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Insights for the PDF4EIC effort from HEP, lattice QCD, and radiology



2023-09-19 P. Nadolsky, "Precision QCD for the EIC II" workshop 2

Validated 
phenomenological 

predictions

(N)(N)NLO global analyses
of QCD data 

Nonperturbative models
and lattice QCD

Precision tests at LHC, Jlab, EIC, AMBER, CERN FPF, …

New insights about 3-dimensional structure of hadrons

CONNECTION?



Electron-Ion Collider: potentially a wealth of complex studies
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weak mixing angle arXiv: 2203.13199

heavy neutral lepton 
searches arXiv: 2203.06705

SMEFT Wilson coefficients 

Lorentz/CPT violations
A. R. Vieira et al., 1911.04002

PDFs: arXiv:2103.05419

Abdul-Khalek et al., Snowmass 2021 whitepaper 
“EIC for HEP”, 2203.13199

https://arxiv.org/abs/2203.13199


The Muon-Ion Collider, Large Hadron Electron Collider, FCC-eh
D. Acosta et al., “The Potential of a TeV-Scale Muon-Ion Collider,” arXiv:2203.06258 [hep-ph]
LHeC, FCC-he Study Group, arXiv:1206.2913, 2007.14491 
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Exceptional machines for 
BSM discoveries, Higgs 
physics such as 
measurement of 𝜅𝜅𝐻𝐻→𝑐𝑐 ̅𝑐𝑐, 
and SM tests at 
(sub)percent precision



QCD at 1% accuracy

QCD infrastructure 
for these calculations

N2LO and N3LO 
calculations

systemwide processes 
and standards for
accuracy control

representative 
uncertainty estimates
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Parton showers, fast 
NxLO interfaces, PDFs, 
... must be comparably 
accurate

or The Importance of 
Being Earnest with 
Systematic Errors 
(experiment+theory;
traditional or AI/ML) 

Lots of promise in 
this area

This must be a part of 
the precision-focused 
community culture

2023 US DOE Funding Opportunity Announcement 
DE-FOA-0000315 
Advancing Uncertainty Quantification in Modeling, 
Simulation, and Analysis of Complex Systems 



R
ig

or
 collider experiments

2000s

2030s

Non-replicability

A looming risk for particle physics
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?

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



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


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
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Particle physicists and radiology doctors infer from complex images

A proton at an 𝑒𝑒𝑒𝑒 collider
moving with speed 𝑉𝑉 ≈ 𝑐𝑐 to the right

A 3-dim tomographic image of a COVID-19 patient 

3-dim hadron femtography at the EIC



Particle physicists and radiology doctors
address analogous questions in statistics

M. Giger (U Chicago), FNAL, 
July 20, 2023 11



AI and replicability in radiology
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“Within health care, the US Food and Drug 
Administration has already cleared 523 devices 
that use AI—75% of them for use in radiology.”

“… AI can help verify what we already know by 
addressing science’s replicability crisis. Around 
70% of scientists report having been unable to 
reproduce another scientist’s experiment—a 
disheartening figure. As AI lowers the cost and 
effort of running experiments, it will in some 
cases be easier to replicate results or conclude 
that they can’t be replicated, contributing to a 
greater trust in science.”

Eric Schmidt, This is how AI will transform the 
way science gets done, MIT Technology Review, 
2023-07-05

Statistical inference from hadron scattering data and  medical 
images bear many similarities. The medical community 
working on AI is very large and well-funded.

During the COVID-19 pandemic, thousands of medical AI 
applications were developed to diagnose and cure the disease. 
Most have failed.

In response to this replicability crisis, the US medical 
community took numerous actions to implement systemwide 
infrastructure, standards, and procedures for organizing the 
data and quantifying uncertainties in AI-assisted analyses. 

https://www.technologyreview.com/2023/07/05/1075865/eric-schmidt-ai-will-transform-science/
https://www.technologyreview.com/2023/07/05/1075865/eric-schmidt-ai-will-transform-science/
https://www.technologyreview.com/2023/07/05/1075865/eric-schmidt-ai-will-transform-science/


M. Giger (U Chicago), FNAL, July 20, 2023

400+



https://www.midrc.org/

Medical Imaging Community in response to the COVID-19 pandemic

M. Giger (U Chicago), FNAL, July 20, 2023

2023-09-19 14

https://www.midrc.org/


3. The center uses a private subset of data to validate statistical 
rigor and replicability of the proposed (AI-assisted or not) 
algorithms

2023-09-19 P. Nadolsky, "Precision QCD for the EIC II" workshop 15



https://www.midrc.org/, accessed on 2023-09-17
2023-09-19 P. Nadolsky, "Precision QCD for the EIC II" workshop 16

https://www.midrc.org/


P. Nadolsky, "Precision QCD for the EIC II" workshop
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New DIS and forward physics experiments that run 
concurrently with, or after the HL-LHC, open 
unique opportunities to understand nonperturbative 
QCD. They also create a strong synergistic effect in 
both SM and BSM studies

Progress on this program, especially in precision 
measurements, increasingly depends on cross-
cutting research and replicability of complex 
measurements

Precision QCD may soon walk into a 
replicability crisis. The experience from 
radiology and other fields suggests community-
wide strategies for avoiding it.

2023-09-19



The PDF4LHC working group
https://www.hep.ucl.ac.uk/pdf4lhc/
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The PDF4LHC working group…

• …was formed in the early 2010’s to advise on development and applications of nucleon PDFs at the LHC

• …includes a steering committee and participants from all major PDF fitting groups

• …publishes a periodic recommendation on the PDF applications for a wide range of LHC users

 See “The PDF4LHC21 combination of global PDF fits for the LHC Run III”, R. Ball et al., 2203.05506

• …provides combinations of PDF error sets to streamline estimates of PDF uncertainties for most LHC 
applications; 

such PDF4LHC PDFs are constructed using the Hessian→MC conversion (G. Watt, R. Thorne,1205.4024; T.Hou et 
al., 1607.06066) and either the META (J. Gao, P. Nadolsky, 1401.0013) or MC2Hessian (S. Carazza et al., 1505.06736, 
1602.00005) combination algorithms

• …performs benchmarking comparisons of fitting codes and other validations aimed to improve
reproducibility and replicability of global analyses

• … can serve as a model for an EIC-centered effort

https://www.hep.ucl.ac.uk/pdf4lhc/
https://arxiv.org/abs/2203.05506
https://arxiv.org/abs/1205.4024
https://arxiv.org/abs/1607.06066
https://arxiv.org/abs/1401.0013
https://arxiv.org/abs/1505.06736
https://arxiv.org/abs/1602.00005


Possible activities for the PDF4EIC community
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• common physics goals 
        ⇒ learn about the 3D hadron structure!
• shared resources

– LHAPDF-like repository for interpolations of polarized/TMD/GPD 
PDFs? For 𝜒𝜒2 values for error PDFs? Other outputs of the fits?

– Coordinated software development for global fits? 
• agreed-upon practices

– presentation of data and theory predictions? RIVET for the EIC?
– common definitions of PDF uncertainties?
– a common standard for PDF validation tests?

• benchmarking studies
– explore experimental constraints on various types of PDFs and 

from various available and future processes at (N)(N)LO using 
the 𝐿𝐿2 sensitivity and other techniques

Some ideas
from PDFLattice 2019



Replicability of PDF uncertainties
from 2012 to 2023
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2012→2015: Agreement between NNLO PDFs greatly improved

Note in 
particular the 
changes in the
gg luminosity,
especially
important in 
the Higgs 
mass region

LHC data has
been added 
for all 3 new 
PDFs, but most
of change is 
due to changes
in formalisms

2015

2023-09-19 P. Nadolsky, "Precision QCD for the EIC II" workshop 21



R. Ball et al., arXiv:1211.5142

±7%

2012: 𝛿𝛿𝑃𝑃𝑃𝑃𝑃𝑃 ≈ 7%

N3LO scale dependence on 𝝈𝝈𝑯𝑯 is <3%

Similar agreement for 𝒕𝒕�̅�𝒕 cross sections

PDF4LHC15 benchmarking of codes 
reduced the PDF error on Higgs cross sections

2015: 𝛿𝛿𝑃𝑃𝑃𝑃𝑃𝑃 ≈ 2 − 3%

𝝈𝝈(𝒈𝒈𝒈𝒈 → 𝑯𝑯𝟎𝟎) at NNLO      

Disagreement in central values
Good agreement of central values

2015

2023-09-19 P. Nadolsky, "Precision QCD for the EIC II" workshop 22



PDF4LHC21 recommendation and combined PDFs
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arXiv:2203.05506
• A comprehensive recommendation for usage of PDFs 

at the LHC
• Replaces the PDF4LHC15 recommendation
• A detailed benchmarking comparison of global fits by 

three main groups
• Combined PDF4LHC21 NNLO PDFs based on CT18’, 

MSHT’20, and NNPDF3.1.1 ensembles for BSM 
searches, measurements of moderate precision, 
theory predictions

• Provided as 40-member Hessian PDFs and 100-
member Monte-Carlo PDFs of comparable accuracy

2022
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The fitting groups and PDF4LHC21 
study identified some possible 
reasons:

1. insufficient agreement between 
the fitted experiments (systematic 
uncertainties)

2. differences in the fitting 
methodologies (tolerance) 

3. more fundamental reasons

2015→2023: The agreement of NNLO proton PDFs got worse, not better 

S. Amoroso et al., 2203.13923

2023
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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)
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Theory
Precision 

PDFs, 
specialized 

PDFs

Statistics
Hessian, Monte-Carlo 

techniques, AI/ML, 
neural networks, 

reweighting, meta-
PDFs…

Experi-
ment

New collider and 
fixed-target 

measurements

…reflects methodological choices such as PDF 
functional forms or NN architecture and 
hyperparameters. 

… 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…

Components of a global QCD fit

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

⇒ in addition to sampling over data fluctuations



Components of PDF uncertainty
In each category, one must 
maximize                 

               PDF fitting accuracy
              (accuracy of     
              experimental, theoretical            
              and other inputs) 
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PDF sampling accuracy
              (adequacy of
              sampling in space of     
              possible solutions)

Fitting/sampling classification is borrowed 
from the statistics of large-scale surveys
[Xiao-Li Meng, The Annals of Applied 
Statistics, Vol. 12 (2018), p. 685]



The tolerance puzzle 
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Why do groups fitting similar data sets 
obtain different PDF uncertainties?

The answer has direct implications for high-stake experiments such as 𝑊𝑊 
boson mass measurement, tests of nonperturbative QCD models and 
lattice QCD, high-mass BSM searches, etc. 

2023-09-19

Precision PDFs (Snowmass 21 WP) [2203.13923v2]



While the fitted data sets are identical or similar in 
several such analyses, the differences in uncertainties 
can be explained by methodological choices adopted by 
the PDF fitting groups. 

NNPDF3.1’ and especially 4.0 (based on the NN’s+ MC 
technique) tend to give smaller nominal uncertainties in 
data-constrained regions than CT18 or MSHT20

Relative PDF uncertainties on the 𝑔𝑔𝑔𝑔 
luminosity at 14 TeV in three 
PDF4LHC21 fits to the identical reduced 
global data set

P. Nadolsky, "Precision QCD for the EIC II" workshop 29

× 1.5 − 2 difference
2023-09-19

Tolerances explained by epistemic uncertainties

Epistemic uncertainties explain many such differences

Details in arXiv:2203.05506, arXiv:2205.10444
More in Aurore’s talk tomorrow

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


A $10,000,000 question for the precision PDF analysis

How do we get from here…

Projections 
strongly depend 
on the toleranceLate 2030’s

…to here?

2022

NNLO 𝑍𝑍0 and 𝑔𝑔𝑔𝑔 → 𝐻𝐻0 cross sections at 
the LHC, and 95% CL PDF uncertainties 
predicted with recent PDF sets. 

While the fitted data sets are similar in several of 
these analyses, the observed differences reflect to 
substantial degree the different methodological 
choices adopted by the PDF fitting groups. 

Snowmass’2021 whitepaper
“Proton structure at the 

precision frontier”

302022-03-30



Strong tensions among experimental measurements reflect non-replicability
Several techniques were developed to inspect and reduce tensions in the global fits

31

Lagrange multiplier scans
Stump et al., hep-ph/0101051

Effective Gaussian variables
H.-L. Lai et al., 1007.2241

𝑳𝑳𝟐𝟐 sensitivities for ATLAS, CJ, CT, 
MSHT PDFs
T. J. Hobbs et al., 1904.00222; A. Accardi et 
al., 2102.01107; X. Jing et al., 2306.03918

https://arxiv.org/abs/hep-ph/0101051
https://arxiv.org/abs/1007.2241
https://arxiv.org/abs/1904.00222
https://arxiv.org/abs/2102.01107
https://arxiv.org/abs/2306.03918


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



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 𝑖𝑖𝑗𝑗 𝑇𝑇𝑗𝑗 − 𝐷𝐷𝑗𝑗

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



Goodness-of-fit functions in PDF analyses
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Analysis 𝝌𝝌𝟐𝟐 prescription
to fit PDFs

𝝌𝝌𝟐𝟐 prescription
 to compare PDFs

Comments

HERAPDF HERA HERA

CT Extended 𝑇𝑇 +addl. prior Extended 𝑇𝑇, 
Experimental

MSHT’20 𝑇𝑇 𝑇𝑇

NNPDF4.0 𝑡𝑡0 +addl. prior
with fluctuated cross-sampled 

data

Experimental or 𝑡𝑡0
with unfluctuated full 

data

𝑡𝑡0 prescription has pre- 
and post-NNPDF3.0 
realizations

…

Hopscotch’2022 N/A Experimental or 𝑡𝑡0 
[2022]

with unfluctuated data

Different prescriptions reflect modeling of additive and multiplicative systematic errors in covariance 
matrices. Neither prescription is complete because of the bias-variance dilemma. The 𝜒𝜒2 definition can 
strongly affect the PDF uncertainty.



Sampling of PDF parametrizations in global fits
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Upper figure: A large part of the CT18 PDF 
uncertainty accounts for the sampling over 
250-350 parametrization forms, possible 
choices of fitted experiments and fitting 
parameters, definitions of 𝜒𝜒2

Lower figure: this approach sometimes 
enlarges the uncertainties compared to the 
other groups, reflecting the chosen 
goodness-of-fit (tolerance) criterion more than 
the strength of experimental constraints

However, more restrictive tolerance criteria 
elevate the risk of sampling biases.

Easier to examine these issues for specific 
QCD observables than in abstract



Systematic uncertainties in lattice QCD
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• Example 1: (g-2) HVP intermediate window (see talk by 
S. Lahert, Tue @ 2:10 PM)

• 2160 fit variations - discretization, finite volume, mass 
corrections…model average gives a final combined 
estimate + error bar.

Ethan Neil (Colorado) Lattice'2023 workshop3

(Fermilab/HPQCD/MILC collaborations, arXiv:2301.0874)

3

Lattice QCD deals with highly 
challenging syst. uncertainties

Strong interest in these issues, 
vigorous community

Opportunities for productive 
collaborations between PDF and 
lattice experts

P. Nadolsky, "Precision QCD for the EIC II" workshop
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Regularizations and truncations of a cov matrix 
may disagree among themselves

2023-09-19 39
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AI/ML techniques are superb for finding an excellent fit to data. 
What about uncertainty estimation [exploring all good fits]? 

A common resampling procedure used by experimentalists and theorists:

1. Train a neural network model 𝑇𝑇𝑖𝑖 with Npar (hyper)parameters on a randomly fluctuated replica of 
discrete data 𝐷𝐷𝑖𝑖. Repeat Nrep times. In a typical application: Npar > 102 , Nrep < 104.

2. Out of Nrep replicas 𝑇𝑇𝑖𝑖  with “good” description of data [i.e., with a high likelihood 𝑃𝑃 𝐷𝐷𝑖𝑖 𝑇𝑇𝑖𝑖 ∝
𝑒𝑒− ⁄𝜒𝜒2(𝑃𝑃𝑖𝑖,𝑇𝑇𝑖𝑖) 2], discard “badly behaving” (overfitted, not smooth, …) replicas

3. Estimate the uncertainties of 𝑇𝑇𝑖𝑖 using the remaining “well-behaved” replicas

Is this procedure rigorous? How many 𝑵𝑵𝒓𝒓𝒆𝒆𝒆𝒆  replicas does one need?

Will AI/ML help?
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Multidimensional mini-landscape, 
or

does the minimization of 𝜒𝜒2 work?



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)2023-09-19 42

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…
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Many dimensions introduce 
major difficulties with finding a 
global minimum…

…as well as with representative 
exploration of uncertainties

Nature v. 600 (2021) 695

https://www.nature.com/


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

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

– Example: 𝑁𝑁𝑚𝑚𝑖𝑖𝑚𝑚 > 1030 for 𝑁𝑁𝑒𝑒𝑎𝑎𝑝𝑝 = 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

2023-09-19 P. Nadolsky, "Precision QCD for the EIC II" workshop 45



We knew about the PDF mini-landscape (now viewed as 
a saddle-point manifold) for 20+ years!
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Profound implications for uncertainty quantification

Justification of the PDF tolerance due to 
•  incomplete agreement of experiments
•  epistemic uncertainty



Multi-dimensional PDF error analysis

ai

𝜒𝜒2

Pitfalls to avoid

□ “Landscape”
- disagreements between 

the experiments

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008

https://online.kitp.ucsb.edu//online/lhc08/nadolsky/

47

https://online.kitp.ucsb.edu/online/lhc08/nadolsky/


ai

Pitfalls to avoid

□ Flat directions
- unconstrained 

combinations of PDF 
parameters

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008

https://online.kitp.ucsb.edu//online/lhc08/nadolsky/

𝜒𝜒2
Multi-dimensional PDF error analysis

48
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Multi-dimensional PDF error analysis

The actual χ2 function shows

□ a well pronounced global
minimum near 𝜒𝜒02

□ weak tensions between 
data sets in the vicinity of 𝜒𝜒02
(mini-landscape)

ai
□ some dependence on

assumptions about flat 
directions

The likelihood is approximately described by a quadratic 𝜒𝜒2 with 
a revised tolerance condition ∆𝜒𝜒2  ≤  𝑇𝑇 2

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008
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?

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



Adopting the replicability mindset for the EIC
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Complex STEM fields encounter RRR challenges. The EIC is not an exception.

These issues are very important when aleatory and perturbative uncertainties are small.

Early and broad adoption of the replicability mindset brings many advantages and is often cost-saving for 
research programs

This mindset encourages innovation within a framework that assures scientific rigor and standard practices.

It motivates researchers to have “the skin in the game” of replicable uncertainty quantification.

Much is known about the factors promoting RRR. Collider physics can learn from mistakes and successes in  
other fields such as AI in medicine. 

Uncertainty quantification is often streamlined, and RRR improved, by reducing dimensionality of the problem.
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• common physics goals 
        ⇒ learn about the 3D hadron structure!
• shared resources

– LHAPDF-like repository for interpolations of polarized/TMD/GPD 
PDFs? For 𝜒𝜒2 values for error PDFs? Other outputs of the fits?

– Coordinated software development for global fits? 
• agreed-upon practices

– presentation of data and theory predictions? RIVET for the EIC?
– common definitions of PDF uncertainties?
– a common standard for PDF validation tests?

• benchmarking studies
– explore experimental constraints on various types of PDFs and 

from various available and future processes at (N)(N)LO using 
the 𝐿𝐿2 sensitivity and other techniques

Some ideas
from PDFLattice 2019

Possible PDF4EIC activities



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. …



Backup
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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
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