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Figure 3: Comparison of the photon PDF at Q = 1.414 GeV (left) and Q = 100 GeV (right) between
NNPDF3.0QED, NNPDF2.3QED, MRST2004QED with “current” (mem=0) and “constituent” (mem=1)
quark masses, and CT14QED with photon momentum fractions pg

0 = 0% and pg
0 = 0.14%. Uncertainties for

NNPDF3.0QED and NNPDF2.3QED are given as 68% CL level symmetric around the central value.
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Fig. 4. (a) Inclusive results for the various PDF sets and the sum of the EPA, DD and SD terms for the MRST2004QED set, in comparison with the pure DY term (here the 
LUXqed curve overlaps the CT14QED_inc one). (b) We include the DY contribution in the results obtaining the complete prediction for the di-lepton invariant mass distribution 
from the various PDF sets. The shaded areas represent the photon PDF systematic uncertainty. (c) Relative size of the photon PDF error over the complete di-lepton spectrum 
(PI + DY). The DY has been evaluated using CTEQ6L set for the LUXqed and CT14QED_inc curves, while for the other curve we have used the NNPDF3.0QED set only. Note that 
the curves have been rescaled accordingly to the legend in order to fit in the plot. (d) Ratio between the PI cross sections obtained with the LUXqed and the CT14QED_inc 
sets, and between the sum of the EPA, DD and SD terms obtained with the CT14QED set and the inclusive result of CT14QED_inc. (For interpretation of the references to 
colour in this figure, the reader is referred to the web version of this article.)

the present collected luminosity L ≃ 13 fb−1, one would expect 
zero SM background events beyond Mll = 3 TeV. If taking into ac-
count the NNPDF3.0QED uncertainty, one could possibly have up 
to 3 events at that mass scale. This result could have a profound 
impact on BSM searches for wide resonances and in particular 
non-resonant scenarios, like contact interactions, where the SM 
background is estimated from theory as we discuss in the next 
section.

As a cross check to exclude possible double counting intrinsic 
in the QED PDFs definition, we have compared the PI contribu-
tion obtained through Eq. (2.1) using the inclusive CT14QED_inc 
set, with the sum of the three separate terms EPA, SD and DD 
obtained using the CT14QED set. The result is shown in Fig. 4(d) 
where we plot the ratio between these two quantities (blue line). 
Here we can appreciate that using different PDF definitions we are 
able to separate inclusive and exclusive contributions, keeping the 
double counting at the level of percent or below. In the same plot 
we show the comparison between the two close central values for 
the PI obtained with the LUXqed and the CT14QED_inc sets, their 
differences being below 7% in all the spectrum.

In the next section we examine implications of the above re-
sults on Z ′-boson searches at the LHC. As noted earlier, the LUXqed 
set is the set which gives the smallest photon PDF uncertainties, 
while NNPDF3.0QED gives the largest. Taking the LUXqed uncer-
tainty bands, the central values both for sets which employ a 
very different approach from LUXqed (such as NNPDF3.0QED and 
xFitter_epHMDY) and for sets which are more similar in spirit to 

LUXqed (such as MRST2004QED and CT14QED) are outside the un-
certainty bands.

4. QED effects on Z ′-boson searches

In this section, we will explore the impact of the photon in-
duced processes on searches for Z ′ resonances in the di-lepton 
channel for an LHC centre of mass energy of 13 TeV. For a review 
of Z ′-boson physics see Refs. [30–33] and references therein.

In this paper we adopt the recently published NNPDF3.0 for 
computing both the Z ′-boson signal and the SM background taking 
into account the photon induced contributions. The earlier paper 
on this topic in Ref. [5] used the NNPDF2.3 set. While there is no 
observable change in the Z ′-boson signal and the SM DY back-
ground, both induced by quark–antiquark interactions, the QED 
terms have been improved. The NNPDF3.0QED set has significantly 
reduced the global photon induced central value by a factor of 
1.7–1.8  for Mll > 3 TeV. Moreover, it has slightly decreased the 
error band by roughly 20% in the same invariant mass region, 
while still preserving the agreement between all PDF collabora-
tions. We use inclusive sets results to examine the consequences 
of photon-induced contributions to the di-lepton spectrum on 
Z ′-boson searches at the LHC. As already shown in Ref. [5], bump 
searches for narrow resonances are not significantly affected by the 
systematic uncertainties due to initial photon interactions. This is 
because these searches are not extremely sensitive to the back-
ground shape. It is in the event of searches for wide resonances 
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previously determined via

Physical model 

Data driven model 
e.g independently parametrised photon distribution 

➤ NNPDF2.3 QED 
➤ NNPDF3.0 QED

e.g radiation from model valence quarks 
➤ MRST2004 QED 
➤ CT14 QED

 - Sensitivity to underlying model

- Lack of sensitive data to provide constraint
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Figure 67: Left: overview of the various contributions to the photon PDF �(x,Q2) in the LUXqed approach as a function
of x at Q = 100 GeV. Right: comparison of the photon PDFs from CT14qed inc, MRST2004, NNPDF2.3/3.0 and
LUXqed, normalized to the central value of the latter.

Phenomenology
In Fig. 68 (left) we show the NNPDF3.0QED �� luminosity at

p
s = 13 TeV, including the 68%

C.L. error bands. A very large PDF uncertainty is evident, in particular at higher system mass MX . As
discussed above, the input component in Eq. (142) is poorly determined within this approach, due to limited
constraints placed by the available experimental data. It is therefore unsurprising that the PDF errors should
be most significant at higher mass, as here the relative contribution from this input component is larger,
due the reduced phase space for PDF evolution. In addition, the central value of the luminosity is seen to
lie towards the upper end of the uncertainty band. As discussed in [28, 525], this exhibits a much gentler
decrease with MX in comparison to the QCD parton luminosities. However, also plotted is the LUXqed
result, and the di↵erence is dramatic. The central value lies towards the lower end of the NNPDF band at
higher mass, with a PDF uncertainty that is smaller than the line width of the plot. We also show the result
of [525], labelled HKR16, which includes the elastic contribution to the input photon and a simple model
for the remaining inelastic component. This demonstrates a similar trend. Thus, simply applying basic
physical conditions on the form of the photon PDF, and including the dominant coherent input Eq. (140)
gives a qualitatively similar result.

Taking a closer look, in Fig. 68 (right) we show the ratio of the HKR16, CT14QED and xFitter HMDYep
results to the LUXqed luminosity. The xFitter HMDYep set is extracted in [52] by applying a similar agnos-
tic methodology to NNPDF, but including the more constraining ATLAS high mass Drell–Yan data [531]
in the fit; this therefore represents the most up to date set within such an approach. Again, the LUXqed
uncertainty band is barely visible on the curve, varying from 1� 2% over the considered mass interval. The
CT14QEDinc prediction, which includes an elastic component, is consistent, but with larger ⇠ 20 � 40%
uncertainties, due to the more limited constraints placed by the ZEUS isolated photon production data on
the inelastic input13. The HKR prediction lies somewhat below the LUXqed result, outside of the quoted

13In addition, the ZEUS data are selected by requiring that at least one track associated with the proton side is reconstructed
within the detector acceptance. While this will remove the elastic component entirely, which will produce no extra tracks, it is also
possible for the proton dissociation products in the inelastic case to fall outside the acceptance and therefore not pass such a cut.
Thus while CT14QED use these data to extract the total inelastic component, at least part of this will also be removed by this cut.
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2 Fit settings

In this section we describe the fit configuration of the NNPDF3.1luxQED global analysis. We
begin with a review of the input experimental dataset. We then discuss the theoretical frame-
work, including a short summary of the relevant aspects of the LUXqed formalism along with
the treatment of QED e↵ects in the DGLAP evolution and the DIS structure functions. Finally,
we present the strategy adopted to include the photon PDF in the global fit accounting for the
LUXqed theoretical constraints.

2.1 Experimental data

The NNPDF3.1luxQED analysis is based on the same dataset as the recent NNPDF3.1 global
fit [15]. This dataset includes fixed-target [49–56] and HERA [19] inclusive DIS measurements;
charm and bottom cross-sections from HERA [57]; fixed-target Drell-Yan production [58–61];
Tevatron gauge boson and inclusive jet production [62–66]; along with electroweak boson pro-
duction, inclusive jet, and tt̄ cross-sections from ATLAS [67–81], CMS [82–93] and LHCb [94–98].
We refer to Ref. [15] for details about the implementation of each experiment.

For consistency, in this study we use exactly the same dataset as in NNPDF3.1, and in
particular the same choice of kinematic cuts. Note that a number of those cuts were determined
with the aim of minimising the potential e↵ects from EW corrections and PI contributions. This
choice implies that the kinematic regions more sensitive to PI e↵ects are deliberately cut away.
In addition, we do not include some recent measurements with known sensitivity to the photon
PDF, such as the ATLAS high-mass Drell-Yan measurement at 8 TeV [39], since these were not
part of the NNPDF3.1 dataset.

2.2 The LUXqed formalism

We briefly review the LUXqed formalism for the determination of the photon PDF, focusing on
those features relevant to its implementation in a global analysis. For a comprehensive discussion
we refer the reader to Refs. [40,41]. In the LUXqed procedure, the photon PDF can be expressed
in terms of the lepton-proton scattering inclusive structure functions F2 and FL by means of an
exact QED calculation as follows:

x�(x, µ) =
1

2⇡↵(µ)

Z 1

x

dz

z

(Z µ2/(1�z)

Q2
min

dQ2

Q2
↵2(Q2)

"
� z2FL(x/z,Q

2)

+

 
zP�q(z) +

2x2m2
p
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!
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2)
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� ↵2(µ)z2F2(x/z, µ

2)

)
+O

�
↵↵s,↵

2
�
,

(2.1)

where mp is the proton mass, µ is the factorisation scale, ↵ the running QED coupling, and P�q

the photon-quark splitting function. The lower integration limit in the Q2 integral is given by
Q2

min = (m2
px

2)/(1� z).
Note that the integral in z in Eq. (2.1) extends up to z = 1. Therefore the LUXqed photon

has an explicit dependence upon the elastic component of the structure functions, proportional
to �(1� z). This component can be expressed in terms of the electric and magnetic form factors
GE and GM . In [40, 41], the elastic component of �(x, µ) is determined using the form factors
extracted from a fit to world data by the A1 collaboration [99] for Q2

 10 GeV2. The dipole
model is then used to extrapolate the form factors to larger values of Q2. A corresponding un-
certainty due to the treatment of the large-Q2 extrapolation region is included in the evaluation
of the photon PDF.

Furthermore, we observe that the Q2 integral in Eq. (2.1) requires an understanding of the
structure functions down to potentially very low scales, well outside the region where pertur-
bative QCD is applicable. Following the prescription of Refs. [40, 41], the integration in Q2

of the inelastic component (z < 1) of F2 and FL is achieved by combining parameterisations
of experimental data with the perturbative computation in terms of PDFs where appropriate.
Specifically, contributions to the inelastic structure functions come from two regions separated
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Express the photon PDF directly in terms of proton structure functions

Contributions from 
•Elastic scattering (data) 
•Low-Q inelastic (data) 
•High-Q inelastic (PDFs)
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LUXQED PHOTON IN NNPDF

1. Momentum sum rule

Figure 2.1. Flow diagram representing the NNPDF3.1luxQED fitting strategy. In the last iteration
nite, once the procedure has converged, the additional LUXqed17 are added to �(x,Q), see Sect. 2.5.

2.4 Fitting strategy

The determination of the NNPDF3.1luxQED set is performed by means of an iterative proce-
dure. The starting point is a prior set of quark and gluon PDFs, in this case NNPDF3.1. From
this PDF set, the high-Q2 inelastic component of the photon PDF is computed at Q = 100 GeV
using Eq. (2.1), while for the other components the same inputs as in Ref. [41] are adopted. The
resulting photon PDF is then evolved down to the parametrisation scale Q0 = 1.65 GeV and
used as a fixed input in a refit of quark and gluon PDFs.

In this refit, the DGLAP evolution equations consistently include QED e↵ects, the PI contri-
bution to the DIS structure functions is taken into account, and the momentum sum rule reads

Z 1

0
dx x (⌃(x,Q0) + g(x,Q0) + �(x,Q0)) = 1 . (2.2)

This procedure, schematically illustrated in Fig. 2.1, is repeated until convergence is reached, in
the sense that a stable photon PDF, and thus stable quark and gluon PDFs, are obtained. We
consider stable the results of two consecutive iterations where the central value of the photon
PDF varies by less than a fraction of its uncertainty.

As usual in the NNPDF approach, PDF uncertainties are represented by means of an en-
semble of Nrep Monte Carlo replicas. Each replica is required to meet a set of quality criteria,
discussed in Ref. [37], with fits failing these criteria being discarded. As the present study in-
volves an iterative procedure, one must start with a sample of replicas large enough such that
once all nite iterations have been completed a significant number of replicas still survives. To
this end, here we use a prior sample of Nrep = 500 replicas.

Each replica will lead to di↵erent high-Q2 DIS structure functions and therefore, by virtue
of Eq. (2.1), to a di↵erent photon PDF that is used as an external constraint in the following fit.
The resulting quark and gluon PDFs are then used as an input to the following iteration of the
fitting procedure, until convergence is reached. As the NNPDF3.1 dataset is (by construction)
relatively insensitive to the photon PDF, the convergence is rapid and results are stable already
after the second iteration. In future analyses, when hadronic measurements sensitive to PI
contributions will be included, convergence is likely to be slower.
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➤ LUXqed generates a photon based on an input QCD PDF set 

➤ Why do we want to include the photon in the fit?

The photon can modify results of a QCD PDF fit in several ways

Aim: an NNPDF3.1 fit consistently including the LUXqed photon 
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2. QED-corrected PDF evolution
➤ DGLAP: 

➤ DIS structure functions 

➤ NNPDF3.1 dataset (PI cuts)
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3. Photon-induced (PI) processes
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LUXQED PHOTON IN NNPDF

1. Momentum sum rule

Figure 2.1. Flow diagram representing the NNPDF3.1luxQED fitting strategy. In the last iteration
nite, once the procedure has converged, the additional LUXqed17 are added to �(x,Q), see Sect. 2.5.

2.4 Fitting strategy

The determination of the NNPDF3.1luxQED set is performed by means of an iterative proce-
dure. The starting point is a prior set of quark and gluon PDFs, in this case NNPDF3.1. From
this PDF set, the high-Q2 inelastic component of the photon PDF is computed at Q = 100 GeV
using Eq. (2.1), while for the other components the same inputs as in Ref. [41] are adopted. The
resulting photon PDF is then evolved down to the parametrisation scale Q0 = 1.65 GeV and
used as a fixed input in a refit of quark and gluon PDFs.

In this refit, the DGLAP evolution equations consistently include QED e↵ects, the PI contri-
bution to the DIS structure functions is taken into account, and the momentum sum rule reads

Z 1

0
dx x (⌃(x,Q0) + g(x,Q0) + �(x,Q0)) = 1 . (2.2)

This procedure, schematically illustrated in Fig. 2.1, is repeated until convergence is reached, in
the sense that a stable photon PDF, and thus stable quark and gluon PDFs, are obtained. We
consider stable the results of two consecutive iterations where the central value of the photon
PDF varies by less than a fraction of its uncertainty.

As usual in the NNPDF approach, PDF uncertainties are represented by means of an en-
semble of Nrep Monte Carlo replicas. Each replica is required to meet a set of quality criteria,
discussed in Ref. [37], with fits failing these criteria being discarded. As the present study in-
volves an iterative procedure, one must start with a sample of replicas large enough such that
once all nite iterations have been completed a significant number of replicas still survives. To
this end, here we use a prior sample of Nrep = 500 replicas.

Each replica will lead to di↵erent high-Q2 DIS structure functions and therefore, by virtue
of Eq. (2.1), to a di↵erent photon PDF that is used as an external constraint in the following fit.
The resulting quark and gluon PDFs are then used as an input to the following iteration of the
fitting procedure, until convergence is reached. As the NNPDF3.1 dataset is (by construction)
relatively insensitive to the photon PDF, the convergence is rapid and results are stable already
after the second iteration. In future analyses, when hadronic measurements sensitive to PI
contributions will be included, convergence is likely to be slower.
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➤ LUXqed generates a photon based on an input QCD PDF set 

➤ Why do we want to include the photon in the fit?

The photon can modify results of a QCD PDF fit in several ways

Aim: an NNPDF3.1 fit consistently including the LUXqed photon 

2. QED-corrected PDF evolution
➤ DGLAP: O(↵↵S)
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➤ DIS structure functions 

➤ NNPDF3.1 dataset (PI cuts)
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3. Photon-induced (PI) processes
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LUXQED PHOTON IN NNPDF

1. Momentum sum rule

Figure 2.1. Flow diagram representing the NNPDF3.1luxQED fitting strategy. In the last iteration
nite, once the procedure has converged, the additional LUXqed17 are added to �(x,Q), see Sect. 2.5.

2.4 Fitting strategy

The determination of the NNPDF3.1luxQED set is performed by means of an iterative proce-
dure. The starting point is a prior set of quark and gluon PDFs, in this case NNPDF3.1. From
this PDF set, the high-Q2 inelastic component of the photon PDF is computed at Q = 100 GeV
using Eq. (2.1), while for the other components the same inputs as in Ref. [41] are adopted. The
resulting photon PDF is then evolved down to the parametrisation scale Q0 = 1.65 GeV and
used as a fixed input in a refit of quark and gluon PDFs.

In this refit, the DGLAP evolution equations consistently include QED e↵ects, the PI contri-
bution to the DIS structure functions is taken into account, and the momentum sum rule reads

Z 1

0
dx x (⌃(x,Q0) + g(x,Q0) + �(x,Q0)) = 1 . (2.2)

This procedure, schematically illustrated in Fig. 2.1, is repeated until convergence is reached, in
the sense that a stable photon PDF, and thus stable quark and gluon PDFs, are obtained. We
consider stable the results of two consecutive iterations where the central value of the photon
PDF varies by less than a fraction of its uncertainty.

As usual in the NNPDF approach, PDF uncertainties are represented by means of an en-
semble of Nrep Monte Carlo replicas. Each replica is required to meet a set of quality criteria,
discussed in Ref. [37], with fits failing these criteria being discarded. As the present study in-
volves an iterative procedure, one must start with a sample of replicas large enough such that
once all nite iterations have been completed a significant number of replicas still survives. To
this end, here we use a prior sample of Nrep = 500 replicas.

Each replica will lead to di↵erent high-Q2 DIS structure functions and therefore, by virtue
of Eq. (2.1), to a di↵erent photon PDF that is used as an external constraint in the following fit.
The resulting quark and gluon PDFs are then used as an input to the following iteration of the
fitting procedure, until convergence is reached. As the NNPDF3.1 dataset is (by construction)
relatively insensitive to the photon PDF, the convergence is rapid and results are stable already
after the second iteration. In future analyses, when hadronic measurements sensitive to PI
contributions will be included, convergence is likely to be slower.
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➤ LUXqed generates a photon based on an input QCD PDF set 

➤ Why do we want to include the photon in the fit?

The photon can modify results of a QCD PDF fit in several ways

Aim: an NNPDF3.1 fit consistently including the LUXqed photon 

2. QED-corrected PDF evolution
➤ DGLAP: 

➤ DIS structure functions 

➤ NNPDF3.1 dataset (PI cuts)
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3. Photon-induced (PI) processes
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LUXQED PHOTON IN NNPDF

Figure 2.1. Flow diagram representing the NNPDF3.1luxQED fitting strategy. In the last iteration
nite, once the procedure has converged, the additional LUXqed17 are added to �(x,Q), see Sect. 2.5.

2.4 Fitting strategy

The determination of the NNPDF3.1luxQED set is performed by means of an iterative proce-
dure. The starting point is a prior set of quark and gluon PDFs, in this case NNPDF3.1. From
this PDF set, the high-Q2 inelastic component of the photon PDF is computed at Q = 100 GeV
using Eq. (2.1), while for the other components the same inputs as in Ref. [41] are adopted. The
resulting photon PDF is then evolved down to the parametrisation scale Q0 = 1.65 GeV and
used as a fixed input in a refit of quark and gluon PDFs.

In this refit, the DGLAP evolution equations consistently include QED e↵ects, the PI contri-
bution to the DIS structure functions is taken into account, and the momentum sum rule reads

Z 1

0
dx x (⌃(x,Q0) + g(x,Q0) + �(x,Q0)) = 1 . (2.2)

This procedure, schematically illustrated in Fig. 2.1, is repeated until convergence is reached, in
the sense that a stable photon PDF, and thus stable quark and gluon PDFs, are obtained. We
consider stable the results of two consecutive iterations where the central value of the photon
PDF varies by less than a fraction of its uncertainty.

As usual in the NNPDF approach, PDF uncertainties are represented by means of an en-
semble of Nrep Monte Carlo replicas. Each replica is required to meet a set of quality criteria,
discussed in Ref. [37], with fits failing these criteria being discarded. As the present study in-
volves an iterative procedure, one must start with a sample of replicas large enough such that
once all nite iterations have been completed a significant number of replicas still survives. To
this end, here we use a prior sample of Nrep = 500 replicas.

Each replica will lead to di↵erent high-Q2 DIS structure functions and therefore, by virtue
of Eq. (2.1), to a di↵erent photon PDF that is used as an external constraint in the following fit.
The resulting quark and gluon PDFs are then used as an input to the following iteration of the
fitting procedure, until convergence is reached. As the NNPDF3.1 dataset is (by construction)
relatively insensitive to the photon PDF, the convergence is rapid and results are stable already
after the second iteration. In future analyses, when hadronic measurements sensitive to PI
contributions will be included, convergence is likely to be slower.
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Strategy: Include LUXqed photon via an iterative procedure

LUXqed uncertainties added  
upon final iteration



CONVERGENCE OF ITERATIVE PROCEDURE

Figure 2.2. Comparison of the photon, gluon, up quark, and down quark PDFs at Q = 100 GeV
between the first and second iterations fit (ITE1 and ITE2 respectively) of the fitting procedure sketched
in Fig. 2.1. For completeness, we also show the third and final iteration of the procedure nite (ITE3)
where the additional LUXqed17 systematic variations have been added to �(x,Q), see Sect. 2.5

There are two main di↵erences between our strategy and the direct application of Eq. (2.1)
to NNPDF3.1. Firstly, the influence of the photon PDF in the DGLAP evolution equations and
in the DIS structure functions is consistently taken into account during the fit of the quark and
gluon PDFs. Secondly, the contribution of the photon PDF to the total momentum fraction is
properly treated by imposing the momentum sum rule Eq. (2.2) during the fits. While these
e↵ects are likely to be small in this specific analysis, our framework is fully general and allows for
the consistent inclusion of hadronic observables sensitive to the photon-initiated contributions.

In order to illustrate the convergence of the procedure, in Fig. 2.2 we show a comparison
of the photon, gluon, up quark, and down quark PDFs at Q = 100 GeV between the first and
the second iteration (labelled ITE1 and ITE2, respectively). We have verified that additional
iterations leave the photon PDF unchanged, demonstrating that stability has been reached. For
completeness, in Fig. 2.2 we also show the third and final iteration of the procedure (ITE3), where
the additional LUXqed17 systematic variations are added to the photon PDF (see Sect. 2.5). As
expected, these have the largest impact in the region x

⇠
> 0.05, where the elastic contribution

to the photon PDF is most important.

2.5 The uncertainties on the photon PDF

As mentioned above, the calculation of the photon PDF in terms of structure functions involves
several contributions: the elastic component, the inelastic resonance component, and the in-
elastic low- and high-Q2 continuum components. Only the last component can be factorised in

7

Procedure converges quickly (note LUXqed uncertainties in third iteration)



NNPDF3.1QED - THE PHOTON
Result: an NNPDF3.1 set with a consistent photon PDF

Figure 3.1. Left: comparison of the NNPDF3.1luxQED photon at Q = 100 GeV with that of
LUXqed16/17 normalized to the central value of the latter. The bottom panel indicates the relative
uncertainty on the photon PDF in each case. Right: the same comparison, now including only the
uncertainties on �(x,Q) related to the quark and gluon PDFs in the high-Q2 inelastic component.

In order to gauge the stability of the photon PDF with respect to the perturbative order
of the QCD calculations used in the fit, in Fig. 3.2 we compare the photon PDFs from the
NNPDF3.1luxQED NLO and NNLO fits, normalised to the central value of the former. The
photon distributions are consistent within uncertainties, demonstrating good perturbative sta-
bility. Indeed, the shift due to the change in perturbative order is outside the PDF error bands
only in the small-x region, where the photon is sensitive to the prior PDF used for the computa-
tion of the high-Q2 inelastic component. In addition, we find that the photon PDF uncertainties
are una↵ected by the variation of the perturbative order.

In order to quantify the di↵erences between photon PDFs determined from global analyses
with and without imposing the LUXqed theoretical constraint, we compare NNPDF3.1luxQED
with NNPDF3.0QED. In the following, the PDF uncertainties of NNPDF3.0QED are computed
as 68% confidence-level (CL) intervals, with the central value taken to be the midpoint of the
interval. In Fig. 3.3 we show the photon distributions from these two sets at Q = 1.65 GeV (left
plot) and Q = 100 GeV (right plot). We find that both at low and high scales, in the region
x
⇠
> 2⇥ 10�2 the two determinations agree within uncertainties. For x

⇠
< 2⇥ 10�2 instead, the

NNPDF3.0QED photon undershoots NNPDF3.1luxQED by up to 40% at Q = 100 GeV. At
high scales, PDF uncertainties in NNPDF3.0QED are at the level of a few percent at small x
but become as large as almost 100% at large x. The uncertainties in NNPDF3.1luxQED are
instead at the level of a few percent over the entire range in x (see also Fig. 3.1).

It is also interesting to examine the relative size of the photon PDF with respect to the
total quark singlet and gluon PDFs. This allows us to estimate where PI contribution to
hadron-collider processes becomes sizeable as compared to quark- and gluon-initiated subpro-
cesses. In Fig. 3.4 we compare the predictions of NNPDF3.0QED and NNPDF3.1luxQED for
the �(x,Q)/⌃(x,Q) (left) and �(x,Q)/g(x,Q) (right) ratios at Q = 100 GeV. From the right
panel of Fig. 3.4 we observe that the �/⌃ ratio is around O(10�2) ' O(↵QED) over the entire
range of x. On the other hand, from the right panel of Fig. 3.4 we find that for x

⇠
> 0.01 the

�/g ratio becomes larger than the �/⌃ one. In fact, the �/g ratio is as large as 10% for x ' 0.5.
Therefore, we find that that complementing a data-driven determination of the photon PDF

with the LUXqed theoretical constraints allows for a precise determination of the photon PDF
in the entire range of x relevant for applications at the LHC.
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Figure 3.1. Left: comparison of the NNPDF3.1luxQED photon at Q = 100 GeV with that of
LUXqed16/17 normalized to the central value of the latter. The bottom panel indicates the relative
uncertainty on the photon PDF in each case. Right: the same comparison, now including only the
uncertainties on �(x,Q) related to the quark and gluon PDFs in the high-Q2 inelastic component.

In order to gauge the stability of the photon PDF with respect to the perturbative order
of the QCD calculations used in the fit, in Fig. 3.2 we compare the photon PDFs from the
NNPDF3.1luxQED NLO and NNLO fits, normalised to the central value of the former. The
photon distributions are consistent within uncertainties, demonstrating good perturbative sta-
bility. Indeed, the shift due to the change in perturbative order is outside the PDF error bands
only in the small-x region, where the photon is sensitive to the prior PDF used for the computa-
tion of the high-Q2 inelastic component. In addition, we find that the photon PDF uncertainties
are una↵ected by the variation of the perturbative order.

In order to quantify the di↵erences between photon PDFs determined from global analyses
with and without imposing the LUXqed theoretical constraint, we compare NNPDF3.1luxQED
with NNPDF3.0QED. In the following, the PDF uncertainties of NNPDF3.0QED are computed
as 68% confidence-level (CL) intervals, with the central value taken to be the midpoint of the
interval. In Fig. 3.3 we show the photon distributions from these two sets at Q = 1.65 GeV (left
plot) and Q = 100 GeV (right plot). We find that both at low and high scales, in the region
x
⇠
> 2⇥ 10�2 the two determinations agree within uncertainties. For x

⇠
< 2⇥ 10�2 instead, the

NNPDF3.0QED photon undershoots NNPDF3.1luxQED by up to 40% at Q = 100 GeV. At
high scales, PDF uncertainties in NNPDF3.0QED are at the level of a few percent at small x
but become as large as almost 100% at large x. The uncertainties in NNPDF3.1luxQED are
instead at the level of a few percent over the entire range in x (see also Fig. 3.1).

It is also interesting to examine the relative size of the photon PDF with respect to the
total quark singlet and gluon PDFs. This allows us to estimate where PI contribution to
hadron-collider processes becomes sizeable as compared to quark- and gluon-initiated subpro-
cesses. In Fig. 3.4 we compare the predictions of NNPDF3.0QED and NNPDF3.1luxQED for
the �(x,Q)/⌃(x,Q) (left) and �(x,Q)/g(x,Q) (right) ratios at Q = 100 GeV. From the right
panel of Fig. 3.4 we observe that the �/⌃ ratio is around O(10�2) ' O(↵QED) over the entire
range of x. On the other hand, from the right panel of Fig. 3.4 we find that for x

⇠
> 0.01 the

�/g ratio becomes larger than the �/⌃ one. In fact, the �/g ratio is as large as 10% for x ' 0.5.
Therefore, we find that that complementing a data-driven determination of the photon PDF

with the LUXqed theoretical constraints allows for a precise determination of the photon PDF
in the entire range of x relevant for applications at the LHC.
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➤ Photon in good agreement with LUXqed result 

➤ Smaller uncertainties at low-x (where PDF errors dominate) 



Figure 3.4. The ratios of the photon PDF to the quark singlet �(x,Q)/⌃(x,Q) (left) and to the gluon
�(x,Q)/g(x,Q) PDFs (right) for Q = 100 GeV, comparing NNPDF3.0QED and NNPDF3.1luxQED. The
corresponding LUXqed17 results are very similar to the NNPDF3.1luxQED ones and thus not shown.
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Figure 3.5. Comparison of the total quark singlet (left) and gluon PDFs (right) between NNPDF3.1
and NNPDF3.1luxQED at Q = 100 GeV, normalised to the central value of the former.

PDF and by the QED contributions to the DGLAP evolution. Since the PDF4LHC15 set is
built as a combination of three di↵erent PDF sets, namely CT14, MMHT14, and NNPDF3.0,
it exhibits larger uncertainties that the individual sets. We find good compatibility between
the singlet and gluon of NNPDF3.1luxQED and LUXqed17, with the PDF errors of the former
being rather smaller. These reduced uncertainties are particularly noticeable for the medium
and large-x gluon PDF, due to the several gluon-sensitive experiments included in NNPDF3.1
such as top-quark pair distributions [120] and the Z boson pT [121].

3.3 Partonic luminosities

Next we compare partonic luminosities integrated over rapidity as a function of the final-state
invariant mass MX for photon-photon and photon-quark initial states (see [44] for the defini-
tions used). In Fig. 3.7 we compare the L�� luminosity obtained with the NNPDF3.0QED,
NNPDF3.1luxQED, and LUXqed17 sets for a centre-of-mass energy of

p
s = 13 TeV. From the

left panel of Fig. 3.7 we observe good agreement between NNPDF3.0QED and NNPDF3.1luxQED.
The two sets agree within uncertainties over the entire mass range considered, except for L��

at MX ⇠
< 30 GeV where NNPDF3.1luxQED overshoots NNPDF3.0QED. Evident once again is

the e↵ect of the LUXqed constraints on the photon PDF uncertainty, with the errors of just a
few percent as compared to the determination that does not account for them. From Fig. 3.7
we also see that there is good agreement between LUXqed17 and NNPDF3.1luxQED both at
the level of central values and ofuncertainties. Only at MX ⇠

> 1 TeV NNPDF3.1luxQED tends
to be a few percent larger than LUXqed17. Similar considerations hold for the Lq� luminosities.

Following the PDF-level comparisons presented in Sect. 3.1, it is instructive to also consider
the ratios of the photon-photon luminosity over gluon-gluon and over quark-antiquark lumi-
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NNPDF3.1QED - QUARK AND GLUON DISTRIBUTIONS

Inclusion of the LUXqed photon has a moderate impact

Future inclusion of PI-sensitive data should provide additional constraints

➤ As required, a small reduction in overall momentum for gluon, quarks 

➤ Broad consistency in shape across the kinematic range



COMPARISON TO 3.0QED
Figure 3.6. Same as Fig. 3.5, now comparing the quark singlet and gluon of NNPDF3.1luxQED with
those of LUXqed17, which correspond closely to the PDF4LHC15 NNLO set.

10 210 310 ( GeV )XM

0.5

1

1.5

2

2.5

Ph
ot

on
 - 

Ph
ot

on
 L

um
in

os
ity

NNPDF3.0QED

NNPDF3.1luxQED

LHC 13 TeV, NNLO

10 210 310 ( GeV )XM
0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

Ph
ot

on
 - 

Ph
ot

on
 L

um
in

os
ity

LUXqed17

NNPDF3.1luxQED

LHC 13 TeV, NNLO

Figure 3.7. Comparison of the �� PDF luminosities between NNPDF3.1luxQED and NNPDF3.0QED
(left) and LUXqed17 (right plot) as a function of MX for

p
s = 13 TeV. Note that the y axis range is

di↵erent in the both plots.

nosities, L��/Lgg and L��/Lqq̄. These ratios are interesting since they provide an estimate of
the relative importance of the PI contribution over quark- and gluon-initiated contributions
as a function of MX . These ratios are shown in Fig. 3.8, where we compare the results from
NNPDF3.0QED, NNPDF3.1luxQED, and LUXqed17. The L��/Lqq̄ ratio varies very mildly
with MX , with a value ' 10�3. On the other hand, the ratio L��/Lgg increases steeply with
the final state invariant mass MX , beginning at ' 10�5 at low invariant masses and growing up
to ' 10�3 for MX = 4 TeV. For large invariant masses, we therefore find that the two ratios
L��/Lgg and L��/Lqq̄ take similar values. For both cases, the results of the three PDF sets are
consistent within uncertainties, with NNPDF3.1luxQED and LUXqed17 exhibiting significantly
reduced errors as compared to NNPDF3.0QED.

3.4 The momentum fraction carried by photons

As the photon PDF carries a non-zero amount of the total proton momentum, it therefore
contributes to the momentum sum rule, Eq. (2.2). Here we examine the momentum fraction
carried by the photon PDF

hxi� (Q) ⌘

Z 1

0
dx x�(x,Q) . (3.1)

In Fig. 3.9 we show the value of hxi� in the NNPDF3.1luxQED, NNPDF3.0QED, and LUXqed17
sets as a function of the scale Q. In the right plot of Fig. 3.9 we also show the corresponding
percent PDF uncertainties. For LUXqed17 we restrict the comparison to the validity region of
this set, i.e. Q � 10 GeV.

From Fig. 3.9 we observe that, while the NNPDF3.0QED determination is a↵ected by large
PDF uncertainties, the other two sets lead to a compatible prediction for the photon momentum

12

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.
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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. [23, 33, 43–47] 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.
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Compare predictions from NNPDF3.0QED and 3.1luxQED
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➤ W pair production 

➤ Top pair production 
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Figure 4.4. Same as Fig. 4.3 for the kinematics of the ATLAS high-mass DY measurement at 8 TeV.
We show results for the lepton-pair rapidity distributions |yll| in two di↵erent invariant mass bins, 250
GeV Mll  300 GeV (upper) and 500 GeV Mll  1500 GeV (lower plots).

to PI contributions if NNPDF3.0QED is used as a prior. Here we revisit this process to assess
how the picture changes when using NNPDF3.1luxQED.

In Fig. 4.4 we show the ratio of PI over QCD contributions for the lepton-pair rapidity
distributions |yll| in Drell-Yan at 8 TeV for two invariant mass bins, 250 GeV |yll|  300 GeV
and 500 GeV |yll|  1500 GeV. As can be seen, with NNPDF3.0QED the e↵ects of the PI
contribution at large invariant masses can be as large as 25% of the QCD cross-section. This
shift is larger than the corresponding experimental uncertainties, which are typically at the
percent level, explaining the sensitivity of NNPDF3.0QED to this dataset. From Fig. 4.4 we
observe that the PI contribution becomes smaller when using NNPDF3.1luxQED, though its
e↵ect is still comparable to the experimental uncertainties. Indeed, the PI contribution in the
highest invariant mass bin ranges between 6% of the QCD cross-section in the central rapidity
region and 1% for |yll| = 2.5. This comparison confirms that the PI contribution is important
for the quantitative description of the Drell-Yan process above the Z peak.

4.2 Vector-boson pair production

The production of vector-boson pairs is of particular interest for the LHC physics program.
Firstly, they probe the electroweak sector of the SM and provide bounds on possible anomalous
couplings. Secondly, this final state appears in several BSM scenarios and therefore many
searches involve the detection of pairs of weak vector bosons. When the invariant mass of the
vector-boson pair mV V is large, the PI contributions, arising already at the Born level (see
Fig. 4.1), are known to be significant [126]. Here we will examine the case of opposite-sign
W+W� production at the LHC 13 TeV.

To assess the size of the PI contribution to this process, in Fig. 4.5 we show the invariant mass
distribution mWW and the transverse momentum distributions of the W bosons pWT . The W
bosons are taken to be stable and required to be in the central rapidity region, |⌘W |  2.5. From
the comparisons shown in Fig. 4.5 we find that for the mWW distribution the PI contribution
is larger than the PDF uncertainties over the entire range considered. In particular, when
using NNPDF3.1luxQED, the size of the PI contribution with respect to the total cross-section
increases from 1% at MWW ' 300 GeV up to 35% at MWW ' 3 TeV. As expected, the trend
is similar using NNPDF3.0QED but with much larger uncertainties. An upwards shift of the
cross-section by a factor two or larger would be allowed within PDF uncertainties in this case.

The picture is rather di↵erent for the case of the transverse momentum distribution of the
individual W bosons pWT . Here we find that the PI contribution using NNPDF3.1luxQED are
small, around the ' 1% level, over the entire range in pWT considered. Additionally, the e↵ect
of using NNPDF3.0QED instead is not so dramatic, with an increase in the cross-section of a
few percent at most. The di↵erences between the two distributions arise from the fact that the
PI contribution to W boson pair production is kinematically enhanced only in the large mWW

limit, irrespective of the value of pWT . The results of Fig. 4.5 suggest that current measurements
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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. [23, 33, 43–47] 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.
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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. [23, 33, 43–47] 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.
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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 [127,128] 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. [5,47]). 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 [129].
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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).
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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 [127,128] 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. [5,47]). 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 [129].
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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. [23, 33, 43–47] 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.
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Figure 4.7. Same as Fig. 4.3 for Higgs production in association with aW boson, for the Higgs transverse
momentum phT distribution (left), and its rapidity yh distribution (right plot).

To investigate this, we have generated and then combined exclusive samples for pp ! hW+ and
pp ! hW+j with and without the PI contribution. Both the Higgs boson and the W+ boson
are required to be in the central rapidity region, |yW |  2.5 and |yh|  2.5. No other kinematic
cuts are applied.

In Fig. 4.7 we show the same comparison as in Fig. 4.2 for the Higgs transverse momentum
phT and rapidity yh distributions. In the case of the phT distribution, we find that PI e↵ects can
be up to 5% when using NNPDF3.1luxQED, with the largest e↵ects localised at intermediate
values of phT ' 200 GeV. We also note that the shift induced by the PI contribution is bigger
than the PDF uncertainties. Concerning the yh rapidity distribution, the PI contribution can
be ' 6% in the central rapidity region when using NNPDF3.1luxQED, while it becomes smaller
as one moves to the forward region.

The comparisons of Fig. 4.7 illustrate that PI contributions are relevant also for Higgs boson
physics, including the measurements of its couplings and branching fractions.

5 Summary

Parton distributions with QED e↵ects and a photon PDF are an essential component in high-
precision calculations of many LHC processes. Previous NNPDF QED sets adopted a data-
driven strategy to determine the photon PDF, independently parametrising �(x,Q0) and then
fitting it using constraints from Drell-Yan measurements at the LHC. While this strategy min-
imised the theoretical bias due to model assumptions, the lack of a precise experimental handle
to constrain the photon PDF led to large uncertainties.

With the development of the LUXqed framework, it is now possible to constrain the photon
PDF in terms of the accurately known inclusive structure functions in lepton-hadron scattering.
In this work we have presented the NNPDF3.1luxQED set, where the photon content of the
proton is determined by means of a global PDF analysis supplemented by the LUXqed theo-
retical constraint. As a result, the uncertainty upon the photon PDF is considerably reduced
as compared to our previous NNPDF3.0QED determination, down now to the level of a few
percent. We find that photons carry up to 0.5% of the total momentum of the proton, and that
the overall impact of the various types of QED e↵ects included in NNPDF3.1luxQED induce
small but non-negligible modifications in the quark and gluon PDFs.

We have then presented a first exploration of the implications of NNPDF3.1luxQED for
photon-initiated processes at the LHC. We determine that the impact of PI contributions is
consistent within uncertainties with respect to previous estimates based on NNPDF3.0QED,
and that they can be significant for many processes. For instance, we find corrections up to
' 10% for high-mass Drell-Yan and up to ' 20% for W+W� production. In many cases, PI
processes can be either comparable with or larger than PDF uncertainties. The uncertainty
associated with these PI e↵ects is in itself at the level of a few percent, so their overall e↵ect is
a shift of the cross-sections as compared to the QCD-only calculation.

The NNPDF3.1luxQED set represents a state-of-the-art determination of the PDFs of the
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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
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the predictions of NNPDF3.1luxQED to those of NNPDF3.0QED and LUXqed17. In all cases we
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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
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computed as standard deviations can di↵er by up to one order of magnitude as compared to the
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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
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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.
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SUMMARY
NNPDF3.1 luxQED available on LHAPDF

➤ Consistent combination of LUXqed and NNPDF formalisms 

➤ Momentum Sum Rule including photon enforced 
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➤ DIS coefficient functions at
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For the future

Iterative scheme permits the inclusion of PI-sensitive data

Future NNPDF sets will include a photon by default 

Included via ‘libfiatlux’: open source implementation of LUXqed
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LUXQED SOURCES OF UNCERTAINTY

terms of PDFs and perturbative coe�cient functions. Therefore, the ensemble of Nrep Monte
Carlo replicas of the photon PDF accounts only for a part of the uncertainty, namely the one
associated to the inelastic high-Q2 component. For a comprehensive estimate of the uncertainty
one must also account for a number of additional sources of error.

The following sources of uncertainty are considered [41]: the elastic contribution from the
A1 world proton form factor fits [99]; the parametrisation of the DIS structure functions in
the resonance region [100–102]; the parametrisation of RL/T [103, 114, 115]; the scale Q2

match
at which low- and high-Q2 inelastic structure functions are matched; a twist-4 modification of
the longitudinal structure function FL [116]; and finally an estimate of the missing higher-order
corrections in the calculation of the DIS structure functions at high Q2.

In the NNPDF3.1luxQED analysis, these uncertainties are introduced at the last iteration
of the procedure. Once the quark and gluon PDFs from the (nite � 1)-th iteration have been
determined, they are used to construct �nite(x,Q). Then, for each photon PDF replica of this

last iteration, �(k)nite , nsys = 7 extra uncertainties are included as statistical fluctuations upon the
photon PDF at Q = 100 GeV with correlations in x, namely:

e�(k)nite
(x,Q) = �(k)nite

(x,Q) +

nsysX

j=1

��(lux)j (x,Q) · N (0, 1) , k = 1, . . . , Nrep , (2.3)

whereN (0, 1) is an univariate Gaussian random number and ��(lux)j is the normalised eigenvector

for the j-th systematic uncertainty in LUXqed17. Specifically, ��(lux)j is obtained through the
diagonalisation of the covariance matrix for the extra LUXqed17 uncertainties defined on a grid
of x points, using a similar method as that of Refs. [117,118]. We have verified that this approach
is numerically equivalent to using the corresponding Hessian eigenvectors of LUXqed17.

The photon PDF defined in Eq. (2.3) is finally used as an input for the nite-th fit iteration,
to determine the final set of quark and gluons of NNPDF3.1luxQED.

3 The NNPDF3.1luxQED set

In this section we discuss the results of the iterative procedure outlined in Sect. 2.4: the
NNPDF3.1luxQED fit. We focus on the NNLO case and comment where appropriate on any
di↵erences with respect to NLO. The overall fit quality of NNPDF3.1luxQED is �2/Ndat = 1.168
at NLO and �2/Ndat = 1.148 at NNLO. While there is some variation dataset-to-dataset, the
global fit quality is identical to the corresponding NNPDF3.1 results at NNLO. See Appendix A
for a full breakdown of the data description at NNLO and its comparison with NNPDF3.1.

3.1 The photon PDF

Here we compare our results for the photon PDF �(x,Q) with those of the NNPDF3.0QED
and LUXqed16/17 PDF sets. Comparisons with the latter are performed always at Q � 10
GeV, as the LUXqed16/17 sets are not defined below this scale. In the left panel of Fig. 3.1
we compare the NNPDF3.1luxQED photon PDF at Q = 100 GeV with the corresponding
results from LUXqed16 and LUXqed17, normalised to the central value of the latter. The
three determinations agree well across the full x range, with central values always compatible
within uncertainties. In addition, for x

⇠
> 0.1 the total uncertainties on the photon PDF from

NNPDF3.1luxQED and LUXqed16/17 are identical. This feature is explained by the fact that in
this region the uncertainties due to the elastic and low-Q2 inelastic structure functions dominate.

At medium- and small-x, the NNPDF3.1luxQED photon exhibits somewhat smaller uncer-
tainties. This is due to the use of a di↵erent set of quark and gluon PDFs determining the
high-Q2 inelastic component, specifically NNPDF3.1 rather than the PDF4LHC15 set [119]
used in LUXqed16/17. The contribution from the di↵erent error sources is further illustrated
in the right panel of Fig. 3.1 where the same comparison including only the uncertainties due
to the high-Q2 inelastic component is shown. The plot shows how at medium- to small-x the
contribution from the high-Q2 inelastic structure functions dominates the overall uncertainty.
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