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1. Introduction

The LHC [1] has performed extremely well both during Run 1 – with 7 and 8 TeV collisions
– and, since 2015, during Run 2 with collisions of 13 TeV. This has allowed measurements of
the pp interaction cross sections over an unprecedentedly large kinematic region of many orders
of magnitude in both the hard scale, and proton momentum fraction, x. The ATLAS detector [2]
operated well during Run 1 and continues to perform well in Run 2, allowing an extensive and
growing portfolio of precision measurements. These measurements can be used to provide precise
constraints on the underlying theory of QCD and information of the partonic structure of the proton.
This is essential for the study of all physics at the LHC, both for understanding the physics of the
Standard Model, and physics beyond the Standard Model. In the region around the mass of the
Higgs boson, constraints from some of the early LHC data have reduced the uncertainty on the
parton distributions within the proton to a few percent, and at high masses – for instance in regions
used for searches for contact interactions, or SUSY gluino searches – the uncertainty is still large.

Data from different physics processes provide constraints on the parton distribution functions
(PDFs) which are fortunately sensitive to different contributions to the cross section: Data from
deep inelastic scattering (DIS) at HERA are used to constrain the quark distributions. Jet produc-
tion is sensitive to the gluon distribution and αs already at tree level and heavy boson production
is sensitive to the flavour composition of the quarks. By selecting specific flavours in the final
states, either with or without accompanying jets, complimentary constraints on individual flavour
distributions or the gluon can be obtained.

2. ATLAS jet cross sections

The ATLAS Collaboration has recently published measurements of the inclusive jet cross sec-
tion in pp collisions at 8 TeV [3]. The inclusive jet cross section at 13 TeV from LHC Run 2 has
also recently been measured [4]. These show that in both cases the next-to-leading (NLO) cal-
culation provides a reasonable qualitative descriptions of the cross section over the nine orders of
magnitude spanned by the data. These cross sections are dominated by quark-gluon scattering for
transverse momenta less than 1 TeV and by the quark-quark scattering at high transverse momenta.

Figure 1 shows this data in more detail, showing the ratio of the theory over the measure-
ment. The predictions include the uncertainty from the variation of each prediction when using the
different fits from each PDF set [5, 6, 7, 8] and have been calculated using NLOJET++ [9]. The
experimental uncertainties are typically smaller than the uncertainties on the theory. It is observed
that the data in the individual pseudorapidity regions can generally be described well by the differ-
ent PDFs except ABM11 [10] which is disfavoured. However when comparing all pseudorapidity
regions simultaneously there is a tension.

Such comparisons are very dependent on the correlations of the systematic uncertainties, and
as such ATLAS has tried many different correlation models for these uncertainties. Although some
improvement is seen using such models, it is not sufficient to provide good agreement at NLO. It
will be interesting to see to what extent this may also be the case when comparing with the recent
predictions of the jet cross sections at next-to-next-to-leading order (NNLO) [11, 12].

1



P
o
S
(
E
P
S
-
H
E
P
2
0
1
7
)
4
1
1

Constraints on the proton PDF from ATLAS Mark Sutton

T
h
e
o
ry

/D
a
ta

0.7
0.8

0.9
1

1.1
1.2

1.3
1.4 |y|<0.5

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5
|y|<1.0≤0.5

 [GeV]
T,jet

p
70 210 210×2 310 310×2

0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6

|y|<1.5≤1.0

T
h
e
o
ry

/D
a
ta

0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2 |y|<2.0≤1.5

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

|y|<2.5≤2.0

 [GeV]
T,jet

p
70 210 210×2 310

0.5

1

1.5

2

2.5

3 |y|<3.0≤2.5

ATLAS

-1L = 20.2 fb

 = 8 TeVs

 R = 0.4tanti-k

Data

NLO QCD
Pythia8 AU2CT10

NP k⊗ EW k⊗

max

T, jet
 = p

F
µ = 

R
µ

CT14

HERAPDF2.0

NNPDF3.0

MMHT2014

Figure 7: Ratio of the inclusive jet cross-section predicted by NLO QCD corrected for non-perturbative and elec-
troweak e↵ects to the cross-section in data as a function of the jet pT in each jet rapidity bin. Shown are the
predictions for various PDF sets for anti-kt jets with R = 0.4. The points are o↵set in jet pT for better visibility. The
error bars indicate the total theory uncertainty. The grey band shows the total uncertainty in the measurement.

10.4 Comparisons with NLO QCD calculation including parton showers and
fragmentation

The comparisons of the Powheg predictions with the measurement for jets with R = 0.4 and R = 0.6 are
shown in Figure 9 and Figure 10 as a function of the jet pT in bins of the jet rapidity. The measurements
are also compared to the NLO QCD prediction using the CT10 PDF set and corrected for non-perturbative
e↵ects with the same MC generator configuration as was used for Powheg. Electroweak corrections are
also applied in both cases.

For anti-kt jets with R = 0.4 the Powheg prediction is lower than the one from fixed-order NLO QCD
corrected for non-perturbative e↵ects. This di↵erence increases towards high-pT and decreases with jet
rapidity. In the most forward rapidity region the two predictions are similar. For anti-kt jets with R = 0.6
the Powheg prediction is higher than the fixed-order NLO QCD prediction at low pT and lower at high
pT. In the most forward rapidity region the two predictions are similar.

The ratio of the Powheg prediction to data is less dependent on the jet radius than the same ratio using
the fixed-order NLO QCD prediction corrected for non-perturbative e↵ects. The theory to data ratio for
anti-kt jets with R = 0.6 and the same ratio for anti-kt jets with R = 0.4 is unity within 5% for all jet
pT and rapidities while the fixed-order calculation shows deviations of up to 15% for low pT jets in the
central region. This indicates the importance of parton shower e↵ects in correctly describing the jet radius
dependence.

25

Figure 1: The ratio of the inclusive jet cross section NLO prediction to the data at 8 TeV [3]. The data are
shown as the grey band.

3. Electroweak data

The ATLAS Collaboration have also recently published data for Electroweak boson produc-
tion with a precision analysis of inclusive W and Z production from the 2011 data, with the pre-
cise measurment of the Z cross section both near the Z pole, and in the low and high mass re-
gions [13]. The NNLO corrections to these cross sections have been known for some time. Figure 2
shows the central Z production cross section compared to the the NNLO prediction calculated with
FEWZ [14, 15, 16] using several PDF sets at NNLO, illustrating that in general NNLO calculation
predicts slightly lower cross section with all PDF sets.

With the W cross section, the lepton charge asymmetry cancels much of the gluon and sea
quark contributions allowing a precise constraint on the valence u and d quark difference. Figure 2
also shows the asymmetry compared to the NNLO predictions with different PDF sets. Again
there is a reasonably large spread of the prediction with respect to the very precise experimental
measurements.

4. QCD analysis

Fits from PDF groups [5, 6, 10] which include a constraint from neutrino data have typically
resulted in a strange-to-down quark ratio of approximately 0.5. Fits to the early 2010 data [17] by
the ATLAS Collaboration, denoted epWZ12, resulted in a PDF fit with an enhanced contribution to
the strange quark density, with a ratio of around unity.

With the newer data [13], existing PDF sets can be profiled to determine which is the most
consistent with the data and evaluate the approximate changes that might be expected to the sets
if they had been performed including these data. Following this procedure for the MMHT [6] and
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Figure 23: Di↵erential cross-section measurement d�/d|y`` | for Z/�⇤ ! `` in the Z-peak region, 66 < m`` <
116 GeV, for central (left) and forward rapidity values (right). Predictions computed at NNLO QCD with NLO EW
corrections using various PDF sets (open symbols) are compared to the data (full points). The ratio of theoretical
predictions to the data is also shown. The predictions are displaced within each bin for better visibility. The
theory uncertainty corresponds to the quadratic sum of the PDF uncertainty and the statistical uncertainty of the
calculation.

6.3.2 Z/�⇤ cross sections

Di↵erential Z/�⇤ ! `` cross-sections, as a function of the dilepton rapidity, are shown in Figures 23
and 24, and compared to NNLO perturbative QCD predictions, including NLO EW corrections. The
predictions are evaluated with various PDF sets. At the Z peak, where the highest precision is reached for
the data, all predictions are below the data at central rapidity, |y``| < 1, but least for the HERAPDF2.0 set,
which quotes the largest uncertainties. In the forward region, the PDFs agree well with the measurement,
which, however, is only precise to the level of a few percent and thus not very sensitive to di↵erences
between PDFs. In the low mass Z/�⇤ ! `` region, Figure 24, several of the PDF sets exhibit a di↵erent
rapidity dependence than the data although being mostly consistent with the measurement. This also
holds for the central rapidity region at high mass, 116 < m`` < 150 GeV. The precision of the data in the
forward region at high mass is too low to allow discrimination between the various PDF sets, all of which
reproduce the measured rapidity dependence within the quoted uncertainties.

6.4 PDF profiling results

Using the profiling technique introduced in Section 6.1, the agreement between data and predictions can
be quantitatively assessed. Table 17 provides �2/n.d.f. values for each Drell–Yan data set and a number
of PDFs, taking into account the experimental uncertainties, and also including the uncertainties provided
by the individual PDF sets. Including the full PDF uncertainties, a satisfactory description of the data is
achieved with the CT14 PDFs, where the �2/n.d.f. is similar to the dedicated PDF analysis presented in
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Figure 21: Di↵erential d�W+/d|⌘` | (left) and d�W�/d|⌘` | (right) cross-section measurement for W ! `⌫. Predic-
tions computed at NNLO QCD with NLO EW corrections using various PDF sets (open symbols) are compared to
the data (full points). The ratio of theoretical predictions to the data is also shown. The predictions are displaced
within each bin for better visibility. The theory uncertainty corresponds to the quadratic sum of the PDF uncertainty
and the statistical uncertainty of the calculation.
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Figure 22: Lepton charge asymmetry A` in W ! `⌫ production as a function of the lepton pseudorapidity |⌘` |. Pre-
dictions computed at NNLO QCD with NLO EW corrections using various PDF sets (open symbols) are compared
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within each bin for better visibility. The theory uncertainty corresponds to the quadratic sum of the PDF uncertainty
and the statistical uncertainty of the calculation.

50

Figure 2: The Z cross section from the 2011 ATLAS data (left) and the W lepton charge asymmetry (right)
from the 2011 ATLAS data [13].
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Figure 30: PDFs from the present ATLAS-epWZ16 determination at the starting scale Q2
0 = 1.9 GeV2. Top: valence

PDFs xdv(x), xuv(x); middle: light sea PDFs xd̄(x), xū(x); bottom: strange-quark distribution and ratio Rs(x).
Uncertainty bands represent the experimental (exp), model (mod) and parameterization (par) components in red,
yellow and green, respectively. The PDFs are shown in the region of maximum sensitivity of the ATLAS W and
Z/�⇤ data, 10�3 < x < 10�1, except for the valence quarks.
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Figure 3: The u and d valence quark distributions, and the ratio of the strange quark density from the ATLAS
epWZ16 QCD fit [13].

CT [18] sets, a reduction in the size of the uncertainty of the strange density is observed together
with an increase from the values from the original fits, to around unity [13].

For a more rigorous evaluation, ATLAS has performed a new QCD analysis including this new
data, with the usual 13 parameter fit, and with an alternative parameterisation where the parameters
of the strange density are kept free to give a 15 parameter fit. With this new parameterisation a very
precise determination of the u and d valence quark distributions is obtained with small uncertainties
as shown in Figure 3. With this new fit to the new data, once again an enhanced strange contribution
is observed consistent with the earlier observation, but with completely independent ATLAS data.
This is shown in the ratio of strange to u and d sea quark distributions in Figure 3.

During Run 2 the LHC has been operating with pp collisions at 13 TeV centre of mass energy.
New measurements of the total inclusive electroweak boson cross sections and their ratios have
been made [19]. The ratios are very precise as many of the experimental uncertainties cancel, and
again a significant spread of the predictions from the different PDF sets are observed, while the
data is still consistent with the epWZ12 fit with the enhanced strange.

The NNLO calculation of the Z+jet cross section is available from several groups [20]. This
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Figure 6. The ratios Rtot/fid
tt̄/Z (i/j) where i, j = 13, 8, 7 compared to predictions based on different

PDF sets. The inner shaded band corresponds to the statistical uncertainty, the middle band to
the statistical and experimental systematic uncertainties added in quadrature, while the outer band
shows the total uncertainty, including the luminosity uncertainty. The latter is not visible since
the luminosity uncertainties almost entirely cancel in these ratios. The theory predictions are given
with the corresponding PDF uncertainties shown as inner bars while the outer bars include all other
uncertainties added in quadrature.

√
s [TeV] Value ± stat ± syst ± beam ± lumi [pb]

σfid
Z

13 777± 1 (0.1%) ± 3 (0.4%) ± 5 (0.7%) ± 16 (2.1%)

8 506±< 1 (< 0.1%)± 3 (0.6%) ± 3 (0.6%) ± 10 (1.9%)

7 451± < 1 (0.1%) ± 1 (0.3%) ± 3 (0.6%) ± 8 (1.8%)

σtot
tt

13 818± 8 (0.9%) ± 27 (3.3%)± 12 (1.5%)± 19 (2.3%)

8 243± 2 (0.7%) ± 5 (2.3%) ± 4 (1.7%) ± 5 (2.1%)

7 183± 3 (1.7%) ± 4 (2.3%) ± 3 (1.8%) ± 4 (2.0%)

Table 10. Combined fiducial Z-boson and total tt̄ cross sections for
√
s = 13, 8, 7TeV. The

uncertainties are listed as statistical, systematic, beam-energy, and luminosity.

5.5 Quantitative comparison with predictions

The measured cross sections along with the complete correlation information are compared

in a quantitative way to the predictions based on different PDF sets. The comparison is

performed using the xFitter package [77], which allows PDF and other theoretical uncer-
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Figure 9. Impact of the ATLAS Z-boson and tt̄ cross-section data on the determination of PDFs.
The bands represent the uncertainty for the ATLAS-epWZ12 PDF set and the uncertainty of the
profiled ATLAS-epWZ12 PDF set using tt+Z data as a function of x for the total light-quark-sea
distribution, xΣ, at Q2 ≈ m2

Z (left) and for the gluon density, xg, at Q2 ≈ m2
t (right). In the upper

plots, the profiled PDF set is divided by the central value of ATLAS-epWZ12 PDF set, “ref”, while
in the lower plots, the relative uncertainty, δ, is given. The lower plots also show the impact of only
including the ATLAS tt̄ data set. In the upper plots, the dashed blue curve represents the ratio of
the central value of the profiled result to ATLAS-epWZ12 PDF set.

be used to normalise cross-section measurements at different
√
s, as well as provide stringent

cross-checks on the corresponding ratios of absolute integrated luminosity values. The data

are found to be in best agreement with the ATLAS-epWZ12 PDF set, closely followed by

the HERAPDF2.0 set, while the CT14, NNPDF3.0, and MMHT14 PDF sets deviate

from some of the ratio measurements at the 1–2σ level. TheABM12 PDF set is disfavoured

by the data. A tension is observed between data and predictions of the double ratio between

8TeV and 7TeV, which is difficult to ascribe entirely to the
√
s dependence of the PDFs.

– 27 –

Figure 4: The Ratio of the tt̄ to Z cross sections at 7 and 8 TeV collision energies (left) and the ratio of the
gluon distributions profiled epWZ12 excluding or including the top and Z data (right) [21].

will allow a complementary determination of the gluon distribution using the ATLAS data on Z
production in conjunction with a high transverse momentum jet.

5. Heavy flavour, top, and prompt photon production

The ATLAS Collaboration has a large number of cross section measurements involving top
pair (ttbar) production. A new measurement [21] quantifies the ratios of the ttbar cross section with
respect to the the Z cross section at the different beam energies, 7, 8 and 13 TeV. Shown in Figure 4,
a spread of the predictions is observed which suggests potential for a tighter constraint the parton
distributions using these data. Most of the discrepancy between data and calculation in these ratios
is arising predominantly from the 7 TeV data. Once again profiling the PDF – this time using the
epWZ12 fit – a significant reduction in the gluon uncertainty at large x is observed as also seen in
Figure 4. A moderate reduction in the light quark sea for intermediate x values is also observed
with the constraint on the sea coming largely from the Z data, as would be expected.

New measurements of inclusive prompt photon production [22] are also available. For this
process the cross section is dominated by the u-gluon interactions at tree level. For these new
data once again the theoretical uncertainties at NLO, this time from JETPHOX [23, 24], are larger
than the experimental uncertainties. The prompt photon cross section is now also available at
NNLO [25].

6. Summary

The ATLAS Collaboration has an extensive and growing portfolio of precision measurements
that are useful for constraining the proton PDF, although only a small selection could be discussed
here. Notable results that space did not allow to be discussed include the measurement of Z + b
production, and W+charm production. These have previously allowed a complementary and more
direct extraction of the strange quark density itself consistent with the enhanced strange density
extraction described here. There remains a large, untapped potential to extract important additional
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measurements from the Run 1 data, but also a large and growing reservoir of 13 TeV collision data.
Together with the many recent developments in the NNLO calculations that are required to fully
exploit these data, the prospects appear very good.

A great deal of progress has been made in the exploitation of the LHC data, however, this is
really only the beginning of the journey towards realising the full potential of the precise data now
becoming available, so there will be extremely interesting times ahead.
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