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I n t r o d u c t i o n

•I have a lot of thoughts on this topic, so aiming at high-level points 

• Please see PhyStat seminar for more details that may be helpful for the white 
paper https://indico.cern.ch/event/962997/  

•See also Nicholas Wardle’s PhyStat Seminar: 

•  https://indico.cern.ch/event/1012319/ 
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I n t r o d u c t i o n

•Topics: 

• Technical issues around likelihoods 

• Surrounding (cyber)infrastructure: repositories, citation, RECAST, … 

• Incentives, encouragement, evidence to support those in community working 
to make this happen 

• Goals of white paper, audience
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I n t r o d u c t i o n

•We are at a “tipping point” There is more positive momentum than I’ve ever seen 

• Suggest we take a positive tone of encouragement 

• We should also all educate ourselves about all the efforts that are going on: 

• Citations to DOIs for software and data products 

• Training efforts  

•My sense is that within different groups (Higgs, SM, SUSY/Exotics, top, flavor) and 
different experiments (ATLAS, CMS, LHCb, …) there are different attitudes 

• e.g. ATLAS SUSY/Exotics embracing full likelihoods, opening discussion more broadly 

• but surprisingly Higgs EFT and STXS community don’t seem to be very aware of 
developments or relevance to their problems
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R E P R O D U C I B I L I T Y  P R O B L E M

Not possible for others to reproduce results from paper.
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Figure 4: Fits for 2-parameter benchmark models probing different coupling strength scale factors for

fermions and vector bosons: (a) Correlation of the coupling scale factors κF and κV , assuming no non-

SM contribution to the total width; (b) Correlation of the coupling scale factors λFV = κF/κV and

κVV = κV · κV/κH without assumptions on the total width.
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Figure 5: Fits for benchmark models probing different coupling strength scale factor for fermions and

vector bosons, assuming no non-SM contribution to the total width: (a) coupling scale factor for fermions

κF (the coupling scale factor for gauge bosons κV is profiled) and (b) coupling scale factor for gauge

bosons κV (the coupling scale factor for fermions κF is profiled).
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L I K E L I H O O D  S C A N S

•First step: publish likelihood scans for communicating LHC Higgs results.  

•These data are directly linked to the paper in INSPIRE and have been cited:

7

ggF+ttH
µ

0.5 1 1.5 2 2.5 3

VB
F+

VH
µ

-0.5
0

0.5
1

1.5
2

2.5
3

3.5
4

4.5 R
-2

 ln
 

0

1

2

3

4

5

6

Standard Model
Best fit

InternalATLAS 
-1Ldt = 4.8 fb0 = 7 TeV  s

-1Ldt = 20.7 fb0 = 8 TeV  s

aa AH 

 = 125.5 GeVHm

ggF+ttH
µ

0.5 1 1.5 2 2.5 3

VB
F+

VH
µ

0

2

4

6

8

10 R
-2

 ln
 

0

1

2

3

4

5

6

Standard Model
Best fit

InternalATLAS 
-1Ldt = 4.6 fb0 = 7 TeV  s

-1Ldt = 20.7 fb0 = 8 TeV  s

 4lA ZZ* AH 

 = 125.5 GeVHm

ggF+ttH
µ

0 0.5 1 1.5 2

VB
F+

VH
µ

0

1

2

3

4

R
-2

 ln
 

0

1

2

3

4

5

6

Standard Model
Best fit

InternalATLAS 
-1Ldt = 4.6 fb0 = 7 TeV  s

-1Ldt = 20.7 fb0 = 8 TeV  s

ili lA WW* AH 

 = 125.5 GeVHm
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L I K E L I H O O D S  S C A N S
Reproducing derived results from original paper!



L I K E L I H O O D S  S C A N S
Reproducing derived results from original paper!

But still simplified likelihood scans, not the full statistical model



Te r m i n o l o g y

•Given a probability model  and a data  

• The likelihood function is a function of the parameter , and the value is given by  
 

• But  doesn’t describe the distribution in   

• Technically the likelihood function doesn’t have enough enough information to generate 
synthetic data (toy Monte Carlo), which is needed for most frequentist statistical procedures 

•Colloquially, the term likelihood function is used in HEP often when we mean the full 
probability model  

• We should be clear in paper, but no need to belabor the point here 

•Note: an intermediate  provide a function  (e.g. a NN likelihood ratio) 

• it is a function of the data , but you can’t (easily) sample from it (e.g. to generate toy MC)

p(X |θ) x0

θ
L(θ) = p(X = x0 |θ)

L(θ) X

p(X |θ)

f(x, θ) ∝ p(x |θ)

x
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Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

Tools, Stockholm, June 18, 2012

Roadmap (2012)
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Parameters modify 
rates only?

Analysis is number 
counting?

Grid for signal is 
available?

HEPData: 
Tables of rates, 

acceptances, and 
systematic variations

HistFactory XML
 for signal and 
bacckground 

(stored in HEPData?)

RooFit/RooStats 
workspace

Shapes based on 
binned

Templates?

Interpolation of signal 
needed

Replace original 
signal with new signal  

in following

Need continuous 
parametrization?

RECAST and/or 
fast simulation to 
create grid points

yes

yes

yes
yes

no

no

no

no

yes

no
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Likelihood Publishing + RECAST =



B i n n e d  v s .  u n b i n n e d

•The RooWorkspace was designed to be able to store any type of statistical model 
→ source of many complications 

12

3

Statistical Analysis at LHC 

broadly we have two classes of analyses: binned and unbinned

binnedunbinned

lots of CMS/ATLAS analyses 
live here

[Slide from Lukas Heinrich]



R e c e n t  p r o g r e s s

•Recently ATLAS has started publishing full likelihoods to 
HEPData for SUSY and exotics searches 

• Perfect for STXS-type measurements

13https://scikit-hep.org/pyhf/

https://home.cern/news/news/knowledge-sharing/new-open-release-allows-theorists-explore-lhc-data-new-way


M o r e  p u b l i s h e d  p y h f  p r o b a b i l i t y  m o d e l s

•More on the way

14

Cite these!



F r o m  y e s t e r d a y

•← Note the pros and cons  

• This list of what is needed looks a lot like 
the discussions in reinterpretation of 
BSM searches ↓

15

Di↵erent analysis strategies

Highly optimised analyses targeting specific properties / operators
! “best possible” sensitivity
! very model specific

Fiducial and di↵erential cross section measurements
! minimise model dependence
! relatively restricted sensitivity (hard to combine di↵erent channels)
! re-interpretable outside experiment

Di↵erential measurements in experimentally sensitive observables per
production mode (STXS)
! model dependence from production mode definition
! easy combination of di↵erent Higgs decay channels ! sensitivity to

large number of EFT operators
! re-interpretable outside experiment

Saskia Falke Inputs to EFT fits 29/10/2020 3 / 22

WHAT IS NEEDED

▸ Information on experimental  cut flows, efficiencies  

▸ Information on backgrounds 

▸ Information on results and corresponding correlations (becoming standard) 

▸ Information on the likelihood 

▸ Desirable to have results at particle level, and distributions (STXS or fiducial distr.)
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single t + decay

OSCAR ÉBOLI 

Searches for New Physics: Les Houches Recommendations

for the Presentation of LHC Results

S. Kraml1, B.C. Allanach2, M. Mangano3, H.B. Prosper4, S. Sekmen3,4 (editors),
C. Balazs5, A. Barr6, P. Bechtle7, G. Belanger8, A. Belyaev9,10, K. Benslama11,
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S.P. Martin25,26,27, T. Rizzo15, T. Robens28, M. Tytgat29, A. Weiler30

Abstract

We present a set of recommendations for the presentation of LHC results on
searches for new physics, which are aimed at providing a more e�cient flow of
scientific information between the experimental collaborations and the rest of the
high energy physics community, and at facilitating the interpretation of the results
in a wide class of models. Implementing these recommendations would aid the full
exploitation of the physics potential of the LHC.
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• Makes me think of this ↓  from 2012



G o l d  S t a n d a r d :  F u l l  L i k e l i h o o d s

•For EFT measurements, I 
think combined fits based 
on the full likelihood 
models in the “folded” 
data space are the most 
principled approach 

• Likelihood can be 
based on STXS or 
dedicated analysis 

• This should be the 
gold standard for the 
flagship EFT results
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Di↵erent analysis strategies

Highly optimised analyses targeting specific properties / operators
! “best possible” sensitivity
! very model specific

Fiducial and di↵erential cross section measurements
! minimise model dependence
! relatively restricted sensitivity (hard to combine di↵erent channels)
! re-interpretable outside experiment

Di↵erential measurements in experimentally sensitive observables per
production mode (STXS)
! model dependence from production mode definition
! easy combination of di↵erent Higgs decay channels ! sensitivity to

large number of EFT operators
! re-interpretable outside experiment

Saskia Falke Inputs to EFT fits 29/10/2020 3 / 22



C o m b i n e d  f i t s  f o r  E F Ts
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Brian Moser 28/10/2020SMEFT Higgs Measurements with ATLAS

The STXS combination measurement

23

Aim: EFT interpretation of the 139 fb-1 combination of H  ZZ*  4ℓ,   
        H   ɣɣ and H    bb merged stage-1.2 STXS measurement
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Mostly split into pTH categories (and nJet)
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γγB × H→gg

           Total    Stat.    Syst.

 < 10 GeVH

T
p0-jet, )0.17−

0.21+ ,  0.25±   (0.30−

0.32+  0.75  

 < 200 GeVH

T
p ≤0-jet, 10 )0.15−

0.19+ ,  0.15±   (0.22−

0.24+  1.22  

 < 60 GeVH

T
p1-jet, )0.21−

0.33+ ,  0.39±   (0.44−

0.51+  0.92  

 < 120 GeVH

T
p ≤1-jet, 60 )0.23−

0.39+ ,  0.36−

0.35+   (0.42−

0.53+  1.25  

 < 200 GeVH

T
p ≤1-jet, 120 )0.13−

0.39+ ,  0.46−

0.47+   (0.48−
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T
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1.18+  2.02  
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0.41+ ,  0.33−

0.34+   (0.39−

0.53+  0.97  
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T
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0.32+ ,  0.43−

0.49+   (0.47−

0.58+  0.21  
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T
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1.21+   (1.06−

1.76+  1.51  

 1-jet≤ )0.33−
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0.77+ ,  1.63−
1.71+   (1.73−

1.87+  3.03  
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0.28+ ,  0.77−

0.88+   (0.81−

0.93+  0.67  

 < 200 GeVH

T
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0.46+ ,  0.60−

0.66+   (0.67−
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0.27+ ,  0.27−

0.28+   (0.33−

0.39+  1.11  
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T
p 350 GeV, ≥ jjm 2-jet, ≥ )0.17−

0.21+ ,  0.37−

0.42+   (0.41−

0.47+  1.34  

 < 150 GeVV

T
p )0.12−

0.18+ ,  0.66−

0.72+   (0.67−

0.74+  2.41  

 150 GeV≥ V

T
p )0.19−

0.27+ ,  0.98−

1.15+   (1.00−

1.18+  2.65  

 < 150 GeVV

T
p )0.00−

0.15+ ,  0.02−

0.96+   (0.02−
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T
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T
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T
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T
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T
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0.23+ ,  0.46−
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T
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0.41+   (0.42−

0.52+  1.43  
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T
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0.83+  0.45  
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T
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0.95+ ,  0.97−
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1.55+  2.27  
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0.58+   (0.49−

0.61+  1.43  
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2.64+   (2.14−

2.70+  1.59  
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T
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)0.05−

0.16+ ,  1.06−

1.68+   (1.06−

1.68+  1.32  

)0.18−

0.40+ ,  1.09−
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T
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0.39+ ,  0.30−

0.31+   (0.48−
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 250 GeV≥ V

T
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0.27+   (0.30−

0.32+  1.01  

 < 150 GeVV

T
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0.57+ ,  0.46−
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 < 250 GeVV

T
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0.35+  1.10  

 250 GeV≥ V

T
p )0.14−

0.17+ ,  0.28−

0.29+   (0.31−

0.34+  1.09  

[see also talk by  
Davide Mungo]
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   (0.42<
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R E C A S T  +  S T X S  o v e r c o m e s  m o d e l  d e p e n d e n c e

•The model dependence in 
STXS mainly connected to 
how results are conveyed.  

• The phase space 
regions are just phase 
space regions, they 
don’t assume any model 

• Paired with RECAST one 
could reinterpret any 
model using the STXS 
phase space regions 

•
18

Di↵erent analysis strategies

Highly optimised analyses targeting specific properties / operators
! “best possible” sensitivity
! very model specific

Fiducial and di↵erential cross section measurements
! minimise model dependence
! relatively restricted sensitivity (hard to combine di↵erent channels)
! re-interpretable outside experiment

Di↵erential measurements in experimentally sensitive observables per
production mode (STXS)
! model dependence from production mode definition
! easy combination of di↵erent Higgs decay channels ! sensitivity to

large number of EFT operators
! re-interpretable outside experiment

Saskia Falke Inputs to EFT fits 29/10/2020 3 / 22



Likelihoods don’t address reinterpretation 
for signals with different final states or 

kinematics (eg. Exotic Higgs)



LSM =
1

4
Wµν · W

µν
−

1

4
BµνB

µν
−

1

4
Ga

µνG
µν
a

︸ ︷︷ ︸

kinetic energies and self-interactions of the gauge bosons

+ L̄γµ(i∂µ −
1

2
gτ · Wµ −

1

2
g′Y Bµ)L + R̄γµ(i∂µ −

1

2
g′Y Bµ)R

︸ ︷︷ ︸

kinetic energies and electroweak interactions of fermions

+
1

2

∣
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2
gτ · Wµ −

1

2
g′Y Bµ) φ

∣
∣
2
− V (φ)

︸ ︷︷ ︸

W±,Z,γ,and Higgs masses and couplings

+ g′′(q̄γµTaq) Ga
µ

︸ ︷︷ ︸

interactions between quarks and gluons

+ (G1L̄φR + G2L̄φcR + h.c.)
︸ ︷︷ ︸

fermion masses and couplings to Higgs

Q

A

T H E O R Y S E R V I C E

Model B rejected?



A n a l y s i s  P r e s e r v a t i o n

•Recently we’ve made enormous 
progress in preserving the full analysis 
chain. 

• Makes it possible to run a new new 
signal through the full analysis chain

21
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R E C A S T  i n  a c t i o n
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ATLAS PUB Note
ATL-PHYS-PUB-2020-007

27th March 2020

Reinterpretation of the ATLAS Search for
Displaced Hadronic Jets with the ������

Framework

The ATLAS Collaboration

A recent ATLAS search for displaced jets in the hadronic calorimeter is preserved in ������
and thereafter used to constrain three new physics models not studied in the original work.
A Stealth SUSY model and a Higgs-portal baryogenesis model, both predicting long-lived
particles and therefore displaced decays, are probed for proper decay lengths between a few
cm and 500 m. A dark sector model predicting Higgs and heavy boson decays to collimated
hadrons via long-lived dark photons is also probed. The cross-section times branching ratio
for the Higgs channel is constrained between a few millimetres and a few metres, while for
a heavier 800 GeV boson the constraints extend from tenths of a millimetre to a few tens of
metres. The original data analysis workflow was completely captured using virtualisation
techniques, allowing for an accurate and e�cient reinterpretation of the published result in
terms of new signal models following the ������ protocol.

© 2020 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

•ATLAS has started using RECAST to reinterpret SUSY and exotics searches 

• Also relevant for exotic BSM Higgs scenarios



S h i f t i n g  f r o m  r e p r o d u c i b i l i t y  t o  r e u s e

• Reuse provides a forward-looking narrative, while 
reproducibility often perceived as backward-
looking 

• Reproducibility is a byproduct! 

• Analysis Preservation distinct from reproducibility 

• Helps with onboarding 

• Empowers reuse, remixing, reproducibility 

• Improves efficiency & equity
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Open science and reproducible research have become per-
vasive goals across research communities, political circles 
and funding bodies1–3. The understanding is that open and 

reproducible research practices enable scientific reuse, accelerating 
future projects and discoveries in any discipline. In the struggle to 
take concrete steps in pursuit of these aims there has been much 
discussion and awareness-raising, often accompanied by a push to 
make research products and scientific results open quickly.

Although these are laudable and necessary first steps, they 
are not sufficient to bring about the transformation that would 
allow us to reap the benefits of open and reproducible research. 
It is time to move beyond the rhetoric and the trust in quick fixes 
and start designing and implementing tools to power a more  
profound change.

Our own experience from opening up vast volumes of data is 
that openness cannot simply be tacked on as an afterthought at the 
end of the scientific endeavour. In addition, openness alone does 
not guarantee reproducibility or reusability, so it should not be pur-
sued as a goal in itself. Focusing on data is also not enough: it needs 
to be accompanied by software, workflows and explanations, all of 
which need to be captured throughout the usual iterative and closed 
research lifecycle, ready for a timely open release with the results.

Thus, we argue that having the reuse of research results as a goal 
requires the adoption of new research practices during the data 
analysis process. Such practices need to be tailored to the needs 
of each given discipline with its particular research environment, 
culture and idiosyncrasies. Services and tools should be developed 
with the idea of meshing seamlessly with existing research proce-
dures, encouraging the pursuit of reusability as a natural part of 
researchers’ daily work (Fig. 1). In this way, the generated research 
products are more likely to be useful when shared openly.

In tackling the challenge of enabling reusable research, we  
keep these ideas as our guiding light when putting changes into 
practice in our community—high-energy physics (HEP). Here, we 
illustrate our approach, particularly through our work at CERN, 
and present our community’s requirements and rationale. We  
hope that the explanation of our challenges and solutions will 
stimulate discussions around the practical implementation of work-

flows for reproducible and reusable research more widely in other  
scientific disciplines.

Approaching reproducibility and reuse in HEP
To set the stage for the rest of this piece, we first construct a more 
nuanced spectrum in which to place the various challenges facing 
HEP, allowing us to better frame our ambitions and solutions. We 
choose to build on the descriptions introduced by Carole Goble4 
and Lorena A. Barba5 shown in Table 1.

These concepts assume a research environment in which mul-
tiple labs have the equipment necessary to duplicate an experiment, 
which essentially makes the experiments portable. In the particle 
physics context, however, the immense cost and complexity of the 
experimental set-up essentially make the independent and com-
plete replication of HEP experiments unfeasible and unhelpful. 
HEP experiments are set up with unique capabilities, often being 
the only facility or instrument of their kind in the world; they are 
also constantly being upgraded to satisfy requirements for higher 
energy, precision and level of accuracy. The experiments at the Large 
Hadron Collider (LHC) are prominent examples. It is this unique-
ness that makes the experimental data valuable for preservation so 
that it can be later reused with other measurements for comparison, 
confirmation or inspiration.

Our considerations here really begin after gathering the data. 
This means that we are more concerned with repeating or verifying 
the computational analysis performed over a given dataset rather 
than with data collection. Therefore, in Table 2 we present a varia-
tion of these definitions that takes into account a research environ-
ment in which ‘experimental set-up’ refers to the implementation 
of a computational analysis of a defined dataset, and a ‘lab’ can be 
thought of as an experimental collaboration or an analysis group.

In the case of computational processes, physics analyses them-
selves are intrinsically complex due to the large data volume and 
algorithms involved6. In addition, the analysts typically study more 
than one physics process and consider data collected under dif-
ferent running conditions. Although comprehensive documenta-
tion on the analysis methods is maintained, the complexity of the 
software implementations often hides minute but crucial details, 

Open is not enough
Xiaoli Chen1,2, Sünje Dallmeier-Tiessen1*, Robin Dasler1,11, Sebastian Feger1,3, Pamfilos Fokianos1, 
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The solutions adopted by the high-energy physics community to foster reproducible research are examples of best practices 
that could be embraced more widely. This first experience suggests that reproducibility requires going beyond openness.
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 2. Capture: store information about the analysis input data, the 
analysis code and its dependencies, the runtime computational 
environment and the analysis work!ow steps, and any other 
necessary dependencies in a trusted digital repository.

 3. Reuse: instantiate preserved analysis assets and computational 
work!ows on the compute clouds to allow their validation or 
execution with new sets of parameters to test new hypotheses.

All of these services, developed through free and open source 
software, strive to enable FAIR compliant data20 and can be set up 

for other communities as they are implemented using flexible data 
models. For all these services, capturing and preserving data prov-
enance has been a key design feature. Data provenance facilitates 
reproducibility and data sharing as it provides a formal model for 
describing published results7.

CERN Analysis Preservation. The CERN Analysis Preservation 
(CAP) service is a digital repository instance dedicated to describ-
ing and capturing analysis assets. The service uses a flexible meta-
data structure conforming to JavaScript Open Notation (JSON) 
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Fig. 2 | Example of a complex computational workflow on REANA mimicking a beyond the standard model (BSM) analysis . This figure shows an 
example where the experimental data is compared to the predictions of the standard model with an additional hypothesized signal component. The 
example permits one to study the complex computational workflows used in typical particle physics analyses. a–c, The computational workflow (a) may 
consist of several tens of thousands of computational steps that are massively parallelizable and run in a cascading ‘map-reduce’ style of computations 
on distributed compute clusters. The workflow definition is modelled using the Yadage workflow specification and produces an upper limit on the 
signal strength of the BSM process. A typical search for BSM physics consists of simulating a hypothetical signal process (c), as well as the background 
processes predicted by the standard model with properties consistent with the hypothetical signal (marked dark green in (b)). The background often 
consists of simulated background estimates (dark blue and light green histograms) and data-driven background estimates (light blue histogram).  
A statistical model involving both signal (dark green histogram) and background components is built and fit to the observed experimental data (black 
markers). b, Results of the model in its pre-fit configuration at nominal signal strength. We can see the excess of the signal over data, meaning that the 
nominal setting does not describe the data well. The post-fit distribution would scale down the signal in order to fit the data. This REANA example is 
publicly available at ref. 35. For icon credits, see Fig. 1.
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•Encouraging response by the community
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