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The photon content of the proton in the CT18 global analysis
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Abstract

Recently, two photon PDF sets based on implementations of the LUX ansatz into the CT18
global analysis were released. In CT18lux, the photon PDF is calculated directly using
the LUX master formula for all scales, u. In an alternative realization, CT18qed, the pho-
ton PDF is initialized at the starting scale, u,, using the LUX formulation and evolved
to higher scales u(> o) with a combined QED+QCD kernel at O(a), O(aa,) and O(a?).
In the small-x region, the photon PDF uncertainty is mainly induced by the quark and
gluon PDFs, through the perturbative DIS structure functions. In comparison, the large-x
photon uncertainty comes from various low-energy, nonperturbative contributions, in-
cluding variations of the inelastic structure functions in the resonance and continuum
regions, higher-twist and target-mass corrections, and elastic electromagnetic form fac-
tors of the proton. We take the production of doubly-charged Higgs pairs, (H™"H ™), as
an example of scenarios beyond the Standard Model to illustrate the phenomenological
implications of these photon PDFs at the LHC.
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1 Introduction to the photon PDF

With the continued accumulation of experimental data, the Large Hadron Collider (LHC) is
increasingly a precision machine. Simultaneously, theoretical calculations have reached next-
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to-next-to-leading order (NNLO) for many 2 — 2 and some 2 — 3 process, and even next-to-
NNLO (N3LO) for 2 — 1 processes [1]. At this level of precision, electroweak (EW) corrections
begin to have a sizable effect, as a, ~ ag. Today, NLO EW corrections have become standard,
and some automatic packages are available [2,3]. A consistent NLO EW calculation involves
the photon as an active parton of the proton, and photon-initiated (PI) processes can make
significant contributions.

The first photon PDF set incorporating QED corrections to DGLAP evolution was released by
the MRST group as MRST2004QED [4]. In this set, the photon PDF was parameterized as radi-
ation off the “primordial" up and down quarks, governed by the constituent- and current-quark
masses. Alternatively, the NNPDF group included the photon as a new parton, fitting the avail-
able high-mass Drell-Yan data in its release of the NNPDF2.3QED [5] and NNPDF3.0QED [6]
PDFs. A complication with this approach comes from the fact that the photon PDF is not
well constrained, especially at high-x, both because of the small size of the photon-initiated
contribution and the large experimental uncertainty. Contemporarily, the CT14QED PDFs [7]
determined the inelastic photon by invoking isolated photon production in deeply-inelastic
scattering, ep — ey + X. The elastic photon was included in the CT14QEDinc PDFs using the
Equivalent Photon Approximation (EPA) [8],

Recently, the LUX group introduced the idea that, by viewing the ep — eX process as elec-
tron scattering from the photon field of the proton [9,10], the photon PDF can be determined
precisely through the proton structure functions, which are directly measured in experiments
or perturbatively calculated in QCD. Since this stride, we have seen a second generation of
photon PDFs. The NNPDF group incorporated the LUX formalism to initialize its photon PDF
at a high scale, uy = 100 GeV, then evolved via QED-corrected DGLAP equations both upwards
and downwards in u in the NNPDF3.11uxQED PDFs [11]. In comparison, the MMHT group
took a low initialization scale (uy = 1 GeV) approach and evolved PDFs upwards to obtain the
MMHT2015qed set [12].

Along this line, we apply the LUX formalism in the framework of the CT18 global analy-
sis [13]. In the first approach, CT18lux [14], we directly calculate the photon PDF with the
LUX formula at any scale. Alternatively, in CT18qed [14], the photon PDF is initialized at a
low scale, g, with the LUX method, and evolved to higher scales with mixed QED and QCD
kernels, up to O(a?) and O(aa,). For convenience, we will often refer to the former as the
LUX approach, while the later as DGLAP evolution. In general, the photon PDFs with both
approaches agree in the intermediate-x region, 107> < x < 0.3, while differing in the low-
and large-x regions, which will be discussed in more detail below.

2 CT18lux vs CT18qged

As we mentioned in Sec. 1, the photon PDF in CT18lux is fully determined through the LUX
master formula [9,10],

2 2.2
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The integrated, f dQ?/Q?, square-bracket term above is designated the physical factorization
term, while the rest involving the negative of F, is the MS conversion term. In comparison,
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Figure 1: Comparisons of the second-generation photon PDFs and their correspond-
ing error bands at yu =1 TeV.
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Figure 2: The individual contributions to the full y-PDF uncertainty in the CT18lux
and CT18qed (with uy = 3 GeV) calculations. The various sources of uncertainty
are added on top of the uncertainties associated with variations of the quark- and
gluon-PDF parameters in the LUX master formula.

the CT18qed photon is evolved according to the DGLAP equations,

%;MZ:% pyy®Y+Zei2pyq®(qi+Qi) . (2)

A comparison of the photon PDFs in the EW precision region at u = 100 GeV is shown
in Ref. [14]. In these proceedings, we extend this comparison to u = 1 TeV in Fig. 1, which
probes physics beyond the Standard Model (BSM). Similarly as before, we see that CT18qed
gives an enhancement to the photon PDF in the low-x region as the DGLAP evolution in Eq. (2)
gives an equivalent leading-order structure function, F}° = x 3, e*(q; +g;)", to the LUX for-
mulation, Eq. (1). In comparison, the LUX approach incorporates the full proton structure
functions, calculated at NNLO in the pQCD region and smaller than FZLo [14]. At large x, the
DGLAP approach gives a significantly smaller photon than the LUX approach, due to the large
nonperturbative structure functions in the negative MS conversion term.

In CT18qed, two initialization scales are explored: uy, = 1.3 GeV, which is within the low-
Q? nonperturbative region, and u, = 3 GeV, in the perturbative QCD region. We recommend
Uo = 3 GeV as the nominal set for CT18qed due to its smaller uncertainty in the large-x
region, shown in the right plot of Fig. 1. The lower initialization scale, uy, = 1.3 GeV, same
as the default choice for CT18 [13], is more appropriate for describing the photon PDF in the
low-energy region.

'AtLO, ie., O(a?), F, =0.
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Figure 3: Representative Feynman diagrams for H** pair production through Drell-
Yan-like, single-, and double-photon initiated processes.

Similarly to Ref. [14], we have explored various sources contributing to the photon PDF
uncertainty in Fig. 2. We see that in the low-x region the photon uncertainty is mainly in-
duced by the quark-gluon PDFs, through the perturbative structure functions in the high-Q?
pQCD region. In comparison, the large-x uncertainty is dominated by various low-Q? contri-
butions: the statistical and model errors of the Al polarized fit of the elastic form factors (Al
pol. unc.) [15]; the variation of the Al fit of the unpolarized data (A1 unpol.) [15]; the effect
of changing the resonance structure functions from the CLAS fit [16] to the Christy-Bosted
fit (CB) [17,18]; conservatively assigning a £50% uncertainty to the HERMES measurement
of Ry = o1 /or [19]; adding a higher-twist (HT) correction [20, 21]; changing the match-
ing scale, Q%DF, between the low-Q? nonperturbative and high-Q? pQCD regions; probing the
missing higher-order (MHO) effect by varying the separation scale, M?[z] = u?/(1 —z2), in
Eq. (1) to u?; and target-mass corrections (TMC) [22,23].

3 A phenomenological application: H** pair production

Applications of photon PDFs to several SM processes have already been explored in Ref. [14].
In these proceedings, we take doubly-charged Higgs H** pair production as an important ex-
ample to extend in this direction further to a specific BSM scenario. Representative Feynman
diagrams are illustrated in Fig. 3. The well-known mechanism for the H** pair production
is QCD Drell-Yan-like quark-antiquark annihilation. At EW NLO, single-photon initiated (SPI)
processes emerge, shown in Fig. 3(b). In addition, due to the large electric charge, we would
also expect the production rate of the double-photon initiated (DPI) processes to get an en-
hancement of a factor of 2* = 16, compared to singly-charged particle pair production.

The total inclusive? cross sections for H** pair production at a 14 TeV proton-proton col-
lider through different mechanisms versus the H** mass are shown in Fig. 4. The correspond-
ing ratios normalized to the LO DY cross sections are shown in the upper-right panel of Fig. 4.
We see the NLO QCD corrections give a K-factor of about 1.1 ~ 1.35 when the Higgs mass
increases from 100 GeV to 2 TeV. The PDF uncertainty increases from 2% to 15%. We have
also estimated the scale uncertainty with the 7-point approach by varying the renormalization
and factorization scales as

(,U/R, AuF) = {(1/2: 1/2)7 (1/2: 1)5 (1; 1/2)) (1: 1)) (1: 2)3 (2) 1): (25 2)}\/5: (3)

where +/$ is partonic energy. As shown in Fig. 4(b), the scale uncertainty for the LO DY cross
sections is roughly the same size as the PDF uncertainty, but is reduced significantly by a factor
of 2 ~ 3 at NLO.

2Here the “total inclusive" means the full phase space for the production of on-shell H** pairs without decay.
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Figure 4: The cross sections for H** pair production at a 14 TeV proton-proton col-
lider.

Compared with the Drell-Yan mechanism, the single-photon initiated processes make about
a 60% contribution at low H** mass, while increasing up to the same size at My+: = 2 TeV.
The contribution of double-photon initiated processes increases from 10% to 80% when com-
pared with LO DY, highlighting the importance of the photon contribution.

The PDF uncertainty of the total cross section from summing the NLO DY, SPI and DPI
contributions is shown in the lower two plots of Fig. 4. In general, the PDF uncertainty of
the total cross section increases from 2% to 10% for CT18lux and CT18qed. In comparison,
LUXqed17 gives a slightly larger error band, as the quark and gluon PDFs were taken from
the PDF4LHC15 set [24], which was based on a previous round of global fits. The CT18lux
and CT18qed uncertainties are slightly larger than MMHT2015qed’s, as a new low-Q? uncer-
tainty source, the target-mass correction, was included as an individual error set. Intriguingly,
NNPDF3.11luxQED gives a significantly larger PDF uncertainty in the large My-. tail than the
other sets, due to the larger extrapolation error bands for the quark partons in the large-x
region when x — 1; this induces a larger error band for the Drell-Yan cross section in this
region.

In the lower-right plot of Fig. 4, we compare the PDF uncertainty from the first generation
of photon PDFs with CT18lux. As expected, the NNPDF2.3QED and NNPDF3.0QED PDFs are
significantly larger than the others, because of the diminished constraints from high-mass Drell
Yan data. CT14QEDinc gives overall agreement with CT18lux, although with a larger error
band. MRST2004QED gives smaller central predictions at low My++ when compared with
CT18lux, but gradually exceeds the latter as the H** mass increases.
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4 Summary

In these proceedings, we summarized the main development of the recent two photon PDF
sets, CT18lux and CT18qed, released by the CTEQ-TEA group [14]. In CT18lux, we calculated
the photon PDF in terms of the LUX formalism at all scales, while the CT18qed evolves the
photon together with other partons in terms of QED-corrected DGLAP equations, up to O(aa;)
and O(a?). The two different approaches are in overall agreement for the photon PDF in the
intermediate region. In contrast, the CT18qed gives a larger photon at low x, and significantly
smaller at large x. We take the H** pair production as a demonstration of the application of
photon PDFs to BSM physics. We find the single- and double-photon initiated processes make
significant contributions to the total cross section for doubly-charged Higgs pair production.
Compared with the first generation, all second-generation photon PDFs based on the LUX
approach improve precision, generally up to the percent-level.
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