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Motivation. The goal of this study is to quantify the precision that can be expected in the
determination of the parton distribution functions (PDFs) of the proton in the HL-LHC era.
Such “ultimate PDFs” will provide an important ingredient for the physics projections at the
HL-LHC with a robust estimate of theoretical uncertainties, including some of those presented in
other chapters of this Yellow Report. With this motivation, we have generated HL-LHC pseudo-
data for a number of PDF-sensitive measurements such as top-quark, Drell-Yan, isolated photon,
and W+charm production, and then studied the constraints that these pseudo-data impose on
the global PDF analysis by means of the Hessian profiling method. While such studies have
been performed in the context of future lepton-hadron colliders, see e.g. [1, 2] for the LHeC, to
the best of our knowledge this is the first time that such a systematic effort has been directed to
the projections for a future hadron collider. Note also that the results provided here represent
only an upper bound on the impact of future HL-LHC data on the PDFs, since the list of
PDF-sensitive measurements that are included here is by no means complete.

HL-LHC measurements for PDF studies. Let us start by listing the PDF-sensitive pro-
cesses that will be considered in this study. In all cases, pseudo-data is generated for a center-of-
mass energy of

√
s = 14 TeV assuming a total integrated luminosity of L = 3 ab−1 for the CMS

and ATLAS experiments, and of L = 0.3 ab−1 for the LHCb experiment. With these settings,
HL-LHC pseudo-data has been generated for the following processes:

• High-mass Drell-Yan, specifically the dilepton invariant mass differential distributions
dσ(pp → ll)/dmll for mll & 110 GeV for a central rapidity acceptance, |ηl| ≤ 2.4. This
process is particularly useful for quark flavour separation, in particular of the poorly known
large-x sea quarks.

• Differential distributions in top-quark pair production, providing direct information on the
large x gluon [3]. Specifically, we have generated pseudo-data for the top-quark transverse
momentum ptT and rapidity yt as well as for the top-quark pair rapidity ytt̄ and invariant
mass mtt̄.

• The transverse momentum distribution of the Z bosons in the large pZT region for central
rapidity |yZ | ≤ 2.4 and different bins of the dilepton invariant mass mll. This process is
relevant to constrain the gluon and the antiquarks at intermediate values of x [4].

• The production of W bosons in association with charm quarks (both in the central and
forward region). This process provides a sensitive handle to the strangeness content of
the proton [5, 6]. The pseudo-data for this process has been generated as function of the
pseudorapidity ηl of the charged lepton from the W boson decay.

• Prompt isolated photon production, which represents a complementary probe of the gluon
PDF at intermediate values of x [7, 8]. Here the pseudo-data have been generated as
differential distributions in the photon transverse momentum pγT for different bins in the
photon pseudorapidity ηγ .

• Differential distributions for on-peak W and Z boson production in the forward region,
2.0 ≤ ηl ≤ 4.5, covered by the LHCb experiment. These measurements constrain quark
flavour separation, including the strange and charm content of the proton, in the large and
small x region [9].
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• The inclusive production of jets in different bins of rapidity (both in the central and forward
region) as a function of pjet

T . Jets have been reconstructed using the anti–kt algorithm [10]
with R = 0.4, and provide information on the large-x gluon and valence quarks [11].

In all cases, we have taken as a baseline the binning and kinematic cuts from the most recent√
s = 13 TeV analyses, or the corresponding 8 TeV analyses if the former are not available.

We have then suitably extended this binning to account for the extended kinematical coverage
achieved with L = 3 (0.3) ab−1. Statistical uncertainties are computed from the number of
events per bin, while systematic errors are rescaled as compared to the 13 (or 8) TeV baseline
analysis, see below. We consider various scenarios for the reduction of systematic errors, from
a more conservative one to a more optimistic one. The overall acceptance of the selection cuts
(which affects the final event yield per bin) is estimated globally again based on the reference
experimental analysis.

As mentioned above, this list of processes is not exhaustive: several other important processes
will provide useful information on the parton distributions in the HL-LHC era, from inclusive
dijet production [12] to single top quark [13] and D meson production [14], see also [15]. In
addition, we may expect that progress from both the experimental and theory sides leads to
novel processes, not considered so far, being added to the PDF fitting toolbox. Even with
these caveats, the list above is extensive enough to provide a reasonable snapshot of the PDF-
constraining potential of the HL-LHC.

We also emphasise that our projections are based on pseudo-data which have been generated
specifically for this study. They are thus not endorsed by the LHC experiments, although we
have accounted for the feedback received from the ATLAS, CMS, and LHCb contact persons.

Generation of HL-LHC pseudo-data. For each of the HL-LHC processes listed above, we
have generated theoretical predictions at next-to-leading order (NLO) using MCFM [16] interfaced
to APPLgrid [17] to produce the corresponding fast grids. The central value of the pseudo-data
is first produced according the central prediction of the PDF4LHC15 NNLO set [18], and then
fluctuations as expected by the corresponding experimental uncertainties are included. Since
the present study is based on pseudo-data, it is not to account for higher-order QCD effects or
electroweak corrections. As in the case of PDF closure tests [19], here we are only interested
in the relative reduction of PDF uncertainties once the HL-LHC data are added, while by
construction the central value will be mostly unaffected.

To be more specific, if σth
i is the theoretical cross-section for bin i of a given process, computed

with PDF4LHC15 NNLO, then the central value of the HL-LHC pseudo-data σexp
i is constructed

by means of

σexp
i = σth

i ×
(

1 + ri · δexp
tot,i + λ · δexp

L

)
, (1)

where ri, λ are univariate Gaussian random numbers, δexp
tot,i is the total (relative) experimental

uncertainty corresponding to this specific bin, and δexp
L is the luminosity uncertainty related to

the experiment. The later are taken to be 1.5% for each of the CMS, ATLAS, and LHCb experi-
ments. The motivation for adding the fluctuations on top of the central theoretical predictions is
to simulate the statistical and systematic uncertainties of an actual experimental measurement.
In Eq. (1) the total experimental error is defined as

δexp
tot,i ≡

((
δexp

stat,i

)2
+
(
fcorr × fred × δexp

sys,i

)2
)1/2

. (2)

In this expression, the relative statistical error δexp
stat,i is computed as

δexp
stat,i = (facc ×Nev,i)

−1/2 , (3)

where Nev,i = σth
i ×L is the expected number of events in bin i at the HL-LHC with L = 3 (0.3)

ab−1, and facc ≤ 1 is an acceptance correction which accounts for the fact that, for some
of the processes considered, such as top quark pair production, there is a finite experimental
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acceptance and/or one needs to include the effects of branching fractions. The value of facc

is then determined by extrapolation using the reference dataset. The one exception to this is
the case of forward W+charm production, for which no baseline measurement has so far been
performed by LHCb; here we set the acceptance to facc = 0.3 to account for the anticipated
c–jet tagging efficiency at LHCb. In Eq. (2), δexp

sys,i indicates the total systematic error of bin i
taken from the reference LHC measurement at either 8 TeV or 13 TeV. The correction factor
fred ≤ 1 accounts for the expected improvement in the average systematic uncertainties at the
HL-LHC in comparison to Run II, due to both detector improvements and the enlarged dataset
for calibration.

We note that with the exception of the luminosity in Eq. (2) the systematic uncertainties
have simply been added in quadrature with the statistical ones. That is, we do not account
for the correlations between systematic errors. The full inclusion of such correlations goes be-
yond the scope of the closure tests being pursued in this exercise, which aim simply to provide
a reasonable extrapolation of the expected PDF reach at the HL-LHC. In particular, the ex-
pected improvements in the overall size of the systematic uncertainties can only be based on
the estimates and expectations provided by the LHC collaborations, and cannot be predicted
with absolute certainty. The situation is certainly even more challenging in the case of the spe-
cific mutual correlations of the systematic uncertainties, which will be sensitive to the precise
experimental setup in the future. However, simply excluding the effects of correlations would
artificially reduce the impact of the pseudo-data into the fit.

For this reason, we introduce an effective correction factor fcorr < 1 that accounts for the
fact that data with correlated systematics is more constraining than the same data where all
errors are added in quadrature. The value of fcorr has been checked against the available

√
s = 8

TeV top quark [20,21] and the 13 TeV W+charm [22] differential distributions, that is we vary
fcorr until the PDF impact is in line with the result including full experimental correlations.
This turns out to have a value of between fcorr ' 1.0 and 0.3 depending on the data set and
observable. We take a factor of fcorr = 0.5 in what follows.

In Table 1 we collect a summary of the features of the HL-LHC pseudo-data generated for
the present study. For each process, we indicate the kinematic coverage, the number of pseudo-
data points used Ndat, the values of the correction factors facc, fcorr, and fred; and finally the
reference from the 8 TeV or 13 TeV measurement used as baseline to define the binning and
the systematic uncertainties of the HL-LHC pseudo-data. A total of Ndat = 712 pseudo-data
points are then used in the PDF profiling. The values of the reduction factor for the systematic
errors fred is varied between 1 (0.5) and 0.4 (0.2) in the conservative and optimistic scenarios
for a 8 TeV (13 TeV) baseline measurement. This choice is motivated because available 13 TeV
measurements are based on a relatively small L and therefore cannot be taken as representative
of the systematic errors expected at the HL-LHC, even in the most conservative scenario.

Hessian profiling. There exist a number of techniques that can be used to quantify the
impact on PDFs of the pseudo-data listed in Table 1. In the case of Monte Carlo sets such as
NNPDF, the Bayesian reweighting method [28,29] reproduces the result of a direct fit, but it is
restricted by the fact that information loss limits its reliability when the measurements provide
significant new information. For Hessian sets such as PDF4LHC15 100 instead, the profiling
technique [30] is more suitable to achieve the same purpose. This Hessian profiling is based on
the minimization of

χ2(βexp, βth) =

Ndat∑
i=1

1(
δexp

tot,iσ
th
i

)2

σexp
i +

∑
j

Γexp
ij βj,exp − σth

i +
∑
k

Γth
ik βk,th

2

+
∑
j

β2
j,exp + T 2

∑
k

β2
k,th , (4)

with σexp
i (σth

i ) are the central values of a given experimental measurement (theory prediction),
βj,exp are the nuisance parameters corresponding to the set of fully correlated experimental

3



Process Kinematics Ndat fcorr fred Baseline

Z pT

20 GeV ≤ pllT ≤ 3.5 TeV

338 0.5 (0.4, 1) [23] (8 TeV)12 GeV ≤ mll ≤ 150 GeV

|yll| ≤ 2.4

high-mass Drell-Yan
p
l1(2)
T ≥ 40(30) GeV

32 0.5 (0.4, 1) [24] (8 TeV)
|ηl| ≤ 2.5, mll ≥ 116 GeV

top quark pair |yt| ≤ 2.4 52 0.5 (0.4, 1) [21] (8 TeV)

W+charm (central)
pµT ≥ 26 GeV, pcT ≥ 5 GeV

12 0.5 (0.2, 0.5) [22] (13 TeV)
|ηµ| ≤ 2.4

W+charm (forward)

pµT ≥ 20 GeV, pcT ≥ 20 GeV

12 0.5 (0.4, 1) LHCb projectionpµ+c
T ≥ 20 GeV

2 ≤ ηµ ≤ 5, 2.2 ≤ ηc ≤ 4.2

Direct photon EγT . 3 TeV, |ηγ | ≤ 2.5 118 0.5 (0.2, 0.5) [25] (13 TeV)

Forward W,Z

plT ≥ 20 GeV, 2.0 ≤ ηl ≤ 4.5

90 0.5 (0.4, 1) [26] (8 TeV)2.0 ≤ yll ≤ 4.5

60 ≤ mll ≤ 120 GeV

Inclusive jets |y| ≤ 3, R = 0.4 58 0.5 (0.2, 0.5) [27] (13 TeV)

Total 712

Table 1. Summary of the features of the HL-LHC pseudo-data generated for the present study. For
each process we indicate the kinematic coverage, the number of pseudo-data points used Ndat across all
detectors, the values of the correction factors fcorr and fred; and finally the reference from the 8 TeV
or 13 TeV measurement used as baseline to define the binning and the systematic uncertainties of the
HL-LHC pseudo-data, as discussed in the text.

systematic uncertainties, βk,th are the nuisance parameters corresponding to the PDF Hessian
eigenvectors, Ndat is the number of data points and T is the tolerance factor. The matrices Γexp

ij

and Γth
ik encode the effects of the corresponding nuisance parameters on the experimental data

and on the theory predictions, respectively.
As mentioned above, in this study we add in quadrature statistical and experimental uncer-

tainties excluding the luminosity, and then account for the effects of the missing correlations by
means of the factor fcorr. For this reason there are only nuisance parameters for the luminosity
errors, and for an overall normalization uncertainty of 5% in forward W+charm production due
to charm-jet tagging. If we minimise Eq. (4) with respect to these nuisance parameters, we get:

χ2(βth) =

Ndat∑
i,j=1

(
σexp
i − σth

i +
∑
k

Γth
ik βk,th

)
(cov)−1

ij

(
σexp
j − σth

j +
∑
m

Γth
jm βm,th

)
+T 2

∑
k

β2
k,th ,

(5)
where we have defined:

(cov)ij = δij

(
δexp

tot,iσ
th
i

)2
+
∑

Γexp
i,lumi/normΓexp

j,lumi/norm. (6)

We then minimise Eq. (5) with respect to the Hessian PDF nuisance parameters βk,th, which
can be interpreted as leading to PDFs that have been optimized to describe this new dataset.
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Figure 1. Left: Comparison of the predictions for the mtt̄ distribution in top-quark pair production
at the HL-LHC using PDF4LHC15 with the associated pseudo-data and with the profiled results with
F ≡ fcorr · fred = 0.2. Right: the corresponding differences at the level of the gluon PDF at Q = 100
GeV before and after profiling all top-quark pair production observables.

The resulting Hessian matrix on βk,th at the minimum can be diagonalized to construct the
new eigenvector directions. Finally, the PDF uncertainties are determined from the ∆χ2 = T 2

criteria. In the studies presented here, we use a global T = 3 which approximately corresponds
to the average tolerance determined dynamically in the CT14 and MMHT14 analyses.

Results for individual processes. We now turn to present the results of the Hessian profiling
of PDF4LHC15 from individual processes, and subsequently we will study the corresponding
results from the combination of all the HL-LHC processes considered in different scenarios. Let
us begin with the top-quark pair production case listed in Table 1. In Fig. 1 we show the
comparison of the predictions for the mtt̄ distribution in top-quark pair production at the HL-
LHC using PDF4LHC15 with the associated pseudo-data and with the profiled results with
F ≡ fcorr ·fred = 0.2. We also present the corresponding impact at the level of the gluon PDF at
Q = 100 GeV before and after profiling with all tt̄ data in Table 1. It is clear that the HL-LHC
pseudo-data in this scenario will have much smaller uncertainties than the PDF uncertainties,
so there is a marked reduction on the PDF errors on the gluon at large-x. Note that the two
points in each of the bins in Fig. 1 (left) correspond to the ATLAS and CMS pseudo-data.

We next consider two other representative processes: W+charm quark production in central
rapidity region and the high-mass Drell-Yan process. In Fig. 2 we show the same comparison as
in Fig. 1 for these two processes. In the case of the W+charm quark production, we observe a
clear reduction of PDF errors in the strangeness, s+ s, at intermediate values of x, highlighting
the sensitivity of this measurement to the strange content of the proton. For the case of high-
mass Drell-Yan, we show how the uncertainties on the ū quark PDF are reduced at large x
region. Here the impact is rather moderate, as experimental and PDF errors are comparable
even in the high mll region.

Ultimate PDFs from HL-LHC data. The final profiled PDF sets are based combined
dataset listed in Table 1; these provide an estimate of the impact of future HL-LHC measure-
ments into our knowledge of the quark and gluon structure of the proton. In Table 2 we list the
three scenarios for the systematic uncertainties of the HL-LHC pseudo-data that we assume in
the present exercise. These scenarios, ranging from more conservative to more optimistic, differ
among them in the reduction factor fred, Eq. (2), applied to the systematic errors of the reference
8 TeV or 13 TeV measurements. In particular, in the optimistic scenario we assume a reduction
of the systematic errors by a factor 2.5 compared to the reference 8 TeV measurements. We
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Figure 2. Same as Fig. 1 for W+charm quark production with impact on strange quark PDF (upper
plots) and the high-mass Drell-Yan process with impact on ū PDF.

assume a large factor of 5 for the 13 TeV measurements, correcting for the fact that these are
based in the initial datasets which generally have larger systematic errors in comparison to the
8 TeV case. We also indicate in each case the name of the corresponding LHAPDF grid.

Scenario fred (8 TeV) fred (13 TeV) LHAPDF set Comments

A 0.4 0.2 PDF4LHC nnlo hllhc scen3 Optimistic

B 0.7 0.36 PDF4LHC nnlo hllhc scen2 Intermediate

C 1 0.5 PDF4LHC nnlo hllhc scen1 Conservative

Table 2. The three scenarios for the systematic uncertainties of the HL-LHC pseudo-data that we
assume in the present exercise. These scenarios, ranging from conservative to optimistic, differ among
them in the reduction factor fred, Eq. (2), applied to the systematic errors of the reference 8 TeV or 13
TeV measurements. We also indicate in each case the name of the corresponding LHAPDF grid.

Then in Fig. 3 we present a comparison of the baseline PDF4LHC15 set with the profiled
sets based on HL-LHC pseudo-data from scenarios A and C in Table 2. Specifically, we show
the gluon, down quark, up anti-quark, and total strangeness at Q = 10 GeV, normalized to the
central value of the baseline. We observe that the predictions of scenarios A and C (optimistic
and conservative respectively) are reasonably similar. This demonstrates that our results are
relatively robust against the projections of how experimental errors will be reduced in HL-LHC
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Figure 3. Comparison of PDF4LHC15 with the profiled sets with HL-LHC data in scenarios A and
B (see text). We show the gluon, down quark, up anti-quark, and total strangeness at Q = 10 GeV,
normalized to the central value of the baseline.

measurements. A marked reduction of PDF uncertainties is visible in all cases, and is particularly
significant for the gluon and the sea quarks, which are worse known than the valence quarks.

Next, we take a look at the partonic luminosities, in particular quantifying the improve-
ment in the PDF uncertainties in different initial-state partonic combinations from the HL-LHC
pseudo-data. In Fig. 4 we show the reduction of PDF uncertainties in the gg, qg, qq̄, and qq
luminosities at

√
s = 14 TeV due to the HL-LHC pseudo-data (in scenarios A and C) with

respect to the PDF4HC15 baseline. The average values of this PDF error reduction for three
different invariant mass bins (low, medium, and high values of MX) is shown in Table 5.1 The
value outside (inside) brackets correspond to scenario C (A). Note that in this table we have
also listed the us luminosity, which contributes to processes such as inclusive W+ production.

From the comparisons in Fig. 4 and in Table 5 we confirm that the overall error reduction is
not too sensitive to the specific projections assumed for the experimental systematic uncertain-
ties. We find that in the intermediate mass bin, 40 GeV ≤MX ≤ 1 TeV, the reduction of PDF
uncertainties ranges roughly between a factor of 2-4, depending on the partonic channel and the
scenario for the systematic errors. For example, for the gg luminosity in the range relevant for
Higgs production, one finds a reduction by a factor ' 3 in scenario A. A similar improvement
is found in the high mass region, MX ≥ 1 TeV, directly relevant for bSM searches. In the
optimistic scenario, the PDF error reduction at high masses ranges between a factor 4 for the
gg luminosity to around a factor 2 for the qq and qq̄ ones. On the other hand, the PDF error
reduction is more moderate in the low mass region, MX . 20 GeV, since none of the processes
in Table 1 is directly sensitive to it.

Implications for LHC phenomenology. Now we turn to present some selected phenomeno-
logical implications of these “ultimate” PDFs at the HL-LHC for a variety of processes, both

1The average is computed from 10 points per mass bin, log-spaced in MX .
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Figure 4. The reduction of PDF uncertainties in the gg, qg, qq̄, and qq luminosities at
√
s = 14 TeV

due to the HL-LHC pseudo-data (in scenarios A and C) with respect to the PDF4HC15 baseline.

within the SM and beyond. We start by considering high-mass supersymmetric (SUSY) particle
production at the HL-LHC, where sparticles masses up to ' 3 TeV can be searched for. While
we consider this SUSY scenario for concreteness, similar results will hold for the production of
new BSM states within other models. In Fig. 6 we show the comparison between the baseline
PDF4LHC15 predictions with the corresponding HL-LHC results corresponding to scenarios C
and A (conservative and optimistic respectively), normalised to the central value of the former.
Specifically, we show the cross-sections for gluino-gluino and squark-gluino at

√
s = 14 TeV.

Theoretical predictions have been computed at leading order (LO) using Pythia8.235 [31] with
the SLHA2 benchmark point [32] for a range of sparticle masses. For simplicity, underlying
event and multiple interactions have been switched off.

From the comparisons in Fig. 6, we find that the constraints on the PDFs from the HL-LHC
pseudo-data lead to a marked reduction to the uncertainties in the high-mass SUSY cross-
sections, consistent with the corresponding reduction at the level of luminosities reported in
Fig. 4. For instance, for gluino pair-production with Mg̃ = 3 TeV, the PDF uncertainties are
reduced from ' 60% to ' 25% in the optimistic scenario. An even more marked reduction is
found for the squark-gluino cross-section, specially at large sparticle masses. More moderate im-
provements are found in the case of squark-antisquark production, due to the limited constraints
that the HL-LHC provides on the large-x antiquarks, at least for the processes considered here.
In this case, we find an error reduction by a factor of ' 25% for Mq̃ = 3 TeV.

Next, in Fig. 7 we present a similar comparison as that of Fig. 6 now for various SM processes.
The upper plots display diphoton (dijet) production as a function of the minimum invariant mass
Mmin
γγ (Mmin

jj ). The bottom plots show Higgs boson production in gluon fusion, first inclusive

and decaying into bb̄ as a function of pT,min
b , and then in association with a hard jet as a function

of pT,min
jet . These cross-sections have been computed at LO with MCFMv8.2 [16] with the basic

ATLAS/CMS acceptance cuts. The use of leading-order theory is justified since we only aim to
illustrate the relative impact of the PDF error reduction, rather than providing state-of-the-art
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PDF uncertainties 
HLLHC / Current 10 GeV < MX < 40 GeV 40 GeV < MX < 1 TeV 1 TeV < MX < 6 TeV

g-g luminosity 0.58 (0.49) 0.41 (0.29) 0.38 (0.24)

q-g luminosity 0.71 (0.65) 0.49 (0.42) 0.39 (0.29)

quark-quark 
luminosity 0.78 (0.73) 0.46 (0.37) 0.60 (0.45)

quark-antiquark 
luminosity 0.73 (0.70) 0.40 (0.30) 0.61 (0.50)

up-strange 
luminosity 0.73 (0.67) 0.38 (0.27) 0.42 (0.38)

Figure 5. The uncertainties associated to different PDF luminosities, normalised to the uncertainties
of the current baseline (PDF4LHC15). We have computed the average for three different invariant mass
MX bins. The numbers outside (inside) brackets correspond the conservative (optimistic) scenario.
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Figure 6. Comparison between the baseline PDF4LHC15 predictions for high-mass supersymmetric
particle production at the HL-LHC with the corresponding HL-LHC projections corresponding to sce-
narios C and A, normalised to the central value of the baseline. We show the results for gluino-gluino
and squark-gluino, production cross-sections at

√
s = 14 TeV.

predictions for the rates.
From the comparisons in Fig. 7, we find again that the two scenarios, A and C, give similar

results. In the case of dijet production, which at large masses is dominated by the qq and qg
luminosities, we see that one expects to reduce PDF errors down to '2% even for invariant
masses as large as Mjj = 6 TeV. A similar conclusion can be drawn for diphoton production,
also sensitive to the qq partonic initial state. Concerning Higgs boson production in gluon fusion,
we see that in the inclusive case the HL-LHC constraints should lead to PDF errors below the
percent level. For Higgs boson production in association with a hard jet, we also find a marked
error reduction, suggesting that PDF uncertainties in the phT distribution should be down to at
most the '2% level at the HL-LHC in the entire relevant kinematical range.

Summary and outlook. In this study, we have quantified the constraints that HL-LHC
measurements are expected to impose on the quark and gluon structure of the proton. We have
assessed the impact of a range of physical processes, from weak gauge boson and jet production
to top quark and photon production, and studied the robustness of our results with respect to
different projections for the experimental systematic uncertainties. We find that, in the invariant
mass region MX & 100 GeV, the HL-LHC measurements can be expected to reduce the PDF
uncertainties in processes such as Higgs boson or SUSY particle production by a factor between
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Figure 7. Same as Fig. 6 for Standard Model processes. The upper plots show diphoton (dijet)
production as a function of the minimum invariant mass Mmin

γγ (Mmin
jj ). The bottom plots show Higgs

boson production in gluon fusion, first inclusive and decaying into bb̄ as a function of pT,min
b , and then in

association with a hard jet as a function of pT,min
jet .

2 and 4, depending on the dominant partonic luminosity and on the scenario for the systematic
errors. Therefore, we have demonstrated how the exploitation of the HL-LHC constraints on
PDFs will feed into improved theoretical predictions for a range of phenomenologically relevant
processes both within and beyond the SM.

Two caveats are relevant at this point. First, we have only considered a non–exhaustive
subset of all possible measurements of relevance for PDF fits. Other processes not considered
here, due to currently anticipated measurements and those not foreseen but which may well
added to the PDF toolbox in the future, will certainly increase the PDF impact in some regions.
Second, we have ignored any possible issues such as data incompatibility, theoretical limitations,
or issues with the data correlation models, which may limit the PDF impact in some cases. All
these issues can only be tackled once the actual measurements are presented.

The results of this study are made publicly available in the LHAPDF6 format [33], with the grid
names listed in Table 2. This way, the “ultimate” PDFs produced here can be straightforwardly
applied to related physics projections of HL-LHC processes taking into account our improved
knowledge of the partonic structure of the proton which is expected by then.

Acknowledgements. We are grateful to W. Barter, M. Campanelli, C. Gwenlan, S. Farry,
and K. Lipka for discussion about the projections of future HL-LHC measurements at ATLAS,
CMS, and LHCb. We thank P. Starovoitov for providing the APPLgrids for the inclusive jet
measurements at the HL-LHC. S. B. acknowledges financial support from the UK Science and
Technology Facilities Council. L. H. L thanks the Science and Technology Facilities Council
(STFC) for support via grant award ST/L000377/1. R. A. K. and J. R. are supported by the
European Research Council (ERC) Starting Grant “PDF4BSM” and by the Dutch Organization
for Scientific Research (NWO). The work of J. G. is sponsored by Shanghai Pujiang Program.

10



References

[1] LHeC Study Group Collaboration, J. Abelleira Fernandez et al., A Large Hadron
Electron Collider at CERN: Report on the Physics and Design Concepts for Machine and
Detector, J.Phys. G39 (2012) 075001, [arXiv:1206.2913].

[2] LHeC Study Group Collaboration, J. L. Abelleira Fernandez et al., On the Relation of
the LHeC and the LHC, arXiv:1211.5102.

[3] M. Czakon, N. P. Hartland, A. Mitov, E. R. Nocera, and J. Rojo, Pinning down the
large-x gluon with NNLO top-quark pair differential distributions, JHEP 04 (2017) 044,
[arXiv:1611.08609].

[4] R. Boughezal, A. Guffanti, F. Petriello, and M. Ubiali, The impact of the LHC Z-boson
transverse momentum data on PDF determinations, JHEP 07 (2017) 130,
[arXiv:1705.00343].

[5] W. Stirling and E. Vryonidou, Charm production in association with an electroweak gauge
boson at the LHC, Phys.Rev.Lett. 109 (2012) 082002, [arXiv:1203.6781].

[6] CMS Collaboration, S. Chatrchyan et al., Measurement of the muon charge asymmetry in
inclusive pp to WX production at

√
s = 7 TeV and an improved determination of light

parton distribution functions, Phys.Rev. D90 (2014) 032004, [arXiv:1312.6283].

[7] D. d’Enterria and J. Rojo, Quantitative constraints on the gluon distribution function in
the proton from collider isolated-photon data, Nucl.Phys. B860 (2012) 311–338,
[arXiv:1202.1762].

[8] J. M. Campbell, J. Rojo, E. Slade, and C. Williams, Direct photon production and PDF
fits reloaded, Eur. Phys. J. C78 (2018), no. 6 470, [arXiv:1802.03021].

[9] NNPDF Collaboration, J. Rojo, Improving quark flavor separation with forward W and
Z production at LHCb, PoS DIS2017 (2018) 198, [arXiv:1705.04468].

[10] M. Cacciari, G. P. Salam, and G. Soyez, The Anti-k(t) jet clustering algorithm, JHEP 04
(2008) 063, [arXiv:0802.1189].

[11] J. Rojo, Constraints on parton distributions and the strong coupling from LHC jet data,
Int. J. Mod. Phys. A30 (2015) 1546005, [arXiv:1410.7728].

[12] J. Currie, A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss, and
J. Pires, Precise predictions for dijet production at the LHC, arXiv:1705.10271.

[13] E. L. Berger, J. Gao, and H. X. Zhu, Differential Distributions for t-channel Single
Top-Quark Production and Decay at Next-to-Next-to-Leading Order in QCD, JHEP 11
(2017) 158, [arXiv:1708.09405].

[14] R. Gauld and J. Rojo, Precision determination of the small-x gluon from charm
production at LHCb, Phys. Rev. Lett. 118 (2017), no. 7 072001, [arXiv:1610.09373].

[15] J. Rojo et al., The PDF4LHC report on PDFs and LHC data: Results from Run I and
preparation for Run II, J. Phys. G42 (2015) 103103, [arXiv:1507.00556].

[16] R. Boughezal, J. M. Campbell, R. K. Ellis, C. Focke, W. Giele, X. Liu, F. Petriello, and
C. Williams, Color singlet production at NNLO in MCFM, Eur. Phys. J. C77 (2017),
no. 1 7, [arXiv:1605.08011].

[17] T. Carli et al., A posteriori inclusion of parton density functions in NLO QCD final-state
calculations at hadron colliders: The APPLGRID Project, Eur.Phys.J. C66 (2010) 503,
[arXiv:0911.2985].

11

http://arxiv.org/abs/1206.2913
http://arxiv.org/abs/1211.5102
http://arxiv.org/abs/1611.08609
http://arxiv.org/abs/1705.00343
http://arxiv.org/abs/1203.6781
http://arxiv.org/abs/1312.6283
http://arxiv.org/abs/1202.1762
http://arxiv.org/abs/1802.03021
http://arxiv.org/abs/1705.04468
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/1410.7728
http://arxiv.org/abs/1705.10271
http://arxiv.org/abs/1708.09405
http://arxiv.org/abs/1610.09373
http://arxiv.org/abs/1507.00556
http://arxiv.org/abs/1605.08011
http://arxiv.org/abs/0911.2985


[18] J. Butterworth et al., PDF4LHC recommendations for LHC Run II, J. Phys. G43 (2016)
023001, [arXiv:1510.03865].

[19] NNPDF Collaboration, R. D. Ball et al., Parton distributions for the LHC Run II,
JHEP 04 (2015) 040, [arXiv:1410.8849].

[20] CMS Collaboration, V. Khachatryan et al., Measurement of the differential cross section
for top quark pair production in pp collisions at

√
s = 8 TeV, Eur. Phys. J. C75 (2015),

no. 11 542, [arXiv:1505.04480].

[21] ATLAS Collaboration, G. Aad et al., Measurements of top-quark pair differential
cross-sections in the lepton+jets channel in pp collisions at

√
s = 8 TeV using the ATLAS

detector, Eur. Phys. J. C76 (2016), no. 10 538, [arXiv:1511.04716].

[22] CMS Collaboration Collaboration, Measurement of associated production of W bosons
with charm quarks in proton-proton collisions at

√
s = 13 TeV with the CMS experiment

at the LHC, Tech. Rep. CMS-PAS-SMP-17-014, CERN, Geneva, 2018.

[23] ATLAS Collaboration, G. Aad et al., Measurement of the transverse momentum and φ∗η
distributions of Drell-Yan lepton pairs in proton-proton collisions at

√
s = 8 TeV with the

ATLAS detector, Eur. Phys. J. C76 (2016), no. 5 291, [arXiv:1512.02192].

[24] ATLAS Collaboration, G. Aad et al., Measurement of the double-differential high-mass
Drell-Yan cross section in pp collisions at

√
s = 8 TeV with the ATLAS detector, JHEP

08 (2016) 009, [arXiv:1606.01736].

[25] ATLAS Collaboration, M. Aaboud et al., Measurement of the cross section for inclusive
isolated-photon production in pp collisions at

√
s = 13 TeV using the ATLAS detector,

Phys. Lett. B770 (2017) 473–493, [arXiv:1701.06882].

[26] LHCb Collaboration, R. Aaij et al., Measurement of forward W and Z boson production
in pp collisions at

√
s = 8 TeV, JHEP 01 (2016) 155, [arXiv:1511.08039].

[27] ATLAS Collaboration, M. Aaboud et al., Measurement of inclusive jet and dijet
cross-sections in proton-proton collisions at

√
s = 13 TeV with the ATLAS detector,

JHEP 05 (2018) 195, [arXiv:1711.02692].

[28] R. D. Ball, V. Bertone, F. Cerutti, L. Del Debbio, S. Forte, et al., Reweighting and
Unweighting of Parton Distributions and the LHC W lepton asymmetry data, Nucl.Phys.
B855 (2012) 608–638, [arXiv:1108.1758].

[29] The NNPDF Collaboration, R. D. Ball et al., Reweighting NNPDFs: the W lepton
asymmetry, Nucl. Phys. B849 (2011) 112–143, [arXiv:1012.0836].

[30] H. Paukkunen and P. Zurita, PDF reweighting in the Hessian matrix approach, JHEP 12
(2014) 100, [arXiv:1402.6623].

[31] T. Sjostrand, S. Mrenna, and P. Z. Skands, A Brief Introduction to PYTHIA 8.1,
Comput. Phys. Commun. 178 (2008) 852–867, [arXiv:0710.3820].

[32] B. C. Allanach et al., SUSY Les Houches Accord 2, Comput. Phys. Commun. 180 (2009)
8–25, [arXiv:0801.0045].

[33] A. Buckley, J. Ferrando, S. Lloyd, K. NordstrÃ¶m, B. Page, et al., LHAPDF6: parton
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