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Building upon the most recent CT18 global fit, we present a new calculation of

the photon content of the proton based on an application of the LUX formalism. In

this work, we explore two principal variations of the LUX ansatz. In one approach,

which we designate “CT18lux,” the photon PDF is calculated directly using the

LUX formula for all scales, µ. In an alternative realization, “CT18qed,” we instead

initialize the photon PDF in terms of the LUX formulation at a lower scale, µ∼µ0,

and evolve to higher scales with a combined QED+QCD kernel at O(α), O(ααs)

and O(α2). While we find these two approaches generally agree, especially at in-

termediate x (10−3 . x . 0.3), we discuss some moderate discrepancies that can

occur toward the end-point regions at very high or low x. We also study effects that

follow from variations of the inputs to the LUX calculation originating outside the

pure deeply-inelastic scattering (DIS) region, including from elastic form factors and

other contributions to the photon PDF. Finally, we investigate the phenomenologi-

cal implications of these photon PDFs for the LHC, including high-mass Drell-Yan,

vector-boson pair, top-quark pair, and Higgs associated with vector-boson produc-

tion.
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I. INTRODUCTION

With the steady accumulation of copious experimental data at the LHC, we have entered
into a high-precision era for hadron-collider physics. In parallel, theoretical computations
of higher-order QCD corrections to standard LHC processes have reached to next-to-next-
to-leading order (NNLO) in general, and, in some instances, even next-to-NNLO (N3LO)
accuracy has now become available (see Ref. [1] for an overview). At this level of precision,
electroweak (EW) corrections begin to have an observable impact, as αQED ∼ α2

S. To that
end, next-to-leading order (NLO) EW corrections to hard-scattering matrix elements have
been computed for many LHC processes of interest, and the automation of the NLO EW
corrections has also been achieved in recent years [2, 3]. To perform consistent higher-order
calculations with EW corrections included in the initial state of parton-scattering processes
at the LHC, it is necessary to employ a set of parton distribution functions (PDFs) in which
the photon appears as an active, partonic constituent of the proton.
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The first such PDF set to include the photon as a parton of the proton was the 2004 release
of the MRST group, the MRST2004QED PDFs [4]. The MRST group used a parametriza-
tion for the photon PDF based on radiation off of “primordial” up and down quarks, with
the photon radiation cut off at low scales governed by constituent- or current-quark masses.
Another approach to include the photon PDF is to constrain it in an analogous way to other
partons by fitting available Drell-Yan data [5], an approach first developed by the NNPDF
Collaboration and released in the NNPDF2.3QED [5] and NNPDF3.0QED [6] PDFs. The
constraints on the NNPDF photon PDFs from the data were rather weak, due to the small
size of the photon-initiated contributions, so that the NNPDF photon PDF was consistent
with zero at the initial scale of

√
2 GeV, with large photon PDF uncertainty at high x.

Contemporaneously, the CT14QED PDFs were constructed by implementing Quantum
Electrodynamics (QED)-informed evolution at leading order (LO) along with QCD evolution
at NLO within the CTEQ-TEA (CT) global analysis package [7]. The inelastic contribution
to the photon PDF was described by a two-parameter ansatz, coming from radiation off
the valence quarks, and based on the CT14 NLO PDFs. The inelastic photon PDFs were
specified in terms of the inelastic momentum fraction carried by the photon, at the initial
scale µ0, and they were constrained by comparing with ZEUS data [8] on the production
of isolated photons in deeply-inelastic scattering (DIS), ep → eγ + X. The advantage of
using this process is that the initial-state photon contributions are at leading order in the
perturbation expansion. In contrast, the initial-state photon contribution to Drell-Yan or W
and Z production is suppressed by factors of (α/αs) relative to the leading quark-antiquark
production. As discussed by Martin and Ryskin [9], the photon PDF has a large elastic
contribution in which the proton remains intact, in addition to the inelastic contribution in
which the proton breaks into a multihadron final state.1 In addition to CT14QED, we also
provided CT14QEDinc PDFs, in which the inclusive photon PDF at the scale µ0 is defined
by the sum of the inelastic photon PDF and elastic photon distribution obtained from
the Equivalent Photon Approximation (EPA) [10]. Neither MRST nor NNPDF addressed
these separated contributions to the photon PDF, although we can assume that the NNPDF
photon is inclusive, containing both inelastic and elastic components, since it was constrained
using inclusive Drell-Yan and vector boson data. In all cases, the available data was unable
to constrain the photon PDF to a high degree of accuracy.

Not long after the release of CT14QED, the LUX QED group demonstrated that the
photon PDF can be determined in a model-independent manner using electron-proton (ep)
scattering data, in the effect viewing the ep → e + X process as an electron scattering
off the photon field of the proton [11, 12]. As the elastic and inelastic proton structure
functions have been determined experimentally to high precision, the photon PDFs can be
constrained at the level of 1−2% over a wide range of momentum fraction x. Furthermore,
based on the anomalous dimensions in the light-cone gauge,2 the QED splitting kernels in
the DGLAP [14–17] evolution equations have now been calculated up to O(ααS) [18] and
O(α2) [19], whose effects are important to the determination of precise photon PDFs at a
large energy scale µ as a function of x. Subsequently, the NNPDF group adopted the LUX
formalism and introduced a photon PDF in a global PDF fit, named NNPDF3.1luxQED
PDFs [20]. Likewise, the MMHT2015qed PDF set was recently released. The PDFs were
generated in a global fit by adopting the LUX formalism at a low starting scale, µ0 = 1 GeV,
for the photon PDF, and evolving to higher scales using QED-corrected DGLAP evolution

1 In Ref. [9] these two contributions are referred to as “coherent” and “incoherent”, respectively.
2 See Ref. [13] and the references therein for a complete review.
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equations [21]

In this paper, we follow the original CT14QED strategy of separating the photon PDF
into its respective elastic and inelastic components. The photon PDFs are generated based
on two different approaches of applying the LUX formalism within the framework of the
CT18 NNLO global analysis [22], where the NNLO QCD kernels have been used in the
evolution of partons. In the first approach, CT18lux, the photon PDF is calculated directly
using the LUX formula at any scale µ. In the second approach, CT18qed, we instead
initialize the photon PDF in terms of the LUX formulation at a lower scale, µ∼ µ0, and
evolve to higher scales with a combined QED and QCD kernels at O(α), O(ααs) and
O(α2). For convenience, we shall refer to the former as the LUX formalism approach, and
the latter as the DGLAP evolution approach. While the PDFs generated by both approaches
generally agree, particularly at the intermediate x region (10−3 . x . 0.3), they differ in
the low x region where the inelastic photon dominates and in the large x region where the
contributions from the elastic component of the photon PDF becomes important. Hence, in
this work, we have also explored the impact on the photon PDF from various recent updates
of the elastic component, which represents the photon contribution from elastic photon-
proton scattering processes. As we shall discuss in greater detail below, implementation of
the LUX formalism, which involves integrations of the proton’s unpolarized electromagnetic
structure functions, F2,L, over broad Q2, can be sensitive to higher-twist (i.e., twist-4)
and other nonperturbative QCD contributions. These effects are unsuppressed at low Q2

and must be explicitly modeled; this is necessary both for theoretical accuracy as well
as uncertainty quantification, for which an estimate of the possible model and parametric
dependence is important. We point out that these considerations contrast with the situation
in a typical NNLO PDF global analysis like CT18, in which only leading-twist (i.e., twist-2)
dynamics are admitted into the relevant calculations. This is achieved by modeling only
the twist-2 PDFs at the boundary of QCD evolution, µ=µ0, and constraining the resulting
parametrization through an admixture of perturbative QCD parton-level cross sections and
hadronic data at sufficiently high Q2 and W 2 (for DIS) to ensure that contributions from
sub-leading twist are safely, kinematically suppressed.

Finally, owing to its importance to the LHC phenomenology discussed at the end of this
article, in this work we concentrate on the photon PDF of the proton. While it is technically
feasible to carry out an analogous study for the photonic content of the neutron (a study
which, in full generality, would necessitate the consideration of explicit charge-symmetry
breaking), we defer such considerations to a later work.

The organization of this paper is as follows. In Sec. II, we present both the LUX formalism
and DGLAP evolution approaches to generate photon PDFs. In Sec. III, we discuss the
CT18lux photon PDF based on the LUX formalism. Various sources of the photon PDF
uncertainty are also discussed. In Sec. IV, we present the result of the DGLAP-driven
CT18qed, and compare various photon PDF sets with different choices of the input scale,
µ0, where the photon PDF is provided by the LUX master formula. The main difference
between the CT18qed and CT18lux photon PDFs will also be explored. In Sec. V, we
investigate the phenomenological implications of these photon PDFs at the LHC, including
high-mass Drell-Yan, vector-boson pair, top-quark pair, and Higgs associated with vector-
boson production. In Sec. VI, we discuss our findings and give conclusions. Following the
main body of the paper, we defer a number of technical details to a set of appendices. In
App. A, we present χ2 values for the main PDFs released in this study. The separation of
the photon PDF into elastic and inelastic components is discussed in App. B. In App. C, we
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detail the physical factorization and MS conversion terms that appear in the LUX formalism.

II. THE LUX FORMALISM VERSUS DGLAP EVOLUTION

As reviewed in Sec. I, the CT14QEDinc photon PDF [7] was comprised of two distinct
sub-components. At the initial scale, µ0, CT14QEDinc is given by a sum of inelastic (γinel,
i.e., CT14QED) and elastic (γel) pieces. The CT14QEDinc photon PDF at any higher
energy scale, µ>µ0, is obtained by solving the QED-corrected DGLAP evolution equation,

dγ

d log µ2
=

α

2π

[
pγγ ⊗ γ +

∑
i

e2
i pγq ⊗ (qi + q̄i)

]
. (1)

The CT14QED photon PDFs were parametrized (by a two-parameter ansatz) and specified
in terms of the inelastic momentum fraction carried by the photon at the initial scale µ0,
and they were constrained by comparing with ZEUS data [8] on the production of isolated
photons in DIS, ep→ eγ + X. The elastic component was parametrized by the Equivalent
Photon Approximation [10], which involves an integration over the proton electromagnetic
form factors.

In Ref. [11, 12], the LUX group presented a formalism for determining the photon PDF
of the proton by viewing the ep→ e+X scattering process as an electron scattering off the
photon parton of the proton, and hence, relating the photon PDF to the structure functions
F2(x,Q2) and FL(x,Q2). In such a way, the photon PDF is fully determined by the structure
functions, without the need of introducing a non-perturbative parameterization at an input
scale, µ0. The master formula to determine the LUX photon PDF is3

xγ(x, µ2) =
1

2πα(µ2)

∫ 1

x

dz

z

{∫ µ2

1−z

x2m2
p

1−z

dQ2

Q2
α2

ph(−Q2)

[(
zpγq(z) +

2x2m2
p

Q2

)
F2(x/z,Q2)

− z2FL(x/z,Q2)

]
− α2(µ2)z2F2(x/z, µ2)

}
+O(α2, ααs),

(2)

which includes all the αL(αsL)n, α(αsL)n, and α2L(αsL)n terms, with L = ln
(
Q2/m2

p

)
.

In this equation, pγq(z) ≡ [1 + (1 − z)2]/z is the leading order DGLAP splitting kernel,
and the O(α2, ααs) term does not contain any logarithmic enhancement for large L. As
explained in App. C, the LUX photon consists of two components. The first term inside
square brackets corresponds to the physical factorization contribution, γPF(x, µ2), while
the second term involving only F2 is the MS conversion piece, γcon(x, µ2), after a divergence
is cancelled with the corresponding counterterms [12]. To perform the integration in Eq. (2),
it is necessary to know the structure functions over the full (x,Q2) plane. Inside the high-
Q2 and high-W 2 region, Q2 > Q2

PDF = 9 GeV2 and W 2 > W 2
high = 4 GeV2, over which

3 The MS running coupling α(µ2) is related with the physical coupling αph(q2) as

αph(q2) =
α(µ2)

1−Π(q2, µ2)
,

where q2 = −Q2 corresponds to the spacelike region, and Π(q2, µ2) is the vacuum polarization. In

the large momentum limit, |q2| � m2
q or m2

` , where mq(m`) is the masses of light quarks (leptons),

Π(q2, µ2) = 2
3
α(µ2)
2π

(∑
q Nce

2
q +

∑
` e

2
`

)
log
(
|q2|/µ2

)
. We have the freedom to choose the renormalization

scale as µ2 = |q2| to make Π(q2, µ2) = 0 and, therefore, α(µ2) = αph(−Q2).
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FIG.1.Thebreakupof(x,Q2)planetodeterminetheF2(x,Q
2)andFL(x,Q

2).

perturbativeQCDisreliablyapplicable,thestructurefunctionscanbecalculateddirectly
fromquarkandgluonPDFs.Inthelow-W2region,W2<W2low=3GeV

2,theoriginalLUX
methodologyadoptsthestructurefunctionsdirectlyfromphenomenologicalfitsofCLAS4

[23]orChristyandBosted(CB)[24].Inthecontinuumregion,Q2<Q2PDFandW
2>W2high,

theGD11-PfitofHERMESCollaboration[25]basedontheALLMfuncionform[26]was
adopted. AsmoothandcontinuoustransitionfromtheW2lowtoW

2
high(thegreenbandin

Fig.1)wasperformedbasedontheaquadraticfunctionalform,withdetailsinSec.III.
Thesubdivisionofthe(x,Q2)planeisillustratedinFig.1.
Insubsequentanalyses,boththeNNPDF[20]andMMHT[21]groupsreleasedphoton

PDFsbasedontheincorporationoftheLUXformalismintotheirrespectiveframeworks,
makinganumberofdifferenttechnicalchoicesregardingtheimplementationoftheLUX
approach.SimilartoLUXqed(17)5[11,12],NNPDF3.1luxQED[20]initializesthephoton
PDFwiththeLUXmasterformula,Eq.(2),atahighscale,µ0=100GeV,whichfalls
withinthehigh-Q2continuumregionshowninFig.1.Inthisapproach,thephotonPDFis
mainlydeterminedbythefittedquarkandgluonPDFswithascaledependencespecified
byDGLAPevolution.Asaconsequence,thePDFsevolvebidirectionallyinµ2.
Representinganalternativegeneralscheme,whichwecollectivelydesignatethe“DGLAP

approach”forthepurposesofthisarticle,theMMHT2015qedstudy[21]insteadinitialized
thephotonPDFatalowscale,µ0=1GeV,withanimportantmodificationfromthe
defaultLUXsetup.IntheLUXformalismembodiedbyEq.(2),todeterminethephoton
PDFxγ(x,µ20),theupperintegrationlimitµ

2
0/(1−z)canbecomesignificantlylargerthan

µ20whenzislarge.Therefore,MMHTbreakstheintegrationoverQ
2intotwoparts,as




µ20

x2m2p
1−z

+

µ20
1−z

µ20



dQ
2

Q2
···, (3)

4TheCLASfitisboundedbyathresholdW2>(mp+mπ)
2fornucleonresonanceproduction,illustrated

astheloweredgeinFig.1.
5TheLUXqed17[12]slightlydiffersfromtheoriginalLUXqed[11]inthephotonPDFcalculationandthe

errorestimation.
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PDF Reference DGLAP evolution µ0 [GeV] Momentum sum rule
LUXqed(17) [11, 12] Yes 10 Yes

NNPDF3.1luxQED [20] Yes 100 Yes
MMHT2015qed [21] Yes 1 Yes

CT18lux This work No – No
CT18qed(1.3GeV) This work Yes 3(1.3) Yes

TABLE I. The comparison of the photon PDFs of LUXqed(17), NNPDF3.1luxQED,

MMHT2015qed, CT18lux and CT18qed(1.3GeV).

where the dots above represent the expression inside the square brackets appearing in Eq. (2).
In the second integration range of this quantity, the FL term is neglected because it is
relatively suppressed by one additional order higher in αS compared to F2, i.e., FL ∼ O(αS).
Also, given their slow scale dependence, F2(Q2) and α(Q2) are approximately stationary,
i.e.,

∂F2

∂Q2
∼ 0 ,

∂α

∂Q2
∼ 0 , (4)

an observation which permits the sum over the second integration region to be performed
analytically:

∫ µ20
1−z

µ20

dQ2

Q2
[· · · ] = −α2(µ2

0)

(
z2 + ln(1− z)zpγ,q −

2x2m2
pz

µ2
0

)
F2(x/z, µ2

0) , (5)

very much like the modified conversion term in Eq. (C6).
A concise summary of these different methods is listed in Tab. I. In the pure LUX ap-

proach6, the photon PDF is fully determined by the structure functions which were either
extracted from low-energy data, or calculated from the quark or gluon PDFs. In this way,
the photon PDF is viewed essentially as an addition to the quark and gluon PDFs. The
momentum sum rule ∫ 1

0

x
[
Σ(x, µ2) + g(x, µ2) + γ(x, µ2)

]
dx = 1 , (6)

will be violated by a small amount7, where the singlet PDF appearing above is defined as

Σ(x, µ2) =
∑
i

[
qi(x, µ

2) + q̄i(x, µ
2)
]
. (7)

This violation is remedied in the LUXqed(17), NNPDF and MMHT approaches at the
starting scale and maintained at other scales as well through DGLAP evolution. Strictly
speaking, however, the momentum sum rule is actually very slightly violated even after
being imposed at the starting scale, because the elastic photon satisfies a different evolution
[12, 21]. We expect this small violation to be only at the 0.01% level, which is fully negligible.

6 We want to remind the reader that both LUXqed [11] and LUXqed17 [12] initialized the photon PDF in

terms of the LUX formula at µ0 = 10 GeV and evolved the QCD and QED DGLAP equation to obtain

the PDFs at other scales. In this sense, they are based on the high-µ0 DGLAP approach in our language.
7 Typically, this effect is of the order of a few per mille, depending on the quark and gluon PDFs used in

calculating the DIS structure functions in the master formula.
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FIG.2.TherepresentativeFeynmandiagramsfor(p→ γ)X→ Yscatteringattheleadingand

next-to-leadingorders.

AlthoughthephotonPDFintheLUXformalismisnotobtainedthroughDGLAPevo-
lution,itstillrunswiththeenergyscale.IthasbeendemonstratedinRef.[12]thatthe
LUXexpressiongivesthecorrectDGLAPevolutionkerneluptooneorderhigherthanthe
inputcoefficientfunctions.Inanotherwords,thecoefficientfunctionsatone-looporder,αs
andα,givethetwo-looporderααsandα

2pγisplittingkernels.Asfeedback,thesplitting
diagramq→ qγwillaffectthequarkdistributionsthroughtheQEDrealcorrectiontothe
Pqqfunction.Similardiagramsoccurforthegluonathigherorders.Asaconsequence,all
partondistributionsshouldrunsimultaneously,afeaturethatisnotcapturedbythepure
LUXformalism.
Inarealisticscatteringoftheform(p→γ)X→YasshowninFig.2,wecanfactorize

thehadroniccrosssectionas

σ=γ(x,µ2)⊗σ̂γX→Y(x,µ
2)+···. (8)

Startingatnext-to-leadingorderintheQEDcoupling,quark-initiatedprocessesbeginto
participateinthehardscatteringasdepictedinthemiddlediagramofFig.2. However,
partoftheinelasticphotonoriginateswithintheq→ qγsplitting,whichcontributesto
thefirstdiagram. Theoverlappingcontributionshouldbesubtractedinordertoavoid
doublecounting.Afterthissubtractionaswellasthecancellationofcollinearsingularities,
thephotonandquark(andgluonaswell)distributionsevolveaccordingtothestandard
DGLAPequations.IntheLUXformalism,thiscancellationcanonlybeachievedwith
properMSconversionterms,whichmustbedeterminedorder-by-order,eventhoughthe
differencemaynotbenumericallysizable.
Inordertoaccommodatethissubtlety,wereleasetwoPDFsetsinthisanalysis.Inone

set,thephotonPDFisdirectlycalculatedwiththeLUXmasterformula,i.e.,Eq.(2),at
allscales.Inthisscenario,thequarkandgluonPDFsaretakenfromtheCT18NNLO
PDFfit[22]withoutmodification. WedesignatethisPDFset“CT18lux”.Inthissense,
themomentumsumruleofCT18luxPDFwillbeweaklyviolatedasthephotonentersas
anadditional,smallcomponent.Intheotherset,thephotonPDFisobtainedthrough
DGLAPevolution,andwecalltheresult“CT18qed”.Inthisset,weinitializethephoton
atalowstartingscale,µ0,basedontheLUXformalism,similarlytotheapproachtakenby
MMHT2015qed[21]. Wewanttoemphasizethat“CT18lux”differsfromthephotonPDFs
inLUXqed(17)[11,12],whichareobtainedthroughahigh-µ0(10GeV)initializationwith
theDGLAPevolutionapproach.Aspointedoutabove,thedifferencebetweenCT18luxand
CT18qedmainlycomesfromhigher-ordermatchings,whichwillbeexploredindetailinthe
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next two sections.

III. THE CT18LUX PHOTON PDF

In this section, we first present a photon PDF determined through a more direct imple-
mentation of the LUX formalism [11, 12] into the framework of CT18 NNLO global analysis
[22] and obtain the CT18lux PDF. In the process, we will also illustrate the general use of
the LUX master formula and the variety of physics inputs necessary to compute the photon
PDF and its uncertainty. These developments will be instructive in Sec. IV, wherein we
construct our main recommended photon PDF, CT18qed, which we base on a marriage of
the LUX formalism and DGLAP evolution [14–17].

A. Numerical procedure

The photon PDF in the CT18lux is generated with the LUX master formula, Eq. (2), at
all scales above the CT18 starting one µ0, according to the numerical prescription described
below.

• Instead of taking PDF4LHC15 as input, we use the CT18 NNLO PDFs for the
(anti)quark and gluon PDFs needed to calculate the structure functions F2,L appearing
in the LUX master formula, Eq. (2), in the high-Q2 and high-W 2 region. The quark
and gluon PDFs remain unchanged relevant to the default ones fitted in CT18 NNLO.

• Similar to the CT18 NNLO PDFs, the CT18lux contains one central set and 58 Hessian
error sets, with all generated by applying the LUX master formula to the 1+58 CT18
NNLO PDFs. The error sets quantify a part of the photon PDF uncertainty induced
by the quark and gluon partons through perturbative DIS structure functions, F2,L,
in Eq. (2).

• Because of this procedure, the proton momentum sum rule is slightly violated. The
amount of violation is given by the additional fractional momentum of the proton
carried by the photon. In Fig. 15, we show this momentum fraction as a function of
the energy scale, µ. It is about 0.22% at µ = 1.3 GeV and grows to about 0.65% at
µ = 1 TeV.

• In addition to the 58 photon error PDFs encapsulating the quark-gluon PDF uncer-
tainty noted above, a number of other dynamical effects at smaller Q contribute to the
photon PDF calculation. We assess uncertainties associated with these in Sec. III B
below, and ultimately include them into the final CT18lux photon PDF uncertainty.

B. The CT18lux photon PDF and its uncertainty

Based on the formalism developed in Sec. II, it is clear that xγ(x, µ2) in the master formula
of Eq. (2) involves a series of contributions away from the kinematical region dominated
by inelastic processes as shown in Fig. 1 — the “DIS” or “high-Q2 continuum region” in
which the most appropriate description is in terms of PDFs. These contributions enter via
the direct evaluation of γ(x, µ2) from the phenomenological F2,L structure functions, and
arise from several distinct dynamical sources and scattering processes in the electromagnetic
interaction of the photon with the proton. In turn, these contributions generally have a
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number of potential variations in terms of their calculation and implementation in Eq. (2)
which represent a significant source of uncertainty on xγ(x, µ2). We note that, while many
of the nonperturbative error sources explored here may have been considered or analyzed in
some form in previous work(s), here we systematically revisit them, having considered an
expanded set of possible variations and, where relevant, updating inputs into Eq. (2) with
more recent parametrizations of structure functions and form factors that have emerged
since, e.g., Ref. [11].

1. Construction of the photon PDF uncertainty

The most straightforward way to determine the full photon PDF uncertainty is to build
it sequentially, by first calculating a central PDF through Eq. (2) as detailed above, and
then computing eigensets associated with variations among the PDF parameters used to
compute F2,L. This encapsulates the photon PDF uncertainty from the “continuum QCD”
or higher-Q2 region. A realistic assessment of the uncertainties of the extracted photon PDF
also depends, however, on the treatment of low-energy (or, “low-Q2”) contributions to F2,L

(through and including Q∼ few GeV), especially at high x; we must therefore account for
variations of these low-energy effects within the larger Hessian uncertainty on γ(x, µ2) as
well. In particular, we specify the uncertainty on γ(x, µ2) through a number of additional
error sets, leading to a collection of

Nsets = 1 (central) + 2NPDF + 2nlow-Q2 ; (9)

PDF sets in a fit with NPDF shape parameters for the parton distributions and nlow-Q2

separate low-Q2 inputs to F2,L. For the latter, we symmetrize the uncertainty for each of
the low-Q2 inputs, and rescale the error band to 90% CL.

2. Contributions to the photon PDF and its uncertainty

Here, we describe a number of unique contributions or effects that enter the photon PDF
master formula of Eq. (2) and are responsible for the ultimate uncertainty of the photon
PDF.

The quark-gluon PDF uncertainty. The structure functions, F2,L, in the high-Q2

continuum region are determined through perturbative calculations. The uncertainty of
high-Q2 F2,L due to the quark and gluon uncertainty will propagate to the inelastic photon
component. We show the photon PDF uncertainty purely induced by the high-Q2 quark
and gluon PDFs in Fig. 3. We have presented the same error bands from LUXqed17 and
MMHT2015qed as well for comparison.8 We see that the overall size of the error band agrees
very well among these three groups, while MMHT2015qed gives a slightly larger band in the
intermediate x region. Instead of directly calculating the photon PDF with the LUX master
formula, MMHT2015qed evolves the photon together with the quark and gluon PDFs with
the DGLAP equations, which includes the interplay between the photon and other partons,
as well. This treatment is similar to that used in CT18qed (1.3GeV), which will be discussed

8 We do not include the NNPDF3.1luxQED here, as NNPDF does not provide separated sets purely from

the quark-gluon variations.
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FIG.3. ThephotonPDFuncertaintybandspurelyinducedbytheDGLAP-evolvedquarkand

gluonPDFs.

inthenextsection.

Elasticformfactors. Anothernecessaryconsiderationistheinterplayofparametric
uncertaintiesinphenomenologicalfitsormodelsofSach’selectromagneticformfactorsof
theproton,GE,M,andtheultimatephotonPDFuncertainty.Historically,therehavebeen
diverseattemptstosimulatetheseformfactorsinQCD-inspiredmodels[27–32],compute
themusinglatticeQCDorothertheoreticalmethods(see,e.g.,[33]),ortoextractthemphe-
nomenologicallybasedonempiricaldata,analogouslytothequark-gluonPDFsthemselves.
Inthiswork,wehaveconsideredthelatterapproach,takingaseriesofphenomenological
fitsoftheSach’sformfactorsinordertomorefullydeterminethedependenceofourphoton
PDFcomputedthroughEq.(2)onchoicesforGE,M(Q

2).

LUXqed(17)[11,12]hasexploredvariationsbasedontheA1fit[34]withalltheworld
datainvolvingelectronscatteringuptotheyear2013. WeshowtheA1fitstotheworld
polarizeddataandtheunpolarizeddatainFig.4(a)and(b),respectively. Wenoticethat
thepolarizedfitincludetwo-photon-exchange(TPE)corrections,whiletheunpolarizedone
doesnot. Correspondingratiostothecommonly-usedsingle-parameterdipoleprediction
areshowninFig.4(b-f);theseratioshighlightthenontrivialQ2dependenceoftherealistic
formfactors,whichcanmarkedlydifferfromthatofthesimplerdipoleansatz.Inaddition,
amorerecentglobalfitoftheunpolarizedworldcross-sectiondatafromYeetal.inRef.[35]
similarlyincorporatedtwo-photonexchangecorrections. WeseethatGEobtainedinthisfit
agreesbetterwiththeA1fitofpolarizeddata,whereasGM agreeswiththeA1unpolarized
one.ThecorrespondingelasticphotonPDFsobtainedwiththesedifferentprescriptionsare
showninFig.5. WeseethatthefitofYeetal.[35]givesinalargeruncertaintybandthan
thatofA1,duetoitslargeuncertaintyinthelow-Q2region. Thecentralelasticphoton
ofYeagreesbetterwithA1unpolarizedoneatlargex.Itcanbeunderstoodintermsof
Eq.(B1)thattheelasticphotonatlargexismainlydeterminedbytheGM(Q

2),whilethe
impactofGE(Q

2)issuppressedeitherby(1−x)orm2p/Q
2.FollowingLUXqed(17)[11,12],

weretaintheA1polarizedfitasourdefaultchoice,whilethecorrespondinguncertaintyis
estimatedbythelargerdeviationobtainedeitherfromtheerrorbandoftheA1polarized
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fitorfromthecentralofA1unpolarizedfit. WealsoreleaseanextraPDFsetbasedonthe
Yeetal.
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FIG.4.Theelasticformfactorsnormalizedtothestandarddipoleform,obtainedbythefitofA1

Collaboration[34]andYeetal.[35].

Higher-twisteffects.ThestructurefunctionsareformallydeterminedasFouriertrans-
formsofhadronicmatrixelementsofquark-levelelectroweakcurrentoperators,

Wµν=
1

4π
d4zeiq·zp J†µ(z),Jν(0)p=L

i
µν(p,q)Fi(x,Q

2) (10)

inwhichtheindexiontheRHScanbeexpandedoveracompletetensorbasisandLiµν
representsthesetofuniqueLorentzstructuresconstructedfromthemomentapandqin
thatbasis.Atlowerenergies,varioussoftquark-partoncorrelationswithinthetargetcan
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FIG.5.TheelasticandtotalphotonPDFs,normalizedtotheresultobtainedwiththeA1world

fitincludingthepolarizeddata.

beincludedinthematrixelementofEq.(10),whichhavetheeffectofincreasingthetwist
(differencebetweenoperatorspinanddimension)ofthematrixelement.Forunpolarized
matrixelements,thenextnonzeroterminthetwistexpansionbeyondleadingtwistappears
attwist-4,whichispower-suppressedby∼1/Q2.Computingorfittingtheseseparatelymay
beaninvolvedtask,butonequickalternativewouldbetouseanexistingdetermination
suchasthatfromtheCJ15NLOfit[36],whichfittedanx-dependenthigher-twist(HT)
correction,

FHT2 (x,Q
2)=FLT2 (x,Q

2)1+
CHT(x)

Q2
, (11)

whereCHT(x)=h0x
h1(1+h2x). Whilethereisanobviousmodeluncertaintyassociated

withthischoiceofparametricform,thereisalreadyaparametricuncertaintythatcanbe
usedtogenerateextremescenariosfortheHTcorrectiontoF2.Theabsolutehigher-twist
correctionstoF2(x,Q),basedontheCJ15NLOfit[36],areshownassolidlinesinFig.6(a).
Weseeclearlythat,asexpected,thesizeoftheHTcorrectionismaximizedatlowervalues
ofQ2,particularlyforlargex,butrelativelysuppressedastheQ2scaleincreases. The
sharpdiparoundx∼0.48isduetoalocalizedsignchangeinCHT(x)intheCJ15NLO
fit.Similarly,weexpectahigher-twistcontributiontoFL,whichisparameterizedwithone
parameteras

FHTL (x,Q
2)=FLTL 1+

AHT
Q2

. (12)

RecentstudiesontheDISdatasuggestAHT=5.5±0.6[37].TheMMHTgroupobtained
asmallervalueasAHT =4.3GeV

2[38]. HerewetakethelargervaluefromRef.[39],
withtheimpactshownasthedashedlinesinFig.6(a).Thecorrespondingcorrectionsto
theinelasticphotonPDFarisingfromtheseHTcorrectionsarerepresentedbytheblue
curvesinFig.8. Theoverallsizeoftheuncertaintyisgenerallysmall,afactwhichcan
beunderstoodasoriginatinginthe∼1/Q2suppressionofHTcorrections,whichhereonly
enterthecalculationinthehigh-Q2continuumregion. Nevertheless,theHTuncertainty
peaksat 1%forx∼0.65,andremainsarelevantconsiderationforprecisioninthevery
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FIG. 6. The higher-twist corrections (a) and the target mass corrections (b) to the structure

functions F2,L.

high-x regime.

Target-mass corrections. At leading twist, additional operators can be inserted into
the matrix element associated with the hadronic tensor, Wµν of Eq. (10), which, in turn,
affect the low-Q behavior of the unfolded structure functions. These additional operators
are insertions of covariant derivatives:

ψ̄γµDµ1 · · ·Dµnψ , (13)

which increase both the spin and dimension of the matrix element, thus leaving the twist
unchanged. These corrections are referred to as “kinematical higher twist” corrections, and
can be unfolded in the operator product expansion (OPE) of Georgi-Politzer [40], as done
here. The net effect is target-mass dependent corrections (TMCs) that go as ∼ m2

p/Q
2

and dominate mass-corrected structure functions at high x. There, in principle, can be
substantial prescription dependence in the implementation of these corrections, leading to
another potential uncertainty. A number of these structure-function level prescriptions have
been computed and reviewed in Refs. [41, 42]. For example, there can be substantial variation
in FL, depending upon the specific prescription. The target mass corrections to F2,L, defined
as

δTMC =
FTMC

2,L

F2,L

− 1, (14)

are shown in Fig. 6(b), calculated according to the standard OPE formalism implemented in
APFEL [43]. We remind the reader that the TMCs can be either positive or negative, but
we only show the relative absolute deviations here. Similar to the HT case, the several sharp
dips are due to sign changes on the log-scale over which we plot. Owing to the kinematical
suppression of target-mass effects, which result in a näıve rescaling of computed structure
functions in the Georgi-Politzer formalism [40],

x→ ξ(x,Q2) =
2x

1 +
√

1 + x2m2
p/Q

2
, (15)

TMCs introduce a kinematical dependence on the ratio x2m2
p/Q

2. In particular, at larger
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x and smaller Q2, we expect the most significant impact, especially for quantities that are
steeply-falling functions at x → 1; this is true, for instance, of the longitudinal structure
functions, FL, which can receive a sizable correction induced by rescaling, x → ξ. The
TMCs to the inelastic photon PDF are shown as black lines in Fig. 8. We see the impact
can dominate the uncertainty at very high x, e.g., for x > 0.6.

Scattering from nucleon resonances. At lower energies, Q2 < Q2
PDF or W 2< W 2

high,
scattering from nucleon resonances (e.g., the ∆, the Roper) dominates the γp cross section
and therefore contribute to F2 and FL (or F1 equivalently).9 These are typically described
with a combination of Breit-Wigner parametric forms on a smooth background (for instance,
informed by Regge Theory). Even more so than the elastic contributions, uncertainties from
resonances are likely to be truly data-driven, with little variation from underlying theory
or models. The structure functions F1,2 in the resonance regions at several representative
scales are shown in Fig. 7. Here we show the invariant squared mass of the final-state
hadronic system, W 2, which is directly used in the experimental measurements, such as
CLAS data [23] or the Christy-Bosted phenomenological fit [24]. The conversion from W 2

to the Bjorken-x can be easily performed as

W 2 = m2
p +Q2 1− x

x
. (17)

The “CH” curves in Fig. 7 bridge the CLAS resonance to the HERMES continuum with a
smooth transition:

Fa =


F res
a W 2 < W 2

low,

(1− ρ)F res
a + ρF cont

a , W 2
low < W 2 < W 2

high,

F cont
a W 2 > W 2

high,

(18)

where a = 1, 2 (or L) and ρ is

ρ = 2ω2 − ω4, with ω =
W 2 −W 2

low

W 2
high −W 2

low

. (19)

The transition points are W 2
low = 3 GeV2 and W 2

high = 4 GeV2, respectively. The original
Christy-Bosted fit was released in 2007 [24], which is denoted as “CB07” in Fig. 7. A recent
update includes more data from proton and mostly nuclei cross sections [44], denoted as
“CB21” in the figure. We show the corresponding inelastic photon of CB21 as the green
curves in Fig. 8. We see the variation from our default choice, CLAS, is very mild, and
only 1% around x ∼ 0.5. It only deviates significantly when x > 0.85, where the structure
functions become unreliable, and so does inelastic photon.

The RL/T . In the resonance and low-Q2 continuum region, the longitudinal structure

9 The relation among these three structure functions follows

FL = F2(1 + 4x2m2
p/Q

2)− 2xF1. (16)
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functionFLismodeled,similarlytoLUXqed(17)[11,12],as

FL(x,Q
2)=F2(x,Q

2)1+
4x2m2p
Q2

RL/T(x,Q
2)

1+RL/T(x,Q2)
, (20)

whereRL/T=σL/σT.ThespecificRL/TisprovidedbyLUXgroup,whoadoptedtheHER-
MESconvention[25]andtheR1998fitprovidedbyE143Collaboration[45].Theuncertainty
isassignedconservativelytobe±50%,withthecorrespondinginelasticphotonshownas
theredbandsinFig.8.Aroundx∼0.45,theuncertaintyinducedbyRL/Tcanbeaslarge
as2%,whichdominatesaroundthisregion.

Matchingscale, Q2PDF,orcontinuumchoice.Thedefaultmatchingscalefromthe
low-Q2HERMEStohigh-Q2pQCDcontinuumregionissetasQ2PDF=9GeV

2.LUXvaried
thisscaledowntoQ2PDF=5GeV

2inordertoestimatethecorrespondinguncertaintydueto
thisparametricchoice.DifferentfromtheLUXqed(17)[11,12]andNNPDF3.1luxQED[20]
calculations,theMMHT2015qedphotonPDFwasinitializedatµ0=1GeVisthereforefully
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FIG.9. Theindividualcontributionstothefullγ-PDFuncertaintyinourCT18luxcalculation.

ThevarioussourcesofuncertaintyarediscussedintheaccompanyingtextofSect.IIIB2,andare

addedontopoftheuncertaintiesassociatedwithvariationsofthequark-gluonparametersinthe

LUXmasterexpressioninEq.(2).

determinedbythelow-energySFs,takenfromthefitsofHERMES[25]andCLAS[23](or
CB[24]).Thecorrespondinguncertaintythereisquantifiedbytakingtheuncertaintybands
oftheGDP-11fitprovidedbytheHERMESCollaboration[25].Athigherscales,µ,γ(x,µ)
in MMHT2015qedisentirelydeterminedbyDGLAPevolution. ForCT18lux,wechoose
tofollowtheLUXapproachtoquantifythematching-scaleuncertainty,whichisshownas
theorangecurveappearinginFig.8. WefindthevariationfromQ2PDF=9GeV

2down
to5GeV2producesaverymild,subpercenteffectwhichismaximallypeakedathighx∼0.6.

Missinghigher-order(MHO)correction. AsexplainedinApp.C,themissing
higher-orderuncertaintyisquantifiedbyvaryingtheseparationscaleM2(z)betweenthe
defaultchoiceµ2/(1−z)andthealternativeoneµ2.Thevariationoftheinelasticphoton
PDFfromtheCT18luxcentralsetisshownasthepurplelineinFig.8. Wefindthat,
withtheexpectedcancellationofthedivergentlog[1/(1−z)]contributioncapturedby
themodifiedMS-conversionterminEq.(C6),weobtainonlyverymildvariationsinthe
resultingphotonPDFatnominalxvalues. Theonlyexceptionoccursatx>0.85,where
theabsolutephotonPDFbecomesextremelysmall,asindicatedinFig.26,suchthatthe
calculationbecomesunreliable.

Tosummarizethisdiscussion,inFig.9wepresentthecompletesetofcontributionstothe
CT18luxphoton-PDFuncertainty,contributedfromeachofthevarioussourcesdiscussed
above.Here,wehavesummedtheelasticandinelasticcomponentsandshowthetotalone.
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IV. THE PHOTON PDF FROM A DGLAP-DRIVEN APPROACH: CT18QED

In the present section, we present the photon PDF based on a DGLAP evolution approach,
which consistently includes QED effects. We call the resulting photon PDF sets “CT18qed.”
After first reviewing our numerical procedure for evaluating PDFs in CT18qed (Sec. IV A)
and discussing the CT18qed PDFs themselves and their uncertainties (Sec. IV B), we turn
to several issues related to the determination of PDFs in the DGLAP-driven approach,
including the enforcement of momentum conservation (Sec. IV C) and subtleties comparing
the CT18lux and CT18qed calculations at different perturbative orders in the combined
QCD and QED expansion.

A. Numerical procedure

The CT18qed PDFs are constructed in such a way as to first separate the photon PDF
into elastic and inelastic components, in analogy with the CT14QEDinc and CT14QED
PDFs [7]. The elastic photon distribution is directly calculated by applying the LUX formula,
cf. Eq. (B1), while the inelastic photon distribution, together with the (anti)quark and gluon
partons of the proton, are predicted by applying the DGLAP equations to evolve PDFs from
an initial scale, µ0∼ [few GeV], to an arbitrary scale at higher energies, µ.

• After separating the photon PDF into elastic and inelastic components as noted above,
the elastic photon distribution at any scale, µ, is directly evaluated by applying the
appropriate elastic LUX formula, Eq. (B1). At µ0 = 1.3 GeV, the elastic photon
contributes to about 〈xγel〉(µ2

0) = 0.15% momentum fraction of the proton.
• At µ0 = 1.3 GeV, we determine the inelastic photon distribution according to the

LUX master formula, Eq. (2), excluding the elastic photon component in this stage
of the calculation; here, the structure functions F2,L in the DIS region are calculated
directly from the CT18 NNLO PDFs [22]. At our starting scale, the inelastic photon
contributes 〈xγinel〉(µ2

0) = 0.066% to the total momentum of the proton. We also note
that, since CT18 has one central set and 58 error sets, the resulting CT18qed PDFs also
contain 1+58 PDF sets corresponding to the central prediction and additional Hessian
error sets associated with the underlying uncertainty arising from quark-gluon PDFs.

• At µ0 = 1.3 GeV, the shape and normalization of the valence quark and gluon PDF
are fixed to those obtained in CT18, except that we require the total momentum
fraction carried by the quark sea to be 1 − 〈x(g + qval + γel+inel)〉(µ2

0), where qval =
(u− ū) + (d− d̄). This ensures consistency with the momentum sum rule at µ0 = 1.3
GeV. This procedure is implemented by adjusting the normalizations of sea-quark
PDFs in the fashion typically used in CT global fits so as to respect total momentum
conservation.

• We then evolve the quark-gluon and inelastic photon PDFs from the starting scale
(µ0) to an arbitrary scale µ (>µ0) by applying NNLO QCD plus NLO QED DGLAP
evolution equations implemented inside the APFEL package [43]. Consequently, a new
set of quark-gluon PDFs, slightly different from those obtained in CT18, are generated
with the photon PDF. Crucially, owing to the properties of the combined QCD+QED
splitting kernel, the total momentum carried by quark-gluon degrees-of-freedom and
the inelastic photon will remain invariant, having been fixed to our initial choice of
〈x(g + Σ + γinel)〉(µ2) = 1 − 〈xγel〉(µ2

0). Since the momentum fraction carried by the
elastic photon will change only very slightly with increasing µ, decreasing by about
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δxγel(µ2)=0.015%atµ=10TeV,theCT18qedPDFsareguaranteedtosatisfy
themomentumsumruletogreateraccuracythaninCT18lux.
•Wealsocomparethisscenariooutlinedabovewithadifferentchoiceforthestarting
scaleofµ0=3GeV.Inthiscase,theinputquark-gluonPDFsatthescaleµ0=3GeV
arethosepredictedbythestandardCT18PDFs(withµ0=1.3GeV)afterhaving
beenevolvedfrom1.3GeVto3GeV. Wenotethatinthiscase,thecharmPDF
isnon-zeroatthestartingscaleofµ0=3GeV.Forreasonsexplainedinthenext
subsection,wewillfromhereontakethisPDFsetwithµ0=3GeVasthedefault
choiceofCT18qed,andusethenameCT18qedtorefertothissetinparticular,ifno
otherspecificationsaregiven. WewillusethenameCT18qed1.3GeV,instead,torefer
specificallytothePDFsetwithµ0=1.
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FIG.10. AcomparisonofthephotonPDFsamongtheCT18lux,CT18qed(1.3GeV),LUXqed17

[12],NNPDF3.1luxQED[20],andMMHT15qed[21].

B. Theproton’sphotoniccontentinCT18qed

CT18qedPDFs.Asoutlinedabove,itispossibletodeterminethephotonPDFatany
perturbativescalethroughcombinedQCD+QEDevolutionfromagiveninitialboundary
conditionatthestartingscaleµ0. VariouspublishedphotonPDFsetswereobtainedby
choosingdifferentµ0andtheirassociatedboundaryconditions.InFig.10,wecomparethe
CT18qed(withµ0=1.3GeVand3GeV)andCT18luxphotonPDFswithotherexisting
photonPDFsatµ=100GeV.Itshowsthatintheintermediate-xregion,theCT18lux
photonisbetweenLUXqed17(similartoNNPDF3.1luxQED)and MMHT2015qed,while
CT18qedgivesasmallerphotondistributionthanallothersets.Incontrast,atextremely
largex,the MMHT15qedandCT18qedcalculations,bothofwhicharebasedonalow-
scaleevolutionapproach,giverelativelysmallerphotonPDFsthantheothers. Meanwhile,
atsmallx,CT18qedgivesalargerphotonPDFthanCT18lux.Thiscanbequalitatively
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understood in terms of the approximation of solution to Eq. (1) as

γ ∼
∫ µ2

µ20

dQ2

Q2

α

2π

∑
i

e2
i pγq ⊗ (qi + q̄i). (21)

Recall that structure functions at the leading order, i.e., O(α0
s), are

F2(x,Q2) =
∑
i

e2
i (qi + q̄i), FL(x,Q2) = 0. (22)

Hence, in this approximation, the DGLAP solution agrees well with the LUX prediction,
when the LO structure functions are used and the MS conversion term is ignored in Eq. (2).
In Fig. 11(a), we directly compare the LO with the full NNLO calculation of F2 employed in
the LUX approach. It shows that at high scales µ, the ratio F LO

2 /FNLO
2 is larger than one in

the small x region, and becomes much smaller than one in the large x region. This explains
why the CT18qed photon PDF is larger than CT18lux at small x values and becomes smaller
when x increases. Another noticeable feature of Fig. 10 is that CT18qed photon PDF drops
very fast as x approaches to 1. In order to understand the reduction of CT18qed at large
x values relative to CT18lux, we need to keep in mind that both the elastic and inelastic
photon PDFs drop rapidly when x → 1. Given that the elastic components are the same
for CT18lux and CT18qed and essentially scale-invariant (see Fig. 26), the main difference
between the two comes from the inelastic contribution, especially from the MS-conversion
term. In CT18qed with µ0 = 1.3 GeV,10 the starting scale of µ0 falls within the low-
Q2 continuum and resonance regions and therefore receives substantial non-perturbative
contributions from the effects reviewed in Sec. III B 2. In Fig. 11(b), we compare a few
non-perturbative F2 (solid lines) with perturbative ones (dashed lines). We see that the
non-perturbative F2 is significantly larger than the perturbative one.11 Therefore, we expect
the corresponding absolute value of low-Q2 MS-conversion terms to be significantly larger
than the one in the high-Q2 pQCD region. Recalling the negative sign of the MS conversion
term, this explains the significant reduction of CT18qed at large x values compared with
CT18lux. The same scenario occurs with MMHT2015qed at large x, as shown in Fig. 10.
Finally, MMHT2015qed gives a smaller photon PDF in the small x region as compared
to CT18qed, which is due to the comparatively lesser value of its charge-weighted singlet
distribution, Σe, which is depicted in Fig. 12.

The CT18qed PDF total uncertainty. The next question to ask is “What is the
photon PDF total uncertainty in CT18qed?” Before detailing various potential sources of
the photon PDF uncertainty, we first compare the photon PDF uncertainties as predicted
by various global analysis groups. In Fig. 13, we show the self-normalized uncertainty bands
to the corresponding central for each of the photon PDFs examined in this analysis.

The photon PDF uncertainty induced by quark-gluon degrees-of-freedom can be calcu-
lated, as described above, in the same way as the PDF uncertainty for the quark and gluon
PDFs — by applying the master formula presented in Ref. [46] to the complete set of quark-
gluon PDF error eigensets. In fact, the uncertainty induced by the DGLAP-evolved quark
and gluon PDFs has already been shown in Fig. 3, which roughly gives the same size of error

10 It is also true for the µ0 = 3 GeV in the extremely large x region of W 2 > W 2
high in Fig. 1.

11 We remind the reader that the CLAS fit is bounded by a threshold condition for nucleon resonance

production, W 2 > (mp +mπ)2, which gives a boundary of x at low Q2. The F2 will drop to zero beyond

this point, which explains the sharp drop of the solid non-perturbative F2 in Fig. 11.
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severalphotonPDFsets.

bandsascomparedwithCT18luxandothergroups,likeLUXqed17andMMHT2015qed.
SimilarlytotheinvestigationinSec.IIIforCT18lux,weinvestigateallotherlow-energy
sourcesofuncertainty,whichwesummarizeandcompareside-by-sidewithCT18luxin
Fig.14. MuchasweobservedforCT18lux,inthesmall-xregiontheCT18qedphoton
uncertaintyisdominatedbytheuncertaintiesinthequarkandgluonPDFs.Inthelarge-x
region,however,mostofthelow-energyerrorsourcesarealsosignificant,inducinguncer-
taintiesthatarecomparabletothoseseeninCT18lux,withtheexceptionoftheM2(z)
variationascribedtomissinghigher-order(MHO)effects.

ForCT18qed,withµ0=1.3GeV,theMHOcontributionbecomesdominantatx 0.2,
givinglargererrorbandsthanCT18luxinthisregion. However,duetothemuchsmaller
MHOcontribution,thetotaluncertaintybandofphotonPDFinCT18qedwithµ0=3GeV
onlybecomeslargeatmuchlargerxvalues(x 0.6). AsdiscussedinApp.C,theMHO
uncertaintyisestimatedbyshiftingfromtheseparationscaleM2(z)=µ2/(1−z)toµ2.The
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FIG.13.AsacompaniontoFig.10
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corresponding MS conversion term should be changed as Eq. (C6), which is semi-analytically
integrated over the interval Q2 ∈ [µ2, µ2/(1 − z)], using the stationary approximation to
replace the Q-dependent F2(x/z,Q2) with the fixed-µ2 contribution F2(x/z, µ2). In the
pQCD DIS region, F2 respects the stationary condition with a small logarithmic violation
resulted from higher-order corrections. However, this condition is not respected that well
in the non-perturbative region, when Q2 < Q2

PDF, show in Fig. 11. Hence, the MHO
contribution in CT18qed with µ0 = 1.3 GeV is much larger than that with µ0 = 3 GeV,
particularly in the large x region, as shown in Fig. 14. For this reason, we have chosen to
take the PDF set with µ0 = 3 GeV as the default CT18qed, and the one with µ0 = 1.3 GeV
as an alternative set, which is dubbed as CT18qed1.3GeV for distinction.

C. Momentum conservation and QCD+QED evolution in CT18qed

Photon PDF moments and the momentum sum rule. The proton’s partonic
constituents are expected to satisfy the momentum sum rule given by Eq. (6). CT18qed, like
MMHT2015qed, determines an initial photon distribution at a low scale before consistently
evolving all parton flavors under a combined QCD+QED kernel to higher scales in a fashion
that closely preserves the total proton momentum. In Sec. IV A we outlined this procedure
before showcasing the resulting PDFs in Sec. IV B. Here, we compare the first moments of the
photon and other PDFs, and relate this to aspects of the QCD+QED evolution framework.
In addition, we compare properties of evolution in CT18qed with MMHT2015qed as well as
the other fitting groups. As noted before, we enforce the momentum sum rule in CT18qed
at µ0 as

〈x(g + Σ + γinel+el)〉(µ2
0) = 1 , (23)

making use of the very mild scale dependence of the first moment of the elastic photon
PDF, 〈xγel〉(µ). In turn, the DGLAP evolution of the remaining components of Eq. (23)
is such that the total inelastic momentum, 〈x(Σ + g + γinel)〉(µ), remains fixed due to the
momentum-conserving properties of the splitting functions:∫ 1

0

dxx

(
Pii +

∑
j

Pji

)
= 0 . (24)

The scale dependence of the separate (in)elastic contributions of the photon momentum are
plotted in Fig. 15(a). We remind the reader that the combination 〈x(Σ+g+γinel+el)〉(µ) does
not exactly conserve momentum due to the very minor scale variations in γel(µ) depicted
in the lower set of curves shown in Fig. 15(a). As a companion to these plots, in Table II,
we display the first moments of the photon PDF as obtained by CT18qed and CT18lux
at a number of relevant scales, and compare with the corresponding results published by
MMHT2015qed, LUXqed17, and NNPDF3.1luxQED.

For completeness, we also show the comparison of the total photon momentum fractions
among different PDFs in Fig. 15(b), with the specific numbers at a few typical scales listed in
Table II. We see the overall size agrees very well among different photon PDF sets, both for
the absolute values as well as for the uncertainties. MMHT2015qed gives 2∼3% larger than
other groups, due to its larger elastic photon. (See Fig. 27 in Appendix B.) LUXqed17 gives
very much the same as CT18lux, while CT18qed is slightly smaller. One important feature
appears for the inelastic photon that the low-µ0 DGLAP approach in CT18qed yields a
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µmin[GeV] 1.3 1.3 1 10 1.65
µ[GeV] CT18qed CT18lux MMHT2015qed LUXqed17 NNPDF3.1luxQED
1 – – 0.196±0.003 – –
1.3 0.215±0.0030.215±0.003 0.215±0.003 – –
1.65 0.227±0.0030.227±0.003 0.230±0.003 – 0.229±0.003
10 0.314±0.0030.317±0.003 0.323±0.003 0.319±0.003 0.317±0.003
100 0.419±0.0030.424±0.003 0.432±0.004 0.425±0.003 0.424±0.003
1000 0.522±0.0040.527±0.003 0.538±0.004 0.528±0.004 0.529±0.003

TABLEII.Theaveragedphotonmomenta, xγ(µ)[%],atanumberofscalesasobtainedin

CT18qedandCT18lux(leftmostcolumns)aswellasinseveralotherrecentanalyses. Weremind

thereaderthatµminhereisthelowestenergyscaleofthecorrespondingLHAPDFgrids,whichis

sameastheDGLAPinitializationscales,µ0,ofCT18lux,CT18qed1.3GeVand MMHT2015qed,

butdifferentfromtheµ0
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aroundµ∼2GeVisduetoasmalldiscontinuityatthethresholdofmτ.

smallerphotonatalowscalethanLUXoneinCT18lux,butgraduallyexceedswhenenergy
increasesuptocertainscales.

Here,wenotethatCT18luxviolatesthemomentumsumruleofEq.(6)veryweakly,as
thephotonisaddedontopoftheexistingquarkandgluondistributionswithoutmaking
compensatingadjustmentstothelatter. Thissmallviolationcanbequantifiedbythe
averagedmomentumfractioncarriedbythephoton,

xγ(µ2)=
1

0

dxxγ(x,µ2), (25)

forwhichthescaledependenceoftheseparatedinelasticandelasticcomponentsareshown
inFig.15.AttheCT18luxstartingscale,µ0=1.3GeV,theseseparatecontributionsare

xγel(µ20)=0.15%, xγinel(µ20)=0.066% (26)

whichare0.15%and0.11%,respectively,whenµ0=3GeV. Wenotethat xγinel(µ2)re-
ceivesacontributionfromtheq→qγsplitting,whichgrowslogarithmicallywithµ2.Incon-
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FIG. 16. The ratios of the QCD⊗QED PDFs compared with the CT18lux ones.

trast, 〈xγel〉(µ2) remains nearly constant, with a small decrease that varies as α(µ2
0)/α(µ2).

Comparison of CT18lux and CT18qed at a different order of QED evolution.
Critical aspects of the scale dependence and agreement among photon PDF calculations
follow from the implementation of perturbative QCD+QED evolution in CT18qed vs. the
framework in other fits. For example, in comparing different orders of QED evolution in
generating CT18qed with the CT18lux inelastic photon in Fig. 16(a), we find that the
NLO DGLAP kernel gives better agreement than the LO one. It is understood that the
LUX formula for the photon PDF includes up to one perturbative order higher than the
traditional DGLAP approach [12]. We also explained already that the CT18qed gives a
larger inelastic photon at small x but significantly smaller at large x.

The LO and NLO [O(ααs) and O(α2)] QED inelastic photon of CT18qed, together with
the charge-weighted singlet distribution, Σe =

∑
i e

2
i (qi+ q̄i), are compared against CT18lux

in Fig. 16. We see the redistribution of the proton momentum to the inelastic photon only
impacts the inelastic photon and charge-weighted singlet by the corresponding overall fac-
tor, which is negligible once compared to the impact of the QED splitting, q → qγ. When
turning on the NLO QED evolution, the inelastic photon receives negative corrections, while
the remaining Σe becomes larger as less photon is radiated off quarks. More specifically, the
O(ααs) corrections reduce γinel by approximately 6% around x∼ 0.02, and the O(α2) cor-
rections reduces this by another ∼1%. The O(α2) corrections to Σe are effectively invisible,
as they coincide with the O(ααs) effect in Fig. 16(b). This comparison clearly shows that
the impact of including higher-order QED effects into the DGLAP evolution equations is
much larger than fixing the amount of momentum violation due to the incorporation of the
photon PDF.

Finally, we point out that, in principle, the QED-corrected DGLAP evolution discussed
above can play a potential role in the ability of the CT global analysis to fit our default
data sets. However, the impact of the small variations in the quark and gluon PDFs on
the ultimate χ2 values we would obtain in a comprehensive refit is expected to be minimal;
we examine this aspect of our study in App. A, wherein we present explicit χ2 values for
evaluations of the standard CT18 data sets based on CT18lux (which is identical to CT18
NNLO) and CT18qed.
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V. IMPLICATIONS FOR PHOTON-INITIATED PROCESSES AT THE LHC

Having developed and applied a combined QCD+QED formalism to obtain the photon
PDF in the preceding sections, we now examine the sensitivity of observables at the LHC to
this photon PDF and explore the phenomenological consequences. Before going to specific
SM processes, we first compute the parton-parton luminosities involving the photon. The
definition of the parton-parton luminosities can be generically taken as [47]

Lij(s,M2) ≡ 1

s

1

1 + δij

∫ 1

τ

dx

x

[
fi(x, µ

2)fj(τ/x, µ
2) + (i↔ j)

]
, (27)

where τ = M2/s. Usually, the scale is chosen as µ2 = M2. The parton-parton luminosi-
ties Lγγ,LγΣe ,Lγg at a 13 TeV pp collider are shown in Fig. 17. First, we examine the
CT18lux parton luminosities separately calculated from the elastic and inelastic contribu-
tions to the photon PDF compared with the total photon PDF in Fig. 17(a). We see that
the elastic photon makes a sizeable contribution in both the low- and high-M limits, due
to the relatively large size of the elastic photon at lower scales as well as in the large-x
region. We also compare parton-parton luminosities based on the total photon PDF input
but using different existing PDF frameworks in Fig. 17 (b-d). In general, we find CT18lux
agrees quite well with LUXqed17 and NNPDF3.1luxQED, whereas CT18qed gives com-
paratively smaller parton luminosities and MMHT2015qed is somewhat larger. At higher
invariant masses, M > 1 TeV, CT18qed and MMHT2015qed give smaller values of Lγγ,
while NNPDF3.1luxQED is larger, a feature we trace to the difference between the low and
high values for the initialization scales in the DGLAP vs. LUX approaches, respectively. In
comparison, MMHT2015qed yields a larger Lγg while NNPDF3.1luxQED is smaller, as a
result of the large-x gluon behaviors.

In the following, we examine the impact of the photon PDF upon collider phenomenology
as represented by a number of Standard Model processes. For these, we take the production
of high-mass Drell-Yan and W+W− pairs, Higgs-associated W+ production, and tt̄ pair
production as typical examples sensitive to Lγγ,LγΣe(or LγΣ), and Lγg.

A. High-mass Drell-Yan production

We start with high-mass Drell-Yan production, which has been extensively measured
by both the CMS [48] and ATLAS [49] experiments at the LHC. Representative Feynman
diagrams for this process are shown in Fig. 18. In our theoretical predictions, we generally
assume the ATLAS 8 TeV fiducial cuts [49],

p`T > 40 (30) GeV, |η`| < 2.5, M`¯̀> 116 GeV, (28)

in order to directly compare with data as illustrated below. The quantity appearing inside
paraentheses in Eq. (28) indicates the transverse momentum cut on sub-leading leptons.
The NNLO QCD and NLO EW12 corrections are already examined in the CT18 NNLO
global analysis as documented in Ref. [22]. We repeat this same computation here, but now

12 The NLO EW corrections include the single-photon-initiated (SPI) processes, γq → `+`−j in Fig. 18(b),

which are estimated with the LUXqed [11, 12] in the CT18 global analysis [22].
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FIG.18.TherepresentativeFeynmandiagramsfortheDrell-Yanleptonpairproductionthrough

theleadingorderQCD,singleanddoublephotoninitiatedprocesses.

withsingleanddoublephotoninitiatedcontribution(s) —i.e.,processesinvolvingligh-by-
quarkandlight-by-lightscatteringasshowninFig.18(b)and(c) —updatedaccordingto
thevariousexistingphotonPDFcalculations. Theabsolutedifferentialcrosssectionfor
productionofDrell-Yanpairs,dσ/dm ,̄isplottedinFig.19(a).Inparticular,weobserve
that,withincreasingdi-leptoninvariantmassesovertherange116<m <̄1500GeV,the
absolutecrosssectionmonotonicallydecreasesthrough∼5orders-of-magnitude.Tobetter
illustratevariationsinthecrosssectionoftheelectroweakcorrections,wethereforenormalize
dσ/dm¯totheNNLOQCDcalculationasshowninFig.19(b).Inthiscontext,weseethat
NLOEWcorrectionsareresponsiblyforanapproximate∼5%negativeeffectaroundm¯∼1
TeV.Theinclusionofdouble-photon-initiated(DPI)processes,ontheotherhand,largely
counteractsthiseffect,increasingtheabsolutecrosssectionbyasimilar,∼5%shiftwithin
thism¯region.
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FIG.19.TheNLOEWcorrectionsanddouble-photon-initiated(DPI)contributionwithreference

totheNNLOQCDcalculationfortheATLAS8TeVveryhigh-massDrell-Yanproduction.

Next,wecomparethepurelyDPIcrosssectionsobtainedwithdifferentassumedphoton
PDFsinFig.19(c)and(d).Asmentionedbefore,CT18qedreferstotheDGLAP-driven
calculationusinganinitializationscaleofµ0=3GeV.Inthiscase,weseetheCT18qed
resultliesabout2%belowtheCT18luxprediction,afactwhichcanbeunderstoodinterms
ofthebehaviorofthephotonPDFitself:theDPIcrosssectiongoesapproximatelyas
∼2×γ(x),withthephotonPDFbeingjustunder∼1%smallerinCT18qedrelativeto
CT18lux,asshowninFig.10. Meanwhile,CT18luxgivesalmostthesamepredictionsas
LUXqed17,whileNNPDF3.1luxQEDproducesaslightlysmallerDPIcrosssectionatlow
m ,̄buthigheratlargem ;̄thiscanbeattributedtothedifferencebetweentheDGLAP
evolutionandtheLUXapproaches.TheMMHT2015qedcrosssectionis3∼5%largerthan
thatbasedonCT18lux. WenotealsothatthePDFuncertaintyforCT18lux,CT18qed,
and MMHT2015qedareroughlythesame,lyingwithintherange1∼2%.Inadditionto
thesecomparisonsbasedonourCT18QEDresultsandotherrecentcalculations,wealso
compareDPIcrosssectionsbasedonthepreviousgenerationofphotonPDFs,namely,
MRST2004,NNPDF2.3,NNPDF3.0,andCT14qed,whichweplotinFig.19(d),normalized
toCT18luxasareference.ThecentralpredictionsofCT14qedgivequitestrongagreement
withCT18lux,whiletheuncertaintyisabout20∼40%. TheMRST2004qedgivesslightly
largeruncertainty,whichisabout30∼50%. TheNNPDF2.3andNNPDF3.0calculations
givesignificantlylargerpredictionsathigherinvariantmass,andthesizeofuncertainty
bandscanbeaslargeas100∼200%inthislattercase.
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FIG.20.RepresentativeFeynmandiagramsforW bosonassociatedwithHiggsproduction.

B. WH production

Atppcolliderswithsufficient
√
s,W associatedaHiggsboson(i.e.,WH)productioncan

proceedthroughaDrell-Yan-likemechanismmediatedbyW-bosonexchange,asdepicted
inthediagramshowninFig.20(a).AtonehigherEW(orQED)order,wecanalsohave
contributionsfromSPIprocesseslikethatappearinginFig.20(b). TheQCDcalculation
forWH productioncanbeachievedatNNLOwithMCFM[50],whiletheEWcorrections
consideredherecanbeperformedbymeansoftheHAWKpackage[51]orthegeneral-purpose
generatorMadGraphaMC@NLO[3].Here,weconsiderthetotalinclusive13crosssectionfor
W+Hproductionata13TeVppcolliderasademonstration.Followingtheseconsiderations,
weplottheabsolutedifferentialcrosssection,dσ/dMWH,inFig.21(a),performedhereat
NNLOinpQCDandwithNLOEWeffectsbasedontheCT18luxPDF. Weobservethat
theabsolutedifferentialcrosssectiondropsasdrasticallyasbyfourmagnitudeswhenthe
WH invariantmassincreasesupto2TeV.Atlargeinvariantmass,thesizeofNLOEW
correctioncanbeassignificantasO(1)comparedwiththepureNNLOQCDprediction.
Inordertoexaminetheimportanceofthephoton-initiatedcontribution,weshowthe

ratiooftheSPIcrosssectiontothetotalone,i.e.,NNLOQCDandNLOEW,inFig.21(b).
Weseethatrightabovethethresholdaround MWH ∼200GeV,theSPIprocessesonly
contributeabout1%tothetotalcrosssection.Incontrast,whentheMWH increasesupto
2TeV,theSPIcontributionbecomes60%—exceedingeventhepureQCDcrosssection—
whichhighlightstheimportanceofthephotoncontribution.Inaddition,wealsoshowthe
PDFuncertainty,whichisabout2%,significantlyreducedwhencomparedwiththefirst
generationonesshowninFig.21(c).

C. W+W− pairproduction

Exclusiveorquasi-exclusiveW+W−productionattheLHCviapp→p(∗)W+W−p(∗)→
p(∗)µ±e∓p(∗)hasbeenmeasuredbyboththeCMS[52,53]andATLAS[54]experiments.The
experimentalcrosssectionsarecorrectedtothefullphasespace,withresultssummarized
inTab.III.Thetheoreticalpredictionsareevaluatedas

σ(pp→p(∗)µ±e∓p(∗))=Fσ(pp→pW+W−p)×BR(W+W−→µ±e∓X), (29)

wherepp→pW+W−prepresentstheelasticscatteringprocessinwhichtheprotonremains
intact.TheMonte-Carlosimulatedcrosssectionsaretakenasγγ→W+W−→µ±e∓Xwith

13By“totalinclusive,”wemeanthefullphasespacewithoutanyfiducialcuts;theW andHbosonsare

assumedtobeon-shellfinalstateswithoutsubsequentdecay.
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FIG.21.TheW+Hproductionata13TeVpp
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FIG.22.TheFeynmandiagramsforexclusiveW+W−bosonpairproduction.

photon(γ)distributionfunctionbeingcalculatedfromtheequivalentphotonapproximation
(EPA)[10].14 Themeasuredvaluesandtheoreticalpredictionsarelistedinthesecond
andthirdcolumn,respectively,ofTab.III.ThebranchingratioofW+W−pairsdecaying
intoµ±e∓X,includingτleptonicdecayswastakenasBR=3.23%[56].15Thedissociation
factor,F,reflectstheeffectofincludingalsothe“quasi-exclusive”or“protondissociation”
productioncontribution,wasextractedfromtheCMSandATLASdataofhigh-masslepton-
pairproductionγγ→ + −. WiththeFandBR,wecancorrecttheMonte-Carlosimulated
EPApredictiontotheexclusivecrosssectionattheW+W−undecayedlevel,listedasthe
EPA(fifth)columninTab.III.
TheimplicationsoftheCMS(quasi-)exclusiveW+W−productiondatawereinvestigated

14CMStakesCalcHEPandMadGraph,respectively,forthepredictionsof7TeVand8TeV,whileATLAS

adoptsHerwig++,resultinginasmallercrosssectionduetodifferentimplementationsofEPA.Herwig++

usestheintegrationofthedipoleformfactors[55],whilebothMadGraphandCalcHEPdirectlyimplement

theapproximatedform[10].
15InRef.[57],thebranchratioofW+W−→µ±e∓Xwastakenasaslightlydifferentvalue,BR=3.1%.
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Experiment Data
EPAtheoryDissociation Exclusivepp→pW+W−p
prediction factorF EPA CT18lux MMHT2015qed

CMS7TeV[52] 2.2+3.3−2.0 4.0±0.7 3.23±0.5338±933.7(±0.96%)36.8(±0.52%)
CMS8TeV[53] 10.8+5.1−4.1 6.2±0.5 4.10±0.4347±6

40.9(±0.93%)44.8(±0.49%)
ATLAS8TeV[54]6.9±2.6 4.4±0.3 3.30±0.2341±4

TABLEIII.Theexclusive/quasi-exclusivepp→ p(∗)W+W−p(∗)→ p(∗)µ±e∓p(∗)productioncross

sectionsσ[fb]measuredbyCMS[52,53]andATLAS[54
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FIG.23.Theexclusivepp→pW+W−pproductionata8TeVppcollider.

inRef.[58],inwhichtheCMSdatawasfoundtobeingoodagreementwithatheorypre-
dictionincludingbothelasticandsingle-dissociativecontributionspredictedbyCT14QED
andCT14QEDincPDFs[7]. Here,wecompareinTab.IIIthepredictionsofelasticpho-
tonsinCT18lux(sameasCT18qed)andMMHT2015qedtoCMSandATLASdataonthe
exclusiveγγ→ W+W− productioncrosssectiontotheEPApredictions,asshowninthe
lasttwocolumnsofthetable. WefindthatMMHT2015qedyieldsanenlarged(relativeto
CT18lux)crosssectionduetoitslargerelasticphoton,asshowninFig.27. Wealsoquantify
theuncertaintyduetopotentialvariationsintheelasticphotoncontributionasdiscussed
inSec.IIIB,with MMHT2015qedgivingaslightlysmalleruncertainty.Inaddition,we
alsoshowtheinvariantmassdistribution,dσ/dMWW,forexclusiveW

+W−productionin
Fig.23.Atlargerinvariantmasses,theelasticphotonofMMHT2015qedresultsinasimilar
uncertaintyasCT18lux,althoughthecentralvalueisabout10%larger.

D. Top-quarkpairproduction

Finally,weexploretheimpactofthephotonPDFont̄tproduction. Representative
diagramsfort̄tproductionproceedingthroughtheleadingorderQCDchannels(e.g.,gluon
fusion)andsingle-photon-initiatedprocesses(e.g.,photon-gluonfusion)areshownintheleft
andrightpanelsofFig.24,respectively.Asbefore,weconsidert̄tproductionata13TeV
ppmachineforspecificity,withtheinclusionofNNLOQCDandNLOEW(QCD×EW)
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FIG.24. RepresentativeFeynmandiagramsforleadingorderQCDandsinglephotoninitiated

productionoft̄t
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FIG.25.Exclusivet̄tproductionata13TeVppcollider.

correctionsascalculatedinRef.[59].Inthiswork,weexaminetheSPIcrosssection,whose
ratiototheQCD×EWcrosssectionisshowninFig.25. Weseebyitsrelativesizethatthe
SPIprocessonlycontributeslessthan0.6%ofthefullQCD×EWcrosssection.Inthissense,
theSPIcontributionissafelyignorableint̄tproductionfromtheperspectiveofcontemporary
precision,unlikewhatweobservedforhigh-massDrell-YanandW-boson-associatedHiggs
production.TheSPIuncertaintiesofCT18lux,CT18qed,andMMHT2015qedareroughly
similarandabout∼3%inthisrange,constitutingasignificantreductionwhencompared
withthefirstgenerationofphotonPDFsshowninFig.25(b). Needlesstosaythatthe
contributionofphoton-photonfusiontotheproductionoftop-quarkpairsatthe13TeV
LHCisnegligible.

VI. CONCLUSION

Inthepresentanalysis,wehavecarriedoutafirstimplementationoftherecentLUX
QEDformalismintothelargerCTPDFanalysisframework.TheLUXapproachrepresented
asignificantadvanceintheconsistentdeterminationofthephotoncontentoftheproton
withminimalunderlyingmodelassumptions.TheLUXQEDmethodologywassubsequently
interfacedwithseveralQCDglobalanalysisframeworks,eachmakinguniquechoicesregard-
ingimplementationstrategyandinclusionofphysicsingredientsintheultimatecalculation.
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For this reason, as well as the recent development of QED splitting kernels at O(ααs) and
O(α2), it is time to update the CT analysis family with the dedicated QED study presented
here. In particular, in this study, we examined possible systematic differences that arise
between following each of the two main approaches carried out in recent LUX-based photon
PDF calculations. Broadly, these consist either of computing γ(x, µ2) according to the LUX
master expression in Eq. (2) at an arbitrary scale often chosen to be µ∼100 GeV for itera-
tion in a global fit, e.g., NNPDF3.1luxQED [20], or of instead evaluating the photon PDF
at an initial scale, γ(x, µ2

0), by applying a slight modification of the LUX master formula
and relying entirely on QED+QCD evolution to determined the photon PDF at µ> µ0, e.g.,
MMHT2015qed [21]. We adapted the latter of these two approaches to our CT method-
ology, leading to the CT18qed photon PDF set, which we regard as the primary result of
this analysis. For the sake of comparison, we also implement the former approach, in which
the photon PDF is everywhere computed according to the unmodified LUX master formula,
designating the result CT18lux. We release this alternative calculation alongside CT18qed,
and we have compared the two against other recent determinations in the present work.

Together, the CT18qed and CT18lux photon PDFs we have produced involve several
novel and unique features, in addition to the fact that we have considered both approaches
comprehensively within a single framework. An important aspect of the CT18 photon PDFs
is the updated final uncertainty we report, which follows from a critical appraisal of possible
error sources following a number of physics updates that have occurred since the origi-
nal LUX publication. These include a reassessment of the elastic form factor uncertainty,
possible higher-twist and target-mass effects, and updates to the description of the pro-
ton structure function inside the resonance region as canvassed in Sec. III B 2. While we
compared our CT18qed and CT18lux PDFs extensively in Sec. III and IV, a number of
qualitative features are worth highlighting. In particular, we obtain a strong general agree-
ment among the calculations most closely aligned with the original LUX approach, as can be
seen in Fig. 10, which illustrates the close similarity of CT18lux relative to the LUXqed17
and NNPDF3.1luxQED results. The comparative photon PDF uncertainties among these
calculations show some mild differences in Fig. 13, especially at low x, for which our CT18lux
calculation is essentially intermediate between the smaller NNPDF3.1luxQED band and the
larger low-x uncertainty reported in LUXqed17 [12]. In the CT incarnation of the DGLAP
approach, we observe some intriguing differences in the shape and magnitude of our final
PDFs, with our final pair of CT18qed PDFs, with initialization scale µ0 = 1.3 GeV and
3 GeV, somewhat underhanging CT18lux, for example, especially for x > 10−3. While we
again refer interested readers to Sec. III and IV for an in-depth dissection, we point out that
this behavior goes in much the opposite direction compared with that of MMHT2015qed.

In Sec. V, we traced a number of phenomenological consequences of the CT18 photon
PDFs, with a particular emphasis on pp collisions at the LHC. We presented TeV-scale
parton-parton luminosities, distributions for high-mass Drell-Yan production, as well as
WH, W+W−, and tt̄ cross sections. For the parton-parton luminosities shown in Fig. 17,
we found generally robust concordance, up to uncertainties, among the various calculations
explored in this analysis — albeit with some evidence of deviation in Lγγ at M > 10 GeV,
especially for MMHT2015qed, and, to a lesser extent, CT18qed. Similarly, we report reason-
able agreement among the phenomenological calculations of the invariant-mass distributions
computed for high-mass Drell-Yan, WH, W+W−, and tt̄, production, again finding a fre-
quent excess, especially for MMHT2015qed, as follows from its comparatively larger photon
PDF. Of phenomenological importance, the PDF uncertainties in these processes can still
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be significant and are linked to the many nonperturbative error sources explored in this
study. Achieving the elevated precision needed for Beyond Standard Model (BSM) searches
in, e.g., the tails of invariant-mass distributions will therefore require improvements to these
lower-energy inputs to the photon PDF calculation.

As a companion to this article, we publicly release LHAPDF6 [60] grids correspond-
ing to the two main calculations presented above: CT18lux and CT18qed (including
CT18qed1.3GeV as well). Again, we stress that these grids include both our newly-
calculated photon PDF within each approach as well as the accompanying (anti-)quark
and gluon distributions, with uncertainties quantified according to the Hessian approach
combined with low-Q2 resources as Eq. (??). These uncertainties represent those associ-
ated with the underlying quark and gluon degrees-of-freedom, as well as the collection of
uncertainty sources reviewed in Sec. III B 2. As pointed out above, we identify our CT18qed
(with µ0 = 3 GeV) calculation as a ‘first among equals’ result and advocate its primary
use in phenomenological calculations like those shown in Sec. V. The DGLAP evolution of
photon simultaneously with quark and gluon PDFs provides a consistent description of the
photon-initiated processes together with the contribution of quark (and possibly gluon as
well) partons in the perturbative expansion. As an alternative, the CT18qed1.3GeV PDFs,
in which the photon PDF is initialized at the CT18 starting scale of µ0 = 1.3 GeV, are more
appropriate for describing the photon in the low-energy range 1.3 < µ < 3 GeV but give a
larger uncertainty at large x values. The remaining set that we have released simultaneously,
CT18lux, uses a method that provides a particularly useful determination of the inclusive
photon.

Finally, we remind the reader that a number of aspects of this study, among them,
more detailed investigation of parton-level charge-symmetry breaking [61] and simultaneous
determinations of the neutron’s photon content, leave room for further improvement. Rather
than undertaking these in the analysis above, we reserve these issues for future work(s), for
which such considerations maybe relevant to achieving still higher electroweak precision in
next-generation phenomenology.
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APPENDIX

Appendix A: Theoretical description of data in CT18lux and CT18qed

In this appendix, we present explicit χ2 values for the description of the CT18 default data
sets provided by our CT18 NNLO framework augmented with the photon PDFs described
in Sec. III and IV for CT18lux and CT18qed(3GeV), respectively.

ID Experimental data set Ref. Npt CT18lux CT18qed

160 HERAI+II 1 fb−1, H1 and ZEUS comb. [62] 1120 1.26 1.25
101 BCDMS F p

2 [63] 337 1.11 1.13
102 BCDMS F d

2 [64] 250 1.12 1.14
104 NMC F d

2 /F
p
2 [65] 123 1.02 1.03

108 CDHSW F p
2 [66] 85 1.00 1.03

109 CDHSW xBF
p
3 [66] 96 0.90 0.91

110 CCFR F p
2 [67] 69 1.14 1.14

111 CCFR xBF
p
3 [68] 86 0.39 0.38

124 NuTeV νµµ SIDIS [69] 38 0.49 0.50
125 NuTeV ν̄µµ SIDIS [69] 33 1.16 1.17
126 CCFR νµµ SIDIS [70] 40 0.75 0.74
127 CCFR ν̄µµ SIDIS [70] 38 0.52 0.52
145 H1 σbr [71] 10 0.68 0.68
147 Combined HERA charm production [72] 47 1.24 1.25
169 H1 FL [73] 9 1.89 1.89
201 E605 Drell-Yan process [74] 119 0.87 0.87
203 E866 Drell-Yan process σpd/(2σpp) [75] 15 1.07 1.10
204 E866 Drell-Yan process Q3d2σpp/(dQdxF ) [76] 184 1.33 1.33
225 CDF Run-1 lepton Ach, pT` > 25 GeV [77] 11 0.83 0.84
227 CDF Run-2 electron Ach, pT` > 25 GeV [78] 11 1.23 1.16
234 DØ Run-2 muon Ach, pT` > 20 GeV [79] 9 1.01 1.10
260 DØ Run-2 Z rapidity [80] 28 0.60 0.60
261 CDF Run-2 Z rapidity [81] 29 1.67 1.73
266 CMS 7 TeV 4.7 fb−1, muon Ach, pT` > 35 GeV [82] 11 0.72 0.74
267 CMS 7 TeV 840 pb−1, electron Ach, pT` > 35 GeV [83] 11 1.07 1.08
268 ATLAS 7 TeV 35 pb−1, W/Z cross sec., Ach [84] 41 1.08 1.08
281 DØ Run-2 9.7 fb−1, electron Ach, pT` > 25 GeV [85] 13 1.75 1.81
504 CDF Run-2 inclusive jet production [86] 72 1.69 1.76
514 DØ Run-2 inclusive jet production [87] 110 1.03 1.03

TABLE IV. The χ2/Npt of CT18lux and CT18qed for the data sets include in the CT18 NNLO

global analyses [22]. The CT18lux shares the same χ2/Npt as the CT18 PDF, as the quark and

gluon PDFs remain unchanged.

We note that similarly to the approach adopted by LUXqed(17) [11, 12], in the present
analysis we do not actively refit the quark and gluon PDFs, instead of leaving these un-
changed (in CT18lux) or adjusting the sea-quark PDFs to guarantee momentum conserva-
tion in the presence of the nonzero photon PDF (as in CT18qed). In principle, CT18qed,
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ID Experimental data set Ref. Npt CT18lux CT18qed

245 LHCb 7 TeV 1.0 fb−1, W/Z forward rapidity [88] 33 1.63 1.52
246 LHCb 8 TeV 2.0 fb−1, Z → e−e+ forward rapidity [89] 17 1.51 1.40
249 CMS 8 TeV 18.8 fb−1, muon charge asymmetry Ach [90] 11 1.03 1.38
250 LHCb 8 TeV 2.0 fb−1, W/Z [91] 34 2.17 2.05
253 ATLAS 8 TeV 20.3 fb−1, Z pT [92] 27 1.12 1.08
542 CMS 7 TeV 5 fb−1, single incl. jet R = 0.7 [93] 158 1.23 1.22
544 ATLAS 7 TeV 4.5 fb−1, single incl. jet R = 0.6 [94] 140 1.45 1.43
545 CMS 8 TeV 19.7 fb−1, single incl. jet R = 0.7 [95] 185 1.14 1.19
573 CMS 8 TeV 19.7 fb−1, tt̄ (1/σ)d2σ/(dptTdyt) [96] 16 1.18 1.17
580 ATLAS 8 TeV 20.3 fb−1, tt̄ dσ/dptT and dσ/dmtt̄ [97] 15 0.63 0.63

Total χ2 for all 39 data sets 3681 4293 4304

TABLE V. Like Tab. IV, the χ2/Npt of the CT18lux and CT18qed for newly-included LHC mea-

surements in the CT18 NNLO global analyses.

being based on a combined QCD+QED evolution, can produce quark and gluon PDFs dif-
ferent from those obtained in a global analysis involving only QCD evolution as in CT18
NNLO (same as CT18lux), cf. the charged-weighted singlet explicitly shown in Fig. 16(b).
However, the assumption underlying our choice to not actively refit CT18qed can be vali-
dated according to a certain bootstrap logic. In particular, starting from the global mini-
mum of the pure QCD fits in CT18 NNLO, the QED evolution can be viewed as a minor
perturbation giving only a small variation in the quark and gluon PDFs. In terms of the
charged-weighted singlet PDFs shown in Fig. 16(b), the additional QED evolution only im-
pacts the quark PDF (and, in fact, principally the u-quark due to its larger electric charge)
for large x [x > 0.1] at the percent-level. The data included in the CT18 NNLO global
analysis which are sensitive to this high-x behavior are mostly older DIS and Drell-Yan
experiments with comparatively large experimental uncertainties. Moreover, Wilson coeffi-
cients related to photon-initiated processes are not included in the global analysis, such that
the relevant hard cross sections remain unchanged relative to the pure QCD analysis, with
similar scenarios in NNPDF3.1luxQED [20] and MMHT2015qed [21]. Therefore, even with
a new refitting, the global χ2 will quickly converge to a minimum, which is not far from the
original one obtained in the pure QCD fits.

We explicitly verify this bootstrap logic by comparing the χ2 values in CT18lux (which
are identical to those in CT18 NNLO) and CT18qed in Tab. IV and V. As expected, the χ2

values for most data sets remain unchanged. In some instances, as with 7 TeV Drell-Yan
production at LHCb [88] or at 8 TeV [89], χ2 values modestly improve with CT18qed, while
some become a little worse, such as CMS 8 TeV muon charge asymmetry [90]. The charge
asymmetry information is more sensitive than other data. It can be understood in terms
of that the QED splitting q → qγ has larger reduction on the u(ū) PDFs than d(d̄) PDFs
due to the larger electric charge, which introduces new source of asymmetry. Overall, the
global χ2 only increases by a small amount of 11 units respecting the default 4293 for the
total 3681 points in CT18 NNLO (same as CT18lux). This small variation is fully negligible,
which validates roughly the same global minimum of CT18qed, even though a new global
analysis is performed with the QCD and QED evolution.
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FIG. 26. (a) The CT18lux elastic and inelastic photon PDFs at Q = 1.3, 10, 102, and 103 GeV

and (b) the corresponding fractional contribution of the (in)elastic component to the total photon

PDF.

Appendix B: Separation of elastic and inelastic photon PDF components

As discussed in Sec. I and II, the photon PDF consists of elastic and inelastic components.
To illustrate, we show the absolute values and corresponding PDF fractions of these two
components for CT18lux at a number of scale choices16, namely, µ = 1.3, 10, 102, 103 GeV
in Fig. 26(a) and (b), respectively. At low energy, e.g., µ0 = 1.3 GeV, the inelastic photon is
mainly determined by the low-Q2 structure functions F2,L directly measured in low-energy
experiments, such as HERMES [25] in the continuum region and CLAS [23] (or Christy-
Bosted [24]) in the resonance region, as illustrated in Fig. 1. As the scale increases, the
inelastic photon receives a significant contribution from the quark splitting, q → qγ, with a
log(µ2) enhancement. As a result, the absolute value of the inelastic photon PDF increases
drastically, and, the corresponding fractional share of the inelastic photon PDF relative to
the total comes to dominate at higher µ2, as shown in Fig. 26(a) and (b), respectively.

Similar to LUXqed(17), the elastic photon in CT18lux and CT18qed is fully determined
by the elastic form factor, through

xγel(x, µ2) =
1

2πα(µ2)

∫ ∞
x2m2

p
1−x

dQ2

Q2
α2

ph(−Q2)

[(
1− x2m2

p

Q2(1− x)

)
2(1− x)G2

E(Q2)

1 + τ

+

(
2− 2x+ x2 +

2x2m2
p

Q2

)
G2
M(Q2)τ

1 + τ

]
,

(B1)
where τ = Q2/(4m2

p). We notice that this elastic photon is different from the one in

MMHT2015qed [21]. Rather than directly calculating γel through the LUX formalism,
MMHT2015qed instead runs the elastic photon through the evolution equation,

dγel

d log µ2
= pγγ ⊗ γel + δxγel , (B2)

in which δxγel corresponds to the integrand in Eq. (B1) divided by x. The numerical

16 We note that the default starting scale for the CT18 NNLO PDFs is the first of these, µ0 = 1.3 GeV.
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FIG. 27. The ratio of elastic photon PDF of MMHT15qed and LUX (adopted in both CT18lux

and CT18qed).

difference between these two prescriptions is given in Fig. 27. Overall, MMHT2015qed
gives a larger elastic photon than LUX (and therefore, CT18lux and CT18qed). Further-
more, the ratio increases along with the scale µ. This is mainly a consequence of the fact
that MMHT2015qed only includes quark contributions in pγγ, whereas LUX includes both
quarks and leptons in the α(µ2) running. We also notice that, at large x and small µ2,
MMHT2015qed gives a smaller γel. This is due to the equivalent upper integration limit,
µ2, in the MMHT2015qed method, which is different from ∞ in Eq. (B1). Especially at
large x, the lower limit, x2m2

p/(1 − x), will approach µ2, which leaves the integration over

[x2m2
p/(1 − x), µ2] significantly smaller than the one over [x2m2

p/(1 − x),∞]. However, the

effect of this relative difference in integration intervals becomes smaller with increasing µ2.

Appendix C: Physical factorization and the MS conversion terms

Starting from the PDF operator definition [98], the LUX group has obtained the photon
PDF as [11, 12]

γ
(
x, µ2

)
=

8π

xα (µ2) (Sµ)2ε

(4π)−
D
2

Γ
(
D
2
− 1
) ∫ 1

x

dz

z

∫ ∞
m2
px

2

1−z

dQ2

Q2
α2

ph,D

(
q2
) (
Q2(1− z)− x2m2

p

)D
2
−2×{

−z2FL,D
(
x/z,Q2

)
+

[
2− 2z + z2 +

2m2
px

2

Q2

]
F2,D

(
x/z,Q2

)
− 2εzxF1,D

(
x/z,Q2

)}
,

(C1)
where q2 = −Q2 corresponds to the spacelike region. The calculation is performed using
dimensional regularization in D = 4−2ε dimensions. The regularization scale, µ, is replaced
by Sµ where S2 = eγE/(4π), according to the MS prescription. Above, the Fi,D(x,Q2)(i =
1, 2, L) represent structure functions in the Dth dimension. We note that this photon PDF
is exact, including QED radiative corrections. The integration in Eq. (C1) is divergent,
however, when Q2 is integrated up to infinity. Following the standard renormalization
procedure, we can split the Q2 integral into two parts, m2

px
2/(1 − z) < Q2 < µ2/(1 − z)
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and µ2/(1 − z) < Q2 < ∞, which correspond to the physical factorization (PF) and MS
conversion (con), respectively, leading to two contributions to the photon PDF,

γ(x, µ2) = γPF(x, µ2) + γcon(x, µ2) . (C2)

As a result, the PF term becomes finite in D = 4 dimensions.

γPF
(
x, µ2

)
=

1

2πα (µ2)

∫ 1

x

dz

z

∫ µ2

1−z

x2m2
p

1−z

dQ2

Q2
α2(Q2)[(

zpγq(z) +
2x2m2

p

Q2

)
F2

(
x/z,Q2

)
− z2FL

(
x/z,Q2

)]
.

(C3)

The MS conversion term can be integrated semi-analytically as

γcon
(
x, µ2

)
=
α (µ2)

2πx

∫ 1

x

dz

z

{
1

ε

[
2− 2z + z2

]
F2

(
x/z, µ2

)}
− z2F2

(
x/z, µ2

)
, (C4)

by assuming the stationary condition, Eq. (4). In other words, the structure functions are
assumed not to depend on Q2, which is valid to lowest order in α and αs. The 1/ε term
is absorbed by the MS counter term. At this stage, we have obtained the complete master
LUX formula as in Eq. (2).

In general, we could split the integration in Eq. (C1) at a separation scale M2(z). Cor-
respondingly, the MS conversion term should be changed to capture the difference as

γcon(x, µ2, [M ]) =γcon(x, µ2) +
1

x2π

∫ 1

x

dz

z

∫ µ2

1−z

M2(z)

dQ2

Q2

α2
ph(−Q2)

{
−z2FL

(x
z
,Q2

)
+ zpγqF2

(x
z
,Q2

)}
.

(C5)

With the same stationary assumption, the modified MS conversion term becomes

γcon(x, µ2, [M ]) = γcon(x, µ2) +
α(µ2)

2πx

∫ 1

x

dz

z
log

µ2

(1− z)M2(z)
zpγqF2

(
x/z, µ2

)
. (C6)

The change in the photon PDF originated by varying the separation scale M [z] is taken
to estimate the missing high order (MHO) uncertainty, which has been employed both in
CT18lux and CT18qed in Sec. III and IV, respectively.
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