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Overview
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Drell-Yan production: 
➡ theoretically described at NNLO QCD and NLO 

EW 

➡ very high-statistics process at LHC → reach of 
high experimental precision 

➡ measurement that can be used to extract all the 
relevant information on calculation inputs, to 
improve their precision 

➡ largest DY uncertainties (on calculations from 
FEWZ and DYNNLO) 

➡ ~1.1% from scale variations 

➡ ~2.5% from PDFs → the measurements can help 
particularly in constraining these
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  PreliminaryATLASTheory
Measurement

In this talk: 
➡ W,Z precision measurements @ 7 TeV 

➡ tt/Z ratios @ different √s



Precision measurement and 
interpretation of inclusive W+, W- and 
Z/γ* production cross sections with the 

ATLAS detector

√s=7 TeV, 4.6 fb-1 

http://inspirehep.net/record/1502620 

submitted to EPJC

http://inspirehep.net/record/1502620


Analysis overview
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➡ Looking at ~30M candidate W’s, and ~3M 
candidate Z’s (combining e and μ channels) 

➡ Fiducial selection: 
➡ W: pT>25 GeV, |ηℓ

|<2.5, pT>25 GeV, mT>40 GeV 

➡ Z: pT>20 GeV, one lepton with |ηℓ
|<2.5, and another 

one either in the same ηℓ
 range (CC-category), or in 

the forward region: 2.5<|ηℓ
|<4.9 (CF) 

➡ Background ~8% in the W case, and <1% (~3%) 
in Z CC (CF) 
➡ mostly estimated from Monte Carlo, apart from QCD 

multijet, using data-driven techniques
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Measurement strategy
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➡ W analysis: |η
ℓ
| → 10 bins, 

providing information on 
different initial states 

➡ Z analysis: in 3 mℓℓ slices [46-66], 
[66-116], [116-150] GeV → bins 
of yℓℓ: 0<|yℓℓ|<2.4, extended to 
1.6<|yℓℓ|<3.6 for CF channel
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Detector-level uncertainties
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➡ The main experimental uncertainties come from the reconstruction efficiencies of the leptons, the W 
signal modelling, and the data-driven QCD background estimate 

➡ Very thorough and complex work to achieve dramatic uncertainty reduction (up to 60% for lepton 
and missing energy, halved lumi unc), compared to previous W,Z cross section measurement with 7 
TeV data by ATLAS (https://inspirehep.net/record/928289) 
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Lepton universality (& inclusive 𝞂 measurement)
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Lepton universality from fiducial 
measurement in the e and μ channels 

➡ Achieve very high precision, improving 
previous on-shell W results from LEP, due 
to cancellations of correlated 
uncertainties 
➡ 1% precision on W, 0.5% precision on Z BR’s
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The combination of fiducial cross 
sections allows to reach high 
precision in the measurement
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Ratios even more powerful, since uncertainty made 
smaller by large correlations 

➡ W
+
/W

-
 well described 

➡ W/Z consistently overpredicted by different pdfs → 
could indicate  that strangeness is enhanced 

➡ compatible result in 13 TeV (Phys.Lett. B759 (2016) 601-621)
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Going differential
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➡ W differential cross section shapes well described by 
predictions, although some normalisation differences 

➡ Excellent description of W
+
-W

-
 lepton charge           

asymmetry vs |ηℓ| 

➡ Observed yℓℓ dependence differences between data and 
predictions for the Z, in the central rapidity measurements 
(underestimate of up to 5%) 

➡ No sensitivity to pdfs in forward region
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Data provide constraints on both 
central values and uncertainties, 
particularly shifting the strange 

fraction at higher values 
(enhancement visible in W/Z ratio)

C. Debenedetti - UCSC/SCIPP - EWK session LHCP2017 - 17.5.2017 - V inclusive and differential @ ATLAS /18

Profile pdfs to test agreement with data from this measurement 

➡ best match: ATLAS-epWZ12 (χ2/ndf=113/159)
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Aimed at obtaining a new pdf set: ATLAS-epWZ16 

➡ combine with ep H1 and ZEUS data, new data add info on flavour composition of 
quark sea, and low-x valence quark distribution
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Competitive 
measurement of |Vcs|, by 
floating it freely in the fit
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Measurements of top-quark pair 
to Z-boson cross-section ratios at 

√s=13,8,7 TeV with the ATLAS 
detector

JHEP 1702 (2017) 117

http://inspirehep.net/record/1502921


Analysis overview
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➡ Take advantage of precision achieved with some 
detector level systematic uncertainty cancellation to 
extract information on αS, mt, PDFs 
➡ particularly sensitive to g/q ratio
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Motivation 
• Measurement of the ratios of 𝜎𝑍𝑓𝑖𝑑 and 𝜎𝑡𝑡 𝑡𝑜𝑡 at different √s 

→𝑅𝑍𝑖/𝑍𝑗
𝑓𝑖𝑑 = 𝜎𝑍 𝑖𝑇𝑒𝑉

𝑓𝑖𝑑 /𝜎𝑍 𝑗𝑇𝑒𝑉
𝑓𝑖𝑑 , 𝑅𝑡𝑡 𝑖/𝑡𝑡 𝑗

𝑡𝑜𝑡 = 𝜎𝑡𝑡 𝑖𝑇𝑒𝑉𝑡𝑜𝑡 /𝜎𝑡𝑡 𝑗𝑇𝑒𝑉𝑡𝑜𝑡  

→𝑅𝑡𝑡 /𝑍
𝑡𝑜𝑡/𝑓𝑖𝑑(𝑖𝑇𝑒𝑉) = 𝜎𝑡𝑡 𝑖𝑇𝑒𝑉𝑡𝑜𝑡 /𝜎𝑍 𝑖𝑇𝑒𝑉

𝑓𝑖𝑑  

→𝑅𝑡𝑡 /𝑍
𝑡𝑜𝑡/𝑓𝑖𝑑(𝑖/𝑗) = [𝜎𝑡𝑡 𝑖𝑇𝑒𝑉𝑡𝑜𝑡 /𝜎𝑍 𝑖𝑇𝑒𝑉

𝑓𝑖𝑑 ]/[𝜎𝑡𝑡 𝑗𝑇𝑒𝑉𝑡𝑜𝑡 /𝜎𝑍 𝑗𝑇𝑒𝑉
𝑓𝑖𝑑 ] 

• Significant cancellation of some systematic uncertainties  
in the ratios 
→Luminosity, beam energy…  

• Ratios sensitive to PDFs, αS, mt … 
→Z-boson and ttbar production driven to large extent by different 

PDFs 
→Sensitivity to gluon-to-quark ratio 

04 April 2017 DIS 2017 - Markus Zinser 14 

Ratios of Z fiducial and tt total cross sections at different sqrt s

stolen from M. Zinser DIS talk

https://indico.cern.ch/event/568360/contributions/2448694/attachments/1438940/2214119/DIS.pdf


Measurements and predictions
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➡ Using previously measured cross sections, and measure for the paper σfid @ 13 TeV       

with 3.2 fb 

➡ fiducial selection: pT>25 GeV, |ηℓ|<2.5, 66<mℓℓ/GeV<116 

➡ Predictions used: 
➡ Z fiducial: DYNNLO(1.5) @ NNLO QCD, and FEWZ(3.1) @ NLO EW 

➡ tt total: Top++(2.0) @ NNLO+NNLL 

➡ uncertainties on the predicted ratios ranging between 0.2 and 2.5% 
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Cross section measurements 
dominated by systematic 

uncertainties (luminosity, beam 
energy, signal modelling)
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� �fid

Z � �tot

tt
Source /

p
s [TeV] 13 8 7 13 8 7

Luminosity A B C A B C

Beam energy A A A A A A

Muon (lepton) trigger A A

⇤
A A B B

Muon reconstruction/ID A B C A D D

Muon isolation A A A B C D

Muon momentum scale A A A A A A

Electron trigger A A A A — —

Electron reconstruction/ID A B C A D D

Electron isolation A A — B C D

Electron energy scale A A A A A A

Jet energy scale — — — A B B

b-tagging — — — A B B

Background A A A B B B

Signal modelling (incl. PDF) A A A B

⇤
B B

➡Same letter implies correlation 
between uncertainties in the same row 

Exploit uncertainty 
correlations in ratios, to 

reduce the effects



Ratio results
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➡ tt cross section ratios @ different √s show differences 
due to different g distributions as a function of x 

➡ tt/Z ratio at same com energy shows higher 
precision of measurements than theory, showing 
spread of results, due to different gluon densities 
and αS 

➡ Large deviations in tt double ratio at 8 and 7 TeV, 
not fully described by PDF effects
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Profile ATLAS-epWZ12 
➡ constrain light-quark sea 

distribution function at x<0.02 

➡ constrain gluon distribution 
function at x~0.1
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Best compatibility when profiling 
obtained with ATLAS-epWZ12 
(χ2=8.3/6), and HERAPDF2.0 

(χ2=10/6)
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➡ Very precise DY measurements were performed by ATLAS, providing not only a 
good test of the available higher order predictions, but also valuable information 
on the proton structure 

➡ enhanced strangeness is hinted by the data 

➡ constraints of light and gluon fractions are found thanks to tt/Z ratios 

➡ |Vcs | has been measured with a very competitive uncertainty 

➡ differential studies in W and Z rapidity have been compared to predictions 

➡ Results available for both in HEP data (W,Z and tt/Z) 
➡ if used,  need to treat correlations properly, for information, feel free to contact the ATLAS 

SM conveners (atlas-phys-sm-conveners@cern.ch) 

➡ Caveat: reaching this precision is a great challenge requiring a lot of work (and 
time) - stay tuned for even more precise and more differential DY measurement in 
the future!!
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Thank you for your attention!

https://www.hepdata.net/record/75536


Backup

 

http://inspirehep.net/record/1502921


Precision measurement and 
interpretation of inclusive W+, W- and 
Z/γ* production cross sections with the 

ATLAS detector

√s=7 TeV, 4.6 fb-1 

http://inspirehep.net/record/1502620 

submitted to EPJC

http://inspirehep.net/record/1502620


Reco-level analysis

21C. Debenedetti - UCSC/SCIPP - EWK session LHCP2017 - 17.5.2017 - V inclusive and differential @ ATLAS /18

 [GeV]Tm
40 50 60 70 80 90 100 110 120

Ev
en

ts
 / 

2 
G

eV

100

200

300

400

500

310×

 Data
 total (stat)

νe→ W
 Multijet

ντ→ W
ee→*γ Z/

ATLAS
-1 = 7 TeV, 4.6 fbs

ν+ e→ +W

 [GeV]Tm
40 50 60 70 80 90 100 110 120

Ev
en

ts
 / 

2 
G

eV
50

100

150

200

250

300

350

400
310×

 Data
 total (stat)

νe→ W
 Multijet

ντ→ W
ee→*γ Z/

ATLAS
-1 = 7 TeV, 4.6 fbs

ν- e→ -W

 [GeV]eem
70 80 90 100 110 120 130 140 150

Ev
en

ts
 / 

2 
G

eV

210

310

410

510

610
 Data
 total (stat)

ee→*γ Z/
 Multijet

νe→ W
ττ→*γ Z/

ATLAS
-1 = 7 TeV, 4.6 fbs

-e+ e→forward Z 

 [GeV]Tm
40 50 60 70 80 90 100 110 120

Ev
en

ts
 / 

2 
G

eV

50
100
150
200
250
300
350
400
450
500

310×

 Data
 total (stat)

νµ→ W
µµ→*γ Z/

 Multijet
ντ→ W

ATLAS
-1 = 7 TeV, 4.6 fbs

ν-µ → -W

 [GeV]µµm
60 80 100 120 140

Ev
en

ts
 / 

G
eV

1

10

210

310

410

510

610
 Data
 total (stat)

µµ→*γ Z/
ττ→*γ Z/

 + single topt t
 Dibosons
 Multijet

ATLAS
-1 = 7 TeV, 4.6 fbs

-µ+µ →Z 

N B C
W+ ! e+⌫ 7552884 515000± 48000 0.572± 0.004
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Cross sections: measurement vs theory
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Combining with χ2 fit
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Differential rapidity distributions
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Pdf profiling results
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Data set n.d.f. ABM12 CT14 MMHT14 NNPDF3.0 ATLAS-epWZ12

W+ ! `+⌫ 11 11|21 10|26 11|37 11|18 12|15
W� ! `�⌫̄ 11 12|20 8.9|27 8.1|31 12|19 7.8|17
Z/�⇤ ! `` (m`` = 46 � 66 GeV) 6 17|21 11|30 18|24 21|22 28|36
Z/�⇤ ! `` (m`` = 66 � 116 GeV) 12 24|51 16|66 20|116 14|109 18|26
Forward Z/�⇤ ! `` (m`` = 66 � 116 GeV) 9 7.3|9.3 10|12 12|13 14|18 6.8|7.5
Z/�⇤ ! `` (m`` = 116 � 150 GeV) 6 6.1|6.6 6.3|6.1 5.9|6.6 6.1|8.8 6.7|6.6
Forward Z/�⇤ ! `` (m`` = 116 � 150 GeV) 6 4.2|3.9 5.1|4.3 5.6|4.6 5.1|5.0 3.6|3.5
Correlated �2 57|90 39|123 43|167 69|157 31|48
Total �2 61 136|222 103|290 118|396 147|351 113|159
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Evaluating strange fraction
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ATLAS-epWZ16 (i)
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ATLAS-epWZ16 (ii)
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Figure 3: The ratios Rtot/fid
tt̄/Z (i TeV), for i = 13, 8, 7 compared to predictions based on di↵erent 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 uncer-
tainty. 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.

uncertainty (but agree well when including the respective prediction uncertainties), and by 2.6� from
the ABM12 PDF. A similar but less significant pattern is observed for the 13 TeV data. The 7 TeV data
are most consistent with the MMHT14 PDF set. The data are between the predictions of the PDF4LHC
PDFs and the HERA-based PDFs HERAPDF2.0 and ATLAS-epWZ12, deviating most from the ABM12
prediction. The di↵erence between data and predictions for the 7 and 8 TeV results is consistent with the
results published by ATLAS for the ratio of tt̄ cross sections at these two energies [1], as is discussed in
Section 5.4.2.

5.4.2 Single ratios at di↵erent

p
s

The ratios of the fiducial Z-boson cross sections at various
p

s values are compared in Figure 4 to pre-
dictions employing di↵erent PDF sets. The uncertainty in these ratios is dominated by the luminosity
uncertainty. Even though the total luminosity uncertainties are of comparable magnitude at 7, 8 and
13 TeV, they are mostly uncorrelated and therefore do not cancel in the cross-section ratios.

The measurements are consistent with the predictions for all PDF sets. Most of these predictions agree
with the data within the experimental uncertainties, even omitting the luminosity uncertainty. This obser-
vation may indicate that the luminosity-determination uncertainty in the measured ratio is conservative.
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Figure 3: The ratios Rtot/fid
tt̄/Z (i TeV), for i = 13, 8, 7 compared to predictions based on di↵erent 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 uncer-
tainty. 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.

uncertainty (but agree well when including the respective prediction uncertainties), and by 2.6� from
the ABM12 PDF. A similar but less significant pattern is observed for the 13 TeV data. The 7 TeV data
are most consistent with the MMHT14 PDF set. The data are between the predictions of the PDF4LHC
PDFs and the HERA-based PDFs HERAPDF2.0 and ATLAS-epWZ12, deviating most from the ABM12
prediction. The di↵erence between data and predictions for the 7 and 8 TeV results is consistent with the
results published by ATLAS for the ratio of tt̄ cross sections at these two energies [1], as is discussed in
Section 5.4.2.

5.4.2 Single ratios at di↵erent

p
s

The ratios of the fiducial Z-boson cross sections at various
p

s values are compared in Figure 4 to pre-
dictions employing di↵erent PDF sets. The uncertainty in these ratios is dominated by the luminosity
uncertainty. Even though the total luminosity uncertainties are of comparable magnitude at 7, 8 and
13 TeV, they are mostly uncorrelated and therefore do not cancel in the cross-section ratios.

The measurements are consistent with the predictions for all PDF sets. Most of these predictions agree
with the data within the experimental uncertainties, even omitting the luminosity uncertainty. This obser-
vation may indicate that the luminosity-determination uncertainty in the measured ratio is conservative.
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Figure 4: The ratios Rfid
Zi/Z j

, for i, j = 13, 8, 7 compared to predictions based on di↵erent PDF sets. The inner shaded
band (barely visible since it is small) 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 theory predictions are given with the corresponding PDF uncertainties
shown as inner bars while the outer bars include all other uncertainties added in quadrature.

The smallness of the PDF uncertainties for di↵erent predictions and the overall small spread among them
suggest that the measured Z-boson data could be used to cross-normalise the measurements at the di↵er-
ent centre-of-mass energies, thereby avoiding the penalty associated with the combination of uncorrelated
luminosity uncertainties. This aspect is explored in Section 5.4.3 by taking double ratios of tt̄ to Z-boson
cross sections, but this approach can be used for other processes as well.

The measured tt̄ ratios for di↵erent pairs of
p

s are compared to the predictions in Figure 5. These
predictions follow a similar pattern for all ratios: the three predictions from PDF4LHC PDFs are the
smallest, closely followed by ATLAS-epWZ12 and HERAPDF2.0, and the ABM12 prediction is the
largest. This pattern could be explained by the PDFs having di↵erent gluon distributions as a function
of x. At low x, all PDF sets have similar gluon content since the gluon PDF is primarily determined
from a common source: scaling violations of the F2 structure function measured at HERA. At high x, the
ABM12 and HERA-based sets have a lower gluon density than other PDF sets. Thus, as the

p
s increases,

resulting in a decrease of the average value of x, the ABM12 and HERA-based sets exhibit a stronger
p

s
dependence than the PDF4LHC PDFs. Given the relative size of the experimental uncertainties and the
spread of the theoretical predictions in these ratios, these measurements do not test the consistency of the
luminosity calibrations at di↵erent centre-of-mass energies to the same precision as the Z-boson cross-
section ratios.

The ratio of 13 TeV to 8 TeV cross sections agrees with all predictions within experimental uncertainties.
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Figure 5: The ratios Rtot
tt̄i/tt̄ j

, for i, j = 13, 8, 7 compared to predictions based on di↵erent PDF sets. The inner shaded
band corresponds to the statistical uncertainty, the middle band to the statistical and experimental systematic uncer-
tainties added in quadrature, while the outer band shows the total uncertainty, including the luminosity uncertainty.
For the 8-to-7 TeV ratio, the experimental systematic uncertainty band is too small to be clearly visible. 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.

The central value is closest to the HERAPDF2.0 prediction. For the ratios involving 7 TeV data, the
measured ratios have central values lower than predicted by all the PDFs. This is especially so for the
8 TeV to 7 TeV ratio, which deviates from all predictions by approximately two standard deviations. The
deviation was observed previously by ATLAS [1] and the results of this analysis are consistent with those
published values.

5.4.3 Double ratios

The double ratios of total tt̄ to fiducial Z-boson cross sections at di↵erent
p

s are compared to predictions
in Figure 6. The total uncertainties are smaller than those in the tt̄ cross-section ratios at di↵erent

p
s due

to the almost complete cancellation of the luminosity uncertainty, which more than compensates for the
uncertainties that the Z-boson cross sections bring to these double ratios.

For the double ratios, the trends seen in comparisons between the data and the predictions are similar
to those observed for the single ratios of the tt̄ cross sections at di↵erent

p
s values. The double ratio

of 13 TeV to 8 TeV results is consistent with all predictions at the 1� level. The tension between the
measured 8 TeV to 7 TeV ratio and the predictions is increased, due to the reduced uncertainty in the
measurement that this double ratio brings. This behaviour is di�cult to ascribe to the x-dependence of
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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 di↵erent 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 uncer-
tainty. 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.

the gluon distribution since the change in the average x is much larger for 13 TeV to 8 TeV than for 8 TeV
to 7 TeV measurements. The deviation from the ABM12 PDFs is at the 4� level while for all other PDFs
they are at the 3� level. The prediction closest to the observed ratio is obtained from the ATLAS-epWZ12
PDF set, which predicts a stronger variation of the fiducial Z-boson cross section as a function of

p
s.

5.4.4 Correlated cross-section measurements

As an alternative to taking ratios, the measured cross sections may be compared directly to theory,
provided that the full correlation information amongst the experimental results is evaluated. The elec-
tron and muon channel �fid

Z are combined, accounting for the correlated systematic uncertainties, which
as a result cause small shifts in all of the combined cross-sections values. The combination’s �2 per de-
gree of freedom is �2/NDF = 0.6 for NDF = 3, indicating excellent compatibility of the Z ! e+e� and
Z ! µ+µ� measured cross sections. The resulting Z-boson fiducial and tt̄ total cross sections after com-
bination are given in Table 10 with the correlation coe�cients presented in Table 11. The correlations are
large for the measurements at a given

p
s, due to the common luminosity uncertainty. The corresponding

table omitting both the luminosity and beam-energy uncertainties is given in Appendix C. As expected
from the ratio analysis, there is also a sizeable correlation between the tt̄ results at 7 and 8 TeV. It is veri-
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p
s [TeV] Value ± stat ± syst ± beam ± lumi [pb]

�fid
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%)

�tot
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
p

s = 13, 8, 7 TeV. The uncertainties are listed
as statistical, systematic, beam-energy, and luminosity.

Z 13 TeV tt̄ 13 TeV Z 8 TeV tt̄ 8 TeV Z 7 TeV tt̄ 7 TeV
Z 13 TeV 1.00 0.61 0.10 0.16 0.10 0.15
tt̄ 13 TeV - 1.00 0.11 0.32 0.11 0.31
Z 8 TeV - - 1.00 0.68 0.10 0.14
tt̄ 8 TeV - - - 1.00 0.15 0.54
Z 7 TeV - - - - 1.00 0.62
tt̄ 7 TeV - - - - - 1.00

Table 11: The correlation coe�cients amongst the combined Z-boson fiducial and tt̄ total cross-section measure-
ments at

p
s = 13, 8, 7 TeV.

fied that the uncertainties in the ratios are consistent with those of the direct evaluation of the combined
cross section.

Figure 7 shows the results of this combination as two-dimensional 68% CL contours of �fid
Z vs. �tot

tt̄ at
the three

p
s values, overlayed with the theoretical cross-section predictions calculated from the error

sets associated with each specific PDF. The correlations of the measured cross sections are opposite in
sign to those of the predicted cross sections (with exception of ABM12 set, which has a small positive
correlation), providing discriminating input to the determination of the PDFs.

5.5 Quantitative comparison with predictions

The measured cross sections along with the complete correlation information are compared in a quantit-
ative way to the predictions based on di↵erent PDF sets. The comparison is performed using the xFitter
package [77], which allows PDF and other theoretical uncertainties to be included via asymmetric error
propagation. The comparison is performed for the total tt̄ and fiducial Z-boson cross sections, including
their correlations, as reported in Section 5.4.4. The resulting �2 values corresponding to the di↵erent
PDFs are given in Table 12. All comparisons give an acceptable �2 value except for the ABM12 PDF set,
which is disfavoured by the data. The covariance matrix is decomposed so as to extract the uncorrelated
component of the uncertainties. Figure 8 visually compares the measurements, with both the total and
the uncorrelated components of the uncertainties, to the predictions. From Figure 8 and Table 12, it can
be observed that the HERAPDF2.0 and ATLAS-epWZ12 sets have good compatibility with the ATLAS
data and agreement is improved when the measurement of the tt̄ cross section at 7 TeV is excluded.
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Figure 7: Two-dimensional 68% CL contours of �fid
Z vs. �tot

tt̄ at 13 TeV (top, left), 8 TeV (top, right), and 7 TeV
(bottom). The solid red circle shows the result of the combination, the yellow ellipse represents the statistical
uncertainty, the blue ellipse adds the experimental uncertainty, while the green ellipse is the total uncertainty. The
results are overlayed with the theoretical cross-section predictions calculated from the error sets associated with
each specific PDF, also plotted at 68% CL. The ellipses correspond to the PDF uncertainties, the asymmetric error
bars inside the ellipses represent the scale uncertainties, and the coloured markers are the central values.

The impact of the ATLAS data on the PDF uncertainties can be quantified by using the PDF profiling
method [78, 79]. It is preferable to quantify the impact of the ATLAS data by using PDFs that do not
include the cross-section data used in this analysis. Both the HERAPDF2.0 and ATLAS-epWZ12 sets sat-
isfy these conditions. Given that the ATLAS-epWZ12 set provides smaller uncertainties for the predicted
cross sections compared to HERAPDF2.0, it is chosen for this purpose. The profiling of the ATLAS-
epWZ12 PDF set is performed only with the components related to the uncertainties of the HERA [75]
and 2010 ATLAS [8] W, Z-boson data, to mimic the inclusion of the new ATLAS data in the PDF fit.
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Figure 7: Two-dimensional 68% CL contours of �fid
Z vs. �tot

tt̄ at 13 TeV (top, left), 8 TeV (top, right), and 7 TeV
(bottom). The solid red circle shows the result of the combination, the yellow ellipse represents the statistical
uncertainty, the blue ellipse adds the experimental uncertainty, while the green ellipse is the total uncertainty. The
results are overlayed with the theoretical cross-section predictions calculated from the error sets associated with
each specific PDF, also plotted at 68% CL. The ellipses correspond to the PDF uncertainties, the asymmetric error
bars inside the ellipses represent the scale uncertainties, and the coloured markers are the central values.

The impact of the ATLAS data on the PDF uncertainties can be quantified by using the PDF profiling
method [78, 79]. It is preferable to quantify the impact of the ATLAS data by using PDFs that do not
include the cross-section data used in this analysis. Both the HERAPDF2.0 and ATLAS-epWZ12 sets sat-
isfy these conditions. Given that the ATLAS-epWZ12 set provides smaller uncertainties for the predicted
cross sections compared to HERAPDF2.0, it is chosen for this purpose. The profiling of the ATLAS-
epWZ12 PDF set is performed only with the components related to the uncertainties of the HERA [75]
and 2010 ATLAS [8] W, Z-boson data, to mimic the inclusion of the new ATLAS data in the PDF fit.
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ATLAS-epWZ12 CT14 MMHT14 NNPDF3.0 HERAPDF2.0 ABM12
�2/NDF 8.3 / 6 15 / 6 13 / 6 17 / 6 10 / 6 25 / 6

p-value 0.22 0.02 0.05 0.01 0.11 < 0.001

Table 12: �2 values for the comparisons of the ATLAS data to the predictions based on ATLAS-epWZ12, CT14,
MMHT14, NNPDF3.0, HERAPDF2.0 and ABM12 PDF sets along with the probability of finding the observed
value or larger.

The e↵ect of additional uncertainties arising from model and PDF-parameterisation variations estimated
in the ATLAS-epWZ12 PDF fit are not further investigated.

Figure 9 shows the light-quark sea ⌃ = ū + d̄ + s̄ and gluon g distributions before and after the profiling,
including their uncertainties, at the scales Q2 ⇡ m2

Z and Q2 ⇡ m2
t , respectively. The upper plots show

the profiled distributions divided by the central value of the ATLAS-epWZ12 PDF set and demonstrate
that the central values of the profiled distributions agree very well with the original set. The lower plots
show that the ATLAS tt̄ and Z-boson cross-section data impose visible constraints on the light-quark sea
distribution at x < 0.02 and on the gluon distribution at x ⇠ 0.1. These data constrain the least-well-
understood component of the light-quark sea distribution, namely the strange-quark distribution while the
other quark PDFs are not significantly constrained [9]. The lower plots also show the impact of the tt̄ data
only, which contribute significantly to the constraint on the gluon distribution, while the Z-boson data
help to constrain both the light-quark-sea and gluon distributions.
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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, x⌃, 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, �, 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.
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