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Abstract

We present NNPDF3.0, the first set of parton distribution functions (PDFs) determined with
a methodology validated by a closure test. NNPDF3.0 uses a global dataset including HERA-II
deep-inelastic inclusive cross-sections, the combined HERA charm data, jet production from
ATLAS and CMS, vector boson rapidity and transverse momentum distributions from ATLAS,
CMS and LHCb, W+c data from CMS and top quark pair production total cross sections from
ATLAS and CMS. Results are based on LO, NLO and NNLO QCD theory and also include
electroweak corrections. To validate our methodology, we show that PDFs determined from
pseudo-data generated from a known underlying law correctly reproduce the statistical distribu-
tions expected on the basis of the assumed experimental uncertainties. This closure test ensures
that our methodological uncertainties are negligible in comparison to the generic theoretical and
experimental uncertainties of PDF determination. This enables us to determine with confidence
PDFs at different perturbative orders and using a variety of experimental datasets ranging from
HERA-only up to a global set including the latest LHC results, all using precisely the same
validated methodology. We explore some of the phenomenological implications of our results for
the upcoming 13 TeV Run of the LHC, in particular for Higgs production cross-sections.
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Charm in PDF fits
‣ Consistent heavy quark treatment is essential in modern PDF fits. PDF fits explore a wide range of 

scales Q2. Two different cases: 

•                                               Heavy quark mass effects are required for precision results   
•                                                Collinear logarithms may become large -> resummation of collinear logs 

‣ Use of Variable Flavour Number Scheme (VFNS): combinations of calculations valid close and far 
from threshold   

‣ Assumption: heavy quark PDFs are perturbatively generated above the threshold

Light quarks: 
Heavy quarks: 

‣ Possible presence of an intrinsic component in the charm PDF  

‣ Significant dependence on the matching scale at low perturbative orders

Brodsky et al.

mc � 1.3 GeV

m2
l � �2

QCD

m2
h � �2

QCD

Introduction of a fitted heavy quark PDF for the charm quark

Q2 � m2
h

Q2 � m2
h

The charm quark plays a special role 
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NNPDF with fitted charm 3

‣ Dataset: 

Fit settings based on NNPDF3.0 analysis

Some differences:

‣ Methodology

‣ Theory

New HERA legacy data
EMC charm structure functions
Stringent cuts on DY

Most of this talk

56 J.J. Aubert et al. / Production of charmed particles 

~/)5.2 + 0.5. There was no artificial renormalisation between the different data sets and 
the fit X 2 was 203 for 134 degrees of freedom. 

These parameters give a good phenomenological description of open charm and 
charmonium production in the framework of the photon-gluon fusion model rather 
than a direct measurement. However, the fact that the open charm and charmonium 
(JAb) data both yield consistent powers of the gluon distribution is a strong 
constraint on it. The overall X 2 of the fit shows that the photon-gluon fusion model 
gives an acceptable description for both open charm and charmonium production. 

5.8. THE CONTRIBUTION, F~2- , OF OPEN CHARM PRODUCTION 
TO THE NUCLEON STRUCTURE FUNCTION F 2 

The muon differential cross section d2o/dQ2dJ, was used to obtain the contribu- 
tion of open charm, F2 ~e to the nucleon structure function F 2 assuming that 
R(=  OL/OT) is zero. Fig. 13 shows F~  versus Q2 in 3 fixed p bins for the dimuon 
data. Fig. 14 shows F~ as a function of Q2 in fixed x bins and also the values of 
F 2 measured in single/~ scattering on hydrogen and iron with the same apparatus 
[12, 32]. Fig. 15 shows the variation of the slope dF~/din Q2 of straight lines fitted 
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Fig. 13. The contribution, F2 co, of charm production to the nucleon structure function F 2. The curves 
show the predictions from the photon-gluon fusion model and from a 1% expected intrinsic charm 

content of the nucleon. The data of [37] are also shown for comparison. 

PDF parameterization basis supplemented by c+

37 free parameters

FONLL scheme needs to be modified to include charm-initiated contributions

Correction terms implemented in APFEL (benchmark with massiveDISfunction)

c+(x, Q2
0) = x�a(1 � x)bNN(x)
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3 and 4 flavour schemes
The quark mass acts as IR regulator

Two possible choices:
‣ 3 flavour scheme: standard massless factorization for the light 

quarks and massive collinear logs in the coefficient functions

‣ 4 flavour scheme: collinear logarithms are factorized into the 
PDFs: introduction of an effective heavy quark PDF

Several formalisms which differ by terms which are subleading when charm is perturbatively generated: 
ACOT, S-ACOT, FONLL, TR, BPT

f (3)
i (Q2) = �

j=g,q,q̄
�(3)

ij (Q2, Q2
0) � f (3)

i (Q2
0)

f (4)
i (Q2) = �

j=g,q,q̄,c,c̄
�(4)

ij (Q2, Q2
0) � f (4)

i (Q2
0)

4

MS (light)  
CWZ (heavy)

Renormalization: 

F(3)(Q2, m2
c ) = �

i=g,q,q̄
C(3)
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Massive collinear factorization: ACOT
‣ ACOT scheme based on a factorization scheme proved by Collins in 1998 

‣ Coefficient functions obtained using standard massless collinear counter-terms for light partons and 
massive collinear counter-terms for heavy quarks

S-ACOT simplification: for hard-scattering processes with incoming heavy quarks or with internal on-
shell cuts on a heavy quark line, the heavy quark mass can be set to zero for these pieces

Computation of the massive coefficient functions cumbersome Fully available only at NLO

S-ACOT simplification exploits the factorization ambiguity present when the heavy quarks 
evolve from gluons

No ambiguity to exploit if there is an intrinsic contribution in the heavy quark PDF 

no IC

5
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The FONLL scheme
Basic idea of the FONLL approach:  combine 3FS and 4FS and subtract double counting

‣ No need to define new factorization schemes: only non-trivial part is the identification of the double 
counting  

‣ The double counting is identified as the massless limit of the 3FS result* (equivalently, fixed order 
expansion of 4FS)

‣ The coefficient function                contains only finite terms and collinear logarithms       C(�,�)
i

•  
Interpolation between the two limits

•  

FFONLL(Q2, m2
c ) = F(4)(Q2, 0) + F(3)(Q2, m2

c ) � d.c.

Q2 � m2
c

Q2 � m2
c

FFONLL(Q2, m2
c ) = F(4)(Q2, 0) + O(m2

c /Q2)

FFONLL(Q2, m2
c ) = F(3)(Q2, m2

c ) + higher orders

6

*expressed in terms of 
the PDFs in the 4FSF(3,0)(Q2, m2

c ) = �
i=g,q,q̄,c,c̄

C(3,0)
i
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FONLL with and without IC
Final expression is written using 4FS PDFs

‣ Original FONLL (FLNR): 3FS PDFs in terms of light flavours only

‣ PDFs in the 3FS must be expressed in terms of the PDFs in the 4FS

Without IC there is freedom in the definition of the inverse

‣ New FONLL (with IC) need all flavours: no freedom

Intrinsic charm contribution is subleading without intrinsic charm

f (4)
j = �

k=light
A(4)

jk (m2
c ) � f (3)

k + A(4)
jc (m2

c ) � f (3)
c

f (3)
j = �

k=light

�
Ã(4)(m2

c )
��1

jk � f (4)
k , j = light

f (3)
j = �

k=light+charm

�
A(4)(m2

c )
��1

jk � f (4)
k , j = light+charm

FFONLL(Q2, m2
c ) = FFONLL(Q2, m2

c )
���
FLNR

+ �FFONLL(Q2, m2
c )

Additional term to be added to FONLL (FLNR)
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FONLL and ACOT

New FONLL (with IC) is equivalent to ACOT

All-order equivalences between the two schemes

Original FONLL (FLNR)  is equivalent to S-ACOT

‣ Consequence of the fact that there is no ambiguity 

‣ Valid with and without IC 

‣ Neglecting the mass dependence in the coefficient functions with incoming charm 
equivalent to the noIC result 

‣ FONLL (FLNR) not possible with IC

Without IC the difference is subleading: simplified version (FONLL (FLNR) = S-ACOT) convenient

Calculations with fitted charm require new FONLL with IC  (=ACOT)
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Fit results 9
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‣ Fitted Charm different from perturbatively generated charm at low scales 

‣ Large uncertainties in the case of fitted charm, especially in the small-x region 

‣ At large x fitted charm is larger than dynamical charm 

‣ Agreement at 1      level at Q=100 GeV 

‣ Charm momentum can be as large as 1% within 68% C.L. 

�
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Scheme dependence 10
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Intrinsic and non-perturbative contributions 11
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‣ Hints of breakdown of the perturbative description at Q~1.5 GeV 

‣ Large-x structure independent of the value of Q Intrinsic charm?
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Summary

Determination of the charm content of the proton in the NNPDF approach

12

Extension of the FONLL scheme to include charm-initiated contributions

‣ new FONLL equivalent to ACOT 
‣ FONLL (FLNR) equivalent to S-ACOT

Larger uncertainties at low scales in the case of fitted charm

Limits of the perturbative description at Q � mc
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Fit results 14
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Impact of EMC data 15
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Fit results 16
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Fit results 17
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Fit results 18
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Fit results 19
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Fit results 20
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