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(unpolarized) Parton Distributions
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The distribution of energy that quarks and gluons carry  inside the proton is quantified by the Parton 
Distribution Functions (PDFs)

x: Fraction of the proton’s momentum

Q: Energy of the quark/gluon collision!
Inverse of the resolution length

PDFs are determined by non-perturbative QCD dynamics: cannot be computed from first 
principles, and need to be extracted from experimental data with a global analysis!

Energy conservation!

Dependence with quark/gluon collision energy Q determined in perturbation theory!

g(x,Q): Probability of finding a gluon inside 
a proton, carrying a fraction x of the proton 
momentum, when probed with energy Q
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The Factorization Theorem
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The QCD Factorization Theorem guarantees PDF universality: extract them from a subset of process 
and use them to provide pure predictions for new processes

Determine PDFs in lepton-proton collisions ….

And use them to compute cross-sections 
in proton-proton collisions at the LHC
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The NNPDF approach
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A novel approach to PDF determination, improving the limitations of the traditional PDF fitting methods 
with the use of advanced statistical techniques such as machine learning and multivariate analysis!

Traditional approach: based on restrictive functional forms leading to strong theoretical bias!

NNPDF solution: use Artificial Neural Networks as universal unbiased interpolants

Non-perturbative PDF parametrization

PDF uncertainties and propagation to LHC calculations

Traditional approach:  limited to Gaussian/linear approximation !

NNPDF solution: based on the Monte Carlo replica method to create a probability distribution in the 
space of PDFs. Specially critical in extrapolation regions (i.e. high-x) for New Physics searches

Fitting technique

Traditional approach: deterministic minimization of χ2, flat directions problem!

NNPDF solution: Genetic Algorithms to explore efficiently the vast parameter space, with cross-
validation to avoid fitting stat fluctuations
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ANN as universal interpolators
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ANNs are routinely exploited in high-energy physics, in most cases as classifiers to separate between 
interesting and more mundane events!
ANNs also provide universal unbiased interpolants to parametrize the non-perturbative dynamics 
that determines the size and shape of the PDFs from experimental data!

!
Traditional approach

NNPDF approach

ANNs eliminate theory bias introduced in PDF fits 
from choice of ad-hoc functional forms!

NNPDF fits used O(400) free parameters, to be 
compared with O(10-20) in traditional PDFs. Results 
stable if O(4000) parameters used!!

Faithful extrapolation: PDF uncertainties blow up in 
regions with scarce experimental data!

!
!
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Artificial Neural Networks vs Polynomials
 Compare a benchmark PDF analysis where the same dataset is fitted with Artificial Neural Networks  

and with standard polynomials, other settings identical)!

 ANNs avoid biasing the PDFs, faithful extrapolation at small-x (very few data, thus error blow up)!

!
!

Polynomials Neural Networks

PDF error

PDF error

No Data No Data
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The Monte Carlo replica method
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Two main approaches to estimate PDF uncertainties: the Hessian method and the Monte Carlo method!

In the Hessian method, the χ2  is expanded quadratically in the fit parameters {an} around the best fit!

!
!
!

The Hessian matrix is diagonalized, and PDF errors on cross sections F from linear error propagation

In the Monte Carlo replica method, pseudo-data replicas with same fluctuations as real data are 
generated, and then a PDF fit is performed in each individual replica!

Leads to probability distribution in the space of PDFs, without linear/Gaussian approximations

Original data

Pseudo-data!
MC replica
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Closure Testing of Parton Distributions
 PDF uncertainties have been often criticised by a potential lack of statistical interpretation!

 NNPDF performed a systematic closure tests analysis based on pseudo-data, and verified that PDF 
uncertainties exhibit a statistically robust behaviour!

!
!
!
!
!
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Closure Testing of Parton Distributions

 For instance, if the pseudo-data is generated without statistical fluctuations (that is, identical to the 
input theory) then the agreement with theory by construction should become arbitrarily good!

!
!
!
!
!

Measure of PDF uncertainties in units of data uncertainties!

!
!

 And indeed it does: as the minimization advances, the χ2 decreases monotonically, and the PDF 
uncertainties as well are reduced, as the fitted theory collapses to the underlying law!

!
!
!
!
!

NNPDF 14
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Recent Results with!
Unpolarized NNPDFs
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Figure 11: Left plot: The NNPDF3.0 small-x gluon, evaluated at Q = 2 GeV, comparing the baseline
global fit result with with the new gluon obtained after the inclusion in the fit of the LHCb charm
production data. In the latter case, we show both the reweighted results (rwg) and those after the
unweighting procedure. Right plot: comparison of the percentage PDF uncertainties for the NNPDF3.0
gluon at small-x both with and without the LHCb data.

at 13 TeV. A tabulation of our results is provided in Appendix A, and predictions for di↵erent
binnings and other meson species are available from the authors.

4.1 Forward heavy quark production at
p
s = 13 TeV

First of all, we provide the theory predictions needed to compare with the upcoming LHCb data
on charm and bottom production at the LHC Run II with

p
s = 13 TeV. We will assume the

same binning as for the 7 TeV measurements [32,33], and provide the complete set of theoretical
uncertainties from scales, PDFs, and charm/bottom mass variations. The predictions for any
other binning are also available upon request from the authors. Predictions will be given using
the improved NNPDF3.0+LHCb PDF as input.

First of all, in Fig. 12 we show the predictions for the double di↵erential distributions,
d

2

�(D)/dyDdpDT , for the production of D

0 mesons at LHCb for a center-of-mass energy ofp
s = 13 TeV, both in a central and in a forward rapidity bin. We compare the results of the two

exclusive calculations, POWHEG and aMC@NLO matched to Pythia8. Theory uncertainties
are computed adding in quadrature scale, PDF and charm mass uncertainties. This comparison
shows that there is good agreement between the two calculations, both in terms of central values
and in terms of the total uncertainty band. This agreement also holds for other D mesons and
rapidity regions, not shown here. Thanks to using the improved NNPDF3.0 PDFs with

p
s = 7

TeV LHCb data, PDF uncertainties turn out to be subdominant even at
p
s = 13 TeV, with

scale variations being the dominant source of theoretical uncertainties.
The corresponding comparison for B

0 mesons is shown in Fig. 13. As in the case of the
charm, there is a good agreement between the POWHEG and aMC@NLO calculations, from
low pT ' 0 to the highest values of pT available. The agreement between the theory uncertainty
bands in the two independent calculations provides confidence on the robustness of our results.

The tabulation of the results shown in Figs. 12 and 13 is provided in Appendix A, in particular
in Tables 3 (for D0 mesons) and 4 (for B0 mesons).

17

non-perturbative charm
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!
NNPDF1.0: DIS-only PDFs

!
NNPDF2.0: global fit with hadronic data!
                     used in Higgs discovery papers!

!
NNPDF2.1: LO and NNLO, heavy quark mass effects

!
NNPDF2.3: PDFs with LHC data!

2008 

2010 

2011 

2012 

The NNPDF time-line

2013 
!
NNPDF2.3QED:  QCD+QED fits and photon PDF

2014 
!
NNPDF3.0: the C++ generation, closure test validation

2016 !
NNPDF3IC: the charm content of the nucleon
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PDF constrains from LHC data 
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Figure 11: Left plot: The NNPDF3.0 small-x gluon, evaluated at Q = 2 GeV, comparing the baseline
global fit result with with the new gluon obtained after the inclusion in the fit of the LHCb charm
production data. In the latter case, we show both the reweighted results (rwg) and those after the
unweighting procedure. Right plot: comparison of the percentage PDF uncertainties for the NNPDF3.0
gluon at small-x both with and without the LHCb data.

at 13 TeV. A tabulation of our results is provided in Appendix A, and predictions for di↵erent
binnings and other meson species are available from the authors.

4.1 Forward heavy quark production at
p
s = 13 TeV

First of all, we provide the theory predictions needed to compare with the upcoming LHCb data
on charm and bottom production at the LHC Run II with

p
s = 13 TeV. We will assume the

same binning as for the 7 TeV measurements [32,33], and provide the complete set of theoretical
uncertainties from scales, PDFs, and charm/bottom mass variations. The predictions for any
other binning are also available upon request from the authors. Predictions will be given using
the improved NNPDF3.0+LHCb PDF as input.

First of all, in Fig. 12 we show the predictions for the double di↵erential distributions,
d

2

�(D)/dyDdpDT , for the production of D

0 mesons at LHCb for a center-of-mass energy ofp
s = 13 TeV, both in a central and in a forward rapidity bin. We compare the results of the two

exclusive calculations, POWHEG and aMC@NLO matched to Pythia8. Theory uncertainties
are computed adding in quadrature scale, PDF and charm mass uncertainties. This comparison
shows that there is good agreement between the two calculations, both in terms of central values
and in terms of the total uncertainty band. This agreement also holds for other D mesons and
rapidity regions, not shown here. Thanks to using the improved NNPDF3.0 PDFs with

p
s = 7

TeV LHCb data, PDF uncertainties turn out to be subdominant even at
p
s = 13 TeV, with

scale variations being the dominant source of theoretical uncertainties.
The corresponding comparison for B

0 mesons is shown in Fig. 13. As in the case of the
charm, there is a good agreement between the POWHEG and aMC@NLO calculations, from
low pT ' 0 to the highest values of pT available. The agreement between the theory uncertainty
bands in the two independent calculations provides confidence on the robustness of our results.

The tabulation of the results shown in Figs. 12 and 13 is provided in Appendix A, in particular
in Tables 3 (for D0 mesons) and 4 (for B0 mesons).
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Exploitation of PDF-sensitive information from LHC data: essential component of global PDF fit program

Gauld, Rojo, Rottoli, Talbert 15

D’Enterria, Rojo 12CMS collaboration + Rojo 13
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Parton Distributions with QED corrections 
At the LHC, electroweak corrections can become comparable or larger than QCD effects!

Precision physics thus requires PDFs with QCD+QED evolution, and a determination of the photon PDF

Drell-Yan process: high-mass lepton pair production

QCD-only, leading order

Juan Rojo                                                                                           QCD-N’16, Guetxo, 11/07/2016
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Parton Distributions with QED corrections 
At the LHC, electroweak corrections can become comparable or larger than QCD effects!

Precision physics thus requires PDFs with QCD+QED evolution, and a determination of the photon PDF

QCD-only, leading order QCD+QED, leading order

For many processes, accurate determination of the photon PDF as important as that of quark and gluon PDFs

Drell-Yan process: high-mass lepton pair production

Juan Rojo                                                                                           QCD-N’16, Guetxo, 11/07/2016
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Parton Distributions with QED corrections 
At the LHC, electroweak corrections can become comparable or larger than QCD effects!

Precision physics thus requires PDFs with QCD+QED evolution, and a determination of the photon PDF

parton momentum fraction x

-410 -310 -210 -110 1

)2
 (x

,Q
γ

 x
 

0

0.05

0.1

0.15

0.2
ATLAS InternalATLAS InternalATLAS Internal

2 = 10000 GeV2Q
NNPDF2.3qed
NNPDF2.3qed + ATLAS high-mass DY data
MRST2004qed (member set 0)
MRST2004qed (member set 1)

NNPDF2.3QED: first (and only) QED PDF fit with 
model-independent photon PDF determination ….

…. now being improved with high-statistics 
ATLAS high-mass Drell-Yan measurements

ATLAS collaboration + Rojo 16

Ball, Bertone, Carrazza, Forte, Guffanti, Hartland, Rojo 13

Photon-induced processes ubiquitous at LHC

WW tt

hWhW

ATLAS STDM-2014-06
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The charm content of the proton 
!

 The motivation to fit a charm PDF in a global analysis is two-fold:!

 Stabilise the dependence of LHC calculations with respect to value of the charm mass!

 Quantify the non-perturbative charm component in the proton and compare with models!

Brodsky et al, PLB 1980

!

A 30-years old conundrum of QCD!!

Juan Rojo                                                                                           QCD-N’16, Guetxo, 11/07/2016
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Global QCD analysis with Intrinsic Charm 

Charm momentum fraction

!
At low scales, evidence for a non-perturbative charm component, but PDF errors still large!

At LHC scales, fitted and dynamical charm in good agreement for x < 0.01!

Charm can account up to 1% of the total proton momentum at low scales

non-perturbative charm

Juan Rojo                                                                                           QCD-N’16, Guetxo, 11/07/2016

Ball, Bertone, Bonvini, Carrazza, Forte, Guffanti, Hartland, Rojo and Rottoli 16!
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The charm PDF: implications for the LHC 

Juan Rojo                                                                                                                     Nikhef, Amsterdam, 26/04/2016

!
 A number of LHC processes are sensitive to the charm content of the proton!

 Typically to probe large-x charm we need either large pT or forward rapidities production!

 Within the reach of the LHC at Run II

D meson production

Z+charm production
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PDFs usage in ATLAS and CMS

Parton Distributions are an essential component of many LHC analyses

Juan Rojo                                                                                           QCD-N’16, Guetxo, 11/07/2016



Recent Results with!
Polarized NNPDFs
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2) pp collisions at RHIC: jet and ⇡ production

effects on �g distribution
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NNPDFpol1.1: jet data 2�, ⇡ data 4 DSSV++: jet data 2�, ⇡ 2�
first evidence of sizable gluon polarization

NNPDFpol1.1 and DSSV++ results in perfect agreement

most significant constraints come from STAR jet data from 2009 run

the gluon polarization remains largely uncertain outside the x-range probed by RHIC

Emanuele R. Nocera (UNIGE) Helicity-dependent PDFs October 21, 2014 13 / 25

Model Refs. d/u �d/�u �u/u �d/d A

n
1 A

p
1

SU(6) [41] 1/2 �1/4 2/3 �1/3 0 5/9
RCQM [43] 0 0 1 �1/3 1 1
QHD (�1/2) [44] 1/5 1/5 1 1 1 1
QHD ( ⇢) [44] 0 0 1 �1/3 1 1
NJL [45] 0.20 �0.06 0.80 �0.25 0.35 0.77
DSE (realistic) [46] 0.28 �0.11 0.65 �0.26 0.17 0.59
DSE (contact) [46] 0.18 �0.07 0.88 �0.33 0.34 0.88
pQCD [50] 1/5 1/5 1 1 1 1

NNPDF (x = 0.7) [15, 18] 0.22± 0.04 �0.07± 0.12 0.07± 0.05 �0.19± 0.34 0.41± 0.31 0.75± 0.07
NNPDF (x = 0.8) [15, 18] 0.18± 0.09 0.12± 0.23 0.70± 0.13 0.34± 0.67 0.57± 0.61 0.75± 0.12
NNPDF (x = 0.9) [15, 18] 0.06± 0.49 0.51± 0.69 0.61± 0.48 0.85± 6.55 0.36± 0.61 0.74± 0.34

Table 2: A collection of several model expectations for various ratios of polarized/unpolarized PDFs and spin-dependent neutron
and proton asymmetries, An

1 and A

p
1, at x ! 0. The NNPDF prediction, obtained using unpolarized NNPDF2.3 [18] and polarized

NNPDFpol1.1 [15] parton sets, is shown at Q2 = 4 GeV2 for di↵erent values of x.
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Figure 4: The ratio of polarized to unpolarized total u (left) and d (right) quark combinations as a function of x. Predictions
obtained with NNPDF and DSSV08 parton sets are compared with expectations provided by various theoretical models, see the text
for details. All results are displayed at Q2 = 4 GeV2.

a node in DSSV08. The reason for this di↵erence is
that jet production data in polarized pp collisions
were included in NNPDFpol1.1, but were not in the
original DSSV08 analysis. Actually, the latter has
been recently updated [55] with the inclusion of these
data, and a gluon polarization comparable to that in
NNPDFpol1.1 was found.

• The possibility to discriminate between models at
very large-x values is limited by the wide uncertain-
ties which a↵ect the NNPDF predictions. Indeed, all
model expectations at x ! 1 provided in Tab. 2 are
compatible, within uncertainties, with the NNPDF re-
sult at x = 0.9 and x = 0.8. At a more moderate
value of x, x = 0.7, uncertainties are well under con-
trol. This suggest that the behavior of PDFs remains
largely uncertain at x & 0.7, where no experimen-
tal data are available. Furthermore, as the endpoint

x = 1 is approached, the accuracy of NLO pertur-
bative evolution is a↵ected by powers of ln(1 � x)
which appear in the perturbative coe�cients, and
also nonperturbative e↵ects may become relevant.

• The e↵ective exponents �
q

, defined by Eq. (8), esti-
mate the powerlike behavior of PDFs at su�ciently
large x values, where the latter can be approximated
as q ⇠ (1� x)�q ; q denotes either unpolarized or po-
larized distributions, respectively q = u, ū, d, d̄, s̄, g

or q = �u,�ū,�d,�d̄,�s̄,�g. Results in Tab. 3
and in Fig. 6 suggest that the behavior of e↵ective
exponents for quark and antiquarks distributions is
consistent, within uncertainties, with the expecta-
tion based on QCD counting rules [50, 57]. Indeed,

7

NNPDF, arXiv:1303.7236!
NNPDF, arXiv:1406.5539



21Juan Rojo                                                                                           QCD-N’16, Guetxo, 11/07/2016

Polarised PDFs provide a unique windows on the spin structure of the proton.!

How the proton spin is distributed among its constituents is a crucial issue for our understanding of 
non-perturbative QCD and confinement

Polarised Parton Distributions

Foreword

�f (x ,Q2) = f

)!(x ,Q2)� f

) (x ,Q2)

How do quarks (including sea quarks) and gluons carry the proton spin

S(µ) = 1
2
=

X

f

D
P; S |Ĵz

f (µ)|P; S
E
=

1
2

Z 1

0

dx�⌃(x , µ) +

Z 1

0

dx�g(x , µ) + Lz

All quantities depend on factorization scheme and scale µ

Spin decomposition is not unique (Y. Hatta, S1)

Very little of the proton spin is carried by quarks

Z 1

0

dx�⌃ =

Z 1

0

dx

X

q=u,d,s

(�q +�q̄) ⇠ 30%

Quark and gluon longitudinal contributions () longitudinal spin-dependent PDFs

Emanuele R. Nocera (UNIGE) Helicity-dependent PDFs October 21, 2014 2 / 25

Probes of nucleon helicity structure

Guiding principle: factorization

e.g. DIS d�� =
X

q,q̄,g

�f (x ,Q2)⌦d��̂�⇤f (xP,↵s(Q
2)) d��̂�⇤f =

1X

n=0

⇣↵s

4⇡

⌘n

d��̂(n)
�⇤f

Reaction Partonic subprocess PDF probed x Q2 [GeV2]

`±{p, d, n} ! `±X �⇤q ! q
�q + �q̄

0.003 . x . 0.8 1 . Q2 . 70�g

`±{p, d} ! `±hX �⇤q ! q
�u �ū

0.005 . x . 0.5 1 . Q2 . 60�d �d̄
�g

`±{p, d} ! `±DX �⇤g ! cc̄ �g 0.06 . x . 0.2 ⇠ 10

�!p �!p ! jet(s)X
gg ! qg

�g 0.05 . x . 0.2 30 . p2T . 800
qg ! qg

�!p p ! W±X
uLd̄R ! W+ �u �ū

0.05 . x . 0.4 ⇠ M2
WdLūR ! W� �d �d̄

�!p �!p ! ⇡X
gg ! qg

�g 0.05 . x . 0.4 1 . p2T . 200
qg ! qg

Di↵erent processes constrain di↵erent PDFs, factorization is successful

Emanuele R. Nocera (UNIGE) Helicity-dependent PDFs October 21, 2014 5 / 25

Quarks?               Gluons?               Angular Mom?

First measurements with polarised DIS 
(80s) showed that quark contribution 
much smaller than expected (proton spin 
crisis)!
With the availability of polarised hadronic 
and semi-inclusive data, global polarised 
PDF fits possible!
The NNPDF framework has also been 
applied to the polarized case, with  
NNPDFpol1.1 is the most updated set
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Contribution of gluon polarisation to the proton spin has been of the big unknowns in the last 30 years!
The analysis of RHIC polarised jet data in the NNPDFpol1.1 and DSSV frameworks provides first ever 
evidence for positive (non-zero) polarisation of the gluon in the proton!
Importance of this important result recognised also in media outlets

2) pp collisions at RHIC: jet and ⇡ production

effects on �g distribution
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NNPDFpol1.1: jet data 2�, ⇡ data 4 DSSV++: jet data 2�, ⇡ 2�
first evidence of sizable gluon polarization

NNPDFpol1.1 and DSSV++ results in perfect agreement

most significant constraints come from STAR jet data from 2009 run

the gluon polarization remains largely uncertain outside the x-range probed by RHIC

Emanuele R. Nocera (UNIGE) Helicity-dependent PDFs October 21, 2014 13 / 25

2) pp collisions at RHIC: jet and ⇡ production
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Longitudinal double-spin asymmetry

ALL =
�++ � �+�

�++ + �+�

features

at RHIC, hx1,2i ' 2pTp
s
e�⌘/2 ⇡ [0.05, 0.2]

qg and gg initiated subprocesses dominate
(for most of the RHIC kinematics)

ALL sensitive to gluon polarization

cross sections are well described at NLO in pQCD

measurements

STAR (mainly jets) (Z. Chang & C. Dilk)

PHENIX (⇡ production) (A. Manion & I. Yoon)

much more to come from ongoing RHIC run
! gaining precision
! di-jet measurements

Emanuele R. Nocera (UNIGE) Helicity-dependent PDFs October 21, 2014 12 / 25

2) pp collisions at RHIC: jet and ⇡ production

 (GeV/c)
T

Parton Jet p
5 10 15 20 25 30 35

LL
A

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

| < 0.5η|

STAR 2009
 Jet+X→p+p 

=200 GeVs

 (GeV/c)
T

Parton Jet p
5 10 15 20 25 30 35

LL
A

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07
STAR
BB10
DSSV
LSS10p
LSS10
NNPDF

| < 1η0.5 < |

6.5% scale uncertainty±
from polarization not shown [a

rX
iv
:1
40

5.
51

34
]

 [GeV/c]
T

p
5 6 7 8 9 10 11 12

L
L

A

-0.1

-0.05

0

0.05

0.1

0.15  g = g∆GRSV  g = std∆GRSV 

 g = -g∆GRSV DSSV

0πSTAR 

 + X0π → p + p

 = 200 GeVs
 < 2.0η0.8 < 

6% Scale Uncertainty [a
rX

iv
:1
30

9.
18

00
]

Longitudinal double-spin asymmetry

ALL =
�++ � �+�

�++ + �+�

features

at RHIC, hx1,2i ' 2pTp
s
e�⌘/2 ⇡ [0.05, 0.2]

qg and gg initiated subprocesses dominate
(for most of the RHIC kinematics)

ALL sensitive to gluon polarization

cross sections are well described at NLO in pQCD

measurements

STAR (mainly jets) (Z. Chang & C. Dilk)

PHENIX (⇡ production) (A. Manion & I. Yoon)

much more to come from ongoing RHIC run
! gaining precision
! di-jet measurements

Emanuele R. Nocera (UNIGE) Helicity-dependent PDFs October 21, 2014 12 / 25

Unraveling the gluon polarisation 

Total contribution of gluons to proton spin still unknown since large 
uncertainties at small-x from lack of data: need an Electron-Ion Collider

NNPDF 14
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Inclusive DIS data does not allow to separate polarised quarks from antiquarks!

Recent data on polarised semi-inclusive DIS and hadronic W production allow this separation !

Stringent constraints on non-perturbative models of the polarized proton

The polarised quark sea

1) pp collisions at RHIC: W ± production
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Longitudinal single- and double-spin asymmetries

AL =
�+ � ��

�+ + �� ALL =
�++ � �+�

�++ + �+�

features

quark/antiquark separation at Q ⇠ MW

no need of fragmentation functions

at RHIC, hx1,2i ' MWp
s
e�⌘l/2 ⇡ [0.04, 0.4]

for W+, d  ! d and �d  ! �u

non-trivial positivity bound [arXiv:1104.2920]

1± ALL(yW ) > |AL(yW )± AL(�yW )|

no access to strangeness (W± + c required)

measurements

STAR + PHENIX (Z. Jinlong & F. Giordano)

much more to come from ongoing RHIC run
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Neural Network Fragmentation Functions 
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Emanuele’s talk this afternoon!

Fragmentation functions (FFs) parametrize the non-perturbative dynamics responsible for the 
hadronization process (Rodolfo’s talk)!

As opposed to MC hadronization models, FFs can be used to compute hadron production to much 
higher formal accuracy: NNLO in e+e-, NLO in DIS and pp!

Crucial for our understanding of non-perturbative QCD, to obtain information on the nucleon 
structure from semi-inclusive processes, and for LHC phenomenology, i.e. inclusive hadron 
production as probe of the quark-gluon plasma!

Now working in NNFF1.0, the first set of FFs using the NNPDF methodology

NNFF1.0: Bertone, Carrazza, Nocera and JR, in preparation!
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Neural Network Nuclear PDFs 
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The PDFs of nucleons in bound nuclei 
are modified as compared to the free 
nucleon PDFs !

Nuclear PDFs parametrize a rich variety 
of nuclear effects: shadowing, the EMC 
effect, Fermi motion ….!

High-precision nuclear PDFs are a 
crucial ingredient of the pPb and PbPb 
heavy ion program at the LHC, 
providing the cold-nuclear matter 
benchmark for quark-gluon plasma 
characterisation!

Now working in N3PDF1.0, the first set 
of nuclear PDFs using the NNPDF 
methodology

Preliminary NNPbF gluon Using EPS09

Blue: NNPDF3.0 Lead Green: NNPDF3.0

Lead Gluon PDF

Proton Gluon PDF

R
at

io
 t

o 
pr

ot
on

Nuclear Shadowing
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The NNPDF Roadmap 
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Nucleon Structure

Unpolarized!
present: NNPDF3.0!

future: NNPDF3.1/4.0!
LHC Run II data, theory errors, !

NNLO QCD+NLO EW ….
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The NNPDF Roadmap 
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Nucleon Structure

Unpolarized!
present: NNPDF3.0!

future: NNPDF3.1/4.0!
LHC Run II data, theory errors, !

NNLO QCD+NLO EW ….

Polarized!
present: NNPDFpol1.2!

future: NNPDFpol2.0 (?)!
Semi-inclusive data using NNFFs



29

The NNPDF Roadmap 
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Nucleon Structure

Unpolarized!
present: NNPDF3.0!

future: NNPDF3.1/4.0!
LHC Run II data, theory errors, !

NNLO QCD+NLO EW ….

Polarized!
present: NNPDFpol1.2!

future: NNPDFpol2.0 (?)!
Semi-inclusive data using NNFFs

Nuclear PDFs!
future: N3PDF1.0 (?)!
from nuclear DIS data

TMD-PDFs (?)!
GPDs (?)!

Double PDFs (?)!
from a global analysis of !

Double Parton Scattering data
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LHC Run II data, theory errors, !

NNLO QCD+NLO EW ….

Hadron Fragmentation
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Fragmentation Functions!
present: NNFF1.0!
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from a global analysis of !

Double Parton Scattering data
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Thanks for your attention!


