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1. Landscape of research software projects .           ~13m
2. Advancements in platforms and architectures.      ~12m
3. HEP Computing Infrastructure: WLCG(Offline).      ~10m
4. Languages and software engineering.        ~10m
 
 Break: Questions and discussion          ~15m

5. Real-Time analysis (online)         ~15m
6. GPU programming.          ~20m
7. Future ?            ~15m

 End: Questions and discussion        ~10m
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1. Landscape of research software projects 
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Landscape of research software projects 
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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

16/06/2025 brij@cern.ch 6

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

Landscape of research software projects 
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https://doi.org/10.1007/s41781-018-0018-8


https://montecarlonet.org/

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

Landscape of research software projects 
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https://montecarlonet.org/
https://launchpad.net/mg5amcnlo
https://pythia.org/


(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 
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https://geant4.web.cern.ch/
https://gitlab.cern.ch/geant4/geant4/-/tree/master/examples
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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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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 
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https://scikit-hep.org/packages


https://iris-hep.org/projects/agc.htmlLandscape of research software projects 
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https://iris-hep.org/projects/agc.html


https://iml-wg.github.io/HEPML-LivingReview/Landscape of research software projects 
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https://iml-wg.github.io/HEPML-LivingReview/


2. 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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https://www.zeiss.com/semiconductor-manufacturing-technology/inspiring-technology/euv-lithography.html


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 
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Advancements in platforms and architectures.
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Advancements in platforms and architectures.
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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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https://opticalfibrehistory.co.uk/wp-content/uploads/2016/03/1966_Kao_Hockham_papeAt25Years.pdf


3. HEP Computing Infrastructure: WLCG.
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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

16/06/2025 brij@cern.ch 31



HEP Computing Infrastructure: WLCG: Resource projection
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HEP Computing Infrastructure: WLCG: Resource projection
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DC24 WLCG data transfers (Gbps) –  15 days: all targets achieved

tokens X509

New technologies (e.g. authentication 
tokens) introduced and validated

WLCG services successfully support 
DUNE and Belle-2 computing models 

HEP Computing Infrastructure: WLCG: Data challenge
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CHEP24_AGC

HL-LHC physics analyses: 200 Gbps Challenge

iris-hep/idap-200gbps iris-hep/idap-200gbps-atlas

HEP Computing Infrastructure: AGC
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https://indico.cern.ch/event/1338689/contributions/6009824/attachments/2951295/5187888/20241021_200_Gbps_CHEP24.pdf
https://github.com/iris-hep/idap-200gbps/
https://github.com/iris-hep/idap-200gbps-atlas/


CHEP24_AGC

HL-LHC physics analyses: 200 Gbps Challenge
Details for this example:
‣ 40 B events, 64k files
‣ 1304 workers
‣ 32 MHz event rate
‣ data processed (compressed): 30 TB
‣ data processed (uncompressed): 71 TB

HEP Computing Infrastructure: AGC
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https://indico.cern.ch/event/1338689/contributions/6009824/attachments/2951295/5187888/20241021_200_Gbps_CHEP24.pdf


More details:
‣ 32 B events, 190 TB data, 218k files
‣ 1739 workers peak
‣ 15 MHz event rate, 5–20 kHz per core
‣ 200 Gbps throughput sustained
‣ data processed (compressed): 32 TB
‣ data processed (uncompressed): 80 TB

CHEP24_AGCHEP Computing Infrastructure: AGC
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https://indico.cern.ch/event/1338689/contributions/6009824/attachments/2951295/5187888/20241021_200_Gbps_CHEP24.pdf


3. 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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Python 
configuration 
(sequences, 

selection lines )

Base algorithms (C / C++, SYCL, CUDA, HIP )

Compilers
(GCC, CLANG, CudaClang, HIPClang, NVCC, HIPCC)

CMake

GNU Make 

Executables (build)

External base libraries:
{ CUDA libraries, ROCm, HIP, boost-devel, zeromq-devel,  zlib-devel, GSL or gls-lite, 

catch2 umesimd, ROOT,  Python3 with (wrapt, cachetools, pydot, sympy)}

Performance portability layer 
(Backend header only files, BackendCommon.h, 

CPUID.h, CUDABackend.h, HIPBackend.h)

Modern software project stack example

Languages and software engineering.
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Languages and software engineering.
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CHEP24-JuieaHEP

Languages and software engineering.
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https://indico.cern.ch/event/1338689/contributions/6009700/


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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https://hsf-training.github.io/array-oriented-programming/0-intro.html
https://github.com/hsf-training/array-oriented-programming
https://research-software-collaborations.org/python-june2025/intro.html
https://www.youtube.com/watch?v=kPRA0W1kECg


Break: Questions and discussion

16/06/2025 brij@cern.ch 46



5. Real-Time (online) analysis
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Real-Time Analysis (online) Ref: CERN Courier Mar 2023
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https://cerncourier.com/a/lhcb-looks-forward-to-the-2030s/


Real-Time Analysis (online): CMS Trigger Run3 CHEP24

Algorithms for the Level-1 trigger

16/06/2025 brij@cern.ch 49

https://indico.cern.ch/event/1338689/contributions/6076477/attachments/2951258/5187820/241021_CHEP2024_Folgueras_vfinal.pdf


Real-Time Analysis (online): ATLAS ACTS
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➢ At high luminosities, hardware trigger cannot cope with 
the event rate and starts rejecting interesting events.

➢ Need to study properties of events in real time of collision.

Real-Time Analysis (online): LHCb
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we have to be also very 
careful with what we 
dismiss..

What to keep and what to discard ?

Real-Time Analysis (online): LHCb
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➢ Need to reduce the event size 
Instead of raw data from the detector, store only the 
relevant information of interesting events. 

➢ Need to reconstruct and analyse the events to 
select them in real time.

Real-Time Analysis (online): LHCb
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LHCb Run2 HLT1 trigger configuration

Real-Time Analysis (online): LHCb
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Computing Infrastructure: Storage, Networks, and Grid. 

• At the end of Run2 (2018) 
HLT2 was processing ~68 
events /s on a single node.

• i.e  in order to process 30 
million events / s , we 
would have needed 
about 4,41,176 such 
nodes (CPU)

     ~ $ 80 M

• Total budget of LHCb 
Upgrade-I for Run3 
(including everything)  

      ~ $ 58 M

Real-Time Analysis (online): LHCb
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HLT1 Data reduction 
of  factor of ~ 20 - 40

HLT2 Data reduction 
of Factor of ~400 

HLT1: Partial reconstruction of charged particle trajectories and few simple selection lines 
HLT2: Full reconstruction and selection based on different decay chains and signatures 
 Must reduce without the loss in fidelity 56

Real-Time Analysis (online): LHCb
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Real-Time Analysis (online): LHCb
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Real-Time Analysis (online): LHCb algorithms: HLT1 sequence (Run-3)

[Allen, Com. Softw Big Sci 4, 7 (‘20)]
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Track reconstruction (Tracking) 

What
➢ Tracking deals with converting the signal from a subdetector (hits, 

clusters…) into a trajectory.
➢ Roughly speaking, two phases: pattern recognition and track 

fitting

Why
➢ We need to reconstruct trajectories of particles in our detector to:

➢ Build vertices, measure decay topologies;
➢ Measure momenta → measure invariant masses, angular 

variables (so… do physics).

Real-Time Analysis (online): Tracking
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CERN-THESIS-2023-249

10.3389/fdata.2022.1008737

Real-Time Analysis (online): Tracking
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http://cds.cern.ch/record/2881886/
https://doi.org/10.3389/fdata.2022.1008737


Real-Time Analysis (online): Tracking
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Kernel function 1:
128 SciFi seeds per thread block

● Filtering used SciFi seeds 
● For each input SciFi seed, 

extrapolate to last x layer 
(UTbX)

● Store up to 10 best 
candidates

● Update slope of each 
candidate using magnet 
point and hit position.

Algorithm is divided into 3 main kernel functions: 

Kernel function 2:
256 candidates per thread block

● Add hits from rest of the UT 
layers 

● Find best combination of 
U/V hits 

● Compute the scores based on 
distance b/w extrapolation 
and real UT hit positions 

Kernel function 3:
256 candidates per thread block 

● Find best candidate based 
on the scores from previous 
function 

● Check for hit duplication 
● Perform ghost killing 

Prepare output:
● Copy hits and tracks to output (compact SOA container)
● Create standard multi-event viewer

Real-Time Analysis (online): Tracking
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● A single hidden (14 nodes) layer fully connected NN

● It utilizes 8 variables as input:

○ Downstream track state (x,y,tx,ty,q/p, 𝓧2)

○ SciFi track properties (q/p, 𝓧y
2)

● The model was trained using    events.

● In order to boost speed, certain C++/CUDA tricks are applied, 

such as using static structs, employing fast math 

functions, and unwinding for-loops.

x

y

tx

ty

q/p

chi2

SciFi q/p

SciFi chi2

Real-Time Analysis (online): Tracking



Ghosts  < 20% !

Real-Time Analysis (online): Tracking
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10.1140/epjc/s10052-024-12906-3

Real-Time Analysis (online): Tracking
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https://link.springer.com/article/10.1140/epjc/s10052-024-12906-3


6. GPU programming
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Instructions for hands-on sessions

Course repo – https://github.com/brij01/GPUCuda
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https://github.com/hsf-india-december2024


GPU programming: a refresher 

Ways to speed up an application:

– Reducing the complexity of the 
algorithm.
– Increasing the speed and 
capacity of the computing 
medium: clock frequency.
– Searching for tasks within the 
application that can be performed 
in parallel.
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GPU programming: a refresher 
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Language Cuda OpenAcc HIP

GPGPU languages: Concepts are same, terminologies are different
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GPU programming: a refresher 
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GPU programming: a refresher 
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GPU programming: a refresher 
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GPU programming: a refresher 
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GPU programming: a refresher 
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GPU programming: a refresher 
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GPU programming: a refresher 
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GPU programming: a refresher 
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Programmers view Hardware view​

GPU programming: a refresher 
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Learn more

• Official web page and programming model guide: 
https://developer.nvidia.com/cuda-zone

• Training and courses:              https://developer.nvidia.com/cuda-training
 
• NVIDIA Deep Learning Institute: https://courses.nvidia.com/courses

hgpu.org  –Database with related Works on GPU

Google Colab: https://colab.research.google.com

Using GPUs on the cloud for free, based on Jupyter and Python.

NVIDIA CUDA: Resources
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https://developer.nvidia.com/cuda-zone
https://developer.nvidia.com/cuda-training
https://courses.nvidia.com/courses


7. Future ?
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https://iml-wg.github.io/HEPML-LivingReview/Generative AI
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https://iml-wg.github.io/HEPML-LivingReview/


https://iml-wg.github.io/HEPML-LivingReview/Generative AI
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https://iml-wg.github.io/HEPML-LivingReview/


GitHub Copilot ( … Gemini code 
assist, Q Developer, JetBrains AI, 
Cody)
• Vibe coding - you express the 

what and let AI handle most of the 
how.

• Reviews your code
• Produces documentation
• Creates issues
• Creates PRs for existing issues
• Assisted code review

Generative AI

AI Agents:

• Reinforcement Learning fine-tuned LLMs
• Can access web - no cutoff dates
• Create and execute code - it is actually 

nicer language for a lot of tasks

• OpenAI, DeepSearch, WebBrowse, 
Operator, Perplexity

• LangChain (+LangGraph), Microsoft 
AutoGen, CrewAI, Manus, Google ADK, 
WebArena, OSWorld, CodeAct

• AI using the whole computer;  Manus and 
OpenManus
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https://docs.google.com/spreadsheets/d/1M801lEpBbKSNwP-vDBkC_pF7LdyGU1f_ufZb_NWNBZQ/edit?gid=0#gid=0
https://os-world.github.io/
https://docs.google.com/presentation/d/16FfvLHdudwysUwTTfiIDVsjRq9acubcuXteunrTnZLE/edit#slide=id.g3504e6d4f1c_0_0


Generative AI: Model Context Protocol

MCP is an open standard that connects Agents to data sources.
• Widely supported: MCP Servers catalogue
• TypeScript, Python, C#, and other MCP SDKs already exist.
• Stdio, SSE or streamable HTTP transport.

A2A
Agent-to-Agent communication protocol.
Google proposed, getting accepted.
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https://github.com/modelcontextprotocol/servers
https://github.com/modelcontextprotocol/typescript-sdk
https://github.com/modelcontextprotocol/python-sdk


Generative AI:

chATLAS
TWiki and CDS, eGroups, indico,  scrapped, converted, chunked, embedded.
Deployed on CERN’s PaaS.
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https://chatlas-flask-chatlas.app.cern.ch/


IBM Quantum CHEP24Quantum

With quantum systems composed of 100+ qubits, researchers are beginning to explore algorithms and applications at 
scales beyond brute-force classical computation using IBM Quantum systems

IBM first to put the first quantum computer on the cloud in 2016, quantum computing has largely been in an exploratory 
phase. Experiments validate the tenets of quantum computation, but do not push the field beyond the reach of classical 
compute. To move beyond simple experiments to demonstrate the utility of quantum computing in multiple domains,
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https://indico.cern.ch/event/1338689/contributions/6080333/attachments/2952086/5189637/2024-10-22-CHEP_IBM_VoicaRadescu.pdf


The QC4HEP community paper
10.1103/PRXQuantum.5.037001

IBM Quantum CHEP24Quantum
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https://indico.cern.ch/event/1338689/contributions/6080333/attachments/2952086/5189637/2024-10-22-CHEP_IBM_VoicaRadescu.pdf


IBM Quantum CHEP24Quantum
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https://indico.cern.ch/event/1338689/contributions/6080333/attachments/2952086/5189637/2024-10-22-CHEP_IBM_VoicaRadescu.pdf


Thank you
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