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NNPDF Methodology
... in a Nutshell

Generate Nrep Monte Carlo replicas of the experimental data, taking into 
account all experimental correlations

Fit a set of Parton Distribution Functions, parametrized at the initial scale 
using Neural Networks, to each replica

Expectation values for observables are then given by

.... and corresponding formulae for the estimators of Monte Carlo samples 
are used to compute uncertainties, correlations, etc.

Reweighting (NN)PDFs
Assessing the impact of new data on PDF fits

[R. D. Ball et al., arXiv:1012.0836]

[R. D. Ball et al., arXiv:1108.1758]

The Nrep replicas of a NNPDF fit give the probability density in the
space of PDFs

Expectation values for observables computed as

hF [fi(x , Q2)]i =
1

Nrep

NrepX

k=1

F
⇣

f (net)(k)
i (x , Q2)

⌘

(... the same is true for errors, correlations, etc.)

We can assess the impact of including new data in the fit updating
the probability density distribution without refitting.
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NNPDF Methodology
Main Ingredients

Monte Carlo determination of uncertainties
No need to rely on linear propagation of errors
Possibility to test the impact of non-gaussianly distributed uncertainties
Possibility to test for non-gaussian behaviour of uncertainties of fitted 
PDFs

Parametrization of PDFs using Neural Networks
Provide an unbiased parametrization

Determine the best fit PDFs using Cross-Validation
Ensures proper fitting, avoiding overlearning



NNPDF Methodology
Monte Carlo replica generation

Monte Carlo replicas are generated according to the distribution

where ri are (gaussianly distributed) random numbers

Validate Monte Carlo replicas against experimental data

O(1000) replicas needed to reproduce correlations in experimental data to 
percent accuracy

NNPDF Methodology
Monte Carlo replicas generation

Generate artificial data according to distribution

O(art) (k)
i = (1 + r (k)

N �N)
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where ri are univariate (gaussianly distributed) random numbers

Validate Monte Carlo replicas against experimental data
(statistical estimators, faithful representation of errors, convergence rate
increasing Nrep)

O(1000) replicas needed to reproduce correlations to percent accuracy

A. Guffanti (NBIA & Discovery Center) NNPDF4LHC 13 / 40

NNPDF Methodology
Monte Carlo replicas generation

Generate artificial data according to distribution

O(art) (k)
i = (1 + r (k)

N �N)

"
O(exp)

i +

NsysX

p=1

r (k)
p �i,p + r (k)

i,s �

i
s

#

where ri are univariate (gaussianly distributed) random numbers

Validate Monte Carlo replicas against experimental data
(statistical estimators, faithful representation of errors, convergence rate
increasing Nrep)

O(1000) replicas needed to reproduce correlations to percent accuracy

A. Guffanti (NBIA & Discovery Center) NNPDF4LHC 13 / 40



NNPDF Methodology
PDF parametrization using Neural Networks

Ingredient 2: Neural Networks

A convenient functional form
providing redundant and flexible parametrization

used as a generator of random functions in the PDF space

⇠(l)
i = g

 
nl�1X

j

!(l�1)
ij ⇠(l�1)

j � ✓(l)
i

!

g(x) =
1

1 + e�x

made of neurons grouped into layers (define the architecture)

each neuron receives input from neurons in preceding layer (feed-forward NN)

activation determined by parameters (weights and thresholds)

activation determined according to a non-linear function (except the last layer)

Emanuele R. Nocera (UNIMI) NNPDFpol1.0 April 2013 8 / 38

Artificial Neural Networks provide us with a parametrization for PDFs at the 
initial scale which is extremely redundant and robust against variations

Very efficient algorithms are available which allow us to train NN (efficient fit   
to large datasets in a very high dimensional parameter space)

... but in the end they are just another basis of functions



NNPDF Methodology
PDF parametrization using Neural Networks

We parametrize 7 PDF combinations at the initial scale (Q02 = 2 GeV2), each 
with a Multi-Layer Feedforward Neural Network with 2-5-3-1 architecture

NNPDF2.0
Parametrization

We parametrize 7 PDF combinations at the initial scale with Neural
Networks

Parton Distributions Combination NN architechture

Singlet (⌃(x)) =) 2-5-3-1 (37 pars)
Gluon (g(x)) =) 2-5-3-1 (37 pars)
Total valence (V (x) ⌘ uV (x) + dV (x)) =) 2-5-3-1 (37 pars)
Non-singlet triplet (T3(x)) =) 2-5-3-1 (37 pars)
Sea asymmetry (�S(x) ⌘ d̄(x)� ū(x)) =) 2-5-3-1 (37 pars)
Total Strangeness (s+(x) ⌘ (s(x) + s̄(x))/2) =) 2-5-3-1 (37 pars)
Strange valence (s�(x) ⌘ (s(x)� s̄(x))/2) =) 2-5-3-1 (37 pars)

259 parameters

A. Guffanti (Univ. Freiburg) PDF errors 24 / 1



NNPDF Methodology
Reweighting NNPDFs - The idea

The replicas of an NNPDF fit are a representation of the probability density 
in the space of PDFs

Expectation values for observables are computed as

We can then assess the impact of including new data in the fit updating 
the probability density without performing a complete refit

More recently Thorne & Watt extended devised a methodology to extend the 
NNPDF reweighting to Hessian PDF sets, [Watt & Thorne, arXiv:1205.4024]

Reweighting (NN)PDFs
Assessing the impact of new data on PDF fits

[R. D. Ball et al., arXiv:1012.0836]

[R. D. Ball et al., arXiv:1108.1758]

The Nrep replicas of a NNPDF fit give the probability density in the
space of PDFs

Expectation values for observables computed as

hF [fi(x , Q2)]i =
1

Nrep

NrepX

k=1

F
⇣

f (net)(k)
i (x , Q2)

⌘

(... the same is true for errors, correlations, etc.)
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the probability density distribution without refitting.
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[R. D. Ball et al, arXiv:1012.0836; arXiv:1108.1758]



NNPDF Methodology
Reweighting NNPDFs - The weight formula

We can apply Bayes Theorem to determine the conditional probability of 
the PDF upon inclusion of the new data

Averages over the sample are no weighted sums

and the weights are given by

[R. D. Ball et al, arXiv:1012.0836; arXiv:1108.1758]

Reweighting (NN)PDFs
Assessing the impact of new data on PDF fits

[R. D. Ball et al., arXiv:1012.0836]

[R. D. Ball et al., arXiv:1108.1758]

According to Bayes Theorem we have

Pnew({f}) = N�P(�2|{f})Pinit({f}) , P(�2|{f}) = [�2(y , {f})]
ndat�1

2 e��2(y,{f})
2

Averages over the sample are now weighted sums
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2
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NNPDF Methodology
Reweighting NNPDFs - Validation

We started from a fit to DIS and Drell-Yan data and included Tevatron 
inclusive jet data (CDF & D0) via refitting and reweighting

Reweighting with the two dataset at the same time or separately (in either 
order) yields identical results

Reweighting and refitting yield statistically equivalent results in the region 
constrained by the new data

CDF D0 CDF+D0
Data points 76 110 186

Ne! 290.8 565.8 334.5

Table 1: Datasets used in the Tevatron Run II inclusive jet reweighting exercise. For each
set the number of data points and the e!ective number of replicas of the reweighted set
of Nrep = 1000 replicas are given.
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Figure 6: Comparison of the large-x gluon PDF for prior set, reweighted sets with di!erent
successive reweighting orders and refitted set, when the jet data of Table 1 are included in
the NNPDF2.0 NLO DIS+DY fit. Results are shown at Q2 = 2 GeV2, both in absolute
scale (left) and as a ratio to the prior (right).

4.2 Tevatron Inclusive Jets

The first exercise we present is an extension of the reweighting proof-of-concept in Section 4
of [14]. There, Run II Tevatron inclusive jet data production were included by reweighting
a PDF set extracted from a NLO fit to DIS and Drell-Yan data (NNPDF2.0 DIS+DY) and
the results compared to those obtained from a fit which included the same DIS, Drell-Yan
and inclusive jet datasets all treated in the same way (NNPDF2.0).

In this Section we look again at the inclusion via reweighting of the same datasets,
namely the CDF Run II-kt and D0 Run II-cone inclusive jet data in the NNPDF2.0
DIS+DY fit, but we now focus on comparing the results obtained in the following two
cases:

(a) the two new datasets are included by reweighting the prior fit in a single step with
both datasets;

(b) one of the datasets is included by reweighting, an unweighted set of PDFs is con-
structed using the procedure detailed in Section 3, and finally the latter set is
reweighted again with the second dataset.

We will carry out the successive reweighting procedure (b) twice, exchanging the order
in which the CDF and D0 datasets are included, in order to test the commutativity of
the procedure. A final unweighting is performed for all the reweighted sets and the PDF
comparisons and computations of distances are performed using these unweighted sets.

The number of data points and the e!ective number of replicas Ne! after reweighting
with these data of a set of Nrep = 1000 replicas are summarized in Table 1. In each
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Unpolarized PDFs
(R.D. Ball, V. Bertone, S. Carrazza, C.S. Deans, L. Del Debbio, 

S. Forte, N.P. Hartland, J.I. Latorre, J. Rojo, M. Ubiali & AG)



NNPDF Chronology
How did we get where we are now...The NNPDF partons
Past, ...

NNPDF1.0 NNPDF1.2 NNPDF2.0 NNPDF2.1 NNPDF2.3 MSTW08 CT10

DIS

Drell-Yan

Jet

LHC

strange

Heavy Quark 
mass

NNLO
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NNPDF2.3
Dataset
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Fixed Target DY 318
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LHC W/Z 56
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3506 data points
(in the NNLO global fit)

[R.D. Ball et al., arXiv:1207.1303] 



NNPDF2.3
Dataset - LHC data

NNPDF2.3 dataset includes the relevant LHC data for which the full 
covariance matrix was available

ATLAS Inclusive Jets, 36 pb-1 [arXiv:1112.6297]

ATLAS W/Z lepton rapidity distributions, 36 pb-1 [arXiv:1109.5141]

CMS W lepton asymmetry, 840 pb-1 [arXiv:1206.2598]

LHCb W rapidity distributions, 36 pb-1 [arXiv:1204.1620]

[R.D. Ball et al., arXiv:1207.1303] 



NNPDF2.3
The LHC data - Observables
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Fit to LHC data acceptable 
before including them in the fit

Very good description of LHC 
datasets after inclusion in the 
NNPDF2.3 fit

Substantial reduction in the 
uncertainties on the observable 
predictions

Moderate impact of LHC data on 
extracted PDFs

Largest impact on Singlet quark 
and Strange distributions, at most 
half a sigma shift in central 
values
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NNPDF2.3
The LHC data - PDF comparisons
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Moderate impact of LHC data 
on extracted PDFs

Largest impact on Singlet 
quark and Strange distributions

Effect is at most half a sigma 
shift in central values



NNPDF2.3
The impact of theoretical uncertainties

We recently looked at the impact of several sources of theoretical uncertainty 
in PDF determinations

Heavy flavour contributions treatment (FFN vs. GM-VFNS)
Higher Twist corrections
Nuclear corrections

We find that, in the context of a global PDF determination
The impact of treating heavy flavour contributions using a Fixed Flavour 
Number scheme is substantial
The impact of (dynamical) Higher Twist corrections is negligible
The impact of Nuclear corrections is moderate and mostly affects light 
flavours separation at medium-/large-x

[R.D. Ball et al., arXiv:1303.1189] 



NNPDF2.3
Nuclear corrections and the d/u ratio

[R.D. Ball et al., arXiv:1303.1189] 

We repeated the NNPDF2.3 fit, in the default 
version of which no nuclear corrections are 
included, by applying deuteron correction 
extracted in the MMSTWW and CJ analyses

Non negligible impact on isotrplet and valence 
PDF combinations at medium-/large-x 
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Beyond NNPDF2.3
NNPDF2.3 QED

Naïve argument

LO QED corrections to DGLAP 
evolution and observables are of the 
same order of NLO/NNLO QCD ones

Motivations

Provide an unbiased determination 
of the photon PDF with reliable 
uncertainties estimation

Impact on theoretical predictions for 
precision EW measurements at the 
LHC (searches in high-mass DY, mW 
determination)

MRST2004QED is the only available 
set, but is based on old data and 
relies on strong model assumptions

In the second step, each replica of the photon PDF from the NNPDF2.3QED prior
set is combined with a random PDF replica of a set of the default NNPDF2.3 PDFs,
fitted to the global data set. This is meaningful because of the negligible correlation
between the photon PDF and other PDFs. In particular, we check that the violation of
the momentum sum rule that this procedure entails is not larger than the uncertainty on
the momentum sum rule in the global QCD fit. The procedure is performed using NLO
or NNLO NNPDF2.3 PDFs, for three values of !s(Mz) = 0.117, 0.118, 0.1119. We have
checked that the photon PDF determined in the previous set is in fact independent of the
value of !s within this range. This leads to several sets of PDF replicas, which we call
NNPDF2.3QED prior, at the scale Q0. The NNPDF2.3QED prior PDFs are then evolved
to all Q2 using combined QCD+QED evolution equations, to LO in QED and either to
NLO or NNLO in QCD and with the appropriate value of !s.

In the third step, LHC W and Z production data are included in the fit by Bayesian
reweighting [26]. The set of reweighted replicas is then unweighted [27] in order to obtain
a standard set of 100 replicas of our final NNPDF2.3QED set, which are our main result.

Perform a fit to DIS data with QED corrections:
NNPDF2.3 QED DIS-only, Nrep = 500

Construct NNPDF2.3QED prior at Q2
0:

(a) Quark and gluon PDFs from NNPDF2.3 global
(b) Photon PDFs from NNPDF2.3 DIS-only

Evolve NNPDF2.3QED prior to all Q2,
with QCD+QED DGLAP equations

Compute predictions for LHC W,Z/"! production;
reweight NNPDF2.3QED prior

Unweight the reweighted PDF set
to get the final NNPDF2.3QED

set of Nrep = 100 replicas

Figure 1: Flow-chart for the construction of the NNPDF2.3QED set.

The photon PDF in our final set turns out to be in good agreement with that from the
MRST2004QED set at medium large x !> 0.03, while for smaller x values it is substan-
tially smaller (by about a factor three for x ! 10"3), though everywhere a!ected by sizable

4

Technical aspects of QED corrections
Step by step: How to obtain the photon PDF.

In order to achieve our goal we had to implement:

1 Modify PDF evolution (DGLAP)

F QCD (NLO/NNLO) + QED (LO)

2 Rewrite observables including the photon contribution

F Deep Inelastic Scattering, Drell-Yan and Jet

3 Add a new PDF parametrization for the photon

F �(x ,Q2) neural network, imposing PDF positivity

4 Perform a fit using the NNPDF methodology

Points (3) and (4) were completely written and optimized from scratch.

Stefano Carrazza (Unimi) Electroweak corrections to parton distributions DIS2013, Marseille 4 / 27
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Beyond NNPDF2.3
NNPDF2.3 QED - Results

Isospin (preliminary)

We are able to build a neutron PDF set for Q

2 > 2 GeV2

I modify evolution basis u

p ! d

n, d

p ! u

n

The ratio Neutron/Proton PDFs

I isospin symmetry breaking on quarks distributions
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Final photon PDF (preliminary)

Final unweighted photon PDF

I constrained at small and central/large-x.
I achieved good precision for LHC predictions.
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2Photon PDF comparison at 2.0 GeV
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Isospin breaking
comparing proton and 

neutron PDFs

Photon PDF 

roughly compatible with MRST04QED 
determination in the large-x region (albeit 
with large uncertainties)

substantial differences at small-x 
(model assumptions in MRST04QED)

[R.D. Ball et al., arXiv:1308.0598] 



Polarized PDFs
(R.D. Ball, S. Forte, E.R. Nocera, G. Ridolfi, J. Rojo & AG)



NNPDFpol1.0
Dataset

245 data points

Include all the available data on 
inclusive DIS structure function, g1p,d,n

Kinematical cuts imposed to remove 
sensitivity to dynamical Higher-Twist 
contributions
(Q2 > 1 GeV2, W2 > 6.25 GeV2)

NC DIS does not allow for 𝛥q, 𝛥q 
separation

                      ⇓
parametrize 4 polarized PDF 
combinations {𝜟Σ, 𝜟T3, 𝜟T8, 𝜟g}

Theory constraints (integrability & 
positivity) play a substantial role, due 
to loose constraints from data
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NNPDFpol1.0
Partons - up & down quarks

Up & Down distributions

Central values are in reasonable agreement 
with results obtained in other 
determinations
(best agreement with DSSV08, slightly worse with 
AAC08and worst with BB10)

Uncertainties in the data region are slightly 
larger for NNPDF than for other sets, in 
particular DSSV08 
(but remember that DSSV uses a much larger 
dataset)

Larger uncertainties in regions with little or 
no constraints from data
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NNPDFpol1.0
Partons - strangeness & gluon

Strangeness

Good agreement with BB10 and AAC08, but 
with larger uncertainties over the whole x 
range

2-σ level inconsistency with DSSV in the 
medium-x region (SIDIS data) 

Gluon

Central value compatible with zero over the 
whole x range

Substantially larger uncertainties, especially 
in the small-x region

x
-310 -210 -110 1

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

)2
0

)(x,Qs (s +Δx

NNPDFpol1.0
DSSV08
BB10
AAC08
Positivity bound

)2
0

)(x,Qs (s +Δx

x
-310 -210 -110 1

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

)2
0

 g(x,QΔx

NNPDFpol1.0
DSSV08
BB10
AAC08
Positivity bound

)2
0

 g(x,QΔx

[R.D. Ball et al., arXiv:1303.7236] 



Beyond NNPDFpol1.0
STAR W asymmetry data

Provide an handle on 𝛥u, 𝛥u, 𝛥d, 𝛥d separation, independent of SIDIS data

Included using Bayesian reweighting using a prior based on NNPDFpol1.0 
supplemented with a NN fit to 𝛥u, 𝛥d from DSSV08 (CV+2σ)

Reweighting with W± production at RHIC

New dataset on longitudinal single-spin asymmetry for W± boson production

AW +

L ⇠ ��u(x1)d̄(x2) + �d̄(x1)u(x2)

u(x1)d̄(x2) + d̄(x1)u(x2)
AW�

L ⇠ ��d(x1)ū(x2) + �ū(x1)d(x2)
d(x1)ū(x2) + ū(x1)d(x2)
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PRIOR: NNPDFpol1.0 supplemented with a NN fit to �ū and �d̄ (cv + 2�)
from DSSV08 with N

rep

= 500 replicas
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Beyond NNPDFpol1.0
STAR W asymmetry data

Simultaneous reweighting of W± data
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Experiment Set N
dat

�2/N
dat

�2
rw

/N
dat

N
eff

/N
rep

STAR 12 2.10 1.12 0.38
STAR W + 6 1.58 1.04 0.60
STAR W� 6 2.62 1.20 0.30

After reweighting, �2 per data point �2
rw

/N
dat

⇠ 1
as wished for a good description of data

Emanuele R. Nocera (UNIMI) NNPDFpol1.0 April 2013 18 / 21

Overall good description of both datasets after they are included in the fit

[E.R. Nocera, arXiv:1307.0146] 



Beyond NNPDFpol1.0
STAR W asymmetry data

Simultaneous reweighting of W± data
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Significant modification of the shape of �ū and �d̄ from prior

All other PDFs (including strangeness) are almost una↵ected (and not shown here)

Reweighting with separate W + and W� datasets shows that �ū and �d̄
behaviour is driven by experimental information from W� and W + respectively.
Results shown above include both these e↵ects

Full check of independence from prior in progress

W± production data provide pivotal experimental information on �ū and �d̄!

Emanuele R. Nocera (UNIMI) NNPDFpol1.0 April 2013 19 / 21

Significant changes in 𝛥u and 𝛥d with all other distributions, including 
strangeness unaffected

Reweighting separately with W+ and W- data shows modifications in 𝛥u 
and 𝛥d are driven by W+ and W- respectively

[E.R. Nocera, arXiv:1307.0146] 



Polarized PDFs and the EIC
Pseudodata

Same inclusive pseudodata used 
in Aschenauer, Sassot, Stratmann 
[arXiv:1206.6014]

SIDIS pseudodata not included in 
the present analysis

Two stages considered
EIC-A: 5x100 + 5x250 
EIC-B: EIC-A + 20x250

[E.R. Nocera et al., preparation] 
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EIC pseudodata
100×5
250×5EIC

250×EIC 20

Experiment Set Ndat Ee ! Ep [GeV]
"
s [GeV] xmin xmax #!g1$

EIC EIC-G1P-1 56 5! 100 44.7 8.2! 10!4 0.51 0.010
EIC-G1P-2 63 5! 250 70.7 3.2! 10!4 0.51 0.032
EIC-G1P-3 61 20! 250 141 8.2! 10!5 0.32 0.042

Table 1: Inclusive DIS pseudodata from an EIC included in the present analysis (see the text for details). For
each data set, we show the number of points Ndat, the considered electron (proton) beam energies Ee (Ep), the
corresponding center-of-mass energies

"
s and the kinematic coverage in the momentum fraction x. We also show

the average statistical uncertainty #!g1$ for the structure function g1 as obtained with the PEPSI Monte Carlo
event generator [20].

We finally compare our results with those of Ref. [17] and test whether new pseudodata are su!ciently
accurate to avoid any residual bias from the choice of a fixed functional form.

Inclusive DIS pseudodata from an Electron-Ion Collider The realization of an EIC has been
proposed for two independent designs so far, the electron Relativistic Heavy Ion Collider (eRHIC) at
Brookhaven National Laboratory (BNL) [18] and the Electron Light Ion Collider (ELIC) at Je"erson
Laboratory (JLab) [19]. For both these options, a staged upgrade of the existing facilities has been
devised [12–14], so that increased center-of-mass energies will be available at each stage. Concerning
the eRHIC option of an EIC [18], first measurements will be taken by colliding the present RHIC proton
beam of energy Ep = 100 % 250 GeV2 with an electron beam of energy Ee = 5 GeV2, while a later
stage envisages electron beams up to Ee = 20 GeV2.

In order to quantitatively assess the impact of such a future measurement on our understanding
of the proton’s helicity structure, we supplement our previous QCD analysis [3] with a set of realistic
artificial data at an EIC. In particular, we take inclusive DIS pseudodata from Ref. [17], 1 which con-
sist in three sets of data points at di"erent conceivable eRHIC electron and proton beam energies, as
discussed above. These pseudodata were produced by running the PEPSI Monte Carlo (MC) genera-
tor [20], assuming minimum momentum transfer Q2 = 1 GeV2, squared invariant mass of the virtual
photon-proton system W 2 > 10 GeV2 and fractional energy of the virtual photon 0.01 & y & 0.95.
Pseudodata were generated in 5 (4) bins per logarithmic decade in x (Q2). For each dataset, the Q2

range spans the values from Q2
min = 1.39 GeV2 to Q2

max = 781.2 GeV2, while the accessible values of
momentum fraction x = Q2/(sy) depend on the available center-of-mass energy, s. In Tab. 1, we sum-
marize, for each data set, the number of generated DIS pseudodata Ndat, the electron (proton) beam
energies Ee (Ep), the corresponding center-of-mass energies

"
s, and the smallest (largest) accessible

value in the momentum fraction range, xmin (xmax).
In Fig. 1, we show the (x,Q2) plane with the kinematic coverage of both the EIC pseudodata and

the fixed-target DIS data points included in our previous analysis [3]. The dashed regions discriminate
pseudodata which would come from each of the two stages at eRHIC, with electron beams of energy
Ee = 5 GeV2 or Ee = 20 GeV2 respectively. It is apparent from Fig. 1 that EIC data will extend the
kinematic coverage significantly, even for the lowest center-of-mass energy stage planned at eRHIC. In
particular, unprecedented small x values, down to 10!4, will be reached, thus a significant reduction
of the uncertainty of any PDF in the low-x extrapolation region is expected. Besides, the increased
lever-arm in Q2, for almost any given value of x, will allow one to constrain #g(x,Q2) from scaling
violations much better than could be done so far.

1We thank M. Stratmann for providing us with these pseudodata.
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Polarized PDFs and the EIC
PDF determination

[E.R. Nocera et al., preparation] 
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Figure 3: The NNPDFpolEIC-A parton distributions at Q2
0 = 1 GeV2 plotted as a function of x in

logarithmic scale, compared to NNPDfpol1.0 [3].

complete kinematic overlapping (see Fig. 1).

• We notice that EIC pseudodata, which are assumed to be by far more precise than fixed-target
DIS experimental data, require more training to be properly learnt by the neural network. This
is evident from the average training lengths quoted in Tab. 3, which are significantly larger than
that of NNPDFpol1.0. For the NNPDFpolEIC-B a larger number of weighted training generations
Nwt

gen has been used.

We checked that the statistical features discussed above do not improve if we run very long fits, up
to Nmax

gen = 50000 generations, without dynamical stopping. In particular we do not observe a decrease
of the !2 for those experiments whose value exceeds the average by more than one sigma. This ensures
that these deviations are not due to underlearning.

Parton distributions The polarized parton distributions from the NNPDFpolEIC-A and NNPDFpolEIC-B
fits are compared to NNPDFpol1.0 [3] in Figs. 3-4 respectively. In these plots, PDFs are displayed at
the parametrization scale Q2

0 = 1 GeV2 as a function of x in logarithmic scale; all uncertainties shown
there are nominal 1! " bands. The positivity bound discussed in Ref. [3], is also drawn.

According to Figs. 3-4, the most apparent impact of inclusive EIC pseudodata in our analysis is the
reduction of PDF uncertainties, in the low-x region (x ! 10!3), for all light quark-antiquark flavour

8

Substantial reduction of uncertainties 
for light quarks and gluon polarized 
distributions at small-x

Gluon distribution acquires shape 
dictated by EIC pseudodata

Strange polarization unaffected, 
inclusive DIS data not sensitive to 
strange content of the nucleon



Polarized PDFs and the EIC
PDF determination

Substantial reduction of uncertainties 
for light quarks and gluon polarized 
distributions at small-x

Gluon distribution acquires shape 
dictated by EIC pseudodata

Strange polarization unaffected, 
inclusive DIS data not sensitive to 
strange content of the nucleon

Effects at small-x more pronounced 
when including also higher energy data

[E.R. Nocera et al., preparation] 
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Figure 4: Same as Fig. 3, but for NNPDFpolEIC-B, compared to NNPDFPol1.0 [3].

combinations and for the gluon. This reduction is clearly distinguishable for the !u+!ū and !d+!d̄
PDF combinations in both NNPDFpolEIC-A and NNPDFpolEIC-B fits, but it is absolutely dramatic for
!g.

EIC pseudodata also a"ect the central value of the !u+!ū and !d+!d̄ PDF combinations and
the gluon !g. Besides the small-x region, where the PDF shape is mostly driven by EIC pseudodata
and by the theoretical request that PDFs are integrable [3], also the large-x region is a"ected, especially
for the !u +!ū combination. This actually means that the PDF tends to be closer to the positivity
bound, however di"erences between PDFs from present EIC fits and NNPDFpol1.0 [3] are hardly visible
for the !u+!ū combination, in the high-x region. A more significant deviation is distinguishable for
the !d+!d̄ combination (see Figs. 3-4).

On the other hand, the strangeness distribution is less sensitive to inclusive DIS pseudodata and
the improvement in its uncertainty estimate at small-x values is moderate. As pointed out in the
DSSV fits [2, 4], SIDIS data with identified kaons in the final states should provide more stringent
constraints on this PDF. Indeed, it was shown in Ref. [17] that semi-inclusive pseudodata from an
EIC will significantly reduce the uncertainty on the !s distribution. It is worth reminding that in
all our fits we fix the first moments of the C-even PDF combinations (!T3 and !T8) to be equal to
the experimental values of the a3 and a8 baryon octet decay constants, based on SU(2) and SU(3)
flavour symmetry. In order to allow for SU(3) symmetry violation, we take the uncertainty on a8 30%
larger than its experimental value, as discussed in Ref. [3]. These assumptions actually fix the small-x
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Polarized PDFs and the EIC
First moments of singlet and gluon PDFs

[E.R. Nocera et al., preparation] 
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Figure 6: Distributions of the singlet (left) an gluon (right) truncated first moments at Q2 = 10 GeV2

over a set of Nrep = 100 replicas from the fits in the present analysis, compared to NNPDFpol1.0 [3].
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Figure 7: The scatter plot for the truncated singlet and gluon first moments computed at Q2 = 10
GeV2 for the fits in the present analysis, compared to NNPDFpol1.0 [3]. Each point corresponds to
a single replica in the PDF ensemble (Nrep = 100), while the ellipse denotes the corresponding 1 ! !
confidence region.
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Fit !!"" !!u+!ū" !!d+!d̄" !!s+!s̄" !!g"

NNPDFpol1.0 [3] 0.22± 0.20 0.80± 0.08 #0.46± 0.08 #0.13± 0.10 #1.15± 4.19

NNPDFpolEIC-A 0.24± 0.08 0.82± 0.02 #0.45± 0.02 #0.13± 0.07 #0.59± 0.86
NNPDFpolEIC-B 0.21± 0.06 0.81± 0.02 #0.47± 0.02 #0.12± 0.07 #0.33± 0.43

Table 4: First moments of the polarized quark distributions at Q2
0 = 1 GeV2 for the fits in the present

analysis, compared to NNPDFpol1.0 [3].

The accurate determination of these quantities has been the motivation for the experimental campaign
of g1 measurements, including future precise measurements at an EIC.

In our previous work [3], we demonstrated that available fixed-target inclusive DIS experimental data
lead to very much uncertain knowledge of the gluon first moment, mostly due to the PDF extrapolation
in the unmeasured low-x region. This is particularly emphasized in the NNPDF framework, which uses
more flexible PDF parametrization in comparison to other analyses [4–7]. In order to quantitatively
assess the improvement on the determination of first moments and their uncertainties due to EIC
pseudodata, we use our NNPDFpolEIC-A and NNPDFpolEIC-B as discussed in the following.

We compute the full first moments, Eq. (1), of the singlet, lightest quark-antiquark combinations
and gluon at Q2

0 = 1 GeV2. The corresponding central value and 1 # ! uncertainties are shown in
Tab. 4, compared to NNPDFpol1.0 [3]. From this table, it is apparent that EIC pseudodata are e#ective
in reducing the uncertainty significantly. In particular, for quarks and antiquarks we observe a reduction
to about a quarter of the initial uncertainty computed from NNPDFpol1.0 [3] parton set; for the gluon
the reduction is even more dramatic, since the final uncertainty may decrease down to the fifth or tenth
part of that from NNPDFpol1.0 [3], depending on which EIC pseudodata sets are included in the fit.
On this point, we also notice that moving from NNPDFpolEIC-A to NNPDFpolEIC-B does not improve
significantly the uncertainty on quark and antiquark first moments, while it may be important for the
gluon first moment, whose uncertainty is cut by a half.

As for the first moment central value, we notice that, for quark-antiquark combination, it is already
well determined in NNPDFpol1.0 [3] by fixed-target inclusive DIS data: moderate fluctuations are
actually seen in our fits including EIC pseudodata, namely NNPDFpolEIC-A and NNPDFpolEIC-B. On
the other hand, the central value of the gluon first moment is quite di#erent among the di#erent fits and
it tends to be less negative as more EIC pseudodata are included in the fit. This is a further indication
that EIC data are e#ective in revealing the underlying structure of the gluon PDF; as already noted in
Fig. 5, the shape of the DSSV gluon [4], used to generate EIC pseudodata, is approached in our fits,
hence the corresponding first moment will be closer to that determined in their analysis.

It is worth noticing that, despite the dramatic improvement in the gluon first moment uncertainty,
the corresponding results quoted in Tab. 4, seems not to completely clarify our knowledge on the gluon
spin contribution. Even for the NNPDFpolEIC-B fit, the gluon first moment still remains compatible,
within its uncertainty, with both zero and a quite large spectrum of negative values, while it seems
unlikely it could be positive. This would imply a negative behaviour of the gluon PDF at low-x values,
since pion and jet production data in proton-proton collisions reasonably suggest it is instead positive
at high-x [2].

In order to assess the residual e#ects of extrapolation on the singlet and gluon first moments
uncertainties at x ! 10!3, we further evaluate them in the truncated interval x $ [10!3, 1],i.e. we
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Compare to truncated moments x∈[10-3;1] 
to assess impact of extrapolation

Q2 = 1 GeV2 Q2 = 10 GeV2

!!"(Q2)"TR !!g(Q2)"TR !!"(Q2)"TR !!g(Q2)"TR !(Q2)

NNPDFpol1.0 [3] 0.25± 0.09 #0.26± 1.19 0.23± 0.16 #0.06± 1.12 +0.861

NNPDFpolEIC-A 0.27± 0.06 #0.53± 0.37 0.23± 0.05 #0.59± 0.50 #0.186
NNPDFpolEIC-B 0.24± 0.05 #0.23± 0.25 0.22± 0.04 #0.19± 0.32 #0.103

Table 5: The singlet and gluon truncated first moments with their 1# " uncertainties at Q2 = 1 GeV2

and Q2 = 10 GeV2 for the fits in the present analysis, compared to NNPDFpol1.0 [3]. The correlation
coe#cient ! at Q2 = 10 GeV2 is also shown.

compute the quantities

!!"(Q2)"TR $
! 1

10!3

dx!"(x,Q2) , !!g(Q2)"TR $
! 1

10!3

dx!g(x,Q2) . (2)

Results at both Q2
0 = 1 GeV2 and Q2 = 10 GeV2 are shown Tab. 5. By comparing the results at Q2 = 1

GeV2 with the corresponding full moments quoted in Tab. 4, one can see that the uncertainty due to
the extrapolation to small-x values is significantly reduced in the fits including EIC pseudodata in
comparison to NNPDFPol1.0 [3]. Nevertheless, while uncertainty due to extrapolation becomes almost
irrelevant for the singlet first moment (similar uncertainties a$ect both the full and the truncated
moments in EIC fits), it may still play an important role for the gluon.

Finally, we study the correlation between singlet and gluon truncated moments. We compute the
correlation coe#cient ! between these quantities as

!(Q2) $
!A(Q2)B(Q2)"rep # !A(Q2)"rep!B(Q2)"rep

"A(Q2)"B(Q2)
, (3)

where A(Q2) $ !!"(Q2)"TR, B(Q2) $ !!g(Q2)"TR, "A(Q2), "B(Q2) are their uncertainties and the
notation !. . . "rep denotes the mean over all the Nrep = 100 replicas in the PDF ensemble. Our results
from the present fits are shown at Q2 = 10 GeV2 in the last column of Tab. 5, and compared to
NNPDFpol1.0 [3]. Interestingly, we observe that the correlation coe#cient ! significantly decreases as
EIC pseudodata are included in the fit.

In Fig. 7, we finally plot the 1 # " confidence region in the (!!"(Q2)"TR, !!g(Q2)"TR) plane at
Q2 = 10 GeV2, for both NNPDFpolEIC-A and NNPDFpolEIC-B, compared to NNPDFpol1.0 [3]. The
confidence regions are elliptical, since we have assumed that the truncated moments are Gaussianly
distributed among the Nrep = 100 replicas in the PDF ensemble. As shown in Fig. 6 this is a reasonable
approximation for all the three parton sets we are considering. In general, deviations from Gaussian
behaviour could be revealed in an e$ective way by considering larger PDF ensembles, for instance made
of Nrep = 1000 replicas, but this goes beyond the purpose of our paper.

The main result of our analysis, Fig. 7, is shown at Q2 = 10 GeV2, in order to ease the comparison
with the analogous plot, Fig. 8 of Ref. [17], based on the DSSV analysis. The comparison of the two
figures shows that in both analysis EIC pseudodata can constrain the singlet truncated first moment
up to about ±0.05; di$erent results are instead obtained for the gluon, which was constrained up to
about ±0.02 in Ref. [17], while was found to have an uncertainty of at least ±0.30 in our present work.
The larger gluon uncertainty we observe may be due to the more flexible PDF parametrization we
use, and to have included only inclusive DIS pseudodata in pur fits. We recall that a large amount of
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Results similar to Ascenauer et al. for the 
first moment of the singlet distribution

Substantially larger uncertainties for the 
gluon distribution (parametrization, SIDIS)



Conclusions & Outlook
Where do we go from here ...

The NNPDF methodology provides an innovative, solid, well-tested 
way of determining (unpolarized/polarized) PDFs from global fits

NNPDF2.3 is the only unpolarized PDF determination to include LHC 
data

... and time will bring more refinements (new data, QED/EW effects, 
Intrinsic Charm ...) to match the increasing accuracy requirements 
of the (LHC) experiments

NNPDFpol1.0 is the first polarized PDF determination based on the 
NNPDF methodology

Work is in progress towards improving it by including RHIC data for 
inclusive jets and W production

EIC, even when only considering inclusive data, has the potential to 
substantially improve our knowledge of polarized PDFs, especially at 
small-x


