Muon
= Electron

Hadron chargé (ex.Pion)
— — — — Hadron neutre (ex.Neutron)
------ Photon

—‘Q
e
-

Trajectographe
au silicium |
) | D' électromagnetique ]
i ;' '
Eag’”me"e Solénoide :
adronique "
. superconducteur Culasse de retour de I'aimant |
avec des chambres a muons U UL
Oom m 2m 3m 4m 5m 6m 7m
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CMS collaboration

e 2406 institutes from 58 regions
e ~ 2300 authors

 Thousands of engineers, students, ...

(As of end-of-summer 2025)

22



What is Open Data?

— ChatGPT 5> &

open open

What is open data? evaluation reviews

Open data is data that anyone can access, use, open

nolicies

and share freely—usually with minimal restrictions
such as attribution. The core idea is that data pen

should be available to the public in a usable

format so that it can be analyzed, reused, and oner
redistributed for purposes like research,
iInnovation, education, and transparency.

hardware
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https://cerncourier.com/a/open-science-a-vision-for-collaborative-reproducible-and-reusable-research/

Data formats

Tiers

* AQOD: largest data format, requires CMS software
for analysis, only available for Run 1

e MiNIAOD: smaller data format derived from AQOD,

sgﬁlzres CMS software for analysis, available for Reconstructed data ~3 MB

, | Analysis Object Data (AOD) ~500 kB
 NanoAOD (i.e. ROOT-based ntuples) formats (with

e.qg. corrections applied and ID used) are produced MiniAOD ~50 kB
and used more and more by CMS and have
several advantages over larger formats beyond NanoAOD (flat ROOT) 1-2 kB

purely size: e.qg. flatter physics object structure, no
need for large C++ frameworks for analysis, and

the possible use of python frameworks and tools
such as Coffea, RDataFrame, uproot, awkward, ...

24



Why Open Data?

But steady publication of LHC data has multiple benefits. First, it encourages prompt
archiving, before collective memory fades and knowledge is lost. Second, other scientists can
analyse the data while the LHC is still running, testing unconventional strategies and
potentially leading to unexpected discoveries, new approaches and fruitful discussions. And
third, as a by-product, these scientists can stress test the archiving methods; any deficiencies
found are easier to fix now than later. In this way, public collider data can complement the
overall LHC research effort. We, therefore, favour a slow but steady approach to full

publication of the LHC experiments’ data; it is in the best interest of particle physics.

Matthew Strassler &4 & Jesse Thaler I

Nature Physics 15, 725 (2019) | Cite this article

25


https://www.nature.com/articles/s41567-019-0628-z

Open Data Workshops

Structure and Schedule

 The workshops run over several days

* The pre-learning and pre-exercises are pretty
common across workshops (Unix, python,
version control, containers, particle physics, CMS

detector,...)
* WWe use the Software Carpentries framework for

all workshops
* The advanced topics (e.g. cloud computing,

statistical inference, specific analyses,...) may

change over workshops
* “Hackathon” sessions are sometimes included

 Programming languages include C++ and
python but the direction of travel in more recent

workshops is towards python-only

26
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Next workshop

 The next open data workshop: 28-30
July at University of Notre Dame

* The focus of this workshop will be
educational use-cases: hopefully
empowering secondary school
teachers and university lecturers to
use CMS open data in their lessons

e Format will include user-initiated
hackathon sessions as well as
tutorials

27

& QuarkNet

RS QUARKNET

@ Hosted by University of Notre Dame

L=y "' -

CMS Open Data Workshop

S - » AT RS . Y
i0\WaNits to usa particie physics ata Inthelr Ciassrpem

o d \ o ASE-

Loeation:

Education and Pedagogy Hackathon!  uniersity of Notre pame

July 28" - July 30", 2026

Join us to explore hew you can introduce your science
students to particle physics. This workshop is focused on
education and physics pedagegy using data from CMS -- an

active high-encrgy cellider excitement at CERN's Large Hadron
Collider. Over 3 days we'll host tutorials and hacking sessions
to create new, usable K-12 or college classroom products.

Organizing Committee Local Organizing Committan
Matt Eclls Slera Uriversity) a0 Zoeire Mctre Uame & Juaddvet)
hdiz Hogan [Bethal University \onissk Jatta (Notws Dame)

Clomeys Lasge |Poul Seharver Inctitute) Mickae Hilreth [Note Damz)

Bat Lessila Povinl |Hosinkl Inst tutc of Phys os' Foin lessop [Nolre: Yane

Thomas MeCztlwy (Motre Dams3) Kavin | amaon (Nekve: M)
M Tsharsan Hekre Nare)]

Facilitators Mitchzd Wayne (Nelre Dael

[mly Ransch (Siena Lniversity) S1are Woxd [Hetre Dame & DuarkNet)
Pable Sakz (CERN]

Kat e Selvetog [Sem Uriversty)

& virtual participation

Since 2014, the CMS experiment at
the Large Hadron Collider has
released data publicly via the CERN
Open Data Portal. This workshop will
cover these datasets and their
underlying physics. We want your
input en making this data
classroom-useful. We want you to
help create resources, during the
workshop, te share with other

://indico.cern.ch/e/cmsodws2026



https://indico.cern.ch/event/1672496/

Level 3 collision data and MC releases

e« 2010 p-p collision data at 7 TeV

e 2010 Pb-Pb collision data at 2.76 TeV

2011 p-p collision data at 7 TeV + MC

« 2011 p-p collision data at 2.76 TeV and p-Pb collision data at 5.02 TeV

« 2012 p-p collision data at 8 TeV + MC

2013 p-p collision data at 2.76 TeV and p-Pb collision data at 5.02 TeV + MC

e 2015 p-p collision data at 5.02 TeV and at 13 TeV + MC

e 2018 p-p collision MC at 13 TeV for ML studies

2016 p-p collision data at 13 TeV + MC

28


http://opendata.cern.ch/search?page=1&size=20&experiment=CMS&type=Dataset&subtype=Collision&subtype=Simulated&year=2010&file_type=root
https://opendata.cern.ch/search?q=&f=experiment:CMS&f=type:Dataset+subtype:Collision&f=year:2010&f=collision_type:PbPb&l=list&order=desc&p=1&s=10&sort=mostrecent
http://opendata.cern.ch/search?page=1&size=20&experiment=CMS&type=Dataset&subtype=Collision&subtype=Simulated&year=2012&file_type=root
https://opendata.cern.ch/search?q=&f=experiment:CMS&f=type:Dataset+subtype:Collision&f=collision_type:PbPb&f=collision_type:pPb&l=list&order=desc&p=1&s=10&sort=mostrecent
http://opendata.cern.ch/search?page=1&size=20&experiment=CMS&type=Dataset&subtype=Collision&subtype=Simulated&year=2012&file_type=root
https://opendata.cern.ch/search?q=&f=experiment:CMS&f=year:2013&l=list&order=desc&p=1&s=10&sort=mostrecent
https://opendata.cern.ch/search?q=&f=experiment:CMS&f=year:2015&l=list&order=desc&p=1&s=10&sort=mostrecent
https://opendata.cern.ch/search?q=&f=experiment:CMS&f=year:2018&l=list&order=desc&p=1&s=10&sort=mostrecent
https://opendata.cern.ch/search?q=&f=experiment:CMS&f=type:Dataset&f=year:2016&l=list&order=desc&p=1&s=10&sort=mostrecent

CMS Open Data usage

Research

e CMS Open Data has
found use out in the high-
energy physics
community, producing
published research
results: see for example

the citations of CMS Open
Data DOlIs in Inspire

* Topics: searches, jet/QCD
studies, machine learning

Papers citing CMS Open Data DOIs [Inspire]
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Analyzing N-Point Energy Correlators inside Jets with CMS Open Data

Patrick 7. Komiske (M'T, Cambridge, CTR], lan Moult (Yzle ).}, Jesse Thaler (MIT, Cambridge, CTP), Hua Xing
Z7w (Hangzhcu, Zhejiang U.)

13 pages

Publizned in: Phys.Rev.Lett. 130 (2023) &, 0561601
Publisned: Feb 1, 2023

e-Prirt: 2201.0730C |nep-ph|

DOI: 10.1103/PhysRev et 130.057901 (publication)
Rcport number: MIT-CTF 538¢

View in: ACS Abslracl Service
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Conformal collider physics meets LHC data

Kyle Lee [LBL, Berkeley and LENL, NSD), Slanka Mecgaj (Yale U. ana Yale U., Math. Dept.), lan Moult (Ya'e U. anc
Yzle U, Malh. Dept)
May 6, 2022

€ pajes

FPublisnad in: PAvs Rev.0 1171 (2025) 7, LOT1502
Publisnad: Jan 1, 2025

¢-Frint: 2205.03414 [hep-gh)

DOI: 10.1103/2hysRevD. 1 11.L0711502 (publication)
View in: ADS Abstract Service

 odf [/ cite [@ reference search =) 118 citations

Fast and Accurate Simulation of Particle Detectors Using Generative
Adversarial Networks

Pasqua'e Musella (ETH, Zurich (main)), Francesco Pandolfi (INFN, Rome)
Mzy 2, 20138

& pages

Fublisnad in: Compur, Softw.Big Scr. 2 (2018) 1, 3
FPublisnad: Now 2, 20718

o-Frint: 1805.00850 [hep-ex]

DOI: 10.1007/:41781-0°8-C015-y

View i ADS Absiracl Service
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=references.reference.dois:10.7483/OPENDATA.CMS*
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=references.reference.dois:10.7483/OPENDATA.CMS*
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=references.reference.dois:10.7483/OPENDATA.CMS*
https://inspirehep.net/literature/2014077
https://inspirehep.net/literature/1671151
https://inspirehep.net/literature/2872833
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=references.reference.dois:10.7483/OPENDATA.CMS*
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