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About me 

My research interests: 
- ATLAS experiment at CERN (Past CMS and LHCb 

experiments)
- Everything that I don’t know
- Intersection of experimental particle physics, software 

and computing 
- HEP software, Distributed computing, Heterogeneous 

architectures, High level triggers, Dark sector physics, 
- what AI can do for physics
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Part-I
• LHC Computing and scale   
• Landscape of research software projects .     
• Advancements in platforms and architectures.      
• Languages and software engineering.  

 
 Break: Questions and discussion    
Part-II

• Triggers and Real-Time analysis (online)   
• GPU programming.    
• AI and future     

 End: Questions and discussion  

Overview:  
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LHC Computing and scale
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LHC Computing and scale
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For every LHC run, the volume of collected 
data increases very steeply

We collected ~ 20% of the expected data 

HL-LHC: enormous challenge for storage and 
compute services, databases and networks  

(HL-)LHC computing: scale
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Run-1 Higgs candidate HL-LHC simulated event

Increase in data volume, but also in event complexity 

Major innovation needed in the experiments’ software

(HL-)LHC computing: scale



What Does fb-1 Mean, and Why Is a Barn Called a Barn?

- A barn is a particle-physics unit of cross-sectional area: 1 barn = 10-28 m2, roughly the scale of a heavy atomic 
nucleus.

- The name came from Manhattan Project slang in the 1940s: a uranium nucleus looked "as big as a barn door" to 
slow neutrons, so physicists jokingly called that large nuclear target area a barn. Once the barn stuck, the whole 
family followed standard prefixes: mb, microbarn, nb, pb, fb, and ab for increasingly smaller cross sections.

- fb-1 means inverse femtobarn. It is a unit of integrated luminosity: how much collision data an experiment has accumulated, 
not the size of one event.

- A femtobarn is extremely small:
1 fb = 10−15 barn = 10−43 m2

- The inverse, fb⁻¹, means “per femtobarn” and acts like the size of the dataset.

- Event yield is estimated by: 𝑁 = 𝐿𝑖𝑛𝑡 × 𝜎

- Here: 𝐿𝑖𝑛𝑡 = integrated luminosity in fb⁻¹
              𝜎 = process cross section in fb

- Example:
if a process has 𝜎 = 10 fb and the experiment collected 150 fb−1 ,then 𝑁 ≈ 150 × 10 = 1500 events

Why it matters: rare processes have tiny cross sections, so experiments need large integrated luminosity

Takeaway: barns measure interaction probability; inverse barns measure dataset size.



A naive extrapolation from today’s computing model and techniques, even after assuming Moore’s 
Law increases in capabilities, is insufficient to meet the expected resource needs for HL-LHC
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(HL-)LHC computing:
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Evolution and Stability

From the CMS HL-LHC Computing 
Conceptual Design Report

https://cds.cern.ch/record/2957472/files/LHCC-G-186


Landscape of research software projects 

15/06/2026 RAL Advanced Graduate Lectures   brij@cern.ch 12



Landscape of research software projects 
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10.1007/s41781-018-0018-8

Landscape of research software projects 
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Landscape of research software projects 
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Landscape of research software projects 
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https://montecarlonet.org/

MadGraph: https://launchpad.net/mg5amcnlo
Pythia8: https://pythia.org/

Landscape of research software projects 
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(GEometry ANd Tracking)
C++ simulation toolkit of the passage of particles through
matter, using Monte Carlo methods

https://geant4.web.cern.ch/

https://gitlab.cern.ch/geant4/geant4/-
/tree/master/examples

Landscape of research software projects 

15/06/2026 RAL Advanced Graduate Lectures   brij@cern.ch 18

https://geant4.web.cern.ch/
https://gitlab.cern.ch/geant4/geant4/-/tree/master/examples
https://gitlab.cern.ch/geant4/geant4/-/tree/master/examples
https://gitlab.cern.ch/geant4/geant4/-/tree/master/examples
https://gitlab.cern.ch/geant4/geant4/-/tree/master/examples
https://gitlab.cern.ch/geant4/geant4/-/tree/master/examples
https://gitlab.cern.ch/geant4/geant4/-/tree/master/examples
https://gitlab.cern.ch/geant4/geant4/-/tree/master/examples


Landscape of research software projects 
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Internal ROOT data format: from TTree to RNtuple

• RNTuple is 10-20% smaller than TTree, resulting in storage saving
• Read throughput improves by x3-x5 with RNtuple 

Landscape of research software projects 
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21

Foundational

Technique
specific

Domain 
Specific

Application
Specific

The full HEP ecosystem is of course wider, ROOT being prominent, 

PyHEP ecosystem

Landscape of research software projects 
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Full list at https://scikit-hep.org/packages

Landscape of research software projects 

15/06/2026 RAL Advanced Graduate Lectures   brij@cern.ch 22

https://scikit-hep.org/packages
https://scikit-hep.org/packages
https://scikit-hep.org/packages


https://iris-hep.org/projects/agc.htmlLandscape of research software projects 
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https://iml-wg.github.io/HEPML-LivingReview/Landscape of research software projects 
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Advancements in platforms and architectures.
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"New directions in science are launched by new tools much more 
often than by new concepts. 
The effect of a concept-driven revolution is to explain old things in 
new ways. 
The effect of a tool-driven revolution is to discover new things that 
have to be explained." 
      
  "Imagined Worlds" (1997) by Freeman Dyson

Advancements in platforms and architectures. 
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Advancements in platforms and architectures.
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Advancements in platforms and architectures.

High-NA-EUV lithography at a glance 

- ASML and Zeiss
- The world's most powerful pulsed industrial laser 

Will enable next generation of chips. 
- Intel 18A and 14A
- 2.9x more density
- Simiar plans by TSMC and 
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Advancements in platforms and architectures.
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Advancements in platforms and architectures.

For all workloads

- Private resources in each core
- Resists noisy neighbour influence
- Predictable latency
- Linear Scaling
- Up to 384 Vector Engines
- Scale out requires SW optimisation
- Containerization of services and 

15/06/2026 RAL Advanced Graduate Lectures   brij@cern.ch 30



Advancements in platforms and architectures.
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Advancements in platforms and architectures.

15/06/2026 RAL Advanced Graduate Lectures   brij@cern.ch 32



Advancements in platforms and architectures.

Architecture-aware optimizations in hot sections of our code can yield huge gains overall
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Advancements in platforms and architectures.
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Advancements in platforms and architectures.
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Kao&Hockham 1966

Nobel Prize in Physics in 2009
https://www.nict.go.jp/en/press/2025/05/29-1.html

Advancements in platforms and architectures.
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170 data centres in 42 countries

About 1 million processing cores 

>1000 Petabytes of CERN data stored worldwide

The Worldwide LHC Computing Grid (WLCG): Our cyberinfrastructure
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Languages and software engineering.
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"The most dangerous phrase in the language is, ‘We’ve always 
done it this way.’”

 Grace Hopper, 
                 1952, Developer of world’s first Compiler (A-O)
  

What if we could talk to a computer in a language closer to English
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Modern software project stack example

04/05/2026 40

CMS CMSSW framework LHCb HLT: Allen framework

Base algorithms

C/C++, ALPAKA, CUDA

04-08 May 2026, IISER Pune



               

      ,      

              

              

   

Languages and software engineering.
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CHEP24-JuieaHEP

Languages and software engineering.
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Core Features in C++23

• Modules
• Simplify code imports with import std;—reduces compile times and avoids header complexities.
• Great for large projects: improved encapsulation and clarity.

• String Enhancements
• New .contains() method for substring search: if (text.contains("word")).

• std::print & std::println
• Clean, type-safe, and format-friendly output.
• Example: std::println("Value is: {}", value);.

• std::flat_map & std::flat_set
• Optimized for insertion-heavy workloads—use array-based storage for better cache performance.

• Parallel Algorithms
• Built-in multi-core support via execution policies (std::execution::par): std::for_each(std::execution::par, 

data.begin(), data.end(), func);.
• Debugging Tools

• std::stacktrace for error diagnosis and backtracing: efficient call stack inspection.

Languages and software engineering.
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Software approaches beyond evolutionary baseline: HLT

Languages and software engineering. 

Data sorting

Track seeding

Track following

Likelihood minimisation

Clustering

Selections

Quicksort or merge sort

Geometry or physical constrains,

Kalman filter to most likelihood path

Gradient descent from exp to high-deg pol

Graph based clustering 

Exp to Quad

Complexity challenges ahead: Despite clever simplifications, the complexity bounds highlight 
significant challenges for future Runs.

Need for advancements in algorithms: 
- Similar challenges for MC simulations and offline processing.
- Development of more advanced and efficient data traversal algorithms is essential to manage exponentially growing 

data throughput, 
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- Array oriented programming for particle physicists 
- https://hsf-training.github.io/array-oriented-programming/0-intro.html
- https://github.com/hsf-training/array-oriented-programming

- Python with Exercises
- https://research-software-collaborations.org/python-june2025/intro.html#
- 15 Sorting Algorithms in 6 Minutes

Languages and software engineering. Python for HEP: Tutorials
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Break: Questions and discussion
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Thank you
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