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[Some figures have active links.]

Jake VanderPlas,
The Unexpected Effectiveness
of Python in Science,
PyCon 2017

Python’s

Scientific

stack

Domain-specific

Python and Pythonic physics analysis in the 2010s

▪  Famous “shell diagram” of the Python scientific ecosystem outside HEP, back in the days:

▪   What about HEP? Why was HEP not present back in 2017?

▪  Sort of a philosophical question at this point. But there was a niche …

https://speakerdeck.com/jakevdp/the-unexpected-effectiveness-of-python-in-science
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What is Scikit-HEP?

“Scikit-HEP is an open-source community-driven and community-oriented project with the goal of providing an ecosystem 

for particle physics data analysis in Python, fully integrated with the wider scientific Python ecosystem.

It expands the typical Python data analysis tools for particle physicists with packages spanning the spectrum from general 

scientific libraries for data manipulation to domain-specific libraries.”

▪ Fact often overlooked/misunderstood - some functionality is not available elsewhere ;-)

▪ More details about the project history / org were presented in the talk @ the WLCG/HSF workshop 2024, DESY, May 2024

▪ Scikit-HEP started with the goal to:

- Improve the interoperability between HEP tools and the scientific Python ecosystem

- Build a community of developers and users – be community-driven and community-oriented

- Improve the discoverability of relevant tools

- …

▪ Project started around concept of pillars:

datasets, data aggregation, modelling, visualisation and simulation (and “utilities”)

▪ Initial approach quickly evolved towards a toolset, not a toolkit
From first public talk on Scikit-HEP, in 2017

https://scikit-hep.org/
https://indico.cern.ch/event/1369601/timetable/?view=standard#24-the-scikit-hep-project-over
https://indico.cern.ch/e/wlcg-hsf-2024
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Our contribution to the HEP domain-specific Python analysis ecosystem

▪ After several years we can proudly splash our “NumPy fueled” shell ecosystem side-by-side ☺ !

     - The full HEP ecosystem is of course wider, ROOT being prominent, in particular – we tend to call it the PyHEP ecosystem

          (In the mean time Coffea joined the org; it is no longer an affiliated package)

(N
o

t a fu
ll list.)

https://speakerdeck.com/jakevdp/the-unexpected-effectiveness-of-python-in-science
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Overview of packages

- Not a description of packages
- Not attempting to be comprehensive in any aspect
- Some info left for the reader …

- The following catches your attention?
  Feel encouraged to look further at the repos … ☺
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Topics and overview of main packages

Basics

Awkward(array)

Vector

hepunits

Histogramming

boost-histogram

Hist

histoprint

UHI

HEP specific libraries and

interfaces to HEP libraries

Particle

DecayLanguage

fastjet

pylhe

pyhepmc

Visualisation

mplhep

Full list at https://scikit-hep.org/packages 

Fitting and Statistics

iminuit

pyhf

cabinetry

resample

hepstats

Data manipulation & 

interoperability

uproot

Coffea

uproot-browser

hepconvert

formulate

https://scikit-hep.org/packages
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Basics, data manipulation, interoperability

uproot: reading and writing ROOT files in pure Python and NumPy

▪ Evolving towards a more robust infrastructure, including publishing via a trusted publisher

▪ Recent updates:

- Several bug fixes and performance improvements have been integrated

- In particular, memory consumption reduced considerably,

  as noticed for example in Coffea-based analyses

- RNtuple v1.0.0.0 read and write support added

- Improved integration with XRootD for enhanced stability

- Optional support for adding C++ typenames to parameters in uproot.dask

interoperability

▪ Data manipulation is key

▪ So is interoperability to talk efficiently among HEP specific tools and leverage tools from the wider scientific ecosystem (NumPy-based)

▪ Uproot then awkward “filled the gap” and acted as an enabler / catalyst
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Basics, data manipulation, interoperability

awkward(array): library for nested, variable-sized data, including arbitrary-length lists,

                             records, mixed types, and missing data, using NumPy-like idioms

▪ Significant performance improvements implemented, and various bug fixes released

- Example: ~30% speedup in a full CMS analysis observed thanks to improvements in awkward (and Vector)

▪ JAX backend enhancement and stability (important for IRIS-HEP’s Analysis Grand Challenges with this backend)

▪ Virtual arrays implementation

▪ Named axis implementation

▪ Also, a lot of work to improve the stability of the Dask contributed package dask-awkward
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Basics, data manipulation, interoperability

Coffea: Columnar Object Framework For Effective Analysis

▪ The Lorentz vector math classes have been migrated to use Vector as the backend

▪ Lots of developments, with direct implications for IRIS-HEP’s Analysis Grand Challenges

Vector: arrays of 2D, 3D, and Lorentz vectors

▪ Optimizations for the Awkward backend

- Measured speedups in runtime of 2x to sometimes even >10x depending on operations

▪ A new SymPy backend to perform symbolic vector calculations

▪ Revamped documentation

▪ Awkward v2 and dask-awkward support added

▪ Allow users to extend vector classes (Coffea does it now)

▪ Several bug fixes and more formal physics conventions

▪ We published a JOSS paper on the package, for citation

https://iris-hep.org/
https://joss.theoj.org/papers/10.21105/joss.07791
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Histogramming

boost-histogram and Hist: Hist is an analyst-friendly front-end for boost-histogram

▪ Both now support non-uniform rebinning (variable axis rebinning),

first proposed as an extension of the Unified Histogram Interface (UHI package)

cuda-histogram:

▪ A completely new Python package to fill histograms on GPUs (interoperable with boost-histogram and Hist)

▪ Experimental - still in early development but ready to be experimented with

▪ No HEP analysis without histogramming ;-) !

▪ boost-histogram – Python bindings to C++ Boost.Histogram triggered a lot of activity …
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Histogramming

UHI: Universal Histogram Interface package primarily for documenting histogram indexing

         and the PlottableHistogram Protocol (and any future cross-library standards)

▪  packages can collaborate thanks to agreeing on a shared protocol !

▪ Very pleasing to see that ROOT is engaging with these meant-to-be common standards  !

▪ Exchanges already triggered the development of tests for compliance

▪ Protocol followed by other org packages:

boost-histogram, Hist, mplhep, histoprint, uproot

PlottableHistogram
Defines expected behaviors for producers

Consumers expect these behaviors
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Fitting and Statistics

pyhf: pure-Python HistFactory implementation with tensors and autodiff

▪ (Support for users can take a lot of bandwidth)

▪ Many developments, too many to cite here

▪ Related developments in cabinetry – in discussions with ATLAS and CMS,

adding methods to quantify the impact of different sources of uncertainty (WIP)

resample: resampling-based inference in Python based on data resampling and permutation

▪  One of few libraries that implements the "extended bootstrap" technique

▪ Support for NumPy 2.x added

▪ Added resample.bootstrap.covariance for estimators that produce a vector of outputs,

which in contrast to resample.bootstrap.variance, also provides the correlations

▪ Add resample.jackknife.cross_validation for model selection (bias-variance trade-off)

https://cds.cern.ch/record/1456844
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iminuit: Jupyter-friendly Python interface for C++ MINUIT2

▪ Builds on the Minuit2 C++ code in ROOT

▪  Extensively used by other packages such as zfit, and also outside HEP, in Astro in particular

▪ Documentation improvements !

▪ Support for NumPy 2.x added

▪ Support for negative bin entries in cost function for weighted binned fits (important when using sWeighted histograms)

▪ Minuit.interactive (interactive fitting) now works

outside of Jupyter notebooks based on a new Qt fitting widget

- E.g., you can call it to debug a fitting script !

▪ Example snapshot of this Qt-based interactive fitting window:

Fitting and Statistics
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Fitting and Statistics

zfit: fitting library based on TensorFlow

▪ New minimizers (including Levenberg-Marquard)

▪ New PDFs to better capture commonly used shapes

▪ Many improvements in usability with the Python ecosystem, can easier fit arbitrary Python functions

zfit-physics: physical PDFs and more to extend zfit

▪ Interconnection with RooFit, TF-PWA, pyhf, ComPWA:

can minimize likelihood, can add likelihoods

▪ New physics PDFs

▪ “zfit2” will be the future zfit: JAX mainly,

WIP in collaboration with others
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Fitting and Statistics

Some future directions:

• Working to adopt and contribute to the HS3 statistical representation

to try to really unite the whole field on a common open statistical format

• Excellent to see a collaboration from

• Watch this space … (A future HSF Seminar will be dedicated to the subject.)

https://github.com/hep-statistics-serialization-standard/hep-statistics-serialization-standard
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Visualisation

mplhep: easy matplotlib histogramming / styling for HEP plots

▪ Convenient user interface for histogram plotting

- Interface to matplotlib, fully integrated with Hist

- Can also ingest ROOT TH1/TH2 

Publication quality plots 
conforming to collaboration 
requirements (ATLAS, CMS, 
LHCb, ALICE) can be produced 
with 2 lines of code

For CMS - CVD friendly color 
scheme (M. Petroff colors)
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Visualisation

mplhep: easy matplotlib histogramming / styling for HEP plots

▪ Convenient user interface for histogram plotting

- Interface to matplotlib, fully integrated with Hist

- Can also ingest ROOT TH1/TH2 

▪ Merging with the plothist package (From Belle-II colleagues) is WIP

- This brings the large functionality of plothist into mplhep,

  mostly nice out-of-the-box plots and nice documentation

- Removes deduplications in both libraries, full UHI compatibility, clean-up also in mplhep

- Brings Belle II closer into the HEP ecosystem

- This merging/enhancing

  brings also 1 new maintainer ☺ !
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HEP domain-specific libraries

         

             

         

         

          

             

         

         

         

         

         

         
                    

            

                

         

               

          

                    

               

                 

         

          

           

       

           

         

           

         

           

           

           

           

           

           

           

           

           

           

         

           

          

           

          

           

          

          

           

         

          

          

         

         

DecayLanguage

pyhepmc

Find all pseudoscalar charm mesons known to the PDG:

Particle

pylhe

fastjet

Python bindings for the C++ FastJet library.
Contains 2 interfaces – the Classic and the Awkward(array)

Lightweight Python interface to read
Les Houches Event (LHE) files Describe, manipulate and convert particle decays

Easy-to-use Python bindings for HepMC3

PDG particle data
and identification codes, etc.
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In- and out-of-HEP community engagement
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▪ Training material on Scikit-HEP packages contributed to the HSF (Training group) courses

▪ Maintaining and developing such material also helps maintaining the packages and ensuring they evolve

the direction the community prefers

▪ Worth emphasising fact – it’s community colleagues who take time to deliver these courses on ROOT, Scikit-HEP, etc. ! 

▪ Active participation in and in fact organisation of the PyHEP(.dev) workshops

- Excellent fora to discuss and plan a coherent “PyHEP ecosystem” roadmap and make priorities for the upcoming year

https://github.com/hsf-training/hsf-training-scikit-hep-webpage

Engagement via training, training material, workshops/conferences

https://hepsoftwarefoundation.org/
https://hepsoftwarefoundation.org/activities/pyhep.html
https://github.com/hsf-training/hsf-training-scikit-hep-webpage
https://hsf-training.github.io/hsf-training-scikit-hep-webpage/


Eduardo Rodrigues PUNCHLunch Seminar, Online → Germany, 26th June 2025 21/26

Engagement in the wider scientific Python community

▪ Does your library follow the guidelines ?

▪ Repo-Review is your friend …

▪ Check out

https://learn.scientific-python.org/

https://learn.scientific-python.org/development/
https://learn.scientific-python.org/development/guides/repo-review/
https://learn.scientific-python.org/
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▪ Ongoing engagement with Scientific Python (also SciPy)

▪ April 2025:

Scikit-HEP joins the Scientific Python Ecosystem Coordination Core Projects

as 1 of the first 2 domain specific stacks accepted

Engagement in the wider scientific Python community

https://scientific-python.org/ 

▪ Present list of core projects,

see Scientific Python - SPEC Core Projects:

https://scientific-python.org/specs/core-projects/
https://scientific-python.org/
https://scientific-python.org/specs/core-projects/
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Aspects of maintainability and sustainability
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Flavio

Measuring relevance & impact – «projects» (in HEP) using Scikit-HEP
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Sustainable software  sustain/maintain the people that develop the software!

▪ When the project started in late 2016, much of the (initial) challenge was in attracting (1) people and (2) relevant packages

▪ Today, much of the challenge remains to attract people and especially (new, younger) maintainers and developers !

▪ This is, of course, rather general an issue, not specific to the Scikit-HEP project

▪ It is the ecosystem surrounding a piece of software, built not only by original authors but also by community members,

that forms a long-term hence sustainable solution in a continuously evolving space

▪ Without adequate support, career path and funding, nothing is sustainable !

▪ Small package granularity – a set of “building blocks” and well-scoped generic or domain-specific libraries

providing tools that address a well-defined class of problems at one level of abstraction has been a success story

- Increasing number of projects/libraries build on top of these

▪ BTW, sustaining a “toolset project” does not require to maintain and keep all packages alive “forever”

▪ Along the way, several packages got archived, superseded by better products !

- Example: root_numpy and root_pandas replaced (years ago) with uproot + awkward

- It helped enormously that packages are scoped, hence an “deprecate, archive and replace” hasn’t been a killer for users to the best of our knowledge
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Concluding remarks – Scikit-HEP and PUNCH4NFDI Consortium

?

▪ Scikit-HEP very likely provides useful libraries and functionality to you

▪ We would be most happy to receive feedback

▪ Conversely, you can be a contributor – do not hesitate to look around at the repositories and get in touch ☺ !

▪ We’re very much interested in your contributions !

Thank you for listening !
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Showcasing how the various packages work together

https://doi.org/10.25080/KMXN4784

https://github.com/ekourlit/scipy2024-ATLAS-demo 

▪ SciPy 2024 contribution paper describing to a

broad audience how a large scientific collaboration 

leverages the power of the Scientific Python 

ecosystem to tackle domain-specific challenges

and advance our understanding of the Cosmos

- Through a simplified example of the renowned

   Higgs boson discovery

- With a Jupyter notebook showing the various steps

  from data cleaning, statistical interpretation

  and visualization at scale, with many Scikit-HEP packages

  and others as well (Dask, etc.)

https://doi.org/10.25080/KMXN4784
https://github.com/ekourlit/scipy2024-ATLAS-demo
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A nice-to-see example of the “PyHEP ecosystem”

▪ Code snippet with ROOT, some of Scikit-HEP, and seaborn (wider scientific Python library)

- BTW, you could mix/swap which libraries to use for each snippet “section”
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