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Abstract

I present a determination of the photon PDF from a fit to the recent ATLAS
measurements of high-mass Drell-Yan lepton-pair production at /s = 8 TeV.
This analysis is based on the xFitter framework interfaced to the APFEL pro-
gram, that accounts for NLO QED effects, and to the aMCfast code to account
for the photon-initiated contributions within MadGraph5_aMC@NLO. The result
is compared with other recent determinations of the photon PDF finding a gen-
eral good agreement. This writeup is based on the results presented in Ref. [1].
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1 Introduction and motivation

In order to achieve accurate predictions for the LHC phenomenology, QCD corrections, where NNLO
is becoming the standard, have to be supplemented with electroweak (EW) effects. One of the direct
consequences of these corrections is the introduction of the photon PDF.

An number of determinations of the photon PDF based on a variety of different approaches has
been achieved in the past [3—8, 19]. The aim of this particular work is to obtain a model-independent
determination of the photon PDF exploiting the recent high-mass Drell-Yan measurements at /s = 8
TeV from ATLAS [9], that have proven to provide a significant constraint on this distribution.

The constraining power of the Drell-Yan process on the photon PDF can be easily understood in
terms of Feynman diagrams. Indeed, in the presence of EW corrections, the partonic channel vy — £/~
contributes to the leading order (LO) cross section for lepton-pair production in pp scattering. This is

Fig. 1: LO diagrams that contribute to lepton-pair production at hadron colliders.

illustrated in Fig. 1 where the LO diagrams contributing to this process are shown.

The high invariant-mass distribution of the lepton pair is particularly relevant because this ob-
servable is such that the 4 contribution, despite the relatively small size of the photon PDF, becomes
comparable to that induced by the ¢g channel. As an illustration, the LO prediction for the lepton-pair
invariant mass distribution in e™e production at the 13 TeV LHC is shown in Fig. 2 [14]. This plot
indicates that the v+ channel becomes increasingly important at large values of the invariant mass and
eventually dominates the distribution. Based on simple kinematic considerations, one can show that
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the high invariant-mass distribution in lepton-pair production probes the photon PDF at relatively large
values of Bjorken-z, indicatively z 2 0.02.
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data produced by the LHC, such as the recent
ATLAS data at 8 TeV published in Ref. [9], to
constrain the photon PDF in this region. A crucial
aspect of this analysis is the consistent inclusion
of the relevant EW corrections. As it was shown
in Ref. [15], the Drell-Yan process receives size-
able pure weak corrections that almost balance the 1070 b Reiatve contrbution
corrections induced by the photon-initiated chan-
nels. Therefore, the inclusion of the NLO EW cor- .
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was carried out within the open-source xFitter mere) et

framework [10] that provides a unique environ- Fig. 2: Predictions at LO for the lepton-pair invariant mass
ment to extract PDFs from experimental data. distribution in e e production at the LHC at 13 TeV [14].
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2 The dataset

As mentioned above, our determination of the photon PDF relies on the recent ATLAS 8 TeV high-mass
Drell-Yan data [9]. Measurements are delivered in three different formats:

1. as single-differential cross-section distributions in the lepton-pair invariant mass m;;,
2. as double-differential cross-section distributions in m;; and the rapidity of the lepton pair |yy/,

3. and as double-differential cross-section distributions in my; and the difference in pseudo-rapidity
between the two leptons Any;.

In our analysis we have chosen to use the second format that counts 48 data points distributed in 5 my;
bins: [116-150], [150-200], [200-300], [300-500], [500-1500] GeV. The first three (last two) m;; bins are
divided into 12 (6) bins in |y;;| extending up to 2.4. The relevant analysis cuts on the data are: my; > 116
GeV, |nu| < 2.5, and plT > 40 GeV (30) GeV for the leading (sub-leading) lepton.

The ATLAS data alone would clearly be insufficient to carry out an analysis aimed at the extraction
of a reliable set of PDFs. Therefore, this data is supplemented by the combined inclusive deep-inelastic
scattering (DIS) cross-section data from HERA [16], on which we imposed the cut Q? > Q2. = 7.5
GeV2. While the ATLAS data is directly sensitive to the photon PDF, the HERA data carries detailed
information on the quark and gluon content of the proton. The union of these two datasets allows us to

perform a solid determination of a the proton PDFs.

3 Electroweak corrections

A central aspect of this analysis is the inclusion of the EW effects. More in particular, we employed
predictions accurate to NNLO in QCD and consistently included NLO EW/QED corrections. In the
present analysis, this concerns three main sectors which I discuss in turn: the QED corrections to the
evolution of PDFs, the QED corrections to the DIS structure functions, and the full EW corrections to
the Drell-Yan cross sections.
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3.1 Evolution

The evolution of PDFs is governed by the DGLAP equations. The DGLAP splitting functions are known
up to O(ag), 1.e. NNLO in QCD, since long [17,18]. The QED corrections are instead much more recent.
The O(«) corrections, where « is the QED coupling, were derived in Ref. [19], while the O () and
O(aQ), which represent the NLO QED corrections, where computed in Refs. [20,21].

The implementation of the full NLO QED yyLuminosity aiV's=13 Tev
corrections to the DGLAP evolution was achieved s ) ' o) ]
very recently in the APFEL program [11] follow- ' O(a+aay) ——
O(or+c1cxs+o(2)

ing the approach of Ref. [14] and documented in
Ref. [1]. A cross-check of the implementation
was performed using the independent QEDEVOL

Ratio to O(a)

code [12] based on the QCDNUM evolution pro- 0%y |
gram [13]. 0

The effect of the NLO QED corrections '
on the v~ luminosity, relevant to the computa- 085

tion of the Drell-Yan invariant mass distribution, t;’ooc y

is shown in Fig. 3 as a function of the final state Fig. 3: ~ luminosity at /s = 13X”l["ei7 ]as a function of the final

invariant mass My . The photon PDF taken from . ) ,

the NNPDF3.0QED set is evolved inclu ding in the state invariant r{lass' M x obtained with NNPDF3.0QED NNLO.

DGLAP equation the O(a), the O(a + aya), and The curves, taking into accou2nt the O('cz), the O(a+asa), 'and
9 . the complete O(a+asa+a?) effects in the DGLAP evolution,

the complete O(a + asa + o) corrections. Re-

sults are shown as ratios to the O(«) curve. While

the effect of the O(a?) is very mild, the impact of

the O () at relatively small values of Mx can be as big as 10%. This reduces to around 3-5% at large

invariant masses: this is the region of relevance in our study. This is still a significant effect due to the

experimental uncertainty of the ATLAS data and thus it is important to take it into account.

are presented as ratios to the O(«) result. set.

In principle, the NLO QED corrections influence also the running of the QCD coupling a5 and
the QED coupling «. In fact, they introduce additional mixing terms in the respective S-functions that
couple the evolution of the two couplings. However, it turns out that the impact of the mixing terms is
tiny on both couplings and thus we decided not to included them as this would uselessly complicated the
implementation.

3.2 DIS structure functions

When considering NLO QED corrections to the DIS structure functions, it is necessary to include into the
hard cross sections all the O(«) diagrams. The coefficient functions of these diagrams, being of purely
QED origin, can be easily derived from the QCD expressions by properly adjusting the colour factors.
This correspondence holds irrespective of whether mass effects are included. This allowed for an easy
implementation of the QED corrections to the FONLL general-mass scheme [22]. Specifically, in this
work we have used the variant C of the FONLL scheme, accurate to NNLO in QCD, supplemented by
the NLO QED corrections.

An intereresting feature of the NLO QED corrections to the DIS structure function is that they
introduce photon-initiated diagrams providing a direct handle on the photon PDF. Fig. 4 displays the
effect of the NLO QED corrections on the neutral-current structure functions Fb, Fy, and zF3. The
predictions have been obtained including the NLO QED corrections also to the DGLAP evolution and
are shown normalised to the pure QCD results. The impact of the NLO QED corrections is very moderate
especially at low x but becomes more significant at large =, where it is of the order of 2%. The same
behaviour is observed also for the charged-current structure functions.
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Although the net effect of the NLO QED Neutral current structure functionsin the FONLL-C scheme (Q = 100 Ge
. . . 102 : : x :
corrections on the DIS structure functions is i
small, it is significant when compared to the ty- 1015 ¢,
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MadGraph5_aMC@NLO [23] program interfaced to «

APPLgrid [24] through aMCfast [25]. The com- Fig. 4: Effects of the NLO QED corrections on the neutral-
putation also includes the contribution from the current DIS structure functions Fb, Fr, and zFs at Q =
photon-initiated diagrams shown in Fig. 1. Finite 100 GeV as functions of x, normalised to the pure QCD re-
mass effects of charm and bottom quarks in the  gyjts, obtained in the FONLL-C scheme using NNPDF3.0QED
matrix elements are neglected, as appropriate for NNLO evolved including the QED corrections discussed above.
a high-scale process.

The NLO calculations are supplemented by
K -factors obtained with the FEWZ code [26] to ac-

count for the NNLO QCD and the NLO EW corrections. The K -factors are defined as:

NNLO QCD + NLO EW
NLO QCD + LO EW

K(mu, lyul) = , (D)

and computed using the MMHT2014 NNLO [27] PDF set both in the numerator and in the denominator.

Fig. 5 shows the K-factors of Eq. (1) as a 1.04
function of the lepton-pair rapidity |y;| for each
my; bin. The points correspond to the kinematics
of double-differential distributions in (my, |yy|)
of the ATLAS high-mass Drell-Yan data included
in our analysis.
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the K -factors are particularly small at low invari- 0 0.5 1 1.5 2 2.5
ant masses and in the central region, and tend to Iy (L)
grow at larger values of my and in the forward Fig. 5: The K-factors, defined in Eq. (1), as a function of the

region where they can be as large ar 4%. lepton-pair rapidity |yu:| for each my, bin.

4 Fit settings

Our determination of the photon PDF, along with quark and gluon PDFs, was carried out in the xFitter
framework interfaced to the APFEL code. The dataset included in our fit was discussed in Sect. 2 and the
theory setup presented in Sect. 3. In this section we discuss the fit settings.
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We parametrise the following six independent distributions at the initial scale Q:

zu(z, Qo) — zu(x, Qo) = xuy(x, Qo) Ay, zBu (1 — )% (1 + B, 2?),
xd(x, Qo) — zd(z, Qo) = xdy(2,Q0) = Ag,xPu (1 —2)%%.
ru(z, Qo) = U (x,Q0) = ApxPo(l—2)%, )
zd(x, Qo) + v3(x,Qo) = 2D(2,Qo) = ApaBp(1—x)Cp, @
z9(z,Q0) = AgaPe(1—2)%(1 + Eya?),
zy(z, Qo) AzBr (1 —2)% (1 + Dyx + Ey2?).

The parameters By and Bp are set equal so that the quark sea distributions have the same small-z
behaviour. Moreover, we assume x5 = rsxd, with ry = 1 [28], and Ay = Ap/2, such that zu — xd
for x — 0.

The numerical values of the heavy-quark masses are taken to be m, = 1.47 GeV and my
4.5 GeV. The reference values of the QCD and QED couplings are chosen to be as(Mz) = 0.118 and
a(m,; = 1.777 GeV) = 1/133.4. As for the initial scale, we choose Qo > m. = /7.5 GeV such that
it is below the scale of all data points included in our fit. This particular value of the initial scale Q) is
peculiar as compared to the typical choice Q9 < m. ~ 1 GeV. The reason for choosing a somewhat
larger scale is that it helps stabilise the photon PDF. However, in order to still be able to generate the
charm PDFs perturbatively without the need to parameterise them, we exploited one of the functionalities

of APFEL to set charm threshold p. = Qg > m. [29].
5 Results
I finally turn to discuss the results of our fit. l Dataset [ X /Naw
The partial x?’s normalised to the number HERA combined DIS data 1236/1056
of data points for the HERA combined data ATLAS DY data [116 GeV < my; < 150 GeV] 9/12
and for the ATLAS high-mass Drell-yan data ATLAS DY data [150 GeV < my; < 200 GeV] 15/12
(bin by bin in my; and total), as well as the ATLAS DY data [200 GeV < my < 300 GeV] 14/12

2 . ATLAS DY data [300 GeV < my; < 500 GeV] 5/6
total x~ normalised to the number of degrees ATLAS DY data [500 GeV < my < 1500 GeV] 4/6
of freedom, are reported in Tab. 1. The over- Total ATLAS DY data x2/Near 48/48

all fit quality is acceptably good. On the one
hand, the description of the HERA data is
comparable to that achieved in the HERA-
PDF2.0 analysis [16]. On the other hand,
despite the small experimental uncertainties,
the ATLAS Drell-Yan data is perfectly fitted
with a X2 /Nqat equal to 48/48. Remarkably, the single m;; bins of this dataset have all a good XQ.

The photon PDF at Q? = 10* GeV? obtained from our analysis, that we dubbed xFitter_epHMDY,
is shown in Fig. 6 and compared to the LUXqed [7], the HKR16 [8], and the NNPDF3.0QED [5] results.
The absolute distributions are shown in the lef plot, while they are displayed as ratios to the central value
of xFitter_epHMDY in the right plot. The uncertainty bands represent the 68% confidence level for
all distributions but for HKR16 for which only the central value is made available by the authors. The
z-range shown Fig. 6 is limited to the region 0.02 < z < 0.9 where the ATLAS Drell-Yan data are
expected to constrain the photon PDF.

| Combined HERA I+II and high-mass DY x°/Naor | 1284/1083

Table 1: x?/Nqa; of the fit to the combined HERA data and the five
my bins of the ATLAS Drell-Yan data. The global x?/Ngof is also

reported, where Nyo¢ is the number of degrees of freedom in the fit.

Fig. 6 shows that for x > 0.1 the four determinations are consistent within PDF uncertainties.
For smaller values of x, the photon PDFs from LUXqged and HKR16 are lower than xFitter_epHMDY
but the agreement remains at the 2-0 level. A better agreement with the NNPDF3.0QED photon PDF
is observed all over the considered range also due to the larger uncertainties. Interestingly, Fig. 6 also
shows that for 0.04 < x < 0.2 the present analysis exhibits smaller PDF uncertainties as compared to
those of NNPDF3.0QED. We conclude that this is the effect of the constraining power of the ATLAS
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Fig. 6: Left plot: comparison between the photon PDF at Q% = 10? GeV? from the present analysis (xFitter_epHMDY) and
the results from LUXqed, HKR16, and NNPDF3.0QED. Right plot: same as the left plot but with the distributions normalised
to the central value of xFitter_epHMDY. The uncertainty bands represent the 68% confidence level. For HKR16 only the

central value is available.

Drell-Yan data used in this analysis but not in NNPDF3.0QED. We also observe that this dataset has very
little impact of the other PDFs.

Finally, in order to assess the robustness of our fit, we have performed a number of variations
with respect to the default settings. Specifically, we considered variations of: the values of the input
physical parameters, such as «g, the heavy-quark masses m. and my, and the strangeness fraction r,;
the PDF parametrisation and the input scale Qo; the cut Q2 . on the scale of the data included in the fit.
In all cases, the resulting distributions of a given variation were in agreement, typically well within one
standard deviation, with the result obtained with the default settings.

The xFitter_epHMDY presented in this work is available in the LHAPDF6 format [30] upon request
from the authors.
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