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1 Introduction

Recent years have seen significant progress in testing the Standard Model (SM) at the
Energy Frontier. These tests depend critically on high-precision measurements at the Large
Hadron Collider (LHC) and will be advanced further with heightened statistics in the era
of the high-luminosity LHC (HL-LHC). In this context, the stringency of SM tests and
reach of searches for physics beyond the SM (BSM) require corresponding reductions in
theoretical uncertainties with increasing experimental precision. In particular, both precision
SM and BSM-sensitive electroweak measurements depend on the perturbative accuracy and
the robustness of PDFs which are a necessary input to LHC predictions. These needs have
motivated efforts to develop both the perturbative and numerical accuracy of calculations
for processes at the LHC, including the calculation of partonic hard scattering to higher
orders in both QCD and electroweak theory.

While multi-loop QCD corrections at and beyond next-to-next-to-leading order (NNLO)
accuracy have received substantial recent attention in the PDF community [1–7], electroweak
effects, including QED corrections, have a subtle interplay with QCD effects [7–9] and can be
essential for refining predictions of processes like Higgs production and associated production
of the Higgs with weak bosons, so-called Higgs-strahlung. In addition to modifications to
the detailed running of short-distance matrix elements through mixing with QCD evolution,
higher-order QED corrections dynamically generate a photon PDF [8, 10–16] starting at NLO
in QED. The presence of the photon PDF alters a range of Higgs-production cross sections,
especially those with more pronounced sensitivity to initial-state QED radiation, including
Higgs-strahlung (V H) and vector-boson fusion (VBFH). In addition to their consequential
and direct role in electroweak phenomenology, QED corrections also influence the accuracy,
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stability, and precision of parton distribution functions (PDFs) [17] as extracted from hadronic
data. This latter aspect motivates the present study.

We revisit several representative LHC processes and assess the impact of effects arising
from inclusion of a photon PDF and related QED corrections to PDFs. We also examine
NLO electroweak corrections, particularly for the representative case of Higgs-strahlung,
pp → W +H . We therefore stress that our study concerns two main effects, which are distinct
but nevertheless related: (i) the impact of including QED effects (resulting in a photon
density) in PDF global fits and the resulting downstream shifts in Higgs-production cross
sections; and (ii) the interplay of these PDF-driven effects with the full NLO electroweak
corrections for predicted processes, which we illustrate for a specific case given its connection
to photon-initiated contributions, namely, pp → W +H . Throughout, we pay special attention
to the size and possible kinematical behavior of these corrections, as well as the dependence
on assumed PDFs extracted at various perturbative accuracies. We also regard our study
as an extension of recent and ongoing efforts [2, 18, 19] to benchmark PDFs for high-energy
phenomenology, as we undertake side-by-side comparisons of predicted cross sections against
a range of available QCD+QED PDFs determined with various theoretical assumptions.

The remainder of our paper is as follows: after briefly recalling the LUX formalism in
section 2, we provide a concise survey of the PDF-level impacts of QED corrections in section 3.
Section 4 contains our main results on the phenomenological impacts of the QCD+QED
PDFs on various Higgs-production cross sections, including total cross sections (section 4.1)
for a number of processes as well as differential distributions for Higgs-strahlung (section 4.2),
for which we evaluate full NLO electroweak corrections; we also briefly summarize our
recommendations for phenomenological calculations in the Higgs sector in section 4.3, before
concluding in section 5. We include an additional collection of parton-parton luminosity
plots in appendix A.

2 QED corrections in the context of electroweak theory

The LUX formalism [10, 11] represented a significant step in electroweak phenomenology.
In this approach, the photon PDF of the proton (or of other hadrons [13, 14, 20]) can be
directly related to knowledge of the F2,L(x, Q2) structure functions measured in deep-inelastic
scattering (DIS). The x dependence of the photon PDF at an energy scale, µ, is given by

xγ(x, µ2) = 1
2πα(µ2)

∫ 1

x

dz

z

{∫ µ2

x2m2
p/(1−z)

dQ2

Q2 αph(−Q2)
[(

zpγq(z) +
2x2m2

p

Q2

)
F2
(x

z
, Q2

)

− z2FL

(x

z
, Q2

)]
− α(µ2)z2F2

(x

z
, µ2

)}
+ O(α2, ααs) , (2.1)

and we refer interested readers to, e.g., ref. [11] for a formal derivation of eq. (2.1) above,
as well as exhaustive definitions of quantities appearing therein, like αph(−Q2) and pγq(z).
We stress that the practical evaluation of the Q2 moments in eq. (2.1) requires control over
contributions to the structure functions from low-energy processes below the DIS continuum
region, which represent an important source of uncertainty in the photon PDF calculation.
These various contributions can be incorporated systematically alongside corresponding
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uncertainty estimates, allowing a new generation [8, 9, 12, 14, 15] of QCD+QED PDF
analyses. In section 4, we compare predicted cross sections up to N3LO QCD accuracy in
hard-scattering cross sections, and/or computing NLO electroweak corrections (for Higgs-
strahlung) with the photon PDF according to the LUX formalism.

3 Impact of QED corrections on the PDFs

The addition of QED DGLAP effects at O(α, α2, ααS) necessarily introduces a photon PDF,
i.e., a small contribution to the partonic content of the proton from the photon. This
modification redistributes a ≲1% share of the proton’s total momentum among the gluon,
quark-singlet and photon PDFs. While all global PDF fitting groups now follow the LUXQED
approach, there are subtle differences in its application that may alter the precise details
of the impacts of the QED corrections on the PDFs. Examples of such methodological
variations include:

• The scale at which the photon PDF is extracted using equation (2.1) and modified
versions thereof. This may also have impacts on the full QCD⊗QED evolution.

• The way in which the momentum required by the newly-incorporated photon PDF
is extracted from the other partons; i.e., is momentum conservation strictly imposed
and, if so, are the details of the redistribution of the proton momentum from the QCD
partons determined by the fit or imposed in some other manner.

• The inclusion or otherwise of electroweak corrections in the default QCD baseline fit
upon which the QED corrections are applied. Key data sets for DIS and vector-boson
production come with electroweak corrections already applied at the stage of publication.
For a minority of data sets, some groups include these corrections themselves, where
relevant, by default in their QCD baseline PDFs, and others instead apply kinematic
cuts to remove the affected data regions from the baseline. We discuss these points in
slightly more detail in the text below.

In addition, the impact of QED corrections depends on various precise details of the baseline
QCD-only fits, such as the distribution of the proton’s momentum among the gluon and
quark degrees of freedom, data sets included in the PDF fits, and the form of the QCD
evolution (exact vs. truncated, see, e.g., [6, 15]).

In order to address this, in this work we study a variety of QCD+QED PDF sets. For
comparison with the CT18 NNLO QCD PDFs [22], we consider CT18QEDfit, CT18QEDproton,
and CT18LUX [12, 13] — the PDF ensembles realizing three possible approaches to the
inclusion of QED corrections. In the latter of these, the LUXQED formula for the photon
PDF [eq. (2.1)] is applied directly, in lieu of numerically solving the QCD⊗QED evolution
equations. Therefore, it produces a small excess in the total momentum of the proton.
The former two CT QED ensembles avoid this by applying the LUXQED formula at a
low scale to determine the inelastic photon PDF and then evolving with gluon and quark
PDFs consistently in QCD⊗QED evolution to the required scale. In CT18QEDproton, the
photon momentum is taken from the quark sea by hand, while the CT18QEDfit case allows
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the fit to determine where to take the momentum from. In addition, the momentum sum
rule is enforced with inclusion of only the inelastic photon for CT18QEDproton [13], while
CT18QEDfit includes both inelastic and elastic components [12]. To ensure our study is
adequately representative of available implementations of the LUX formalism, we generally
include each of CT18QEDfit, CT18QEDproton, and CT18LUX in comparison plots, summary
tables, and discussion in the sections below. We note that the scale dependence in CT18LUX
arises from that of the structure functions entering the LUX formula for xγ(x), rather than
application of DGLAP as in CT18QEDfit and CT18QEDproton; the equivalence of these two
approaches was demonstrated explicitly in ref. [12] up to O(α), with any difference emerging
at higher orders, i.e., O(α2) and O(ααs). From the viewpoint of QCD power-counting, elastic
photon production is a power-suppressed process, and hence the above differences in the
total momentum sum are of order of power-suppressed terms as well.

For MSHT, we consider the corresponding QED sets for both the NNLO QCD [14, 23]
and aN3LO QCD PDFs [1, 8]. For the latter we take MSHT20qed_an3lo_qcdfit, which is
the QCD-only counterpart to the QCD+QED PDF (as slight updates were made relatively
to the original aN3LO QCD PDFs); this is denoted as MSHT20QED_QCD. In all MSHT cases,
the LUXQED formula is applied at a low scale and evolved as QCD⊗QED to the required
scale, with the fit determining the PDFs and hence where the photon momentum is taken
from [20]. This is therefore most similar to the approach in CT18QEDfit.

For NNPDF, we consider both NNPDF3.1 [24] and 4.0 [25], at NNLO1 in QCD for
the former and also at aN3LO [5] for the latter, and their corresponding QCD+QED
PDFs [9, 15, 27]. In NNPDF the photon PDF is determined iteratively by applying the
LUXQED formula at the scale Q = 100 GeV, and then running backward (forward) to a
lower (higher) scale in the full QCD⊗QED evolution, again with the fit determining the
PDFs from where the photon momentum is taken. This is therefore most similar to the
MSHT and CT18QEDfit approaches, but with the difference that the LUXQED formula is
now applied at a high scale. NNPDF, unlike CT or MSHT, does not include electroweak
corrections for data in the baseline QCD PDFs; instead, they cut the data to avoid regions
where electroweak corrections are relevant [15].

In order to demonstrate the impact of the inclusion of the photon on the momentum
distribution of the partons through momentum conservation, we first consider the momenta
carried by the quark-singlet, gluon, and photon partons in table 1 for this selection of NNLO
and approximate N3LO (aN3LO) PDF sets [5, 9, 12, 14, 15, 23–25, 27]. In the rightmost
column, we tally the corresponding values for the total momentum of the proton, for which
results generally = 1 within the working precision we quote; for those instances in which
there are small, per-mille deviations from 1 in the total momentum, we provide footnotes
and in-text discussion above. As already mentioned, the procedures for enforcing momentum
conservation vary among the QCD+QED PDF analyses, with weak dependence on the specific
flavor from which the photon momentum is taken before possible refitting; similarly, the
fact that DGLAP evolution acts to conserve momentum only in the inelastic photon-PDF
component produces minimal violation of momentum conservation.

1We note that for NNPDF4.0 the public QCD set differs slightly from that used as the baseline for the
QED set [15], the corresponding PDF set used as the baseline is therefore taken from [26].
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PDF set QCD order ⟨xΣ⟩ ⟨xg⟩ ⟨xγ⟩ Total
CT18 NNLO 0.5282 0.4718 0 1.0000
CT18QEDproton NNLO 0.5262 0.4708 0.00431 1.0013a

CT18QEDfit NNLO 0.5262 0.4694 0.00432 0.9999
CT18LUX NNLO 0.5282 0.4718 0.00437 1.0044b

MSHT20 NNLO 0.5305 0.4697 0 1.0001
MSHT20QED NNLO 0.5279 0.4679 0.00436 1.0001
MSHT20QED_QCD aN3LO 0.5379 0.4596 0 0.9975c

MSHT20QED aN3LO 0.5358 0.4572 0.00441 0.9974c

NNPDF3.1 NNLO 0.5294 0.4704 0 0.9998
NNPDF3.1QED NNLO 0.5271 0.4685 0.00435 0.9999
NNPDF4.0QCD NNLO 0.5341 0.4657 0 0.9998
NNPDF4.0QED NNLO 0.5330 0.4625 0.00433 0.9998
NNPDF4.0 aN3LO 0.5369 0.4629 0 0.9998
NNPDF4.0QED aN3LO 0.5362 0.4593 0.00433 0.9998

aIn CT18QEDproton [12], the momentum sum rule is enforced with the inclusion of inelastic photon, i.e.,
⟨x(Σ + g + γine)⟩ = 1, with the total slightly above one unit from the elastic component, ⟨xγel⟩ = 0.13%.

bIn CT18LUX [12], direct application of eq. (2.1) produces a small total momentum excess. See text.
cNote the slight differences from 1 for MSHT here reflect the LHAPDF extrapolation [21].

Table 1. Momentum fractions for QCD-only (bold) as well as QCD+QED PDF sets involving the
photon density at Q=MH =125 GeV. See text for descriptions of the different PDF sets.

Overall, the net effect of the inclusion of the photon PDF is to reduce the gluon and
quark-singlet momentum fractions of the PDFs very slightly (by ≈0.4–0.8%, and ≈0.1–0.4%
respectively) to generate a photon PDF with total momentum fraction consistently found
by all groups to be ⟨xγ⟩ ≈ 0.004 (i.e., ≈0.4%).

The shifts in partonic momenta in table 1 as summarized above correspond to redis-
tributions in the x dependence of the quark-gluon PDFs, which are then reflected in the√

s=14 TeV parton luminosities in figure 1; there, all groups observe a reduction of ≲2% in
the gluon-gluon luminosity around mH , with the largest effect observed in NNPDF4.0, both
at NNLO and at aN3LO. This is also larger than seen in NNPDF3.1. For NNPDF4.0, the
results shown are for their NNLO/aN3LO PDF set without the estimated missing higher-order
corrections (MHOU). The results for their corresponding PDF set with the MHOU are
very similar and not shown.

The smallest effects are observed for the CT18QEDproton set, in which the photon momen-
tum is instead taken from the quark sea by hand. In comparison, the CT18QEDfit set shows
slightly smaller decreases than CT18QEDproton for the quark luminosities at high invariant
masses, e.g., as seen in the quark-quark luminosity in the top right of figure 1, as the global
fit favors a smaller pull from the QCD-only case in CT18 than that manually imposed in
CT18QEDproton. In general, aside from this case, the impact on the quark luminosities of the
inclusion of QED effects is usually slightly smaller than for the gluon luminosities. We also
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show the quark-gluon and quark-antiquark luminosities in appendix A, the former largely
follows the changes in the gluon, and the latter is more similar to the quark-quark case.

We also compare the photon-photon luminosities of the different QCD+QED PDF sets
in figure 2, where we observe that the differences between PDF groups are largely at the
level of a few-percent. These differences typically follow differences in the charge-weighted
singlet of the PDFs [8]. When one considers that the overall magnitude of the photon PDF
is very small, carrying total momentum of ∼0.4% as indicated in table 1, these remaining
differences are therefore very small. In appendix B we provide additional plots comparing
the photon PDF at low and high scales and observe similar differences in the results for
each of the PDF groups.

4 QCD+QED Higgs cross sections

Cross sections in the combined Higgs-electroweak sector have potential sensitivity to the precise
treatment of the PDFs. This may occur either directly through the presence and modeling of
the proton’s photon density and inclusion of NLO electroweak corrections to cross sections, or
indirectly through the impact of these corrections and the QCD+QED DGLAP evolution on
the proton momentum distribution. For this purpose, first in section 4.1 we evaluate several
Higgs-production total cross sections using the n3loxs [28] and proVBFH-inclusive [29]
frameworks, which allow calculations up to N3LO accuracy in αs. For the Higgs-strahlung
calculations, we also evaluate NLO electroweak effects using the HAWK package [30]. As
the higher-order QCD corrections have been investigated in detail recently, we specifically
concentrate on these electroweak effects and their possible PDF dependence, particularly
with respect to recent analyses which have included the photon PDF in the LUX formalism.

As appropriate for Higgs-strahlung, the NLO electroweak theory we compute contains
the complete range of corrections, which assume the form of virtual (e.g., vertex and self-
energy contributions) as well as real NLO effects as realized in the production of photons
radiated to the final state. In addition, the inclusion of the full electroweak theory to NLO
accuracy permits graphs consisting of photons in the initial-state of the hard scatter (i.e.,
photon-initiated contributions), which depend directly on the photon PDF of the proton.
We note that it is typically assumed that the higher-order electroweak corrections that we
explore effectively factorize from perturbative QCD contributions. Namely,

dσbest
QCD×EW

dO = [1 + δEW(O)]
dσbest

QCD
dO + dσγ

dO , (4.1)

where σγ above corresponds specifically to the photon-induced contributions to the relevant
observable(s). Furthermore, it has been observed recently that the effect of adding QED
evolution to NNLO or aN3LO QCD PDFs is quantitatively very similar [8], supporting the
suggestion that the QED evolution effects factorize from the QCD order.

4.1 PDF-driven effects in total cross sections

We begin by collating the cross sections using a variety of QCD-only and QCD+QED PDF sets
for various Higgs total cross sections in table 2, these include gluon fusion Higgs production,
vector boson fusion Higgs production and Higgs-strahlung. Among total cross sections, it is

– 6 –



J
H
E
P
0
5
(
2
0
2
6
)
2
2
8

Figure 1. The gluon-gluon (left column) and quark-quark (right column) parton luminosities
for the CT18 (first row), MSHT20 (second row), NNPDF3.1 (third low) and NNPDF4.0 (fourth
row) comparing QCD-only and corresponding QCD+QED PDFs. The NNLO, NNLO+QED, and
(where existing) aN3LO and aN3LO+QED PDFs are shown. In each panel, the plotted luminosities
are normalized to a non-QED NNLO baseline (solid-blue curve) for each respective analysis effort.
Corresponding plots for the quark-gluon and quark-antiquark combinations are shown in appendix A.
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Figure 2. The photon-photon luminosity for the NNLO+QED and aN3LO+QED PDF sets of
MSHT20 (upper left), CT18 (upper right), and NNPDF3.1 and 4.0 (lower), shown throughout relative
to a baseline of MSHT20 NNLO+QED, to which we normalize all curves as L(ref)

γγ .

reasonable to expect both the VBF and Higgs-strahlung processes to be more prominently
affected by the inclusion of QED corrections. At the same time, however, the inclusion of the
photon PDF necessarily redistributes the total momentum carried by the gluon and/or quark
sea to the photon, resulting in reductions in cross sections from PDF effects.

The largest of the Higgs production cross sections at the LHC is the gluon fusion, gg → H ,
channel [31–34]. One might suppose electroweak corrections to be fairly small for this process
at the level of hard cross sections. However, in addition to these effects, gluon fusion may
also be impacted indirectly through the subtle dependence of total cross sections on the
shapes of PDFs; careful examination can therefore reveal aspects of the relationship with
global properties of the PDFs — particularly, the redistribution of momentum among active
partons in QCD+QED analyses. Indeed, it is clear from the third column of table 2 that,
while all groups consistently see a reduction in the gg → H cross section upon inclusion of
QED effects, the magnitudes of this reduction vary.

This can be visualized in figure 3, where we plot the gg → H total cross section at 14 TeV
with renormalization scale µ0 = MH/2. We show on the vertical axis the fractional deviation
in the total cross section, when using the QED-improved PDFs, relative to their QCD-only
baselines, relating this on the horizontal axis to the corresponding QED-induced shifts in
the momentum carried by the gluon distribution.
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PDF Set QCD order σgg→H σVBFH σZH σW +H σW −H

CT18 NNLO 51.7 4.45 0.880 0.985 (0.904) 0.626 (0.576)
CT18QEDproton NNLO 51.6 4.43 0.876 0.980 (0.899) 0.624 (0.574)

δQEDproton -0.173% -0.505% -0.420% -0.476% -0.326%
CT18QEDfit NNLO 51.2 4.42 0.874 0.979 (0.898) 0.622 (0.572)

δQEDfit -1.08% -0.660% -0.609% -0.611% -0.602%
CT18LUX NNLO 51.8 4.45 0.880 0.985 (0.904) 0.626 (0.576)

δLUX 0.055% 0.009% 0.030% 0.028% 0.025%

MSHT20 NNLO 51.8 4.53 0.885 0.984 (0.903) 0.624 (0.574)
MSHT20QED NNLO 51.5 4.49 0.878 0.977 (0.896) 0.619 (0.570)

δQED -0.575% -0.933% -0.757% -0.660% -0.715%

MSHT20QED_QCD aN3LO 50.8 4.67 0.882 0.980 (0.903) 0.622 (0.574)
MSHT20QED aN3LO 50.3 4.64 0.877 0.975 (0.894) 0.619 (0.570)

δQED -0.850% -0.582% -0.545% -0.503% -0.450%

NNPDF3.1 NNLO 52.8 4.49 0.900 1.010 (0.926) 0.634 (0.583)
NNPDF3.1QED NNLO 52.2 4.46 0.893 0.998 (0.915) 0.630 (0.580)

δQED -1.14% -0.751% -0.745% -0.753% -0.690%

NNPDF4.0QCD NNLO 52.0 4.61 0.912 1.020 (0.936) 0.642 (0.591)
NNPDF4.0QED NNLO 51.3 4.60 0.909 1.010 (0.926) 0.638 (0.587)

δQED -1.39% -0.081% -0.333% -0.437% -0.497%

NNPDF4.0 aN3LO 52.8 4.64 0.900 1.000 (0.917) 0.632 (0.582)
NNPDF4.0QED aN3LO 51.9 4.65 0.898 1.000 (0.917) 0.630 (0.580)

δQED -1.65% 0.053% -0.291% -0.403% -0.456%

Table 2. Benchmark total cross sections [in pb] for various processes of on-shell Higgs production at√
s = 14 TeV, computed with indicated PDF sets and n3loxs, proVBFH-inclusive. For the latter

W ±H processes, we explicitly include the NLO electroweak-corrected cross section (in parentheses)
as determined via HAWK2.0. We do not include in these cases a separate photon-initiated correction
here, although this is discussed in section 4.2 for the W -decayed pp → W +H process. In the shaded
entries, we also provide for reference the percentage shifts of each total cross section prediction
as produced by the QED+QCD PDF calculation relatively to its respective QCD-only baseline,
δQED = [σ(QED+QCD) − σ(QCD−only)]/σ(QCD−only).

As described in section 3, including a photon PDF reduces the momentum carried by
other partons in the proton, leading to a modest reshuffling of the PDFs and integrated
moments of the QCD partons. For the case shown here of gluon-fusion Higgs production,
the dominant impact is a reduction in the gluon PDF (whose change in total momentum
is shown on the abscissa), which in turn reduces the Higgs production cross section (as
shown on the vertical axis). This is illustrated by the arrow in figure 3, indicating the strong
correlation of reduced gluon momentum with reduced gg → H cross sections. Moreover,
the gradient of the line is ∼2, as the gluon fusion Higgs production cross section depends
on the square of the gluon PDF at leading order.

In more detail, it is notable that the calculations based upon CT18 (in its “QED fit”
version, which is most analogous to MSHT and NNPDF), MSHT20 and NNPDF3.1 at
NNLO all sit at the center of the plot. They have comparable changes in their gluon
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Figure 3. Correlations between the relative shifts in the total gg→H cross section (vertical) and
the gluon momentum fraction (horizontal); we compare predictions for QCD+QED PDF sets against
their QCD baseline counterparts.

momenta of −0.3% to −0.5% and corresponding shifts in the gluon fusion cross section of
−0.6% to −1.2%. On the other hand, as one might expect, CT18LUX and CT18QEDproton
demonstrate little change in the gluon-fusion cross section, as there is only at most very
limited momentum redistribution from the photon in these cases due to the choices made in
those implementations. NNPDF4.0 shows the opposite trend, with more significant decreases
in the gluon momentum and, accordingly, the gluon fusion cross section, which may reflect
differences in the NNPDF4.0 included datasets relative to NNPDF3.1 [35]. We also note that
the approximate N3LO PDF sets of MSHT and NNPDF4.0 both show slightly larger changes
than their corresponding NNLO counterparts, albeit at a few-per-mille level.

Turning next to consider Higgs-strahlung pp → WH, we expect another pattern of
electroweak and QED effects. Firstly, to illustrate purely the indirect effects of the QED
evolution of the PDFs, the upper figure 4 shows the fractional change in the total W +H cross
section on the vertical axis, computed by n3loxs with renormalization scale µ0 = MW H , the
invariant mass of the WH system, now plotted against the change in the quark-antiquark-
singlet momentum fraction on the abscissa. Again, we observe that the PDF sets of CT18
(QED fit), MSHT20 and NNPDF3.1 at NNLO demonstrate similar effects, with changes of
−0.4% to −0.5% in their quark-antiquark momenta and corresponding impacts of −0.6% to
−0.8% on the W +H total cross section. CT18LUX again shows very little changes due to the
fact that there is negligible redistribution of the photon momentum here (the photon is simply
added on top of the QCD partons). On the other hand, CT18QEDproton, where the photon
momentum is taken by hand from the quark sea, shows a more notable reduction in the
quark-antiquark momentum, and hence also in the Higgs-strahlung cross section. NNPDF4.0
now shows smaller drops in the quark-antiquark momenta compared to the other PDF
ensembles, perhaps related to their different selection of data compared to NNPDF3.1 [35]
and the resulting larger impact it sees in reducing the gluon momenta.

– 10 –



J
H
E
P
0
5
(
2
0
2
6
)
2
2
8

Figure 4. Same as figure 3, for (upper) correlations of relative shifts in the total on-shell W +H

cross section without NLO electroweak corrections (vertical) and quark + antiquark momentum
fractions (horizontal) and (lower) correlations of photon-induced contributions (vertical) to the total
(W + → ℓ+ν)H cross section and the total photon momentum fractions (horizontal). The cross sections
are computed for the LHC at

√
s = 14 TeV with a dynamical scale equal to the WH invariant mass in

the upper panel and fixed to MW +MH in the lower one.

However, there are also significant NLO electroweak corrections to Higgs-strahlung,
particularly at large transverse momenta. We therefore supplement the on-shell production
cross sections discussed so far with comparisons of respective cross sections that also include
decay effects, namely, in the pp → (W + → ℓ+νℓ) H channel, for which we assess electroweak
corrections. We compute these cross sections at NLO electroweak accuracy using HAWK2.0 [30]
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Figure 5. Correlation of the relative shifts in the total vector boson-fusion Higgs (VBFH) cross
section (vertical) and quark momentum fractions (horizontal), comparing predictions from the various
QCD+QED PDFs sets against their QCD baseline counterparts.

code at the scale µ0 = MW+MH . NLO electroweak considerations may potentially change the
PDF effects on the cross section, as both photon-initiated contributions and NLO electroweak
corrections contribute to the cross section, and we thus see shifts for all cross sections relative
to the upper figure 4. We therefore present in the lower panel of figure 4 a plot showing on the
abscissa the total photon momentum of the different PDF sets, against the photon-initiated
contribution to the cross section on the vertical axis. In general, the impact of the photon-
initiated contribution is at the level of 4% of the total cross sections in the leptonic decay
channel, but with a high level of consistency across predictions based on different QCD+QED
PDFs. As such, we observe a significant correlation between the photon-initiated contribution
and total photon momentum, but with PDF-driven differences among the photon-initiated
contributions of at most few per mille and less for the NNLO versions of CT18 (QED fit),
MSHT20 and NNPDF3.1. Due to the minimal PDF dependence in this photon-initiated
piece, the spread in total cross sections shown in figure 4 (upper) is predominantly governed
by the redistribution of parton momenta entering the calculation before NLO electroweak
corrections (including γ-initiated contributions) are introduced.

Finally, in figure 5 we consider vector-boson fusion production of the Higgs boson (VBFH)
with the dynamical scale, µ2

0 = Q2
i (i = 1, 2), i.e., the respective virtualities of the exchange

bosons in the structure function approach to VBFH [29]. As VBFH has quark-quark initiated
channels, we plot the QCD+QED PDF-induced shifts in the total cross section on the vertical
axis now against the change in the total quark PDF momentum on the horizontal axis. Once
more, the reduction in momentum in the quarks results in a corresponding reduction of
the total cross section upon the addition of QED effects. It is again noteworthy that the
CT18 (QED fit), MSHT20 and NNPDF3.1 NNLO PDFs show very similar behavior with
all having changes of the quark momentum of within less than one per mille of −0.45% and
corresponding shifts in the total vector boson fusion production cross sections of −0.6% to
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−1.0%. As before, CT18LUX shows very little change as expected, while CT18QEDproton shows
reductions in the quark momentum and cross section similar to, though slightly smaller than,
CT18QEDfit. NNPDF4.0 also again shows smaller differences, possibly for similar reasons
as noted above for Higgs-strahlung and the quark-antiquark momenta. The approximate
N3LO PDFs show slightly reduced differences from the addition of QED effects relative to
the NNLO PDFs, consistent with the larger changes seen in the gluon fusion case and the
need for total proton momentum conservation.

4.2 Differential predictions: W -associated Higgs production

In addition to the total cross sections explored in section 4.1 above, it is also worthwhile to
investigate the electroweak corrections to singly differential Higgs-production cross sections.
Quantifying the possible effects in differential distributions as driven by variations in the
QCD+QED PDFs complements the analogous study of the total cross section, given that the
total cross sections are more immediately correlated with the integrated PDF moments shown
in figure 3–5. In contrast, the kinematical dependence in differential distributions supplies
information with a direct relation to the underlying x dependence of the QCD+QED PDFs
upon which the cross-section calculations are based. This observation can be inferred from
the Born-level kinematical matching(s) associated with the corresponding collider predictions.
Generically, the cross section for production of a final-state electroweak particle, B, at the
LHC, p1 + p2 → B + X, might be matched to

x1,2 ∼ MB√
s

exp{±yB} , Q ∼ MB , (4.2)

with this matching subject to higher-order corrections motivating the inclusion of greater
theoretical working accuracy in both αs and the electroweak interaction strength. For
instance, from eq. (4.2) we conclude that rapidity-dependent cross sections, dσ/dyB, involve
an x dependence spanning well beyond the nominally expected low-x, with forward-boosted
electroweak events probing the high-x behavior of the PDFs, in addition to possible BSM
contributions. Complementary distributions like pT spectra can similarly furnish PDF-
sensitive information, with the large-pT tails measured in two-body final states probing
x ∼ 2pT /

√
s within the central-rapidity region.

Within this context, we select a particular Higgs-production process from those explored
above and examine the interplay of NLO electroweak corrections with the chosen QCD+QED
PDFs. Doing so allows us to quantify the size of NLO electroweak effects for a typical
Higgs-production process, particularly in light of the recent battery of new photon-PDF
determinations summarized in section 3. As a representative example, we take the W +-
associated Higgs process, pp → W +H, and compute several quantities derived from singly
differential cross sections in figures 6–8. We highlight the behavior in W + Higgs-strahlung
again given the significant contribution of photon-initiated graphs to this process at NLO
electroweak accuracy — a point we observed for the total cross sections. We are further
motivated by the fact that the tails of Higgs-strahlung distributions have been underscored
as potentially fertile search grounds for various BSM scenarios; for instance, anomalous
trilinear Higgs couplings can potentially shift transverse-momentum spectra of the Higgs in
V H processes, both at relatively low (pH

T ≲ 100 GeV) and high momenta [36]. We note that
we assume nominal (fixed) scale choices across all (W -decayed) W +H calculations shown
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Figure 6. The pp → W +H cross section, differential in the Higgs transverse momentum, pH
T ,

illustrating the QCD+QED PDF dependence based on global fits which included the photon PDF
and (N)NNLO corrections in αs. The left panel shows the absolute pH

T spectrum, while the right
normalizes each prediction to the NNPDF3.1QED result, for which we also plot the PDF uncertainty.
Here, and below, we assume the nominal scale-choice for associated production, µ0 =MW +MH .
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Figure 7. The pp → W +H cross section, differential in the charged lepton rapidity, yℓ+ now
illustrating the QCD+QED PDF dependence as in figure 6; as before, the absolute differential
cross section is shown (left) as well as the ratio of each calculation relative to that based upon
NNPDF3.1QED (right).

below; namely, µ0 = MW +MH . All (integrated) cross sections are given in [fb], such that,
e.g., pH

T spectra are given in [fb/GeV], etc.
To explore the dependence of differential W + Higgs-strahlung cross sections, we make

consistent use of the HAWK2.0 code, leveraging the full perturbative accuracy available
internally within that framework — namely, NLO in the electroweak theory and QCD.
(This is in contrast to the numerical results given in table 2, for which we simply applied a
relative NLO electroweak K-factor extracted from HAWK2.0 to the n3loxs total cross sections.)
By default for the results in this section, we therefore evaluate the full NLO electroweak
calculation, i.e., the contributions from virtual electroweak loop corrections as well as the
photon-initiated pieces entering at NLO accuracy. As such, we compute the W -decayed
differential predictions which are the HAWK2.0 default output, pp → (W + → ℓ+ν)H. We
stress that these W -decayed predictions can ultimately be related unambiguously to the total
pp → W +H cross sections of table 2 given knowledge of the NLO leptonic branching fractions
of the W +, assuming photon-initiated contributions are neglected [31]. We therefore take
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these default settings and compute Higgs-pT spectra and yℓ-rapidity distributions from the
decayed W +; for these predictions, we assume a default

√
s = 14 TeV and take cuts and

parameter selections as in ref. [37], the results of which we are able to reproduce exactly. In
general, we then highlight the behavior and QCD+QED PDF dependence of the differential
cross sections at NLO electroweak accuracy.

In figure 6, we start by plotting the Higgs-pH
T spectrum, dσ/dpH

T . In the left panel, we
show the absolute spectrum for pH

T <500 GeV, computing the singly differential cross section
for each of the eight variations among the QCD+QED PDF sets explored in earlier sections.
As in subsequent plots, we deploy a coarse binning to minimize Monte Carlo uncertainties
while illustrating the qualitative dependence on kinematical variables. Across the plotted
family of predictions based on different PDFs, figure 6 (left) illustrates a strong level of
agreement in the rapid falloff of the differential cross section, which decreases by more than
an order-of-magnitude from its peak by the latter pH

T bins at pH
T ≥ 250 GeV.

The robust agreement in the predictions among the various QCD+QED PDFs is still
more apparent in the right panel of figure 6, wherein we plot the ratio of each pH

T spectrum
relative to the NNLO prediction based on NNPDF3.1QED (pink). The plotted bands for
each prediction represent a Monte Carlo uncertainty, which becomes relatively sizable in the
high-pH

T bins for which the cross section is small. Uniquely for the NNPDF3.1QED baseline,
we plot its PDF uncertainty, which is approximately ≳1% at smaller pH

T before growing to
∼ 2% at pH

T ≳ 400 GeV. Notably, the PDF uncertainty in the pH
T -dependent cross section

can be identified with that of the total (W +-decayed) cross section, for which we obtain
δ(PDF)σW +H = 1.16%, comparable to the corresponding uncertainty in the low-pH

T region
which dominates the integrated spectrum. Regarding the PDF-driven spread in predicted pH

T

spectra, we find the eight QCD+QED sets approximately bracket the 1σ PDF uncertainty of
the NNPDF3.1QED prediction, with the NNLO and aN3LO NNPDF4.0QED predictions
yielding the largest and next-to-largest predictions, respectively. In contrast, the three CT
(CT18QED, QEDfit, and LUX) and two MSHT20QED (NNLO and aN3LO) predictions
all have comparable magnitude and shape in pH

T , being approximately ∼2% smaller than
NNPDF3.1QED. Overall, we observe that the most up-to-date QCD+QED PDFs induce a
∼3–4% spread in the W +-associated Higgs production pH

T spectrum, with good concordance
up to PDF uncertainties. We also underscore that this relative agreement has emerged in
the wake of adopting the LUX formalism for the photon PDF.

In figure 7, we show plots analogous to those of figure 6, but now for the rapidity of the
decay-lepton, W + → ℓ+ν. As before, we show the absolute rapidity distribution in the left
panel, dσ/dyℓ, over the same ensemble of QCD+QED PDF sets. Correspondingly, the right
panel of figure 7 illustrates the relative variation in these predictions with respect to the
NNPDF3.1QED baseline, again giving the PDF uncertainty of the NNPDF3.1QED prediction
for comparison against the spread in PDF predictions. We note the same qualitative behavior
as in the pH

T spectra, with a fairly weak kinematical dependence and clear ordering in the
magnitude of the predicted cross sections, for which the NNPDF4.0QED results are ∼1–2%
larger than the NNPDF3.1QED baseline whereas the predictions based on the QCD+QED
CT and MSHT sets are comparatively smaller, by ∼1–2%. As before, these predictions lie
at the periphery of the ∼1σ NNPDF3.1QED PDF uncertainty, which is largest (≳1%) in
the central-rapidity region before tapering slightly to ∼ 1% for |yℓ| ≥ 2.
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Figure 8. The ratio of the full electroweak NLO-corrected pp → W +H cross section, differential in
pH

T (left) and the charged lepton rapidity, yℓ+ (right), relative to the corresponding calculation without
the photon-initiated contributions. The high degree of similarity illustrates the minimal dependence
of the photon-initiated contribution to the specific QCD+QED PDF, whether fitted at NNLO in αs

or approximate N3LO.

The results plotted in figure 6 and 7 contain full NLO electroweak corrections, including
photon-initiated contributions. Given the role of photon-initiated sub-processes in Higgs-
strahlung, it is also valuable to investigate their relative contribution to the full NLO
differential calculation. We show this in figure 8, which plots the ratio of the full NLO
result to that in which photon-initiated processes have been excluded. The resulting fraction
quantifies the share of photon-initiated contributions to the full NLO-corrected calculation.
As counterparts to figures 6 and 7, the left and right panels of figure 8 provide this ratio
for the pH

T spectrum and yℓ distribution, respectively. In both cases, we find the photon-
initiated contribution represents ∼3–4% of the full NLO result, with evidence of some mild
kinematical dependence; for instance, the γ-contribution to the pH

T spectrum peaks at ≳4%
near pH

T ≈150 GeV, while the corresponding contributions to the yℓ distributions are greatest
in the more forward or backward rapidities, potentially exceeding 4.5%.

Strikingly, although we observe a significant impact from photon-initiated contributions
in figure 8, we note that the variation in central predictions for this impact with different
assumed PDFs is very small, essentially spanning only several per mille; this behavior is
analogous to the weak PDF dependence noted for the corresponding total cross sections
shown in figure 4 (lower). This PDF independence of the photon-initiated contribution
can be seen in both panels of figure 8, with the spread in central predictions significantly
overshadowed by the ∼2% nominal PDF uncertainty of the cross section ratio itself, which
we representatively show for NNPDF3.1QED as before. From these results, we conclude
that the post-LUX QCD+QED PDF dependence of NLO corrections can be very mild —
generally at a per-mille level; this is true for both the virtual NLO electroweak corrections as
well as the photon-initiated contributions plotted above, both of which we have quantified
specifically for pp → W +H. We emphasize that this observed PDF independence holds
particularly for the NLO electroweak corrections themselves in the case of Higgs-strahlung,
and reinforces precision in the perturbative evaluation of such electroweak effects. At the
same time, however, it should be kept in mind that, with or without NLO electroweak
corrections, the PDF dependence of full cross sections remains significant, as seen in the
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PDF Set σgg→H σVBF σZH σW +H σW −H

PDF4LHC2140 NNLO 52.0 4.51 0.887 0.988 0.627
⟨δQED⟩CT18 -0.398% -0.385% -0.333% -0.353% -0.301%

δQED
MSHT20 -0.575% -0.933% -0.757% -0.660% -0.715%

δQED
NNPDF3.1 -1.14% -0.751% -0.745% -0.753% -0.690%

δQED
PDF4LHC21 −0.7% −0.7% −0.6% −0.6% −0.55%

PDF4LHCQED NNLO 51.6 4.48 0.882 0.982 0.624

Table 3. Benchmark cross sections [pb] for various Higgs-production processes at
√

s = 14 TeV
obtained with PDF4LHC21_40 NNLO PDFs, and with an applied QED correction explained in the
main text. Analogously to table 2, we compute the fractional shifts induced by each of the QED+QCD
PDF calculations relatively to PDF4LHC2140 NNLO, providing the shifts obtained with each group
as well as the averaged shift according to eq. (4.4).

∼3–4% spreads in the right panels of figure 6–7 or the outer pink band (the NNPDF3.1QED
PDF uncertainty) shown in both panels of figure 8.

4.3 PDF4LHC: observations and recommendations

Based on the results in the previous sections, we now summarize an estimate of QED
corrections for key LHC cross sections based on the combined PDF4LHC21 NNLO PDF
ensemble [18]. Table 3 lists, first, the same cross sections as in table 2, now computed using
the central PDF set of the 40-member PDF4LHC21 NNLO PDF ensemble. These QCD-only
cross sections are very close2 numerically to the averages of the respective central cross
sections for CT18 NNLO, MSHT20 NNLO, and NNPDF3.1 NNLO PDFs in table 2, since
the central PDF4LHC21 PDFs are given by the unweighted averages of CT18, MSHT20, and
NNPDF3.1 ones entering the PDF4LHC21 combination, i.e.,

fa(x, Q0)PDF4LHC21 = 1
3 (fa(x, Q0)CT18 + fa(x, Q0)MSHT20 + fa(x, Q0)NNPDF3.1) . (4.3)

We can estimate the QCD+QED PDF corrections to the QCD-only PDF4LHC21 cross
sections according to a similar formula,

δQED
PDF4LHC21 = 1

3
(
⟨δQED⟩CT18 + δQED

MSHT20 + δQED
NNPDF3.1

)
, (4.4)

where the deltas on the right-hand side are the relative differences between the QCD+QED
and QCD-only cross sections in table 2. The second row in table 3 shows the relative
differences δQED

PDF4LHC21 in percent, while the third row shows the central PDF4LHC21 cross
sections after correcting by δQED

PDF4LHC21. The same QED corrections are to be applied to the
predictions for PDF4LHC21 error PDFs when computing the PDF uncertainty.

For CT18 NNLO, in eq. (4.4) we average the corresponding three QED corrections in
table 2, and for MSHT20 and NNPDF3.1, we take the respective NNLO QED corrections.

2The reason they are not exactly the numerical average is that the CT18 and NNPDF3.1 contributions to
PDF4LHC21 were slightly updated relatively to the public ones to ensure consistent heavy-quark masses. In
the latter case, the data sets were also updated [18].
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Such a prescription is sufficient for estimating the leading effects of the inclusion of QED
effects into the PDFs without refitting the input ensembles of the PDF4LHC21 combination.
Moreover, while this is necessarily an approximation, our results have indicated that the
PDF dependence of the QED corrections is typically small relatively to their overall size. As
such, our analysis indicates that the error induced by this approximation is notably smaller
than the effect of not including the QED corrections at all. For example, when computing
δQED

PDF4LHC21 in eq. (4.4), we could alternatively use the averages of MSHT20 NNLO and
aN3LO, and NNPDF3.1 and 4.0 NNLO and aN3LO QED corrections — this would not lead
to appreciable changes in the QED corrections quoted in table 3 with the adopted prescription.
Conversely, rather than averaging the CT18 QED corrections at NNLO, it would alternatively
be acceptable to assume CT18QEDfit in evaluating eq. (4.4), leading to similar numerical
results for δQED

PDF4LHC21. We stress that, while the prescription presented here allows us to
quantify the QCD+QED PDFs dependence of Higgs-production processes, it also provides
informative input toward future statistical combinations of QCD+QED PDFs according to
the PDF4LHC paradigm. The ultimate construction of a combined QCD+QED release would
additionally require detailed compatibility studies at the level of theory, methodology, data
treatment, and statistical assumptions before assembling the statistical combination — an
undertaking beyond the intended scope of this study.

Understanding the origin of the observed differences between the PDF groups is work left
to future studies. Clearly there are remaining uncertainties arising from the implementation
of the QED effects at the targeted level of precision. While a part of these uncertainties is
captured by the input PDF analyses (e.g., by propagating the QED correction from structure
function data that constrain the photon PDF) and by our proposed simple rescaling procedure,
another part could only be accounted for through a combination of the QCD+QED PDF
sets, which is beyond the scope of this work.

5 Conclusion

We have illustrated the size and behavior of QED effects on benchmark Higgs boson production
at the LHC, propagated via QCD+QED PDFs from three global analysis groups, CTEQ-TEA,
MSHT, and NNPDF. We compared predictions based on the most up-to-date QCD+QED
PDF analyses that have incorporated the LUX procedure for the photon PDF according
to several possible approaches. For total cross sections the spread over all predictions,
independent of the inclusion of a QCD+QED PDF, is generally at the level of at most
few-percent variations, with the total rates for the processes explored in this study separated
by ∼ 3–4% overall shifts from smallest to largest. Within this context, we find general
consistency in the shifts induced by including QCD+QED PDFs, which typically reduce total
cross sections by ∼0.5–1.5% for the individual PDF sets before the explicit consideration of
NLO electroweak effects, as explored in the specific case of Higgs-strahlung. These consistent
reductions observed in the individual PDF sets, albeit of differing magnitudes, then result
in reductions of 0.5–0.7% in the average reweighting suggested in section 4.3.

The few-percent PDF dependence of total Higgs cross sections carries through to unin-
tegrated differential cross sections, as typified by pH

T spectra or charge-lepton rapidities in
the Higgs-strahlung (WH) process with the leptonic decay of the W boson, for which we
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also explored NLO electroweak corrections in parallel. For this process, virtual NLO elec-
troweak corrections typically diminish total cross sections by ∼8%, with this effect partially
compensated by an opposing, positive ∼4% contribution from photon-initiated graphs. We
quantified the size of this NLO electroweak photon-initiated effect by systematically including
or excluding such contributions from the W +H process, finding a few-percent shift at the
scales for Higgs-strahlung observables computed in this study.

At the same time, we find that the QCD+QED PDF dependence of these NLO electroweak
corrections themselves is very mild, falling overall at the permille level. Crucially, therefore,
for precision goals in the Higgs sector, the widespread adoption of the LUX prescription for
the photon PDF has substantially reduced the QCD+QED PDF-dependent spread in these
NLO electroweak and photon-induced contributions, while leaving an overall ∼3−4% residual
PDF variation in the full, electroweak-corrected Higgs-strahlung cross sections, similar to the
total cross section variations in other Higgs-production channels considered in our analysis.
The overwhelming source of this residual spread arises from differences in baseline QCD fits,
rather than from the LUX structure-function input itself or associated PDF dependence in the
NLO electroweak corrections. Thus, we find evidence based on the Higgs-strahlung calculation
that NLO electroweak corrections may often be assumed to have minimal PDF dependence,
in much the same way that QCD+QED PDF effects in total cross sections may be estimated
through averages like those shown in section 4.3. At the same time, we underscore that this
conclusion applies specifically to the PDF dependence of the electroweak corrections where
we have computed them (for Higgs-strahlung); the systematic and consistent inclusion of
such effects for hadronic data fitted in global PDF fits remains an important challenge.

Going forward, the path to greater precision for Higgs physics therefore requires a higher
level of control with respect to the base PDFs themselves, with less uncertainty attributable
to ambiguities in the treatment of the photon PDF. To this end, inter-group comparisons for
benchmark channels involving Higgs production will play a valuable role. As a crucial aspect
of the LHC program is the realization of the most robust theoretical predictions in the Higgs
sector and elsewhere, achieving higher precision in the PDFs, including with respect to QED
effects, is a necessary task which will continue to drive work in this direction.
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A Additional parton luminosities

We collect several additional plots of the parton-parton luminosities here.

Figure 9. The quark-gluon parton luminosity for the CT18 (upper left), MSHT20 (upper right),
NNPDF3.1 (lower left), and NNPDF4.0 without MHOU (lower right). The NNLO, NNLO+QED,
and (where existing) aN3LO and aN3LO+QED PDFs are shown.

Figure 10. The quark-antiquark parton luminosity for the CT18 (upper left), MSHT20 (upper right),
NNPDF3.1 (lower left), and NNPDF4.0 without MHOU (lower right). The NNLO, NNLO+QED,
and (where existing) aN3LO and aN3LO+QED PDFs are shown. In the case of NNPDF3.1, the
quark-antiquark luminosities become negative at very large invariant masses, resulting in the spike
seen in the ratio as it goes through 0.
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B Additional PDF plots

We provide here plots comparing the photon PDFs for each group, relative to the baseline
MSHT20 NNLO QED set, both at Q = 2 GeV and Q = 100 GeV. We point out that the
spread in NNPDF photon PDFs evident in the comparison at Q=2 GeV represents a general
growth with backward evolution from higher Q, given the application of the LUX formula
of eq. (2.1) at Q = 100 GeV in NNPDF; as a result of this behavior, the NNPDF spread
corresponds to 1σ agreement at Q = 100 GeV for nearly all values of x and a spread just
beyond the 1σ-level for 10−4 ≲ x ≲ 10−2 for Q = 5 GeV (not shown).

Figure 11. The photon PDF at Q = 2 GeV for the NNLO+QED and aN3LO+QED PDF sets of
MSHT20 (upper left), CT18 (upper right), and NNPDF3.1 and 4.0 (lower), shown throughout relative
to a baseline of MSHT20 NNLO+QED, to which we normalize all curves as γref .

Figure 12. The photon PDF at Q = 100 GeV for the NNLO+QED and aN3LO+QED PDF sets of
MSHT20 (upper left), CT18 (upper right), and NNPDF3.1 and 4.0 (lower), shown throughout relative
to a baseline of MSHT20 NNLO+QED, to which we normalize all curves as γref .
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