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Motivation

2

Experimental analyses at the LHC are sensitive to a far greater set of theories and parameter 
combinations than have so far been tested (or even been thought of).


We want to obtain a comprehensive view of how the plethora of LHC results constrain new 
physics in the context of different theoretical scenarios  (incl. non-minimal/non-standard ones!)

28 April 2021
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One of my favourite examples: IDM Inert Doublet Model
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1503.07367

odd under a new 
Z2 symmetry

DM candidate (mH < mA)

Signature: OS di-leptons + MET 

Constrained by leptons+MET SUSY and Zh, h→inv. searches

SM Higgs
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Another example: 4 tops

4
from Benjamin Fuks @ SUSY’24
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Experimental results vs. their interpretation
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Empirical outcome, such as event counts or 
the measurement of some physical quantity

The act of comparing this empirical outcome 
to model predictions

⬌

ATLAS-EXOT-2020-25ATLAS-EXOT-2020-25

CMS-HIG-22-013
CMS-HIG-22-013

vs.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html


Sabine Kraml Extended scalar sectors from all angles, CERN, 24/10/2024

(Global) likelihoods vs exclusion limits
95% CL limits only allow for binary decisions (excluded or not), but no rigorous statistical 
treatment. What we really need is likelihood information → global analyses, global fits, etc.
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from 2306.17676 

(see also 2312.16635)

https://arxiv.org/abs/2306.17676
https://arxiv.org/abs/2312.16635
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Georgi-Machacek model with a scalar singlet  

• Scalar sector consisting of SM doublet Φ, two triplets ξ = (ξ++, ξ0, ξ-)T and χ = (χ++, χ+, χ0)T, 
and a real scalar S, which serves as a DM candidate


• Physical states:
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G. Belanger et al., 2405.18332
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where v = 246 GeV and g is the coupling constant of the SU(2)L gauge group. Based upon
the transformation properties under the custodial SU(2)C symmetry, the physical scalar
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MH5 and MH3 are the masses of the fiveplet and the triplet fields. The mass of the gauge
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ATLAS-HIGG-2018-27
<latexit sha1_base64="o6mSWlcOO8r86NjmXk5TLnvCeoc="></latexit>

HBSM ! ��

https://arxiv.org/abs/2405.18332
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-27/
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Georgi-Machacek model with a scalar singlet:  
constraints from ATLAS-HIGG-2018-27  (                     )
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<latexit sha1_base64="LhuxlKZcr4tOo7jLGhkiMtcZRTM="></latexit>

HBSM ! ��

2405.18332

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-27/
https://arxiv.org/abs/2405.18332
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Georgi-Machacek model with a scalar singlet:  
constraints from ATLAS-HIGG-2018-27  (                     )
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<latexit sha1_base64="LhuxlKZcr4tOo7jLGhkiMtcZRTM="></latexit>

HBSM ! ��

2405.18332

Auxiliary material: fiducial acceptance and truth-to-reco level correction

recast 

fiducial 

acceptance

?

Limits beyond the NWA only for masses > 400 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-27/
https://arxiv.org/abs/2405.18332
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/InterpretingLHCresults

WG with > 100 participants; recurrent workshops; white papers formulating recommendations, ….

BSM Reinterpretation Forum (RiF)

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/InterpretingLHCresults
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Good practice:

What ATLAS/CMS analyses nowadays should 


(and increasingly do) provide

Event selection Signal selection Statistical eval.
(signal/bkg discrimination) (hypo test, interpretation)
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Object definitions and signal selection
• Clear and unambiguous object definitions


• Precise reco efficiencies (parametrised…)


• Clear and unambiguous analysis logic 
(signal selection `cuts’, tabulated/code)


• Cutflows !!!


• Other validation material:

- input models (UFO…) 

- run cards

- SLHA files of benchmarks

- event samples?

14

ATLAS SimpleAnalysis:

ATL-PHYS-PUB-2022-017

(pseudo)code helps !

ML-based taggers are still a problem (top, tau)

https://cds.cern.ch/record/2805991
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training framework 1

training framework 2

training framework 3

inference machine 1

inference machine 2

inference machine 3

serialised 
model

training and inferencing interoperability:

save ML model in a stable exchange format

make this public
together with a clear description of inputs and output

ML-based analyses — a dead end for recasting ?
Not necessarily; solutions exist
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ML-based analyses
Some ATLAS analyses have indeed started to provide their learned models in serialised form.

16

SUSY-2018-22  Search for squarks and gluinos: jets+MET

 BDT weights in XML format on HEPData + simpleAnalysis implementation

SUSY-2019-04  RPV SUSY search, leptons + many jets

 ONNX files for 5 NNs (4-8 jets SRs) on HEPData + simpleAnalysis implementation

SUSY-2018-30  SUSY search with MET and many b-jets

 simpleAnalysis implementation with ONNX-serialised NN model

EXOT-2019-23
 Search for neutral LLPs with displaced hadronic jets (“CalRatio LLP search”)

 preserved NNs as ONNX, BDTs as executables with petrify-bdt; low level inputs;

 also 6d efficiency maps parametrising the BDT+NN selection + example code

HDBS-2019-23  Anomaly detection search for new resonances Y → X+H in hadronic final states

 VRNN python code + post-training weights (PyTorch .pth file)

→ CheckMATE, MadAnalysis5 and RIVET have developed interfaces.

arXiv:2312.14575

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-22/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-04/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-30/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-23/
https://pypi.org/project/petrify-bdt/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-23/
https://arxiv.org/abs/2312.14575
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Guidelines for reusable ML models

17

Analysis Design choice of framework, preservation format, 
architecture, input features 

Documentation clear definition of all input & output variables;            
code/framework version and dependencies

Validation material enabling to verify performance          
(cut-flows, plots of in/out variables, runcards)

Surrogates another ML model trained to approx. replicate 
the output of the original one (or simple 
parametrised efficiencies)

arXiv:2312.14575

https://arxiv.org/abs/2312.14575
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ML-based analyses: Surrogates
ATLAS CalRatio LLP search (displaced jets + leptons or extra jets)

18

from RAMP seminar by 

Abdelhamid Haddad 


16 Oct 2024

EXOT-2019-23
EXOT-2022-04

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-04/
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ML-based analyses: Surrogates
ATLAS CalRatio LLP search (displaced jets + leptons or extra jets)

19

RAMP seminar by 

Abdelhamid Haddad 


16 Oct 2024

EXOT-2019-23

EXOT-2022-04

6d efficiency maps 
parametrising the BDT+NN 
selection + example code

RAMP seminar by Louie Corpe

16 Jan 2023

Trained BDT to give overall 
selection probability in ABCD 
plane, using truth-level (Lxy, 
Lz, ƞ, pT, ET, Child ID); 

pickle files + sample code

A. Haddad

https://indico.cern.ch/event/1463907/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-04/
https://indico.cern.ch/event/1233294/
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Similar approach in CMS displaced di-muon search

20

from RAMP seminar by 

Muhammad Ansar Iqbal 


16 Oct 2024

CMS-EXO-23-014

https://indico.cern.ch/event/1463907/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-014/
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Good practice:

What ATLAS/CMS analyses nowadays should 


(and increasingly do) provide

Event selection Signal selection Statistical eval.
(signal/bkg discrimination) (hypo test, interpretation)
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Statistical models

22

The complete probability model for the analysis includes dependence on the data x,y, the parameters of interest μ 
and nuisance parameters θ, access to the individual terms and the ability to generate pseudo-data (“toy Monte Carlo”). 

The probability to measure 
xij in channel i event j 


Likelihood: The value of the statistical 
model for a given fixed dataset as a 
function of the parameters 

Access to the individual components νik and pik is needed for certain 
types of reinterpretations, e.g. 

- changing the distributions pik(xij|μ,θ) because a different physical 

process with a different phase space distribution is being 
considered;


- updates of existing interpretations using more precise theoretical 
calculations or improved experimental calibrations, or both. 

pdf of auxiliary data y

Essential information 


for analysis preservation and reuse
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Full statistical models: ATLAS

23

ATLAS started in 2019 to publish plain-text serialisation of HistFactory workspaces in JSON format

- Provides background estimates, changes under systematic 
variations, and observed data counts at the same fidelity as 
used in the experiment.


- Usage: RooFit, pyhf 


- Target: long-term data/analysis preservation,  
reinterpretation purposes

Rate modifications defined in HistFactory for bin b, sample s, channel c. 

ATL-PHYS-PUB-2019-029

https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
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Full statistical models: ATLAS

24

ATLAS started in 2019 to publish plain-text serialisation of HistFactory workspaces in JSON format

- Provides background estimates, changes under systematic 
variations, and observed data counts at the same fidelity as 
used in the experiment.


- Usage: RooFit, pyhf 


- Target: long-term data/analysis preservation,  
reinterpretation purposes

Rate modifications defined in HistFactory for bin b, sample s, channel c. 

ATL-PHYS-PUB-2019-029

https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863


Sabine Kraml Extended scalar sectors from all angles, CERN, 24/10/2024

Full statistical models: ATLAS

25

ATLAS started in 2019 to publish plain-text serialisation of HistFactory workspaces in JSON format

- Provides background estimates, changes under systematic 
variations, and observed data counts at the same fidelity as 
used in the experiment.


- Usage: RooFit, pyhf 


- Target: long-term data/analysis preservation,  
reinterpretation purposes

Rate modifications defined in HistFactory for bin b, sample s, channel c. 

ATL-PHYS-PUB-2019-029

35 results a
s of yesterday

https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
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→ statistical evaluation through JSON patching

ATLAS full statistical models

Illustration by Lukas Heinrich

Hands-on workshop 8 Nov 2021

HistFactory JSON format

The Simplify python tool can be used to create simplified statistical models from full ones by merging all background contributions and 
combining all nuisance parameters into a single one; may yield equivalent results at much lower CPU cost — needs testing case-by-case!

Alguero, SK, Waltenberger

 arXiv:2009.01809

Alguero, Araz, Fuks, SK, arXiv:2206.14870 

https://pypi.org/project/simplify/
https://arxiv.org/abs/2009.01809
https://arxiv.org/abs/2206.14870
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Full statistical models: CMS
CMS recently published their Combine 
software and released the data cards 
describing the early measurements of 
the Higgs boson. 

This includes the combination of all the Higgs 
boson searches that established the 2012 
discovery of the Higgs boson. 


‣ Combine is available as a container 
image


‣ Data cards for more, new analyses 
to come (hopefully)


‣ pyhf <-> combine conversion tool is 
being worked on

27

CMS-CAT-23-001

https://cms-results.web.cern.ch/cms-results/public-results/publications/CAT-23-001/index.html
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Good practice:

How do we get more of this ?

Event selection Signal selection Statistical eval.
(signal/bkg discrimination) (hypo test, interpretation)
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Interact

Use and cite what exists already, 

give feedback to the exp. collaborations

29
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arXiv:1203.2489

arXiv:2003.07868

arXiv:2109.04981

arXiv:2203.10057arXiv:2312.14575

https://arxiv.org/abs/1203.2489
https://arxiv.org/abs/2003.07868
https://arxiv.org/abs/2109.04981
https://arxiv.org/abs/2203.10057
https://arxiv.org/abs/2312.14575
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RAMP seminars
RAMP (Reinterpretation Auxiliary Material Presentation) is a series of short, online 
seminars, where young experimentalists (ECRs) present the material for their 
analyses in a ~20 min talk, followed by a discussion with potential (re)users. 


The aim is to create more direct experiment-theory interaction, and to give 
more visibility and recognition to the effort of preparing and providing extensive 
material for reinterpretation. 


The presentations are recorded and made available for interested people, e.g. in 
other time zones, who cannot attend live.


https://indico.cern.ch/category/14155/

31

https://indico.cern.ch/category/14155/
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next RiF workshop

https://indico.cern.ch/event/1466101/

https://indico.cern.ch/event/1466101/
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Conclusions

33

e.g., updating constraints, 

testing new hypotheses, 

performing combinations 

and/or fits, etc.

→ new research based on existing 

data and analyses

longer shelf life &  
more scientific impact

cit
at

io
ns

It is important to enable reinterpretation and reuse of LHC analyses …


TH-EXP community effort



BACKUP
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Snowmass 2021 

To achieve their full scientific impact, HEP experiments need to integrate extensive 
data and analysis preservation efforts into their publication processes, alongside 
the communication of results in reusable form and preservation of data products, 
and making event-level data publicly available.

US Community Study on the Future of Particle Physics

Executive summary from “Data and Analysis Preservation, Recasting and Reinterpretation”

arXiv:2203.10057 

Without this, the influence of the hundreds of published analyses from the LHC, 
HL-LHC, EIC, and other future experiments will be limited mainly to the physics 
ideas in vogue at the time the collaboration collected their data. The public 
investment in experimental programs underscores the importance of going beyond 
the original paper publication and ensuring that analyses continue providing 
scientific value in perpetuity.

➽  ESPPU 2025

https://arxiv.org/abs/2203.10057
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Snowmass white paper on data and analysis preservation and reinterpretation

36

Ensure that release of analysis preservation logic via public frameworks for the 
community to use is integrated with experiment publication and data-release processes, 
to maximise analysis impact.

S. Bailey et al., arXiv:2203.10057

https://arxiv.org/abs/2203.10057
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Snowmass white paper on data and analysis preservation and reinterpretation

37

Encourage that reinterpretability and reuse be kept in mind early on in the analysis design. 
This concerns, for instance, the choice of input parameters in ML models, the full 
specification of the fiducial phase space of a measurement in terms of the final 
state, including any vetos applied, and generally the choice of non-overlapping regions 
and standard naming of shared nuisances to facilitate the combination of analyses.

S. Bailey et al., arXiv:2203.10057

https://arxiv.org/abs/2203.10057
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Solutions for neural nets (e.g.)

• Designed to take tensorflow/sk-learn 
trained NNs and run them in C++ 


• Originally developed for ATLAS trigger; 
used internally in the collaboration


• Minimal dependencies: Eigen and Boost 
only; 20 operators.


• Human-readable JSON files
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• Designed to allow NNs trained in one context 
to be run in a completely different one 


• Industry standard, developed by Facebook 
and Microsoft 


• Supports tensorflow, pytorch, sk-learn and 
more; almost 200 operators


• Binary ONNX files

Lightweight Trained Neural Network Open Neural Network Exchange

lwtnn

and more … see e.g. talk by Dan Guest at Reinterpretation Forum 2022

https://gitlab.cern.ch/dhohn/lwtnn
https://indico.cern.ch/event/1197680/contributions/5144405/
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Analysis Design Guidelines
Use an open-source framework (tensorflow, pytorch, etc.) 

‣ Proprietary packages, such as NeuroBayes or Matlab-based packages, can make reuse difficult


Ensure the network or tree can be saved in a useful preservation format 
for inference (e.g. ONNX or lwtnn). 

‣ Just leaving a `.h5` file or `.pkl` file is unlikely to be stable


Be considerate with choice of inputs  (can they be reproduced?)

‣ Tomasz: “If a tagger depends entirely on detector level inputs, that’s fine (but please provide 

detailed efficiencies – including misstags – or surrogates), but 10 truth-level quantities                           
+ pseudo-continuous b-score is frustrating.”


Avoid over-complexity in the network design - heavily customised layers or 
activation functions, e.g. TensorFlow lambdas, may not be well preserved (test!) 
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Documentation Guidelines
Like for variables in any other analysis, we need full definitions of all 
variables that go into and come out of the ML model. 


Definitions include: 


A validated analysis code (rivet, simpleAnalysis) automatically supplies 
much of this information.  


A short explanatory note uploaded alongside the ML model (e.g., in the form 
of a README file) is always a good idea; include all relevant version info! 

40

- Units  (GeV vs MeV, …) 

- Normalisations 

- Phi conventions:  [0, 2𝝅] vs [-𝝅, 𝝅]  

- Input and output ordering

- …

nb. ONNX interpreter must match ONXX version
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Validation Guidelines
Where cuts depend on the ML model output, like for every other cut-based 
analysis, setp-by-step cutflows are a vital validation tool. 

‣ cut-flow information both before and after any ML-based selections


Plots of input and output variables for validation samples (especially for 
most important features) are also useful. 


Full details of the physics models used to generate the information above 
are essential for any serious validation, e.g. SLHA files and generator run cards, or 
directly event samples 


Some understanding of feature importance is not only physically interesting, 
but can be essential in debugging. 
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Efficiencies and Surrogate Models
If an ML-model requires very experiment-specific inputs which cannot be 
reproduced outside the collaboration


If possible, provide parametrised efficiencies in terms of physics 
quantities accessible in simulation outside the collaboration


Train another network approx. replicating the output of the original one 

- can use truth-, parton- or reco-level inputs 

- mimic output score of original model case by case 

- need to determine level of accuracy of the surrogate 


May or may not have access to the “true” answer (e.g. does the jet really 
contain a top quark?). 
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(low-level detector quantities, hits, tracks, …)

Same analysis design, documentation and 

validation guidelines as above apply


