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Sort of similar approach 

used in the Determination 
of low energy neutrino 

Structure Functions

Neutrino Structure Functions from GeV to EeV in WG3
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https://indico.cern.ch/event/1199314/contributions/5193057/
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Introduction & Motivations

So far: 

Proton PDF fits include theoretical 
uncertainties due to Nuclear Effects: 
requires nuclear PDFs as input 

Nuclear PDF fits depend on Proton PDF: 
requires a fixed Proton baseline PDF

However: 

Various Nuclear datasets constrains Proton PDFs: 
from lepton-nucleon, lepton-nucleus, and proton-
nucleus measurements 

A combined (potentially with polarised & 
fragmentation fits) QCD analysis is crucial to fully 
interpret the EIC data
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State-of-the-Art in Free-Proton and
Nuclear PDF fits - (n)NNPDF



NNPDF Free-Proton PDF Fit:  Methodology
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n(4) = 8

n(3) = 20

n(2) = 25

n(1) = 2

Advanced Fitting Methodology 

Stochastic Gradient Descent (SGD) for NN training using Tensorflow (easily 
changeable) 

Automated Optimisation of Hyperparameters (scanning of the parameter space) 

Methodology Validation using Closure Tests, Future Tests, and Parametrisation 
Basis Independence 

Physical Constraints 

Positivity of Physical Observables & Positivity of the  PDFs 

Integrability of Non-Singlet Distributions (Gottfried Sum Rules)

MS
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NNPDF Free-Proton PDF Fit:  Experimental & Theory Inputs

NNPDF4.0

Experimental Data 

Abundant experimental data (thanks to LHC Run II) are now available 

NNPDF4.0 contains of the Order of 4500 data points 

The experimental data probe various processes (more important than number Datapoints) 

Theory Ingredients & Improvements 

Proton & Deuteron PDFs are determined Simultaneously in a self-consistent way 

Heavy Nuclear Corrections are accounted for via as Theoretical Uncertainties 

On the way to deliver N3LO PDF with Theoretical Uncertainties (See Giacomo’s Talk)
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NNPDF Free-Proton PDF Fit:  Precision Determination

Achieves ~ONE percent accuracy across a Wide range of kinematics
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nNNPDF nuclear PDF Fit:  Methodology
The nucleus is not just an ensemble of  free-protons and  free neutrons. Nuclear PDFs are defined at scale  as:Z (A − Z) Q

: Object to be Fittedf p/A
i ≡ fi(x, A) Computed from   using Isospin Symmetryf p/A

i

𝒪N/A = �̂�N/A
i ⊗ fN/A
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In the nNNPDF[3.0] determination, only 6 independent nuclear PDF (nPDF) combination are parametrised:

Σ(x, Q0), g(x, Q0), T3(x, Q0), T8(x, Q0), V(x, Q0), V3(x, Q0)

 is not fitted alongside but rather defined as a Boundary Condition via a Lagrange Multiplier (at the  level):A = 1 χ2
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nNNPDF nuclear PDF Fit:  Experimental & Theory Inputs
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New nNNPDF3.0

Proton Baseline

Nuclear Data

Physical Constraints

✅ Moment Sum Rules

❌ Positivity of  PDFsMS ❌ Integrability of  DistributionsT3,8

✅ Positivity of Observables

Proton Baseline Datasets 

Nuclear measurements involving lepton-nucleon, lepton-nucleus, and proton-
nucleus have been removed from the NNPDF3.1 proton Baseline. These are of 
the order of ~1000 datapoints and amount to ~30% of the full dataset.

The A=1 Limit reproduces (more or less) the Baseline 
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nNNPDF nuclear PDF Fit:  Predictions
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Integrated Proton & Nuclear Fit:  Methodology

{x(k)
n , A}

Neural Net

x↵ (1 � x)�

f̃A
j (x(k)

n ) normalization .
.
.

fA
j (x(k)

1 )

fA
j (x(k)

n )

⌦

⌦

⌦

FKj,A
1k

FKj,A
nk

.

.

.

O
A
1

O
A
n

.

.

.

Tr/Vl
split

�2
tr

�2
val

x ln x

xg(x, Q0) xΣ(x, Q0) xV(x, Q0) xV3(x, Q0) xT3(x, Q0) xT15(x, Q0)xT8(x, Q0)xV8(x, Q0)
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Methodology Improvements 

Stochastic Gradient Descent (SGD) for NN training using Tensorflow (easily changeable) 

Automated Optimisation of Hyperparameters (scanning of the parameter space) 

Methodology Validation using Closure Tests, Future Tests, and Parametrisation Basis 
Independence 

Proton, Deuteron, and heavy Nuclear PDFs are fitted simultaneously in a Self-Consistent 
Way  Fitting Smoothly the -dependence⇔ A

χ2
tot = ∑

A

χ2
t0(A)

NNPDF4.0

A ln A

9

4

A A A A A A A A

A A A A A A A A



Integrated Proton & Nuclear Fit:  Experimental & Theory Inputs
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New nNNPDF3.0

Proton Dataset Nuclear

Proton Datasets includes everything in NNPDF4.0 @ NLO with Perturbative 
Charm and Nuclear Corrections Removed ~ Order(1500) 

Nuclear Datasets are exactly the same as in the Published nNNPDF3.0 
with Perturbative Charm 

The fitting scale is set to be the same as in default NNPDF4.0, ie Q0 = 1 GeV

Physical Constraints for A ≠ 1
✅ Moment Sum Rules
❌ Positivity of  PDFsMS ❌ Integrability of  DistributionsT3,8

✅ Positivity of Observables

Physical Constraints for  ~ NNPDF4.0 A = 1 10



Integrated Proton & Nuclear Fit:  Stability of the Training
NLO PCH simultaneous fit (NOPOS for nuclei) Dataset NNPDF4.0 Integrated

NMC 1.63 1.62

HERACOMB 1.18 1.16

CDF 1.29 1.24

ATLAS 1.57 1.38

CMS 1.44 1.53

LHCb 1.54 1.46
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Integrated Proton & Nuclear Fit:  Stability of the Training
NLO PCH simultaneous fit (NOPOS for nuclei) Dataset nNNPDF3.0 Integrated

NMC 0.88 1.61

SLAC 1.09 1.38

EMC 0.78 1.80

FNAL 1.01 0.50

BCDMS 0.82 1.35

LHC 1.09 1.15
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Integrated Proton & Nuclear Fit:   LimitA = 1
NLO PCH simultaneous fit (NOPOS for nuclei) (68% c.l.+1 
NLO  PCH free-proton with nuclear effect incl. (68% c.l.+1 )

NLO PCH simultaneous fit (NOPOS for nuclei) (68% c.l.+1 ) 
         NLO PCH free-proton with nuclear effect incl. (68% c.l.+1 )

NLO PCH simultaneous fit (NOPOS for nuclei) (68% c.l.+1 
NLO  PCH free-proton with nuclear effect incl. (68% c.l.+1 )

NLO PCH simultaneous fit (NOPOS for nuclei) (68% c.l.+1 ) 
                 NLO         PCH free-proton with nuclear effect incl. (68%c.l.+1 )

Comparisons: Free-Proton + 
N u c l e a r U n c e r t a i n t i e s v s 
Integrated Fit 

Qualitative Shapes of both 
determinations are comparable 
within  error bands 

Enhanced effects in the large-  
anti-shadowing regions of the  
and  quarks: genuine effects or 
fit artifacts?

1σ

x
ū

d̄

PRELIMINARY

PRELIMINARY

PRELIMINARY

PRELIMINARY
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Integrated Proton & Nuclear Fit:  Heavy Nuclei
208Pb56Fe

Comparisons: Nuclear PDFs from 
nNNPDF3.0 determination vs Nuclear 
PDFs from Integrated Fit 

Results from Both determinations are 
compatible within  error bands 

Better agreement for Lead while some 
discrepancy can be seen for Iron

1σPRELIMINARY
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NNLO Global Fit:  Status & Aims
DSSZ12 KA15 nCTEQ15 EPPS16 TUJU19 TUJU21 nNNPDF1.0 nNNPDF2.0 nNNPDF3.0 Integrated

Order NLO NNLO NLO NLO NNLO NNLO NNLO NLO NLO NNLO

NC DIS ✅ ✅ ✅ ✅ ✅ ✅ ✅ ✅ ✅ ✅

DY (p+N) ✅ ✅ ✅ ✅ ❌ ✅ ❌ ❌ ✅ ✅

RHIC ✅ ❌ ✅ ✅ ❌ ❌ ❌ ❌ ❌ -

CC DIS ✅ ❌ ❌ ✅ ✅ ✅ ❌ ✅ ✅ ✅

DY (Pion+A) ❌ ❌ ❌ ✅ ❌ ❌ ❌ ❌ ❌ -
LHC Di-Jet ❌ ❌ ❌ ✅ ❌ ✅ ❌ ❌ ✅ ⏳

LHC W,Z ❌ ❌ ❌ ✅ ❌ ✅ ❌ ✅ ✅ ⏳

LHC D0 ❌ ❌ ❌ ❌ ❌ ❌ ❌ ❌ ✅ ✅

Fitting Scale 1.00 1.41 1.30 1.30 1.30 1.30 1.00 1.00 1.00 1.00

Q Cut 1.00 1.41 2.00 1.00 1.30 1.30 1.87 1.87 1.87 1.87

Datapoints 1579 1479 708 1811 2336 2336 451 1467 2151 2151+4426

Error Analys. Hessian Hessian Hessian Hessian Hessian Hessian Monte Carlo Monte Carlo Monte Carlo Monte Carlo

Proton Bas. MSTW08 JR09 CTEQ6.1 CT14nlo HERA2.0 NNPDF3.1 NNPDF3.1 NNPDF3.1 N/A

HQ Effects ✅ ❌ ✅ ✅ ✅ ✅ ✅ ✅ ✅ ✅

Flavour Sep. ✅ ❌ Partly ✅ ❌ ❌ ❌ ✅ ✅ ✅

Parametriz. Ratio in Mell. Ratio PDF(A) Ratio PDF(A) PDF(A) NN(A) NN(A) NN(A) NN(A)

Reference PR D.100.096015 PR D.93.014026 PR D.93.085037 EPJ C77 163 PR D.100.096015 PR D.105.094031 EPJ C79 471 JHEP 09 (2020) 183 JHEP 82 (2022) 507 -
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NNLO Global Fit: Benefitting from a New Pipeline

Experimental 
Inputs that provides 
the kinematics and 
the corresponding 

central values

Fitting Code can be anything: 
NNPDF, CTEQ, MSHT, etc.

16

Computes/Provides 
the Evolution Kernel 
Operators (EKO) to 

Evolve the PineAPPL 
grids to the fitting 

Scale Q0

Generators providing Theory 
Predictions

MATRIX, MCFM?

Pineline

arXiv:2302.12124

https://arxiv.org/abs/2302.12124


NNLO Global Fit:  Exploiting Hardware Acceleration

Monte Carlo replicas fits could greatly benefit from GPU 
parallelisation 

GPU workloads for most University’s servers are mostly empty/unused 

Might open new possibility to perform a hyperparameter scan at the 
level of the PDF distribution
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Summary & Outlook

An integrated analysis of proton, deuteron, and nuclear PDFs is under 
way and benefits from the features of the NNPDF codebase 

Further works are required in order to fully understand the stability of 
the combined fits 

Extend the framework to a global fit @ NNLO potentially with Missing 
Higher Order Uncertainties estimation 

Computing DIS theory @ NNLO is nowadays more convenient and 
easier thanks to the new Pipeline 

Remain to compute NNLO K-factors for the hadronic processes thanks 
to the modified MCFM codes provided by the TUJU group
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