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Parton Distributions 
in the high-precision LHC era



In high-energy hadron colliders the collisions involve composite particles (protons) with internal 
substructure (quarks and gluons): the LHC is actually a quark/gluon collider!

Anatomy of hadronic collisions

Calculations of cross-sections in hadron collisions require the combination of perturbative 
cross-sections with non-perturbative parton distribution functions (PDFs)

Parton Distributions
Non-perturbative 
From global analysis

Quark/gluon collisions
Perturbative
From SM Lagrangian
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Why we need better PDFs?

High-mass BSM cross-sections

Dominant TH unc for MW measurements at LHC

Higgs coupling measurements
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Gluon-Fusion Higgs production, LHC 13 TeV

MMHT14
CT14
NNPDF3.0
ABM12
HERAPDF2.0
JR14VF

Gluon-Fusion Higgs production, LHC 13 TeV

Borchemsky et al 2015

HXSWG YR4

ATLAS 2017

HXSWG 2016
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The PDF fitting landscape
The players

April 2017 NNPDF3.0 MMHT2014 CT14 HERAPDF2.0 CJ15 ABMP16

Fixed Target DIS ✔ ✔ ✔ ✘ ✔ ✔

JLAB ✘ ✘ ✘ ✘ ✔ ✘

HERA I+II ✔ ✔ ✔ ✔ ✔ ✔

HERA jets ✘ ✔ ✘ ✘ ✘ ✘

Fixed Target DY ✔ ✔ ✔ ✘ ✔ ✔

Tevatron W,Z ✔ ✔ ✔ ✘ ✔ ✔

Tevatron jets ✔ ✔ ✔ ✘ ✔ ✘

LHC jets ✔ ✔ ✔ ✘ ✘ ✘

LHC vector boson ✔ ✔ ✔ ✘ ✘ ✔

LHC top ✔ ✘ ✘ ✘ ✘ ✔

Stat. treatment Monte Carlo Hessian 
Δχ² dynamical

Hessian 
Δχ² dynamical

Hessian 
Δχ²=1

Hessian 
Δχ²=1.645

Hessian 
Δχ²=1

Parametrization Neural Networks  
(259 pars)

Chebyshev   
(37 pars)

Bernstein  
(30-35 pars)

Polynomial 
(14 pars)

Polynomial 
(24 pars)

Polynomial 
 (15 pars)

HQ scheme FONLL TR’ ACOT-χ TR’ ACOT-χ FFN (+BMST)

Order NLO/NNLO NLO/NNLO NLO/NNLO NLO/NNLO NLO NLO/NNLO

06/201512/201410/2014 01/201706/201606/2015

Ubiali, DIS2017
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5Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

166 pages, 82 figures, > 500 references, to appear in Physics Reports

Only time for a brief snapshot here!



6

A story of success

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

Global PDF fits: highly non-trivial validation of the QCD factorisation framework:
i) including O(5000) data points,

ii) from O(50) experiments, 
iii) several of them with ⪝1% errors, 

yet still manage to achieve χ2/Ndat ⩬ 1 !
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Higher orders matter

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

NNPDF3.1 NNLO NLO

HERA 1.16 1.14

ATLAS 1.09 1.37

CMS 1.06 1.20

LHCb 1.47 1.61

TOTAL 1.148 1.168

NNPDF3.1 is the first NNPDF analysis where we find that NNLO gives a markedly 
superior fit quality as compared to NLO

Direct consequence of the new high-precision measurements included

Strongly suggests that NNLO PDFs should be the baseline in all analyses!
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The inner life of protons

Gluon Quark flavour 
separation

Strange Charm

Photon

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

BFKL 
dynamics
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The inner life of protons
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separation

Strange Charm
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One glue to bind them all

At the LHC, 

Higgs production 
in gluon fusion

Gluinos, KK gravitons,
boosted top-quarks….

charm,bottom
low-mass Drell-Yan

soft QCD, MC tuning

At the LHC, precise knowledge of the gluon is required from small-x to large-x
Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018
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The large-x gluon from differential top quarks

 Top-quark production driven by gluon-gluon scattering

 NNLO calculations for stable top quarks available 

 Data  from  ATLAS  and  CMS  at  8  TeV  available  with 
breakdown of systematic uncertainties

 Included  differential  top  data  into  NNPDF3.0: 
constraints  on  the  large-x  gluon  comparable  to  those  of 
inclusive jet production

 Improved theory uncertainties in regions crucial for BSM 
searches, i.e., mtt > 1 TeV (while fitting only yt and ytt)

Czakon, Mitov et al 2015-2017

Czakon et al 2017

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

(no jets, no top)
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The medium-x gluon from NNLO Z pT

Boughezal et al 2017

 Dominated by quark-gluon scattering, thus sensitive to 
the gluon PDF at intermediate values of x

 NNLO corrections to the Z pT also available: up to 10% 
effects for a measurement that has sub-percent exp errors

 Complementary information on the gluon as compared 
to inclusive jets and differential top pair production

NNLO/NLO

NNLO/NLO

Malik and Watt 2013, Boughezal et al 2017

Boughezal et al 2015-2017, Gehrmann et al 2015-2017

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018
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!
 NNPDF3.1 NNLO: includes jet data using NNLO 

evolution and NLO matrix elements, with scale 
variations as additional TH systematic error!

 The jet pT is always used as central scale choice!

 Also tried variants where ATLAS and CMS 2011 7 
TeV data included using exact NNLO theory!

 Very small impact on the gluon!

 Moderate improvement of the chi2 !

 Only central bin of ATLAS data included - the large 
χ2  once all bins are included remains there once exact 
NNLO theory is used

Currie et at 2016-2017

The large-x gluon from NNLO jets

See also MMHT analysis, Harland-Lang et at 16
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The gluon used to be the worse known PDF ….
Now it exhibits a remarkable robustness!

One (upgraded) glue to bind them all

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018



 D and B meson production from LHCb allow accessing 
the gluon down to x⋍10-6, well below the HERA coverage

 Gluon PDF errors reduced by up to a factor 10!

 Allows robust estimate for the prompt neutrino flux, the 
main background for astrophysical neutrinos at IceCube

 Precision calculation of the UHE neutrino-nucleus cross-
section, with few-percent TH errors up to Eν=1012 GeV

15 Juan Rojo                                                                                                                  LHCP2017, Shanghai, 16/05/2017

The small-x gluon from forward charm production

Prompt neutrino flux at IceCube UHE neutrino-nucleus xsecs

PROSA 2015, Gauld et al 2015

Gauld, JR 2016



 D and B meson production from LHCb allow accessing 
the gluon down to x⋍10-6, well below the HERA coverage

 Gluon PDF errors reduced by up to a factor 10!

 Allows robust estimate for the prompt neutrino flux, the 
main background for astrophysical neutrinos at IceCube

 Precision calculation of the UHE neutrino-nucleus cross-
section, with few-percent TH errors up to Eν=1012 GeV

16 Juan Rojo                                                                                                                  LHCP2017, Shanghai, 16/05/2017

The small-x gluon from forward charm production

Prompt neutrino flux at IceCube UHE neutrino-nucleus xsecs

PROSA 2015, Gauld et al 2015

Gauld et al 2015

Gauld, JR 2016
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The inner life of protons

Gluon Quark flavour 
separation

Strange Charm

Photon

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

BFKL 
dynamics



18

Parton distributions with BFKL resummation 

Perturbative fixed-order QCD calculations have been extremely successful in describing a wealth of 
data from proton-proton and electron-proton collisions

There are theoretical reasons that eventually we need to go beyond DGLAP: at small-x, logarithmically 
enhanced terms in 1/x become dominant and need to be resummed to all orders

 BFKL/high-energy/small-x resummation can be matched to the DGLAP collinear framework, and thus 
be included into a standard PDF analysis

DGLAP
Evolution in Q2

BFKL
Evolution in x

ABF, CCSS, TW + others, 94-08

Within small-x resummation, the NkLO fixed-order DGLAP splitting functions 
are complemented with the NhLLx contributions from BKFL

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018
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A new world at small-x 
Ultimately, the need for (or lack of) BKFL resummation in ep and pp collider data can only be assessed 
by performing a global PDF analysis based on (N)NLO+NLLx theory

 Theoretical tools are now available: HELL for NLLx resummation, interfaced to APFEL

HELL: Bonvini, Marzani, Peraro, Muselli 16-17
https://www.ge.infn.it/~bonvini/hell/

APFEL: Bertone, Carrazza, Rojo 13
https://apfel.hepforge.org/

Ball, Bertone, Bonvini, Marzani, JR,Rottoli 16

NNPDF3.1 (N)NLO+NLL fits stabilize the perturbative PDF expansion at small-x, in particular for the 
gluon, and markedly improve the fit quality to the small-x HERA data

gluon FL(x,Q)
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Using NNLO+NLLx theory, the NNLO instability at small-x of the χ2  disappears

Excellent fit quality to inclusive and charm HERA data achieved in the entire (x,Q2) region 

Evidence for BFKL dynamics in HERA data 

NNLO worsens as we include 
more small-x data

NNLO+NLLx best description everywhere

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

Including more low-x, low Q data                                               
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Nunca es tarde si la dicha es buena 

Jon Butterworth, 
the Guardian, 28/12/2018

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018
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The inner life of protons

Gluon Quark flavour 
separation

Strange Charm

Photon

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

BFKL 
dynamics
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Quark flavour separation from LHC data

effect of CMS+LHCb+D0 W,Z data effect of LHCb W,Z data

 Recent high-precision W and Z production data from 
ATLAS, CMS, LHCb and D0 allow a better separation 
of quark and antiquark flavours

LHCb data in particular provides constrains on the 
light quarks at large-x (i.e. PDF uncertainty reduction 
by a factor 2 in NNPDF3.1 for x≃0.1)

In the MMHT (2016) fit, the new collider W,Z data 
leads to improved determination of x(uV-dV)

Thorne, DIS2017

Alekhin et al 2017

pp->W++X

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018
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The inner life of protons

Gluon Quark flavour 
separation

Strange Charm

Photon

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018
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How bright is the proton?
 The calculation of QED and electroweak corrections to hadron collider processes requires by consistency 
to introduce the PDF of the photon in the proton, ɣ(x,Q)

The first model-independent determination of ɣ(x,Q) from LHC W,Z data was NNPDF2.3QED, which 
however affected by large uncertainties,  due to the limited experimental information

 Recently, ɣ(x,Q) computed in terms of the well-known inclusive structure functions F2 and FL: the 
resulting photon PDF, exhibits now few-percent uncertainties

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

Manohar, Nason, Salam, Zanderighi, 16-17

Crucial implications for LHC pheno: 
high-precision determination of photon-

initiated (PI) contributions
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Illuminating the photon content of the proton

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

Bertone, Carrazza, Hartland, JR 16

 NNPDF3.1luxQED: variant of the NNPDF3.1 global analysis supplemented by 

the LUXqed theoretical constraints, 
NLO QED corrections to DGLAP evolution, and 
NLO QED coefficients functions in DIS

Iterative procedure: photon PDF recomputed at each iteration until convergence is achieved
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There is light in all of us

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

Figure 3.8. The L��/Lgg (left) and L��/Lqq̄ (right plot) ratios of PDF luminosities.
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Figure 3.9. The momentum fraction hxi� carried by photons in the proton (left) and its percentage
uncertainty (right) as a function of Q for NNPDF3.0QED, NNPDF3.1luxQED, and LUXqed17.

fraction for all values of Q. As expected from the PDF-level comparisons, there is a significant
reduction in the uncertainty on the value of hxi� once the LUXqed theoretical constraints are
accounted for. Indeed, while in NNPDF3.0QED the uncertainties in the photon momentum
fraction range from around 50% to 100%, in NNPDF3.1luxQED the contribution of the photon
PDF to the momentum of the proton is known with an accuracy better than 1% over the entire
range in Q. Nevertheless, the central value of hxi� in NNPDF3.0QED turns out to be rather
close to that of NNPDF3.1luxQED, highlighting the consistency between the two approaches.

hxi� (Q = 1.65GeV) hxi� (Q = mZ)

NNPDF3.0QED (0.3± 0.3)% (0.5± 0.3)%

NNPDF3.1luxQED (0.229± 0.003)% (0.420± 0.003)%

LUXqed17 � (0.421± 0.003)%

Table 3.1. The momentum fraction hxi� carried by photons in the proton, Eq. (3.1), at the initial
parametrization scale Q = Q0 = 1.65 GeV and at typical LHC scale Q = mZ .

In Tab. 3.1 we report the photon momentum fraction Eq. (3.1) both at the initial parametri-
sation scale Q0 = 1.65 GeV and at Q = mZ for the three PDF sets including the associated
uncertainties. While in NNPDF3.0QED the photon momentum fraction at the initial scale
is consistent with zero, in NNPDF3.1luxQED one finds a non-zero photon momentum frac-
tion with very high statistical significance. In particular, the photon momentum fraction in
NNPDF3.1luxQED increases from 0.23% at low scales to 0.42% at Q = mZ , with small uncer-
tainties in both cases. For Q = mZ , the results of NNPDF3.1luxQED are fully consistent with
those of LUXqed17, as also shown in Fig. 3.9.

13

In LHC collisions, up to 0.5% of the 
momentum carried by the protons 

corresponds to its photon component!

Photon momentum fraction in the proton
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Photon-intiated processes at the LHC

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018
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Figure 4.1. Representative PI diagrams for various LHC processes: Drell-Yan, vector-boson pair pro-
duction, top-quark pair production, and the associated production of a Higgs with a W boson.

4 Photon-initiated processes at the LHC

We shall now explore some of the implications of NNPDF3.1luxQED for LHC phenomenology.
Specifically, we shall investigate the application of this new set to the study of Drell-Yan, vector-
boson pair production, top-quark pair production, and the associated production of a Higgs
boson with a W boson. Representative PI diagrams contributing to these processes at the
Born level are shown in Fig. 4.1. Our aim is to assess the relative size of the PI contributions
with respect to quark- and gluon-initiated subprocesses at the

p
s = 13 TeV LHC. See also

Refs. [24, 34, 44–48] for recent studies.
The results presented in this section have been obtained at LO in both the QCD and QED

couplings using MadGraph5 aMC@NLO interfaced to APPLgrid through aMCfast. We will compare
the predictions of NNPDF3.1luxQED to those of NNPDF3.0QED and LUXqed17. In all cases we
will use the NNLO PDF sets, though the photon PDF depends only mildly on the perturbative
order (see Fig. 3.2). PDF uncertainties for the NNPDF sets are defined as the 68% confidence
level interval and the central value as the midpoint of this range. This is particularly relevant
for NNPDF3.0QED for which, due to non-Gaussianity in the replica distribution, PDF errors
computed as standard deviations can di↵er by up to one order of magnitude as compared to the
68% CL intervals.

4.1 Drell-Yan production

We begin by examining the role of PI contributions in neutral-current Drell-Yan production. We
will study this process in three di↵erent kinematic regions of the outgoing lepton pair: around
the Z peak, at low invariant masses, and at high invariant masses. We start with the Z peak
region, defined as 60  Mll  120 GeV, where Mll is the lepton-pair invariant mass, and focus
on the central rapidity region |yll|  2.5, relevant for ATLAS and CMS.2 This region provides
the bulk of the Drell-Yan measurements included in modern PDF fits and therefore assessing
the impact of PI contributions is particularly important here.

In Fig. 4.2 we show the ratio of the PI contributions to the corresponding quark- and gluon-
initiated contributions for Drell-Yan production as a function of Mll at

p
s = 13 TeV in the Z

peak region. We compare the predictions of NNPDF3.0QED, LUXqed17, and NNPDF3.1luxQED,
with the PI contributions normalised to the central value of NNPDF3.1luxQED. For reference
we also show the value of the PDF uncertainties in NNPDF3.1luxQED.

We find that PI e↵ects for this process are at the permille level forMll ⇠ MZ but they become
larger as we move away from the Z peak, reaching 3% for Mll = 60 GeV. At the lower edge of the
Mll region the contribution of the PI channel exceeds the level of PDF uncertainty, highlighting
the sensitivity of this distribution to the photon PDF. We find that NNPDF3.1luxQED and
LUXqed17 lead to a larger PI contribution as compared to NNPDF3.0QED at low Mll. As the
PI contribution is only significant away from the Z-peak, where the bulk of the cross-section
lies, these e↵ects may be reasonably neglected in the integrated cross-sections.

Fig. 4.2 demonstrates that the PI contributions in NNPDF3.1luxQED and LUXqed17 lead
to very similar results for Drell-Yan production around the Z peak. We have verified that this
similarity holds also for the low and high mass kinematic regions, as well as for the rest of

2
We have verified that similar results hold for the forward rapidity region, 2.0  yll  4.5, relevant for LHCb.

14

Figure 4.2. The ratio of photon-initiated contributions to the corresponding quark- and gluon-initiated
ones for neutral current Drell-Yan production as function of the lepton-pair invariant mass Mll in the Z
peak region and central rapidities |yll|  2.5 at

p
s = 13 TeV. We compare NNPDF3.0QED, LUXqed17,

and NNPDF3.1luxQED, with the PI contributions in each case normalized to the central value of the
latter. For reference, we also indicate the value of the PDF uncertainties in NNPDF3.1luxQED.
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Figure 4.3. Same as the right panel of Fig. 4.2 for the low (left) and high (right plot) invariant mass
regions, defined as 15 GeV  Mll  60 GeV and Mll � 400 GeV respectively.

processes studied in this section. In the following discussion we will therefore restrict ourselves
to comparisons between NNPDF3.0 and NNPDF3.1luxQED.

We now move to study the low- and high-mass regions, defined as 15  Mll  60 GeV and
Mll � 400 GeV respectively. Drell-Yan low-mass measurements have been presented by ATLAS,
CMS, and LHCb [81,123,124], with the two-fold motivation of providing input for PDF fits and
to study QCD in complementary kinematic regimes. The high-mass region is relevant for BSM
searches that exploit lepton-pair final states, such as those expected in the presences of new
heavy gauge bosons W 0 or Z 0 [125,126].

In Fig. 4.3 we show the same comparison as in the right panel of Fig. 4.2 for the low- and
high-mass regions. In the low-mass case, the PI e↵ects are more significant than in the Z-peak
region, being between 3% and 4% for most of the Mll range, consistently larger that the PDF
uncertainty. We find that PI e↵ects in NNPDF3.1luxQED can be up to a factor three larger than
in the NNPDF3.0QED case due to the corresponding di↵erences in the photon PDF at small x.
In the case of the high-mass region, we observe that the e↵ect of the PI contribution computed
with NNPDF3.1luxQED is comparable to the PDF uncertainties for Mll ⇠

> 3 TeV, eventually
becoming as large as ' 10% of the QCD cross-section. These e↵ects are markedly smaller than
in NNPDF3.0QED, where shifts in the cross-section up to ' 80% due to PI contributions were
allowed within uncertainties.

To conclude this discussion on Drell-Yan at the LHC, we have evaluated the ratio of the LO
PI contributions to the NLO QCD cross-sections for the kinematics of the ATLAS high-mass
Drell-Yan measurements at 8 TeV [40]. Both the Bayesian reweighting study of the ATLAS
paper [40] and the analysis of Ref. [22] indicate that this dataset has a considerable sensitivity
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Figure 4.5. Same as Fig. 4.3 for the production of a W+W� pair, specifically for invariant mass
distribution mWW (left) and the transverse momentum of W bosons pWT (right plot).

Figure 4.6. Same as Fig. 4.3 for the invariant mass distribution of top quark pairs mtt̄ (left) and the
transverse momentum of top quarks ptT (right plot) in top-quark pair production at 13 TeV.

of this process from ATLAS and CMS [128,129] might already be sensitive to the photon PDF.

4.3 Top-quark pair di↵erential distributions

Next we turn to study the impact of the PI contributions on di↵erential distributions in top-
quark pair production (see also Refs. [5,48]). In Fig. 4.6 we show the ratio of the PI contribution
over the QCD cross-section for the invariant mass distribution of top-quark pairs mtt̄ and the
transverse momentum of the single top quarks ptT at the 13 TeV LHC. Unlike in the case of
high-mass Drell-Yan production, we find that the PI contribution to top-quark pair production
is negligible even for the highest values of mtt and ptT accessible at the LHC. Indeed, in the case
of NNPDF3.1luxQED the size of the PI contribution is at the permille level at most. Therefore,
in theoretical calculations of top-quark pair production with electroweak corrections, the PI
contribution can be safely neglected.

From the comparisons in Fig. 4.6 we also see that the PI correction is somewhat larger
in NNPDF3.0QED but with larger associated uncertainties. Even in this case, at the highest
invariant masses the upper edge of the 68% CL interval indicates that corrections due to the PI
contribution are at most 0.1%. We have also verified that the PI contribution to tt̄ production
is phenomenologically negligible also for other distributions such as the rapidity distribution of
top quarks and top-antitop pairs, yt and ytt̄, respectively.

4.4 Higgs production in association with a vector bosons

The last process that we consider in this section is Higgs production in association with a vector
boson, see Fig. 4.1. PI corrections to this process are known to be significant. In the Higgs
Cross Section Working Group prediction for the total cross-sections, where NNPDF3.0QED is
used, the uncertainty due to the PI contribution is the dominant source of theory error [130].

17

 NNPDF3.1luxQED results are consistent with NNPDF3.0QED, with much reduced uncertainties

PI effects can be up to 10% (Drell-Yan) and 30% (WW) at the LHC, with opposite sign wrt EW corrections
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A strange conundrum
 In most PDF fits, strangeness suppressed wrt up and down quark sea due to neutrino dimuon data

 On the other hand, recent collider data, in particular the ATLAS W,Z 2011 rapidity distributions, prefer 
instead a symmetric strange quark sea

Thorne, DIS2017

 The new ATLAS data can be accommodated in the global fits, and i) indeed it increases strangeness, but 
not as much as in  a collider-only fit, and ii) some tension remains between neutrino and collider data

≈ 0.5 (from neutrino, CMS W+c)

≈ 1.0 (from ATLAS W,Z)
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In the global fit,  the resulting strange PDF is the best compromise between the pulls from individual 
experiments. More strange-sensitive measurements are needed to shed more light in this strange mystery!
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How strange is the proton?
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The inner life of protons

Gluon Quark flavour 
separation

Strange Charm

Photon

Juan Rojo                                                                                                                  ZPW2018, Zurich, 17/01/2018

BFKL 
dynamics



33

A charming story
In global PDF fits there are two strategies to treat the charm PDF:

The charm PDF is generated perturbatively via collinear splittings off gluons and light quarks:

Note that the first option is necessarily an assumption, which can only be validated by comparing 
with the results of a direct fit of the charm PDF

The charm PDF is fitted from data, that is, it is treated on an equal footing to light quarks:

Moreover fitting the charm PDF offers several advantages:

 Reduce the dependence of high-scale cross-sections with respect of the value of the charm mass

 Improve the description of high-precision collider data that depend on quark flavor separation

 Compare with models of the non-perturbative (``intrinsic’’) charm content of the proton

Fitting the charm PDFs has many advantages even with for a vanishing non-perturbative component
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Some charm really improves things
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NNLO Fitted Charm NNLO Pert Charm NLO Fitted Charm NLO Pert Charm

HERA 1.16 1.21 1.14 1.15

ATLAS 1.09 1.17 1.37 1.45

CMS 1.06 1.09 1.20 1.21

LHCb 1.47 1.48 1.61 1.77

TOTAL 1.148 1.187 1.168 1.197

 In NNPDF3.1, for collider data, NNLO theory leads to a markedly better fit quality that than NLO 

 The new precision data included has small experimental errors, with NNLO corrections mandatory

 The global PDF analysis where the charm PDF is fitted leads to a slightly superior fit quality than 
assuming a perturbatively generated charm PDF
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The NNPDF3.1 global analysis is performed with a fitted charm PDF.  The recent LHC W,Z data, in 
particular from LHCb, impose stringent constraints on the size of the charm PDFs at Q=mc
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Indications of a non-perturbative component of the charm PDF 
localised at large-x, though its statistical significance is still limited….

Non-perturbative 
component

A charming story

Charm momentum fraction in the proton
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PDFs and precision physics at the LHC Run II

Compare recent PDF fits with fiducial W,Z cross-sections at 
13 TeV from ATLAS

Theory calculations with FEWZ and Horace: NNLO QCD + 
NLO EW. The latter improves agreement with data

Qualitative agreement between theory and data for most 
cases - now looking forward to differential measurements!
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Summary and outlook
 Recent developments in our understanding of the quark and gluon structure of the proton 

have been driven by a combination of:

 Theory:  Progress  in  NNLO  QCD  and  NLO  EW  calculations  for  many  collider 
processes: differential top pairs, inclusive jets, the Z transverse momentum … Also the 
calculation of the photon PDF in terms of DIS structure functions

 Data: a wealth of high-precision measurements from HERA, Tevatron, ATLAS, CMS 
and LHCb, in several cases with sub-percent uncertainties.

 Methodology: fitted charm PDF, combination/reduction methods for different PDFs, 
new software for PDF fits, fast NLO/NNLO interfaces, ….

 Improvements for many Run II analysis: Higgs couplings, MW measurements, heavy BSM 
particle production, precision SM studies, MC validation, …

 Theory uncertainties now likely to be a limiting factor in PDF fits and PDF-related studies: 
urgent need to provide PDF analysis with robust estimates of TH errors, including MHOUs
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PDFs are in excellent shape for

the exploitation of the Run II harvest!

Thanks for your attention!


