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Enabling auto-differentiation for the 
Scikit-HEP ecosystem
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Motivation
● Physicists require tuning of hyperparameters in their analysis 

pipeline, and using any arbitrary function as a loss function in 
the middle of the pipeline is sometimes required.

● Each part of the pipeline must be individually differentiable to 
allow picking this loss function in the middle of the pipeline 
efficiently.

● A really nice resource I found on this was Nathan Simpson’s 
thesis with IRIS-HEP - Data Analysis in High-Energy Physics 
as a Differentiable Program.

● This thesis resulted in making the statistical part of the 
pipeline differentiable, including a few common operations 
like cut - gradhep/neos, gradhep/relaxed.
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https://cds.cern.ch/record/2846434?ln=en
https://cds.cern.ch/record/2846434?ln=en
https://github.com/gradhep/neos
https://github.com/gradhep/relaxed


Motivation
● Awkward’s JAX backend existed, but it had some known 

bugs that was blocking the integration of autodiff in Analysis 
Grand Challenge. 

● The development of the JAX backend had stalled recently to 
prioritise other work.
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Working
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Results
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More results
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More results (with numba)
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More results (with coffea)
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Final results
● Awkward Array, Coffea, and Vector(!) are now differentiable 

without any known issues, paving the way for introducing 
automatic-differentiation in Analysis Grand Challenge.

● Had a nice long chat with Lino at PyHEP.dev about him 
possibly picking up autodiff in AGC.
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Preparing vector for future LHC/HL-LHC runs
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Motivation
● Several issues/design discussions popped up in vector 

following:
○ its adoption in Coffea
○ the new JAX backend of awkward
○ dask’s adoption in the analysis pipeline
○ …

● All the work done changed vector to either solve bugs or 
adapt the library to physicists’ requirements.
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Results - v1.2
● fix:

○ syncing backends to follow the same 
promotion/demotion scheme for geometric 
dimensions (demote to the lowest dimension)

○ returning the correct awkward record when changing 
dimensions

○ infix operations should not depend on the order of 
arguments

○ respect user defined awkward mixin subclasses
● docs:

○ better API docs and tutorials
● chore: 

○ migrate to ruff
○ migrate to pytest-doctestplus
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Results - v1.3
● feat:

○ allow momentum coords in to_Vector*D methods
○ coordinate transformation functions with momentum 

names
○ like method for projecting vector to the coordinate 

space of a given vector to mandate strict dimensionality 
checks (vector_3d + vector_4d will now error out 
but vector_3d + vector_4d.like(vector_3d) 
will work)

● fix:
○ error out on operations on vectors of different 

geometric dimensions
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Results - v1.3.1
● feat:

○ make momentum-ness infectious
○ support dask-awkward 2024.3.0

● fix:
○ momentum coords should not be repeated with 

generic coords in subclasses
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Results - v1.4
● feat:

○ a sympy backend (a whole another project)
○ allow coord values in to_<coord_names> methods

● fix:
○ call the square implementation for power 2 on object 

vectors
○ use negfactor in negfactor scale test
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Results - v1.4.1
● fix:

○ sympy backend on numpy 2.0 (full numpy 2.0 
support)

○ add lower and upper bounds for deltaangle
○ maximum for SymPy backend is the identity function 

now
○ get coordinate classes to work for numpy

● docs:
○ add basic docs for sub-classing awkward mixins

● maintenance:
○ add missing compute function tests
○ add GitHub artifact attestations to package distribution
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Final results
● I added support for 1 new backend (SymPy) to vector (and 

extended support for 2 more backends through Awkward - 
Dask and JAX).

● A lot of bug fixes pointed out by physicists using vector 
(physicists are using vector!)

● A few new features (more quality of life upgrades) requested 
by physicists.

● Vector crossed 1 million downloads!
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Migrating Coffea to Scikit-HEP/vector
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Motivation
● Coffea’s vector module pre-dates Scikit-HEP/vector, but now 

that vector has achieved maturity, it made sense to migrate 
coffea’s internals to Scikit-HEP/vector.

● Scikit-HEP/vector is now much more sophisticated and 
functional than coffea’s vector sub-package, including 
support for third party libraries, such as, JAX, Dask, and 
SymPy.
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Working
ak._util.copy_behaviors
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Results
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Results
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Results
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Final results
● Migration changes were a part of Coffea v2024.8.0.

● Can expect Coffea to entirely scrape its vector module and 
ask users to depend on Scikit-HEP/vector by the end of the 
year.
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Implementing non-uniform rebinning in boost-histogram
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Motivation

Regular axis
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Motivation
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Working
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Results
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Results
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Final results
● Released as a feature in boost-histogram v1.5
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Adding a sympy backend in vector
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Motivation
● Along with experimental physicists using vector for numerical 

computations, the SymPy backend will enable theoretical 
physicists to utilize the library for symbolic computations. 

● Since the SymPy vector classes and their momentum 
equivalents operate on SymPy expressions, all of the 
standard SymPy methods and functions work on the vectors, 
vector coordinates, and the results of operations carried out 
on vectors.

● Vector’s compute functions operate on data containers, and 
this behavior is tested using uncompyle6 on python 3.8. 
Once Python 3.8 reaches EOL, the SymPy backend will 
allow testing of this behavior.
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Working

Computational upgrades to the high energy physics analysis pipeline Saransh Chopra



Results
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Results
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Results
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Results
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Final results
● The SymPy backend was released as a part of vector v1.4. 

● Caveat: Operations on SymPy vectors are only 100% 
compatible with numeric vectors (Python, NumPy, and 
Awkward backends) if the vectors are positive time-like. The 
space-like and negative time-like cases have different sign 
conventions.

● Abstract accepted at CHEP 2024 as a poster (October).

● Abstract accepted at PyHEP (presented).
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Histogramming on GPUs - cuda-histogram
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Motivation
● Manasvi’s work on Awkward Arrays on GPUs garnered a lot 

of interest, especially from Coffea developers.

● Though the work on Awkward Arrays is being carried out in 
full throttle, more pieces are required to perform a complete 
analysis of high energy physics data on GPUs.

● One of the major missing pieces is the ability to generate and 
manipulate histograms as objects on CUDA.
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Working
● Implements a subset of the features of boost-histogram using CuPy (see API 

documentation for a complete list), completely independent from boost-histogram:
○ Axes

■ Regular and Variable axes
■ edges()
■ centers()
■ index(...)
■ ...

○ Histogram
● fill(..., weight=...) (including Nan flow)

○ simple indexing with slicing
○ values(flow=...)
○ variance(flow=...)

● Allows users to detach the generated GPU histogram to CPU -
○ to_boost() - converts to boost-histogram.Histogram
○ to_hist() - converts to hist.Hist

Computational upgrades to the high energy physics analysis pipeline Saransh Chopra



Working
● Differences from boost-histogram/hist API:

○ Has an additional NaN flow
○ Accepts only CuPy arrays
○ underflow is indexed as 0 and not -1
○ ax[...] will return a cuda_histogram.Interval object
○ No interpolation is performed
○ Hist indices should be in the range of bin edges, instead of integers

● Near future goals for the package -
○ Implement support for Categorical axes (exists internally but need 

refactoring to match boost-histogram's API)
○ Improve indexing (__getitem__) to exactly match boost-histogram's 

API
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Results
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Results
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Results
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Results
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Final results
● Moved to Scikit-HEP at PyHEP.dev! v0.1.0 available on PyPI!

Computational upgrades to the high energy physics analysis pipeline Saransh Chopra



What am I doing now?
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What am I doing now?

● Writing a JOSS paper for vector, preparing for CHEP, and grad school applications soon.

● Moved to London and joined UCL’s Advanced Research Computing Centre as a full-time 
Assistant Research Software Engineer.

○ Developing contents/infrastructure and TAing for “Research Software Engineering with 
Python.”

○ Adding GPU (CuPy) and autodiff (JAX) support to full-universe simulations for cosmology 
(GLASS - Generator for Large Scale Structure).

● Still maintaining vector+cuda-histogram and answering issues/discussions related to my work.
○ I get 5% FTE to spend on research software outside of my official work.
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Thank you!
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Backup

Computational upgrades to the high energy physics data analysis pipeline Saransh Chopra



Introduction
● High energy physics data is not regular/uniform. A particular 

stream of collision events can produce different number of 
particles.

● Awkward Array is designed to make working with ragged 
arrays as trivial as manipulating regular (non-ragged) 
N-dimensional arrays in NumPy.

● JAX is Autograd and XLA, brought together for 
high-performance numerical computing. The high level API 
(jax.numpy) is basically JIT-compileable and differentiable 
numpy

● One can make custom data containers compatible with JAX 
API by registering a way to flatten and unflatten them.
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Introduction
● Vector is a Python library for 2D, 3D, and Lorentz vectors, 

especially arrays of vectors, to solve common physics 
problems in a NumPy-like way.

● Vector has (had) 5 backends - pure Python Objects, NumPy 
arrays for vectors, and Awkward arrays of vectors + Numba 
support for Object type and Awkward type vectors for JIT 
compilation

● I worked on vector two years back!
> Schreiner, H., Pivarski, J., & Chopra, S. vector [Computer 
software]. https://doi.org/10.5281/zenodo.5942082
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Introduction
● Coffea provides basic tools and wrappers for enabling 

not-too-alien syntax when running columnar Collider HEP 
analysis.

● It makes use of Scikit-HEP libraries like uproot and 
awkward-array but also implements histogramming, plotting, 
and vector functionalities on its own + it is possible with 
coffea to scale a HEP analysis from a testing on a laptop to: 
a large multi-core server, computing clusters, and 
super-computers.
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Introduction
● Boost-histogram provides the python bindings for 

Boost::Histogram, a C++14 library. This is one of the fastest 
libraries for histogramming, while still providing the power of 
a full histogram object.

● Universal Histogram Interface (UHI) is a standard for 
histogramming formalised by IRIS-HEP, but it has still not 
been adopted entirely by boost-histogram, ROOT, Hist, ….

● Every library is pushing to adopt the UHI standard.

● I worked on implementing the rebinning piece of UHI.
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Introduction
● SymPy is a Python library for symbolic mathematics, a 

full-featured computer algebra system (CAS) written entirely 
in Python.

● Vector can perform numerical computation on high energy 
physics using pure Python, NumPy, and Awkward Arrays; 
hence, it is used by experimental physicists in their analysis 
pipelines.

● Vector's SymPy backend will create a stronger connection 
between software used by experimentalists and software 
used by theorists.
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