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Abstract

The accurate determination of the Parton Distribution Functions (PDFs) of the proton
is an essential ingredient of the Large Hadron Collider (LHC) program. PDF uncertainties
impact a wide range of processes, from Higgs boson characterization and precision Stan-
dard Model measurements, to New Physics searches. A major development in modern
PDF fits has been the inclusion of a wealth of measurements from the LHC. In this report
we summarise the information that PDF-sensitive measurements at the LHC Run I have
provided, and then we review the prospects for the corresponding measurements at Run
II. We also present an overview of those studies that have quantified the information on
PDFs provided by LHC data. This document should provide useful input to the LHC col-
laborations to prioritize their PDF-sensitive measurements at Run II, and will also provide
a comprehensive set of references for the PDF fitting collaborations.
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1 Introduction and motivation

The initial state of hadronic collisions is the domain of the parton distribution functions
(PDFs) of the proton (see for example [1–6] for recent reviews). PDFs are an essential
ingredient for LHC phenomenology: they limit the accuracy with which it is possible to
extract the Higgs boson couplings from the LHC measurements [5, 7], degrade the reach
of searches for massive new BSM particles at the TeV scale [8, 9] and are the dominant
systematic uncertainty in the determination of fundamental parameters such as the W
boson mass or sin2 θeff , that are key ingredients for global stress-tests of the Standard
Model [10–12]. Being non-perturbative objects, although their scale dependence is deter-
mined by the perturbative DGLAP evolution equations, they need to be extracted from
global fits to hard-scattering data. Various PDF fitting collaborations provide regular
updates of their QCD analysis, some of the latest PDF releases include ABM12 [13],
CT14 [14], HERAPDF2.0 [15], MMHT14 [16] and NNPDF3.0 [17].

A major recent development in PDF fits has been the inclusion of a wide variety of LHC
data. Some of the LHC processes that are now used in PDF fits were already part of global
PDF fits, for example using Tevatron measurements, but now LHC data opens a wider new
kinematical ranges, for instance for jet production [18–20] and for inclusive electroweak
boson production [21, 22]. On the other hand, other types of processes have only become
become available for PDF fits after their measurement at the LHC, like isolated direct
photon production [23], W production in association with charm quarks [24–26], top
quark pair production [27, 28], open charm and bottom production [29, 30], low and high
mass Drell-Yan production [31,32] and W and Z production in association with jets [33],
among many others. Remarkably, some of these processes open completely new avenues
for PDF fits, for instance data on W+c production provides a clean handle on the strange
PDF s(x,Q2) [24–26, 34] complementary to that of the low energy neutrino data [35],
and top quark pair production allows constraints on the large-x gluon complementary to
jets [27,28,36].

The fact that the LHC provides measurements at different center-of-mass energies also
allows to construct novel observables with useful PDF sensitivity [37], the ratios and double
ratios of cross-sections at different values of

√
s where many theoretical and experimental

uncertainties cancel. This concept has already been validated by measurements such as
ATLAS analysis of the ratio of jet cross-sections between 7 and 2.76 TeV [19] and the
CMS measurement of the ratio of Drell-Yan cross-sections between 8 and 7 TeV [38], and
many more related ratios will be measured at Run II between 13 and 8 TeV. Another
important example of the relevance of LHC data for parton distributions is given by close
interplay PDFs and the tunes of soft and semi-hard QCD models in the context of LO and
NLO event generators, where LHC measurements has been shown to provide invaluable
constraints on these models [39, 40]. Finally, PDFs are an irreducible background to
the extraction of Standard Model parameters at the LHC, for instance the recent direct
measurements of the strong coupling in the TeV regime [41,42].

Another important development for PDF studies in the recent years has been the avail-
ability of PDF fits being carried out also the ATLAS and CMS collaborations themselves.
Thanks to the know-how acquired from the HERA data analysis, and the availability of
a public tool for PDF fits like HERAfitter [43], both collaborations have developed an
extensive program of PDF determinations from their own measurements [19, 21, 22, 41].
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The aim of these studies is not to provide an alternative to global fits, both rather to
study internally the constraints on their own measurements of PDFs prior to publication,
ensure that all information in correlated systematics is suitably provided and to perform
checks of the data prior to publication using the QCD analysis as a diagnosis toolbox.1

Given the importance that LHC data has now in global PDF fits, and the upcoming
restart of the LHC at 13 TeV, it is now timely to summarize what have we learned for
PDFs from Run I data, and to set the stage for the corresponding measurements at Run
II. Therefore, the aim of this document is to review the constraints on PDFs that measure-
ments at the Large Hadron Collider during the Run I data-taking have provided. With
this motivation, we summarize the various measurements from ATLAS, CMS and LHCb
that can be used to provide constraints into PDFs, and discuss the available phenomeno-
logical studies that quantify the information on PDFs provided by these LHC datasets.
Then we move to discuss the prospects for PDF-sensitive data at the upcoming Run II at
13 TeV. We explore how the increase in center of mass energy and luminosity can provide
new opportunities for PDF studies beyond those available at Run I.

The outline of this document is the following. First of all, in Sect. 2 we summarize
the status of the latest PDF releases from the main fitting collaborations, with emphasis
on the role that LHC data has on these. Then in Sect. 3 we present a overview of
those recent studies that have quantified the PDF sensitivity of LHC measurements. We
continue in Sect. 4 with a more detailed summary of the relevant measurements and their
corresponding constraints on PDFs that the ATLAS, CMS and LHCb collaborations have
provided at Run I. Next, in Sect. 5, we have a discussion about the prospects for PDF-
sensitive measurements at Run II. We conclude in Sect. 6 with an outlook on the program
of constraining PDFs with LHC data for the coming years.

This report summarizes the discussions that have taken place at various forums, in
particular at the regular PDF4LHC meetings, during the last months. It is also indebted
to the productive discussions that took place at the “Parton Distributions for the LHC”
workshop that took place between the 15th and the 22nd of February 2015 at the Benasque
Center for Science Pedro Pascual.2

Let us also mention that in parallel with the studies summarized in these report, an
update of the benchmark comparisons between different PDF groups, as well as between
different possible methods to combine them [46], is also being performed, with the aim
of updating the current PDF4LHC recommendations [47,48] about the PDF usage at the
LHC Run II. The results of these benchmark comparisons will be presented separately in
a companion publication.

1 In addition, the HERAfitter developers are also performing a number of independent PDF stud-
ies [44,45].

2http://benasque.org/2015lhc/
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2 PDF analysis at the dawn of the LHC Run II

We begin this document with a succinct review of the status of PDF fits at the dawn of the
Run II of the LHC. This is specially relevant since most PDF groups have provided major
updates of their fits in time to be used with the Run II data taking, data analysis and
Monte Carlo generation. In this section we summarize the recent developments of these
various groups. We emphasize the role that LHC data plays on each of these analysis. The
reader is encouraged to consult the original publications for additional information about
these updated PDF fits. It is beyond the scope of this work to provide a detailed compar-
ison between these updated sets, so here we restrict ourselves to a subset of comparisons
between PDFs and their luminosities using the APFEL-Web interface [49,50].

2.1 CT14

CT14 provides parton distribution functions at LO, NLO and NNLO. The global PDF
fits include LHC data for the first time, from ATLAS, CMS and LHCb, to go along
with the data sets used for CT10. One important, recently released data set from the
Tevatron has also been added, that of the D0 W muon asymmetry measurement using
the full Run 2 data sample. This data set provides important constraints on u and d
quarks at high x, and on ū and d̄ quarks at low x. The LHC data sets chosen for the
global fits are those for which NNLO predictions are available and which are expected to
provide additional constraints on PDFs in regions applicable for LHC physics analyses. An
exception is made for measurements of the inclusive jet cross section, where the complete
NLO calculation is not yet available. However, the corrections determined for the gg initial
state are reasonably small and flat as a function of the jet transverse momentum and the
expectation is that the same will be true for the other initial states.

There are a total of 3045 data points included from 35 experiments. fastNLO and
applgrid interfaces have been used for quick calculations of NLO matrix elements in the
global fits, supplemented by NNLO K-factors (for the NNLO fit). ResBos has been used
for the calculation of the NNLO K-factors for W/Z and W asymmetry data.

The PDF parametrization is more flexible than that of CT10.The PDFs are expressed
as a linear combination of Bernstein polynomials, where each basis polynomial has a single
peak. This serves to reduce any correlations among the parameters. PDF error sets with
a total of 27 eigenvectors are provided at both NLO and NNLO. A central value of

αs(mZ) of 0.118 has been assumed in the global fits at NLO and NNLO, but PDF sets
at alternate values of αs(mZ) are also provided. As with the CTEQ6 leading order PDFs,
two versions are supplied, one with a 1-loop αs(mZ) value of 0.130 and the other with a
2-loop αs(mZ) value of 0.118.

In general, the CT14 PDFs are similar to those from CT10, albeit with a somewhat
smaller strange quark distribution at low x and a somewhat softer gluon at high x. Fur-
thermore, CT14 and CT10 differ in the u and d quark distributions at moderate to large
x, due to the inclusion of new data, both from the LHC and from the Tevatron. Particular
attention is paid to the behavior of the d/u ratio in the limit as x approaches 1. The CT14
parameterization assumes that

dv/uv approaches a constant as x→ 1, by assuming that uv(x) and dv(x) both vary as
(1 − x)a2, with the same value of a2 for both (but allowing for different normalizations).
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This is consistent with the expectations of spectator counting rules.

2.2 MMHT14

The MMHT2014 PDF sets were released in December 2015 [16]. They are the first major
update based on this framework since the MSTW2008 PDFs [51]. However, the updates
incorporate the improvements to the parametrisation and deuteron corrections already
presented in Ref. [52]. This study showed that the new parameterizations, which use
Chebyshev polynomials in (1 − 2

√
x) rather than simple powers of

√
x and up to 7 free

parameters for a particular PDF, can reproduce functions obtained from a much greater
number of parameters up to a small fraction of percent over a wide range in x. The
more flexible deuteron corrections improve the fit quality and result in a shape similar to
the models in e.g. [53]. The new PDF sets also use the optimal variable flavour number
scheme of [54], updated heavy nucleus corrections [55], a modified uncertainty central
value and uncertainty for the branching ratio Bµ = B(D → µ) used in the determination
of the strange quark from dimuon data, and use the multiplicative rather than additive
definition for correlated systematic uncertainties [56].

The data used in the fits have been very significantly updated from the MSTW2008
analysis, with relevant data sets published before the beginning of 2014 included. In
particular the combined HERA total cross section data [57] and combined charm data [58]
are now used, along with some updates on Tevatron W production. Moreover, a variety of
LHC data, including W,Z and γ? data from ATLAS, CMS and LHCb, inclusive jet data
from ATLAS and CMS and total top pair production from ATLAS and CMS (and the
Tevatron combined result [59]) have now been included. A summary is found in Sect. 3.
Although they have not been used to determine the PDFs, data on W + c production
and differential top pair production have been checked against the PDFs and give good
agreement. NLO calculations are produced for LHC data using [41-42] and K-factors
employed at NNLO. The LHC inclusive jet data are currently not used at NNLO, leading
to a very slight increase in the uncertainty for the high-x gluon at NNLO compared to
NLO.

The resulting PDFs are made available with a best fit set and 25 68% confidence
level eigenvector pairs at LO, NLO and NNLO and corresponding to αS(M2

Z) values of
0.130 at LO, 0.118 and 0.120 at NLO and 0.118 at NNLO. The increase in the number
of eigenvectors from 20 in the MSTW2008 sets is due to the increased flexibility of the
PDFs, partially made possible by extra constraints coming from new LHC data types. The
αS(M2

Z) is left free in fits in the first instance, result in best fits near 0.135 at LO, 0.120 at
NLO and 0.118 at NNLO. Hence the choice of the values for the eigenvector sets, though
0.118 is available as well as 0.120 at NLO since this is near the world average for αS(M2

Z),
and a set with this value may be required by users. Each eigenvector set is accompanied
by a central set with αS(M2

Z) values with ±0.001 in order to enable uncertainties due to
αS(M2

Z) to be calculated.
Sets with a wide variety of αS(M2

Z) values have been determined and will be made
available very soon and followed by sets with a variety of values of charm and bottom
mass, and in the three and four flavour schemes. The MMHT2014 PDFs generally give
very similar results for LHC observables as the MSTW2008 PDFs, and have comparable
uncertainties. The main change in the MMHT2014 PDFs is in the small-x valence quarks,
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and is due to the improved parameterisation and deuteron corrections, and an increase
in the uncertainty (and to a lesser extent the central value) of the strange quark. The
latter is due to the quite generous uncertainty allowed on Bµ = B(D → µ) and an extra
free parameter for the strange quark contributing to the eigenvectors. This combination
of extra freedom in the strange PDF is then given an extra constraint by the LHC W and
Z boson production data.

2.3 NNPDF3.0

The NNPDF3.0 sets were released in October 2014 [17]. As compared to its predecessor,
NNPDF2.3 [60], NNPDF3.0 is the result of a extensive development of the NNPDF fitting
machinery, in terms of new experimental constraints, theoretical calculations, code orga-
nization and methodology. All the fitting code has been rewritten from Fortran to C++

and Python, making it really robust and modular, so that the addition of new experiments
or the modification of the theoretical calculations can be done easily with almost no need
to modify the code. For the experimental data point of view, NNPDF3.0, as compared
to NNPDF2.3, includes all the published HERA-II data from H1 and ZEUS, and a wide
range of ATLAS, CMS and LHCb data on jet production, weak boson production and
asymmetries, Drell-Yan, W+charm and top quark pair production. The complete list of
LHC measurements that have been included in NNPDF3.0 will be summarized in Sect. 4.

Concerning theory calculations, all collider processes have been computed using fast
NLO interfaces [61–63], supplemented by NNLO and electroweak K-factors when required.
Inclusive jets are included at NNLO using the approximate threshold resummation [64,65],
validated on the exact calculation on the gg channel [66]. DIS structure functions are as
usual computed in the FONLL General-Mass variable-flavor number scheme [67], with the
main difference being that at NLO it is the FONLL-B scheme that is used, rather than
FONLL-A as previously, since it allows a better description of the lowQ2 charm production
data. The fitting methodology is based on closure tests with artificial pseudo-data, which
allows to cleanly separate the different contributions to the total PDF uncertainty, as well
as to verify the statistical interpretation of PDF uncertainties as genuine 68% confidence
level ranges.

2.4 HERAPDF

The HERAPDF fits are based only on data collected at the HERA ep collider. During
HERA-I and HERA-II running approximately 1fb−1 of data were collected divided roughly
equally between e+p and e−p scattering. All of the published measurements on inclusive
Neutral and Charged Current (NC and CC) scattering have now been combined into a
single coherent data set taking into account correlated systematic uncertainties [68]. This
combination includes data taken at different proton beam energies, Ep = 920, 820, 575, 460
GeV. The data cover the ranges 6 × 10−7 < x < 0.65, 0.045 < Q2 < 50, 000 GeV2. The
combination led to significantly reduced uncertainties, below 1.5% over the kinematic
range 3 < Q2 < 500 GeV2. This combination supersedes the previous combination of only
HERA-I data.

The availability of precision NC and CC data over such a large kinematic range allows
the extraction of PDFs using only ep data without the need for heavy target corrections.
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The difference between the NC e+p and e−p cross sections at high Q2 constrains the
valence PDFs. The high-x CC data separate valence quark flavours. The CC e−p data
allow the extraction of the d-valence PDF without assuming strong isospin symmetry. The
lower-Q2 NC data constrain the sea PDF directly and through their scaling violations they
constrain the gluon PDF. A further constraint on the gluon comes from the data at different
beam energies, which probe the longitudinal structure function FL. The HERAPDF2.0 is
based on the new data combination [68] and supersedes HERAPDF1.0 and 1.5 which were
based on previous partial combinations. The HERAPDF2.0 is available at LO, NLO and
NNLO on LHAPDF6. The experimental uncertainties are presented as 14 pairs of Hessian
eigenvectors evaluated by the standard criterion of ∆χ2 = 1. For the NLO and NNLO
PDFs 13 further variations are supplied to cover uncertainties due to model assumptions
and assumptions on the form of the parametrisation. For the NLO and NNLO PDFs
the standard value of αS(MZ) = 0.118 but the PDFs are also supplied for values of
0.110 < αS(MZ) < 0.130 in steps of 0.001.

Several further variations of the HERAPDF2.0 are also supplied: HERAPDF2.0HiQ2
for which only data with Q2 > 10 GeV2 are used to avoid possible bias from low-x, low-Q2

effects; HERAPDF2.0AG for which the gluon takes form which is imposed to be positive
definite for all x for which Q2 > 3.5 GeV2; HERAPDF2.0FF3A and FF3B, which use
two different versions of the Fixed Flavour Number Scheme for heavy quarks; and finally
HERAPDF2.0Jets which uses additional HERA data on jet production as well as the
HERA combined charm data. The charm data mostly serve to constrain the uncertainty
on the charm quark mass parameter and this information is already used in the main
HERAPDf2.0 PDFs, whereas the jet data put further constraints on the gluon PDF, such
that a simultaneous fit for αS(MZ) and the PDFs can be made, resulting in a competitive
determination of αS(MZ).

Let us also mention that this legacy HERA combination is expected to become the
basis for all future fits to LHC data that are performed using the HERAfitter framework.

2.5 ABM12?

2.6 PDF comparison plots

To conclude this section, we provide some plots to compare the latest releases from the
various PDF collaborations. We provide comparisons at the level of PDFs, and then
also we perform a comparison of the PDF luminosities. To begin with, we show some
comparison plots between the NNPDF3.0, CT14 and MMHT14 NNLO sets.3 In all these
comparison plots, the APFEL-Web interface [49,50] has been used.

First of all we compare PDF luminosities at the LHC with a center of mass energy of
13 TeV, the results are shown in Fig. 1. As compared to previous benchmark studies, we
see an improved convergence between the three sets in a number of phenomenologically
important regions, like the gg luminosity at intermediate values of the final state invariant
mass MX . For the four luminosities that are shown here, gg, qq, qq̄ and gg, the three
sets agree at the one-sigma level or better. The differences are larger at large invariant
masses, a key region for massive New Physics searches at the LHC, where also the intrinsic

3We use here a preliminary version of the CT14NNLO set, provided by P. Nadolsky, which should be
very close to the final version.
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Figure 1: Comparison of PDF luminosities between NNPDF3.0, MMHT14 and CT14p. The
comparison has been performed at NNLO for the LHC with a center of mass energy of 13 TeV,
as a function of the invariant mass of the final state system. Results are shown normalized to the
central value of the NNPDF3.0 NNLO set.

PDF uncertainties for each group are rather substantial due to the lack of experimental
constraints.

Now we turn to the corresponding comparison of the PDFs at a low scale, Q2
0 = 2 GeV2

between NNPDF3.0, CT14p and MMHT14, all of them at NNLO. From top to bottom,
and from left to right, we show the gluon, the total quark singlet, the total valence, and
the strangeness PDFs. We see reasonable agreement at the level of one-sigma, with some
marked differences in the sizes of the PDF uncertainties specially in the extrapolation
region at small-x.
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Figure 2: Comparison of PDFs at Q2
0 = 2 GeV2 between NNPDF3.0, CT14p and MMHT14,

all of them at NNLO. From top to bottom, and from left to right, we show the gluon, the total
quark singlet, the total valence, and the strangeness PDFs. All plots have been obtained using the
APFEL-Web online plotting interface.
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3 Overview of PDF-sensitive measurements at the LHC

As we have mentioned in the introduction, at the LHC a rich variety of observables can
be used for PDF constraints. In this section, we would like to perform a general overview
of those LHC processes, with emphasis on the new information that they provide on top
of existing processes in PDF fits, as well as a brief summary of the range of Bjorken-x, of
Q2 and of the PDF flavors that they are most sensitive to. In other words, in this section
we provide the generic motivation for the measurement of specific processes at the LHC
to be used in PDF analysis. When available, the actual measurements that have been
performed by ATLAS, CMS and LHCb are presented in the next section. Likewise, we
leave for the next section the exact list of which LHC measurements have been used in
which PDF fits up to now, trying to keep the discussion here as light and self-contained
as possible. We also include here those measurements that have been proposed as good
candidates to provide information in PDF fits, but that have yet not been measured or
made available in a format suitable for PDF studies.

3.1 Jet production

Jet production allows to constrain quarks and gluons at medium and large-x [69], the
latter in a range which is not covered by deep-inelastic scattering data. Inclusive jet
production has been used in PDF fits since the first measurements at the Tevatron, and
now from the LHC a number of precise inclusive jets, dijets and three jet measurements
have become available for their use in PDF fits. In addition, let us mention that jet
production provides a unique possibility for direct determinations of the strong coupling
αS(Q) in the TeV range way above any other existing measurements, information on BSM
physics.

Jet production can be presented in a different number of complementary ways, the
most traditional are the measurements of the inclusive jet and dijet cross-sections, but
measurements of three-jet and multi-jet cross-sections have also became available recently.
The impact of ATLAS and CMS jet data into PDFs has been quantified in a number of
studies, both from global PDF fitting groups [17, 18] and from the LHC collaborations
themselves [19, 41]. In addition to the large-x gluon, also information on the large-x
quarks can be obtained, since at the highest values of the jet transverse momentum is the
quark-quark scattering mechanism that dominates, due to the steeper fallout of the gluon
PDF at large-x.

While the NLO calculation for inclusive and dijet production has been available for
more than 20 years, only recently the first partial results on the NNLO calculation have
become available [66, 70]. It is expected that the full NNLO results will have a substan-
tial impact on the analysis of the LHC data in the context of PDF fits. While the full
calculation is available, it has been proposed that a subset of jet data can still be con-
sistently included in NNLO fits by using the approximate NNLO threshold calculation.
This strategy, presented in [65] has been used for example to include LHC jet data in the
NNPDF3.0 NNLO fit.
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reaction observable pdfs x Q

pp→W± +X dσ(W±)/dyl q, q̄ 10−3 . x . 0.7 ∼MW

pp→ γ∗/Z +X d2σ(γ∗/Z)/dylldMll q, q̄ 10−3 . x . 0.7 5 GeV . Q . 2 TeV

pp→ γ∗/Z + jet +X dσ(γ∗/Z)/dpllT q, g 10−2 . x . 0.7 200 GeV . Q . 1 TeV

pp→ jet +X dσ(jet)/dpT dy q, g 10−2 . x . 0.8 20 GeV . Q . 3 TeV

pp→ jet + jet +X dσ(jet)/dMjjdyjj q, g 10−2 . x . 0.8 500 GeV . Q . 5 TeV

pp→ tt̄+X σ(tt̄), dσ(tt̄)/dMtt̄, .... g 0.1 . x . 0.7 350 GeV . Q . 1 TeV

pp→ cc̄+X dσ(cc̄)/dpT,cdyc g 10−5 . x . 10−3 1 GeV . Q . 10 GeV

pp→ bb̄+X dσ(bb̄)/dpT,cdyc g 10−4 . x . 10−2 5 GeV . Q . 30 GeV

pp→W + c dσ(W + c)/dηl s, s̄ 0.01 . x . 0.5 ∼MW

Table 1: Summary of some of the LHC processes with sensitivity to PDFs discussed in this section.
For each process, we quote the corresponding measured distribution, the PDFs that are probed,
and the approximate ranges of x and Q2 that can be accessible using available Run I data. These
ranges have been obtained assuming the Born kinematics, as in Ref. [71]. This table is just for
illustration purposes and thus is not necessarily exhaustive.

3.2 Prompt photon production

Direct photon production from fixed-target experiments was recognized as a useful probe
of the gluon PDFs a long time ago, but at some photon data stop being used both because
of the availability of Tevatron jet data and some inconsistencies between different fixed-
target measurements. More recently, the use of LHC isolated photon data back into PDF
fits was advocated in Ref. [23], where a reanalysis of all available fixed target and collider
isolated direct photon production data was performed, finding good consistency with NLO
QCD calculations. In Ref. [23] it was also shown that direct photon data can potentially
constrain the gluon PDF in a intermediate range of x, x ∼ 0.01, which is the region relevant
for Higgs boson production via gluon fusion. The main obstacle for the full inclusion of
direct photon data into PDF fits is the large scale uncertainties that affect the NLO
QCD calculation. The possibility to use isolated photon production in association with
additional jets has also been explored [72], however finding than a substantial reduction
of the experimental uncertainties, as compared with available measurements, would be
mandatory before this data could be used effectively in PDF fits. While LHC photon data
has still not been directly included in global PDF fits, a systematic comparison between
PDFs and direct photon data was presented by ATLAS [73].
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Figure 3: Left plot: impact of the CMS 2011 inclusive jet data on the gluon PDF, from Ref. [41].
Right plot: impact of the ATLAS measurement on the ratio of inclusive jet cross-sections between
7 TeV and 2.76 TeV on the gluon PDF, from Ref.

3.3 Inclusive W and Z production and asymmetries

The inclusive production of W and Z bosons, both for the total cross-sections, the dif-
ferential measurements in terms of leptonic rapidities and the corresponding asymmetries
have been part of the global PDF fit backbone since the first measurements from the
Tevatron became available. As compared to inclusive DIS, where only flavor symmetric
components q + q̄ can be constrained, inclusive W and Z production provides a clean
handle on quark flavor separation. At the LHC, the kinematical range in terms of the
underlying Bjorken-x is substantially increased as compared to the Tevatron, reaching
both smaller and larger values of x. With this motivation of pinning down the PDF quark
flavor separation, a number of measurements have been presented by ATLAS, CMS and
LHCb, as will be discussed in more detail in Sect. 4. In addition, as shown by ATLAS, if
the rapidity distributions of W and Z bosons is measured simultaneously accounting for
the correlations [74] then it is possible to provide a handle on the strangeness content of
the nucleon [22].

3.4 High and low mass Drell-Yan production

Data from fixed-target Drell-Yan experiments, such as E605 and E866, has been included
in global PDF fits since many years. These data however are affected by some drawbacks,
in particular the missing covariance matrix and the fact that

√
s is small and thus pertur-

bative and non-perturbative corrections to fixed order calculations are potentially large.
This has provided the motivation to perform for the first time the measurements of the
off-peak Drell-Yan processes at an hadron collider. At low mass, Drell-Yan provides inter-
esting constraints on the low-x quarks and gluons (since the latter are radiately generated
from the former), as well as tests of perturbative QCD, since breakdown DGLAP [75].
At high-masses, first of all the measurement of Drell-Yan provides a crucial validation of
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theory calculations in a region which is instrumental for New Physics searches. Concern-
ing PDFs, high-mass Drell-Yan allows to obtain information from the high-x quarks and
anti-quarks, which are affected by substantial uncertainties, particularly for the latter. To
maximize the impact of the data in PDF fits, it is essential to use the most updated NNLO
QCD and NLO EW theory calculations [76].

In addition, note that low and high-mass Drell-Yan production are sensitive to the
photon PDF γ(x,Q2): indeed, since γγ → l+l− production is t-channel, as opposed to
the s-channel quark-induced diagrams qq̄ → l+l−, photon-initiated contributions become
comparable to quark-initiated at low and high invariant di-lepton masses. Therefore, off-
peak Drell-Yan production allows to provide important constraints on the photon PDF [77]
for PDF fits which account for QED corrections [78,79].

3.5 The transverse momentum of W and Z bosons

The transverse momentum of the W and Z bosons is a key process for hadron collider
phenomenology. At low pT , it is used to validate Monte Carlo predictions, analytical
resummed calculations, and is a must of many precision measurements like the W mass.
At large values of the transverse momentum, we would expect that fixed-order theory
to lead to a reasonable description of the data. For large pT , the transverse momentum
distribution of W and Z bosons uniquely depends on the combination αs × q × g, where
the fraction of gluon-initiated contributions increases with pT . Therefore, one might want
to use the high-pT spectrum of W and Z bosons as a direct probe of the gluon PDF.
This option seems particularly robust for the case of the Z pT , where a high precision
measurements can be performed in terms of leptonic variables only [80]. A complementary
use if the W and Z pT measurements for PDF constraints can be obtained from taking
their ratios. As motivated in Ref. [33], various ratios of W and Z cross sections at high pT
provide a handle on the proton’s flavor decomposition, while canceling various theoretical
uncertainties like higher order QCD and EW effects.

Note also that the LHC has produced a number of measurements of W and Z boson
production in association with jets. The main motivation for these measurements is to
validate Monte Carlo event generators, but given that the underlying dynamics are the
same as those that generate the vector boson pT , it is conceivable that these can also
be used for PDF fits. However, these measurements will be affected by larger theoretical
uncertainties (due to the multiplicity of the final state) and experimental uncertainties
(due to having jets in addition to leptons) than the W or Z pT measurement, and thus
might not be competitive with the latter.

3.6 W production in association with charm quarks

The production of W bosons in association with charm quarks has been proposed for a
long time as a direct probe of the strangeness content of the proton [81]. Indeed, before
the LHC stat-up, constrains on strangeness from global fits were provided mostly by low-
energy neutrino data, in particular by the dimuon charm production measurements. At
the LHC, independent constraints on the strangeness can now be provided by W + c [34],
and also the differences between s+ and s− can be potentially be investigated with charge
ratios such as W++c/W−+c. As we will discuss in the next Section, this measurement has
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Figure 4: Strange content of the proton quark sea. ATLAS results based on Z and W -boson pro-
duction measurements [22] and on the associated production of W+charmed hadrons [25] are com-
pared to the CMS result [21], based on the W+c production [24]. For comparison, HERAPDF1.5
is shown, where the constraints on the s-quark distribution as obtained in the neutrino-scattering
experiments, are considered.

been presented recently both by ATLAS and CMS, and is already part of some global PDF
fits. A topic that has attracted lots of attention recently is whether the LHC W + c data
suggest a symmetric strange sea, opposite to neutrino charm data which clearly indicates
a strangeness suppression. The ultimate global analysis combining both fixed target and
collider data for the strangeness [17, 26]. As an illustration, in Fig. 4 we show the CMS
determination of xs(x,Q2) from their W+charm measurements, from Ref. [21].

3.7 Top quark pair production

Top quarks are abundantly produced at the LHC, where the increase in the center of
mass energy and in the luminosity make it a ”top factory”. As opposed to the Tevatron,
where top quark pairs are produced predominantly via quark-anti-quark annihilation, at
the LHC top quark pairs are produced mostly in the gluon-gluon channel. Therefore,
they potentially provide useful information on the gluons for x ≥ 0.1, a region which
in global fits is only covered by jet production. While NLO calculations are affected
by large scale uncertainties, the completion of the full NNLO calculation for total cross-
sections [82] and for differential distributions [83] allows to consistently include top quark
data in global PDF fits. In the latter case, it is also possible to use approximate NNLO
calculations derived from threshold resummation [28]. Note that the availability of NNLO
calculations allows to perform a number of complementary extractions of fundamental
QCD parameters, like αs, from total cross-sections [84].

With this motivation, a number of studies have quantified the sensitivity of top quark
pair production data to the gluon PDFs. Using total cross-sections, it has been shown
that available data from ATLAS and CMS is enough to produce useful constrains on
the large-x gluon [27, 36]. The ABM collaboration has also explored the impact of top
quark cross-sections into their fit, showing that it can lead to a shift in the gluon PDF
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up to one-sigma [13]. However, the usefulness of total cross-sections is only moderate,
and the full constraining power of top quark data for PDF fits should be based on the
differential distributions. A first study on this respect, based on the approximate NNLO
from threshold resummed calculation, has been presented in Ref. [28].

3.8 Charm and bottom pair production

The production of heavy quark pairs in hadron collisions is a powerful test of perturbative
QCD. While as mentioned in the previous section top quark pair production is now usually
included in PDF fits, this is not the case of charm and bottom pair production. On the
other hand, the differential distributions in pT and rapidity of charm and bottom quarks
are directly sensitive to the small-x gluon PDF at low scales, where its uncertainties are
large, and thus this measurement is potentially a useful probe of the small-x gluon. In this
respect, measurements of the d2σ/dpTdy differential distributions of charm and bottom
mesons at the LHC should provide a direct information on the poorly known gluon PDF.

These constraints are expected to be particularly powerful from the LHCb experiment,
since on the one hand the detector is specially suitable to tag and measure with precision
the properties of heavy quark mesons, and on the other hand the forward coverage of LHCb
allows to access a region of small-x of the gluon PDF that cannot be accessed by ATLAS
and CMS. The first study [29] in this direction is performed by the PROSA Collaboration,
where the impact of recent measurements of heavy-flavor production at LHCb is studied in
a QCD analysis at NLO in fixed-flavor number scheme using the HERAfitter framework.
Significant improvement of constraints on the gluon and the sea-quark distributions down
to x ∼ 5 106 is demonstrated, as illustrated in Fig. 5. A major problem is though that the
usefulness of this data for PDF fits is limited by the large theory uncertainties in the NLO
calculation, however it is conceivable that the recent NNLO calculation for differential
distributions in top-quark production [83] can also be generalized to bottom and charm
production.

3.9 Central exclusive production

As has been mentioned on Sect. 3.8, the production of charm and bottom quarks at
the LHC provides useful constraints on the low-x gluon. A related processes, which can
potentially provide the same information, is central exclusive production of J/ψ and re-
lated mesons, such as Γ or ψ(2S) The production of these mesons depends directly on
the small-x gluon. In addition, the production mechanism is such that a very clean final
state is obtained. Calculations for the central exclusive production have been presented
in Refs. [85, 86] within the diffractive photo-production formalism. In order to consis-
tently incorporate this processes into traditional PDF fits, it should be possible to related
available calculations with the collinear factorization picture, which is used in global PDF
fits.

3.10 Ratios of cross-sections for different center-of-mass energies

The staged beam energy of the LHC running, with data available at a number of different
center of mass energies, allows to construct a novel type of observables, namely ratios
and double ratios of cross-sections measured at different center of mass energies [37]. The
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Figure 5: Left plot: gluon distribution (top) and its relative uncertainty (bottom), shown as
a function of x at the factorization scale of 10 GeV2. Results of the NLO QCD analysis [29].
of HERA-I DIS data only (filled band) and of that including either absolute or normalized cross
sections of heavy-flavor production at LHCb (dashed bands) are compared. Right plot: Z pt ...

main advantage of this construction is that, by taking the ratio, a number of experimental
and theoretical systematics will approximately cancel. This way, we end up with an
observable that can be predicted with very high accuracy (because of the cancellation
of some important theory systematics, like higher orders), and that can potentially be
measured with high precision as well, due to the cancellations of systematic uncertainties
such as jet energy scale or luminosities. From the PDF point of view, the interest in
these ratios is that precisely part of the PDF dependence does not cancel, because data
at different

√
s will cover a different range in x and Q2, and therefore we can think of

including these ratio data to constrain PDFs. Another advantage is that the constraints
from the ratios can be complementary to those of the absolute cross-sections: for example,
in top quark production, the dependence on the value of mt will completely cancel in this
ratio.

From the experimental point of view, the crucial point is to quantify the degree of
correlation of different systematics between different values of

√
s. Up to know, there

have been two measurements that have implemented this idea: the ratio of inclusive jet
cross-sections between 7 TeV and 2.76 TeV from ATLAS [19] and the ratio of Drell-Yan
cross-sections between 7 and 8 TeV at CMS [38]. While these two measurements are
very important as proof-of-concept, they impact on PDF fits will be moderate due to the
reduced statistics of the 2.76 TeV sample (for ATLAS) and the small lever arm between
7 and 8 TeV (for CMS). However, now at Run II a number of ratios between 13 TeV and
8 TeV should be measurement, and this could become part of the fitted dataset in global
analysis.
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ATLAS

Measurement
√
s, year of data, Lint Motivation Reference PDF fits

W,Z rapidity 7 TeV, 2010, 36 pb−1 Sect. 3.3 [74] [13, 16,17,22,60]

High mass Drell-Yan 7 TeV, 2011, 4.9 fb−1 Sect. 3.4 [32] [16, 17,78]
Low mass Drell-Yan 7 TeV, 2010, 35 pb−1 Sect. 3.4 [87] -

7 TeV, 2011, 1.6 fb−1

Z AFB 7 TeV, 2011, 4.8 fb−1 Sect. 3.4 [88] -

W+charm production 7 TeV, 2011, 4.6 fb−1 Sect. 3.6 [25] [25]
W+beauty production 7 TeV, 2010, 35 pb−1 Sect. 3.6 [89] -
W+beauty production 7 TeV, 2011, 4.6 fb−1 Sect. 3.6 [90] -
Z+beauty production 7 TeV, 2010, 36 pb−1 Sect. 3.6 [91] -
Z+beauty production 7 TeV, 2011, 4.6 fb−1 Sect. 3.6 [92] -

Z pT 7 TeV, 2010, 40 pb−1 Sect. 3.5 [93]
Z pT 7 TeV, 2011, 4.7 fb−1 Sect. 3.5 [80]
W pT 7 TeV, 2010, 31 pb−1 Sect. 3.5 [94] [17]

Z+jets 7 TeV, 2010, 36 pb−1 Sect. 3.5 [95] -
Z+jets 7 TeV, 2011, 4.6 fb−1 Sect. 3.5 [96] -
W+jets 7 TeV, 2010, 36 pb−1 Sect. 3.5 [97] -
W+jets 7 TeV, 2011, 4.6 fb−1 Sect. 3.5 [98] -
Rjets (W+jets/Z+jets) 7 TeV, 2011, 4.6 fb−1 Sect. 3.5 [99] -

Table 2: Overview of published PDF-sensitive measurements from the LHC Run I from the ATLAS
experiment. In this table, for each of the measurements, we provide first of all the corresponding
center-of-mass energy, year of data, and the integrated luminosity, its motivation in terms of PDF
sensitivity, the publication reference and the references where these measurements have been used
to quantify PDF constraints.

4 Constraining PDFs with LHC data at Run I

In this section we present a concise overview of those LHC measurements at Run I with
potential sensitivity to PDFs. The motivation for each of these measurements has al-
ready been discussed in Sect. 3, so now we discuss the specific analysis that have been
performed at the LHC and, where relevant, when these measurements have been used for
PDF constraints. This section is organized separately by experiment: we begin with the
summary of the results from ATLAS, then CMS and finally with LHCb. For each experi-
ments summary tables are provided. They includes only published or at least submitted
to a journal measurements, while superseeded ones are ignored even if they was published.
For each measurement shown in the table we provide: the center-of-mass energy at which
the measurement was made; the corresponding integrated luminosity; the publication ref-
erence and the references where these measurements have been used to quantify PDF
constraints. For the CMS table additionnal information if provided if the observable was
used in a dedicated extraction of the strong coupling constant and its running.

4.1 Constraints from ATLAS

The measurement from the ATLAS collaboration are summarise in Tables 2 and 3.
We start with the measurements of jet production from ATLAS. The available mea-

surements, relevant for PDF studies, are the inclusive and dijet differential cross sections
from the 2010 dataset [100], the ratio of 2.76-to-7 TeV inclusive jet cross sections [19] and,
more recently, the inclusive [101], dijet [102] and trijet [103] differential cross sections from
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ATLAS

Measurement
√
s, year of data, Lint Motivation Reference PDF fits

Inclusive jets 7 TeV, 2010, 37 pb−1 Sect. 3.1 [100] [16, 17,60]
Inclusive jets 7 TeV, 2011, 4.5 fb−1 Sect. 3.1 [101] -
Inclusive jets (+ 7 TeV rat) 2.76 TeV, 2010, 0.2 pb−1 Sect. 3.1, 3.10 [19] [16, 17,19]
Dijets 7 TeV, 2010, 37 pb−1 Sect. 3.1 [100] -
Dijets 7 TeV, 2011, 4.6 fb−1 Sect. 3.1 [102] -
Trijets 7 TeV, 2011, 4.5 fb−1 Sect. 3.1 [103] -

γ inclusive production 7 TeV, 2010, 35 pb−1 Sect. 3.2 [104] -
γ inclusive production 7 TeV, 2011, 4.6 fb−1 Sect. 3.2 [105] [73]
γ+jets 7 TeV, 2010, 37 pb−1 Sect. 3.2 [106] -

tt̄ incl (single lepton, dilepton) 7 TeV, 2010, 2.9 pb−1 Sect. 3.7 [107] [16]
tt̄ incl (dilepton) 7 TeV, 2010, 35 pb−1 Sect. 3.7 [108] [16]
tt̄ incl (single lepton) 7 TeV, 2010, 35 pb−1 Sect. 3.7 [109] [16]
tt̄ incl (dilepton) 7 TeV, 2011, 0.70 fb−1 Sect. 3.7 [110] [16, 17]
tt̄ incl (e/µ + τ) 7 TeV, 2011, 2.05 fb−1 Sect. 3.7 [111] [16]
tt̄ incl (tau+jets) 7 TeV, 2011, 1.67 fb−1 Sect. 3.7 [112] [16]
tt̄ incl (eµ b-tag jets) 7+8 TeV, 2012, 24.9 fb−1 Sect. 3.7 [113] [17]
tt̄ differential 7 TeV, 2011, 2.05 fb−1 Sect. 3.7 [114] -
tt̄ differential 7 TeV, 2011, 4.6 fb−1 Sect. 3.7 [115] -

WW , Z → ττ , tt̄ xsec 7 TeV, 2011, 4.6 fb−1 Sect. 3.3 [116] -

Table 3: Continuation of Table 2.

the 2011 dataset. In ATLAS own analysis [19], a PDF fit of the ratio of 2.76 TeV over
7 TeV inclusive jet data (together with HERA data) was performed, to demonstrate the
sensitivity to the large-x gluon PDF, by comparing to a baseline fit based on HERA data
only. Though the measurement has limited statistics, it is a powerful proof-of-principle
that such ratio measurements have enhanced PDF sensitivity due to the partial cancella-
tion of dominant theoretical (missing high order corrections) and experimental (jet energy
scale) systematic uncertainties, as discussed in Ref. [37].

The more recent measurements of inclusive, dijet and trijet differential cross sections
have substantially higher precision compared to previous measurements, and span a wide
kinematic range, extending up to 2 TeV in inclusive jet pT , and up to 5 TeV in dijet or
trijet invariant mass. The inclusive and dijet ATLAS analyses include quantitative χ2

comparisons for the predictions of different PDF sets, showing clear discriminating power.
Furthermore, these inclusive, dijet and trijet measurements from the 2011 dataset are par-
ticularly interesting for PDF fits since, for the first time, the full statistical and systematic
correlations between various measurements will be provided, allowing their simultaneous
inclusion in a PDF fit, and thus enhancing its PDF constraining information. The jets
are reconstructed using the anti-kT clustering algorithm [117], and the cross section mea-
surements are available separately for two radius parameters: R=0.4 and R=0.6.

At the LHC, top quark pair production is sensitive to the gluon PDF, providing infor-
mation complementary to jet production data. The ATLAS Collaboration have made a
number of measurements of top quark pair production, including several extractions of the
top quark pair production cross section [107–113] with increasing precision and using a va-
riety of final states, are well as differential cross sections using the 2011 [114,115] dataset.
In the most recent of these measurements, using the full 2011 dataset, the normalized
differential cross sections are measured as a function of the top quark transverse momen-
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tum, and of the mass, transverse momentum and rapidity of the top quark pair system.
Normalizing the cross sections reduces the dependence on higher order QCD corrections,
though it also degrades a bit the sensitivity to the gluon PDF overall normalization. When
compared to a range of PDFs, the measured data distributions tend to be softer than the
predictions, indicating power to constrain the gluon, and may also indicate the importance
of higher order QCD and electroweak corrections.

Isolated prompt photon data also have the potential to provide additional constraints
on the gluon at medium and large-x. Compared to jet production, prompt photons provide
a cleaner experimental environment, though current measurements are of limited precision.
ATLAS have measured isolated prompt photon production cross sections in the 2010 [104]
and 2011 [105] datasets. The most recent measurement, using the 2011 data, provides
differential cross section as a function of photon transverse energy and pseudo-rapidity, in
central and forward pseudo-rapidity regions. The ATLAS Collaboration have studied [73]
the sensitivity of these 2011 data to PDFs, providing a quantitative χ2 comparison of the
agreement of data with NLO QCD predictions for a range of PDFs. The results indicate
some tension between data and theory for several current PDFs, indicating potential to
constrain the shape and uncertainty of the gluon, though theoretical scale uncertainties
are also large. Measurements of prompt photons in association with jets [106] are also
available.

Electroweak boson production data provide constraints on quark flavor separation.
ATLAS have published W and Z rapidity distributions using the 2010 data, including
their experimental correlations [74]. This measurement is now part of most, current PDF
fits. In a separate ATLAS analysis, these data were used in a PDF fit with the HERAfitter
framework to quantify the sensitivity to the strange quark content of the proton [74], and
favored a non-suppressed strangeness. The ATLAS inclusive W and Z analysis of 2011
data is also close to publication. The larger dataset allows more differential measurements,
for example double differential Z/γ∗ cross sections binned in dilepton mass and rapidity,
and W± cross sections in bins of lepton pseudo-rapidity, as well as double differentially in
lepton pseudo-rapidity and lepton transverse momentum. These data have the potential to
provide constraints on valence quark PDFs, and will shed further light on the strangeness
content of the proton.

ATLAS has also published high [32] and low [87] mass Drell Yan measurements, pro-
viding complementary information to measurements near the Z mass peak. The ATLAS
low mass Drell-Yan cross sections are measured as a function of dilepton invariant mass
with coverage 26 < mll < 66 GeV (partial 2011 dataset) and 12 < Mll < 26 GeV (for the
2010 dataset). High-mass Drell Yan measurements can provide important constraints on
large x quarks and anti-quarks. The ATLAS analysis, based on the 2011 dataset, measure
up to 1.5 TeV in dilepton invariant mass, and the data have been included in recent PDF
fits [16, 17]. In addition, in the prensence of QCD corrections, this measurement can also
be used to constraint the photon content of the proton, and have been included in the
NNPDF2.3QED fit [78]. A higher precision measurement at 8 TeV is also being prepared.

ATLAS have also provided a measurement ofW+charm data, using the 2011 dataset [25].
Such data give a direct handle on the strange content of the proton, and the ratio of W+c
to W−c is also sensitive to the strange asymmetry, s− s̄. The ATLAS analysis has shown
the data are consistent with a range of PDFs, though indicate a preference for PDFs
with an SU(3) symmetric light quark sea, consistent with the result found by the ATLAS
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CMS

Measurement
√
s, Lint Motivation Reference Used in PDF

or αs fits

High and low mass Drell-Yan 7 TeV, 5 fb−1 Sect. 3.4 [31] [16, 69]
High and low mass Drell-Yan 8 TeV, 20 fb−1 Sect. 3.4 [38]
Drell-Yan AFB 7 TeV, 5 fb−1 Sect. 3.4 [119] –

W asymmetry 7 TeV, 36 pb−1 Sect. 3.3 [120]
W e asymmetry 7 TeV, 880 pb−1 Sect. 3.3 [121]
W µ asymmetry 7 TeV, 4.7 fb−1 Sect. 3.3 [21] [21, 69]

W,Z production and rapidity dist 7 TeV, 3 pb−1 Sect. 3.3 [122]
W,Z inclusive production 7 TeV, 36 pb−1 Sect. 3.3 [123] –
W,Z inclusive production 8 TeV, 19 pb−1 Sect. 3.3 [124] –

Z pT and rapidity 7 TeV, 36 pb−1 Sect. 3.5/3.3 [125]
Z pT and rapidity 7 TeV, 5 fb−1 Sect. 3.5/3.3 add ref

Inclusive jets 7 TeV, 5 fb−1 Sect. 3.1 [20] and [126] [16, 41,60]
Dijets 7 TeV, 5 fb−1 Sect. 3.1 [20] –
Three-jets 7 TeV, 5 fb−1 Sect. 3.1 [127] [127]
Three-jets/Di-jets ratio 7 TeV, 5 fb−1 Sect. 3.1 [42] [42]

W+charm 7 TeV, 5 fb−1 Sect. 3.6 [24] [21, 26,60]
Z+beauty 7 TeV, 5 fb−1 Sect. 3.6 [128] –

γ inclusive production 7 TeV, 36 pb−1 Sect. 3.2 [129] [23]
γ+jets 7 TeV, 2.1 fb−1 Sect. 3.2 [130] –

tt̄ inclusive 7 TeV, 2.3 fb−1 Sect. 3.7 [131] [27, 28,84]
tt̄ differential 7 TeV, 5.0 fb−1 Sect. 3.7 [132] [28]
tt̄ inclusive 8 TeV, 1.14 fb−1 Sect. 3.7 [133] [27]
tt̄ inclusive 8 TeV, 2.8 fb−1 Sect. 3.7 [134] [27]
tt̄ inclusive 8 TeV, 2.4 fb−1 Sect. 3.7 [135] [28]

Table 4: Same as Table 2, for the CMS experiment. In the last column, we also indicate which of
these measurements have been used as input for a determination of the strong coupling αs.

analysis of the 2010 W and Z rapidity distributions. Measurements of vector boson in
association with beauty are also available [89–92], though these are more useful to test of
pQCD calculational schemes, like Nf = 4 versus Nf = 5 [118], than for PDF studies.

Vector boson production in association with jets provide further sensitivity to the
gluon and sea quark PDFs. ATLAS have made a number of measurements of W+jets
and Z+jets using 2010 or 2011 data [95–98]. In addition, ATLAS have measured the
W+jets/Z+jets ratio [99], which is complementary to the individual W+jets and Z+jets
measurements, and is especially interesting due to the large cancellation of experimental
systematic uncertainties and non-perturbative QCD effects.

Vector boson transverse momentum distributions are also sensitive to the gluon and
quark PDFs over a wide range of x. ATLAS have measured the W pT [94] distribution
with 2010 data, and the Z pT distribution with 2010 [93] and 2011 [80] data.

4.2 Constraints from CMS

The measurement from the CMS collaboration are summarise in Table 4.
High-precision measurements of the cross-sections of multi-jet production in proton-

proton collisions have been performed by the CMS collaboration and the systematic cor-
relations were investigated. The potential of several CMS jet measurements to constrain
the PDFs and determine the strong coupling was demonstrated by the CMS collaboration.
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In the following the details of the relevant measurements are provided. The measurement
of inclusive jet production cross-sections in pp collisions at

√
s=7 TeV as a function of jet

kinematics based on the data collected in 2011 is published in Ref. [20]. Jets are recon-
structed with the same algorithm than in ATLAS but a different value of radius parameter,
R = 0.7.

One shall notice that this choice is common for all jet analyses performed with only
jets in the final state. This choice was motivated by the fact that a smaller cone is
more sensitive to the final state radiation effects that are not well described by the NLO
predictions in QCD. A dedicated analysis was designed to test this statement by considerint
the inclusive jets cross section ratio measured using the same data but two different radii
parameters: 0.5 and 0.7 [126]. In this paper an inclusive jets cross section with R=0.5
is also presented, as well as the cross section with R=0.7 extrapolated toward a lower
pT . In contrary when an associated production of jets with vector bosons are considered
traditionally R=0.5 choice is preferred.

A comprehensive QCD analysis [41] of this measurement was performed by the CMS
collaboration to demonstrate the impact of these data on the PDFs and to determine the
strong coupling constant. Furthermore, the correlations of the systematic uncertainties
were reanalyzed and the recommendations for usage of the measurement [20] in the PDF
fits were published [41]. The impact of the inclusive jet measurement on the PDFs of the
proton is investigated in detail using the HERAfitter tool [43], using both the Hessian [136]
and the Monte Carlo methods [71].

When the CMS inclusive jet data are used together with the HERA-I DIS measure-
ments, the uncertainty in the gluon distribution shrinks all over the phase-space. In
particular a significant reduction is observed for the parametric uncertainty. At the same
time, a modest is induced in uncertainties on the knowledge of u and d valence quark
distributions, consistent with the dominance of qq scattering of jet production at high pT .
The inclusion of the CMS inclusive jet data also allows a combined fit of αS(MZ) and of the
PDFs, which is not possible with the HERA-I inclusive DIS data alone. As summarized in
Table 4, these inclusive jets results are already used by several PDF collaborations. The
still ongoing inclusive jets measurements at CMS are expected to extend and complement
the Run I legacy picture at different center-of-masses.

Two measurements of the three-jet cross section have been performed and optimized
for the extraction of αS running. The first one [42] used the ratio between the three jets
cross section and the dijet cross section that is at leading order proportional to αS . This
observable has a reduced dependence to the proton PDF and instrumental to partially
decouple the measurement of αS from the gluon density in the proton. The second anal-
ysis [127] makes usage of the three jet mass spectrum and is proportional at the leading
order to α3

S . This observable is more sensitive than the previous one, but is also more
dependant to the choice of the proton PDF and suffers from larger systematics.

The three measurements together provide for the first time a stringent test of the
strong coupling running in the region between 100 GeV and 2 TeV. In particular, these
are the first direct measurements of the strong coupling constant in the TeV scale, that
can be used to provide constraints on BSM scenarios [137].

Using the data collected with CMS detector in 2011 at
√
s=7 TeV, also the dijet

cross-sections [20] have been measured. One should notice that the dijet measurement
exhibits a significant statistical correlation with the inclusive jets measurement. Since no
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statistical correlation matrix was provided between the various CMS jet measurements, it
is not possible to use them at the same time in a PDF analysis.

A significant effort within the CMS collaboration has been devoted to the precise
measurements of the inclusive vector boson production. We can identify three sets of
measurements: the neutral and charged Drell-Yan (DY) production with a particular at-
tention dedicated to the Z peak; the charged lepton radial asymmetry in the W production
(hereafter referred as W asymmetry); the high pT bosons production. The first two sets
of measurements are expected to be mainly sensitive to quark density, while the third one
to the gluon density.

The inclusive measurements in electrons and muons channel of the on-peak neutral and
charged DY cross section were performed at 7 and 8 TeV using the first low luminosity
data with a in order to reduce the contamination from the pile-up [122–124]. Subsequently
a precise double-differential cross section in lepton pairs mass and rapidity was performed
normalized to the peak cross section [31,38]. A full correlation matrix between bins of the
normalized measurement as well as the peak cross section is provided. Moreover the 8 TeV
analysis was designed in such a way to make easy the ratio measurement of 8 over 7 TeV
cross sections. This extremely precise result with typical uncertainties at the percentage
level in the bulk of the cross section is ready to be used by PDF extraction groups and its
real sensitivity to the parton densities still needs to be assessed.

The tensor properties of the DY events was further studied using the forward-backward
asymmetry in DY events [119] and subsequently used to extract the effective Weinberg
angle [138]. It may also provide a certain sensitivity to the PDFs that was not yet studied.

The lepton charge asymmetry measurements in W-boson production were performed
separately with muons and electrons that are sensitives to different experimental system-
atic effects. The most precise measurement available today [21] remains the muon charge
asymmetry measurement at CMS, performed with the full 7 TeV data set, while the elec-
tron charge asymmetry is limited by the available pT single lepton trigger to 880 pb−1 data
sample [121]. The sensitivity of the muon charge asymmetry to the valence quark density
was studied in a QCD analysis at NLO in [21]. A significant reduction of the uncertainty
on the d-valence and u-valence distributions with respect to a PDF fit in which only HERA
I inclusive DIS data are used. The lepton charge asymmetry is now a standard component
of the PDF extraction by many specialized groups. Even more precise measurement of
muon charge asymmetry at

√
s = 8 TeV by the CMS collaboration is ongoing.

Finally the on-peak Z boson measurement double differentially in pT and y was de-
signed and performed (add ref) to provide a tool to extract the gluon density with a
percentage level experimental precision in the muon channel. The available prediction for
the boson production with pT,Z ≈ MZ are only NLO in αs, while an NNLO prediction
seems to be necessary to take the full advantage of this precision.

CMS carried out an important program of measurements for vector boson production
associated to the heavy flavors. Cross sections of the associated production of the W-
boson together with charm quark is measured differentially in charged lepton rapidity at
7 TeV [24]. This measurement provides a direct probe of the strange-quark content of the
proton sea, as demonstrated by the CMS collaboration in a QCD analysis [21] at NLO, in
which HERA-I DIS data, measurements of muon charge asymmetry and the cross sections
of W+c productions are used. Strange-quark content, determined in the analysis [21] is
demonstrated to be consistent with results of the neutrino-scattering experiments. The
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Z+b production at 7 TeV is measured single-differentially due to a lack of statistics, but a
differential measurement is expected to be provided at 8 TeV. The measurements of gauge
boson production in association with heavy quarks provide useful information on pQCD
calculational techniques, in particular massive versus massless calculations.

Top-quark pairs in proton-proton collisions are produced predominantly through gluon-
gluon fusion. Measurements of the top-pair production at the LHC probe the gluon distri-
bution at high x and at the same time provide constraints on the top-quark mass and the
strong coupling constant. For the first time, the value of αs was determined [84] at NNLO
using the inclusive tt̄ production cross section measured by the CMS collaboration [131].
The impact of the inclusive cross section of tt̄ production on the gluon distribution is stud-
ied [27], where the CMS measurements at

√
s = 7 TeV [131] and

√
s = 8 TeV [133, 134]

are included.
In the QCD analysis [28], the inclusive and differential cross sections of the top-quark

pair production are included and a moderate reduction of the uncertainty on the gluon
distribution at high x is demonstrated. In this analysis, the CMS measurements of to-
tal [131, 135] and differential [132] top-pair production cross sections are used. More
significant improvement of the precision of the gluon distribution is expected with more
precise data of the LHC at higher energies. It is important to notice, that for future PDF
fits using the top-pair production measurements, the parton-level cross sections in the full
phase space should be provided supplemented by the information about correlations of
the statistic and systematic uncertainties, also between the data sets of different energies
and between (normalized) differential and inclusive cross section measurements.

4.3 Constraints from LHCb

The LHCb experiment, thanks to its unique forward coverage, extends the kinematical
range covered by ATLAS and CMS and in particular allows to explore in better detail
the small-x region [139]. Therefore, even for the same underlying physical process, LHCb
measurements are fully complementary to those of ATLAS and CMS. The corresponding
overview of LHCb results are summarized in Table 5. We now discuss the results in some
detail.

Measurements of W and Z production using muon final states have been performed
with 37 pb−1 of data collected in 2010 [140]. These measurements, along with those of
Z production in the di-electron channel at 7 TeV [141], have been incorporated by the
NNPDF collaboration into their PDF fit [17]. The W cross-section and lepton asymmetry
measurements have since been updated with the full 2011 dataset [142]. The precision is
significantly improved due to the larger data sample, a better understanding of the detector
effects, and an improved luminosity determination [143]. An updated measurement of Z
production at 7 TeV in the muon channel is expected to be published in 2015 and will
benefit from a similar improvement in precision. As regards the dataset collected in 2012
at a centre-of-mass energy of 8 TeV, Z production has been measured in the di-electron
channel [144], with W and Z measurements in the more precise muon channels expected
to follow in 2015.

Low-mass Drell-Yan measurements at LHCb are sensitive to x values as low as 8 x 10−6

at Q2 = 25 GeV2. A preliminary measurement has been performed by the collaboration
at 7 TeV [145] and work is ongoing to finalize the result with the Run-I dataset. Mea-
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LHCb

Measurement
√
s, Lint Motivation Reference Used in PDF fits

W,Z muon rap dist 7 TeV, 37 pb−1 Sect. 3.3 [140] [17]
W muon rap dist 7 TeV, 1.0 fb−1 Sect. 3.3 [142]
Z → ee rap dist 7 TeV, 0.94 fb−1 Sect. 3.3 [141] [17]
Z → ee rap dist 8 TeV, 2.0 fb−1 Sect. 3.3 [144]
cc̄ production 7 TeV, 15 nb−1 Sect. 3.8 [30] -
bb̄ production 7 TeV, 0.36 fb−1 Sect. 3.8 [148] -
Exclusive J/ψ production 7 TeV, 1.0 fb−1 Sect. 3.9 [149] -

Table 5: Same as Table 2, for the LHCb experiment.

surements have also been performed of Z production in association with b-quarks and
D mesons [146, 147] and there is also ongoing progress with Run I data to measure the
cross-sections for top quark production and W production in association with beauty and
charm jets at LHCb.

Measurements of inclusive beauty and charm quark production have been performed
[30,148] using data collected in 2010 and 2011 at 7 TeV. The measurements exploit LHCb’s
particle identification and vertexing capabilities to fully reconstruct B and D mesons using
hadronic decay modes. As discussed in Sect. 3.8, heavy flavor production can be used to
constrain the gluon distribution at low-x and the impact of these results on the PDFs is
under study by a number of groups.

As discussed in Sect. 3.9, precise measurements of J/ψ and Υ photo-production can
also lead to strong constraints on the low-x gluon distribution [85]. As these processes
are characterized by events containing just two muon tracks and a large rapidity gap,
LHCb is well suited to their detection due to its relatively low pile-up running conditions
and partial backward coverage. Measurements have been made of central exclusive J/ψ
production at a centre-of-mass energy of 7 TeV [149] with measurements of Υ production
expected in 2015.
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5 Prospects for Run II measurements

In the last part of this document, we now turn to discuss the plans from ATLAS, CMS
and LHCb concerning PDF-sensitive measurements from Run II. Of course some of the
discussion here will be speculative, but it is useful to have a general overview of which
PDF measurements will be done in the short, the medium and the long term from the
LHC. Let us also mention that in the near future information relevant for PDFs will also
be provided by other experiments, including HERA, JLab and SeaQuest among others,
but here we restrict ourselves to the prospects at the LHC As in the previous section, we
proceed sequentially, first of all with the ATLAS plans, then the CMS plans and finally
the LHCb plans.

5.1 Prospects from ATLAS

The ATLAS Collaboration will continue to make measurements sensitive to PDFs in Run
II. The higher center-of-mass energy corresponds to larger cross sections and extended
kinematic reach for many processes of interest, and the increase in integrated luminosity
should lead to a significant reduction of statistical and systematic uncertainties.

For inclusive electroweak vector boson production, the cross section increases by a
factor of 1.7 (1.9) for 13 TeV compared to 7 (8) TeV, and probes a different x regime,
providing complementary PDF sensitivity. In addition to measurements of the total and
fiducial cross sections of inclusive W and Z production with extended coverage, of partic-
ular interest are cross section ratios (W+/W− and W/Z), which benefit from the partial
cancellation of many systematics. Furthermore, measurements at Run II will complement
those already made (or soon to come) from LHC Run I at 7 and 8 TeV. In order to max-
imally benefit from the LHC data at both Run I and II, a careful consideration of the
experimental systematic correlations is necessary from the start. ATLAS will also be able
to measure cross section ratio measurements at different center-of-mass energies, and also
double ratios of different processes (e.g. tt̄, Z, W+, W−) at different center-of-mass ener-
gies, which are potentially sensitive probes of PDFs, due to the reduction or cancellation
of theoretical and experimental systematic uncertainties.

Concerning high mass Drell Yan measurements, at Run II ATLAS will significantly
benefit from the higher energy, substantially improving the statistical precision at high
dilepton masses of the current measurement, and allowing extended coverage up to 3 TeV,
thus providing direct constraints on the poorly known quarks and antiquark PDFs at larger
x. Such data can also provide further constraints on the photon PDF. For low mass Drell-
Yan production, the Run II data can also potentially improve the experimental precision
in the low mass bins of the dilepton invariant mass distribution, providing information
down to x ∼ 10−4, a region where PDF uncertainties are large.

Further ATLAS measurements of vector boson pT distributions, and of vector bosons in
association with jets (including their ratios) are also of interest at 13 TeV, where both the
kinematic reach in pT and the experimental uncertainties can be improved as compared to
the corresponding 8 TeV measurements. Ratio measurements of different processes and/or
at different center-of-mass energies can enhance PDF sensitivity, but will require careful
treatment of correlations.

Measurements of vector boson in association with heavy flavor production are also of
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significant interest for PDF studies. So far in Run I, the ATLAS W + c/W + D∗ mea-
surements are statistically limited. Run II data can substantially reduce the statistical
uncertainty, by up to a factor of 2 with the 2015 data, and potentially allow a widening of
phase space (with the extended coverage at low track pT , provided by the newly inserted
Insertable B-layer, IBL). Given that the ATLAS inclusive W and Z in Run I have sug-
gested an enhanced strangeness content of the proton, supported by the current ATLAS
Run I W+c data, it is important to measure this process at Run II with the highest pre-
cision possible, to shed further light. ATLAS will also be able to make higher precision
measurements of vector bosons in association with bottom quarks, providing a means to
explore different heavy flavor schemes, among other things.

ATLAS jet measurements at Run II will allow an extended kinematic reach up to in-
clusive jet transverse momenta of around 3.5 TeV. Again, ratio measurements at different
center-of-mass energy, which will require careful consideration of correlated systematics
between Run I and Run II data, can give a better control of dominant systematic un-
certainties, as already demonstrated by the previous ATLAS measurement of the ratio
of the 2.76 to 7 TeV inclusive jet cross sections (see Sect. 4.1). As for Run I, ATLAS
measurements of dijet, trijet and multi-jet cross sections will also be possible, extending
to higher scales and potentially providing further constraints on PDFs and αs.

Prompt photon production will also benefit from Run II, providing improved precision
on the measurements, which is required for these data to have significant PDF-constraining
power. At 13 TeV, the top quark pair production cross section is increased by a factor
of 4.7 (3.3) compared to 7 (8) TeV. ATLAS will be able to perform higher precision
measurements of total and differential (normalized and absolute) cross sections, as well
as ratio measurements at different centre of mass energies, which can help constrain and
disentangle the high x gluon PDF, and αs.

5.2 Prospects from CMS

The prospects for Run II data taking period from the CMS collaboration are rather similar
to that of the ATLAS one. There is a rather consensual need to repeat all the basic
measurements designed to constraint the proton PDFs at 13 TeV: jets production, DY
production, prompt photon and V + c/V + b production. In particular the measurements
at 13 TeV are designed in such a way that ratios of cross sections at different center-of-
mass energies could be measured with an optimal cancellation of systematic uncertainties.
In the following we would highlight few aspects of Run II program specific to the CMS
collaboration.

The philosophy behind the precision measurements program at CMS for the Run II is
based on the optimal usage of data collected with different running conditions. The LHC
collision program forsees few different phases in luminosity ramping:

• A period of data taking with limited PU (typically below 5). Those data if their
amount exceeds typically 30 pb1, would be used for a precise and quick determination
of the Z and W boson total production cross section. In particular a limited amount
of PU simplifies significantly the extraction of the W cross section and the usage of
the electron channel. If the amount of data is large enough a pT and y spectrum can
also be extracted.
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• A period of data taking with bunch spacing of 50 ns and with up to 1 fb−1 to be
collected. Those data benefit from conditions very similar to those at the end of
Run I and represents a perfect candidate for a center-of-mass ratio.

• Most of the data would be collected with a bunch spacing of 25 ns. Those data would
serve to increase the statistics in high pT tails and perform the bulk of measurements
statistically limited at 8 TeV.

A particular spots of CMS program at 13 TeV would be a detailed study of heavy
flavour production that was statistically limited till now. While Z+b is known to be
a channel more sensitive to the flavour scheme used in PDF evolution than the PDF
content itself, W+c was demostrated to provide an impact on strageness content of the
proton. Finally the Z or γ+c and W+b channels are expected to provide for the first time
constraints for the intrinsic charm content of the proton [150]. Finally while the potential
of tt̄ differential production to constraint the gluon PDF was demostrated at 8 TeV a
statistically larger sample is required to make a sizeable impact on PDFs.

The collaboration plan to maintain the effort and expertise to extend the tests of αs
running in the multi-TeV range. In particular the dijet production is expected to be
measured triple-differentially in mjj, yj1 and yj2. This setup was proposed by the authors
of Ref. [70] to take the best advantage of the NNLO calculations once they would be public
for the αs and PDF extraction.

5.3 Prospects from LHCb

LHCb will continue to make a number of measurements relevant for constraining PDFs in
Run-II. The increased centre-of-mass energy extends the kinematic range of the experiment
to lower x values for W , Z and low-mass Drell-Yan production. Larger cross-sections
are also expected in Run-II for the production of W and Z bosons in association with
heavy quarks. As the precision of current Run-1 measurements is limited by the available
statistics [146, 147], more precise measurements can be expected in Run-II. In particular
measurements of W production in association with charm jets or D mesons will provide
information on the strange content of the proton complementary to that from ATLAS and
CMS.

The greater centre-of-mass energy in Run-II will also result in a dramatic increase in
the tt̄ production cross-section in the LHCb fiducial region. Consequently measurements
of tt̄ production can be made with a much improved statistical precision in Run-II at
LHCb. Such a measurement, originally proposed in the context of the forward-backward
asymmetry [151], will provide important information on the large-x gluon PDF [152].

In addition to extending coverage to an even lower x-region, measurements of bb̄ and
cc̄ production in Run-II will allow a determination of the production ratio of heavy quarks
at different centre of mass energies. The relatively large theoretical uncertainties present
in the predictions for these processes make the ratios particularly attractive as a partial
cancellation is expected. As such, the ratios may provide more stringent constraints on
the PDFs than the individual measurements.

The installation of a dedicated forward shower counter system (HERSCHEL) either
side of the LHCb detector ahead of Run-II has the potential to improve the precision of
measurements of central exclusive production by extending the LHCb coverage into the
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very forward region. Current LHCb measurements of exclusive J/ψ and ψ(2S) produc-
tion [149] contain large backgrounds arising from inelastic production where the disociation
of one or both protons is not detected. HERSCHEL allows such events to be rejected by
identifying forward showers through the interaction of high rapidity particles with the
beam pipe. Consequently, a higher purity and precision can be expected for Run-II mea-
surements.
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6 Summary and outlook

In this document we have summarized the constraints on PDFs that have been obtained
from Run I LHC measurements, and reviewed the prospects to the upcoming 13 TeV Run
II data-taking. We hope that this note can be useful both for the LHC collaborations, in
order to identify their priorities for PDF-sensitive measurements at Run II, as well as to
the PDF collaborations, to have a clear perspective of which measurements are available
and which ones will also become available in the near future.

In this paper we have concentrated only on the experimental constraints provided
by the LHC data. Equally important for PDF determinations is to use state-of-the-
art theoretical calculations, and their benchmarking between PDF fitting groups. At
the level of structure functions, this benchmarking has been performed in a number of
studies [153, 154], and would be desirable to continue these systematic comparisons also
for hadronic observables. This is specially important now that the requirements of LHC
data make higher order QCD and electroweak calculations essential for PDF analysis.

Also, in this report we have not examined differences and similarities between recent
PDF fits, nor explored which ones should be preferably used in the LHC data analysis.
This will be the subject of a companion PDF4LHC report.
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