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World average for the gravitational constant
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Timeline of measurements and 
recommended values for G since 1900: 
values recommended based on the NIST 
combination (red), individual torsion 
balance experiments (blue), other types 
of experiments (green).

The combination error bars are unstable 
after 1995

Some precise individual measurements 
are in a conflict among themselves and 
post-2014 combination

https://en.wikipedia.org/wiki/Gravitational_constant#
Modern_value, retrieved on Oct. 22, 2023

https://en.wikipedia.org/wiki/Gravitational_constant#Modern_value
https://en.wikipedia.org/wiki/Gravitational_constant#Modern_value
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Lattice QCD & world-average 𝛼𝛼𝑠𝑠 combination
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Lattice determinations of 𝛼𝛼𝑠𝑠 in multiple channels are projected to be 
[far] more precise than many experiments. Several challenges with 
combining the eclectic 𝛼𝛼𝑠𝑠 inputs with the current procedure. Time to rethink how the world-average 𝛼𝛼𝑠𝑠  

combination is performed?

arXiv:2111.09849



Future measurements of the QCD coupling 
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individual 𝛼𝛼𝑠𝑠 measurements can reach 
precision of  ∼ 0.1%

D. d’Enterria et al., EF QCD, 
arXiv:2203.08271
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Ongoing studies of systematic uncertainties are essential and still insufficient
• from the experiment side
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• from the theory side

Examples: studies of theory uncertainties in 
the PDFs by NNPDF3.1 and ATLAS21

Overreliance on Gaussian distributions and 
covariance matrices for poorly understood effects 
may produce very wrong uncertainty estimates
[N. Taleb, Black Swan & Antifragile]

Strong dependence on the definition of corr. syst. 
errors raises a general concern: 

S. Amoroso et al., 2203.13923, Sec. 5.A
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US National Academy of Sciences, Engineering, and Medicine, 2019, https://doi.org/10.17226/25303

https://doi.org/10.17226/25303
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Replicability is a requirement of obtaining consistent results across studies aimed 
at answering the same scientific question, each of which has its own analysis 
strategy or data.
Nearly all complex STEM fields encounter replicability challenges. 

Modern particle physics is not an exception. 
1. It is complex! Is it rigorous enough? 

• Many approaches, especially AI-based ones, increase complexity and are not 
rigorously understood

2. It often uses wrong prescriptions for estimating epistemic uncertainties
• Tens to hundreds of systematic uncertainties affect measurements, 

phenomenology, and lattice QCD

Replicability risks for precision QCD
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collider experiments
2000s

2030s

Non-replicability
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Based on Fig. 5.2 in 
“REPRODUCIBILITY AND 
REPLICABILITY IN SCIENCE”

?
significant risk with current 
practices

similar to non-replicability 
issues in other STEM fields 

Future scenarios for QCD precision analysis
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collider experiments
2000s

2030s

Non-replicability

Future scenarios for QCD precision analysis
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Based on Fig. 5.2 in 
“REPRODUCIBILITY AND 
REPLICABILITY IN SCIENCE”

2030s

?
preferred scenario; requires a 
coordinated community 
strategy to adopt the 
replicability mindset



Strategies for improving replicability and reproducibility
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Detailed documentation of methods and 
uncertainty quantification in the publications Training of researchers in 

relevant statistical methods

Journal policies that encourage 
replicability Support from the funding agencies for 

the research infrastructure and 
collaborations focusing on replicability

Support for open publication of the 
analysis codes and key data, using 
agreed-upon formats 

“Skin-in-the-game” incentives for 
researchers to produce replicable results

Preselection of planned studies based on 
their likely replicability

Based on “REPRODUCIBILITY AND REPLICABILITY IN SCIENCE”
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…reflects methodological choices such as PDF 
functional forms, NN architecture and hyperparameters, 
or model for systematic uncertainties 

… can dominate the full uncertainty when experimental 
and theoretical uncertainties are small. 

…is associated with the prior probability.
 
… can be estimated by representative sampling of 
the PDF solutions obtained with acceptable 
methodologies. 

Epistemic PDF uncertainty…

⇒ sampling over choices of experiments, PDF/NN 
functional space, models of correlated uncertainties…

⇒ in addition to sampling over data fluctuations

Epistemic uncertainties explain many of 
the differences among the sizes of PDF 
uncertainties by CT, MSHT, and NNPDF 
global fits to the same or similar data

Details in arXiv:2203.05506, arXiv:2205.10444

https://arxiv.org/abs/2203.05506
https://arxiv.org/abs/2205.10444


How significant is the fitted charm?

NNPDF states a 𝟑𝟑𝟑𝟑 evidence for 𝒇𝒇𝑰𝑰𝑰𝑰 𝒙𝒙,𝑸𝑸𝟎𝟎 ≠ 𝟎𝟎 
based on the combined constraints from the 
baseline fit, LHCb 𝑍𝑍 + 𝑐𝑐 analysis, and EMC 𝐹𝐹2𝑐𝑐 
data

132023-11-17 P. Nadolsky, PDF4LHC meeting

CTEQ-TEA authors find larger 
uncertainties in each of these 
sources. 

This conclusion is also 
supported by 

• Lagrange multiplier scans in 
the CT18 FC fit [upper figure] 

• hopscotch sampling of MC 
replicas in the NNPDF4.0 
fitting code [lower figure].

Consequently, 
𝒇𝒇𝑭𝑭𝑭𝑭 𝒙𝒙,𝑸𝑸𝟎𝟎 ≈ 𝟎𝟎 is allowed 
with high confidence.  

PLB, 843 (2023) 137975

Courtoy et al., PRD 107(2023)034008



Possible contents for the PDF4LHC document
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1. Importance of RRR = Reproducibility, 
Replicability, Rigor 

2. Universal factors affecting replicability
3. Recommended practices for improving 

replicability and reproducibility in the LHC 
analyses

4. A PDF4LHC wish list for systematic 
uncertainties

5. “The PDF4LHC challenge”: a scheme to 
reward PDF fitting groups for quoting PDF 
uncertainties that are both precise and 
replicable

LHC success

Details in backup slides



Specific tips for improving replicability
1. With 𝑂𝑂(10 − 1000) free parameters, including nuisance parameters, the 

Δ𝜒𝜒2 = 1 criterion for 1𝜎𝜎 PDF uncertainties is almost certainly incomplete. 
Stop using it “as is”. There are strong mathematical reasons. 
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2. Thoroughly estimate the dependence on PDF parametrization forms, NN 
hyperparameters, and analysis settings when other uncertainties are small.

• Public tools for this are increasingly available: xFitter, NNPDF code, ePump, Fantômas, 
MP4LHC,…
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A novel determination of 𝛼𝛼𝑍𝑍 𝑀𝑀𝑍𝑍  from 𝑍𝑍 𝑞𝑞𝑇𝑇 data. However, the PDF uncertainties were not estimated properly

                                                                                         [Details in T.J. Hou et al., 1912.10053, Appendix F]
 

arXiv:2309.12986

Profiling of global PDFs using Δ𝜒𝜒2 = 1 ⇒ Underestimated uncertainties ⇒  Non-replicable result 

https://arxiv.org/abs/1912.10053


Two common forms of 𝜒𝜒2 in PDF fits
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1. In terms of nuisance parameters 𝝀𝝀𝜶𝜶,𝒆𝒆𝒆𝒆𝒆𝒆 

𝐷𝐷𝑖𝑖 ,𝑇𝑇𝑖𝑖, 𝑠𝑠𝑖𝑖 are the central data, theory, uncorrelated error
𝛽𝛽𝑖𝑖,𝛼𝛼 is the correlation matrix for 𝑁𝑁𝜆𝜆 nuisance parameters.

Experiments publish 𝜎𝜎𝑖𝑖,𝛼𝛼 (up to hundreds per data set). To reconstruct 𝛽𝛽𝑖𝑖,𝛼𝛼, we need to decide on 
the normalizations 𝑋𝑋𝑖𝑖. Possible choices:

a. 𝑋𝑋𝑖𝑖 = 𝐷𝐷𝑖𝑖         : “experimental scheme”; can result in a bias
b. 𝑋𝑋𝑖𝑖 = fixed or varied 𝑇𝑇𝑖𝑖 : “𝒕𝒕𝟎𝟎, T, extended 𝑇𝑇 schemes”; can result in (different) biases

𝜒𝜒2 = �
𝑖𝑖,𝑗𝑗

𝑁𝑁𝑝𝑝𝑝𝑝

𝑇𝑇𝑖𝑖 − 𝐷𝐷𝑖𝑖 cov−1 𝑖𝑖𝑖𝑖 𝑇𝑇𝑗𝑗 − 𝐷𝐷𝑗𝑗

2. In terms of the covariance matrix algebraic minimization of 
𝜒𝜒2 with respect to 𝜆𝜆𝛼𝛼,𝑒𝑒𝑒𝑒𝑒𝑒



Global minimum: all 𝜕𝜕
2𝜒𝜒2

𝜕𝜕𝑎𝑎𝑖𝑖𝜕𝜕𝑎𝑎𝑗𝑗
> 0 (improbable)

Saddle point: some 𝜕𝜕
2𝜒𝜒2

𝜕𝜕𝑎𝑎𝑖𝑖𝜕𝜕𝑎𝑎𝑗𝑗
> 0 (probable)

An average global minimum: in properly chosen 
coordinates, 𝜕𝜕

2𝜒𝜒2

𝜕𝜕𝑧𝑧𝑖𝑖𝜕𝜕𝑧𝑧𝑗𝑗
> 0 for dominant coordinate 

components 
Y. Bengio, 2019 Turing lecture (YouTube)

2023-11-17 18P. Nadolsky, PDF4LHC meeting

https://www.youtube.com/watch?v=llGG62fNN64&t=905s
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The Loss Surfaces of Multilayer Networks
A. Choromanska, M. Henaff, M. Mathieu, G. 
Ben Arous, Y. LeCun PMLR 38:192-204, 2015

Many dimensions introduce 
major difficulties with finding a 
global minimum…



2023-11-17 P. Nadolsky, PDF4LHC meeting 20

Many dimensions introduce 
major difficulties with finding a 
global minimum…

…as well as with representative 
exploration of uncertainties

Nature v. 600 (2021) 695

Courtoy et al., PRD 107 (2023) 034008

https://www.nature.com/


Possible contents for the PDF4LHC document
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1. Importance of RRR = Reproducibility, 
Replicability, Rigor 

2. Universal factors affecting replicability
3. Recommended practices for improving 

replicability and reproducibility in the LHC 
analyses

4. A PDF4LHC wish list for systematic 
uncertainties

5. “The PDF4LHC challenge”: a scheme to reward 
PDF fitting groups for quoting PDF uncertainties 
that are both precise and replicable

LHC success

Details in backup slides



Backup
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Reproducibility, Replicability, Rigor: definitions
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Reproducibility is obtaining consistent results using the 
same input data; computational steps, methods, and code; 
and conditions of analysis. 

Replicability is obtaining consistent results across studies 
aimed at answering the same scientific question, each of 
which has obtained its own data.

Rigor -- the strict application of the scientific method to
ensure robust and unbiased experimental design -- makes 
replication of a study more likely

Definitions adopted from “REPRODUCIBILITY AND REPLICABILITY IN SCIENCE”, Conclusion 3.1
National Academy of Sciences, 2019, https://doi.org/10.17226/25303

https://doi.org/10.17226/25303


Universal factors affecting replicability
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• complexity of the system under study;
• understanding of the number and relations among variables within the system 

under study;
• ability to control the variables;
• levels of noise within the system (or signal to noise ratios);
• mismatch of scale of the phenomena and the scale at which it can
• be measured;
• stability across time and space of the underlying principles;
• fidelity of the available measures to the underlying system under study (e.g., 

direct or indirect measurements);
• prior probability (pre-experimental plausibility) of the scientific hypothesis.

From “REPRODUCIBILITY AND REPLICABILITY IN SCIENCE”
National Academy of Sciences, 2019, https://doi.org/10.17226/25303

https://doi.org/10.17226/25303


Recommendations for improving replicability of studies
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All researchers should include a clear, specific, and complete description of how a reported result was 
reached, … including
• a clear description of all methods, instruments, materials, procedures, measurements, and other variables 
involved in the study;
• a clear description of the analysis of data and decisions for inclusion/exclusion of some data; 
• for results that depend on statistical inference, a description of the analytic decisions and when these 
decisions were made and whether the study is exploratory or confirmatory;
• a discussion of the expected constraints on generality, such as which methodological features the authors 
think could be varied without affecting the result and which must remain constant;
• reporting of precision or statistical power; and
• a discussion of the uncertainty of the measurements, results, and inferences.
Researchers who use statistical inference analyses should be trained to use them properly.
Funding agencies and organizations should consider investing in R & D of open-source, usable tools and 
infrastructure that support reproducibility for a broad range of studies across different domains in a seamless 
fashion.
Journals should consider ways to ensure computational reproducibility for studies to the extent it is ethically 
and legally possible.
From “REPRODUCIBILITY AND REPLICABILITY IN SCIENCE” , https://doi.org/10.17226/25303

https://doi.org/10.17226/25303


PDF wish list for systematic uncertainties
A proposal
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Fundamental issues in propagating systematic uncertainties. Some possible remedies:

1. More complete representations for experimental likelihoods that do not need reverse engineering

2. Agreed-upon nomenclature for leading syst. sources

3. Is reducing dimensionality of published correlation matrices advisable? Is there a standard for it? E.g., 
fewer nuisance parameters; collect less relevant/certain nuisance parameters into one uncorrelated error; 
etc. 

4.  Mathematical consistency of covariance/correlation matrices (see Z. Kassabov et al.) 

5. How do different implementations of syst. errors affect pulls on PDFs? 𝐿𝐿2 sensitivities to nuisance 
parameters

6. …
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aleatory vs. epistemic uncertainties

Statistical uncertainty 
propagated from 
experiments
— reduced by 
increasing data size

Uncertainty due to lack 
of knowledge

or incomplete models
—bias (may be reduced 

by analysis 
improvements)



Epistemic PDF uncertainty is important in 𝑊𝑊 boson mass 
and 𝛼𝛼𝑠𝑠 measurements

ATLAS-CONF-2023-004 ATLAS-CONF-2023-015
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profiling of CT and MSHT PDFs requires to include 
a tolerance factor 𝑇𝑇2 > 10 as in the ePump code

[T.J. Hou et al., 1912.10053, Appendix F]

Also the next slide.

https://arxiv.org/abs/1912.10053


Augmented likelihood for PDFs with global tolerance
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1. Start by defining the correspondence between Δ𝜒𝜒2 and cumulative probability level: 68% c.l. ⇔ Δ𝜒𝜒2 = 𝑇𝑇2.
2. Write the augmented likelihood density for this definition:

𝑃𝑃 𝐷𝐷𝑖𝑖|𝑇𝑇𝑖𝑖 ∝ 𝑒𝑒−𝜒𝜒2/(2𝑇𝑇2) 
3. When profiling 1 new experiment with the prior imposed on PDF nuisance parameters 𝜆𝜆𝛼𝛼,𝑡𝑡𝑡:

new experiment priors on expt. systematics 
and PDF params

4. Alternatively, we can reparametrize 𝜒𝜒2′ ≡ 𝜒𝜒2/𝑇𝑇2, so that 68% c.l. ⇔ Δ𝜒𝜒2′ = 1. We have
                                                                                  𝑃𝑃 𝐷𝐷𝑖𝑖|𝑇𝑇𝑖𝑖 ∝ 𝑒𝑒−𝜒𝜒2′/2 consistent redefinition

5. Inconsistent redefinitions:

and 𝑃𝑃 𝐷𝐷𝑖𝑖|𝑇𝑇𝑖𝑖 ∝ 𝑒𝑒−𝜒𝜒2′/2

or 𝑃𝑃 𝐷𝐷𝑖𝑖|𝑇𝑇𝑖𝑖 ∝ 𝑒𝑒−𝜒𝜒2
′/(2𝑇𝑇2)

[equivalent to 𝑠𝑠𝑖𝑖 → 𝑠𝑠𝑖𝑖/𝑇𝑇 or 𝜆𝜆𝛼𝛼,𝑡𝑡𝑡 → 𝜆𝜆𝛼𝛼,𝑡𝑡𝑡𝑇𝑇  without 𝛽𝛽𝑖𝑖,𝛼𝛼,𝑡𝑡𝑡 → 𝛽𝛽𝑖𝑖,𝛼𝛼,𝑡𝑡𝑡/𝑇𝑇]



Why augmented likelihood?
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The term is accepted in lattice QCD to indicate that the log-likelihood contains prior terms

new experiment priors on expt. systematics 
and PDF params

After minimization w.r.t. to 𝜆𝜆𝛼𝛼,𝑒𝑒𝑒𝑒𝑒𝑒, 𝜆𝜆𝛼𝛼,𝑡𝑡𝑡, the prior terms are hidden inside the covariance matrix:

𝜒𝜒2 = �
𝑖𝑖,𝑗𝑗

𝑁𝑁𝑝𝑝𝑝𝑝

𝑇𝑇𝑖𝑖 − 𝐷𝐷𝑖𝑖 cov−1 𝑖𝑖𝑖𝑖 𝑇𝑇𝑗𝑗 − 𝐷𝐷𝑗𝑗

The usual 𝜒𝜒2 definition therefore contains a prior component, which may be handled differently by the 
various groups



Complexity and PDF tolerance
• Bad news: The tolerance puzzle is intractable in very complex fits  

– In a fit with 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝 free parameters, the minimal number of PDF replicas to 
estimate the expectation values for ∀ 𝜒𝜒2  function grows as 𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 ≥ 2𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝

– Example: 𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 > 1030 for 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝 = 100
[Sloan, Wo´zniakowski, 1997]

[Hickernell, MCQMC 2016, 1702.01487]

Good news: expectation values for typical QCD observables can be 
estimated with fewer replicas by reducing dimensionality of the problem 
or a targeted sampling technique.

Example: a “hopscotch scan”, see 2205.10444
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