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FIG. 3. Distribution of the light sea quarks, x⌃ = 2x(ū +
d̄+ s̄), in the NNLO analysis of HERA and ATLAS data with
a fixed fraction of strangeness (lower, green curve) and with a
fitted fraction of about unity (upper blue curve). The bands
represent the experimental uncertainties.

symmetric. A consequence of this initial observation is
that the total sea, x⌃ = 2x(ū + d̄ + s̄), is enhanced by
about 8%, as compared to the result when the strange
quark is suppressed to half the magnitude of the down
sea quark.
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• Previously, ATLAS has presented data, and fits, based on 
EW boson production, and jet data at 7 TeV and 2.76 TeV

• rs = (s+s)/2d ~ 1.0

• Enhanced gluon contribution at high x

• ATLAS now has a significantly larger data sample 
allowing analyses with increased statistical precision, 
significantly at higher ET 

• Together with this, ATLAS has an increasingly large, and 
developing portfolio of precision measurements

• Will discuss here only a subset of those which will be 
useful in a QCD fit

• Dijet production

• Inclusive prompt photon production

• ttbar production

• High mass Drell-Yan

• Electroweak boson production with charm

• Developments with APPLgrid mean that all these 
processes can in principle be included simultaneously in a 
QCD fit
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• Different final states provide information on different subprocesses

• Published ATLAS fits currently, and will continue to include published HERA data

• DIS, at Born level, scattering off of quarks, one momentum parton fraction x

• Sensitive to the gluon distribution only through              corrections

• For LHC collisions with two momentum fractions, x1 and x2

• Dijet production, ttbar, inclusive photon … all directly sensitive to the gluon distribution 
and the strong coupling - and the valence quarks at high ET  
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What are the contributions?

3
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• Electroweak boson 
production sensitive to the 
valence and sea quarks

• EW bosons + jets also 
sensitive to the gluon

x

x1

x

x2

W
 - 

d

u

!l

l
 -

W
+

u

d

!l

l
+

Z
0

q

q

x1

x2

W
 - 

d

u

l
 -

νl

W
+

u

d

νl

l
+

Z
0

q

q

x2

x1

d�DIS ⇠ (1� (1� yBj)2)F2(x,Q2)� y

2
BjFL(x,Q2)

F2 = x

P
q e

2
q(q(x) + q̄(x))

d� =
X

i,j

Z
dx1

Z
dx2 fi(x1, µ

2
F )fj(x2, µ

2
F ) �̂ij(x1, x2, µ

2
R)

O(↵s)



(a)

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2
 = 7 TeV)s) luminosity at LHC (q(qqΣ

W Z

MSTW08 NLO
CTEQ6.6
CT10
NNPDF2.1

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

(b)

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2
 = 7 TeV)s) luminosity at LHC (q(qqΣ

W Z

MSTW08 NLO
HERAPDF1.0
ABKM09
GJR08

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

(c)

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2
 = 7 TeV)sgg luminosity at LHC (

tt120 180 240
 (GeV)HM

MSTW08 NLO
CTEQ6.6
CT10
NNPDF2.1

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

(d)

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2
 = 7 TeV)sgg luminosity at LHC (

tt120 180 240
 (GeV)HM

MSTW08 NLO
HERAPDF1.0
ABKM09
GJR08

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

(e)

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2
)q(q+qΣ g + 4/9 ≡ = 7 TeV), G sGG luminosity at LHC (

MSTW08 NLO
CTEQ6.6
CT10
NNPDF2.1

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

(f)

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2
)q(q+qΣ g + 4/9 ≡ = 7 TeV), G sGG luminosity at LHC (

MSTW08 NLO
HERAPDF1.0
ABKM09
GJR08

 / ss
-310 -210 -110Ra

tio
 to

 M
ST

W
 2

00
8 

NL
O

 (6
8%

 C
.L

.)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

Figure 2. NLO parton–parton luminosities as the ratio with respect to MSTW 2008.

distributions. The somewhat larger gg luminosity of CTEQ6.6/CT10 at large ŝ compared

to MSTW08 may be due to the inclusion of Tevatron Run I jet data, which are known

to prefer a larger high-x gluon distribution than the more reliable Run II data [37], while

the larger gg luminosity at small ŝ may be due to the positive-definite input gluon con-

straint of CTEQ6.6/CT10, which is not imposed in the MSTW08 or NNPDF2.1 fits. By

the momentum sum rule, the CTEQ6.6/CT10 gg luminosity at the intermediate ŝ values

relevant for gg → H and tt̄ production is then slightly smaller than that of MSTW08 and

NNPDF2.1. The GG luminosities in figure 2(e,f), relevant for dijet production, interpolate
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• PDF fits only constrained to data with lower 
momentum transfer than available at the LHC have 
large uncertainties for the LHC kinematic region

• As large as ~ 5%  for the gg→Higgs (and larger) 
for top production

• Softer gluon distribution from ABM

• HERPDF also slightly softer that CT10 (reference) 
at high x, but normalisation the same at lower x 

4

The gluon 
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Incoming partons - inclusive jet production

• High ET jets (~ 500 GeV) at the Tevatron produced predominantly due to qq scattering.

• At the LHC, 500 GeV jets are produced from partons at much lower x

• More significant contribution from the gluon

• Larger phase space for initial state radiation.
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Dijet production

• Subsample of single inclusive jet production

• Subleading jet requirements may increases the renormalisation scale uncertainty, 

• But have better control of hard process kinematics

• Still differences between PDF sets 

• Most notable at high masses and high ET where the data statistics are low and less constraining

• ABM typically has a softer gluon distribution 
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Dijet production from 
2011data
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are multiplied by the factors indicated in the legend. The error bars indicate the statistical uncertainty on the
measurement, and the dark shaded band indicates the sum in quadrature of the experimental systematic un-
certainties. For comparison, the NLO QCD predictions of NLOJet++ using the CT10 PDF set, corrected for
non-perturbative and electroweak effects, are included. The renormalization and factorization scale choice µ
is as described in section 6. The hatched band shows the uncertainty associated with the theory predictions.
Because of the logarithmic scale on the vertical axis, the experimental and theoretical uncertainties are only
visible at high dijet mass, where they are largest.

– 19 –

 [TeV]12m

-110×3 1 2 3 4 5 6 7

* [
pb

/T
eV

]
yd

12
m

/d
σ2 d

-1710

-1410

-1110

-810

-510

-210

10

410

710

1010

uncertainties
Systematic

Non-pert. & EW corr.
)y* exp(0.3 

T
p=µCT10, 

NLOJET++

)-0010×* < 0.5  (y ≤0.0 
)0-310×* < 1.0  (y ≤0.5 
)0-610×* < 1.5  (y ≤1.0 
)0-910×* < 2.0  (y ≤1.5 
)-1210×* < 2.5  (y ≤2.0 
)-1510×* < 3.0  (y ≤2.5 

ATLAS Internal

-1 dt = 4.5 fbL∫
 = 7 TeVs

 = 0.4R  jets, tkanti-

(a) R = 0.4

 [TeV]12m

-110×3 1 2 3 4 5 6 7

* [
pb

/T
eV

]
yd

12
m

/d
σ2 d

-1710

-1410

-1110

-810

-510

-210

10

410

710

1010

uncertainties
Systematic

Non-pert. & EW corr.
)y* exp(0.3 

T
p=µCT10, 

NLOJET++

)-0010×* < 0.5  (y ≤0.0 
)0-310×* < 1.0  (y ≤0.5 
)0-610×* < 1.5  (y ≤1.0 
)0-910×* < 2.0  (y ≤1.5 
)-1210×* < 2.5  (y ≤2.0 
)-1510×* < 3.0  (y ≤2.5 

ATLAS Internal

-1 dt = 4.5 fbL∫
 = 7 TeVs

 = 0.6R  jets, tkanti-

(b) R = 0.6

Figure 5. Dijet double-differential cross sections for anti-kt jets with radius parameter R = 0.4 and
R = 0.6, shown as a function of dijet mass in different ranges of y⇤. To aid visibility, the cross sections
are multiplied by the factors indicated in the legend. The error bars indicate the statistical uncertainty on the
measurement, and the dark shaded band indicates the sum in quadrature of the experimental systematic un-
certainties. For comparison, the NLO QCD predictions of NLOJet++ using the CT10 PDF set, corrected for
non-perturbative and electroweak effects, are included. The renormalization and factorization scale choice µ
is as described in section 6. The hatched band shows the uncertainty associated with the theory predictions.
Because of the logarithmic scale on the vertical axis, the experimental and theoretical uncertainties are only
visible at high dijet mass, where they are largest.

– 19 –

 [TeV]12m

-110×3 1 2 3 4 5 6 7

* [
pb

/T
eV

]
yd

12
m

/d
σ2 d

-1710

-1410

-1110

-810

-510

-210

10

410

710

1010

uncertainties
Systematic

Non-pert. & EW corr.
)y* exp(0.3 

T
p=µCT10, 

NLOJET++

)-0010×* < 0.5  (y ≤0.0 
)0-310×* < 1.0  (y ≤0.5 
)0-610×* < 1.5  (y ≤1.0 
)0-910×* < 2.0  (y ≤1.5 
)-1210×* < 2.5  (y ≤2.0 
)-1510×* < 3.0  (y ≤2.5 

ATLAS Internal

-1 dt = 4.5 fbL∫
 = 7 TeVs

 = 0.4R  jets, tkanti-

(a) R = 0.4

 [TeV]12m

-110×3 1 2 3 4 5 6 7

* [
pb

/T
eV

]
yd

12
m

/d
σ2 d

-1710

-1410

-1110

-810

-510

-210

10

410

710

1010

uncertainties
Systematic

Non-pert. & EW corr.
)y* exp(0.3 

T
p=µCT10, 

NLOJET++

)-0010×* < 0.5  (y ≤0.0 
)0-310×* < 1.0  (y ≤0.5 
)0-610×* < 1.5  (y ≤1.0 
)0-910×* < 2.0  (y ≤1.5 
)-1210×* < 2.5  (y ≤2.0 
)-1510×* < 3.0  (y ≤2.5 

ATLAS Internal

-1 dt = 4.5 fbL∫
 = 7 TeVs

 = 0.6R  jets, tkanti-

(b) R = 0.6

Figure 5. Dijet double-differential cross sections for anti-kt jets with radius parameter R = 0.4 and
R = 0.6, shown as a function of dijet mass in different ranges of y⇤. To aid visibility, the cross sections
are multiplied by the factors indicated in the legend. The error bars indicate the statistical uncertainty on the
measurement, and the dark shaded band indicates the sum in quadrature of the experimental systematic un-
certainties. For comparison, the NLO QCD predictions of NLOJet++ using the CT10 PDF set, corrected for
non-perturbative and electroweak effects, are included. The renormalization and factorization scale choice µ
is as described in section 6. The hatched band shows the uncertainty associated with the theory predictions.
Because of the logarithmic scale on the vertical axis, the experimental and theoretical uncertainties are only
visible at high dijet mass, where they are largest.
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• Submitted to JHEP: arXiv:1312.3524

• Mass range from 300 GeV to ~5 TeV

• QCD does a reasonable job of describing the data 
over 8 orders of magnitude of the cross section 
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Figure 1. Non-perturbative corrections (ratio of particle-level cross sections to parton-level cross sections)
obtained using various MC generators and tunes are shown in (a), for the differential dijet cross sections as a
function of dijet mass in the range 1.0  y⇤ < 1.5 with values of jet radius parameter R = 0.4 and R = 0.6.
Uncertainties are taken as the envelope of the various curves. Electroweak corrections are shown in (b) as a
function of dijet mass in multiple ranges of y⇤ [50], with jet radius parameter R = 0.6.

The multiple uncorrelated uncertainty components of each PDF set, as provided by the various231

PDF analyses, are also propagated through the theoretical calculations. The PDF analyses gener-232

ally derive these from the experimental uncertainties on the data used in the fits. For the results233

shown in section 12 the standard Hessian sum in quadrature [52] of the various independent com-234

ponents is taken. The NNPDF2.1 and NNPDF2.3 PDF sets are exceptions, where uncertainties are235

expressed in terms of replicas instead of by independent components. These replicas represent a236

collection of equally likely PDF sets, where the data entering the PDF fit were varied within their237

experimental uncertainties. For the plots shown in section 12, the uncertainties on the NNPDF238

PDF sets are propagated using the RMS of the replicas, producing equivalent PDF uncertainties on239

the theoretical predictions. For the frequentist method described in section 11, these replicas are240

used to derive a covariance matrix for the theoretical predictions. The eigenvector decomposition241

of this matrix provides a set of independent uncertainty components, which can be treated in the242

same way as those in the other PDF sets.243

In cases where variations of the theoretical parameters are also available, these are treated244

as additional uncertainty components assuming a Gaussian distribution. For the HERAPDF1.5,245

NNPDF2.1, and MSTW 2008 PDF sets, the results of varying the heavy-quark masses within their246

uncertainties are taken as additional uncertainty components. The nominal value of the charm247

quark mass is taken as mc = 1.40 GeV, and the bottom quark mass as mb = 4.75 GeV. For248

NNPDF2.1 the mass of the charm quark is provided with a symmetric uncertainty, while that of the249

bottom quark is provided with an asymmetric uncertainty. NNPDF2.3 does not currently provide250

an estimate of the uncertainties due to heavy-quark masses. For HERAPDF1.5 and MSTW 2008,251

asymmetric uncertainties for both the charm and bottom quark masses are available. When consid-252
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Nonperturbative and electroweak corrections

• Potentially large non-perturbative, (hadronisation and underlying event) corrections

• Less significant for smaller jet radii

• Electroweak corrections as high as 10% for low rapidity high mass dijets pairs

8
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Comparison with 2010 data
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Figure 16. The comparison of data with theory is shown for the 37 pb�1 collected during 2010 data
taking, and the 4.5 fb�1 collected during 2011 data taking, both in the range y⇤ < 0.5 using jets with
radius parameter R = 0.4. For the measurement using 37 pb�1 jets within an acceptance |y| < 4.4 were
considered, while for the measurement using 4.5 fb�1 only jets within an acceptance of |y| < 3.0 are
considered. Each data spectrum is shown as a ratio with respect to the NLOJet++ predictions over the
appropriate rapidity range using the CT10 PDF set, including non-perturbative corrections. Electroweak
corrections are not considered, as they are not available for the measurement made using 37 pb�1 of data.
The correlations between the two measurements, in particular those on the jet energy calibration uncertainty,
are not considered here.
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• Significant improvement in both statistical  and 
systematic uncertainty with respect to previous 
measurement

• Nearly ~ 50 % reduction in systematic 
uncertainty at low and intermediate masses

• Kinematic range extended by ~ 1 TeV 
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Figure 7. Ratio of the NLO QCD predictions of NLOJet++ to the measurements of the dijet double-differential cross section as a function of dijet mass in
different ranges of y⇤. The results are shown for jets identified using the anti-kt algorithm with radius parameter R = 0.4. The predictions of NLOJet++
using different PDF sets (MSTW 2008, NNPDF2.3 and ABM11) are shown. The renormalization and factorization scale choice µ is as described in section 6.
Observed probabilities resulting from the comparison of theory with data are shown considering all m12 bins in each range of y⇤ separately. Here, the observed
probability is shown for the NNPDF2.1 PDF set, while the lines are for the NNPDF2.3 PDF set (see text).
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Dijet production from 2011 data 

• Lower prediction from ABM, possibly due to the softer gluon

10
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Figure 6. Ratio of the NLO QCD predictions of NLOJet++ to the measurements of the dijet double-differential cross section as a function of dijet mass in
different ranges of y⇤. The results are shown for jets identified using the anti-kt algorithm with radius parameter R = 0.4. The predictions of NLOJet++
using different PDF sets (CT10, HERAPDF1.5, and epATLJet13) are shown. The renormalization and factorization scale choice µ is as described in section 6.
Observed probabilities resulting from the comparison of theory with data are shown considering all m12 bins in each range of y⇤ separately. The HERAPDF1.5
analysis accounts for model and parameterization uncertainties as well as experimental uncertainties. The theoretical predictions are labelled with exp. only
when the model and parameterization uncertainties are not included.
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Dijet production from 2011 data 

• HERAPDF, also with slightly lower gluon contribution at high x than CT10, describes the data reasonably well

• ATLAS jets fit, epATLJet13 has significantly smaller uncertainties at high masses

11
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Figure 10. The �2 distribution of pseudo-experiments (black histogram) for NLO QCD using the CT10 PDF
set. The renormalization and factorization scale choice µ is as described in section 6. The full information
on the uncertainties, including their asymmetries and correlations, is used for both the pseudo-experiments
and the �2 calculation. The black vertical dashed (solid) line indicates the median (mean) of the distribution,
while the green (yellow) band indicates the ±1�(±2�) region. The blue dot-dashed vertical lines indicate
the observed �2, with the corresponding observed probability given in the legend (see text). The pink dotted
lines show the number of degrees of freedom, 21 for (a) and 61 for (b). The plots correspond to (a) the range
y⇤ < 0.5, and (b) the first three ranges of y⇤ < 1.5 combined, for jets reconstructed with radius parameter
R = 0.6.
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Figure 10. The �2 distribution of pseudo-experiments (black histogram) for NLO QCD using the CT10 PDF
set. The renormalization and factorization scale choice µ is as described in section 6. The full information
on the uncertainties, including their asymmetries and correlations, is used for both the pseudo-experiments
and the �2 calculation. The black vertical dashed (solid) line indicates the median (mean) of the distribution,
while the green (yellow) band indicates the ±1�(±2�) region. The blue dot-dashed vertical lines indicate
the observed �2, with the corresponding observed probability given in the legend (see text). The pink dotted
lines show the number of degrees of freedom, 21 for (a) and 61 for (b). The plots correspond to (a) the range
y⇤ < 0.5, and (b) the first three ranges of y⇤ < 1.5 combined, for jets reconstructed with radius parameter
R = 0.6.
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1.0  y⇤ < 1.5, both with observed probabilities > 15%. Disagreement is observed for jets with640

distance parameter R = 0.6 when considering the full dijet-mass region for the first three ranges of641

y⇤ < 1.5 combined, where the observed probability is 2.5%. This is due to the differences already642

noted for the range 0.5  y⇤ < 1.0, where the observed probability is 0.9%. This disagreement is643

also reflected when limiting to the high dijet-mass region and combining the first three ranges of644

y⇤ < 1.5, resulting in an observed probability of 0.7%. When considering the MSTW 2008 and645

NNPDF2.1 PDF sets, the observed probabilities are always > 12.5% in the ranges shown in table 1.646

This is particularly relevant considering these two PDF sets provide small theoretical uncertainties647

at high dijet mass. A strong disagreement, where the observed probability is generally < 0.1%, is648

observed for the ABM11 PDF set for the first three ranges of y⇤ < 1.5 and both values of the jet649

radius parameter.650

PDF set y⇤ ranges mass range P
obs

(full/high) R = 0.4 R = 0.6

y⇤ < 0.5 high 0.742 0.785

CT10 y⇤ < 1.5 high 0.080 0.066

y⇤ < 1.5 full 0.324 0.168

y⇤ < 0.5 high 0.688 0.504

HERAPDF1.5 y⇤ < 1.5 high 0.025 0.007

y⇤ < 1.5 full 0.137 0.025

y⇤ < 0.5 high 0.328 0.533

MSTW 2008 y⇤ < 1.5 high 0.167 0.183

y⇤ < 1.5 full 0.470 0.352

y⇤ < 0.5 high 0.405 0.568

NNPDF2.1 y⇤ < 1.5 high 0.151 0.125

y⇤ < 1.5 full 0.431 0.242

y⇤ < 0.5 high 0.024 < 10�3

ABM11 y⇤ < 1.5 high < 10�3 < 10�3

y⇤ < 1.5 full < 10�3 < 10�3

Table 1. Sample of observed probabilities obtained in the comparison between data and the NLO QCD
predictions using the CT10, HERAPDF1.5, MSTW 2008, NNPDF2.1 and ABM11 PDF sets, with values of
the jet radius parameter R = 0.4 and R = 0.6. Results are presented for the range y⇤ < 0.5, as well as the
combination of the first three ranges of y⇤ < 1.5, performing the test in the full dijet-mass range or restricting
it to the high dijet-mass subsample. The full information on uncertainties, including their asymmetries and
correlations, is used for both the pseudo-experiments and the �2 calculation.

It is possible to further study the poor agreement observed at high dijet mass for the range of651

0.5  y⇤ < 1.0 when using the HERAPDF1.5 PDF set by exploring the four variations described652

in section 6.2. The observed probabilities using variations 1, 2, and 4 in the NLOJet++ predictions,653

shown in table 2, are generally similar to those using the default HERAPDF1.5 PDF set. However,654

much smaller probabilities are observed for variation 3, which has a more flexible parameterization655

for the valence u-quark contribution. Including the present dijet measurement in the PDF analysis656
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CT10 PDF

CT10 PDF

• Generate pseudo-experiments using different PDFs

• Include PDF and other theory uncertainties in both 
generation and 𝜒2 definition

• Calculate the 𝜒2 for each replica, within the Full and 
High mass ranges
• High defined as 

• m12 > 1.31 TeV               y* < 0.5
• m12 > 1.45 TeV      0.5 < y* < 1.0
• m12 > 1.6 TeV        1.0 < y* < 1.5
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Figure 2: Comparison of the MCFM prediction without fragmentation to that from JetPhox with and
without fragmentation, as a function of E�T in the central rapidity region.
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Figure 3: The combined LO and NLO contributions to the direct photon cross section from di↵erent
parton-parton initial states for u-type and d-type quarks, and gluons, where uu is the sum of combinations
where the two u-type quarks are either of the same, or of di↵erent flavours; as a function of E�T: (a) for
central photons and (b) for forward photons.

has a softer gluon distribution at high-x such that the contribution from processes with incident gluons in102

the initial state is smaller at high E�T than that obtained using CT10. This large contribution from gluon-103

quark-induced processes suggests that the direct photon cross section can provide significant constraints104

on the gluon distribution with respect to current predictions.105

In the kinematic region of the measurement, contributions from electroweak corrections [19] are expected106

to be below the experimental and theoretical scale uncertainties and have not been included.107

4 Sensitivity to parton distribution functions108

The sensitivity of the data to the PDF can be assessed by comparing the measured cross sections to fixed109

order predictions based on di↵erent PDF sets. As discussed above, the dominant channel for photon110

production is ug ! u�, therefore the data are expected to be sensitive to the gluon PDF. Figure 4 shows111

• Prompt photon cross section sensitive to the gluon 
(and u quark) density at leading order 

• The ug contribution dominates due to the large u 
quark charge, +2/3

• Again, softer ABM gluon contribution - ug 
contribution small at high ET

• Smaller differences for forward photons

• Process implemented in APPLgrid using MCFM
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Figure 2: Comparison of the MCFM prediction without fragmentation to that from JetPhox with and
without fragmentation, as a function of E�T in the central rapidity region.
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central photons and (b) for forward photons.

has a softer gluon distribution at high-x such that the contribution from processes with incident gluons in102

the initial state is smaller at high E�T than that obtained using CT10. This large contribution from gluon-103

quark-induced processes suggests that the direct photon cross section can provide significant constraints104

on the gluon distribution with respect to current predictions.105

In the kinematic region of the measurement, contributions from Electroweak corrections [19] are ex-106

pected to be below the experimental, and theoretical scale uncertainties and have not been included.107

4 Sensitivity to parton distribution functions108

The sensitivity of the data to the PDF can be assessed by comparing the measured cross sections to fixed109

order predictions based on di↵erent PDF sets. As discussed above, the dominant channel for photon110

production is ug ! u�, therefore the data are expected to be sensitive to the gluon PDF. Figure 4 shows111
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Direct photon 
production
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• ATL-PHYS-PUB-2013-018

• Data from arXiv:1311.1440  

• Comparison of JetPhox and 
MCFM calculations with the 
data

• NLO fragmentation 
calculated using JetPhox

• Consistent shape between 
the calculations 

• EW corrections not included

• Both calculations differ in  
shape with data for central 
photons

• Include effect of experimental 
systematic as nuisance 
parameter shifts

PLOT TO BE APPROVED

 Preliminary

 ATLAS Preliminary

 ATLAS Preliminary ATLAS Preliminary

 ATLAS Preliminary

http://arxiv.org/abs/1311.1440
http://arxiv.org/abs/1311.1440


 [GeV] a
T E

200 300 400 1000

 [p
b 

/ G
eV

]  
a T

/d
E

m
 d

-810

-710

-610

-510

-410

-310

-210

-110
1

10

210 -1 L = 4.6 fb0=7 TeV s + X aApp

| < 1.37adData |
 uncorrelatedb
 totalb

MCFM
MCFM + shifts

CT10
MSTW2008
ABM11_5N
HERAPDF1.5
NNPDF2.3

ATLAS Preliminary

Th
eo

ry
/D

at
a

0.8
1

1.2

D
at

a
Th

eo
ry

+s
hi

ft s

0.8
1

1.2

 [GeV] a
T E

200 300 400 1000

pu
lls

   

-2

0

2

ATLAS Preliminary

December 13, 2013 – 14 : 26 DRAFT 13

Table 1: The �2 values evaluated between the measured cross section and the NLO predictions from
MCFM using di↵erent PDF sets. Shown are the central values using the nominal scales, µr = µ f = E�T
together with the envelope of the maximum and minimum �2 values found by varying both µr and µ f
between E�T/2 and 2E�T independently. For each PDF the �2 values for the central scale, and the envelope
are shown separately for the cases both including, and excluding the PDF uncertainties. The number of
degrees of freedom is 23.

Excluding PDF uncertainties Including PDF uncertainties
µr = µ f = E�T Envelope µr = µ f = E�T Envelope

CT10 49.1 34.7 - 63.1 29.8 20.0 - 38.4
MSTW2008 39.9 27.2 - 52.7 32.0 21.3 - 42.3
ABM11 5N 16.2 9.2 - 25.5 15.7 8.9 - 24.9
HERAPDF1.5 28.7 19.0 - 38.9 23.6 15.7 - 32.0
NNPDF2.3 33.5 22.6 - 44.7 27.6 18.7 - 36.9

Table 2: The �2 values evaluated between the measured cross section and JetPhoxNLO predictions using
di↵erent PDF sets with di↵erent choices for ↵EM; fixed and 1-loop running. Shown are values using the
nominal scales, µr = µ f = E�T. The fragmentation scale was also set to E�T. The �2 values including PDF
uncertainties are shown in parentheses. The number of degrees of freedom is 23.

↵EM = 1/137 1-loop running ↵EM

CT10 52.6 (33.4) 44.9 (26.5)
MSTW2008 39.3 (32.3) 33.2 (25.9)
ABM11 5N 20.5 (20.2) 11.2 (11.1)
HERAPDF1.5 37.7 (32.6) 33.1 (27.5)
NNPDF2.3 39.5 (33.1) 37.3 (30.7)

• Large variation of the predictions from 
MCFM with each PDF

• Again, ABM11 softer at high ET
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Central photon production
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𝜒2 for 23 degrees of freedom
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Figure 12: Comparison of predictions for the E�T spectrum in the central rapidity region calculated with
the di↵erent PDFs with respect to that calculated using the CT10 PDF.
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Figure 13: Comparison of predictions for the E�T spectrum in the forward rapidity region calculated with
the di↵erent PDFs with respect to that calculated using the CT10 PDF.
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Scale and PDF uncertainties

• Large scale uncertainties, comparable to individual PDF 
uncertainties 

• Potentially large differences between PDFs,  larger than 
quoted uncertainties on individual PDF sets for 
intermediate ET

• Data should still have the potential to constrain the 
shape of the gluon distribution  
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A Theoretical uncertainties175

The renomalisation and factorisation scale variations were estimated by varying both scales indepen-176

dently by a factor of two and a half in all combinations, and the overall combined renormalisation and177

factorisation scale variation estimated by taking the envelope of the resulting distributions. The overall178

uncertainty has been calculated by adding the scale uncertainty, the PDF uncertainty and the uncertainty179

on the strong coupling, in quadrature.180
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Figure 10: Theoretical uncertainties in the photon E�T distribution in the central rapidity region for two
di↵erent PDF sets from fits by di↵erent groups. The renomalisation and factorisation scale variations
are shown labelled as “R+F” and are estimated as discussed in the text.
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Figure 11: Theoretical uncertainties in the photon E�T distribution in the forward rapidity region for two
di↵erent PDF sets from fits by di↵erent groups. The renomalisation and factorisation scale variations
are shown labelled as “R+F” and are estimated as discussed in the text.
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Top pair production
• ATLAS-CONF-2013-099

• Top pair production is sensitive to the gluon 

• Data also available on pT(ttbar pair) although calculation 
intrinsically at an extra order in 𝛼S

17
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Top pair production

• Smaller gluon contribution at high x for the HERAPDF

• Overall better agreement with the data than the harder gluons from 
other fits which may include the Tevatron jet data

• Calculation in APPLgrid   

M Sutton - ATLAS measurements for constraining the proton PDF 
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• Phys. Lett. B 725 (2013) pp. 223-242

• Complement the inclusive Z production cross section measurement

• Calculations from the different PDFs all lie below the data for mee < 400 GeV  
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The high mass Drell-Yan cross section

19
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• ATLAS-CONF-2013-045

• Measure secondary vertices, use templates to extract 
relative contributions

• Data directly sensitive to the strange quark distribution 

Rc =
�(W±+c)

�(W±+jets)

5

W+charm production has been measured at TeVatron and LHC

CDF (arXiv:0711.2901): Inclusive measurement 

D0 (arXiv:0803.2259): Inclusive measurement

CMS W+c production (CMS-PAS-EWK-11-013): Inclusive rates, charm selected from 
secondary vertices

2011 dataset update: Differential distributions 

Ongoing analysis on the ATLAS/LHCb side? 

Juan Rojo                                                                                                                         LPCC  Elecroweak Working Group workshop 2011

CMS measurement

PDF predictions

c
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W+charm production

2024
Juan Rojo                                                                                                                         LPCC  Electroweak Working Group workshop 2011
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W + D(*) meson production

• Most PDFs fall below the data

• NNPDF 2.3  with collider data, and ATLAS-epWZ12 with 
an enhanced strange contribution more consistent with 
the data
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Figure 7: Measured cross section �(W±D⇤⌥) (left) and �(W±D⌥) (right) di↵erential in pD
T compared to

predictions obtained using di↵erent PDF sets: (a) W+D⇤�, (b) W+D�, (c) W�D⇤+, (d) W�D+, (e) W±D⇤⌥

and (f) W±D⌥ combined. The measurement is shown by the filled circles. The error bars give the statisti-
cal uncertainty, while the quadratic sum of the statistical and systematic uncertainty is shown as an error
band. The theory predictions are based on the aMC@NLO simulation. The di↵erent markers correspond
to the predictions obtained using di↵erent PDF sets. The inner error bars on the theoretical predictions
show the 68% confidence level uncertainties obtained from the error sets provided with each PDF set,
while the outer error bar represents total theoretical uncertainty (quadratic sum of PDF uncertainty, scale
uncertainty and fragmentation uncertainty). 22
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Figure 7: Measured cross section �(W±D⇤⌥) (left) and �(W±D⌥) (right) di↵erential in pD
T compared to

predictions obtained using di↵erent PDF sets: (a) W+D⇤�, (b) W+D�, (c) W�D⇤+, (d) W�D+, (e) W±D⇤⌥

and (f) W±D⌥ combined. The measurement is shown by the filled circles. The error bars give the statisti-
cal uncertainty, while the quadratic sum of the statistical and systematic uncertainty is shown as an error
band. The theory predictions are based on the aMC@NLO simulation. The di↵erent markers correspond
to the predictions obtained using di↵erent PDF sets. The inner error bars on the theoretical predictions
show the 68% confidence level uncertainties obtained from the error sets provided with each PDF set,
while the outer error bar represents total theoretical uncertainty (quadratic sum of PDF uncertainty, scale
uncertainty and fragmentation uncertainty). 22
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Figure 8: Measured cross section �(W±D⇤⌥) (left) and �(W±D⌥) (right) di↵erential in lepton |⌘| com-
pared to predictions obtained using di↵erent PDF sets: (a) W+D⇤�, (b) W+D�, (c) W�D⇤+, (d) W�D+,
(e) W±D⇤⌥ and (f) W±D⌥ combined. The measurement is shown by the filled circles. The error bars give
the statistical uncertainty, while the quadratic sum of the statistical and systematic uncertainty is shown
as an error band. The theory predictions are based on the aMC@NLO simulation. The di↵erent markers
correspond to the predictions obtained using di↵erent PDF sets. The inner error bars on the theoreti-
cal predictions show the 68% confidence level uncertainties obtained from the error sets provided with
each PDF set, while the outer error bar represents total theoretical uncertainty (quadratic sum of PDF
uncertainty, scale uncertainty and fragmentation uncertainty).23
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Figure 9: Measured cross sections �(W±D⇤⌥) (left) and �(W±D⌥) (right) compared to di↵erent PDF
predictions based on aMC@NLO: (a), (b) W+, (c), (d) W� and (e),(f) W± combined. The solid vertical
line shows the central value of the measurement, the inner error band corresponds to the statistical un-
certainty and the outer error band to the quadratic sum of the statistical and systematic uncertainty. The
PDF predictions are shown by markers. The inner error bars on the theoretical predictions show the 68%
confidence level uncertainties obtained from the error sets provided with each PDF set, while the outer
error bar represents total theoretical uncertainty (quadratic sum of PDF uncertainty, scale uncertainty and
fragmentation uncertainty).
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Cross section for W+ to W- 

+ charm meson production 
Table 3: Measured fiducial cross sections �(W±D(⇤)⌥) compared to the predictions from aMC@NLO
for several choices of PDF. The uncertainties on the predictions are the 68% confidence level uncer-
tainties obtained from the error sets provided with each PDF set. A common uncertainty of +8.6

�6.8% and
+8.9
�7.2% on the D⇤+ and D+ cross-section predictions, respectively, due to scale dependence and charm
fragmentation uncertainties should be added in quadrature to all the predictions.

�(W+D⇤�) [pb] �(W�D⇤+) [pb]
Data 20.6 ± 0.7 (stat) ± 1.8 (syst) 21.4 ± 0.7 (stat) ± 1.8 (syst)

CT10 17.3+1.7
�1.1 18.6+1.7

�1.1

MSTW2008 16.0+0.3
�0.5 17.8+0.4

�0.4

NNPDF2.3 15.4 ± 0.6 17.0 ± 0.4

HERAPDF15 16.7+1.2
�1.4 18.0+1.2

�1.4

epWZ 19.2+1.0
�1.0 20.4+1.0

�1.0

NNPDF2.3coll 20.7 ± 2.2 21.9 ± 2.2

�(W+D�) [pb] �(W�D+) [pb]
Data 18.9 ± 1.7 (stat) ± 1.5 (syst) 23.0 ± 1.5 (stat) ± 1.8 (syst)

CT10 15.8+1.5
�1.0 17.1+1.5

�1.1

MSTW2008 14.6+0.3
�0.4 16.4+0.4

�0.4

NNPDF2.3 14.1 ± 0.5 15.7 ± 0.5

HERAPDF15 15.2+1.1
�1.3 16.6+1.1

�1.3

epWZ 17.5+0.9
�0.9 18.8+0.9

�0.9

NNPDF2.3coll 18.8 ± 2.0 20.1 ± 2.0

and in Figure 10, which shows the comparison for �(W±D⇤⌥) + �(W±D⌥). The measured sum of the
cross sections is

�(W±D⇤⌥) + �(W±D⌥) = (84.3 ± 2.4 (stat) ± 7.2 (syst)) pb.

The measurements agree well with the predictions obtained with the epWZ and NNPDF2.3coll PDF
sets and lie about 1.1(1.7)� for D⇤+(D+) above the central value of the CT10 PDF. Somewhat larger
discrepancies are seen with MSTW2008, HERAPDF15 and NNPDF2.3 (at the level of 1.5� � 2.7�).
These results favor PDFs where the s-quark and d-quark sea contributions are comparable at x ⇠ 0.01.

7.3 Comparison of �(W+D(⇤)�)/�(W�D(⇤)+) with theoretical predictions

The predicted production asymmetry ratio R±c in pp collisions can di↵er from 1.0 for two reasons [1].
First, because the proton contains valence d-quarks, the Cabbibo-suppressed diagrams involving d quarks
enhance W+D(⇤)� production over W�D(⇤)+, decreasing R±c by about 5%. Second, if the s and s PDFs are
asymmetric, as suggested by neutrino data, R±c is sensitive to the size of that asymmetry. Reference [1]
studies the relative size of these e↵ects using NLO PDFs but calculating the W + c cross section at LO,
since NLO subprocesses cannot be described with a simple quark decomposition. For PDFs such as
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(e) W±D⇤⌥
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Figure 9: Measured cross sections �(W±D⇤⌥) (left) and �(W±D⌥) (right) compared to di↵erent PDF
predictions based on aMC@NLO: (a), (b) W+, (c), (d) W� and (e),(f) W± combined. The solid vertical
line shows the central value of the measurement, the inner error band corresponds to the statistical un-
certainty and the outer error band to the quadratic sum of the statistical and systematic uncertainty. The
PDF predictions are shown by markers. The inner error bars on the theoretical predictions show the 68%
confidence level uncertainties obtained from the error sets provided with each PDF set, while the outer
error bar represents total theoretical uncertainty (quadratic sum of PDF uncertainty, scale uncertainty and
fragmentation uncertainty).
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• Again, calculations using NNPDF2.3coll using ATLAS-epWZ12 more consistent with the data 



±
cR

0.7 0.8 0.9 1 1.1 1.2
±
cR

0.7 0.8 0.9 1 1.1 1.2

Data

 0.01± 0.04 ±0.94 

Stat
Stat+syst

CT10

MSTW2008

NNPDF2.3

HERAPDF15

epWZ

NNPDF2.3coll

ATLAS Preliminary
-1

 Ldt = 4.6 fb∫
 = 7 TeV (2011)s

Figure 11: Measured asymmetry ratios R±c ⌘ �(W+D(⇤)�)/�(W�D(⇤)+) compared to predictions based
on aMC@NLO obtained using di↵erent PDF sets. The solid vertical line shows the central value of the
measurement, the inner error band corresponds to the statistical uncertainty and the outer error band to
the quadratic sum of the statistical and systematic uncertainty. The PDF predictions are shown by the
black markers. The error bar on the theoretical predictions show the 68% confidence level uncertainties
obtained from the error sets provided with each PDF set.

Table 4: Measured production asymmetry R±c ⌘ �(W+D(⇤)�)/�(W�D(⇤)+) compared to theoretical pre-
dictions obtained based on aMC@NLO. The statistical and systematic uncertainty of the measurement
are quoted. For the theory prediction, the uncertainty of the given PDF set is shown.

�(W+D�)/�(W�D+) �(W+D⇤�)/�(W�D⇤+)
Data 0.82 ± 0.09 (stat) ± 0.01 (syst) 0.96 ± 0.04 (stat) ± 0.01 (syst)

CT10 0.923+0.007
�0.005 0.932+0.007

�0.005

MSTW2008 0.893+0.021
�0.029 0.900+0.021

�0.030
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HERAPDF15 0.918+0.007
�0.007 0.928+0.007

�0.008

epWZ 0.935+0.006
�0.005 0.939+0.006

�0.005

NNPDF2.3coll 0.930 ± 0.023 0.943 ± 0.023
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Figure 11: Measured asymmetry ratios R±c ⌘ �(W+D(⇤)�)/�(W�D(⇤)+) compared to predictions based
on aMC@NLO obtained using di↵erent PDF sets. The solid vertical line shows the central value of the
measurement, the inner error band corresponds to the statistical uncertainty and the outer error band to
the quadratic sum of the statistical and systematic uncertainty. The PDF predictions are shown by the
black markers. The error bar on the theoretical predictions show the 68% confidence level uncertainties
obtained from the error sets provided with each PDF set.
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dictions obtained based on aMC@NLO. The statistical and systematic uncertainty of the measurement
are quoted. For the theory prediction, the uncertainty of the given PDF set is shown.

�(W+D�)/�(W�D+) �(W+D⇤�)/�(W�D⇤+)
Data 0.82 ± 0.09 (stat) ± 0.01 (syst) 0.96 ± 0.04 (stat) ± 0.01 (syst)

CT10 0.923+0.007
�0.005 0.932+0.007

�0.005

MSTW2008 0.893+0.021
�0.029 0.900+0.021

�0.030

NNPDF2.3 0.899 ± 0.014 0.907 ± 0.014

HERAPDF15 0.918+0.007
�0.007 0.928+0.007

�0.008

epWZ 0.935+0.006
�0.005 0.939+0.006

�0.005

NNPDF2.3coll 0.930 ± 0.023 0.943 ± 0.023

26

  PDF4LHC Workshop 13th December 2013  - CERN

M Sutton - ATLAS measurements for constraining the proton PDF 

Ratios of W+ to W- + charm meson production 

• All PDFs consistent with the ratios.
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Figure 11: Measured asymmetry ratios R±c ⌘ �(W+D(⇤)�)/�(W�D(⇤)+) compared to predictions based
on aMC@NLO obtained using di↵erent PDF sets. The solid vertical line shows the central value of the
measurement, the inner error band corresponds to the statistical uncertainty and the outer error band to
the quadratic sum of the statistical and systematic uncertainty. The PDF predictions are shown by the
black markers. The error bar on the theoretical predictions show the 68% confidence level uncertainties
obtained from the error sets provided with each PDF set.

Table 4: Measured production asymmetry R±c ⌘ �(W+D(⇤)�)/�(W�D(⇤)+) compared to theoretical pre-
dictions obtained based on aMC@NLO. The statistical and systematic uncertainty of the measurement
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Summary
• ATLAS has a large, and growing portfolio of precision measurements available that all have the potential to help 

constrain the parton distributions in the proton

• Only a small selection has been discussed here

• Developments APPLgrid mean that it can be used for comparisons between measurements and theoretical predictions 
for an increasing list of available processes, inclusive single jet, dijet, trijet production, Z and W production, with, or 
without jets or charm, heavy quark and ttbar pair production, prompt photons ...  

• It will be a very interesting time ahead ... 
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Epilogue: 
the ATLAS-epWZ12 fit 
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• The ATLAS epWZ with the enhanced strange contribution,                     
now available from the LHAPDF PDF sets page

• Eigen value set:          ATLAS-epWZ12-EIG.LHgrid

• Model variation set:    ATLAS-epWZ12-VAR.LHgrid

• So now everyone can perform their favourite calculations using      
the ATLAS fit !!! 

http://lhapdf.hepforge.org/pdfsets
http://lhapdf.hepforge.org/pdfsets
http://www.hepforge.org/archive/lhapdf/pdfsets/5.9.1/ATLAS-epWZ12-EIG.LHgrid
http://www.hepforge.org/archive/lhapdf/pdfsets/5.9.1/ATLAS-epWZ12-EIG.LHgrid
http://www.hepforge.org/archive/lhapdf/pdfsets/5.9.1/ATLAS-epWZ12-VAR.LHgrid
http://www.hepforge.org/archive/lhapdf/pdfsets/5.9.1/ATLAS-epWZ12-VAR.LHgrid

