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Computational and Data Science Challenges of the High Luminosity Large 
Hadron Collider (HL-LHC) and other HEP experiments in the 2020s

1) Use the Higgs boson as a new tool for discovery
2) Pursue the physics associated with neutrino mass
3) Identify the new physics of dark matter
4) Understand cosmic acceleration: dark energy and inflation
5) Explore the unknown: new particles, interactions, 
and physical principles

From “Building for Discovery - Strategic Plan for U.S. Particle Physics in the Global 
Context” - Report of the Particle Physics Project Prioritization Panel (P5):
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Science Driver: Discoveries beyond the Standard
Model of Particle Physics

The HL-LHC will produce exabytes of science data 
per year, with increased complexity: an average of 
200 overlapping proton-proton collisions per event.

During the HL-LHC era, the ATLAS and CMS 
experiments will record ~10 times as much data from 
~100 times as many collisions as were used to 
discover the Higgs boson (and at twice the energy).



Community White Paper
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January 2017
UCSD

Many workshops, involving a diverse group
• International participants
• Computing Management from the 

Experiments and Labs
• Individuals interested in the problems
• Members of other compute intensive 

scientific endeavors
• Members of Industry
• http://s2i2-hep.org/
• https://hepsoftwarefoundation.org/

Individual Papers on the arXiv:
Careers & Training, Conditions Data, DOMA, Data Analysis & 
Interpretation, Data and Software Preservation, Detector Simulation, 
Event/Data Processing Frameworks, Facilities and Distributed 
Computing, Machine Learning, Physics Generators, Security, 
Software Development, Deployment, Validation, Software Trigger 
and Event Reconstruction, Visualization

IRIS-HEP
arXiv 1712.06982

June 2017
Annecy

arXiv 1712.06592

Community White Paper & the Strategic Plan

Birth of IRIS-HEP

http://s2i2-hep.org/
https://hepsoftwarefoundation.org/
https://hepsoftwarefoundation.org/organization/cwp.html
https://arxiv.org/abs/1712.06982
https://arxiv.org/abs/1712.06592
https://arxiv.org/abs/1712.06982
https://arxiv.org/abs/1712.06592
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Why an Institute?

Software, System
View & Computing 

Models

We aim to deliver more than software.
Big (Team) Science projects need “Computing Models”.
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https://iris-hep.org/



Education & Training
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Challenges and Opportunities
Not all HEP students can attend 
university-offered software courses 

No standard curricula for 
HEP students exists

Experiments need 
Cyberinfrastructure 
professionals and 
lifelong learners

Democratize science by making software 
prerequisites accessible to everyone

We need a unified, scalable, and sustainable software training framework 
powered by the entire community

IRIS-HEP is leading training efforts 
and powered the HSF Training WG
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Challenges and Opportunities

We need a unified, scalable, and sustainable software training framework

Unified ● Material and events should be centrally listed and 
discoverable

● Concentrate efforts by prioritizing cross-experiment content
● A community must guide, support, and coordinate 
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Scalable ● The training initiatives need to reach O(1000) students/year 
⇒ material must be teachable by multiple instructors

● Self-study must not be an afterthought

Sustainable ● Material must be open source and maintained collaboratively
● Incentives & recognition important motivators



 A unified Training Center for HEP
● Training Center currently lists 21 training 

modules (including material developed by 
IRIS-HEP/HSF, The Carpentries, and individual authors)

● Goal: Training Center as a focal point for HEP 
Training activities

● Central list of training events 

(truncated)

● ⇒ Ongoing Expansion will 
replace static table with 
group-, filter- and 
searchable listing, 
showcasing all training 
material of the HEP 
community
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http://hepsoftwarefoundation.org/training/curriculum.html


^ Modules build on each other

 Scale and sustain

< Complete video    
   walkthroughs!

Everything open-source

Most training modules are website built from 
easy-to-read source files (Markdown)
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Weekly meetings
Community pages

Monthly hackathons

Slack

Recognition

^ Enough verbosity for self-study

^ Lessons build on each other

http://hepsoftwarefoundation.org/training/community


Scale and sustain
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✅ Mentoring and developer training

CoDaS-HEP: One week intensive in-person developer training
● Co-funded by CyberTraining grant
● Open to Ph.D. students and Postdocs
● 2017, 2018, 2019, 2022

Fellowship program: 3 months remote program for undergraduates
● More than 100 fellows trained!
● Fellows work on software projects together with mentor
● IRIS-HEP serves as organizing entity; students supported by a variety of 

funding sources
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Training Cyberinfrastructure professionals
IRIS-HEP is supporting the whole journey

Scales ✅
100% topics ✅

Scales ✅,
50% topics 

Basic Programming Skills
Democratize Science

Intermediate/HEP Domain
Impart best practices

HSF Intermediate 
Training, experiment 
StarterKits, …

HSF/Software Carpentry 
events, University courses,
Self-study, …

The basics

Prepare for physics

Outreach

Advanced
Join us at the frontier

Developers
Drive progress

IRIS-HEP Fellowships, 
TAC-HEP, WATCHEP, 
GSoC, internships

CoDaS-HEP, CSC, 
GirdKa, MLHEP, INFN 
ESC, …

Network & catch up with 
recent developments

Mentoring & hands-on 
development experience

Intellectual hub



Going beyond
✅ Basic-intermediate training

● ✅ Unified community of educators

● ✅ 100% of basic prerequisites, 
50% of intermediate topics

● ✅ Demonstrated sustainable scale 
out using training modules (“Carpentry 
Style”)

● ✅ Successful in-person training and 
hands-on experience program 
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🚀 Scalable intermediate- advanced training

● Plan: Apply similar “Carpentry-style” 
paradigms; seed small working groups; 
strengthen collaborations with training 
groups beyond HEP  

● Challenging: Fewer experts, fewer 
students, more mentoring required

● Rewarding: This trains the 
Cyberinfrastructure Professionals who drive 
software development!

● Our strong suit: Unify efforts, leverage 
existing community, use experience in 
creating sustainable & scalable material



The Training Grand Challenge

2018 - 2022

Democratized science,  
Scaled out basic/ 
intermediate training
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2023

● Seed topical WGs for 
advanced material

● Rebuild Training Center
● New liaisons (HEP & 

beyond)

2026 - 2027

● 80% of cross-experiment 
software topics for HEP 
Ph.D. students covered 

● 50% of HEP Ph.D. students 
received intermediate 
training

2024 - 2025

● Teach first new 
intermediate- advanced 
training modules

2027 - 2028

● 20% of HEP Ph.D. students 
received advanced training

● 20% of HEP Ph.D. students 
have supported one of the 
workshops 

✅



Outreach
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Vision: - IRIS-HEP workforce development 
activities contribute to the preparation of a 
highly qualified STEM workforce
Activities: In the current phase of 
IRIS-HEP we built a set of core 
software training curriculum for 
teachers

● 13 software training workshops
(some overlapped with COVID era)

Impact 
● Over 100 teachers software trained

Overview

25



Activities
Year Month Name Participants/Tutors

2023 June/July 5 Coding Camps  (Rice, Alabama, Washington, 
Fermilab, Puerto Rico)

2022 July Coding Camp at Fermilab (1 week) with quarknet 21/5

2022 Mar Data Analysis for Lab Research (Virtual) (1 day) 20/3

2021 Aug Arduino Micro Controller and C++ programming 
(STEM Teachers) (In person) (2 days)

 9/3

Feb Machine Learning Basics for STEM teachers (Virtual) 
(2 days)

8/3

2020 July Data Analysis for STEM teachers (Virtual) (2 days) 16/3

June Data Camp for STEM teachers (Virtual) (1 day) 11/3

2019 June An introduction to programming for STEM teachers (2 
days)

16/1

April Machine Learning Workshop/Hackathon (3 days) 25/1
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https://indico.cern.ch/event/1132342/
https://indico.cern.ch/event/1068475/
https://indico.cern.ch/event/1068475/
https://indico.cern.ch/event/998732/
https://indico.cern.ch/event/927162/
https://indico.cern.ch/event/860466/
https://indico.cern.ch/event/817539/
https://indico.cern.ch/event/809812/


Software Training

“student hat”
Engage, explore, cexplain

● Teachers work in groups
● Running Python code
● Using pre-Jupyter

notebook
● Review basic coding
● Use CMS data

“teacher hat”
Elaborate and Evaluate

● Teachers develop 
implementation plans for 
their own classroom 
Writing Jupyter notebook

● Adapt and apply 
appropriately to their 
classroom

Modules in GitHub
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Brings software experience to high school science teachers



Workshop Example
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● Introduction to Programming 
● Python,  Jupyter notebooks, Colab  
● Hands-on Data analysis
● HEP data preview with CMS 

Open Data Examples

Higgs hunting - an example of scientific research



Scale up
● Reach out to US wide community of high 

school teachers via Quarknet
● Provide software training for science 

teachers
● Coding Camps with Quarknet
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Coding Camp
● Funding Support from IRIS-HEP
● Content creation and support
● Access to HEP software community
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Building on Success

● Developed Software modules (teachers 
input involved)

● Software awareness and skill 
development among high school 
students via teachers

● Relation with community of teachers
to expand and sustain our efforts

● Access to wider community of teachers 
to get software training

● Breaks barriers and enable diversity 

31



Milestones

End of 2 years
● Modules focussing High School 

Physics  curriculum
● Develop workshops in Spanish 

language (enables diverse 
participation)

● 100% Coding Camps run by 
IRIS-HEP

By 5 years
● 100% Software Training across 

the nations 50 Quarknet Centers 
and beyond

32



Intellectual Hub
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Leading the Field to Build Consensus
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HEP Software Foundation

Analysis Ecosystem Workshops A Coordinated Ecosystem for the HL-LHC 
Computing R&D

● Community White Paper Process in 2018-2019
○ Run by NSF funded planning grant that lead to 

IRIS-HEP
● Needed: Umbrella organization to “facilitate 

cooperation and common efforts in High Energy 
Physics software and computing internationally”

● May 2017, May 2022
● First helped shape the Analysis Systems 

focus area of IRIS-HEP and HSF, and 
second report provides field’s blueprint for 
next ~5 years

● Oct 2019, Nov 2022
● Bring together institutes and grants working 

on computing R&D for the HL-LHC
● Groups from NSF & DOE (e.g. A3D3, IAIFI, 

HEP-CCE)
● Gaps, opportunities, collaborations possible

http://s2i2-hep.org/
https://indico.cern.ch/event/613842/
https://indico.cern.ch/e/aew2
https://arxiv.org/abs/2212.04889
https://indico.cern.ch/event/834880/
https://indico.cern.ch/event/1203733/


What Makes IRIS-HEP Successful?
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1 The work we’ve done

2 Our Longevity and Scope

3 Our Connections with the HL-LHC Community



Intellectual Hub

Blueprint
Meetings

Slack
Topical

Meetings

Training

LHC Experiments

**
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Outreach & Impact on Other Communities

37

International Projects Inspired

HEP Software Foundation

SWIFT-HEP

Software Institute For Data 
Intensive Sciences

HSF-India (spin-off), 
FAIROS-HEP

Our contributions & Collaborations to OSS enable 
science and tools beyond HEP

Projects that have found uses outside of HEP/LHC:
● Servicex (astro), iDDS (astro and other HEP) 

ACTS (nuclear physics), uproot/awkward 
(astro, theory, education/outreach), pyhf (other 
HEP)

● OSG Consortium (chemistry, bio, etc.)

We are always on the lookout for new 
collaborations:

● We attend conferences like SciPy that reach 
a broad scientific audience

● Well known in field that researchers from 
adjacent sciences contact us

Info page

https://swift.hep.ac.uk/#:~:text=SWIFT-HEP%20is%20a%20project%20funded%20by%20STFC%20as,software%20for%20High%20Energy%20Physics%20experiments.%20%28More%20details%29.
https://sidis.web.cern.ch/
https://sidis.web.cern.ch/
http://research-software-collaborations.org/
https://fairos-hep.org/
https://iris-hep.org/impact-beyond-hep.html


Python Tool Ecosystem
The OSS Ecosystems for data

Domain 
Specific

Foundational

A community-driven and 
community-oriented project 
providing Particle Physics at 
large with a Python package 
containing core and common 
tools. 
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The PyHEP Conference Series

2022 (link)
> 1000 participants
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● Brings Developers & Users of the Python 
Eco-System together

● Future development directions
● Lead by IRIS-HEP members and others
● Sponsored by IRIS-HEP

PyHEP.dev - Summer 2023 (link)

PyHEP - Fall 2023

Growth over the pandemic era

https://indico.cern.ch/event/1150631/
https://indico.cern.ch/event/1234156/


A large group of people across the spectrum are working to build a 
coherent ecosystem

● Many communication tools are available (Slack, Mattermost, 
gitter, discourse, etc.)

● Our long-term role as intellectual hub allows it to fill this role.

Intellectual Hub

The IRIS-HEP Slack

Discussion channels on a broad range 
of topics inside and out of IRIS-HEP

● On packages we are authoring
● On broad experiment-related 

topics (e.g. systematic error 
handling)

● Gathering place for those 
working on related topics (e.g. 
coffee developers are in many 
channels)

We will continue to support grass-roots 
communications in the community.

(also email lists, etc.) 40



Broadening Participation
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High School STEM 
Students

Postdocs & 
Professors

Both target underrepresented 
minorities and HBCU’s

Princeton’s PACRI 
Program (HBCU’s)

Direct Efforts built on our well understood 
summer fellow mentoring program.

● US CMS PURSUE

● Princeton’s PACRI

Next step: scaling up our pilot 
runs to a larger audience.



Tracking Progress
Year 1
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Year 2 Year 3 Year 4 Year 5

Training

Outreach

First intermediate/ 
advanced Training 
Modules

80% of cross-experiment software 
topics for Ph.D. S. covered 
50% of Ph.D. S. participated in 
intermediate/advanced training, 
20% have helped in event

Scale

Modules focussing High School Physics  
curriculum
Develop workshops in Spanish 
language (enables diverse participation)

Coding Camps run at all 
Quarknet Centers



Conclusions - Broader Impacts and Intellectual Hub
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Large proposed program to reach many in 
the field, and students and STEM teachers:

● Reach 50% of all U.S. Ph.D.’s who 
have moved beyond beginner training 
modules

● Reach ~1000 students per year with 
our training

● Scale out our Coding Camp materials 
using QuarkNet to reach a larger 
audience of STEM teachers and 
students

● Build field-wide consensus around the 
path towards Analysis at the HL-LHC, 
a coordinated R&D program for 
computing at the HL-LHC in the USA, 
and Translational AI


