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• Inclusive W, Z and asymmetries:  quark flavour separation 
• Off peak Drell-Yan: u, d at high or low-x

• Not yet included: W+charm: direct sensitivity to the s-quark
• Newer EW boson data currently being included in a new fit

• HERA inclusive DIS data (no jet data) - constrains quarks at low-x

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

• Electroweak boson production 
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Basic components in the ATLAS fit to Electroweak data



How strange is the proton ?
• Until reasonably recently, the strange quark density was relatively poorly 

known

• “Usual” assumption sbar ~ 0.5 dbar, from s⟶Wc in NuTeV, CCFR            
data

• Large uncertainties from charm fragmentation and nuclear        
corrections

• The original ATLAS epWZ12 (Phys.Rev.Lett. 109 (2012) 012001) from 
fits at NNLO to the 2010 data, fitting inclusive Z and W± data found an 
enhanced strangeness contribution

• Newer fits including the ATLAS EW boson data (and even some without) 
result in enhance strange at low x
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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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• So far ATLAS has produced several fits using inclusive W and Z data† 

• ATLAS epWZ 12 (2010 data, 7 TeV 35 pb-1) Phys.Rev.Lett. 109 (2012) 012001

• ATLAS epWZ 16 (2010 data, 7 TeV 4.6 fb-1)  Eur. Phys. J. C 77 (2017) 367

• ATLAS epWZ top 18 - with fully differential top data data to stabilise the gluon ATL-PHYS-PUB-2018-017

• Starting point for the new fit is the inclusive W, ATLAS data used in the the ATLAS epWZ16 fit plus the new W + jets data at 8 TeV from JHEP 05 (2018)  
077

• Some differences and improvements with respect to the epWZ16 fit to accommodate or exploit the new data … 

• More parameter variations as part of the model systematics, updated parameterisation with additional term in central fit for the ubar distribution with 
respect to  2016 fit …                                                                                                            k                                                                                                                                                                                            
h                                                                                                                                                                                k                                                                                                                                                                                                                                                                                              
k                                                                                                                                                                                                                                                                        
k                                                                                                                                                                                                                                          
consistent with recent ATLAS epWZ top18 fit         

• 131 sources of correlated systematic uncertainties in the inclusive data with electron and muon channels combined  

• For the new fit use the electron and muon data before the combination (uncombined) since more simply relates the original sources of the 
systematic uncertainty to aid the full correlation with the common sources from the new W + jets data - 50 sources from the new W + jets data                                           

• Variation of the minimum Q2 selection of 10 GeV2 (rather than 7.5 GeV2) in the HERA DIS data to exclude the low Q2, low-x data which may be more 
adversely affected by higher twist and other effects

Including new data in a new fit …
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xū = Aūx
Bū(1� x)Cū(1 +DūxDūx)

<latexit sha1_base64="Bitkp/9zG2+EI1hwOUFPWzzv0Pg="></latexit><latexit sha1_base64="Bitkp/9zG2+EI1hwOUFPWzzv0Pg="></latexit><latexit sha1_base64="Bitkp/9zG2+EI1hwOUFPWzzv0Pg="></latexit><latexit sha1_base64="Bitkp/9zG2+EI1hwOUFPWzzv0Pg="></latexit>

† NB: all fits use the HERA data to constrain the fit at lower Q2

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.012001
https://doi.org/10.1140/epjc/s10052-017-4911-9
http://cdsweb.cern.ch/record/2633819
https://link.springer.com/article/10.1007/JHEP05(2018)077


• Fits are performed using DIS data from HERA and the ATLAS Electroweak boson data 

• The xFitter† package is used, with LHC cross sections reproduced using fastNLO and APPLgrid 

• NNLO corrections included as K-factors (using  Phys. Rev. Lett. 115, 062002)

• Parameterisation …

• Additional constraints for the central fit from sum rules, and also                    and                               ,  with         and        free parameters, with                       
and        fixed >>         ( some constraints relaxed for the model uncertainty )

• This yields a 16 parameter central fit using a fixed strong coupling and a starting scale of Q2 = 1.9 GeV2

• NB: Greyed out parameters varied as part of the model dependency systematics, along with allowing some of the central fit contained parameters to vary 
independently 

• First produce update to the epWZ16 fits using the newer methodology as a consistency check using both combined and uncombined data - new fits 
ATLAS epWZ19 C (combined) and ATLAS epWZ19 U (uncombined)

ATLAS epWZ+Wjets QCD fit technicalities 
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Aū = Ad̄ Bs̄ = Bū = Bd̄ As̄Cs̄
s(x) = s̄(x)

†xFitter program, www.xfitter.org;  S. Alekhin et al. Eur. Phys. J. C 75 (2015) 304, arXiv: 1410.4412 [hep-ph]
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• Reproduce the negative dbar - ubar 
distribution

• Larger uncertainty from model 
dependent systematics 

• More parameters considered - 
increase in the Q2min variation 
due to other theoretical 
uncertainties

• Still see the enhanced strange at 
low-x even with the large dbar - 
ubar

ATLAS epWZ 19 combined and uncombined fits
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Figure 5: Di↵erential cross sections for the production of W bosons (left) and the W+/W� ratio (right) as a function
of the leading jet pT for events with Njets � 1. The last bin in the left figure includes values beyond the shown
range. For the data, the statistical uncertainties are indicated as vertical bars, and the combined statistical and
systematic uncertainties are shown by the hatched bands. The uppermost panel in each plot shows the di↵erential
cross sections, while the lower panels show the ratios of the predictions to the data. The theoretical uncertainties
on the predictions are described in the text. The arrows on the lower panels indicate points that are outside the
displayed range.
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Figure 6: Di↵erential cross sections for the production of W bosons (left) and the W+/W� ratio (right) as a function
of the leading jet rapidity for events with Njets � 1. For the data, the statistical uncertainties are indicated as vertical
bars, and the combined statistical and systematic uncertainties are shown by the hatched bands. The uppermost
panel in each plot shows the di↵erential cross sections, while the lower panels show the ratios of the predictions to
the data. The theoretical uncertainties on the predictions are described in the text. The arrows on the lower panels
indicate points that are outside the displayed range.
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Figure 4: Di↵erential cross sections for the production of W bosons (left) and the W+/W� ratio (right) as a function
of the W pT for events with Njets � 1. The last bin in the left figure includes values beyond the shown range.
For the data, the statistical uncertainties are indicated as vertical bars, and the combined statistical and systematic
uncertainties are shown by the hatched bands. The uppermost panel in each plot shows the di↵erential cross
sections, while the lower panels show the ratios of the predictions to the data. The theoretical uncertainties on the
predictions are described in the text. The arrows on the lower panels indicate points that are outside the displayed
range.

production and the ratio of W+/W� are shown in Figure 6. In the forward region, the data turn down more
sharply at |y| ⇡ 3.6 compared to a smoothly falling distribution. The experimental uncertainties, which in
this region are dominated by the di↵erence between Alpgen and Sherpa in the unfolding and the jet energy
scale and resolution uncertainties, cover this e↵ect. Most theory calculations predict a larger cross section
for forward jets than that observed in the data and lie within 1–2 times the experimental uncertainties. The
parton shower model strongly influences the calculated cross section in the high rapidity region, as seen
through the comparison of Alpgen+Pythia 6 and Alpgen+Herwig. In addition, di↵erent PDF sets can
a↵ect the predicted cross section at high jet rapidities, but to a smaller extent (as can be seen by comparing
with Figure 24 in Appendix A). The mismodelling in the forward region, however, largely cancels out in
the ratio of W+/W�, resulting in good agreement with data. It can be noticed that Sherpa underpredicts
the ratio at high rapidities, and Alpgen overpredicts the data around |y| ⇡ 2.4.

The W+/W� cross-section ratios for the above four observables (HT, W boson pT, leading jet pT and
leading jet rapidity) are compared in Figure 7 to NLO MCFM predictions with four di↵erent PDF sets:
CT10, HERAPDF 1.5, MSTW 2008, and NNPDF 2.3. The theoretical uncertainties for the MCFM
prediction are displayed only for the CT10 PDF set. As seen in the figure, the MCFM predictions vary
depending on the PDF set used. These variations are largest for the pT of the W boson and at forward
jet rapidities. In the region of 200 GeV to 400 GeV in the distribution of the pT of the W boson, where
experimental uncertainties in the ratio are small (around 2% to 6%), the predictions from the four PDF
sets di↵er by about 2% to 5% and are, in some cases, up to 2–3 times the experimental uncertainty away
from the data. Similar trends are visible in the HT distribution and the distribution of the leading jet
pT. These results should prove useful in global PDF fits as a counterpart to measurements of Z boson
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W+jet production at 8 TeV data 

• Multiple distributions 

• PT(W) , PT(leading 
jet)

• Unfortunately, 
correlations 
between different 
spectra not 
available, so 
unable to fit 
distributions 
simultaneously

7M Sutton - The proton PDF including W+jet data at ATLAS

  The James Sterling Memorial PDF4LHC Workshop, IPPP September 2019

pT (W) Leading Jet

•  JHEP 05 (2018)  077

https://link.springer.com/article/10.1007/JHEP05(2018)077


l

New fit quality … 
• Good fits including the W + jets data with no tension with the HERA or inclusive W, 

and Z data

• Slightly better 𝝌2 for the PT(W) data  

• More additional free parameters used in the  contributions to the model 
dependencies 

• Relaxing some of the constraints …

• Use the PT(W) fit as the new central fit

• new fit referred to as -  ATLAS-epWZ-Wjet 19
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4 Results202

4.1 Fits to W + jets203

The QCD analysis is performed, fitting several W + jets spectra individually, together with the HERA and204

ATLAS W , Z inclusive data. A combined fit of the W + jets spectra is not possible, as the spectra are205

highly correlated to each other, and information on the statistical correlation between them is not available.206

The statistical bin-to-bin correlations are, however, available, with correlations between neighbouring bins207

as high as 0.5 in places; these are used in all spectra. The total �2 per degree of freedom (NDF) for each208

fit to the W + jets spectra are given in Table 1.209

Fit ATLASepWZ19U ATLASepWZ19U + pWT ATLASepWZ19U + pleading
T

Total �2/NDF 1310 / 1106 1354 / 1140 1365 / 1152
HERA partial �2/NDF 1123 / 1016 1132 / 1016 1141 / 1016
HERA correlated �2 48 49 50
HERA log penalty �2 -18.38 -22.4 -24.72
ATLAS W, Z partial �2/NDF 117 / 106 116 / 106 109 / 106
ATLAS W + jets partial �2/NDF - 18 / 34 43 / 46

ATLAS correlated �2 40 62 47
ATLAS log penalty �2 -0.66 -1.34 0.26

Table 1: Total and partial �2 for data sets entering the PDF fit, for each of the W+jets spectra separately, and the
ATLASepWZ19U fit for comparison. Nsyst refers to the number of systematics taking part in the correlated �2, but
does not contribute to the number of degrees of freedom.

For the pWT and pleading
T W + jet spectra, there is a good overall fit quality. The partial �2 for the HERA data210

and the ATLAS W , Z data are similar to those obtained in fits to the HERA+ATLAS W , Z data alone.211

This demonstrates that there is no tension between these data sets and the W + jets data.212

As the fit to the pWT spectrum gives the lowest chi2/NDF and the smallest parameterisation uncertainty,213

it is in subsequent sections chosen as the “central” fit. In Fig. 1 the W+jets data spectra are compared214

to predictions computed at NLO and corrected to NNLO with the K-factors using the ATLASepWZ16215

fit and the new fits with W + jets data included. In both spectra, the low pT bins are fitted equally well216

by the ATLASepWZ16 fit as by the new fit. However, at high pT in the W+ + jet data, both spectra are217

significantly less well-fitted by the previous fit.218

4.2 Parameterisation and model choice219

One choice in the fitting framework that can a�ect the fit quality is the choice of the parameterisation.220

The number of parameters can limit the possible quality of the fit by not providing enough flexibility to fit221
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the data. In this case, including additional parameters in Eq. (1) can improve the �2/NDF-values further.222

Therefore, additional parameters were introduced that give flexibility to high-x regions of all distributions.223

The resulting �2 with each variation in the parameterisation, in comparison to the nominal fit, are given in224

Table 2. In each PDF set, additional polynomial parameters (D
i

, E
i

) were used along with an exponential225

term eFi x . The additional gluon term e�ecting the low-x shape was also removed by setting A
0
g

= 0.226

Furthermore, relaxations on previous constraints were tested, namely the low-x constraints that A
ū

= A
d̄

227

and B
ū

= B
d̄

= B
s̄

. There were no additional parameters which gave a fit improving the �2 by more than228

two units consistently across both the pWT and pleading
T spectra.229

Although these additional variations did not significantly improve the �2, they provided a fit of similar230

quality. Thus, the maximum di�erence between these variations and the central fit was used as an231

additional “parameterisation uncertainty” at each x and Q2 value. This uncertainty is highly asymmetric,232

and is not symmetrised in any subsequent plots.233

Additional data pWT pleading
T

Nominal �2/NDF 1354 / 1140 1365 / 1152
A
0
g

= 0 1409 / 1142 1428 / 1154
A
ū

1352 / 1139 1363 / 1151
B
ū

1352 / 1139 1362 / 1151
B
s

1353 / 1139 1363 / 1151
D

s

1353 / 1139 1359 / 1151
D
ū

= 0 1357 / 1141 1373 / 1153
D

d̄

1354 / 1139 1364 / 1151
D

dv
1354 / 1139 1364 / 1151

D
uv

1354 / 1139 1365 / 1151
D

g

1353 / 1139 - / 1151
E
s

1354 / 1139 1362 / 1151
E
d̄

1354 / 1139 1365 / 1151
E
ū

1354 / 1139 1363 / 1151
E
g

1352 / 1139 1365 / 1151
F
uv

1351 / 1139 1363 / 1151
F
dv

1354 / 1139 1365 / 1151

Table 2: Total �2 for each parameterisation variation used, for each of the W + jets spectra. Where entries are
missing, the fit either did not converge, or a negative (unphysical) value was strongly favoured.

Furthermore, several assumptions are made in the fit (as discussed in Section 3), the impact of which on234

the fit result is investigated. These variations are given in Table 3, along with the resulting �2 for a fit to235

each W + jets spectrum. The di�erences between the central values of each PDF using these variations236

and the central fit were taken as a model uncertainty, and added in quadrature at each x and Q2.237

PDFs extracted from fits to each of the W + jets spectra, together with the inclusive W, Z and HERA238

combined data, are shown in Fig. 2. Fits using each spectrum are highly consistent with each other for all239

distributions when model and parameterisation e�ects are included in the uncertainty. The PDFs obtained240

from a fit with the pWT spectrum exhibit the smallest total uncertainty for all parton flavours.241

PDFs with model and parameterisation uncertainties are given in Fig. 3 for the fits to W + jets data242

in comparison to the same fits without the additional data, labelled ATLASepWZ19U. These PDF sets243
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4 Results202

4.1 Fits to W + jets203

The QCD analysis is performed, fitting several W + jets spectra individually, together with the HERA and204

ATLAS W , Z inclusive data. A combined fit of the W + jets spectra is not possible, as the spectra are205

highly correlated to each other, and information on the statistical correlation between them is not available.206

The statistical bin-to-bin correlations are, however, available, with correlations between neighbouring bins207

as high as 0.5 in places; these are used in all spectra. The total �2 per degree of freedom (NDF) for each208

fit to the W + jets spectra are given in Table 1.209

Fit ATLASepWZ19U ATLASepWZ19U + pWT ATLASepWZ19U + pleading
T

Total �2/NDF 1310 / 1106 1354 / 1140 1365 / 1152
HERA partial �2/NDF 1123 / 1016 1132 / 1016 1141 / 1016
HERA correlated �2 48 49 50
HERA log penalty �2 -18.38 -22.4 -24.72
ATLAS W, Z partial �2/NDF 117 / 106 116 / 106 109 / 106
ATLAS W + jets partial �2/NDF - 18 / 34 43 / 46

ATLAS correlated �2 40 62 47
ATLAS log penalty �2 -0.66 -1.34 0.26

Table 1: Total and partial �2 for data sets entering the PDF fit, for each of the W+jets spectra separately, and the
ATLASepWZ19U fit for comparison. Nsyst refers to the number of systematics taking part in the correlated �2, but
does not contribute to the number of degrees of freedom.

For the pWT and pleading
T W + jet spectra, there is a good overall fit quality. The partial �2 for the HERA data210

and the ATLAS W , Z data are similar to those obtained in fits to the HERA+ATLAS W , Z data alone.211

This demonstrates that there is no tension between these data sets and the W + jets data.212

As the fit to the pWT spectrum gives the lowest chi2/NDF and the smallest parameterisation uncertainty,213

it is in subsequent sections chosen as the “central” fit. In Fig. 1 the W+jets data spectra are compared214

to predictions computed at NLO and corrected to NNLO with the K-factors using the ATLASepWZ16215

fit and the new fits with W + jets data included. In both spectra, the low pT bins are fitted equally well216

by the ATLASepWZ16 fit as by the new fit. However, at high pT in the W+ + jet data, both spectra are217

significantly less well-fitted by the previous fit.218

4.2 Parameterisation and model choice219

One choice in the fitting framework that can a�ect the fit quality is the choice of the parameterisation.220

The number of parameters can limit the possible quality of the fit by not providing enough flexibility to fit221
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4 Results202

4.1 Fits to W + jets203

The QCD analysis is performed, fitting several W + jets spectra individually, together with the HERA and204

ATLAS W , Z inclusive data. A combined fit of the W + jets spectra is not possible, as the spectra are205

highly correlated to each other, and information on the statistical correlation between them is not available.206

The statistical bin-to-bin correlations are, however, available, with correlations between neighbouring bins207

as high as 0.5 in places; these are used in all spectra. The total �2 per degree of freedom (NDF) for each208

fit to the W + jets spectra are given in Table 1.209

Fit ATLASepWZ19U ATLASepWZ19U + pWT ATLASepWZ19U + pleading
T

Total �2/NDF 1310 / 1106 1354 / 1140 1365 / 1152
HERA partial �2/NDF 1123 / 1016 1132 / 1016 1141 / 1016
HERA correlated �2 48 49 50
HERA log penalty �2 -18.38 -22.4 -24.72
ATLAS W, Z partial �2/NDF 117 / 106 116 / 106 109 / 106
ATLAS W + jets partial �2/NDF - 18 / 34 43 / 46

ATLAS correlated �2 40 62 47
ATLAS log penalty �2 -0.66 -1.34 0.26

Table 1: Total and partial �2 for data sets entering the PDF fit, for each of the W+jets spectra separately, and the
ATLASepWZ19U fit for comparison. Nsyst refers to the number of systematics taking part in the correlated �2, but
does not contribute to the number of degrees of freedom.

For the pWT and pleading
T W + jet spectra, there is a good overall fit quality. The partial �2 for the HERA data210

and the ATLAS W , Z data are similar to those obtained in fits to the HERA+ATLAS W , Z data alone.211

This demonstrates that there is no tension between these data sets and the W + jets data.212

As the fit to the pWT spectrum gives the lowest chi2/NDF and the smallest parameterisation uncertainty,213

it is in subsequent sections chosen as the “central” fit. In Fig. 1 the W+jets data spectra are compared214

to predictions computed at NLO and corrected to NNLO with the K-factors using the ATLASepWZ16215

fit and the new fits with W + jets data included. In both spectra, the low pT bins are fitted equally well216

by the ATLASepWZ16 fit as by the new fit. However, at high pT in the W+ + jet data, both spectra are217

significantly less well-fitted by the previous fit.218

4.2 Parameterisation and model choice219

One choice in the fitting framework that can a�ect the fit quality is the choice of the parameterisation.220

The number of parameters can limit the possible quality of the fit by not providing enough flexibility to fit221

2nd April 2019 – 09:32 9



 [GeV] leading
T

 p+W
210 310

 [f
b/

G
eV

] 
le

ad
in

g
T

/d
p

σ
 d

3−10

2−10

1−10

1

10

210

310

410

510  = 8 TeV s+jets; + W→pp 
ATLAS Preliminary

ATLAS data (uncorrelated unc.)
Total unc.
ATLASepWZ16

leading
T

ATLASepWZ19U + p

 [GeV] leading
T

 p+W

210 310
th

eo
ry

/d
at

a

0.5

1

1.5

 [GeV] W
T

 p+W
210 310

 [f
b/

G
eV

] 
W T

/d
p

σ
 d

3−10

2−10

1−10

1

10

210

310

410
 = 8 TeV s+jets; + W→pp 

ATLAS Preliminary

ATLAS data (uncorrelated unc.)
Total unc.
ATLASepWZ16

W
T

ATLASepWZ19U + p

 [GeV] W
T

 p+W

210 310

th
eo

ry
/d

at
a

0.5

1

1.5

New fits

• Comparison of the data with the NLO + K factor predictions

• Not including the shifted systematics from the fit, see clear improvements at large PT  with the new fits
9M Sutton - The proton PDF including W+jet data at ATLAS

  The James Sterling Memorial PDF4LHC Workshop, IPPP September 2019



Fits including the W + Jets data

• Separate fits including the PT(W) and PT(leading jet) data

• PT(W) data shown here

• Suggests harder d bar, softer d valence, u quark 
distributions essentially unchanged

10M Sutton - The proton PDF including W+jet data at ATLAS

  The James Sterling Memorial PDF4LHC Workshop, IPPP September 2019
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Figure 3: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e) and
gluon (f), when fitting W + jets, inclusive W, Z and HERA data, compared to a similar fit without W + jets data.
Inner error bands indicate the experimental uncertainty, while outer error bands the total uncertainty, including
parameterisation and model uncertainties. The fit using W + jets pWT data is displayed with hashed uncertainty
bands, while the fit without is displayed using solid uncertainty bands.
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=
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ū + d̄

(5)

which uses the sum of ū and d̄ as reference for the strange-sea density.

The R
s

distribution plotted as a function of x evaluated at Q2 = 1.9 GeV2 is shown in Fig. 5. The e�ect of
the W + jets data is most significant in the kinematic region x > 0.02, where the uncertainty is significantly
reduced and the fit results in the R

s

distribution falling from near-unity at x ⇠ 0.01 to approximately 0.3
at x = 0.1.

At low x (x < 0.023), the fit with the W + jets data maintains an unsuppressed strange-quark density
compatible with the ATLASepWZ16 fit. Fitted values of r

s

and R
s

, evaluated at x = 0.023 and Q2 =

1.9 GeV2, are given in Tables 4 and 5, respectively.
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Figure 3: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e) and
gluon (f), when fitting W + jets, inclusive W, Z and HERA data, compared to a similar fit without W + jets data.
Inner error bands indicate the experimental uncertainty, while outer error bands the total uncertainty, including
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bands, while the fit without is displayed using solid uncertainty bands.
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Figure 3: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e) and
gluon (f), when fitting W + jets, inclusive W, Z and HERA data, compared to a similar fit without W + jets data.
Inner error bands indicate the experimental uncertainty, while outer error bands the total uncertainty, including
parameterisation and model uncertainties. The fit using W + jets pWT data is displayed with hashed uncertainty
bands, while the fit without is displayed using solid uncertainty bands.
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distribution, evaluated at Q2 = 1.9GeV2, determined from (a) fitting the W + jets data as a function
of pWT in comparison to pleading
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without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
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and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.
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Strange density
• Fit to epWZ uncombined data with larger error consistent with new epWZ  

fit with W PT 

• W+ jets fits with PT(W) and PT(leading jet) are themselves consistent

• Including the W + jet data reduces the strange density at higher-x

• Still consistent with enhanced strange at low-x 
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of pWT in comparison to pleading
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without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the pWT spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental
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of pWT in comparison to pleading
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• Consistent with earlier ATLAS fits

• Slightly higher than PDF from the global fitters 
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Figure 6: Summary plots of r
s

(a) and R
s

(b) evaluated at x = 0.023 and Q2 = 1.9GeV2, for the AT-
LASepWZWjet19 PDF set in comparison to global PDFs [2–5], and the ATLASepWZ16, ATLASepWZ19U
and ATLASepWZ19C sets. The experimental, model and parameterisation uncertainty bands are plotted separately
for the ATLASepWZWjet19 results. All uncertainty bands are at 68% confidence level. A similar plot at Q2 = M2

Z

is given in Appendix C.

Uncertainties

Fit x(d̄ � ū) Experimental Model Parameterisation

ATLASepWZ16 -0.026 0.007 +0.005
�0.003

+0.011
�0.001

ATLASepWZ19U -0.009 0.006 +0.055
�0.008

+0.046
�0.024

ATLASepWZ19U + pWT 0.029 0.006 +0.002
�0.003

+0.008
�0.004

ATLASepWZ19U + pleading
T 0.057 0.005 +0.004

�0.012
+0.010
�0.017

Table 6: Fitted x(d̄ � ū) values, evaluated at x = 0.1 and Q2 = 1.9 GeV2, for each of the investigated fits compared
to the ATLASepWZ16 and ATLASepWZ19U results.

The pWT spectrum gives the tightest constraints.
In Fig. 8 the extracted values of x(d̄ � ū) at x = 0.1 and Q2 = 1.9GeV2 are shown in comparison to the
results of the latest global PDF sets, all of which use E866 data. While the central value of the new PDF
set, ATLASepWZWjet19, is lower than that of global PDF analyses, it is consistent with these within a
larger uncertainty.
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Figure 6: Summary plots of r
s

(a) and R
s

(b) evaluated at x = 0.023 and Q2 = 1.9GeV2, for the AT-
LASepWZWjet19 PDF set in comparison to global PDFs [2–5], and the ATLASepWZ16, ATLASepWZ19U
and ATLASepWZ19C sets. The experimental, model and parameterisation uncertainty bands are plotted separately
for the ATLASepWZWjet19 results. All uncertainty bands are at 68% confidence level. A similar plot at Q2 = M2

Z

is given in Appendix C.

Uncertainties

Fit x(d̄ � ū) Experimental Model Parameterisation

ATLASepWZ16 -0.026 0.007 +0.005
�0.003

+0.011
�0.001

ATLASepWZ19U -0.009 0.006 +0.055
�0.008

+0.046
�0.024

ATLASepWZ19U + pWT 0.029 0.006 +0.002
�0.003

+0.008
�0.004

ATLASepWZ19U + pleading
T 0.057 0.005 +0.004

�0.012
+0.010
�0.017

Table 6: Fitted x(d̄ � ū) values, evaluated at x = 0.1 and Q2 = 1.9 GeV2, for each of the investigated fits compared
to the ATLASepWZ16 and ATLASepWZ19U results.

The pWT spectrum gives the tightest constraints.
In Fig. 8 the extracted values of x(d̄ � ū) at x = 0.1 and Q2 = 1.9GeV2 are shown in comparison to the
results of the latest global PDF sets, all of which use E866 data. While the central value of the new PDF
set, ATLASepWZWjet19, is lower than that of global PDF analyses, it is consistent with these within a
larger uncertainty.
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Figure 4: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e)
and gluon (f), when fitting W + jets, inclusive W, Z and HERA data. Experimental, model and parameterisation
uncertainties are plotted as three separate bands.
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New fit parton distributions

• Very small uncertainties 

• Softer strange, and dvalence at high-x harder 
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• ATLASepWZ16 fit showed a negative dbar - ubar 

• New fit with the W + jet data results in the new dbar - ubar to be positive - 
much more consistent with the fits from the global fitters

• Recall the still present enhancement of strange at low-x 
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Figure 7: The x(d̄ � ū) distribution, evaluated at Q2 = 1.9GeV2, determined from (a) fitting the W + jets data as a
function of pWT in comparison to pleading

T , (b) fitting the W + jets data as a function of pWT in comparison to the similar
fit without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the pWT spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental
and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.
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Figure 7: The x(d̄ � ū) distribution, evaluated at Q2 = 1.9GeV2, determined from (a) fitting the W + jets data as a
function of pWT in comparison to pleading

T , (b) fitting the W + jets data as a function of pWT in comparison to the similar
fit without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the pWT spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental
and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.
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Figure 7: The x(d̄ � ū) distribution, evaluated at Q2 = 1.9GeV2, determined from (a) fitting the W + jets data as a
function of pWT in comparison to pleading

T , (b) fitting the W + jets data as a function of pWT in comparison to the similar
fit without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the pWT spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental
and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.
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Light quark asymmetry
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Figure 14: Summary plots of r
s

(a) and R
s

(b) evaluated at x = 0.013, and x(d̄ � ū) evaluated at x = 0.1 (c),
all evaluated at Q2 = m2

Z

, for the ATLASepWZWjet19 PDF set in comparison to global PDFs [2–5], and the
ATLASepWZ16, ATLASepWZ19U and ATLASepWZ19C sets. The experimental, model and parameterisation
uncertainty bands are plotted separately for the ATLASepWZWjet19 results. All uncertainty bands are at 68%
confidence level.
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Figure 8: Summary plot of x(d̄ � ū) evaluated at x = 0.1 and Q2 = 1.9GeV2, for the ATLASepWZWjet19 PDF set
in comparison to global PDFs [2–5], and the ATLASepWZ16, ATLASepWZ19U and ATLASepWZ19C sets. The
experimental, model and parameterisation uncertainty bands are plotted separately for the ATLASepWZWjet19
results. All uncertainty bands are at 68% confidence level. A similar plot at Q2 = M2

Z

is given in Appendix C.

5 Conclusion

This note presented a QCD analysis using ATLAS data of W-boson production in association with at
least one jet. The W + jets data has been measured in pp-collisions at a centre-of-mass energy of 8 TeV
and corresponds to 20.2 fb�1of integrated luminosity. The data was fitted together with the data sets
used for the previous ATLASepWZ16 fit, i.e. the full combined inclusive data set from HERA and
the ATLAS inclusive W and Z production data recorded at a centre-of-mass energy of 7 TeV. For the
presented fit, all significant systematic correlations between data sets were considered. The resulting PDF
set is similar to the ATLASepWZ16 set for the valence, up-quark sea and gluon. The down and strange
sea-quark distributions are higher and lower, respectively, at the same range in x, with significantly smaller
experimental and parameterisation uncertainties. As a result, the r

s

distribution falls more steeply at high
x, and the x(d̄ � ū) di�erence is positive, in better agreement with the global PDF analyses which use
E866 Drell–Yan data. At low x . 0.023, the fit shows consistency with an unsuppressed strange PDF as
observed in the ATLASepWZ16 PDF set, while displaying a positive x(d̄ � ū) distribution at high x. The
resulting PDF set is called ATLASepWZWjet19.
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Light quark asymmetry

• Comparison with global fitters

• New fit consistent with previous ATLAS fits, but also more in line with the global fitters
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Technical information

• The grids for the APPLgrid prediction at NLO are available from ploughshare

• atlas-atlas-wjets-arxiv-1711.03296

• The K-factors, and the cross section data itself are available from hepdata  ….

• https://www.hepdata.net/record/ins1635273  :  tables 83-86

• The fit itself in LHAPDF format is available from the ATLAS analysis web page … 
• https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-016/LHAPDFgridsWjets.tar
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• ATLAS has an extensive, and growing portfolio of precision measurements, each with the potential to help constrain the parton distributions in the proton

• Discussed a new fit with the inclusive W and Z data, enhanced by the inclusion of W+ jets data

• New fit confirms enhancement of the strange contribution at low-x, also with a positive dbar - ubar distribution

• Given the increasing tendency for the global fits to prefer an enhanced strangeness at low-x when including the ATLAS inclusive W and Z data, it will be 
interesting to see what the result including this newer data 

Outlook
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• To look forward to … 

• … rich pickings to be had from the full luminosity Run 1 data, and with higher energy 13 TeV collision data

• Including more published data is possible - top etc

• New data samples are hoped to be available soon -  Z + jets, new inclusive Boson data at higher beam energies etc

• Further reductions in both the statistical and systematic uncertainties, better constraints on the gluon as well as these improvements on the valence and 
sea quarks

• Data from different beam energies - data from similar Q2 and similar ET have similar systematic uncertainties, but sample different momentum fraction x 
- can lead to improved sensitivity  

• For many measurements, theoretical uncertainties are often comparable to, or larger, than those from the data  

• New NNLO calculations are available for important physics processes - developments in the grid technology (APPLfast, APPLgrid and fastNLO) mean 
these data - and HERA jet data - should be usable in a rigorous NNLO fits in the very near future

• W+ jets, Z+jets, inclusive W, Z … 

• We have come a long way, but are only now beginning on our journey towards realising the full potential of the data.                                                                                                       
It promises to be a very interesting time ahead ... 


