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➤ Statistically validated methodology
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Figure 3.1: The NNPDF3.1 NNLO PDFs, evaluated at µ2 = 10 GeV2 (left) and µ
2 = 104 GeV2 (right).

3.3 Parton distributions

We now inspect the baseline NNPDF3.1 parton distributions, and compare them to NNPDF3.0
and to MMHT14 [7], CT14 [6] and ABMP16 [8]. The NNLO NNPDF3.1 PDFs are displayed
in Fig. 3.1. It can be seen that although charm is now independently parametrized, it is still
known more precisely than the strange PDF. The most precisely determined PDF over most of
the experimentally accessible range of x is now the gluon, as will be discussed in more detail
below.

In Fig. 3.2 we show the distance between the NNPDF3.1 and NNPDF3.0 PDFs. According
to the definition of the distance given in Ref. [98], d ' 1 corresponds to statistically equivalent
sets. Comparing two sets with Nrep = 100 replicas, a distance of d ' 10 corresponds to a
di↵erence of one-sigma in units of the corresponding variance, both for central values and for
PDF uncertainties. For clarity only the distance between the total strangeness distributions
s
+ = s + s̄ is shown, rather than the strange and antistrange separately. We find important
di↵erences both at the level of central values and of PDF errors for all flavors and in the entire
range of x. The largest distance is found for charm, which is independently parametrized in
NNPDF3.1, while it was not in NNPDF3.0. Aside from this, the most significant distances are
seen in light quark distributions at large x and strangeness at medium x.

In Fig. 3.3 we compare the full set of NNPDF3.1 NNLO PDFs with NNPDF3.0. The
NNPDF3.1 gluon is slightly larger than its NNPDF3.0 counterpart in the x

⇠
< 0.03 region, while

it becomes smaller at larger x, with significantly reduced PDF errors. The NNPDF3.1 light
quarks and strangeness are larger than 3.0 at intermediate x, with the largest deviation seen
for the strange and antidown PDFs, while at both small and large x there is good agreement
between the two PDF determinations. The best-fit charm PDF of NNPDF3.1 is significantly
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NEW DATA IN NNPDF3.1
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New datasets in NNPDF3.1

Combined HERA inclusive data Run I+II quark singlet and gluon

D0 legacy W asymmetries Run II quark flavor separation

ATLAS inclusive W, Z rap 7 TeV 2011 strangeness

ATLAS inclusive jets 7 TeV 2011 large-x gluon

ATLAS low-mass Drell-Yan 7 TeV 2010+2011 small-x quarks

ATLAS Z pT 7,8 TeV 2011+2012 medium-x gluon and quarks

ATLAS and CMS tt differential 8 TeV 2012 large-x gluon

CMS Z (pT,y) 2D xsecs 8 TeV 2012 medium-x gluon and quarks

CMS Drell-Yan low+high mass 8 TeV 2012 small-x and large-x quarks

CMS W asymmetry 8 TeV 2012 quark flavor separation

CMS 2.76 TeV jets 2012 medium and large-x gluon

LHCb W,Z rapidity dists 7 TeV 2011 large-x quarks

LHCb W,Z rapidity dists 8 TeV 2012 large-x quarks

Measurement Data taking Motivation

Juan Rojo                                                                                                                   DIS2017, Birmingham, 04/04/2017(Table thanks to J. Rojo)

Measurement Data Taking Target PDF



NNPDF3.1 GLOBAL - PHENOMENOLOGY (GG)
Significant reduction in uncertainties across the kinematic range



NNPDF3.1 GLOBAL - PHENOMENOLOGY (QQ)
QQ Uncertainties decrease despite greater parametrisation freedom

Uncertainties often towards the percent level
There are other sources of uncertainty to worry about



Neglects correlations with PDF  
fit parameters (  ) - important  
when experimental uncertainties  
are small
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DETERMINING ALPHAS FROM A GLOBAL FIT

[1110.2483]
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Figure 1: The χ2 as a function of αs using NNLO NNPDF2.1 parton distributions. The uncer-
tainty shown is due to the finite size of the PDF replica sample used to compute the χ2 for each
value of αs. The curve is the result of a parabolic fit.

of data points is Ndat = 3357 [2], and at the minimum χ2/Ndat = 1.16. The error bar
shown on each point is the standard deviation determined using the bootstrap method as
described in Ref. [1]. A parabolic fit leads to

αNNLO
s (MZ) = 0.1173 ± 0.0007stat ± 0.0001proc, (1)

where the statistical uncertainty corresponds to a shift by one from the minimum of the
parabola, while the procedural uncertainty is propagated from the finite-size uncertainty
on the χ2 values, and it is clearly completely negligible. The χ2 per degree of freedom of
the parabolic fit shown in Fig. 1 is χ2

par/Ndof = 1.1. This value remains unchanged if the
outer two or four points are removed from the parabolic fit: this means that the behaviour
of the curve shown is parabolic to within the accuracy of the individual points.

Equation (1) is the main result of this paper. It is interesting to compare this to the
NLO result of Ref. [1], namely

αNLO
s (MZ) = 0.1191 ± 0.0006stat ± 0.0001proc, (2)

which was obtained using exactly the same methodology, from PDFs in turn determined
using the same methodology and the same data 1; the value of the χ2 per data point at
the minimum at NLO is also the same, namely χ2/Ndat = 1.16. The result appears to
be perturbatively quite stable. The small difference in statistical error between the NLO

1The number of datapoints for the NLO fit of Ref. [1] is Ndat = 3338 [13]: the slightly lower number of
datapoints in the NLO case is due to the fact that the kinematic cuts on charm structure function data
must be more stringent at NLO in order to exclude data for which NNLO corrections are very large, as
discussed in more detail in Ref. [2].
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Figure 1.1. Comparison between the standard deviation of a pair of correlated variables (↵s, ✓) and the
one-sigma range for the variable ↵s along the best-fit line of ✓. The best fit is denoted as (↵̂s, ✓̂) and the
ellipse is the one-sigma contour about it. The standard deviations on (↵s, ✓) are (�↵,�✓), while �old is
the one-sigma interval for ↵s with fixed ✓ = ✓̂.

correlated, especially if the semi-axes of the ellipse are of very di↵erent length, the procedure
used in our previous work might lead to an underestimate of the uncertainty in ↵s. Hence the
new procedure becomes very relevant, now that some PDF uncertainties are rather small.

It turns out that the implementation of this simultaneous minimization within the NNPDF
methodology is nontrivial: it requires the development of a suitable generalization of the stan-
dard NNPDF approach, which we call the correlated replica method. Using this strategy, ↵s

can be treated like any other quantity that depends on the PDFs. In particular, its central value
and uncertainty can be determined by performing statistics over a replica sample. This means
that, for example, the uncertainty on ↵s is the standard deviation of an ensemble of ↵s values.
As we shall see, this allows for a determination of ↵s with small experimental uncertainties, and
negligible methodological uncertainties. Having reduced very much the size of all other uncer-
tainties, the problem of accurately estimating theoretical uncertainties becomes quite serious.
This is specifically problematic in the case of missing higher-order uncertainties (MHOUs), for
which no fully satisfactory method has been developed. Here we will conservatively estimate the
theoretical uncertainty due to missing higher order QCD corrections (N3LO and beyond) from
half the shift between the NLO and NNLO ↵s values.

This paper consists of two main parts. First, in Sect. 2 we present the correlated replica
method used for the determination of ↵s, explain how it is used to estimate the associated
PDF uncertainties, and compare it with the method used in previous NNPDF determinations.
Then, in Sect. 3 we present our determination of ↵s at NLO and NNLO together with a careful
assessment of all sources of uncertainty. Possible future developments are briefly outlined in
Sect. 4.

2 The correlated Monte Carlo replica method

As discussed in the introduction, the ↵s determination presented here di↵ers from our previous
one [17,18] because now the value of ↵s and its uncertainty are determined from a correlated fit
together with the PDFs. After briefly summarizing the main aspects of the NNPDF methodology
and the way it was used to determine ↵s in Ref. [17, 18], we describe the main idea of the new
method, and then discuss the details of its implementation. Only the salient aspects of the
NNPDF methodology will be recalled here; the reader is referred to the original literature (see
Ref. [16], of which we follow the notation, and references therein) and recent reviews [2, 21, 22]
for a more detailed discussion.
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Previous NNPDF determination  
Based on a scan of NNPDF2.1

Ideally one should minimise PDFs  
and       simultaneously↵S
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Measure the      of best fit PDF  
parameters as a function of ↵S
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NNPDF FITS ARE EXPENSIVE
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Monte Carlo uncertainties
➤ PDFs are formed by ensembles: 

Fits to independent, equally 
likely samples (replicas) of  
the input dataset 

➤ Each result requires 100/1000 
statistically independent  
analysis runs
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Fitting a large dataset only possible making use of pre-computed tables



THE CORRELATED REPLICA METHOD
How can we take into account PDF/       correlations in a ‘MC’ way?↵S
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Figure 3.1. The �2 profiles for each of the 379 c-replicas used for the NNLO determination of ↵s(mZ),
Eq. (3.1). Each curve corresponds to an individual c-replica, and the color scale indicates the best-fit ↵s

value determined from the parabolic fit to that curve.

Figure 3.2. The probability distributions for the best-fit ↵(k)
s values Eq. (2.6) at NNLO (left) and at

NLO (right). Each marker indicates the ↵(k)
s value corresponding to each individual c-replica.

be supplemented by methodological and theoretical uncertainties, to be discussed in Sects. 3.2
and 3.3 below.

The 379 c-replicas selected for the NNLO determination are shown in Fig 3.1. The color
scale of each curve indicates the best-fit ↵s value. It is apparent that the vast majority of
the curves exhibit an approximately parabolic behaviour. The probability distributions of the

best-fit values ↵(k)
s Eq. (2.6) which correspond to each c-replica, both at NLO and at NNLO,

are shown in Fig. 3.2, where the markers indicate the value of ↵(k)
s for each specific c-replica.

These probability densities have been determined using the Kernel Density Estimate method,
see [35]. We find that the probability distribution for ↵s (mZ) is both shifted to higher values
and broadened when going from NNLO to NLO. The decrease of the best-fit value of ↵s (mZ)
when going from NLO to NNLO has been repeatedly observed before, also in our previous
determination [17,18], while the broadening is due to the poorer quality of the NLO fit.

The impact on the ↵s determination of any subset of the input data can be roughly assessed
by studying its contribution to the total figure of merit. We have done this by determining
replica by replica the corresponding partial �2

p for a process (or group of processes) p, defined
as the figure of merit Eq. (2.3) with the summation over i, j now restricted to data which
belong to the specific subset p. The ↵s fit procedure through the correlated replica method
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•For each data sample (replica) perform a scan in 

•Each replica has a preferred value of      (the minimum of each parabola) 

•These preferred values form a MC distribution

↵S
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Figure 3.7. Comparison of the present NNLO determination of ↵s (mZ), Eq. (3.13), with the PDG
average and with the previous ABMP16, MMHT14, and NNPDF2.1 results. For the NNPDF values, the
inner (darker) error bar correspond to experimental uncertainties, while the outer (lighter) one indicates
the sum in quadrature of experimental and theoretical uncertainties.

between PDFs and ↵s, while the theory uncertainty should be compared to Eq. (3.11) which is
also based on the CH method. We conclude that, in comparison to Ref. [18], the current result
is more precise, though with more conservatively estimated uncertainties.

In Fig. 3.7 we compare the NNLO result of Eq. (3.13) to our previous result [18], to the current
PDG average [3], and to two recent determinations obtained from simultaneous fit of PDFs and
↵s (mZ), ABMP16 [41] and MMHT2014 [40]. We find good agreement with the PDG average as
well as with the MMHT14 and NNPDF2.1 determinations. It has been suggested [50, 51] that
the lower ABMP16 value can be partly explained by the use of a fixed-flavour number scheme
for the treatment of DIS data. In fact, it is interesting to observe that the current AMBP16
value is higher than previous values of ↵s (mZ) obtained by the same group [52], from which it
di↵ers because of inclusion in Ref. [41] of LHC data described in an Nf = 5 scheme.

Interestingly, the ↵s (mZ) determination from the NNPDF3.1 fit is higher than any other
recent determination from PDF fits. Inspection of Figs. 3.3 and 3.5 strongly suggests that
this increase is driven by the high-precision LHC data, especially for gauge boson production
(including the Z pT distribution) but also for top and jet production.

4 Summary and outlook

In this work we have presented a new determination of the strong coupling constant ↵s (mZ)
jointly with a global determination of PDFs which, by relying on NNPDF3.1, for the first time
includes a large amount of LHC data using exact NNLO theory in all cases. In comparison to
a previous determination based on NNPDF2.1, our results exploit the new correlated replica
method that is equivalent to the simultaneous fit of PDFs and ↵s. This new method thus fully
accounts for the correlations between PDFs and ↵s in the determination of the best-fit value of
↵s and of the associated uncertainty.

We find that the determination of ↵s (mZ) is considerably stabilized by the use of a wide set of
di↵erent processes and data, and we provide evidence that a global simultaneous determination of
↵s (mZ) and PDFs leads to a more stable and accurate result than the one obtained from subsets
of data. We thus obtain a value of ↵s (mZ) which is likely to be more precise and more accurate
than previous results based on similar techniques. We find that the LHC data consistently lead
to an increase in the central value of ↵s (mZ), and observe good overall consistency between the
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significant impact of LHC data in the more recent determination. In addition, the shift between
NLO and NNLO PDFs is found to be smaller in NNPDF3.1 than in previous NNPDF sets [45],
presumably because MHO terms pull in di↵erent directions and thus partly cancel each other to
a greater extent in a more global fit. Indeed, we find a similar increase of perturbative stability
of PDFs and of the associated ↵s (mZ) by repeating the analysis presented here for reduced
datasets [46]. Therefore, the reduction of the MHOU by a comparable factor in Eq. (3.8) in
comparison to Ref. [18] is expected.

Nevertheless, the very small value of the MHOU at NNLO, Eq. (3.11), even smaller than the
already small experimental uncertainty Eq. (3.1), may seem rather too optimistic. In fact, one
may argue that the applicability of the CH method in this case is questionable, as it relies on the
assumption of the existence of a common expansion Eq. (3.9). Indeed, the present determination
of ↵s (mZ) is obtained by combining several processes, each of which has its own perturbative
expansion, and it was noted in Ref. [44] that the rescaling factor � can vary considerably between
processes.

Taking into account these considerations, we prefer to adopt a more conservative estimate.
Namely, we assume that the MHOU on the NNLO result is half the di↵erence between the NLO
and NNLO results Eq. (3.8):

�↵th
s = 0.0011 (0.9%) , (3.12)

about twice the size of the corresponding experimental uncertainty Eq. (3.1). Whereas this is
surely a very crude estimate, we do not feel that any of the available methods can lead to a
more reliable conclusion.

On top of the missing higher fixed-order QCD corrections, several other aspects of the the-
ory used in the simultaneous determination of ↵s (mZ) and PDFs also lead to uncertainties.
These include the values of the heavy quark masses, standard model parameters (specifically
CKM matrix elements and electroweak couplings), electroweak corrections, QCD resummation
corrections [47, 48], QCD power corrections, and nuclear corrections. Many of these uncertain-
ties were assessed in the NNPDF3.1 PDF determination that we are relying upon [16], and
found to be smaller than PDF uncertainties. In particular, the dependence on the charm mass
in previous PDF determinations is removed in NNPDF3.1 thanks to the presence of an inde-
pendently parametrized charm PDF [49], and electroweak corrections are carefully kept under
control thanks to the choice of suitable kinematic cuts. But PDF uncertainties mix with the
experimental uncertainty on ↵s (mZ), with which they are strongly correlated, and are in fact
indistinguishable from it, as discussed in Sect. 2.1, so the hierarchy of uncertainties on PDFs
and ↵s (mZ) is the same. We conclude that we have evidence that most of these theoretical
uncertainties are sub-dominant in comparison to the experimental uncertainty Eq. (3.1), and
thus even more so in comparison to the MHOU Eq. (3.12).

3.4 Final results and comparisons

We can now collect results. Combining the NNLO value and experimental uncertainty Eq. (3.1),
the methodological uncertainty Eq. (3.7) and the theoretical uncertainty Eq. (3.12) we get

↵NNLO
s (mZ) = 0.1185± 0.0005exp ± 0.0001meth ± 0.0011th = 0.1185± 0.0012 (1%) , (3.13)

where in the last step we have added all uncertainties in quadrature. For a comparison to
other determinations, such as the PDG average, we recommend using only the experimental
uncertainty (the methodological uncertainty being negligible), which reflects the limitations of
our result and procedure, but not the limitation due to the fact that our result is obtained at
NNLO. For precision phenomenology, however, we recommend use of the total uncertainty in
order to conservatively account for the MHOU.

This result can be compared to the previous one [18] based on NNPDF2.1, ↵NNLO
s (mZ) =

0.1173±0.0007exp±0.0009th. In comparison to this older result, the central value of ↵s(mZ) has
increased by �↵s = +0.0012 . As far as uncertainties are concerned, both the theoretical and
experimental uncertainties on this previous result are larger, if one compares like with like. The
experimental uncertainty should actually be compared to Eq. (3.3) as it was obtained with the
same method. The uncertainty is somewhat underestimated because it neglects the correlation
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THEORETICAL UNCERTAINTIES IN PDF FITS
PDF uncertainties often represent only experimental and procedural factors 
Parametric uncertainties due to e.g strong coupling straightforward to handle 

How can we estimate uncertainties due to missing higher orders?

At NLO - measure difference between fits at different perturbative orders

A more difficult question



FITS WITH SCALE VARIED THEORY

4−10 3−10 2−10 1−10       x  
0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

) [
re

f] 
2

) /
 g

 ( 
x,

 Q
2

g 
( x

, Q

Central scales

ref
µ=2

R
µ=

F
µ

/2
ref
µ=

R
µ=

F
µ

NNPDF3.1 DIS-only NLO, Q = 100 GeV



THEORETICAL UNCERTAINTIES IN PDF FITS
Can we build a theoretical ‘covariance matrix’?

�+
i = Oi(µR, µF )�Oi(2µR, 2µF ),

��
i = Oi(µR, µF )�Oi(µR/2, µF /2)
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Consider shifts due to three-point scale variations

One can then construct a theory ‘covariance’

To be added to the experimental matrix

CovTh[Oi,Oj ] = �+
i �

+
j ���

i �
�
j
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CovTotal = CovTh[Oi,Oj ] + CovEx[Oi,Oj ]
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Oi(µR, µF ), (0 < i < Ndat)
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For a set of predictions for an observable at a central scale



THEORY UNCERTAINTIES

Very preliminary
Combined covariance for DIS sets

In progress

How do these matrices influence the fit? 

How do they compare to scale-varied fits?



PATH TO NNPDF 4.0 - NEW DATA

DIS
       HERA c.    
       NOMAD
      CHORUS

JLAB S.Fs

F c
2 , F

b
2

<latexit sha1_base64="Vp3W5QoXOtbeqbaWQ8lDjFCITFQ=">AAAB83icdVDLSgMxFL1TX7W+qi7dBIvgQoaZUrWCi4IgLivYB7RjyaSZNjSTGZKMUIb+hhsXirj1Z9z5N2b6ABU9cLmHc+4lN8ePOVPacT6t3NLyyupafr2wsbm1vVPc3WuqKJGENkjEI9n2saKcCdrQTHPajiXFoc9pyx9dZX7rgUrFInGnxzH1QjwQLGAEayN1r3vle3KCsub3iiXHLlerF6cOmpGKuyBnyLWdKUowR71X/Oj2I5KEVGjCsVId14m1l2KpGeF0UugmisaYjPCAdgwVOKTKS6c3T9CRUfooiKQpodFU/b6R4lCpceibyRDrofrtZeJfXifRQdVLmYgTTQWZPRQkHOkIZQGgPpOUaD42BBPJzK2IDLHERJuYCiaExU/R/6RZtl3Hdm8rpdrlPI48HMAhHIML51CDG6hDAwjE8AjP8GIl1pP1ar3NRnPWfGcffsB6/wKwZJDM</latexit><latexit sha1_base64="Vp3W5QoXOtbeqbaWQ8lDjFCITFQ=">AAAB83icdVDLSgMxFL1TX7W+qi7dBIvgQoaZUrWCi4IgLivYB7RjyaSZNjSTGZKMUIb+hhsXirj1Z9z5N2b6ABU9cLmHc+4lN8ePOVPacT6t3NLyyupafr2wsbm1vVPc3WuqKJGENkjEI9n2saKcCdrQTHPajiXFoc9pyx9dZX7rgUrFInGnxzH1QjwQLGAEayN1r3vle3KCsub3iiXHLlerF6cOmpGKuyBnyLWdKUowR71X/Oj2I5KEVGjCsVId14m1l2KpGeF0UugmisaYjPCAdgwVOKTKS6c3T9CRUfooiKQpodFU/b6R4lCpceibyRDrofrtZeJfXifRQdVLmYgTTQWZPRQkHOkIZQGgPpOUaD42BBPJzK2IDLHERJuYCiaExU/R/6RZtl3Hdm8rpdrlPI48HMAhHIML51CDG6hDAwjE8AjP8GIl1pP1ar3NRnPWfGcffsB6/wKwZJDM</latexit><latexit sha1_base64="Vp3W5QoXOtbeqbaWQ8lDjFCITFQ=">AAAB83icdVDLSgMxFL1TX7W+qi7dBIvgQoaZUrWCi4IgLivYB7RjyaSZNjSTGZKMUIb+hhsXirj1Z9z5N2b6ABU9cLmHc+4lN8ePOVPacT6t3NLyyupafr2wsbm1vVPc3WuqKJGENkjEI9n2saKcCdrQTHPajiXFoc9pyx9dZX7rgUrFInGnxzH1QjwQLGAEayN1r3vle3KCsub3iiXHLlerF6cOmpGKuyBnyLWdKUowR71X/Oj2I5KEVGjCsVId14m1l2KpGeF0UugmisaYjPCAdgwVOKTKS6c3T9CRUfooiKQpodFU/b6R4lCpceibyRDrofrtZeJfXifRQdVLmYgTTQWZPRQkHOkIZQGgPpOUaD42BBPJzK2IDLHERJuYCiaExU/R/6RZtl3Hdm8rpdrlPI48HMAhHIML51CDG6hDAwjE8AjP8GIl1pP1ar3NRnPWfGcffsB6/wKwZJDM</latexit><latexit sha1_base64="Vp3W5QoXOtbeqbaWQ8lDjFCITFQ=">AAAB83icdVDLSgMxFL1TX7W+qi7dBIvgQoaZUrWCi4IgLivYB7RjyaSZNjSTGZKMUIb+hhsXirj1Z9z5N2b6ABU9cLmHc+4lN8ePOVPacT6t3NLyyupafr2wsbm1vVPc3WuqKJGENkjEI9n2saKcCdrQTHPajiXFoc9pyx9dZX7rgUrFInGnxzH1QjwQLGAEayN1r3vle3KCsub3iiXHLlerF6cOmpGKuyBnyLWdKUowR71X/Oj2I5KEVGjCsVId14m1l2KpGeF0UugmisaYjPCAdgwVOKTKS6c3T9CRUfooiKQpodFU/b6R4lCpceibyRDrofrtZeJfXifRQdVLmYgTTQWZPRQkHOkIZQGgPpOUaD42BBPJzK2IDLHERJuYCiaExU/R/6RZtl3Hdm8rpdrlPI48HMAhHIML51CDG6hDAwjE8AjP8GIl1pP1ar3NRnPWfGcffsB6/wKwZJDM</latexit>

µµ
<latexit sha1_base64="KykFcktD7+MO/tgyUGzdlGejD94=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgapgpVSu4KLhxWcE+oB1KJs20sZlkSDJCGfoPblwo4tb/ceffmL5ARQ8JHM65l3vvCRPOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6Hrqtx6o0kyKOzNOaBDjgWARI9hYqdmNU/t6xZLnlqvVyzMPzUnFX5Jz5LveDCVYoN4rfnT7kqQxFYZwrHXH9xITZFgZRjidFLqppgkmIzygHUsFjqkOstm2E3RilT6KpLJfGDRTv3dkONZ6HIe2MsZmqH97U/Evr5OaqBpkTCSpoYLMB0UpR0ai6emozxQlho8twUQxuysiQ6wwMTaggg1heSn6nzTLru+5/m2lVLtaxJGHIziGU/DhAmpwA3VoAIF7eIRneHGk8+S8Om/z0pyz6DmEH3DevwBDXo+R</latexit><latexit sha1_base64="KykFcktD7+MO/tgyUGzdlGejD94=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgapgpVSu4KLhxWcE+oB1KJs20sZlkSDJCGfoPblwo4tb/ceffmL5ARQ8JHM65l3vvCRPOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6Hrqtx6o0kyKOzNOaBDjgWARI9hYqdmNU/t6xZLnlqvVyzMPzUnFX5Jz5LveDCVYoN4rfnT7kqQxFYZwrHXH9xITZFgZRjidFLqppgkmIzygHUsFjqkOstm2E3RilT6KpLJfGDRTv3dkONZ6HIe2MsZmqH97U/Evr5OaqBpkTCSpoYLMB0UpR0ai6emozxQlho8twUQxuysiQ6wwMTaggg1heSn6nzTLru+5/m2lVLtaxJGHIziGU/DhAmpwA3VoAIF7eIRneHGk8+S8Om/z0pyz6DmEH3DevwBDXo+R</latexit><latexit sha1_base64="KykFcktD7+MO/tgyUGzdlGejD94=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgapgpVSu4KLhxWcE+oB1KJs20sZlkSDJCGfoPblwo4tb/ceffmL5ARQ8JHM65l3vvCRPOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6Hrqtx6o0kyKOzNOaBDjgWARI9hYqdmNU/t6xZLnlqvVyzMPzUnFX5Jz5LveDCVYoN4rfnT7kqQxFYZwrHXH9xITZFgZRjidFLqppgkmIzygHUsFjqkOstm2E3RilT6KpLJfGDRTv3dkONZ6HIe2MsZmqH97U/Evr5OaqBpkTCSpoYLMB0UpR0ai6emozxQlho8twUQxuysiQ6wwMTaggg1heSn6nzTLru+5/m2lVLtaxJGHIziGU/DhAmpwA3VoAIF7eIRneHGk8+S8Om/z0pyz6DmEH3DevwBDXo+R</latexit><latexit sha1_base64="KykFcktD7+MO/tgyUGzdlGejD94=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgapgpVSu4KLhxWcE+oB1KJs20sZlkSDJCGfoPblwo4tb/ceffmL5ARQ8JHM65l3vvCRPOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6Hrqtx6o0kyKOzNOaBDjgWARI9hYqdmNU/t6xZLnlqvVyzMPzUnFX5Jz5LveDCVYoN4rfnT7kqQxFYZwrHXH9xITZFgZRjidFLqppgkmIzygHUsFjqkOstm2E3RilT6KpLJfGDRTv3dkONZ6HIe2MsZmqH97U/Evr5OaqBpkTCSpoYLMB0UpR0ai6emozxQlho8twUQxuysiQ6wwMTaggg1heSn6nzTLru+5/m2lVLtaxJGHIziGU/DhAmpwA3VoAIF7eIRneHGk8+S8Om/z0pyz6DmEH3DevwBDXo+R</latexit>

µµ
<latexit sha1_base64="KykFcktD7+MO/tgyUGzdlGejD94=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgapgpVSu4KLhxWcE+oB1KJs20sZlkSDJCGfoPblwo4tb/ceffmL5ARQ8JHM65l3vvCRPOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6Hrqtx6o0kyKOzNOaBDjgWARI9hYqdmNU/t6xZLnlqvVyzMPzUnFX5Jz5LveDCVYoN4rfnT7kqQxFYZwrHXH9xITZFgZRjidFLqppgkmIzygHUsFjqkOstm2E3RilT6KpLJfGDRTv3dkONZ6HIe2MsZmqH97U/Evr5OaqBpkTCSpoYLMB0UpR0ai6emozxQlho8twUQxuysiQ6wwMTaggg1heSn6nzTLru+5/m2lVLtaxJGHIziGU/DhAmpwA3VoAIF7eIRneHGk8+S8Om/z0pyz6DmEH3DevwBDXo+R</latexit><latexit sha1_base64="KykFcktD7+MO/tgyUGzdlGejD94=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgapgpVSu4KLhxWcE+oB1KJs20sZlkSDJCGfoPblwo4tb/ceffmL5ARQ8JHM65l3vvCRPOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6Hrqtx6o0kyKOzNOaBDjgWARI9hYqdmNU/t6xZLnlqvVyzMPzUnFX5Jz5LveDCVYoN4rfnT7kqQxFYZwrHXH9xITZFgZRjidFLqppgkmIzygHUsFjqkOstm2E3RilT6KpLJfGDRTv3dkONZ6HIe2MsZmqH97U/Evr5OaqBpkTCSpoYLMB0UpR0ai6emozxQlho8twUQxuysiQ6wwMTaggg1heSn6nzTLru+5/m2lVLtaxJGHIziGU/DhAmpwA3VoAIF7eIRneHGk8+S8Om/z0pyz6DmEH3DevwBDXo+R</latexit><latexit sha1_base64="KykFcktD7+MO/tgyUGzdlGejD94=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgapgpVSu4KLhxWcE+oB1KJs20sZlkSDJCGfoPblwo4tb/ceffmL5ARQ8JHM65l3vvCRPOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6Hrqtx6o0kyKOzNOaBDjgWARI9hYqdmNU/t6xZLnlqvVyzMPzUnFX5Jz5LveDCVYoN4rfnT7kqQxFYZwrHXH9xITZFgZRjidFLqppgkmIzygHUsFjqkOstm2E3RilT6KpLJfGDRTv3dkONZ6HIe2MsZmqH97U/Evr5OaqBpkTCSpoYLMB0UpR0ai6emozxQlho8twUQxuysiQ6wwMTaggg1heSn6nzTLru+5/m2lVLtaxJGHIziGU/DhAmpwA3VoAIF7eIRneHGk8+S8Om/z0pyz6DmEH3DevwBDXo+R</latexit><latexit sha1_base64="KykFcktD7+MO/tgyUGzdlGejD94=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgapgpVSu4KLhxWcE+oB1KJs20sZlkSDJCGfoPblwo4tb/ceffmL5ARQ8JHM65l3vvCRPOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6Hrqtx6o0kyKOzNOaBDjgWARI9hYqdmNU/t6xZLnlqvVyzMPzUnFX5Jz5LveDCVYoN4rfnT7kqQxFYZwrHXH9xITZFgZRjidFLqppgkmIzygHUsFjqkOstm2E3RilT6KpLJfGDRTv3dkONZ6HIe2MsZmqH97U/Evr5OaqBpkTCSpoYLMB0UpR0ai6emozxQlho8twUQxuysiQ6wwMTaggg1heSn6nzTLru+5/m2lVLtaxJGHIziGU/DhAmpwA3VoAIF7eIRneHGk8+S8Om/z0pyz6DmEH3DevwBDXo+R</latexit>

13TeV Standard Candles
Inclusive jets

W/Z production
High-Mass DY

top-pair production

New processes
2/3-jets

Prompt photon
Single top
D-meson

Datasets/processes under consideration for NNPDF 4.0

NNPDF3.1 NNPDF3.1+ATLAS�

Fixed-target lepton DIS 1.207 1.203
Fixed-target neutrino DIS 1.081 1.087
HERA 1.166 1.169

Fixed-target Drell-Yan 1.241 1.242
Collider Drell-Yan 1.356 1.346
Top-quark pair production 1.065 1.049
Inclusive jets 0.939 0.915
Z pT 0.997 0.980

Total dataset 1.148 1.146

Table 4.5. Same as Table 4.4 now with individual experiments grouped into families of processes.

Figure 4.2. Left: comparison of the gluon PDF at Q = 100 GeV between the NNPDF3.1 and
NNPDF3.1+ATLAS� fits, normalized to the central value of the former. Right: the corresponding
relative one-sigma PDF uncertainties in each case.

the kinematic coverage spanned by the ATLAS measurements shown in Fig. 2.1.
The second is a downward shift of the gluon central value in the large-x region, by an

amount of up to two thirds of the PDF uncertainty. For instance at x ' 0.4 the gluon in
NNPDF3.1+ATLAS� is about 4% smaller than in NNPDF3.1. Interestingly, the same trend
was observed when adding top-quark pair differential distributions to NNPDF3.0 [6]. The overall
consistency of the ATLAS direct photon data with the NNPDF3.1 dataset is highlighted by the
fact that in the whole range of x the two fits are consistent within uncertainties.

In addition to the impact of the photon data on the gluon, it is important to determine if the
new data is consistent with the quark PDFs. In Fig. 4.3 we show the comparison of the quark
PDFs at Q = 100 GeV between the NNPDF3.1 and NNPDF3.1+ATLAS� fits. We find only
rather small changes upon the addition of the photon data, both in terms of central values and
of uncertainties, The exception is the charm PDF, which decreases in uncertainty across the full
x range, partly due to its relation to the gluon via perturbative evolution. We therefore conclude
that the ATLAS data does not introduce tensions with the quark PDFs, and furthermore does
not strongly impact the size of their respective uncertainties.

Finally, in Fig. 4.4 we show the same comparison between theory predictions and experi-
mental data as in Fig. 4.1 now for the NNPDF3.1 and NNPDF3.1+ATLAS� sets for the three
rapidity bins of the ATLAS 8 TeV data included in the fit. We can see how in this case the
predictions obtained with NNPDF3.1+ATLAS� as an input move closer to the central values
of the experimental data as compared to the NNPDF3.1 baseline, although by a small amount.
These findings are consistent with the corresponding variations at the PDF level discussed in
Figs. 4.2 and 4.3.
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Impact of ATLAS prompt photon studied in J. Campbell et al [1802.03021]



PATH TO NNPDF 4.0 - METHODOLOGY
As our dataset gets larger, it’s important to assess our methodology
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A large dataset with a flexible  
parametrisation presents a complex  
optimisation problem

Our parametrisation is flexible 
to minimise bias, but can it be 
made more efficient?

Figure 2. Arc-lengths L for PDFs determined via the NGA and CMA-ES minimisers . Results
are normalised to the NGA value, and uncertainties are given as asymmetric 68% confidence
intervals.

Figure 3. Gluon PDF ensemble distributions for the NGA (left) and the CMA-ES (right)
minimisers. Each distribution is normalised to its central-value.

the results, further tests are needed. In Ref. [3] the consistency of the PDF uncertainties were
determined by means of statistical closure tests. For the minimiser investigated here to provide
reliable fits of PDFs, it must be able to demonstrate closure on a pseudo-dataset. These tests
we leave for a future work.
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Fits are computationally expensive
Can modern optimisation tools help?

➤ Evolutionary Strategies 

➤ Analytical gradients



SUMMARY

NNPDF3.1: released June 2017
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Figure 3.1: The NNPDF3.1 NNLO PDFs, evaluated at µ2 = 10 GeV2 (left) and µ
2 = 104 GeV2 (right).

3.3 Parton distributions

We now inspect the baseline NNPDF3.1 parton distributions, and compare them to NNPDF3.0
and to MMHT14 [7], CT14 [6] and ABMP16 [8]. The NNLO NNPDF3.1 PDFs are displayed
in Fig. 3.1. It can be seen that although charm is now independently parametrized, it is still
known more precisely than the strange PDF. The most precisely determined PDF over most of
the experimentally accessible range of x is now the gluon, as will be discussed in more detail
below.

In Fig. 3.2 we show the distance between the NNPDF3.1 and NNPDF3.0 PDFs. According
to the definition of the distance given in Ref. [98], d ' 1 corresponds to statistically equivalent
sets. Comparing two sets with Nrep = 100 replicas, a distance of d ' 10 corresponds to a
di↵erence of one-sigma in units of the corresponding variance, both for central values and for
PDF uncertainties. For clarity only the distance between the total strangeness distributions
s
+ = s + s̄ is shown, rather than the strange and antistrange separately. We find important
di↵erences both at the level of central values and of PDF errors for all flavors and in the entire
range of x. The largest distance is found for charm, which is independently parametrized in
NNPDF3.1, while it was not in NNPDF3.0. Aside from this, the most significant distances are
seen in light quark distributions at large x and strangeness at medium x.

In Fig. 3.3 we compare the full set of NNPDF3.1 NNLO PDFs with NNPDF3.0. The
NNPDF3.1 gluon is slightly larger than its NNPDF3.0 counterpart in the x

⇠
< 0.03 region, while

it becomes smaller at larger x, with significantly reduced PDF errors. The NNPDF3.1 light
quarks and strangeness are larger than 3.0 at intermediate x, with the largest deviation seen
for the strange and antidown PDFs, while at both small and large x there is good agreement
between the two PDF determinations. The best-fit charm PDF of NNPDF3.1 is significantly
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The path to NNPDF4.0

➤ New data

➤ Theory uncertainties

➤ Methodology

Almost 40 new datasets due to be investigated

How can we best represent PDF uncertainties due to MHO corrections? 

How can our fitting procedure keep pace with the dataset?
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INTRINSIC CHARM
➤ The charm PDF is a borderline perturbative object

Most PDF fits assume that charm is generated perturbatively by evolution 

Such an assumption can lead to a disproportionate influence of the charm mass
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Relaxing this assumption by fitting charm can stabilise results 



NNPDF FITS ARE EXPENSIVE
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Monte Carlo uncertainties
➤ PDFs are formed by ensembles:  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NNPDF3.1 GLOBAL FIT RESULTS
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NNPDF3.1 GLOBAL FIT RESULTS - DATA VS METHODOLOGY
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NNPDF3.1 GLOBAL FIT RESULTS - DATA VS METHODOLOGY
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THE STRANGENESS PUZZLE

Tension in strangeness between global fits and xFitter persists in NN3.1

Rs(x,Q
2) =

⇥
s(x,Q2) + s̄(x,Q2)

⇤
/
⇥
ū(x,Q2) + d̄(x,Q2)

⇤

NNPDF3.1 Global NNPDF3.1 Collider
ATLAS 2011 W/Z 2.14 1.55
ATLAS 2010 W/Z 0.96 0.92
NuTeV dimuon 0.82 26.5

Driven by disagreement  
between collider data and  
neutrino DIS



THE STRANGENESS PUZZLE
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INCLUSIVE JET DATA AT NNLO
While the full NNLO calculation for inclusive jet production has been finalised,  
exact K-factors for several of the jet datasets were not available at time of publication

Therefore for NNLO fits, the jet data was included at NLO accuracy, but 
with an additional uncertainty determined by NLO scale variation
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Reliability verified by comparison against fit with available NNLO corrections


