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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, u. In an alternative realization, “CT18qed,” we instead
initialize the photon PDF in terms of the LUX formulation at a lower scale, p~ g,
and evolve to higher scales with a combined QED+QCD kernel at O(«a), O(aws)
and O(a?). While we find these two approaches generally agree, especially at in-
termediate = (1073 < 2 < 0.3), we discuss some moderate discrepancies that can
occur toward the end-point regions at very high or low . 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,
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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 aqep ~ a%. 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.



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 v/2 GeV, with large photon PDF uncertainty at high z.

Contemporaneously, the CT14QED PDF's 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 pg, and they were constrained by comparing with ZEUS data [8] on the production
of isolated photons in deeply-inelastic scattering (DIS), ep — ey + 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 (/) 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.! In addition to CT14QED, we also
provided CT14QEDinc PDFs, in which the inclusive photon PDF at the scale p 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 z. Furthermore,
based on the anomalous dimensions in the light-cone gauge,? the QED splitting kernels in
the DGLAP [14-17] evolution equations have now been calculated up to O(aag) [18] and
O(a?) [19], whose effects are important to the determination of precise photon PDFs at a
large energy scale i 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 PDF's were
generated in a global fit by adopting the LUX formalism at a low starting scale, g = 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.



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 PDF's 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 pu. In the second approach, CT18qed, we instead
initialize the photon PDF in terms of the LUX formulation at a lower scale, p ~ pg, and
evolve to higher scales with a combined QED and QCD kernels at O(«), O(acw;) and
O(a?). For convenience, we shall refer to the former as the LUX formalism approach, and
the latter as the DGLAP evolution approach. While the PDF's generated by both approaches
generally agree, particularly at the intermediate = region (1072 < z < 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, Fyy, over broad Q2 can be sensitive to higher-twist (i.e., twist-4)
and other nonperturbative QCD contributions. These effects are unsuppressed at low ?
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 PDF's at the boundary of QCD evolution, p= g, and constraining the resulting
parametrization through an admixture of perturbative QCD parton-level cross sections and
hadronic data at sufficiently high @* and W? (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,
1o, where the photon PDF is provided by the LUX master formula. The main difference
between the CT18qged 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 x? 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



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, o, CT14QEDinc is given by a sum of inelastic (y™°!
i.e., CT14QED) and elastic (v°') pieces. The CT14QEDinc photon PDF at any higher
energy scale, u> g, is obtained by solving the QED-corrected DGLAP evolution equation,

d’}/ « 2 _
dlog u2 ~or pw®7+2i:€ipvq®(q¢+%) . (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 py,
and they were constrained by comparing with ZEUS data [8] on the production of isolated
photons in DIS, ep — ey + 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
Fy(z,Q?) and Fi(z,Q?%). 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, pp. The master formula to determine the LUX photon PDF is?
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(2)
— 22Fp(z/z, QZ)] — a*(u?) 2 Fy ()2, uz)} + 0(a?, aay),

which includes all the aL(a,L)", a(a,L)", and o?L(a,L)" terms, with L = In(Q?/m?).
In this equation, p,,(z) = [1 + (1 — 2)?]/z is the leading order DGLAP splitting kernel,
and the O(a?, aas) 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, 4*¥(x, u?), while
the second term involving only F} is the MS conversion piece, 7°°"(z, 112, 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 (z, Q?) plane. Inside the high-

@* and high-W? region, @ > Qfpp = 9 GeV? and W2 > W, = 4 GeV?, over which

3 The MS running coupling «(u?) is related with the physical coupling apn(g?) as

2
2 a(p?)
Q h(q ) = ’
P 1 —T1I(g?, p?)
where ¢ = —Q? corresponds to the spacelike region, and TI(g?, 4?) is the vacuum polarization. In

the large momentum limit, |¢2| > mg or m7, where m,(my) is the masses of light quarks (leptons),

(g2, p?) = %%‘5) (Zq NeeZ +357, e?) log(|¢?|/p?). We have the freedom to choose the renormalization

scale as p? = |¢?| to make II(¢?, u?) = 0 and, therefore, a(u?) = apn(—Q?).



10 High @ continuum region (pQCD CT18NNLO) /
5
_ | Low ( continuum region
Z (HERMES GD-11P) -
S 1 !
- E “H
< 0.50 <5
</
=]
El|
0.05 —
0.05 0.10 0.50 1
x

FIG. 1. The breakup of (z, Q?) plane to determine the Fy(z,Q?) and F} (z, Q?).

perturbative QCD is reliably applicable, the structure functions can be calculated directly
from quark and gluon PDFs. In the low-W? region, W2 <W2, = 3 GeV?, the original LUX
methodology adopts the structure functions directly from phenomenological fits of CLAS?
23] or Christy and Bosted (CB) [24]. In the continuum region, Q* < Qfpp and W?>WZ, ,
the GD11-P fit of HERMES Collaboration [25] based on the ALLM funcion form [26] was
adopted. A smooth and continuous transition from the W2 to nggh (the green band in
Fig. 1) was performed based on the a quadratic functional form, with details in Sec. III.
The subdivision of the (z,Q?) plane is illustrated in Fig. 1.

In subsequent analyses, both the NNPDF [20] and MMHT [21] groups released photon
PDF's based on the incorporation of the LUX formalism into their respective frameworks,
making a number of different technical choices regarding the implementation of the LUX
approach. Similar to LUXqed(17) [11, 12], NNPDF3.11luxQED [20] initializes the photon
PDF with the LUX master formula, Eq. (2), at a high scale, gy = 100 GeV, which falls
within the high-Q? continuum region shown in Fig. 1. In this approach, the photon PDF is
mainly determined by the fitted quark and gluon PDFs with a scale dependence specified
by DGLAP evolution. As a consequence, the PDFs evolve bidirectionally in p?.

Representing an alternative general scheme, which we collectively designate the “DGLAP
approach” for the purposes of this article, the MMHT2015qed study [21] instead initialized
the photon PDF at a low scale, g = 1GeV, with an important modification from the
default LUX setup. In the LUX formalism embodied by Eq. (2), to determine the photon
PDF zv(z, u2), the upper integration limit p2/(1 — 2) can become significantly larger than
p2 when 2z is large. Therefore, MMHT breaks the integration over Q? into two parts, as

[ [T) 1. g

4 The CLAS fit is bounded by a threshold W2 > (mp + my)? for nucleon resonance production, illustrated

as the lower edge in Fig. 1.
5 The LUXqed17 [12] slightly differs from the original LUXqed [11] in the photon PDF calculation and the

error estimation.




PDF Reference | DGLAP evolution|ug [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), NNPDF3.11luxQED,
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 Fp term is neglected because it is
relatively suppressed by one additional order higher in cvg compared to Fy, i.e., F, ~ O(ag).
Also, given their slow scale dependence, F5(Q?) and «(Q?) are approximately stationary,
1.e.,

8F2 0 o

0Q)? T 0Q?
an observation which permits the sum over the second integration region to be performed
analytically:

~0, (4)

5102 222m? 2

[ b= =) (- 2y - ) Bd) . 6)
2 Q@ Ho

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-
proach®, 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
| @ =)+ glas®) o] dr = 1 (6
0
will be violated by a small amount”, where the singlet PDF appearing above is defined as
E(xv :u2) = Z [Qi(xnuz) + CYZ('CE’ ILLQ):| : (7)

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 pg = 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-pg 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.



FIG. 2. The representative Feynman diagrams for (p — )X — Y scattering at the leading and
next-to-leading orders.

Although the photon PDF in the LUX formalism is not obtained through DGLAP evo-
lution, it still runs with the energy scale. It has been demonstrated in Ref. [12] that the
LUX expression gives the correct DGLAP evolution kernel up to one order higher than the
input coefficient functions. In another words, the coefficient functions at one-loop order, a,
and «, give the two-loop order aa, and a? p,; splitting kernels. As feedback, the splitting
diagram ¢ — ¢y will affect the quark distributions through the QED real correction to the
P,, function. Similar diagrams occur for the gluon at higher orders. As a consequence, all
parton distributions should run simultaneously, a feature that is not captured by the pure
LUX formalism.

In a realistic scattering of the form (p — 7)X — Y as shown in Fig. 2, we can factorize
the hadronic cross section as

o =7(z,p?) @ Gyxoy (T, 4°) + - . (8)

Starting at next-to-leading order in the QED coupling, quark-initiated processes begin to
participate in the hard scattering as depicted in the middle diagram of Fig. 2. However,
part of the inelastic photon originates within the ¢ — ¢y splitting, which contributes to
the first diagram. The overlapping contribution should be subtracted in order to avoid
double counting. After this subtraction as well as the cancellation of collinear singularities,
the photon and quark (and gluon as well) distributions evolve according to the standard
DGLAP equations. In the LUX formalism, this cancellation can only be achieved with
proper MS conversion terms, which must be determined order-by-order, even though the
difference may not be numerically sizable.

In order to accommodate this subtlety, we release two PDF sets in this analysis. In one
set, the photon PDF is directly calculated with the LUX master formula, i.e., Eq. (2), at
all scales. In this scenario, the quark and gluon PDFs are taken from the CT18 NNLO
PDF fit [22] without modification. We designate this PDF set “CT18lux”. In this sense,
the momentum sum rule of CT18lux PDF will be weakly violated as the photon enters as
an additional, small component. In the other set, the photon PDF is obtained through
DGLAP evolution, and we call the result “CT18qed”. In this set, we initialize the photon
at a low starting scale, po, based on the LUX formalism, similarly to the approach taken by
MMHT2015qed [21]. We want to emphasize that “CT18lux” differs from the photon PDFs
in LUXqed(17) [11, 12], which are obtained through a high-y, (10 GeV) initialization with
the DGLAP evolution approach. As pointed out above, the difference between CT18lux and
CT18ged mainly comes from higher-order matchings, which will be explored in detail in the



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 pi, according to the numerical prescription described
below.

e 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 Fy 1, appearing
in the LUX master formula, Eq. (2), in the high-Q? and high-W? region. The quark
and gluon PDFs remain unchanged relevant to the default ones fitted in CT18 NNLO.

e Similar to the CT18 NNLO PDF's, 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, F5 r,
in Eq. (2).

e 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, u. It is about 0.22% at u = 1.3 GeV and grows to about 0.65% at
pw=1TeV.

e 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 () contribute to the
photon PDF calculation. We assess uncertainties associated with these in Sec. 111 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. 11, it is clear that z7(z, 4?) 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-Q? continuum region” in
which the most appropriate description is in terms of PDFs. These contributions enter via
the direct evaluation of y(x, u?) from the phenomenological Fy; 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 z7y(x, u?). 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 F; ;. This encapsulates the photon PDF uncertainty from the “continuum QCD”
or higher-Q? region. A realistic assessment of the uncertainties of the extracted photon PDF
also depends, however, on the treatment of low-energy (or, “low-Q?”) contributions to F; f,
(through and including @ ~ few GeV), especially at high z; we must therefore account for
variations of these low-energy effects within the larger Hessian uncertainty on ~y(z, u?) as
well. In particular, we specify the uncertainty on ~(z, 4?) through a number of additional
error sets, leading to a collection of

Niets = 1 (central) + 2Nppr + 2niow-@2 ; 9)

PDF sets in a fit with Nppp shape parameters for the parton distributions and njgy.g2
separate low-Q? inputs to Fy . For the latter, we symmetrize the uncertainty for each of
the low-Q? 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
PDEF.

The quark-gluon PDF uncertainty. The structure functions, F5r, in the high-Q?
continuum region are determined through perturbative calculations. The uncertainty of
high-Q? F5 1, 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-Q? quark
and gluon PDFs in Fig. 3. We have presented the same error bands from LUXqed17 and
MMHT2015qed as well for comparison.® 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  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. The photon PDF uncertainty bands purely induced by the DGLAP-evolved quark and
gluon PDFs.

in the next section.

Elastic form factors. Another necessary consideration is the interplay of parametric
uncertainties in phenomenological fits or models of Sach’s electromagnetic form factors of
the proton, Gy, and the ultimate photon PDF uncertainty. Historically, there have been
diverse attempts to simulate these form factors in QCD-inspired models [27-32], compute
them using lattice QCD or other theoretical methods (see, e.g., [33]), or to extract them phe-
nomenologically based on empirical data, analogously to the quark-gluon PDFs themselves.
In this work, we have considered the latter approach, taking a series of phenomenological
fits of the Sach’s form factors in order to more fully determine the dependence of our photon
PDF computed through Eq. (2) on choices for G (Q?).

LUXqed(17) [11, 12] has explored variations based on the Al fit [34] with all the world
data involving electron scattering up to the year 2013. We show the Al fits to the world
polarized data and the unpolarized data in Fig. 4(a) and (b), respectively. We notice that
the polarized fit include two-photon-exchange (TPE) corrections, while the unpolarized one
does not. Corresponding ratios to the commonly-used single-parameter dipole prediction
are shown in Fig. 4 (b-f); these ratios highlight the nontrivial Q? dependence of the realistic
form factors, which can markedly differ from that of the simpler dipole ansatz. In addition,
a more recent global fit of the unpolarized world cross-section data from Ye et al. in Ref. [35]
similarly incorporated two-photon exchange corrections. We see that Gg obtained in this fit
agrees better with the A1 fit of polarized data, whereas G agrees with the A1 unpolarized
one. The corresponding elastic photon PDFs obtained with these different prescriptions are
shown in Fig. 5. We see that the fit of Ye et al. [35] gives in a larger uncertainty band than
that of A1, due to its large uncertainty in the low-Q? region. The central elastic photon
of Ye agrees better with A1 unpolarized one at large z. It can be understood in terms of
Eq. (B1) that the elastic photon at large x is mainly determined by the Gj;(Q?), while the
impact of Gg(Q?) is suppressed either by (1 —z) or m2/Q?*. Following LUXqed(17) [11, 12],
we retain the Al polarized fit as our default choice, while the corresponding uncertainty is
estimated by the larger deviation obtained either from the error band of the Al polarized
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fit or from the central of A1 unpolarized fit. We also release an extra PDF set based on the
Ye et al.’s form factors, but it is not included in the PDF uncertainty estimation.
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FIG. 4. The elastic form factors normalized to the standard dipole form, obtained by the fit of Al
Collaboration [34] and Ye et al. [35].

Higher-twist effects. The structure functions are formally determined as Fourier trans-
forms of hadronic matrix elements of quark-level electroweak current operators,

W = i f d'ze"*(p|[J}(2), 1 (0)] | p) = L}, (p, @) Fil, Q°) (10)

in which the index 7 on the RHS can be expanded over a complete tensor basis and Eiv
represents the set of unique Lorentz structures constructed from the momenta p and ¢ in
that basis. At lower energies, various soft quark-parton correlations within the target can
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FIG. 5. The elastic and total photon PDF's, normalized to the result obtained with the A1l world
fit including the polarized data.

be included in the matrix element of Eq. (10), which have the effect of increasing the twist
(difference between operator spin and dimension) of the matrix element. For unpolarized
matrix elements, the next nonzero term in the twist expansion beyond leading twist appears
at twist-4, which is power-suppressed by ~1/Q?. Computing or fitting these separately may
be an involved task, but one quick alternative would be to use an existing determination

such as that from the CJ15 NLO fit [36], which fitted an z-dependent higher-twist (HT)

correction,
C HT (117) )

Q? ’
where Cyr(z) = hoz™ (1 + hyz). While there is an obvious model uncertainty associated
with this choice of parametric form, there is already a parametric uncertainty that can be
used to generate extreme scenarios for the HT correction to F>. The absolute higher-twist
corrections to Fy(z, @), based on the CJ15 NLO fit [36], are shown as solid lines in Fig. 6(a).
We see clearly that, as expected, the size of the HT correction is maximized at lower values
of Q?, particularly for large z, but relatively suppressed as the Q2 scale increases. The
sharp dip around z ~ 0.48 is due to a localized sign change in Cyr(z) in the CJ15 NLO
fit. Similarly, we expect a higher-twist contribution to F},, which is parameterized with one
parameter as

FI (2, Q%) = F(z, Q?) (1 t (11)

FHT (3, Q%) = FLT (1 + ‘2*;’) . (12)
Recent studies on the DIS data suggest Ayt = 5.5+ 0.6 [37]. The MMHT group obtained
a smaller value as Agp = 4.3 GeV? [38]. Here we take the larger value from Ref. [39],
with the impact shown as the dashed lines in Fig. 6(a). The corresponding corrections to
the inelastic photon PDF arising from these HT corrections are represented by the blue
curves in Fig. 8. The overall size of the uncertainty is generally small, a fact which can
be understood as originating in the ~1/Q? suppression of HT corrections, which here only
enter the calculation in the high-Q? continuum region. Nevertheless, the HT uncertainty
peaks at = 1% for x ~0.65, and remains a relevant consideration for precision in the very
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FIG. 6. The higher-twist corrections (a) and the target mass corrections (b) to the structure
functions Fy r..

high-x regime.

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

DI D (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 ~ mf) /Q?
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 Iy, depending upon the specific prescription. The target mass corrections to Fs 1, defined
as TMC

2L 1
Fyp

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 naive rescaling of computed structure
functions in the Georgi-Politzer formalism [40],

drmc = (14)

2z

14 /1 +22m2/Q>

TMCs introduce a kinematical dependence on the ratio mef, /Q%. In particular, at larger

r— E(x, Q%) = (15)
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x and smaller Q%, 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, F7, which can receive a sizable correction induced by rescaling, x — £. 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 z, e.g., for x > 0.6.

Scattering from nucleon resonances. At lower energies, Q* < Qppp or W2 < Wi,
scattering from nucleon resonances (e.g., the A, the Roper) dominates the vyp cross section
and therefore contribute to Fy and Fy, (or F} equivalently).” 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 F}, 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, W2, which is directly used in the experimental measurements, such as
CLAS data [23] or the Christy-Bosted phenomenological fit [24]. The conversion from W?
to the Bjorken-x can be easily performed as

1—=x

W?=mp +Q*—. (17)

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

Fées W2 < VVI%W’
Fy= (1= p)Frs 4 pFeomt | W2 < W2 < W2, (18)
Feont w2 > W}?igh’

where @ = 1,2 (or L) and p is

W2 — Wi,
W}?igh - W2

low

4

p=2w®—w! withw= (19)

The transition points are W2 = 3 GeV? and Wfigh = 4 GeV?, 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 = ~ 0.5. It only deviates significantly when z > 0.85, where the structure
functions become unreliable, and so does inelastic photon.

The Rp,7. In the resonance and low-Q? continuum region, the longitudinal structure

9 The relation among these three structure functions follows

F = F(1+42°m2/Q?) — 22 F. (16)
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FIG. 8. The uncertainty of inelastic photon induced by various inputs.

function F}, is modeled, similarly to LUXqed(17) [11, 12], as

Az*m? R z,Q?
@) = it (14 27 P @)

o8 (20)
where Ry v = or/or. The specific Ry 7 is provided by LUX group, who adopted the HER-
MES convention [25] and the Rjges fit provided by E143 Collaboration [45]. The uncertainty
is assigned conservatively to be +50%, with the corresponding inelastic photon shown as
the red bands in Fig. 8. Around z ~ 0.45, the uncertainty induced by Ry can be as large
as 2%, which dominates around this region.

Matching scale, Q%pp, or continuum choice. The default matching scale from the
low-Q? HERMES to high-Q? pQCD continuum region is set as Q3pp = 9 GeV?2. LUX varied
this scale down to Q%pp = 5 GeV? in order to estimate the corresponding uncertainty due to
this parametric choice. Different from the LUXqed(17) [11, 12] and NNPDF3.1luxQED [20]
calculations, the MMHT2015qged photon PDF was initialized at po = 1 GeV is therefore fully
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FIG. 9. The individual contributions to the full 4-PDF uncertainty in our CT18lux calculation.
The various sources of uncertainty are discussed in the accompanying text of Sect. III B2, and are
added on top of the uncertainties associated with variations of the quark-gluon parameters in the
LUX master expression in Eq. (2).

determined by the low-energy SF's, taken from the fits of HERMES [25] and CLAS [23] (or
CB [24]). The corresponding uncertainty there is quantified by taking the uncertainty bands
of the GDP-11 fit provided by the HERMES Collaboration [25]. At higher scales, i, v(z, p)
in MMHT2015qed is entirely determined by DGLAP evolution. For CT18lux, we choose
to follow the LUX approach to quantify the matching-scale uncertainty, which is shown as
the orange curve appearing in Fig. 8. We find the variation from Q3pp = 9 GeV? down
to 5 GeV? produces a very mild, subpercent effect which is maximally peaked at high z ~0.6.

Missing higher-order (MHO) correction. As explained in App. C, the missing
higher-order uncertainty is quantified by varying the separation scale M?(z) between the
default choice p?/(1 — 2) and the alternative one pu2. The variation of the inelastic photon
PDF from the CT18lux central set is shown as the purple line in Fig. 8. We find that,
with the expected cancellation of the divergent log[1/(1 — 2)] contribution captured by
the modified MS-conversion term in Eq. (C6), we obtain only very mild variations in the
resulting photon PDF at nominal z values. The only exception occurs at z > 0.85, where
the absolute photon PDF becomes extremely small, as indicated in Fig. 26, such that the
calculation becomes unreliable.

To summarize this discussion, in Fig. 9 we present the complete set of contributions to the
CT18lux photon-PDF uncertainty, contributed from each of the various sources discussed
above. Here, we have summed the elastic and inelastic components and show the total one.
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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 CT18qged 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, pg~ [few GeV], to an arbitrary scale at higher energies, p.

o After separating the photon PDF into elastic and inelastic components as noted above,
the elastic photon distribution at any scale, u, is directly evaluated by applying the
appropriate elastic LUX formula, Eq. (B1). At po = 1.3 GeV, the elastic photon
contributes to about () (ud) = 0.15% momentum fraction of the proton.

e At pup = 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 F;;, in the DIS region are calculated
directly from the CT18 NNLO PDFs [22]. At our starting scale, the inelastic photon
contributes (27" (12) = 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 PDF's also
contain 1458 PDF sets corresponding to the central prediction and additional Hessian
error sets associated with the underlying uncertainty arising from quark-gluon PDFs.

o At o = 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 + ¢** + 1)) (12), where ¢*® =
(u— 1) + (d — d). This ensures consistency with the momentum sum rule at po = 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.

e We then evolve the quark-gluon and inelastic photon PDF's from the starting scale
(110) to an arbitrary scale pu (> o) 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
((g + 3+~ (u?) = 1 — (v (p2). Since the momentum fraction carried by the
elastic photon will change only very slightly with increasing p, decreasing by about
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3{xzy) (p?) = 0.015% at p = 10 TeV, the CT18qed PDFs are guaranteed to satisfy
the momentum sum rule to greater accuracy than in CT18lux.

e We also compare this scenario outlined above with a different choice for the starting
scale of pg = 3 GeV. In this case, the input quark-gluon PDFs at the scale py = 3 GeV
are those predicted by the standard CT18 PDFs (with po = 1.3 GeV) after having
been evolved from 1.3 GeV to 3 GeV. We note that in this case, the charm PDF
is non-zero at the starting scale of py = 3 GeV. For reasons explained in the next
subsection, we will from here on take this PDF set with py = 3 GeV as the default
choice of CT18qged, and use the name CT18qed to refer to this set in particular, if no
other specifications are given. We will use the name CT18qed1.3GeV, instead, to refer
specifically to the PDF set with g = 1.3 GeV as the starting scale, when a distinction
is required.

y(x,u=100 GeV)

Ratio to CT18lux
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— LUXqed17
— CT18qed1.3GeV — NNPDF3.11uxQED
— CT18qed — MMHT2015qed
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X

FIG. 10. A comparison of the photon PDFs among the CT18lux, CT18qed(1.3GeV), LUXqed17
[12], NNPDF3.11luxQED [20], and MMHT15qed [21].

B. The proton’s photonic content in CT18qed

CT18ged PDFs. As outlined above, it is possible to determine the photon PDF at any
perturbative scale through combined QCD+QED evolution from a given initial boundary
condition at the starting scale po. Various published photon PDF sets were obtained by
choosing different py and their associated boundary conditions. In Fig. 10, we compare the
CT18qed (with py = 1.3 GeV and 3 GeV) and CT18lux photon PDFs with other existing
photon PDFs at p = 100 GeV. It shows that in the intermediate-z region, the CT18lux
photon is between LUXqed17 (similar to NNPDF3.1luxQED) and MMHT2015qed, while
CT18qged gives a smaller photon distribution than all other sets. In contrast, at extremely
large x, the MMHT15ged and CT18qed calculations, both of which are based on a low-
scale evolution approach, give relatively smaller photon PDFs than the others. Meanwhile,
at small z, CT18qed gives a larger photon PDF than CT18lux. This can be qualitatively
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understood in terms of the approximation of solution to Eq. (1) as

w dQ? o
v M% QQ ot El :ezp’}’q ® (q q ) ( )

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

Fy(w, @) =) ¢llgi+a), Fu(z, Q%) =0. (22)

7

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 F; employed in
the LUX approach. It shows that at high scales y, the ratio F1C/FNLO 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 = values and becomes smaller
when x increases. Another noticeable feature of Fig. 10 is that CT18qged 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 py = 1.3 GeV,'! the starting scale of pg falls within the low-
Q? continuum and resonance regions and therefore receives substantial non-perturbative
contributions from the effects reviewed in Sec. IIIB2. In Fig. 11(b), we compare a few
non-perturbative Fy (solid lines) with perturbative ones (dashed lines). We see that the
non-perturbative F, is significantly larger than the perturbative one.!! Therefore, we expect
the corresponding absolute value of low-Q? MS-conversion terms to be significantly larger
than the one in the high-Q? 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, MMHT2015ged 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, ., which is depicted in Fig. 12.

The CT18qged 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 PDF's 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

101t is also true for the g = 3 GeV in the extremely large x region of W? > Wi, in Fig. 1.
1 We remind the reader that the CLAS fit is bounded by a threshold condition for nucleon resonance

production, W? > (m, + m)?, which gives a boundary of z at low Q2. The F» will drop to zero beyond
this point, which explains the sharp drop of the solid non-perturbative F5 in Fig. 11.
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FIG. 11. (a) The ratios of structure function F» at LO to the NNLO in the high-Q? pQCD region.
(b) The pQCD NNLO F5(z, Q?) compared with the one in the low-Q? non-perturbative region.
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FIG. 12. As a companion to Fig. 10, we plot a comparison of the charge-weighted singlet PDFs of
several photon PDF sets.

bands as compared with CT18lux and other groups, like LUXqed17 and MMHT2015qed.
Similarly to the investigation in Sec. III for CT18lux, we investigate all other low-energy
sources of uncertainty, which we summarize and compare side-by-side with CT18lux in
Fig. 14. Much as we observed for CT18lux, in the small-z region the CT18ged photon
uncertainty is dominated by the uncertainties in the quark and gluon PDFs. In the large-z
region, however, most of the low-energy error sources are also significant, inducing uncer-
tainties that are comparable to those seen in CT18lux, with the exception of the M?(z)
variation ascribed to missing higher-order (MHO) effects.

For CT18qed, with pg = 1.3 GeV, the MHO contribution becomes dominant at = = 0.2,
giving larger error bands than CT18lux in this region. However, due to the much smaller
MHO contribution, the total uncertainty band of photon PDF in CT18qed with pg = 3 GeV
only becomes large at much larger = values (z = 0.6). As discussed in App. C, the MHO
uncertainty is estimated by shifting from the separation scale M?(z) = p?/(1—2z) to u%. The
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FIG. 13. As a companion to Fig. 10, we plot the self-normalized uncertainty bands for each of the
photon PDF's examined in this analysis.
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sources as enumerated in Sect. IIT B 2.
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corresponding MS conversion term should be changed as Eq. (C6), which is semi-analytically
integrated over the interval Q? € [u?, u?/(1 — 2)], using the stationary approximation to
replace the Q-dependent Fy(x/z, Q*) with the fixed-p? contribution Fy(z/z,u?). In the
pQCD DIS region, F; 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 Q? < Q%pp, show in Fig. 11. Hence, the MHO
contribution in CT18qed with pyg = 1.3 GeV is much larger than that with puy = 3 GeV,
particularly in the large = region, as shown in Fig. 14. For this reason, we have chosen to
take the PDF set with pg = 3 GeV as the default CT18qed, and the one with pyp = 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 PDF's 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 o as .

(w(g + 5+ ") () = 1, (23)

making use of the very mild scale dependence of the first moment of the elastic photon
PDF, (xv°!)(u1). In turn, the DGLAP evolution of the remaining components of Eq. (23)
is such that the total inelastic momentum, (z(X + g + v™))(u), remains fixed due to the
momentum-conserving properties of the splitting functions:

/ldxx (BﬁZ}?ji) 0. (24)

J

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 (z(X+ g+~ ) (1) does
not exactly conserve momentum due to the very minor scale variations in v°(u) 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 CT18ged and CT18lux
at a number of relevant scales, and compare with the corresponding results published by
MMHT2015qed, LUXqed17, and NNPDF3.11luxQED.

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 I1. 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-ug DGLAP approach in CT18qed yields a
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Kmin [GeV] 1.3 1.3 1 10 1.65
u [GeV] CT18qed CT18lux |MMHT2015qged| LUXqed17 |[NNPDF3.1luxQED

1 - - 0.196 + 0.003 - -

1.3 0.215 4+ 0.003|0.215 4+ 0.003| 0.215 4+ 0.003 - -
1.65 |0.227 +0.003|0.227 + 0.003| 0.230 + 0.003 - 0.229 + 0.003
10 0.314 +0.003|0.317 + 0.003| 0.323 +0.003 [0.319 +£0.003| 0.317 +0.003
100 0.419 +0.003|0.424 + 0.003| 0.432 +0.004 [0.425+0.003| 0.424 +0.003
1000  |0.522 +0.004(0.527 4+ 0.003| 0.538 +0.004 [0.528 +0.004| 0.529 4+ 0.003

TABLE II. The averaged photon momenta, (z7y)(g) [%], at a number of scales as obtained in
CT18ged and CT18lux (leftmost columns) as well as in several other recent analyses. We remind
the reader that pmin here is the lowest energy scale of the corresponding LHAPDF grids, which is
same as the DGLAP initialization scales, pg, of CT18lux, CT18qed1.3GeV and MMHT2015qed,
but different from the pg of CT18qged, LUXqed(17) and NNPDF3.11luxQED.
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FIG. 15. The momentum fractions of the elastic, inelastic, and total photons. The turning point
around p ~ 2 GeV is due to a small discontinuity at the threshold of m,.

smaller photon at a low scale than LUX one in CT18lux, but gradually exceeds when energy
increases up to certain scales.

Here, we note that CT18lux violates the momentum sum rule of Eq. (6) very weakly, as
the photon is added on top of the existing quark and gluon distributions without making
compensating adjustments to the latter. This small violation can be quantified by the
averaged momentum fraction carried by the photon,

() () = f dz z4(z, 1) , (25)

for which the scale dependence of the separated inelastic and elastic components are shown
in Fig. 15. At the CT18lux starting scale, py = 1.3 GeV, these separate contributions are

(@y") (ug) = 0.15% , (29" (u5) = 0.066% (26)
which are 0.15% and 0.11%, respectively, when puy = 3 GeV. We note that (zy™™!)(u?) re-

ceives a contribution from the ¢ — ¢ splitting, which grows logarithmically with x2. In con-
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FIG. 16. The ratios of the QCD ® QED PDFs compared with the CT18lux ones.

trast, (z7°')(u?) remains nearly constant, with a small decrease that varies as a(u3)/a(u?).

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(aq;) and O(a?)] QED inelastic photon of CT18qed, together with
the charge-weighted singlet distribution, ¥, = Y. €7(¢; + ¢;), 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, ¢ — ¢v. When
turning on the NLO QED evolution, the inelastic photon receives negative corrections, while
the remaining 3, becomes larger as less photon is radiated off quarks. More specifically, the
O(aay) corrections reduce v by approximately 6% around z ~ 0.02, and the O(a?) cor-
rections reduces this by another ~1%. The O(a?) corrections to X, are effectively invisible,
as they coincide with the O(aay) 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 y? 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 x? 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]

L5060 = s [ TR /eit) + 0 )] (27)

where 7 = M?/s. Usually, the scale is chosen as y? = M?. The parton-parton luminosi-
ties L, Ly, , Lyg 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 MMHT2015qged give smaller values of L.,
while NNPDF3.11uxQED 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 £, while NNPDF3.1luxQED is smaller, as a
result of the large-z 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 WTW ™~ pairs, Higgs-associated W™ production, and ¢t pair
production as typical examples sensitive to L., Ly, (or L,s), and L.,.

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],

p7 > 40 (30) GeV, | <25, My > 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 EW'? 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, v¢ — ¢*¢~j in Fig. 18(b),
which are estimated with the LUXqed [11, 12] in the CT18 global analysis [22].
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FIG. 17. The parton luminosities of Ly, L5, , and L4 at a /s = 13 TeV pp machine.

K

FIG. 18. The representative Feynman diagrams for the Drell-Yan lepton pair production through

the leading order QCD, single and double photon initiated processes.

with single and double photon initiated contribution(s) — i.e., processes involving ligh-by-
quark and light-by-light scattering as shown in Fig. 18(b) and (¢) — updated according to
the various existing photon PDF calculations. The absolute differential cross section for
production of Drell-Yan pairs, do/dm;, is plotted in Fig. 19(a). In particular, we observe
that, with increasing di-lepton invariant masses over the range 116 < m,; < 1500 GeV, the
absolute cross section monotonically decreases through ~5 orders-of-magnitude. To better
illustrate variations in the cross section of the electroweak corrections, we therefore normalize
do /dmgz to the NNLO QCD calculation as shown in Fig. 19(b). In this context, we see that
NLO EW corrections are responsibly for an approximate ~5% negative effect around m; ~ 1
TeV. The inclusion of double-photon-initiated (DPI) processes, on the other hand, largely
counteracts this effect, increasing the absolute cross section by a similar, ~5% shift within
this my; region.
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FIG. 19. The NLO EW corrections and double-photon-initiated (DPI) contribution with reference
to the NNLO QCD calculation for the ATLAS 8 TeV very high-mass Drell-Yan production.

Next, we compare the purely DPI cross sections obtained with different assumed photon
PDFs in Fig. 19 (c¢) and (d). As mentioned before, CT18qed refers to the DGLAP-driven
calculation using an initialization scale of g = 3 GeV. In this case, we see the CT18qed
result lies about 2% below the CT18lux prediction, a fact which can be understood in terms
of the behavior of the photon PDF itself: the DPI cross section goes approximately as
~ 2 xy(z), with the photon PDF being just under ~1% smaller in CT18qed relative to
CT18lux, as shown in Fig. 10. Meanwhile, CT18lux gives almost the same predictions as
LUXqed17, while NNPDF3.1luxQED produces a slightly smaller DPI cross section at low
myz, but higher at large myz; this can be attributed to the difference between the DGLAP
evolution and the LUX approaches. The MMHT2015qed cross section is 3~5% larger than
that based on CT18lux. We note also that the PDF uncertainty for CT18lux, CT18qed,
and MMHT2015qged are roughly the same, lying within the range 1~2%. In addition to
these comparisons based on our CT18 QED results and other recent calculations, we also
compare DPI cross sections based on the previous generation of photon PDFs, namely,
MRST2004, NNPDF2.3, NNPDF3.0, and CT14qed, which we plot in Fig. 19 (d), normalized
to CT18lux as a reference. The central predictions of CT'14qed give quite strong agreement
with CT18lux, while the uncertainty is about 20~40%. The MRST2004qed gives slightly
larger uncertainty, which is about 30~50%. The NNPDF2.3 and NNPDF3.0 calculations
give significantly larger predictions at higher invariant mass, and the size of uncertainty
bands can be as large as 100~200% in this latter case.
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FIG. 20. Representative Feynman diagrams for W boson associated with Higgs production.

B. WH production

At pp colliders with sufficient /s, W associated a Higgs boson (i.e., W H) production can
proceed through a Drell-Yan-like mechanism mediated by W-boson exchange, as depicted
in the diagram shown in Fig. 20(a). At one higher EW (or QED) order, we can also have
contributions from SPI processes like that appearing in Fig. 20(b). The QCD calculation
for W H production can be achieved at NNLO with MCFM [50], while the EW corrections
considered here can be performed by means of the HAWK package [51] or the general-purpose
generator MadGraph_aMC@NLO [3]. Here, we consider the total inclusive'® cross section for
W™ H production at a 13 TeV pp collider as a demonstration. Following these considerations,
we plot the absolute differential cross section, do/dMy g, in Fig. 21(a), performed here at
NNLO in pQCD and with NLO EW effects based on the CT18lux PDF. We observe that
the absolute differential cross section drops as drastically as by four magnitudes when the
W H invariant mass increases up to 2 TeV. At large invariant mass, the size of NLO EW
correction can be as significant as O(1) compared with the pure NNLO QCD prediction.

In order to examine the importance of the photon-initiated contribution, we show the
ratio of the SPI cross section to the total one, i.e., NNLO QCD and NLO EW| in Fig. 21(b).
We see that right above the threshold around Mw g ~200 GeV, the SPI processes only
contribute about 1% to the total cross section. In contrast, when the My y increases up to
2 TeV, the SPI contribution becomes 60% — exceeding even the pure QCD cross section —
which highlights the importance of the photon contribution. In addition, we also show the
PDF uncertainty, which is about 2%, significantly reduced when compared with the first
generation ones shown in Fig. 21 (c).

C. WTW™ pair production

Exclusive or quasi-exclusive WTW~ production at the LHC via pp — p®WTW—p*) —
p™ pFeTp™*) has been measured by both the CMS [52, 53] and ATLAS [54] experiments. The
experimental cross sections are corrected to the full phase space, with results summarized
in Tab. III. The theoretical predictions are evaluated as

o(pp — pPpFe ™) = Fo(pp — pWTW ™ p) x BRIWTW™ = pFetX) ,  (29)

where pp — pW W ™ p represents the elastic scattering process in which the proton remains
intact. The Monte-Carlo simulated cross sections are taken as yy — WTW~ — p*et X with

13 By “total inclusive,” we mean the full phase space without any fiducial cuts; the W and H bosons are

assumed to be on-shell final states without subsequent decay.
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FIG. 21. The W+ H production at a 13 TeV pp collider.

FIG. 22. The Feynman diagrams for exclusive WTW ™ boson pair production.

photon () distribution function being calculated from the equivalent photon approximation
(EPA) [10]."* The measured values and theoretical predictions are listed in the second
and third column, respectively, of Tab. III. The branching ratio of W¥W ™ pairs decaying
into g*eT X, including 7 leptonic decays was taken as BR=3.23% [56].!> The dissociation
factor, F, reflects the effect of including also the “quasi-exclusive” or “proton dissociation”
production contribution, was extracted from the CMS and ATLAS data of high-mass lepton-
pair production vy — £*¢~. With the F' and BR, we can correct the Monte-Carlo simulated
EPA prediction to the exclusive cross section at the WTW ™~ undecayed level, listed as the

EPA (fifth) column in Tab. III.
The implications of the CMS (quasi-) exclusive WTW ™~ production data were investigated

14 CMS takes CalcHEP and MadGraph, respectively, for the predictions of 7 TeV and 8TeV, while ATLAS
adopts Herwig++, resulting in a smaller cross section due to different implementations of EPA. Herwig++

uses the integration of the dipole form factors [55], while both MadGraph and CalcHEP directly implement

the approximated form [10].
15 In Ref. [57], the branch ratio of WHW~ — u*eT X was taken as a slightly different value, BR=3.1%.
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. EPA theory|Dissociation Exclusive pp — pWTW™p
Experiment Data prediction | factor FF | EPA | CTi18lux |MMHT2015qged

CMS 7 TeV [52] | 22733 | 4.0£0.7 | 3.23 +0.53 |38 + 9(33.7(+0.96%)| 36.8(£0.52%)

CMS 8 TeV [53] | 10.8751| 6.2+£0.5 |4.104+0.43 [47+6
ATLAS 8 TeV [54]{6.9+2.6| 44+03 |3.30+0.23 |41+4 40.9(+0.93%)| 44.8(+0.49%)

TABLE III. The exclusive/quasi-exclusive pp — pHIWHIW—p™) = p*)p*eFpt*) production cross
sections o [fb] measured by CMS [52, 53] and ATLAS [54] groups.
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FIG. 23. The exclusive pp — pW TW ~p production at a 8 TeV pp collider.

in Ref. [58], in which the CMS data was found to be in good agreement with a theory pre-
diction including both elastic and single-dissociative contributions predicted by CT14QED
and CT14QEDinc PDFs [7]. Here, we compare in Tab. III the predictions of elastic pho-
tons in CT18lux (same as CT18qed) and MMHT2015qged to CMS and ATLAS data on the
exclusive vy — WTW ™ production cross section to the EPA predictions, as shown in the
last two columns of the table. We find that MMHT2015qed yields an enlarged (relative to
CT18lux) cross section due to its larger elastic photon, as shown in Fig. 27. We also quantify
the uncertainty due to potential variations in the elastic photon contribution as discussed
in Sec. III B, with MMHT2015qed giving a slightly smaller uncertainty. In addition, we
also show the invariant mass distribution, do/d My, for exclusive W+W = production in
Fig. 23. At larger invariant masses, the elastic photon of MMHT2015ged results in a similar
uncertainty as CT18lux, although the central value is about 10% larger.

D. Top-quark pair production

Finally, we explore the impact of the photon PDF on tt production. Representative
diagrams for ¢t production proceeding through the leading order QCD channels (e.g., gluon
fusion) and single-photon-initiated processes (e.g., photon-gluon fusion) are shown in the left
and right panels of Fig. 24, respectively. As before, we consider tf production at a 13 TeV
pp machine for specificity, with the inclusion of NNLO QCD and NLO EW (QCDxEW)
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L

FIG. 24. Representative Feynman diagrams for leading order QCD and single photon initiated

production of tt pair.
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FIG. 25. Exclusive tt production at a 13 TeV pp collider.

corrections as calculated in Ref. [59]. In this work, we examine the SPI cross section, whose
ratio to the QCD xEW cross section is shown in Fig. 25. We see by its relative size that the
SPI process only contributes less than 0.6% of the full QCD x EW cross section. In this sense,
the SPI contribution is safely ignorable in ¢¢ production from the perspective of contemporary
precision, unlike what we observed for high-mass Drell-Yan and W-boson-associated Higgs
production. The SPI uncertainties of CT18lux, CT18qged, and MMHT2015ged are roughly
similar and about ~3% in this range, constituting a significant reduction when compared
with the first generation of photon PDFs shown in Fig. 25(b). Needless to say that the
contribution of photon-photon fusion to the production of top-quark pairs at the 13 TeV
LHC is negligible.

VI. CONCLUSION

In the present analysis, we have carried out a first implementation of the recent LUX
QED formalism into the larger CT PDF analysis framework. The LUX approach represented
a significant advance in the consistent determination of the photon content of the proton
with minimal underlying model assumptions. The LUX QED methodology was subsequently
interfaced with several QCD global analysis frameworks, each making unique choices regard-
ing implementation strategy and inclusion of physics ingredients in the ultimate calculation.
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For this reason, as well as the recent development of QED splitting kernels at O(aay) and
O(a?), 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 v(z, u?) according to the LUX
master expression in Eq. (2) at an arbitrary scale often chosen to be p~100 GeV for itera-
tion in a global fit, e.g., NNPDF3.11luxQED [20], or of instead evaluating the photon PDF
at an initial scale, y(x, u2), by applying a slight modification of the LUX master formula
and relying entirely on QED+QCD evolution to determined the photon PDF at u> pyg, 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 CT18qged 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 B2. While we
compared our CT18qged 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 z, for which our CT18lux
calculation is essentially intermediate between the smaller NNPDF3.1luxQED band and the
larger low-z 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 py = 1.3 GeV and
3 GeV, somewhat underhanging CT18lux, for example, especially for > 1073, 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, WTW~, and tt 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 £, 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 tt, production, again finding a fre-
quent excess, especially for MMHT2015qed, as follows from its comparatively larger photon
PDEF. 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 LHAPDFG6 [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-Q? resources as Eq. (?7). 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. [II B2. As pointed out above, we identify our CT18qed
(with g = 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 g = 1.3 GeV, are more
appropriate for describing the photon in the low-energy range 1.3 < u < 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 x? values for the description of the CT18 default data

sets provided by our CT18 NNLO framework augmented with the photon PDFs described
in Sec. I1I and IV for CT18lux and CT18qed(3GeV), respectively.

ID |Experimental data set Ref.| Ny |CT18lux|CT18qed
160/ HERAI+1I 1 fb T, H1 and ZEUS comb. 62][1120] 1.26 | 1.25
101|BCDMS F7 63]/ 337 111 | 1.3
102|BCDMS FY [64]] 250 | 1.12 1.14
104|NMC FI/F? 65][123] 1.0z | 1.03
108 CDHSW FJ [66]| 85 1.00 1.03
109/ CDHSW 25 F7 66 96 | 0.90 | 0.1
110|CCFR F¥ 67] 60 | 1.14 | 1.4
111|CCFR 2,7 63/ 86 | 0.39 | 0.38
124|\NuTeV vup SIDIS [69]| 38 0.49 0.50
125/ NuTeV 7y SIDIS 69 33 | 1.16 | 1.7
126/CCFR vy SIDIS [70][ 40 | 0.75 | 0.74
127|CCFR vpp SIDIS [70]| 38 0.52 0.52
145[H1 o7 [71] 10 | 0.68 | 0.68
147|Combined HERA charm production [72]| 47 | 1.24 1.25
1691 £, 73] 9 | 1.89 | 1.89
201|E605 Drell-Yan process [74]| 119 | 0.87 0.87
203|E866 Drell-Yan process o,4/(20,,) [75]| 15 | 1.07 1.10
204|E866 Drell-Yan process Q*d*o,,/(dQdx ) [76]] 184 | 1.33 1.33
225|CDF Run-1 lepton Ay, pre > 25 GeV [77]| 11 0.83 0.84
227|CDF Run-2 electron A, pre > 25 GeV [78]| 11 1.23 1.16
234|DO Run-2 muon Ay, pre > 20 GeV [79]| 9 1.01 1.10
260/ DO 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 b ', muon A, pre > 35 GeV (82]| 11 0.72 0.74
267|CMS 7 TeV 840 pb ™', electron A, pre > 35 GeV [83]| 11 | 1.07 1.08
268/ ATLAS 7 TeV 35 pb™', W/Z cross sec., Ag, [84]| 41 1.08 1.08
281|D® Run-2 9.7 fb™ ', electron A, pre > 25 GeV  [85]] 13 | 1.75 1.81
504|CDF Run-2 inclusive jet production [86]| 72 | 1.69 1.76
514|D@ Run-2 inclusive jet production [87]| 110 | 1.03 1.03

TABLE IV. The x2/Np of CT18lux and CT18qed for the data sets include in the CT18 NNLO
global analyses [22]. The CT18lux shares the same x?/Np; as the CT18 PDF, as the quark and
gluon PDF's 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.| Ny, |CT18lux|CT18¢ed
245|LHCb 7 TeV 1.0 fb~1, W/Z forward rapidity [88]] 33 1.63 1.52
246 [LHCb 8 TeV 2.0 b1, Z — e"e™ forward rapidity [89]] 17 | 1.51 1.40
249 [CMS 8 TeV 18.8 fb~!, muon charge asymmetry A, [90]] 11 1.03 1.38
250 |[LHCD 8 TeV 2.0 fb 1, W/Z O1][ 34 | 217 | 2.05
253 |ATLAS 8 TeV 20.3 b=, Z pr [92]| 27 1.12 1.08
542 |CMS 7 TeV 5 b1, single incl. jet & = 0.7 03][158 | L23 | 1.22
544 |ATLAS 7 TeV 4.5 fb~ !, single incl. jet R = 0.6 [94]] 140 | 1.45 1.43
545 |CMS 8 TeV 19.7 fb™ !, single incl. jet R = 0.7 [95]| 185 | 1.14 1.19
573|CMS 8 TeV 10.7 b 1, # (1/0) 0 /(dpt-dy’) 6] 16 | 118 | 117
530|ATLAS 8 TeV 20.3 b1, #f do/dp, and do/dmy  [97]] 15 | 0.63 | 0.63
Total 2 for all 39 data sets 3681| 4293 4304

TABLE V. Like Tab. IV, the x?/Np 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 PDF's 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 [z > 0.1] at the percent-level. The data included in the CT18 NNLO global
analysis which are sensitive to this high-z 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 NNPDF3.11luxQED [20] and MMHT2015qed [21]. Therefore, even with
a new refitting, the global x? 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 x? values in CT18lux (which
are identical to those in CT18 NNLO) and CT18qed in Tab. IV and V. As expected, the x?
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], x? 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 ¢ — ¢ has larger reduction on the u(#) PDFs than d(d) PDFs
due to the larger electric charge, which introduces new source of asymmetry. Overall, the
global x? 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 10°> 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 choices'®, namely, 1 = 1.3, 10, 10%, 10® GeV
in Fig. 26(a) and (b), respectively. At low energy, e.g., o = 1.3 GeV, the inelastic photon is
mainly determined by the low-Q? structure functions Fy; 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, ¢ — ¢, with a
log(p1?) 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 p?, 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

e e A z*my ) 2(1 — 2)G3(QY)
) = S Jeng ) [ (=)

11—z

)

(B1)
where 7 = Q?/(4m2). We notice that this elastic photon is different from the one in

MMHT2015qed [21]. Rather than directly calculating 4! through the LUX formalism,
MMHT2015qed instead runs the elastic photon through the evolution equation,

2$2m§> G (@7

2 -2 2
—i—( r+a + 0 1+

el

dy

dlog 2 — P @7+, (B2)

in which 62y°" 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, pg = 1.3 GeV.



38

1100 [
1.075F ]
1.050F ]

“ [ ]
©1.025F ]
E [ ]
== i :
1'0002 —u=1.3 GeV ]

i —u=10 GeV ]

0.9751 —u=10% GeV .

i u=10% GeV ]

0050 — e
107 1074 0.001 , 0.010 0.100 1

FIG. 27. The ratio of elastic photon PDF of MMHT15qged 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 p. This is mainly a consequence of the fact
that MMHT2015qged only includes quark contributions in p,,, whereas LUX includes both
quarks and leptons in the a(u?) running. We also notice that, at large z and small p?,
MMHT?2015qed gives a smaller 4*'. This is due to the equivalent upper integration limit,
p?, in the MMHT2015qed method, which is different from oo in Eq. (B1). Especially at
large x, the lower limit, 2*m2/(1 — z), will approach z?, which leaves the integration over
[z*m?2 /(1 — x), y?] significantly smaller than the one over [z*m?/(1 — x), 00]. However, the
effect of this relative difference in integration intervals becomes smaller with increasing p?.

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]

8 (47)~% /1 dz [ dQ? D_y

2 2 2\ (2 2 9
YL, 0 ) = —_— — q Q 1—2)—2°m?)? %

( ) vo (u2) (Sp)* (2 -1) J, = mia? Q2 o (@) (Q7( ) »)

2 9 9 2m12,x2 ) ,
—2*FLp (2/2,Q%) + |2 - 224 2" + 02 Fop (2/2,Q%) — 2e2aFy p (x/2,Q%) ¢,

(C1)
where ¢> = —Q? corresponds to the spacelike region. The calculation is performed using

dimensional regularization in D = 4 — 2¢ dimensions. The regularization scale, p, is replaced
by Sp where 8% = ¢7# /(47), according to the MS prescription. Above, the Fj p(z, Q?)(i =
1,2, L) represent structure functions in the D dimension. We note that this photon PDF
is exact, including QED radiative corrections. The integration in Eq. (C1) is divergent,
however, when Q% is integrated up to infinity. Following the standard renormalization
procedure, we can split the Q* integral into two parts, m>z*/(1 — z) < Q> < p*/(1 — 2)
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and p?/(1 — z) < Q% < oo, which correspond to the physical factorization (PF) and MS
conversion (con), respectively, leading to two contributions to the photon PDF,

V(@ p1?) =" (, p1?) + 7z, 1) (C2)

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

s [ & [

szw(z) +2$Q—m> Fy (2)2 Q%) — 22F, (m/z,QQ)] |

PF(

Y (2, 1?)

(C3)

The MS conversion term can be integrated semi-analytically as

~con (fEnUQ) — M/ % {% [2 — 2z 4+ 2’2} Fy (1‘/75’#2)} — 2P (x/Z7M2) ) (C4)

2y z

by assuming the stationary condition, Eq. (4). In other words, the structure functions are
assumed not to depend on Q?, which is valid to lowest order in o and a,. The 1/e 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 M?(z). Cor-
respondingly, the MS conversion term should be changed to capture the difference as

dz [1- sz
con 2 con
A, 12, [M]) =9 / /
(2, u”, [M]) 1) +— " ()

aph(_QQ) {—Z L (;,Q > + ZpWFg <§, Q2>} )

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

con 2 __ _con 2 a(:u2) 1% :u2 2
v (w7, (M) = 7w, 1) + 5 . log—ﬂ_Z)MQ(Z)zqug (#/2,4%) . (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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