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In this contribution, we review the results of [1], where a determination of the photon PDF from
√
fits to recent ATLAS measurements of high-mass Drell-Yan dilepton production at s = 8 TeV is
presented.
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K(mll , |yll |) ≡

NNLO QCD + NLO EW
,
NLO QCD + LO EW

(1)

using the MMHT2014 NNLO [9] PDF set both in the numerator and in the denominator. The Kfactors vary between 0.98 and 1.04, highlighting the fact that higher-order (HO) corrections to the
DY process are moderate, in particular at low values of mll and in the central rapidity region.
Specification of fit inputs The input settings of the PDF fits, including the details about the
parametrisation of the photon PDF are briefly discussed in the following. First of all, the scale
Q20 at which PDFs are parametrised is taken to be Q20 = 7.5 GeV2 , which coincides with the kinematic cut, Q2min , for the data points that are used as input to the fits. The expression for the χ 2
function used for the fits is the one is Ref. [10], which includes corrections for possible biases
from statistical fluctuations and treats the systematic uncertainties multiplicatively. In this analysis,
the parametrised PDFs are the valence distributions xuv (x, Q20 ) and xdv (x, Q20 ), the gluon distribution xg(x, Q20 ), and the u-type and d-type sea-quark distributions, xŪ(x, Q20 ), xD̄(x, Q20 ), where
¯ Q2 ) + xs̄(x, Q2 ). In addition, the photon distribution
xŪ(x, Q20 ) = xū(x, Q20 ) and xD̄(x, Q20 ) = xd(x,
0
0
xγ(x, Q20 ) is also parametrised at the starting scale.
The explicit form of PDF parametrisation at the scale Q20 is determined by the technique of saturation of the χ 2 , namely the number of parameters is increased one by one until the χ 2 does not
improve further, employing Wilks’ theorem [11]. Following this method, the optimal parametrisation for the quark and gluon PDFs found for this analysis is xuv (x) = Auv xBuv (1 − x)Cuv (1 +
Euv x2 ), xdv (x) = Adv xBdv (1−x)Cdv , xŪ(x) = AŪ xBŪ (1−x)CŪ , xD̄(x) = AD̄ xBD̄ (1−x)CD̄ , xg(x) = Ag xBg
(1 − x)Cg (1 + Eg x2 ), while for the photon PDF it is used xγ(x) = Aγ xBγ (1 − x)Cγ (1 + Dγ x + Eγ x2 ).
PDF uncertainties are estimated using the Monte Carlo replica method [12, 13, 14], cross-checked
with the Hessian method [15] using ∆χ 2 = 1. The former is expected to be more robust than the
latter, due to the potential non-Gaussian nature of the photon PDF uncertainties [16].
Results In the following, the results that will be shown correspond to those obtained from fitting
the double-differential (mll , yll ) cross-section distributions. It has been cross-checked that com1
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Data and theory In [1], the photon content of the proton, xγ(x, Q2 ), is extracted from a PDF
analysis based on the combined inclusive DIS cross-section data from HERA [2] supplemented
√
by the ATLAS measurements of high-mass Drell-Yan (DY) differential cross sections at s = 8
TeV [3]. The HERA inclusive data provide information on the quark and gluon content of the
proton, while the high-mass DY data provide a direct sensitivity to the photon PDF. The ATLAS
high-mass DY 8 TeV measurements are presented in terms of both the single-differential (1D)
invariant-mass distribution, dσ /dmll , as well as double differential (2D) distributions in mll and
yll , namely d 2 σ /dmll d|yll |, and in mll and ∆ηll , d 2 σ /dmll ∆ηll . The DIS structure functions and
PDF evolution are computed with the APFEL program [8], which is currently accurate up to NNLO
in QCD and NLO in QED, including the relevant mixed QCD+QED corrections. For the calculation of NLO high-mass DY cross sections, the MadGraph5_aMC@NLO [4] program is used,
which includes the contribution from photon-initiated (PI) diagrams, interfaced to APPLgrid [5]
through aMCfast [6]. In order to achieve NNLO QCD and NLO EW accuracy in our theoretical
calculations, the NLO QCD and LO QED cross sections have been supplemented by bin-by-bin
K-factors, obtained from FEWZ [7] and defined as:
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Figure 1: Left: Comparison between the photon xγ(x, Q2 ) at Q2 = 104 GeV2 from the present NNLO
analysis (xFitter_epHMDY) with the corresponding results from NNPDF3.0QED, LUXqed and HKR16.
Right: the same comparison, now with the results normalized to the central value of xFitter_epHMDY.
For the present fit, the PDF uncertainties are shown at the 68% CL obtained from the MC method. For
HKR16 only the central value is shown, while for LUXqed the associated PDF uncertainty band is included.

parable results are obtained if the (mll , ∆ηll ) cross-section distributions are fitted instead. For the
2 /N
baseline NNLO fit, the value χmin
do f = 1284./1083 is obtained where Ndo f is the number of
degrees of freedom in the fit which is equal to total number of data points minus number of free
parameters. The contribution from the HERA inclusive data is χ 2 /Ndat = 1236/1056 and from the
ATLAS high-mass DY data is χ 2 /Ndat = 48/48, where Ndat the number of the data points for the
corresponding data sample.
In Fig. 1, the photon PDF, xγ(x, Q2 ), is shown at Q2 = 104 GeV2 , and it is compared to the corresponding NNPDF3.0QED [16], LUXqed [17] and HKR16 [18] results. In the left plot, the comparison is shown in an absolute scale, while the plot on right shows the ratio of different results
normalized to the central value of the fit. For the present fit, xFitter_epHMDY, the experimental PDF uncertainties at the 68% confidence level (CL) are obtained using the Monte Carlo (MC)
method. In Fig. 1, the x-range is set between 0.02 and 0.9, since outside that region there is only
limited sensitivity to the photon PDF. Fig. 1 shows that the four determinations of the photon PDF
are consistent within PDF uncertainties for x ≥ 0.1, while, for smaller values of x, the photon PDF
from LUXqed and HKR16 is smaller than xFitter_epHMDY, but still in agreement at the 2-σ
level. Fig. 1 shows that for 0.04 ≤ x ≤ 0.2 the present analysis exhibits smaller PDF uncertainties
as compared to those from NNPDF3.0QED.
The impact of the high-mass Drell-Yan 8 TeV measurements on the light quark PDFs has been
assessed and, as expected, while these data have a significant constraint on the photon PDF, their
impact on the quark and gluon PDFs is rather moderate.
Moreover, a number of variations has been assessed in order to test the robustness of this xγ(x, Q2 )
determination.First of all, Fig. 2 shows the comparison between the xFitter_epHMDY determi2
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Figure 2: Comparison between the baseline determination of xγ(x, Q2 ) at Q2 = 104 GeV2 in the present
analysis, xFitter_epHMDY, with the central value of a number of fits for which one input parameter has
been varied. The curves are indistinguishable because they overlap due to their negligible impact on photon
PDF fit

nation of photon PDF at Q2 = 104 GeV2 , including the experimental MC uncertainties, with the
central value of those fits for which a number of variations have been performed. Specifically: the
strong coupling constant is varied by δ αs = ± 0.002 around the central value; the ratio of strange
to non-strange light quark PDFs is decreased to rs = 0.75 instead of rs = 1 (nominal value in the
fits); the value of the charm mass is varied between mc = 1.41 GeV and mc = 1.53 GeV, and that
of the bottom mass between mb = 4.25 GeV and mb = 4.75 GeV; the minimum value Q2min of the
fitted data is decreased down to 5 GeV2 ; the input parametrisation scale Q20 is raised to 10 GeV2 as
compared to the baseline value of Q20 = 7.5 GeV2 . The results shown in Fig. 2 highlight that in all
cases, the effect of the variations considered here is contained within (and typically much smaller
than) the experimental PDF uncertainty bands of the reference fit. In each case, one variation at
a time is performed and compared with the central value of xγ(x, Q2 ) and its experimental PDF
uncertainties computed using the MC method.
Then, the xγ(x, Q2 ) determination is compared with further fits where a number of new free parameters are allowed in the PDF parametrisation. Fig. 3 shows the impact of three representative
variations: more flexibility to the gluon parametrisation by adding a negative term (labelled by
"neg" - note that the parametrisation does not actually become negative within the fitted x, Q2 range
of the data); secondly, a parameter Duv is added to the uv distribution, making its multiplying polynomial (1+Duv x+Euv x2 ); thirdly, DŪ is also added, making its multiplying polynomial (1+DŪ x).
As before, all variations are contained within the experimental PDF uncertainty bands, though the
impact of the parametrisation variations is typically larger than that of the model variations: in the
case of the neg + Duv + DŪ variations, the central value is at the lower edge of the PDF uncertainty
band in the entire range of x shown.
Furthermore, the robustness of the estimated experimental uncertainty of the photon PDF in this
3
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Figure 3: Left: the impact on the photon PDF xγ(x, Q2 ) from xFitter_epHMDY in fits where a number of additional free parameters are allowed in the PDF parametrisation. Right: comparison between the
xFitter_epHMDY determinations obtained with the Monte Carlo (baseline) and with the Hessian methods, where in both cases the PDF error band shown corresponds to the 68% CL uncertainties.

analysis has been estimated, providing the comparison between the MC and Hessian methods. This
comparison is presented in the right plot in Fig. 3 and it indicates a reasonable agreement between
the two methods. In particular, the central values of the photon obtained with these two different
fitting techniques are quite similar to each other. As expected, the MC uncertainties tend to be
larger than the Hessian ones, specially in the region 0.2 . x, indicating deviations with respect to
the Gaussian behaviour of the photon PDF.
Finally, the perturbative stability of the xFitter_epHMDY determination of the photon PDF
with respect to the inclusion of higher order QCD corrections in the analysis has been quantified.
A comparison between the baseline fit of xγ(x, Q2 ), based on NNLO QCD and NLO QED theoretical calculations, with the central value resulting from a corresponding fit based instead on
NLO QCD and QED theory has been made (in other words, the QED part of the calculations is
identical in both cases). The fit of xγ(x, Q2 ) exhibits a reasonable perturbative stability, since the
central value of the NLO fit is always contained in the 1-sigma PDF uncertainty band of the baseline xFitter_epHMDY fit. The agreement between the two fits is particularly good for 0.1 . x,
where the two central values are very close to each other. This comparison is shown at low scale,
Q2 = 7.5 GeV2 , and higher scale, Q2 = 104 GeV2 , indicating that perturbative stability is not scale
dependent.
Conclusions In this contribution, we reviewed the results presented in [1], where a new determination of the photon PDF from a fit of HERA inclusive DIS structure functions supplemented by
ATLAS data on high-mass DY cross sections has been performed, based on the xFitter framework.The results of this study exhibit smaller PDF uncertainties that the only other existing photon
PDF fit from LHC data, the NNPDF3.0QED analysis, based on previous LHC DY measurements.
4
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These new results are in agreement within uncertainties with two recent theoretical calculations of
the photon PDF, LUXqed and HKR16. For x ≥ 0.1, the agreement is at the 1-σ level already including only the experimental MC uncertainties, while for 0.02 ≥ x ≥ 0.1 it is important to account
for parametrisation uncertainties. The findings indicate that a direct determination of the photon
PDF from hadron collider data is still far from being competitive with the LUXqed and HKR calculations, which are based instead on precise measurements of the inclusive DIS structure functions
of the proton.
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