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Abstract

We present a set of parton distribution functions (PDFs), based on the NNPDF2.3 set,
which includes a photon PDF, and QED contributions to parton evolution. We describe
the implementation of the combined QCD+QED evolution in the NNPDF framework. We
then provide a �rst determination of the full set of PDFs based on deep-inelastic scattering
data and LHC data for W and Z=
 � Drell-Yan production, using leading-order QED and
NLO or NNLO QCD. We compare the ensuing NNPDF2.3QED PDF set to the older
MRST2004QED set. We perform a preliminary investigation of the phenomenological
implications of NNPDF2.3QED: speci�cally, photon-induced corrections to direct photon
production at HERA, and high-mass dilepton and W pair production at the LHC.
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1 Introduction

Because of the need for precision phenomenology at the LHC [1, 2] the parton distribu-
tions (PDFs) of the nucleon are currently determined using next-to-next-to leading order
(NNLO) QCD. At this level of accuracy, however, electroweak (EW) corrections also be-
come relevant, and indeed EW corrections to various hadron collider processes have been
studied in detail, such as for instance inclusiveW and Z production [3{13], W and Z
boson production in association with jets [14{16], dijet production [17,18] and top quark
pair production [19{23].

A consistent inclusion of EW corrections, however, requires the use of PDFs which
incorporate QED e�ects. This in particular implies the inclu sion of QED corrections to
perturbative evolution, and thus a photon PDF. There is currently only one PDF set
with QED corrections available, the MRST2004QED set [24]. In this pioneering work, the
photon PDF was determined based on a model inspired by photonradiation o� constituent
quarks (though consistency with some HERA data was checked aposteriori), and therefore
not provided with a PDF uncertainty.

In this work we will construct a PDF set including QED correct ions, with a photon
PDF parametrized in the same way as all the other PDFs, and determined from a �t to
hard-scattering experimental data. Our goal is to construct a PDF set with the following
features:

� QCD corrections included up to NLO or NNLO;

� QED corrections included to LO;

� a photon PDF obtained from a �t to deep-inelastic scattering (DIS) and Drell-Yan
(both low mass, on-shellW and Z production, and high mass) data;

� all other PDFs constrained by the same data included in the NNPDF2.3 PDF de-
termination [25].

The lepton PDF, as well as weak contributions to evolution equations [26,27] are negligible
and will not be considered here.

In principle, this goal could be achieved by simply performing a global �t including
QED and QCD corrections both to perturbative evolution and t o hard matrix elements,
and with data which constrain the photon PDF. In practice, th is would require the avail-
ability of a fast interface, like APPLgrid [28] or FastNLO[29], to codes which include QED
corrections to processes which are sensitive to the photon PDF, such as single or double
gauge boson production. Because such interfaces are not available, we adopt instead a
reweighting procedure, which turns out to be su�ciently acc urate to accommodate all
relevant existing data.

The reweighting procedure we use works as follows (see Fig. 1). First, we construct a
set of PDFs (NNPDF2.3QED DIS-only), including a photon PDF, by performing a �t to
deep-inelastic scattering (DIS) data only, based on the same DIS data used for NNPDF2.3,
and using either NLO or NNLO QCD and LO QED theory. To leading order in QED, the
photon PDF only contributes to DIS through perturbative evo lution (just like the gluon
PDF to leading order in QCD). Therefore, the photon PDF is only weakly constrained by
DIS data, and thus the photon PDF in the NNPDF2.3QED DIS-only set is a�ected by
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large uncertainties. The result is a pair of PDF sets: NNPDF2.3QED DIS-only, NLO or
NNLO, according to how QCD evolution has been treated.

In the next step, each replica of the photon PDF from the NNPDF2.3QED DIS-only
set is combined with a random PDF replica of a set of the default NNPDF2.3 PDFs, �tted
to the global dataset. This works because of the small correlation between the photon PDF
and other PDFs, as we shall explicitly check. Also, the violation of the momentum sum
rule that this procedure entails is not larger than the uncertainty on the momentum sum
rule in the global QCD �t. The procedure is performed using NLO or NNLO NNPDF2.3
PDFs, for three values of� s(M z) = 0 :117; 0:118; 0:119. The photon PDF determined in
the NNPDF2.3QED DIS-only �t is in fact almost independent of the value of � s within
this range. This leads to several sets of PDF replicas, whichwe call NNPDF2.3QED
prior, at the scale Q0. The NNPDF2.3QED prior PDFs are then evolved to all Q2 using
combined QCD+QED evolution equations, to LO in QED and either to NLO or NNLO
in QCD and with the appropriate value of � s.

The LHC W and Z=
 � production data are now included in the �t by Bayesian
reweighting [30] of the NNPDF2.3QED prior PDF set. The set of reweighted replicas
is then unweighted [31] in order to obtain a standard set of 100 replicas of our �nal
NNPDF2.3QED set.

Perform a �t to DIS data with QED corrections:
NNPDF2.3QED DIS-only, N rep = 500

Construct NNPDF2.3QED prior at Q2
0:

(a) Quark and gluon PDFs from NNPDF2.3 global
(b) Photon PDFs from NNPDF2.3 DIS-only

Evolve NNPDF2.3QED prior to all Q2,
with QCD+QED DGLAP equations

Compute predictions for LHC W; Z=
 � production;
reweight NNPDF2.3QED prior

Unweight the reweighted PDF set
to get the �nal NNPDF2.3QED

set of N rep = 100 replicas

Figure 1: Flow-chart for the construction of the NNPDF2.3QED set.
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The photon PDF in our �nal set turns out to be in good agreement with that from
the MRST2004QED set at medium largex �> 0:03, while for smaller x values it is sub-
stantially smaller (by about a factor three for x � 10� 3), though everywhere a�ected
by sizable uncertainties, typically of order 50%. We will perform some �rst illustrative
phenomenological studies using the NNPDF2.3QED set, and inparticular discuss deep-
inelastic direct photon production at HERA, photon-induced corrections to backgrounds
in W 0 and Z 0 searches and electroweak corrections to vector boson pair production.

The paper is organized as follows. In Sect. 2 we present the implementation in the
NNPDF framework of combined QCD and QED evolution equations, and its comparison
with publicly available QED evolution codes. In Sect. 2 we also discuss the �rst step of our
procedure, namely, the determination of NNPDF2.3QED DIS-only PDF set. The subse-
quent steps, namely the construction of the NNPDF2.3QED prior set, and its reweighting
and unweighting leading to the �nal NNPDF2.3QED set are presented in Sect. 3. Finally,
our phenomenological investigations are presented in Sect. 4.
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2 Deep-inelastic scattering with QED corrections

The �rst step of our procedure is to perform a PDF �t to DIS data in which QED cor-
rections are included to leading order. This requires solving the perturbative evolution
equations which combine QED and QCD collinear radiation. We �rst review our im-
plementation of combined QED+QCD evolution in the NNPDF per turbative evolution
framework, in particular using the FastKernel method �rst presented in Ref. [32], and
then turn to the PDF determination.

2.1 QED corrections to PDF evolution

The resummation of collinear singularities related to QED radiation through the solution
of QED evolution equations, and its combination with QCD evolution equations has been
understood for many years [33{35]: collinear photon radiation from charged leptons or
quarks leads to a scale dependence which has the same structure as that of QCD evolution.
At leading order the Pqq, Pq
 and P
q splitting functions coincide with their Pqq, Pqg

and Pgq counterparts, up to the value of the coupling, which in QED is proportional
to the square of the electric charge. Because there is no photon self-coupling, the P



splitting function only receives contributions from self-energy virtual corrections, and is
thus proportional to a � (1 � x). The combined QCD+QED evolution equations thus take
the form

Q2 @
@Q2

f (x; Q2) =
�

� (Q2)
2�

PQED +
� s(Q2)

2�
PQCD

�

 f (x; Q2); (1)

where f (x; Q2) is a vector which includes all parton distributions, PQED (x) and PQCD (x)
are respectively QED and QCD matrices of splitting functions, which admit respectively
an expansion in powers of the �ne structure constant� and the strong coupling � s, and

 denotes the standard convolution.

A priori, the vector f (x; Q2) includes quark, gluon, lepton and photon PDFs. In
practice, however, the lepton PDFs of the nucleon are negligibly small, and may be safely
neglected: thus we will take f (x; Q2) to include the usual parton PDFs and a photon
PDF 
 (x; Q2). The combined QED+QCD evolution equations can be solved asusual by
taking a Mellin transform, whereby they reduce to coupled ordinary di�erential equations.
It is easy to check that the QCD and QED splitting function mat rices do not commute.
However, their commutator is of order �� s, which is subleading. It follows that, up to
O(�� s) corrections, the solution can be written in factorized form as

f i (N; Q2) = � QCD
ik (N; Q2; Q2

0)� QED
kj (N; Q2; Q2

0)f j (N; Q2
0); (2)

where f (N; Q2) is the Mellin transform of the vector of parton distributio ns f (x; Q2), and
� QCD

ik (N; Q2; Q2
0) and � QED

ik (N; Q2; Q2
0) are respectively the evolution kernels which solve

the QCD and QED evolution equations.
We have implemented a combined solution of the QED+QCD evolution equations

based on Eq. (2) in the NNPDF code, using theFastKernel method of Ref. [32], and
with leading-order running of the �ne structure constant. D etails of the implementation
will be given in a separate publication [36].

Previous numerical implementations of combined QED and QCDevolution were pre-
sented in Refs. [24, 37, 38], and speci�cally in Ref. [38] a public code (partonevolution )
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Figure 2: Left: relative di�erence between PDFs obtained from pure NLO QCD evo-
lution and QCD NLO + QED LO evolution at Q2 = 103 GeV2. Right: dynamically
generated photon PDF at Q2 = 10; 102 and 103 GeV2; the result obtained using the
partonevolution code of Ref. [38,40] is also shown (dashed curves).

for the solution of combined evolution equations to leadingorder in the QED coupling and
up to next-to-leading order in the QCD coupling was made available.

First of all, we study the e�ect of the inclusion of QED correct ions to perturbative
evolution by comparing results obtained from our solution to the QED+QCD combined
evolution equation as implemented inFastKernel , with those found when QED e�ects
are switched o�. For this �rst comparison, we assume that the photon PDF vanishes
at a reference scale,


�
x; Q2

0

�
= 0 for Q2

0 = 2 GeV2, and it is generated radiatively by
evolution, and all other PDFs at the same scale are those fromthe Les Houches PDF
benchmarks [39].

In Fig. 2 we plot the relative di�erence between PDFs evolved with and without QED
corrections as a function ofx at Q2 = 103 GeV2 for various PDFs, and the photon PDF
which has been generated dynamically by perturbative evolution at three di�erent scales.
As expected, the QED corrections to all PDFs are small, below1%, and concentrated at
large x �> 0:1, while the dynamically generated photon PDF is very small at large x and
then grows monotonically asx decreases. The correction to the up quark is larger than
that to the down quark, because of larger absolute value of the former's electric charge.

We also compare our results for combined QED+QCD evolution to those obtained
using the partonevolution code [38], versionv1.1.3 , bearing in mind that the two codes
di�er by terms of O (�� s). Indeed, the solution of Ref. [38] is based on the diagonalization
of the full anomalous dimension matrix, rather than its factorization into QCD and QED
components according to Eq. (2), although terms ofO (�� s) are also neglected. Our
calculation should thus be equivalent up to subleading terms.

The comparison is shown in Fig. 2 for the photon PDF, and in Fig. 3 for the percentage
di�erences of Fig. 2, here shown for two di�erent PDF combinations at various scales.
Excellent agreement is found, with di�erences between the two codes much smaller than
the e�ect of QED corrections to the photon PDF or PDF evolution . We have also checked
that the scale dependence obtained using our code is in good agreement with that of the
MRST2004QED PDFs. These comparisons will be discussed in detail in Ref. [36].
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Figure 3: The relative di�erences of Fig. 2 for the singlet (left) and up (right) PDFs at
Q2 = 10; 102 and 103 GeV2, computed using the NNPDF FastKernel implementation
(solid curves) and thepartonevolution code of Ref. [38,40] (dashed curves).

2.2 Fitting PDFs with QED corrections

We now wish to obtain a �rst determination of the photon PDF fr om a �t to deep-inelastic
data. We want to include QED corrections to DIS at LO, i.e., more accurately, the leading
log level. This means that the splitting functions PQED are computed to O(� ), while all
partonic cross sections (coe�cient functions) are determined to lowest order in � . Because
the photon is electrically neutral, the photon deep-inelastic coe�cient function only starts
at O(� 2), while quark coe�cient functions start at O(� ). This means that at LO the
photon coe�cient function vanishes, and the photon only contributes to DIS through its
mixing with quarks due to perturbative evolution. This is fu lly analogous to the role of
the gluon in the standard LO QCD description of DIS: the gluon coe�cient function only
starts at O(� s) while the quark coe�cient function starts at O(1), so at LO the gluon only
contributes to deep-inelastic scattering through its mixing with quarks upon perturbative
evolution.

An important issue when including QED corrections is the choice of factorization
scheme in the subtraction of QED collinear singularities [13, 41]. Di�erent factorization
schemes di�er by next-to-leading log terms. Because our treatment of QED evolution is
at the leading log level, our results do not depend on the choice of factorization scheme.
This means that if our photon PDF is used in conjunction with a next-to-leading log com-
putation of QED cross-sections, the latter can be taken in any (reasonable) factorization
scheme. The di�erence in results found when changing the QED factorization scheme
should be considered to be part of the theoretical uncertainty. However, in practice, in
some schemes the perturbative expansion may show faster convergence (so, for example,
next-to-leading log results are closer to leading-log onesin some schemes than others).
We will indeed see in the next section that when DIS data are combined with Drell-Yan
data it is advantageous to use the DIS factorization scheme,which is de�ned by requiring
that the deep-inelastic structure function F2 is given to all orders by its leading-order
expression [13,41].

The starting point of our �t to DIS data including QED correct ions is the NNPDF2.3
PDF determination, in terms of experimental data, theory settings and methodology. We
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will perform �ts at NLO and NNLO in QCD, for three di�erent valu es of � s (M Z ) =
0:117; 0:118 and 0.119, all with LO QED evolution. Unless otherwise stated, in the
following all results, tables, and plots will use the� s = 0 :119 PDF sets.

We add to the NNPDF default set of seven independent PDF combinations a new,
independently parametrized PDF for the photon, in a completely analogous way to all
other PDFs (see [25] and references therein), with a small modi�cation related to positivity
to be discussed below:


 (x; Q2
0) = (1 � x)m 
 x � n 
 NN 
 (x); (3)

where NN
 (x) is a multi-layer feed-forward neural network with 2-5-3-1 architecture, with
a total of 37 parameters to be determined by experimental data, and the prefactor is
a preprocessing function used to speed up minimization, andon which the �nal result
should not depend. The preprocessing function is parametrized by the exponentsm
 and
n
 , whose values are chosen at random for each replica, with uniform distribution in the
range

1 � m
 � 20; � 1:5 � n
 � 1:5: (4)

We have explicitly checked that the results are independenton the preprocessing range,
by computing for each replica the e�ective small- and large-x exponents [42], de�ned as

n
 [
 (x; Q2)] =
ln 
 (x; Q2)

ln 1
x

, m
 [
 (x; Q2)] =
ln 
 (x; Q2)
ln(1 � x)

, (5)

and verifying that the range of the e�ective exponents at small- and large-x respectively
is well within the range of variation of the preprocessing exponents, thus showing that
the small- and large-x behaviour of the best-�t PDFs is not constrained by the choice of
preprocessing but rather determined by experimental data.

Parton distributions must satisfy positivity conditions w hich follow from the require-
ment that, even though PDFs are not directly physically observable, they must lead to
positive-de�nite physical cross sections [43]. Leading-order PDFs are directly observable,
and thus they must be positive-de�nite: indeed, they admit a probabilistic interpretation.
Because we treat QED e�ects at LO, the photon PDF must be positive de�nite. This is
achieved, as in the construction of the NNPDF2.1 LO PDF sets [44], by squaring the out-
put of the neuron in the last (linear) layer of the neural network NN 
 (x), so that NN 
 (x)
is a positive semi-de�nite function.

Once QED evolution is switched on, isospin is no longer a goodsymmetry, and thus
it can no longer be used to relate the PDFs of the proton and neutron. Because deuteron
deep-inelastic scattering data are used in the �t, in principle this requires an independent
parametrization for proton and neutron PDFs. Experimental data for the neutron PDFs
would then no longer provide a useful constraint, and in particular they would no longer
constrain the isospin triplet PDF. Whereas future PDF �ts in cluding substantially more
LHC data might allow for an accurate PDF determination witho ut using deuteron data,
this does not seem to be possible at present.

There are two separate issues here: one, is the amount of isospin violation in the quark
and gluon PDFs, and the second is the amount of isospin violation in the photon PDF.
At the scale at which PDFs are parametrized, which is of the order of the nucleon mass,
we expect isospin violating e�ects in the quark and gluon PDFsto be of the same order
as that displayed in baryon spectroscopy, which is at the permille level, much below the
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NLO NNLO
Experiment QCD QCD+QED QCD QCD+QED

Total 1.10 1.10 1.10 1.10
NMC-pd 0.88 0.87 0.88 0.88

NMC 1.68 1.70 1.67 1.69
SLAC 1.36 1.40 1.08 1.10

BCDMS 1.17 1.16 1.24 1.23
CHORUS 1.01 1.01 0.98 0.99
NTVDMN 0.54 0.54 0.56 0.54
HERAI-AV 1.01 1.01 1.04 1.03

FLH108 1.34 1.34 1.25 1.24
ZEUS-H2 1.26 1.25 1.24 1.25
ZEUS F c

2 0.75 0.75 0.76 0.78
H1 F c

2 1.55 1.50 1.41 1.39

Table 1: The � 2 values per data point for individual experiments computed in the NNPDF2.3
DIS-only NLO and NNLO PDF sets, in the QCD-only �ts compared to th e results with combined
QCD+QED evolution. All � 2 values have been obtained usingN rep =100 replicas with � s(M Z ) =
0:119. Normalization uncertainties have been included using the experimental de�nition of the
covariance matrix, see App. A of Ref. [45], while in the actual �tting the t0 de�nition was used [46].

current PDF uncertainties (isospin violations of this order have been predicted, among
others, on the basis of bag model estimates [47]). The secondis the amount of isospin
violation in the photon distribution itself: this could be s omewhat larger (perhaps at the
percent level), however any reasonable amount of isospin violation in the photon is way
below the uncertainty on the photon PDF. Therefore, we will assume that no isospin
violation is present at the initial scale.

Of course, even with isospin conserving PDFs at the startingscale, isospin violation
is then generated by QED evolution: this is consistently accounted for when solving the
evolution equations, by determining separate solutions for the proton and neutron so that
at any scale Q 6= Q0, up(x; Q2) 6= dn (x; Q2) and dp(x; Q2) 6= un (x; Q2). Because of the
larger electric charge of the up quark, the dynamically generated photon PDF ends up
being larger for the proton than it is for the neutron.

In Ref. [24] isospin violation was parametrized on the basisof model assumptions.
We will compare our results for isospin violation to those of this reference in Sect. 3.2
below: we will see that while indeed the amount of isospin violation in the photon PDF
from that reference is somewhat larger than our own, it is much smaller than the relavant
uncertainty.

2.3 The photon PDF from DIS data

Using the standard NNPDF PDF parametrization supplemented with Eq. (3), we have
performed two �ts at NLO and NNLO to DIS data only, with the sam e settings used for
NNPDF2.3, but with QED corrections in the PDF evolution now i ncluded, as discussed
in the previous section.

The � 2 for the �t to the total dataset and the individual DIS experim ents are shown
in Table 1, with and without QED corrections, and with QCD cor rections included either
at NLO or at NNLO. The � 2 listed in the table use the so-called experimental de�nition
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of the � 2, in which normalization uncertainties are included in the covariance matrix (see
App. A of Ref. [45]): this de�nition is most suitable for benchmarking purposes, as it is
independent of the �t results, but it is unsuitable for minim ization as it would lead to
biased �t results. It is clear that there is essentially no di�erence in �t quality between
the QCD and QED+QCD �ts. Indeed, a direct comparison of the PD Fs obtained in the
pairs of �ts with and without QED corrections show that they d i�er very little.
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Figure 4: Distances between PDFs in the NNPDF2.3 NLO DIS-only �t and the �t in cluding
QED corrections, at the input scale of Q2

0=2 GeV2. Distances between central values (top) and
uncertainties (bottom) are shown, on a logarithmic (left) or linear ( right) scale in x.

In order to assess this di�erence quantitatively, in Fig. 4 weplot the distance between
central values and uncertainties of individual combinations of PDFs in the NLO QCD �t
before and after the inclusion of QED corrections. We refer to Ref. [48] for a de�nition of
the various combinations of PDFs and of the distance. Recallthat for a set of N rep PDF
replicas, d � 1 corresponds to PDFs extracted from the same underlying distribution (i.e.
to statistically equivalent PDF sets), while d �

p
N rep (so d � 10 in our case) corresponds

to PDFs extracted from distributions whose means or centralvalues di�er by one � . The
distances are shown in Fig. 4 for the NLO �t: it is clear that al l PDFs but the gluon from
the sets with and without QED corrections are statistically equivalent, while the gluon
shows a change in the valence region of less than half� . These results are unchanged
when QCD is treated at NNLO order.

The fact that the inclusion of a photon PDF has a negligible impact on other PDFs can
be also seen by determining the correlation between the photon and other PDFs. Results
are shown in Fig 5. The correlation is negligible at the input scale, meaning that the
particular shape of the photon in each replica has essentially no e�ect on the other PDFs
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Figure 5: Correlation between the photon and other PDFs in the NNPDF2.3QED NLO DIS-only
�t, shown as a function of x at the input scale Q2

0=2 GeV2 (left) and at Q2 = 104 GeV2.
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Figure 6: The photon PDF determined from the NNPDF2.3QED NLO DIS-only �t, in a linear
(left plot) and logarithmic (right plot) scales, N rep = 500. We show the central value (mean),
the individual replicas and the PDF uncertainty band de�ned as a one � sigma interval and as a
symmetric 68% con�dence level centered at the mean. The MRST2004QED photon PDF is also
shown.

of that replica. In particular, this correlation is much smaller than that which arises at a
higher scale (also shown in Fig. 5), due to the mixing of PDFs with the photon induced
by PDF evolution.

Hence, at the initial scale Q2
0 = 2 GeV2 the sets with and without QED corrections

di�er mainly because of the presence of a photon PDF in the latter. The photon PDF
determined in the NLO �t is shown in Fig. 6 at Q2

0 = 2 GeV2: the individual replicas,
the mean value, the one-� range and the 68% con�dence interval are all shown. The
MRST2004QED photon PDF is also shown. It is clear that positivity imposes a strong
constraint on the photon PDF, which is only very loosely constrained by DIS data. As
a consequence, the probability distribution of replicas isvery asymmetric: some replicas
may have large positive values of
 (x; Q2), but positivity always ensures that no replica
goes below zero. It follows that the usual gaussian assumptions cannot be made, and in
particular there is a certain latitude in how to de�ne the unc ertainty. Here and in the
remainder of this paper we will always de�ne central values as the mean of the distribution,
and uncertainties as symmetric 68% con�dence levels centered at the mean, namely, as
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the symmetric interval centered at the mean such that 68% of the replicas falls within it.
All uncertainty bands will be determined in this way, unless otherwise stated. Because of
the accumulation of replicas just above zero, the lower edgeof the uncertainty band on
the photon PDF at the initial scale turns out to be very close to zero. Again, results are
essentially unchanged when the �t is done using NNLO QCD theory.
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Figure 7: One-� range for the e�ective exponents Eq. (5) for the photon PDF, compared to
the range of variation of the preprocessing exponents Eq. (4) (shown as horizontal lines).

As discussed in Sect. 2.2, we have determined the e�ective exponents Eq. (5) for the
photon PDF, and compared them to the range of variation of thepreprocessing exponents
Eq. (4). Given the very loose constraints that the data impose on the photon PDF, it is
especially important to make sure that preprocessing imposes no bias. The comparison is
shown in Fig. 7: it is clear that the e�ective exponents are well within the range chosen
for the preprocessing exponents, so that no bias is being introduced.

The photon PDF at the initial scale shown in Fig. 6 is essentially compatible with
zero, and it remains small even at the top of its uncertainty band; it is consistent with the
MRST2004QED photon PDF within its large uncertainty band.

The momentum fraction carried by the photon is accordingly small: it is shown as a
function of scale in Fig. 8 for the NLO �t; results at NNLO are v ery similar. At the input
scaleQ2

0 = 2 GeV2 we �nd

Z 1

0
x


�
x; Q2

0

�
= (1 :26 � 1:26) % ; (6)

The symmetric 68% con�dence level uncertainty of Eq. (6) turns out to be quite close to
the standard deviation � = 1 :36%. Hence, even at the top of its uncertainty range the
photon momentum fraction hardly exceeds 2%, and it is compatible with zero to one � .
The momentum fraction carried by the the MRST2004QED photon (also shown in Fig. 8)
is well below 1%, and thus compatible with our own within uncertainties
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Figure 9: Feynman diagrams for the Born-level partonic subprocesses which contribute to
the production of dilepton pairs in hadronic collisions.

3 The photon PDF from W and Z production at the LHC

The photon PDF 
 (x; Q2) determined in the previous section from a �t to DIS data is
a�ected by very large uncertainties. This suggests that its impact on predictions for hadron
collider processes to which the photon PDF contributes already at leading order could
be substantial, and thus, conversely, that data on such processes might provide further
constraints. In this section we use the simplest of such processes, namely, electroweak
gauge boson production, to constrain the photon PDF.

At hadron colliders, the dilepton production process receives contributions at Born
level both from quark-initiated neutral current Z=
 � exchange and from photon-initiated
diagrams, see Fig. 9, and thus the contributions from
 (x; Q2) must be included even in a
pure leading-order treatment of QED e�ects. Photon-initiat ed contributions to dilepton
production at hadron colliders were recently emphasized inRef. [13], whereO(� ) radiative
corrections to this process [3, 5{13] were reassessed, and also kinematic cuts to enhance
the sensitivity to 
 (x; Q2) were suggested.

Beyond the Born approximation, radiative corrections to the neutral-current process,
as well as the charged-current process, which starts atO (� ) (see Fig. 10 for some repre-
sentative Feynman diagrams) may be comparable in size to theBorn level contribution,
because the suppression due to the extra power of� might be compensated by the enhance-
ment arising from the larger size of the quark-photon partonluminosity in comparison to
the photon-photon luminosity. However, a full inclusion of O(� ) corrections would require
solving evolution equations to NLO in the QED and mixed QED+Q CD terms, so it is
beyond the scope of this work; we will nevertheless discuss an approximate inclusion of
such corrections which, while not allowing us to claim more than LO accuracy in QED,
should ensure that NLO QED corrections are not unnaturally large.

We use neutral and charged-current Drell-Yan production data from the LHC to further
constrain the photon PDF, thereby arriving at our �nal NNPDF 2.3QED PDF sets. As
discussed in the introduction, we do this by combining the photon PDF from NNPDF2.3
DIS-only set discussed in the previous section with the standard NNPDF2.3 PDF set,
and then using gauge boson production data to reweight the result. We discuss �rst this
two-step �tting procedure, and then the ensuing NNPDF2.3QED PDF set and its features.
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Figure 10: Some Feynman diagrams forO(� ) photon-initiated partonic subprocesses which
contribute to neutral current (top row) and charged current (bottom row) dilepton pair
production in hadronic collisions.

3.1 The prior NNPDF2.3QED and its reweighting

As a �rst step towards the determination of a PDF set with incl usion of QED corrections,
we would like to use the photon PDF determined in the previoussection from a �t to
DIS data in conjunction with PDFs which retain all the inform ation provided by the full
NNPDF2.3 data set, which, on top of DIS, includes Drell-Yan and jet production data
from the Tevatron and the LHC.

We have seen in the previous section that all PDFs determinedincluding QED cor-
rections are statistically equivalent to their standard counterparts determined when QED
corrections are not included, with the only exception of the gluon, which undergoes a
change by less than half� in a limited kinematic region. Furthermore, the photon in each
PDF replica is essentially uncorrelated to the shape of other PDFs which are input to
perturbative evolution, the only signi�cant correlation b eing due to the mixing induced
by the evolution itself. We can therefore simply combine thephoton PDF obtained from
the DIS �t of the previous section with the standard NNPDF2.3 PDFs at the starting
scaleQ2

0. This procedure entails a certain loss of accuracy, which inparticular appears as
a violation of the momentum sum rule of the order of the momentum fraction carried by
the photon at the initial scale Eq. (6), namely of order 1%. This is the accuracy to which
the momentum sum rule would be veri�ed if it were not imposed as a constraint in the
�t [44].

The information contained in LHC Drell-Yan production data is included in the �t
through the Bayesian reweighting method presented in Ref. [30, 31]. This method allows
for the inclusion of new data without having to perform a full re�t, by using Bayes' theorem
to modify the prior probability distribution of PDF replica s in order to account for the
information contained in the new data. The ensuing replica set contains an amount of
information, and thus allows for the computation of observables with an accuracy, that
corresponds to an e�ective number of replicasNe� , which may be determined from the
Shannon entropy of the reweighted set.

In our case, the new data only constrain signi�cantly the photon PDF, hence we need
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