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Why Parton Distributions?



partonic 

luminosities

Why Parton Distributions?
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Key component of predictions for particle, 
nuclear, and astro-particle experiments

σ(M, s) ∝ ∑
ij=u,d,g,…

∫
s

M2

d ̂s ℒij( ̂s, s) σ̃ij( ̂s, αs(M))

ℒij(Q, s) =
1
s ∫

1

Q2/s

dx
x

fi ( Q2

sx
, Q) fj (x, Q)

LHC master formula
hard cross-section

parton distributions

pp: ATLAS, CMS, LHCb, ALICE

ep: HERA, Electron Ion Collider

neutrinos: IceCube, KM3NET, 
Forward Physics Facility @ LHC

heavy ions: LHC Pb, LHC O, RHIC

pp (future): HL-LHC, FCC, SppS



Address fundamental questions

about Quantum Chromodynamics

Why Parton Distributions?
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Key component of predictions for particle, 
nuclear, and astro-particle experiments

pp: ATLAS, CMS, LHCb, ALICE

ep: HERA, Electron Ion Collider

neutrinos: IceCube, KM3NET, 
Forward Physics Facility @ LHC

heavy ions: LHC Pb, LHC O, RHIC

pp (future): HL-LHC, FCC, SppS

origin of mass & spin

heavy quark & antimatter content

3D imaging

gluon-dominated matter

nuclear modifications

Interplay with BSM e.g. via ``SMEFT PDFs’’



The Guardian (2017)


Scientific American (2014)

BFKL dynamics

Non-zero gluon polarisation Intrinsic Charm

5

Antimatter asymmetry

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

Science News (2018)

Quanta Magazine (2021)

New Scientist (2021)

PDFs: a gateway to unravelling QCD



PDF uncertainties are limiting factor in theoretical interpretation for many LHC analysis

)
Z

(MSα
0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12

C
ro

ss
 S

ec
tio

n 
(p

b)

28

28.5

29

29.5

30

30.5

31

31.5

Gluon-Fusion Higgs production, LHC 13 TeV

MMHT14
CT14
NNPDF3.0
ABM12
HERAPDF2.0
JR14VF

Gluon-Fusion Higgs production, LHC 13 TeV

Higgs couplings High-mass BSM searches

EFT fits from 

high-energy tails

Precision SM 

parameters

PDFs: realising precision physics @ LHC



Progress in global
PDF analyses
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Novel 
experimental 
constraints

Improved theory Methodological 
developments



Parton Distributions at the Dawn of Run III

NNPDF4.0 MSHT20 CT18 ABMP16

Released
Sept 2021:


LHAPDF grids + 
fitting code

Dec 2020:

LHAPDF grids

Dec 2019:

LHAPDF grids

Jan 2017:

LHAPDF grids

Parametrisation
Neural networks


(hyperoptimised)
Functional form 
+ Chebyshev

Functional form + 
Bernstein Functional form

Error estimate
Monte Carlo


(closure + future 
tested)

Hessian 
(dynamic 
tolerance)

Hessian (dynamic 
tolerance) + 

Lagrange mult.

Hessian (no 
tolerance)

Theory settings
NNLO QCD, GM-

VFN ( + NLO 
electroweak)

NNLO QCD 
GM-VFN

NNLO QCD

GM-VFN

NNLO QCD, 
FFN

+ PDF4LHC15 (Combination of CT14, MMHT14, NNPDF3.0), released Oct 2015



impact assessed but 

excluded from baseline

Dataset comparison for global fits
Ndata(CT18) ≲ Ndata(MSHT20) ≲ Ndata(NNPDF4.0)

in baseline dataset
not considered



NNPDF4.0
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brand new processes: 
dijets, direct photon, DIS 
jets, W+jets. single top,…

The NNPDF4.0 dataset



SeaQuest Drell-Yan

Collider Drell-Yan
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Novel experimental constraints

RS ≡
s + s̄
ū + d̄
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Global fits benefit from redundancy: a given PDF combination is constrained by many processes

Novel experimental constraints



Improved theory calculations

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’’



more flexible PDF parameterisations

Methodological developments
new measures of PDF sensitivity

parameterisation-basis 
independent PDF determinations
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Can New Physics hide inside the proton?
``How can you be sure you are not reabsorbing BSM physics into your PDFs?’’

perhaps most frequent question I am asked in talks!

σLHC(θ) ∝ ∑
ij=u,d,g,…

∫
s

M2

d ̂s ℒij( ̂s, s, θ) σ̃SM,ij( ̂s, αs(M))

σLHC (c, Λ, θ) ≃ (∫
s

M2

d ̂s ℒij( ̂s, s, θ) σ̃SM,ij( ̂s, αs(M))) × 1 +
N6

∑
m=1

cm
κm

Λ2
+

N6

∑
m,n=1

cmcn
κmn

Λ4
,

Assuming the SM, the theory calculations that enter a global PDF fit are:

PDF parameters

However in the case of BSM physics, here parametrised by the SMEFT, the correct expression is:

SMEFT coefficients

How different are ``SM PDFs’’ & ``SMEFT PDFs’’? Can we quantify the risk of fitting away BSM in PDFs?

SM PDFs

SMEFT PDFs
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Can New Physics hide inside the proton?
Extract PDFs from global fit where high-
mass DY cross-sections account for 

EFT effects in two benchmark scenarios

HL-LHC 

projections

Available data: limited interplay between PDF and 
EFT fits, best constraints from searches

HL-LHC: EFT effects, if present, 
would be reabsorbed into PDFs

Carrazza et al 19, Greljo et al 21
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NNPDF4.0
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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



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)

evolution basis
flavor basis

PDFs independent of 
parametrisation 

basis!



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



Future testsClosure tests

Closure and future tests

Generate toy data based on some known 
PDF, check a posteriori that the true 

underlying law is reproduced within errors

true central valuemean NN prediction

PDF uncertainty

generate many toys

data index

Fit data restricted to specific kinematic regions, 
then verify succesful extrapolation

Validates 
Interpolation χ2 χ2 χ2
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The NNPDF machine learning fitting framework has been publicly released open source, 
together with extensive documentation and user-friendly examples. Many opportunities for many 

studies within the LHC experimental community, looking forward to new collaborations!

A ML open-source QCD fitting framework



Comparison with NNPDF3.1

 Good agreement with NNPDF3.1 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)



Comparison with NNPDF3.1

Reduction of uncertainties 
in PDF luminosities by up 

to factor 3
!
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The strangest proton

NNPDF4.0

 Dimuon DIS data sensitive to strangeness via 
charged-current scattering


 NNPDF4.0 predicts the NOMAD dimuon data, which 
constraints stringently strangeness


 NNPDF4.0 strangeness stable when either ATLAS/
CMS or LHCb W, Z data are removed


 No tension between LHC and DIS neutrino data!

 Excellent consistency of strangeness constraints from global dataset

NNPDF4.0 (no NOMAD)

0.4 0.6 0.8 1.0 1.2
Rs(x = 0.023, Q = 1.6 GeV)

NNPDF4.0

NNPDF4.0 (w. NOMAD)

NNPDF4.0 (no A/C W, Z)

NNPDF4.0 (no LHCb)

CT18

MSHT20

Rs = 0.5 Rs = 1

RS ≡
s + s̄
ū + d̄
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Intrinsic charm?

10°2 10°1

x

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

x
c+

(Q
=

1.
65

G
eV

) Fitted Charm

Fitted Charm + EMC

Perturbative Charm

NNPDF4.0

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


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


 Consistent with recent LHCb measurement of forward Z+D production, directly sensitive to the 
(large-x) charm content of the nucleon

nf=4

Towards evidence for intrinsic charm?



Impact of decorrelation models

 Certain datasets exhibit covmats where small changes in correlations lead to large impact in χ2

Assess impact in fit by transforming the original covmat into a matrix with the same eigenvectors but 
with clipped eigenvalues below some cut-off: stable PDFs with much lower χ2 

Baseline NNPDF4.0 fits based on 
official correlation models 
provided by experiments!
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Comparison with 

global fits and LHC pheno
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Comparison between global fits
reasonable agreement with CT18 and MSHT20 (with some exceptions)

different 

large-x gluon 

quark flavour separation
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Comparison between global fits
pattern of PDF uncertainties follows 

(qualitatively) the dataset size
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δPDF(CT18) ≳ δPDF(MSHT20) ≳ δPDF(NNPDF4.0)

T8 integ 

Ndata(CT18) ≲ Ndata(MSHT20) ≲ Ndata(NNPDF4.0)

methodology also plays role in 
explaining pattern of PDF errors 

(e.g. tolerance in hessian fits)



LHC phenomenology
extensive comparisons between global PDF fits for inclusive and differential LHC cross-sections

agreement of NNPDF4.0 with CT18 & MSHT20 at two-sigma level, 
differences traced back to large-x gluon or quark flavour separation

(gluon fusion)

NLO QCD+EW cross-
sections with NNLO PDFs
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LHC 14 TeV 

LHC 14 TeV 
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What to expect from 
Run III and beyond
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Towards ultimate PDFs at the HL-LHC

 Dedicated projections for the HL-LHC Yellow 
Reports highlight plenty of room for PDF 
improvements from future LHC data


 These projections account only for ``standard’’ 
processes for PDF constraints (e.g. DY, top, jets): one 
could do better by thinking outside the box!


 Crucial to account for theory uncertainties, e.g. 
MHOUs,  when interpreting future LHC measurements
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What we need from the LHC @ Run III

Focus on measurements that are now limited by statistics: large-pT tails, rare processes, ….


 Focus on processes sensitive to PDF regions where global PDF fits disagree, inclusive jets & dijets 
& top quark to constrain the large-x gluon 


 Release full statistical models (relevant e.g. for Poisson statistics or two-point systematics)


 Progress towards unbinned measurements (ideal binning/distribution evolves with time!)


 Assess uncertainties in correlation models, or provide a range of sensible correlation models


 Provide correlations between different distributions for the same process and for different 
processes (e.g. top and jets), and eventually between ATLAS & CMS

 How can we ensure to fully exploit the PDF constraining potential of Run III data? 

Most of these considerations apply to general interpretations 
of LHC data, eg. in the context of EFT global fits
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What we need from the LHC @ Run III
 How can we ensure to fully exploit the PDF constraining potential of Run III data? 

Design new tailored observables (eg unbinned) with complete statistical model (eg full likelihood)



What we need from the LHC @ Run III

Most updated SM measurement

No high-mass DY data from ATLAS

One of the recent BSM searches

ATLAS non-resonant dilepton search

 How can we ensure to fully exploit the PDF constraining potential of Run III data? 

SM measurements often lag behind searches, but on the longer term their impact is bigger. 
Furthermore, ``measurements’’ are also crucial for BSM searches e.g. with EFT interpretations

Prioritise SM measurements! 
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Recent progress in PDF fits enables the precision physics program of the LHC as well as makes 
possible unravelling open questions in Quantum Chromodynamics e.g. antimatter and heavy quark 
content of the nucleon 


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. The full 
NNPDF software framework is now open source and welcoming contributions!

Pushing forward the PDF precision frontier requires N3LO PDFs and PDFs with electroweak 
corrections and photon PDF: WIP

 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: 
missing higher orders, nuclear corrections, SM parameters, … 

 From experimental side, progress in PDFs requires focusing on key measurements where impact 
on PDFs is expected to be the largest (e.g. related to large-x gluon), as well as dedicated efforts 
towards tailored measurements with statistical models available

Summary and outlook
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Recent progress in PDF fits enables the precision physics program of the LHC as well as makes 
possible unravelling open questions in Quantum Chromodynamics e.g. antimatter and heavy quark 
content of the nucleon 


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. The full 
NNPDF software framework is now open source and welcoming contributions!

Pushing forward the PDF precision frontier requires N3LO PDFs and PDFs with electroweak 
corrections and photon PDF: WIP

 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: 
missing higher orders, nuclear corrections, SM parameters, … 

 From experimental side, progress in PDFs requires focusing on key measurements where impact 
on PDFs is expected to be the largest (e.g. related to large-x gluon), as well as dedicated efforts 
towards tailored measurements with statistical models available

Summary and outlook

Thanks for your attention!
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Extra Material



Missing higher order QCD uncertainties

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!

MHOU shift from 
NNPDF3.1_TH analysis



Culmination of extensive efforts from the last four years!

The path to NNPDF4.0

September 2021



Positivity and integrability
MSbar PDFs have been shown to satisfy 
positivity requirements at all orders: 
reduce large-x uncertainties

The non-singlet quark triplet and octet 
should be integrable (e.g. Gottfried sum 
rule): reduce small-x uncertainties

T8 = (u + ū) + (d + d̄) − 2 (s + s̄)



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

ultimate test of parametrisation independence

Parametrisation basis independence

xV(x, Q0) ∝ NNV(x)
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evolution basis PDF parametrisation:

flavour basis PDF parametrisation:

first time ever!
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A ML open-source QCD fitting framework

Opportunities for many studies within the LHC experimental community: 
looking forward to suggestions and starting new collaborations!
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Antimatter asymmetry

 The recent SeaQuest measurement claims evidence for quark sea (``proton antimatter’’) asymmetry
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σDY,deuterium
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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! 



Improved fitting methodology

 Illustrating the outcome of SGD minimisation (band: standard deviation over the MC replicas)
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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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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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The strangest proton
 The LHC inclusive W, Z production 
data are also sensitive probes of the 
proton strangeness

 Fit results stable, within uncertainties, 
when either ATLAS/CMS or LHCb W, 
Z data are removed


 No tension between LHC and DIS 
neutrino data observed 0.4 0.6 0.8 1.0 1.2

Rs(x = 0.023, Q = 1.6 GeV)

NNPDF4.0

NNPDF4.0 (w. NOMAD)

NNPDF4.0 (no A/C W, Z)

NNPDF4.0 (no LHCb)
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MSHT20

Rs = 0.5 Rs = 1

RS ≡
s + s̄
ū + d̄


