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NNPDFs for pion 
and kaon structure



https://home.cern/news/news/physics/meet-amber



QCD and Proton Structure
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The many faces of the proton

Origin of spin?Origin of mass?

Heavy quark content?
Nuclear modifications?

QCD bound state of quarks and gluons

3D imaging?Gluon-dominated 
matter?

4



The Guardian (2017)

Scientific American (2014)

BFKL dynamics

Non-zero gluon polarisation

The proton in the spotlight

Nucleon pressure
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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)



Parton Distributions
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In high-energy hadron colliders, such as the LHC, the collisions involve 
composite particles (protons) with internal structure (quarks and gluons)

dσ(pp → l+l−)
dmll

=
dσ(qiq̄j → l+l−)

dmll
⊗ Prob(qi, x1) ⊗ Prob(q̄j, x2)

fraction of proton energy



Dependence on x fixed by non-perturbative QCD dynamics: extract from experimental data

Probability of finding a gluon inside a 
proton, carrying a fraction x of the proton 
momentum, when probed with energy Q

x: fraction of proton 
momentum carried by gluon

Energy of hard-scattering reaction: 
inverse of resolution length

Energy conservation: momentum sum rule

Quark number conservation: valence sum rules

∫
1

0
dx x (

nf

∑
i=1

[qi((x, Q2) + q̄i(x, Q2)] + g(x, Q2)) = 1

∫
1

0
dx (u(x, Q2) + ū(x, Q2)) = 2

Parton Distributions



Dependence on Q fixed by perturbative QCD dynamics: computed up to 

Probability of finding a gluon inside a 
proton, carrying a fraction x of the proton 
momentum, when probed with energy Q

x: fraction of proton 
momentum carried by gluon

Energy of hard-scattering reaction: 
inverse of resolution length

𝒪 (α4
s )

∂
∂ ln Q2

qi(x, Q2) = ∫
1

x

dz
z

Pij ( x
z

, αs(Q2)) qj(z, Q2)

DGLAP parton evolution equations

Parton Distributions



The Global QCD analysis paradigm
QCD factorisation theorems: PDF universality

σl p→μ X = σ̃uγ→u ⊗ u(x) σp p→W = σ̃ud̄→W ⊗ u(x) ⊗ d̄(x)

Determine PDFs from deep-
inelastic scattering…

… and use them to compute predictions 
for proton-proton collisions
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what about pion and kaon structure?
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The very same considerations that apply to the proton PDFs also hold for pion and kaon 
PDFs: perturbative hard-scattering cross-sections and DGLAP evolution are the same or very 

similar, only the non-perturbative matrix elements (PDFs) depend on the target/projectile!

Challenge: hard-scattering data with pion and kaon targets/projectiles is very scarce!

hence the crucial role to be played by AMBER

SMRS91



what about pion and kaon structure?

11

The very same considerations that apply to the proton PDFs also hold for pion and kaon 
PDFs: perturbative hard-scattering cross-sections and DGLAP evolution are the same or very 

similar, only the non-perturbative matrix elements (PDFs) depend on the target/projectile!

Challenge: hard-scattering data with pion and kaon targets/projectiles is very scarce!

hence the crucial role to be played by AMBER

JAM21



The Neural Network Approach 
to Proton Structure 
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http://nnpdf.mi.infn.it/



Parametrise PDFs at some low scale Q0 
(around the proton mass, 1 GeV)

more than 5000 independent 

cross-section measurements 

from 40 different processes

g(x, Q0) ≃ Agx−bg(1−x)cg × Pg(x, dg, fg, …)

Fix some parameters from theory 
constraints (e.g. momentum conservation)

Extract remaining parameters (+ their 
uncertainties) from global fit to wide dataset

momentum fraction of partons
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Fitting PDFs



ML for proton structure

Traditional

Neural Nets

Neural Networks can be used universal 

unbiased interpolants to parametrise PDFs 

Removes model dependence: unbiased 

learning the physical laws from data

Highly redundant parametrisation: identical 

results if O(10) increase in # free params

g(x, Q0) = Agx−αg(1 − x)βg ξ(L)
1 (x)

x

ln 1/x

ξ(3)
1
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3

ω(L)
11

ω(L)
13

ω(L)
12 ξ(L)

1

ξ(1)
1

ξ(1)
2

ξ(2)
1

ξ(2)
2

ξ(2)
3

ξ(2)
4

ξ(2)
5

g(x) ≃ NN(x)

g(x) ≃ x−b(1−x)c

Rg(x, A) ≃ NN(x, A)

Rg(x, A) ≃ (1 + bx+cx2) × Ad

Proton PDFs Nuclear PDFs

x: proton’s energy fraction carried by gluons
A: number of protons + neutrons



NNPDF4.0 parametrisation

fi(x, Q0) = x−αi(1 − x)βiNNi(x)

evolution basis

flavor basis



Parametrisation basis independence

xV(x, Q0) ∝ NNV(x)
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xT3(x, Q0) ∝ (NNu(x) + NNū(x) − NNd(x) − NNd̄(x))

evolution basis PDF parametrisation:

flavour basis PDF parametrisation:

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

ultimate test of parametrisation independence



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



Train a NN model on each replica from the minimisation of the log-likelihood

Monte Carlo replica method
Generate Monte Carlo replicas of the original data points with multi-Gaussian distribution 
with central values and covariance matrices taken from the input measurements:

We end up with a sampling of the probability density in the space of NN models, from 
which we can compute e.g. the PDF uncertainty for an arbitrary process



Fast Kernel grid technology
The calculation of hard-scattering cross-sections requires evaluating several nested 
convolutions (+ DGLAP evolution) of the PDFs at the parametrisation scale: unfeasibly slow!

In NNPDF we use an interpolation grid technology (FastKernel method) whereby all 
perturbative information is precomputed and stored in grid before the fits

Now the cross-section is a matrix multiplication over a grid of PDFs at the input scale



The global PDF fit pipeline 

Theory calculations

APFEL, HOPPET, QCDNUM, …

External (N)NLO codes

The global QCD fitStatistical framework

Experimental data

Fast NLO grids 
NNLO QCD &  

NLO EW K-factors

Fixed-target & collider DIS 
Tevatron and LHC measurements 

Jets, DY, top, Z pT, ….

PDF parametrisation,  
PDF uncertainties and propagation 

Model and theory uncertainties

NNLO DGLAP evolution 
DIS structure functions

MCFM, NLOjet++, FEWZ, 
DYNNLO, private codes…

Minimise figure of merit (*) and  
determine PDF parameters

APFEL WEB

LHAPDF

on-line plotting toolbox 

standard interface for  
public PDF delivery

http://apfel.mi.infn.it/

lhapdf.hepforge.org

fit validation, statistical  
estimators, diagnosis tools

APPLgrid, FastNLO, aMCfast….

(*) 
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 NNPDF4.0 represents 

 We have quantified the impact of EIC pseudo-data into both the proton and nuclear 
PDFs by means of a self-consistent approach whereby the proton PDFs fix the A=1 
limit of the nuclear PDFs

The NNPDF machine learning fitting framework will be publicly released 
open source, together with extensive documentation and user-friendly 

examples, at same time as upcoming NNPDF4.0 paper!

An open-source ML code for QCD fitting



NNPDFs for kaon and 
proton structure 
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Drell-Yan with pion and kaon beams

COMPASS++/AMBER LoI

In global proton PDF fits, Drell-Yan processes (both fixed-target and collider) provide 
instrumental constraints on quark and anti-quark PDF flavour separation

Ratios of cross-sections with pion or kaon beams over proton beams specially 
powerful to cancel out systematics and cleanly probe pion and kaon PDFs
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Impact of Drell-Yan data

DY processes add a lot of 
extra information on the 
PDFs when added to a 
DIS-only baseline

Specially important for 
quark flavour separation

Little pull on the gluon

Greljo et al 21
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 Recent SeaQuest measurements of DY 
ratios with deuteron and proton targets

 Provide information on the antiquark 
asymmetries in the proton

 Good agreement with the NNPDF3.1 and 
NNPDF4.0 predictions

Impact of Drell-Yan data
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Gluon PDF in pion and kaons

Direct photon production can be evaluated up to NNLO QCD and is known to provide 
useful information on the gluon PDF in the global fit (but jets and top production dominate)

What about other final-state probes of the gluon content of mesons? Open charm (D-
meson) production? Jet production? Single-inclusive hadron production?

Campbell et al 18
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A NNPDF analysis of meson structure
Assemble widest possible dataset: Drell-Yan data with broad kinematic range (+ ratios 
with different projectiles), prompt photon production, charm, single-inclusive hadrons …

Ensure that the full experimental correlation matrix is available, with breakup of 
systematic errors

Use state-of-the-art theory calculations and MC simulations to evaluate acceptance 
and efficiency corrections, provide measurements both in fiducial region and extrapolated 
to full phase space

Determine the flavour combinations to be parametrised, implement theory constraints, 
and eventually account also for lattice QCD information

Use the NNPDF open-source ML fitting framework to put everything 
together and carry out a global determination of pion and kaon structure!

We will be more than happy to provide assistance


