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One may claim that the nucleon is a rather ``boring’’ particle, surely 
after one century of studying it, we know everything about the proton?

nothing farther from reality: the proton is a beautiful example of the richness of quantum 
mechanics: what a proton is depends on the resolution with which we examine it!
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One could claim that the nucleon is a rather ``boring’’ particle, 
surely after one century of studying it we know everything about it?

nothing farther from reality: the proton is a beautiful example of the richness of quantum 
mechanics: what a proton is depends on the resolution with which we examine it!

long distances / low energies short distances / high energies

a point particle 3 valence quarks sea quarks, gluons heavy quarks, photons, 
leptons, gauge and 

Higgs bosons …



Origin of spin?Origin of mass?

Heavy quark content?
Nuclear modifications?

fundamental open questions about the proton

3D imaging?Gluon-dominated 
matter?
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Why Nucleon Structure?

These (and many more) fascinating questions to be discussed during this workshop!



The Guardian (2017)

Scientific American (2014)

BFKL dynamics

Non-zero gluon polarisation Intrinsic Charm
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Antimatter asymmetry @ SeaQuest

The proton keeps surprising us as an endless source of fundamental discoveries

Science News (2018)

Quanta Magazine (2021)

The Nucleon in the Spotlight
New Scientist (2021)



New elementary particles 
beyond the Standard Model?

Origins and properties of 
cosmic neutrinos? 

Nature of Quark-Gluon Plasma 
in heavy-ion collisions? 

RHIC

LHC

IceCube
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knowledge of quark and gluon substructure of protons also essential for

Why Nucleon Structure?



PDFs for precision LHC physics
PDF uncertainties are limiting factor in theoretical interpretation for many LHC analysis
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Precision SM 
parameters
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Precision SM 
parameters

How we can improve existing 
determinations of proton structure?

What is the ultimate accuracy limit 
that we can aim for the proton PDFs?



Towards improved global
PDF analyses
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Novel 
experimental 
constraints

Improved theory Methodological 
developments



SeaQuest Drell-Yan

Collider Drell-Yan
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Novel experimental constraints

Global fits benefit from redundancy: a given PDF combination is constrained by many processes



Improved theory

NLO EWK corrections Lattice QCD constraints

NNLO & N3LO QCD Positivity & integrability of PDFs

missing 
N3LO PDFs!

w. lattice 
data

tame small-x quark 
uncertainties

include as 
``theory data’’



Improved theory

Certainly NLO, but also likely NNLO PDFs, underestimate uncertainties without MHOUs
State-of-the-art LHC pheno demands both NNLO PDFs with MHOUs and N3LO PDFs: WIP!



more flexible PDF parameterisations

Methodological developments
measures of PDF sensitivity

parameterisation-basis 
independent PDF determinations

NNPDF4.0
NN arch
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NNPDF4.0



The path to NNPDF4.0

September 2021



NNPDF4.0

21Juan Rojo                                                                                                       QCD and Hadronic Interactions, Moriond QCD 2021

brand new processes: 
dijets, direct photon, DIS 
jets, W+jets. single top,…

The NNPDF4.0 dataset
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From NNPDF1.0 to NNPDF4.0

# of different datasets (typically, different 
process) is a better measure of PDF 

constraining power than # points
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The full NNPDF machine learning fitting framework has been publicly released 
open source, together with extensive documentation and user-friendly examples

A ML open-source QCD fitting framework
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A ML open-source QCD fitting framework

Opportunities for many studies within the ``Nucleon Structure’’ community: 
looking forward to suggestions and starting new collaborations!



Improved fitting methodology
 Stochastic Gradient Descent via TensorFlow for NN training

 Automated model hyperparameter optimisation: NN architecture, minimiser, learning rates …

 Validation with future tests (forecasting new datasets) and closure tests (data based on known PDFs)

ML model 
hyperparams

Loss (``average’’) Loss (``max’’)

Stability wrt hyperopt loss function



Improved fitting methodology

 Illustrating the outcome of SGD minimisation (band: standard deviation over the MC replicas)



Radically different strategies to parametrize the quark 
PDF flavour combinations lead to identical results: 

ultimate test of parametrisation independence

Parametrisation basis independence
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10°2 10°1 100

x

0

2

4

6

8

10

12

14

16

x
g(

x
,Q

)

10°2 10°1 100

x

0

2

4

6

8

10

12

14

x
ß

(x
,Q

)

10°2 10°1 100

x

0.0

0.2

0.4

0.6

0.8

1.0

1.2

x
V

(x
,Q

)

Q = 1.65 GeV

PDF fit in evolution basis
PDF fit in flavour basis

10°2 10°1 100

x

0.0

0.1

0.2

0.3

0.4

x
T

3(
x
,Q

)

Q = 1.65 GeV

PDF fit in evolution basis
PDF fit in flavour basis

10°2 10°1 100

x

0

1

2

3

4

5

6

x
s+

(x
,Q

)

10°2 10°1 100

x

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

x
c+

(x
,Q

)
10°2 10°1 100

x

0

2

4

6

8

10

12

14

16

x
g(

x
,Q

)

10°2 10°1 100

x

0

2

4

6

8

10

12

14

x
ß

(x
,Q

)

10°2 10°1 100

x

0.0

0.2

0.4

0.6

0.8

1.0

1.2

x
V

(x
,Q

)

Q = 1.65 GeV

PDF fit in evolution basis
PDF fit in flavour basis

10°2 10°1 100

x

0.0

0.1

0.2

0.3

0.4

x
T

3(
x
,Q

)

Q = 1.65 GeV

PDF fit in evolution basis
PDF fit in flavour basis

10°2 10°1 100

x

0

1

2

3

4

5

6

x
s+

(x
,Q

)

10°2 10°1 100

x

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

x
c+

(x
,Q

)
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Comparison with NNPDF3.1

 Good agreement within uncertainties, with NNPDF4.0 being more precise

Differences can be traced back to the impact of specific datasets (e.g. dijets for large-x gluon) or 
improvements in theory calculations (e.g. NNLO corrections in dimuon DIS for strangeness)
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Antimatter asymmetry

 The recent SeaQuest measurement claims evidence for quark sea (``proton antimatter’’) asymmetry
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 Actually, SeaQuest further confirms the global fit prediction, which agrees with it even when not included

 Already well described by NNPDF3.1 within uncertainties

with many caveats! 
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Intrinsic charm
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NNPDF3.0 vs 4.0

 Increasing evidence for non-perturbative charm component within the proton, robust upon 
conversion to the 3FNS via backwards evolution and matching conditions (WIP)

 Bulk of constraints provided by new precision LHC data, complemented by fixed-target DIS 

 As opposed to previous studies, impact of the EMC charm measurements mild now. 
Information provided by EMC F2c consistent with latest collider data

nf=4
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Intrinsic charm
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 Consistent with recent LHCb 
measurements of enhanced Z+charm 

production in the forward region

nf=4
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The strangest proton

NNPDF4.0NNPDF3.1NNPDF3.1
NNPDF3.1+NOMAD

 NOMAD dimuon DIS data sensitive to 
strangeness via charged-current scattering

 Fitting NOMAD had large impact on the 
strangeness in NNPDF3.1, now in NNPDF4.0 the 
no-NOMAD fit is already spot on the data

 Excellent consistency of global dataset

NNPDF4.0 (no NOMAD)
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Global PDF fits
& LHC phenomenology
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Comparison between global fits
reasonable agreement with CT18, and MSHT20, different pattern of PDF uncertainties 

different 
large-x gluon 

quark flavour separation
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Comparison between global fits
different pattern of PDF uncertainties 
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LHC phenomenology
extensive comparisons between global PDF fits for inclusive and differential LHC cross-sections

LHC 14 TeV 
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 The global NNPDF4.0 fit achieves high accuracy in an unprecedentedly broad kinematic 
range, thanks so its extensive dataset combined with deep-learning optimisation models

 Its faithfulness in representing PDF uncertainties is completely validated by closure tests, 
future tests, and parametrisation basis independence

 In addition to implications for LHC precision physics, NNPDF4.0 sheds light on aspects of 
proton structure from light antiquark asymmetries to strangeness and intrinsic charm

 The current level of PDF uncertainties challenges the accuracy of theoretical predictions 
and demand an increased effort towards the systematic inclusion in the fit of theoretical 
uncertainties (nuclear, higher orders, SM parameters, . . . ) and higher-order QCD 
(including N3LO) and EW corrections

Summary and outlook


