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Lest we forget: the LHC is special

 The data and results extracted from it are unique
* The analyses used to extract result from data are also unique

What is our scientific output beyond the papers?
e How do we make our results most useful?

 What data can we make public and in what formats?
 How can we exploit the analyses we have invested in?



Three broad areas of activity

open 22 About ~

e mna

Reproducible research data analysis platform

Explore more than two petabytes ’
of open data from particle physics!

® HEPData

Repository for publication-related High-Energy Physics data

Search on 9033 publications and 85213 data tables.
Explore Focus on

CERN
Analysis
Preservation

capture, preserve and reuse physics analyses

Data from the LHC

Reproducible Workflows & Open Data for Outreach,

Analysis Data Products
Analysis Preservation Education and Research
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HepData has been the main vehicle to provide

high quality data products for published analyses

publicly available. All LHC experiments rely on this.
 HepData submission often required for analysis approval

LHC publications with HEPData records (2019-03-27)

Types of data products expanded from = Al popers
| .Lh_

ALICE ATLAS
Collaboration

to broader collection of data ALICE: 90%
ATLAS: 52%

(o [ = e 3
LHCb: 14%
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Additional Material helps approximate reimplementation
of data analyses w/ e.g. Rivet (can cover also BSM and HI)

"SimpleAnalysis/AnalysisClass.h"
"SimpleAnalysis/NtupleMaker.h"
"SimpleAnalysis/PDFReweight.h"
<LHAPDF/LHAPDF. h>

L E

DefineAnalysis(EwkOneLeptonTwoBjets2018)

void EwkOnelLeptonTwoBjets2018::Init()

[/ =%= C+t —*-

#include "Rivet/Analysis.hh

#include "Rivet/Projections/ChargedFinalState.hh”
#include "Rivet/Tools/Correlators.hh"

#include "Rivet/Tools/AliceCommon.hh"

#include "Rivet/Projections/AliceCommon.hh"

namespace Rivet {
Christian Bierlich,»? Andy
/// @brief Multiparticle azimuthal correlations pp, pPb, XeXe and Pb) Peter Harald Lindenov
class ALICE_2019_I1723697 : public CumulantAnalysis {
public:

/// Constructor
ALICE 2019_T1723697() :
CumulantAnalysis("ALICE_2019_I11723697") {}

Christine O. Rasmussen,” Mal

C++ Code Snippets as starting point, or (better) full Rivet Routine

Efficiency Maps:

Figure 3 (2D effs) 10.17182/hepdata.90583.v2/t3

Resources

https://www.hepdata.net/recc
Contents of Figure 3.

The product of the acceptance and efficiency in the c7o vs. mgplane for the GMSB
model, after all requirements.

cmenergies observables phrases reactions

¥ 13000.0 @ ACC @ Dark Matter ® PP->XX
9 GMSB
® Long-Lived

% Jet Production

[CMS Record]
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ML models uploaded to HepData

[ATLAS Record]
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A new Frontier: Public Likelihoods

Analysis
p(theory|data) ~ p(dataltheory) - p(theory)

Likelihood
/! e

orior: Limits Measure
theorists ments

likelihood:
experimentalists

Yield Tables Data/MC plots

The likelihood is the central object in analysis

* the best data product we can provide in principle
* a high-density compressed representation

* encodes detailed systematic uncertainties

Often HepData information (yields, uncertainties...) is used to
reconstruct approximate likelihood

What if we just provided it directly?
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Massimo Corradi

It seems to me that there is a general consensus that what is really meaningful for

L}
n
Lo n g H |Sto ry n is likelihood, and almost everybody would agree on the prescription that experiments sh¢

likelihood function for these kinds of results. Does everybody agree on this statement, to
ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

hoods? CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

2000: 1st PHYSTAT s

Any disagreement ? Carried unanimously. That’s actually quite an achievement for t

CERN, Geneva, §
17-18 January

20 1 0 . I ntrOd u Cti on § _ ] F e
of Workspaces

Irement

primar-

nent be

: ingre-

7"\ \ ntions).

- v + ce.The

power of the workspace is that it allows one to save data and an arbitrarily complicated model to

disk in a ROOT file. These files can then be shared or archived, and they provide all the low-level

ingredients necessary for a proper combination in a unified framework. A direct advantage of this
is a digital publishing of the results.

The RooWorkspace class of RooFit provides the low-level functionality for storing the full

model and the data and, in addition, it provides a convenient functionality to create easily the model

2012: ATLAS p rofile Vinasin nterace (workspace factors).
likelihoods

Simplified likelihood for the re-interpretation of public
CMS results

The CMS Collaboration

Abstract

In this note, a procedure for the construction of simplified likelihoods for the re-
interpretation of the results of CMS hy resented. The proce-

of information on the background models used
in these searches which can readily be provided by the CMS collaboration. A toy ex-
ample is used to demonstrate the procedure and its accuracy in reproducing the full
likelihood for setting limits in models for physics beyond the standard model. Finally,
two representative searches from the CMS collaboration are used to demonstrate the
validity of the simplified likelihood approach under realistic conditions.

m, =125.5 GeV { ;

06 07 08 09 11 12 13 14 15 16
K

35.9 " (13 TeV)

2017: CMS Simplified Likelihoods

CERN
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2019: first full likelihood release

e using JSON Schema of HistFactory class of Likelihoods

Additional Publication Resources

<>
Common Resources (4] External Link

Missing Transverse Energy ~ 2 Web page with auxiliary material

View Resource

Effective Mass 2

Object Based Missing
Transverse Energy significance

MaxMin alternative

algorithm average mpcana 2

Leading jet pT 2

MaxMin algorithm Mpcana 2 Ar

Efficiency_SRA_M_m60 2

Acceptance_SRC_28 2

Acceptance_SRC_26 2 b the file named
BkgOnly model a set of patches for

Acceptance_SRC_24 2 various signal points is provided

Acceptance_SRA_M_dm130 2 Download

Acceptance_SRB 2

$> curl -sL https://doi.org/10.17182/hepdata.89408.v1/r2|tar -xf -
$> pyhf cls RegionA/BkgOnly.json --patch RegionA/patch.sbottom_1300_205_60.json
{8
"CLs_exp": [
0.09022509053507759,
0.1937839194960632,
0.38432344933992,
0.6557757334303531,
0.8910420971601081
]J
"CLs_obs": 0.24443627759085326

b, production ; b, — b %, - b h 7, ; (%) = 60 GeV ; ATLAS-CONF-2019-11

ATLAS Preliminary
Vs =13 TeV, 139.0 fb'

All IimEs at QtS:;A;LCLt it ]
AR o i0) (+
xpected Limi ﬁ)&r&) Trlp; ‘fc :ijp)

- - - Expected Limit
Expected Limit (pyhf) (1o,
bserved Limit (roun )
Observed Limit (ROOT)
Observed Limit (pyhf)

1400 _ 1600
m(b,) [GeV]

_yi-f

ifferentiable
Yikelihoods
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Internal Reuse:

Efforts by all LHC experiments to foster internal analysis preservation.
Ingredients for AP:

capture software capture commands capture workflow data assets

archive analysis code incl. what do with the order of individual steps input data needed
dependencies captured software to run the analysis

Additionally: data

CERN provides infrastructure to

assist experiments rean a

REANA: workflows-as-a-service . .
Reproducible research data analysis platform

CAP: store workflow and CERN
other analysis artifacts Analysis Preservation

A Iﬁw ( S OftW a r e : et c) capture, preserve and reuse physics analyses
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1. capture software

archive analysis
code incl. deps.

Containers universally seen as suitable techology:

all experiments have some
infrastructure to run
experiment / analysis code
In containers

REANA Environment AliPhysics
i lunkiown | icr Join hat ] License GrL 2]

About

reana-env-aliphysics provides a container image with encapsulated runtime execution environment for AliPhysics
based ALICE data analyses. The container image includes all the necessary dependencies and does not have any
external requirements (such as CVMFS).

reana-env-aliphysics was developed for use in the REANA reusable research data analysis platform.

Ihcb-analysis-preservation > containerization-cookie > Details

C containerization-cookie &
Project ID: 31307 \ Leave project

-0- 45 Commits P 1Branch ¢ 0 Tags [) 287 KB Files

Cookiecutter template for analysis containerization

atlas/athanalysis 1M+ 3
Downloads  Stars
By atlas * Updated 8 days ago

ATLAS Athena Analysis Release

Containe

atlas/analysisbase M+ 10
Downloads  Stars
By atlas * Updated 8 days ago

ATLAS Standalone Analysis Release

G

clelange / cmssw-docker

Actions

Issues 5 Projects 0

<> Code Pull requests 0

Dockerfiles for CMSSW https://doi.org/10.5281/zenod0.3374807

-0- 82 commits ¥ 1branch @ 0 packages
]

Tag: v1.0 v New pull request

"' clelange Use --build-arg instead of wrong -e for docker ENV



2. capture commands

what do with the
captured software

3. capture workflow

order of individual
steps

Workflow languages seem to be a good choice:

REANA supports Common Workflow Language, Yadage
* looking into snakemake (LHCDb also has snakemake starter kit)

CERN

github.com

9 README.rst

REANA example - ALICE LEGO train test run
Abou

This REANA reproducible analysis example performs ALICE LEGO train test run and validation. The proc
ALICE collaboration particle physics analyses. Please see arXiv:1502.06381 for more detailed desquim
analysis train system.

Analysis structure

Making a research data analysis reproducible means to provide “runnable recipes” addressing (1)
datasets are, (2) what software was used to analyse the data, (3) which computing environment
software, and (4) which workflow steps were taken to run the analysis.

1. Input data

This example uses ALICE Pb-Pb collision data input files. We can take a sample Pb-Pb ESD open
collaboration released on the CERN Open Data portal, for example the following sample taken at
number 139038 in RunH 2010: (beware, the file is 360MB large)

§ mkdir —p _alice_data_2010__LHC10h_2_ 000139038

$ cd _alice_data_2010__LHC1eh_2_ 000139038

§ wget http://opendata.cern.ch/record/1102/files/assets/al ice/2010/LHC10h/000139038/ESD/0§
cd ..

github.com

EB README.rst

REANA example - LHCb Rare Charm Decay Search
[orier o crae] cerc ]
About

This analysis example attempts to reproduce LHCb rare charm decay study published in Phys. Lett. B 724 (2013]
212.

DELS) Sttt

These decays are very rare, which makes their observation extremely challenging. The LHC produces a lot of chy
particles b, but it also produces a much greater number of other particles which can be mistaken for the signall

github.com

EEREADME.rst

bui |passing | gt Joi chat | cense M1

Abou

github.com

REANA example - CMS Higgs-to-four-lepton
About

This REANA reproducible analysis example studies the Higgs-to-four-lepton decay channel that led to the Higgs boson
ery in 2012. The example uses CMS open data released in 2011 and 2012. "This research level
y simplified reimplementation of parts of the original CMS Higgs to four lepton analysis published in
2) 30-61, arXiv:1207.7235." (See Ref. 1).

ture

lata analysis reproducible basically means to provide "runnable recipes" addressing (1) where is the
software was used to analyse the data, (3) which computing environments were used to run the
ich computational workflow steps were taken to run the analysis. This will permit to instantiate the
putational cloud and run the analysis to obtain (5) output results.

This REANA reproducible analysis example demonstrates a RECAST analysis using ATLAS Analysis Software Group e following inputs:

stack.

Analysis structure

ralidated runs included in the data directory:
08686_8TeV_22Jan2013ReReco_Collisions12_JSON. txt
s in the ROOT format, processed from CMS public datasets, included in the data directory:

Making a research data analysis reproducible basically means to provide "runnable recipes" addressing (1) where is the
input data, (2) what software was used to analyse the data, (3) which computing environments were used to run the
software and (4) which computational workflow steps were taken to run the analysis. This will permit to instantiate the

analysis on the computational cloud and run the analysis to obtain (5) output results.
1. Input data

The analysis takes the following inputs:

e dxaod input ROOT file




Major use-case for internal re-use: reinterpretation

original alternative

ATLAS: require analyzers to preserve analysis that at least
reinterpretation w/ REANA is possible — realization of RECAST
(docker images, scripts, workflows)

New scientific results based on this (rather technical) requirement

—_
(e}
£

—Erz(ll)

Tim, > 20%
PLB 776 (2017) 318

ATLAS Preliminary Vs =13 Tev
= RECAST result, high-E ; selection [33.0 fb™'] & Exp. + 10, 26
— Obs.

1~ ATLAS Preliminary —~

7 G
HVs=13TeV,36:1 b Vs=13TeV,79.8 10"

rs=13 2HDM+a, Dirac DM
Limits at 95% CL
m, = 10GeV,gl=1
sinf = 0.35, tanf = 1
m,=my=my

—Emss+h(bb)

PRL 119 (2017) 181804

Events /5 GeV

T +h(yy)
PRD 96 (2017) 112004

= Eqﬁss +2(qa) SR (Resolved) : 0 lepton
JHEP 10 (2018) 180

e 200 GeV < E7** <350 GeV

95% CL Upper Limit on 6 x B [pb]

... =h(inv) =78 Tev:a7.203 1"
JHEP 11 (2015) 206,

10 102

20 300 ;:O[Ge\jfo x proper decay length (c7) [m]
E/RW arxiv:1903.01400 ATL-PHYS-PUB-2020-007

> ATL-PHYS-PUB-2019-032



CERN Analysis Preservation Examples

CERN Analysis Preservation "™  # Q

Lb2LcDOK branching fraction e { w2 )

JME-10-004

BASIC INFORMATION

FWD-10-005

AN-2011/103

] vonex AN-2011/062

AN-2011/103

USER ANALYSIS

AN-2010/411

Software. Contact About SearchTips

Focus on:
e ease of use for analysis teams
e.g. auto-complete, automatic ingestion, command line clients

* ease of use for users
» discoverability / search
* integration with REANA

CE/RW
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Open Data

All LHC Experiments have Open Data Programs
 integrated into CERN Open Data Portal
 ATLAS, LHCb, ALICE so far focused mainly on Outreach & Education

Event Display Exercise Information of selected Particles saved

particle f

W - ¢v Z - ¢t tt — ¢vbqgb

Transverse Mass of the W Candidate Invariant Mass of the Z Candidate Lepton Transverse Momentum

ATLAS Open Data -,
forccatenony Clsingle top
5=13TeV o

ATLAS Open Data -
Closeup va ATLAS Open Data oracacnony Disingle top
on collision Gerater fLateton @t

+Data

Events /5 GeV.

Lat=32t"
-1y bagh

Projections
Detector ~

opacity " “

Event display

e

0° fotime Exerciso.

WELCOME to ROOT -

[T T— Version  5.34/08 31 May 2013

You are welcome to visit our Web site
http://root.cern.ch ALICE analysis modules

[r—r——- A iysts mactiss

ROOT 5.34/08 (v5-34-08@v5-34-08, Apr 15 20

[CINT/ROOT C/C++ Interpreter version 5.18.0
Type ? for help. Commands must be C++ statd
Enclose multiple statements between { }
root [0]

Processing masterclass.C

root [1]

Sng the ALICE logo to cpen the

Step 7 : compare results o e e el
to the PDG value )

Ll dovnlosd, upsck and Launoh the corr
5  deser of vant

o con exit ot oy tine by using the <Exit> buton of the nem To cestact te
o' tomminal by clicking the tomminal smlater icon on the bockon Lo, then type

[atacentocathost anatyars) oot master

CERN



CMS has more expansive Open Data Program for Research

Datasets - EnergyFlow x o+

@ energyflow.network % @ incognito

We see external eco-system developing
e Workshop in October [link]

Docs » Documentation » Datasets

CMS Open Data and the MOD HDF5 Format

EnergyFlow

Starting in 2014, the CMS Collaboration began to release research-grade recorded and
simulated datasets on the CERN Open Data Portal. These fantastic resources provide a
unique opportunity for researchers with diverse connections to experimental particle
phyiscs world to engage with cutting edge particle physics by developing tools and
testing novel strategies on actual LHC data. Our goal in making portions of the CMS
el Open Data available in a reprocessed format is to ease as best as possible the technical
Demos complications that have thus far been present when attempting to use Open Data (see

N u m be r of P a pe rs a p pe a ri n g o n e . g . Bamples also recent efforts by the CMS Collaboration to make the data more accessible).

FAQs To facilitate access to Open Data, we have developed a format utilizing the widespread
2 H Release Notes HDF5 file format that stores essential information for some particle physics analyses.
a c I n e e a r n I n g m e o s o r N This "MOD HDF5 Format" is currently optimized for studies based on jets, but may be

Architectures

Home

Datasets

CMS Openl
HDF5 Form

Exploring the Space of Jets with CMS Open Data arxiv: 1 908 . 08542 CED

Patrick T. Komiske,':> * Radha Mastandrea,’ ! Eric M. Metodiev, "2 Preksha Naik,""¢ and Jesse Thaler

* Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA SA
2 Denartment of Phusirs Harvard Ininersitu. Combrids MA 02188 TISA

v End-to-end particle and event identification at the Large Has 0 N
Collider with CMS Open Data arxiv:1910.07029

!Department wi aerV 1 805 00850‘ > EI;/ID: 159.3 GeV.

3Departr
4 . . . .
ML du,lDeP‘“““,e‘ Fast and accurate simulation of particle detectors using
achine Learnir generative adversarial networks

Pasquale Musella - Francesco Pandolfi Data taking
CMS Data releases - by now
CMS Data releases - planned, preliminary
he date of receipt and acceptance should be inserted later
et e == Runl data (AOD)
= Runl MC HI, All 2011

eV 5.5/fb
=== Runl HI data
" Runl HI MC (tbc) All 2010

|

== Run2 data (Mini/NanoAOD)

Abstract Deep generative models parametrised by neu-  e.g. [2] and [3]) are bas
ral networks have recently started to provide aceurate and energy dej
results in modeling natural images. In particular, gen-  quently aggregated in order to re g
erative adversarial networks provide an unsupervised  and direction of final state particles produced by
Solution to_this problem. In_this work we apply this _collision of the primary beams.

26 Nov 2018

=== Run2 MC

Release Schedule being finalized for
coming years

010 2011 2012 2013 21 2022 2023 2024

CERN O

\
Vg

LHC Run 1 LHC Run 37



https://indico.cern.ch/event/882586/

Conclusion:

LHC Experiments have strong analysis and data preservation
programs

Technological Progress helps drive fidelity of preservation
e e.g. containers

Cyberinfrastructure for HEP is crucial for adoption
 HepData, CAP, COD, REANA, RECAST

See use of the data products we put out

 Many users of HepData products

* First set of RECAST / internal analysis preservation publications
 Growing number of Open-Data based research

e Strong Outreach & Education based on Open Data
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