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Outline

ÇChallenges in data analysis in High Energy Physics (HEP)

ÇThe reign of Python

ÇCommunity efforts ïHSF, PyHEP

ÇThe Scikit-HEP project

ÇOther community software projects

ÇFinal remarks

Data analysis in High Energy Physics (HEP) has evolved

considerably in recent years. In particular, the role of

Python has been gaining much momentum, sharing at
present the show with C++ as a language of choice.

To support and enhance the usage of Python across the

community, the HEP Software Foundation created a

PyHEP - "Python in HEP" - working group and has been

organising PyHEP workshops since 2018. Moreover,

many projects and analysis packages have seen the light,

which are now providing interesting, modern and

alternative ways to perform analysis, in Python. In short, a

global community effort is only getting stronger.I have

been intimately involved in all these endeavours, and will

provide an overview of the landscape. I will also detail the

Scikit-HEP project I started in late 2016 with a few

colleagues from various backgrounds and domains of

expertise. Scikit-HEP is a community-driven and

community-oriented project with the aim of providing

Particle Physics at large with an ecosystem for data

analysis in Python. It has developed considerably in the

past year and is now part of the official software stack of
experiments such as Belle II and KM3NeT.
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Challenges in data analysis
in High Energy Physics

ÇñBig Dataò projects

ÇComputing & software challenges
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Beautification of https://lhc-commissioning.web.cern.ch/lhc-commissioning/schedule/images/optimistic-nominal-19.png taken from Ben Krikler

A "Big Data project" ïHL-LHC (High Luminosity LHC)

Future data volumes

https://lhc-commissioning.web.cern.ch/lhc-commissioning/schedule/images/optimistic-nominal-19.png
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Another "Big Data project" ïSKA
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Computing & software challenges

ÇHEP has made a vast investment in software

- Estimated to be around 50M lines of C++

- It would cost $500M to develop commercially

ÇThis software is a critical part of our physics production pipeline

ÇLHC experiments use about 1M CPU cores per hour per day:

about 1 TB of data with 100 PB of data transfers per year

- We are in the Exabyte era already

ÇFuture physics programmes pose significant challenges

- Factor of 10-100 more computing resources needed in the HL-LHC era

WLCG: the international collaboration

to distribute and analyse LHC data
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Technology evolution

ÇMooreôs law continues but doubling time is lengthening

(is the observation that the number of transistors in a 

dense integrated circuit doubles about every two year)

ÇClock speed scaling failed around 2006

ÇMemory access times are now ~100s of clock cycles

Poor data layouts are catastrophic for software 

performance

ÇHEP also needs to deal with non-CPU architectures

- GPUs, FPGAs, TPUs

ÇThis makes it more complex to write (efficient) code
https://www.karlrupp.net/2018/02/42-years-of-microprocessor-trend-data/

https://www.karlrupp.net/2018/02/42-years-of-microprocessor-trend-data/
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Tackling the challenges for (offline) data analysis ïpossible routes

ÇLots of data?

Ý Look at what the Big Data community is doing

ÇEvolution of computing resources wonôt be enough to digest all data

Ý Use resources as efficiently as possible

ÇPhysicists want to minimise the ñtime to insightò. But coding takes a fair share of oneôs time, and is error-prone.

Ý Adopt open-source best practices, popular and easy languages

Words from an LHCb 2018 Analysis Survey Report

Ý This talk will focus on offline data analysis tools, hence post trigger processing

(it will not discuss ROOT either)

https://cds.cern.ch/record/2644003


HEP Seminar, Liverpool, 29th January 2020 9/59Eduardo RodriguesEduardo Rodrigues

The reign of Python

ÇPopularity has never been so high

- in Data Science

- in Particle Physics
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PopularitY of Programming Languages (PyPL)

ÇPopularity based on how often language tutorials are searched for ïPython is the big winner!

- Data from Google Trends

- Log scale!

See

http://pypl.github.io/PYPL.html

http://pypl.github.io/PYPL.html
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PopularitY of Programming Languages for Machine Learning

ÇPopularity again from Google Trends data
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Machine Learning "frameworks" usage among data scientists

Taken from:

figure eight,

Data Scientist Report 2018

(full report )

ÇThe Python scientific stack really is important

Ç It clearly stands out ïfar more ML libraries

in Python than in C++

- See also https://github.com/josephmisiti/awesome-

machine-learning

ÇSide note:

since we talk a lot on how to help young people,

training on (at least some of) these tools

should be seen as very relevant

https://www.figure-eight.com/figure-eight-2018-data-scientist-report/
https://github.com/josephmisiti/awesome-machine-learning
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Why Python for scientific research ?
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HEP data analysis é in C++ or Python ?

Surveys from the LHCb experiment

ÇPython and C++ equally used among analysts

- Trend seen in our LHCb survey for the ROOT Userôs Workshop in 2018

- And in the LHCb 2018 Analysis Survey Report

ÇConclusion clearly even stronger if discussing

analysis tools independent of ROOT

CMS study

ÇMost users code outside of CMSSW(*)

is now Python

- Python has been eating the share of C/C++

(*) CMS software framework

https://indico.cern.ch/event/697389/
https://cds.cern.ch/record/2638352
https://cds.cern.ch/record/2644003
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Why do particle physicists use Python ?

to use Python

ÇResult of PyHEP 2018 pre-workshop questionnaire

Stewart, Graeme. (2018, July). PyHEP - Questionnaire and Discussion. Zenodo. http://doi.org/10.5281/zenodo.1419157

https://indico.cern.ch/event/694818/
http://doi.org/10.5281/zenodo.1419157
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Trends, leitmotiv(s) ïhighlights from CHEP 2019 conference
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Ý

https://indico.cern.ch/event/773049/contributions/3581351/
http://chep2019.org/
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Focus of this talk ï(offline) analysis software in Python
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https://indico.cern.ch/event/773049/contributions/3581351/
http://chep2019.org/
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Focus of this talk ï(offline) analysis software in Python

https://indico.cern.ch/event/773049/contributions/3581351/
http://chep2019.org/
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Community efforts

ÇThe HEP Software Foundation (HSF)

ÇHSF PyHEP ïñPython in HEPò Working Group

ÇPyHEP series of workshops

ÇCommunity projects towards a HEP Python ecosystem



The HEP Software Foundation (HSF)

ƀ The goal of the HEP Software Foundation(HSF) is to

facilitate coordination and common efforts in software and computing across HEP in general
Ç Our philosophy is bottom up, a.k.a. Do-ocracy

Ç Also work in common with like-minded organisations in other science disciplines

ƀ Founded in 2014, explicitly to address current and future

computing & software challenges in common

ƀ Finalised in Dec. 2017 a Community White Paper (CWP)

ñA Roadmap for HEP Software and Computing R&D for the 2020sò
Ç Almost all major domains of HEP Software and Computing covered

Ç Large support for the document from the community (> 300 authors from >120 institutions)

Ç Comput Softw Big Sci (2019) 3, 7; arXiv:1712.06982

ƀ The CWP was a major accomplishment made by the community, with HSF ñcoordinationò

ƀ But it was a milestone, not a final step

ƀ HSF activities post-CWP are very diverse é

http://hepsoftwarefoundation.org/
https://doi.org/10.1007/s41781-018-0018-8
https://arxiv.org/abs/1712.06982
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Gordon Watts, ACAT 2019HSF - "facilitate coordination and common efforts" 
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HSF ïworking groups, activities & events

ÇThe HSF also acts as an umbrella organisation for participation in the Google Summer of Code programme

https://hepsoftwarefoundation.org/what_are_activities.html
https://hepsoftwarefoundation.org/what_are_WGs.html
https://indico.cern.ch/category/5816/
https://hepsoftwarefoundation.org/
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HSF ïPyHEP ("Python in HEP") Working Group

If you still need a motivation ;-) :

ÇPython has become a first-class language in HEP

ÇAnd is the lingua franca for data science and machine learning

https://hepsoftwarefoundation.org/workinggroups/pyhep.html
https://hepsoftwarefoundation.org/workinggroups/pyhep.html
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PyHEP workshops ïa new series of workshops
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PyHEP 2018 & 2019 workshops ïcommunity diversity

(Both pie charts taken from the pre-workshop questionnaires)

ÇVery diverse set of participants ïgreat!

PyHEP 2018 PyHEP 2019

https://indico.cern.ch/event/694818/page/14515-surveys
https://indico.cern.ch/event/694818/
https://indico.cern.ch/event/833895/page/18720-surveys
https://indico.cern.ch/e/PyHEP2019
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PyHEP 2019

Abingdon, U.K.

PyHEP 2018

Sofia, Bulgaria

PyHEP series of workshops

PyHEP 2020
- To be held in Austin (Texas), U.S.A., in July 11-13

- Next to SciPy 2020 conference, to enhance cross-community exchange

- Stay tuned for an official announcement ïsee also Indico agenda

https://indico.cern.ch/e/PyHEP2020
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Community projects towards a HEP Python ecosystem for data analysis

Various projects have seen the light:

ÇCoffea

ÇFAST-HEP

ÇScikit-HEP (1st one of the gang)

Ç zfit

ÇCiting Gordon Watts (ACAT 2019) ïhow can we tackle these issues?

- Increased LHC dataset sizes and CPU requirements

- Flat budgets & stable or decreasing staffing

- New software tools and communities inside and outside HEP

- High turn-over inside HEP

- Educational responsibility

Tackle them as a community !

(Note that much of this is not HEP specific ;-))
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The Scikit - HEP project

ÇMotivation for such a community project

ÇWhirlwind tour of packages
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Pythonôs

Scientific

stack

Domain-specific

Howôsthe Python scientific ecosystem like, outside HEP?

Jake VanderPlas,

The Unexpected Effectiveness

of Python in Science ,

PyCon 2017

What about

HEP é?
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Scikit-HEP project ïthe grand picture

InteroperabilityReproducibility
Collaboration

ÇCreate an ecosystem for particle physics data analysis in Python

Ç Initiative to improve the interoperability between HEP tools

and the scientific ecosystem in Python

- Expand the typical toolkit toolset for particle physicists

- Set common APIs and definitions to ease ñcross-talkò

ÇPromote high-standards, well documented and easily installable packages 

Ç Initiative to build a community of developers and users

- Community-driven and community-oriented project

ÇEffort to improve discoverability of (domain-specific) relevant tools

Sustainability
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Scikit-HEP project ï5 grand "pillars" embracing all major topics
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Scikit-HEP project ïoverview of (most of the) packages

There are other packages: test data, tutorials, org stats, etc.

(and some which tend to now be superseded, hence deprecated é)

https://scikit-hep.org/

https://scikit-hep.org/
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Scikit-HEP project ïoverview of (most of the) packages

There are other packages: test data, tutorials, org stats, etc.

(and some which tend to now be superseded, hence deprecated é)

= 1st release

post CHEP 2018

https://scikit-hep.org/

https://scikit-hep.org/
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Who uses (some of) Scikit-HEP ?

ÇGroups, other projects, HEP experiments

ÇLinks are important,

especially if they strengthen the overall ecosystem

ÇCommunity adoption going up Ú weôre on the right path ;-)

ÇRewarding to collaborate / work with / interact with

many communities

- Responsibility and importance of sustainability é



HEP Seminar, Liverpool, 29th January 2020 35/59Eduardo Rodrigues

Ç (Does it still need an intro ;-)?)

ÇTrivially and Python-ically read ROOT files 

ÇNeed only NumPy, no ROOT, using this pure I/O library!

ÇDesign and dependencies:

ÇWrite ROOT files: newest development, limited scope = write Ttree, histograms and a couple more classes only

- See talk at PyHEP 2019 workshop

Data manipulation and interoperability ïuproot "suite of packages"

ROOT I/O
in pure Python and Numpy

Pythonic mix-ins
for non-I/O ROOT classes

uproot - methods

https://indico.cern.ch/event/833895/contributions/3577892/attachments/1927752/3191883/uproot-pyhep.pdf
https://indico.cern.ch/e/PyHEP2019
https://github.com/scikit-hep/uproot
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See https://github.com/scikit -hep/uproot#jagged -array -performance

Intermezzo ïwait, itôsPython, it must be slow!

ÇNOPE !

ñThe lack of per-event processing is why reading in uproot and processing data with awkward-array

can be fast, despite being written in Python.ò

https://github.com/scikit-hep/uproot#jagged-array-performance
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Intermezzo ïwait, itôsPython, it must be slow!

ÇMuch is thanks to building atop NumPy:
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ÇProvide a way to analyse variable-length and tree-like data in Python,

by extending NumPy's idioms from flat arrays to arrays of data structures 

ÇPure Python+NumPy library for manipulating complex data structures even if they

- Contain variable-length lists (jagged/ragged)

- Are deeply nested (record structure)

- Have different data types in the same list (heterogeneous)

- Are not contiguous in memory

- Etc.

ÇThis is all very relevant and important for HEP applications !

ÇPackage being re-implemented in C++, with a simpler interface and less limitations

- Major endeavour

ÇWork-in-progress, see https://github.com/scikit-hep/awkward-1.0 and dedicated talk ...

Event processing ïawkward - array package

Manipulate arrays
of complex data structures 

as easily as NumPy

https://github.com/scikit-hep/awkward-1.0
https://github.com/scikit-hep/awkward-array
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Ç (pybind11) Python bindings for the C++14 Boost.Histogram library

(multi-dimensional templated header-only)

ÇA histogram is seen as collection of Axis objects and a storage (several types available, e.g. circular axis) 

ÇExample usage:

ÇSee blog at https://iscinumpy.gitlab.io/post/boost-histogram-06/ é

Design

ωClose to B.H

ωPythonic

ωNumpyready

Flexibility

ωComposable

ω0-copy 
conversion

Speed

ω2-10x faster 
than Numpy

ωThread ready

Distribution

ωPip wheels

ωConda-forge

ωC++14 only

Histogramming ïboost - histogram package

import boost_histogram as bh

h = bh.Histogram ( bh.axis.Regular (100,0,10))

h.fill (values)

plt.bar (* h.axes.centers , h.view (), * h.axes.widths )

https://www.boost.org/doc/libs/1_71_0/libs/histogram/doc/html/index.html
https://iscinumpy.gitlab.io/post/boost-histogram-06/
https://github.com/scikit-hep/boost-histogram
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ÇA fair amount of interest in the (HEP) community to develop a histogramming sub-ecosystem

that meets our requirements

Ç Involves packages for core functionality such as filling, plotting, serialisation, and interoperability

Ç Interaction with popular fitting packages is also paramount

Taken from Henry Schreiner,

IRIS-HEP talks

Histogramming ïlooking ahead
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Fitting ïiminuit package

ÇProvides Python interface to the MINUIT2 C++ package (built on Cython)

ÇMinimises arbitrary functions and computes standard errors

- Uses HESSE (inverse of Hesse matrix) or MINOS (profile likelihood method)

ÇUsed as backend in many other HEP (e.g. zfit) and non-HEP (e.g. astroparticle) packages

ÇBinary wheels for all major platforms, supports for all Python versions; availability via conda-forge

ÇUsed interactively (Jupyter-friendly displays) to do advanced fits or for learning

ÇExample usage:

Python interface to the 
MINUIT2 C++ package

iminuit

from iminuit import Minuit

def f (x, y, z):

return (x - 2) ** 2 + (y - 3) ** 2 + (z - 4) ** 2

m = Minuit(f)

m. migrad ()  # run optimiser

print ( m. values )  # {'x': 2,'y': 3,'z': 4}

m. hesse ()   # run covariance estimator

print ( m. errors )  # {'x': 1,'y': 1,'z': 1}

https://github.com/scikit-hep/iminuit
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Particles and decays ïParticle package

ÇPythonic interface to the Particle Data Group (PDG) particle data table and MC particle identification codes

ÇWith many extra goodies

ÇSimple and natural APIs

ÇMain classes for queries and look-ups:

- Particle

- PDGID

- Command-line queries also available

ÇPowerful and flexible searches as 1-liners, e.g.

http://pdg.lbl.gov/
http://pdg.lbl.gov/
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Particles and decays ïDecayLanguage package

ÇTools to parse decay files (aka .dec files) and programmatically manipulate them, query, display information

ÇUniversal representation of particle decay chains

ÇTools to translate decay amplitude models from AmpGen to GooFit, and manipulate them

ÇParse, extract information and visualise a decay chain:

ÇRepresent a complex decay chain:
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Statistics tools and utilities ïhepstats package

ÇStatistical tools and utilities in Python, under development 

ÇCurrently implements two submodules:

- Modeling with the Bayesian block algorithm ïimproved binning determination, robust to statistical fluctuations

- Likelihood-based hypothesis tests, upper limit and confidence interval calculations

- Works with a fitting library providing models, likelihood, etc.

- Built on a common interface, used by zfit, and does not depend on a fitting backend

Upper limit on signal yield:

1-CL plot for the mean of a peak:
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Statistics tools and utilities ïpyhf package

ÇPure Python implementation of ROOTôs HistFactory,

widely used for binned measurements and searches

ÇBenefit that can on CPUs and GPUs, transparently

ÇJSON specification that fully describes the HistFactory model

ÇUsed for re-interpretation

(Taken from M. FeickertôsCHEP 2019 poster)

https://root.cern/doc/master/group__HistFactory.html

