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Measurements of the Drell–Yan production of W and Z/γ∗ bosons at the LHC provide a bench-
mark of our understanding of perturbative QCD and probe the proton structure in a unique way.
The ATLAS collaboration has performed new high precision measurements at centre-of-mass en-
ergies of 7 TeV. The measurements are performed for W+, W− and Z/γ∗ bosons integrated and
differentially as a function of the boson or lepton rapidity and the Z/γ∗ mass. Unprecedented pre-
cision is reached and strong constraints on parton distribution functions, in particular the strange
quark density, are derived.
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Measurement of the differential W and Z boson production cross sections

1. Introduction

Measurements of the Drell–Yan production of vector bosons which subsequently decay lep-
tonically are amongst the most precise measurements at hadron collider experiments due to the
large event rates and relatively clean experimental signatures. Recent measurements of inclusive
and differential W±→ `±

(–)
ν and Z/γ∗→ `+`− production cross sections have been performed on

a dataset of 4.7 fb−1 of proton–proton collisions at a centre-of-mass energy of 7 TeV [1] recorded
by the ATLAS detector [2] in the year 2011. These measurements significantly improve on previ-
ous results based on a dataset recorded in the year 2010 [3] at the same centre-of-mass energy by
reducing uncertainties and increasing the granularity of differential measurements.

At the same time the Drell–Yan process is theoretically known extremely well. Calculations
are available at next-to-next-to leading order in αS and next-to-leading order in αEW. Precise
measurements of the W and Z production cross sections can be used to infer on the uncertain input
to the theoretical calculations. For Drell–Yan production, theoretical uncertainties due to missing
higher order corrections are roughly±1.1% while uncertainties on the parton distribution functions
of the proton (PDFs) can be as large as±2.5% with a spread between different PDF sets even larger
than this. In the following, the measurements are described and used to derive constraints on the
proton PDFs, to test lepton universality in W±→ `±

(–)
ν and Z/γ∗→ `+`− decays and to provide a

direct measurement of the coupling of charm and strange quarks |Vcs|.
The production of W and Z bosons probe the proton structure at a momentum transfer just

below Q2 = 104 GeV2. Differential cross-section measurements as a function of the lepton rapidity
in W±→ `±

(–)
ν decays and the Z/γ∗ rapidity can provide information on the parametrisation of PDFs

as a function of the momentum fraction x. Moreover, measurements in bins of the Z/γ∗ mass probe
slightly different values of Q2 and complement earlier measurements at lower [4] and higher [5]
Z/γ∗ mass.

2. Cross-Section Measurements

The W±→ `±
(–)
ν candidate events are selected by requiring exactly one electron or one muon

reconstructed with a transverse momentum exceeding 25 GeV and a pseudorapidity less than 2.47
and 2.4 for electrons and muons, respectively. For electrons the transition region between barrel and
endcap calorimeters at 1.37 < |η |< 1.52 is excluded from the measurement. A missing transverse
momentum of 25 GeV induced by the neutrino is required. The reconstructed transverse mass
of the lepton-neutrino system must be larger than 40 GeV. This selection yields approximately
13 million W±→ e±ν and 15 million W±→ µ±ν candidate events where background processes
are estimated to constitute 7.7% and 8.3% of the selected events.

Events from Z/γ∗→ `+`− production are reconstructed by requiring exactly two electrons or
two muons. The same pseudorapidity ranges as above are required for muons. For electrons the
above requirements are only made for one of the electrons while the other electron can either fall
into the above region or into 2.5 < |η | < 4.9, excluding 3.16 < |η | < 3.35. Events selected with
one electron in the central and one in the forward region are further referred to as central-forward
events and events with two central muons or electrons are further referred to as central-central
events. A minimum transverse momentum of 20 GeV is required for both leptons. The electric
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charge of the leptons is required to be opposite, except for central-forward events where no charge
reconstruction is possible for the forward electron. The reconstructed invariant mass of the dilepton
system is required to lie within 46 GeV and 150 GeV for central-central or within 66 GeV and
150 GeV for central-forward events. The selection described yields 1.3 million Z/γ∗→ e+e− and
1.6 million Z/γ∗→ µ+µ− candidate events.

Integrated fiducial cross sections are measured for the W+, W− and Z/γ∗ fiducial regions
separately for final states with electrons and muons where all measurements are extrapolated to a
common lepton acceptance of |η |< 2.5. These cross sections have an uncertainty on the determi-
nation of the integrated luminosity of±1.8% [6] which constitutes the largest source of uncertainty
for each of the measurements. Other experimental systematic uncertainties are roughly ±1% for
each of the separate measurements of the fiducial W± → `±

(–)
ν cross section and below 0.5% for

the Z/γ∗→ e+e− and Z/γ∗→ µ+µ− cross sections. The experimental uncertainties of the fiducial

W±→ `±
(–)
ν cross sections are driven by uncertainties on the estimation of background contributions

from multijet and Z/γ∗→ µ+µ− production whereas uncertainties on the lepton reconstruction and
identification, and the missing transverse momentum are only a subdominant source. The uncer-
tainty on the Z/γ∗→ `+`− cross section is mostly due to uncertainties in the lepton reconstruction
and identification.
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Figure 1: Measurement of the relative leptonic branching fractions for on-shell W and Z/γ∗ bosons. The
relative leptonic branching fractions are calculated by forming ratios of fiducial cross sections and compared
to the branching fractions predicted in the Standard Model, as well as to measurements performed at LEP [1].

Ratios of the measured cross sections in electron and muon final states are formed to measure
the relative leptonic W and Z/γ∗ leptonic branching fractions, RW and RZ . These ratios are shown
in Figure 1 and serve as a test of lepton universality. They are measured with a precision of±1% for
W±→ `±

(–)
ν and ±0.5% for Z/γ∗→ `+`− decays. Both quantities are found in agreement with the

expectation in the Standard Model of RW = RZ = 1. The measurement of the relative W±→ `±
(–)
ν

branching fraction is the most precise result for on-shell W bosons. The measurement improves on
previous results from the LEP experiments [7], reducing the uncertainty by 50%.

Assuming lepton universality the measurements from final states with electrons and muons
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can be combined. The systematic uncertainties in the lepton reconstruction and the background
estimation are mostly uncorrelated between the individual measurements, resulting in even lower
uncertainties on the leptonic cross sections, reaching 0.5% for W+→ `+ν , 0.6% for W−→ `−ν̄

and 0.3% for Z/γ∗→ `+`− with a common additional uncertainty of ±1.8% from the luminosity
determination.

Differential measurements are performed with the aim of constraining PDFs. The measure-
ment of differential W±→ `±

(–)
ν cross sections is using ten bins in the lepton pseudorapidity. The

bin boundaries are chosen to optimally capture the cross-section shape while assuring control of
local detector effects. Measurements of differential Z/γ∗→ `+`− cross sections are performed in
Z/γ∗ mass bins of 46 < m`` < 66 GeV (not for central-forward events), 66 < m`` < 106 GeV and
106 < m`` < 150 GeV. Each of these measurements is separated into twelve bins (central-central
events) or nine bins (central-forward events) of the Z/γ∗ rapidity. The measurements cover a range
up to 3.6, where for values larger than 2.4 only central-forward events can be used. The use of for-
ward electrons therefore significantly extends the reach of the measurement to higher values of the
Z/γ∗ rapidity. Differential measurements from final states with electrons and muons are combined
using a χ2 minimisation. Results from final states with electrons and muons nicely complement
each other as their precision varies with pseudorapidity. Excellent agreement between electron and
muon final states is found with χ2/n.d.f. = 47.2/44.

3. Comparison with Theory
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Figure 2: Fiducial W+→ `+ν and W−→ `−ν̄ (left), and W → `ν and Z/γ∗→ `+`− cross sections (right).
The measured values are compared to theoretical calculations from various PDF sets [1].

Theoretical predictions for the W±→ `±
(–)
ν and Z/γ∗→ `+`− cross sections are calculated at

next-to-next-to-leading order using DYNNLO [8, 9] and FEWZ [10–12]. Integrated fiducial cross
sections obtained using different PDF sets are compared to their measured values in Figure 2. Both
the W+→ `+ν and the W−→ `−ν̄ cross sections are generally well described by the theoretical
calculations, although the predictions from MMHT2014 [13], CT14 [14] and NNPDF [15] are
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lower than the measured values. The differences, however, do not exceed the uncertainty in the
luminosity determination. The fiducial Z/γ∗→ `+`− cross section on the other hand is generally
higher than the theoretical calculations. It can therefore provide valuable information for PDFs
without the need of differential measurements. A strong correlation between the W+→ `+ν and
the W− → `−ν̄ cross sections, and the W± → `±

(–)
ν and Z/γ∗ → `+`− cross sections is seen for

both the theoretical and the measured values. The high measured Z/γ∗ → `+`− cross section

also results in a measurement of the ratio of W± → `±
(–)
ν and Z/γ∗ → `+`− cross section which

is significantly lower than the theoretical calculation since large parts of the experimental and
theoretical uncertainties cancel.

|
l

η|
0 0.5 1 1.5 2 2.5

| [
pb

]
lη

/d
|

σd

450

500

550

600

650

Uncorr. uncertainty
Total uncertainty

 1.8%)±luminosity excluded (

Data

ABM12

CT14

HERAPDF2.0

JR14

MMHT2014

NNPDF3.0

-1 = 7 TeV, 4.6 fbs

ν + l→ +W
 > 25 GeV

T,l
p

 > 25 GeV
νT,

p

 > 40 GeVTm

ATLAS

|
l

η|
0 0.5 1 1.5 2 2.5

T
he

or
y/

D
at

a

0.95
1

1.05
|
l

η|
0 0.5 1 1.5 2 2.5

| [
pb

]
lη

/d
|

σd

300

320

340

360

380

400

420

440

460

480

Uncorr. uncertainty
Total uncertainty

 1.8%)±luminosity excluded (

Data

ABM12

CT14

HERAPDF2.0

JR14

MMHT2014

NNPDF3.0

-1 = 7 TeV, 4.6 fbs
ν 

-
 l→ 

-
W

 > 25 GeV
T,l

p

 > 25 GeV
νT,

p

 > 40 GeVTm

ATLAS

|
l

η|
0 0.5 1 1.5 2 2.5

T
he

or
y/

D
at

a

0.95
1

1.05
|
l

η|
0 0.5 1 1.5 2 2.5

l
A

0.14

0.16

0.18

0.2

0.22

0.24

0.26

0.28

0.3

Uncorr. uncertainty

Total uncertainty

Data

ABM12

CT14

HERAPDF2.0

JR14

MMHT2014

NNPDF3.0

-1 = 7 TeV, 4.6 fbs

-
 - W+W

Lepton Asymmetry
 > 25 GeV

T,l
p

 > 25 GeV
νT,

p

 > 40 GeVTm

ATLAS

|
l

η|
0 0.5 1 1.5 2 2.5

T
he

or
y/

D
at

a

0.95
1

1.05

Figure 3: Differential measurements of the W+ → `+ν (left) and W− → `−ν̄ cross sections (middle), as
well as the W+-W− lepton asymmetry A` (right). The measurements are compared to theoretical calculations
from various PDF sets [1].
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Figure 4: Differential measurements of the Z/γ∗→ `+`− cross sections for central-central (left) and central-
forward (right) events. The measurements are compared to theoretical calculations from various PDF sets.
The results are shown for a Z/γ∗ mass of 66 < m`` < 106 GeV [1].

A comparison of differential measurements of the W+→ `+ν and W−→ `−ν̄ cross sections,
as well as the W+-W− lepton charge asymmetry A` =

σW+−σW−
σW++σW−

with theoretical predictions is
shown in Figure 3. The shapes of the cross section measurements are generally well described by
the theoretical calculations. A particularly good description is seen for the W+-W− lepton charge
asymmetry, especially when using the NNPDF3.0 PDF set which is using a similar measurement
from CMS as input.
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A comparison of differential measurements of the Z/γ∗ → `+`− cross sections for central-
central and central-forward events with theoretical predictions is shown in Figure 4. The high
measured value of the cross section is particularly distinct at central Z/γ∗ boson rapidities and
much reduced at high Z/γ∗ boson rapidity. The measurement using central-forward events is not
sensitive to differences between different PDFs.

A quantitative assessment of the agreement of the measurements with the ABM12 [16], CT14,
MMHT14 and NNPDF3.0 PDF sets is achieved using a χ2 minimisation including the measured
and theoretical differential cross sections. The resulting χ2 values are a measure of the com-
patibility of data with the respective PDF set. Amongst the PDFs tested, the best agreement
is found with CT14 (χ2/n.d.f. = 103/61) while the worst agreement is seen with NNPDF3.0
(χ2/n.d.f.= 147/61). The χ2 minimisation includes the PDF uncertainties as nuisance parameters.
Their evaluation at minimum χ2 is interpreted as the sensitivity of the PDFs to the measurements
in data. The study shows that the measurements can significantly reduce the PDF uncertainties,
in particular the uncertainty on the strange quark PDF. Moreover, the strange sea quark fraction is
shifted to higher values. The relative strange sea fraction RS = s+s̄

ū+d̄ is shown for MMHT14 and
CT14 in Figure 5 before and after the χ2 minimisation.
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Figure 5: Relative strange quark sea fraction RS for the MMHT14 and CT14 PDF sets as a function of
the momentum transfer x. The distributions are shown before (left) and after (right) the χ2 minimisation
of measured and theoretical differential cross sections which includes the PDF uncertainties as nuisance
parameters [1].

The differential measurements are combined with ep data from H1 and ZEUS [18] to obtain
a PDF set, using the xFitter framework [17]. The ATLAS measurement adds information on the
composition of the quark sea and the valence quark distributions at lower values of x. The resulting
PDF set has a relative strange-to-light sea fraction of RS = 1.13+0.05

−0.08 at Q2
0 = 1.9 GeV 2 and x =

0.023, suggesting that the strange sea density is unsuppressed. This is in contradiction with other
PDF parametrisations but in agreement with earlier results from ATLAS data [3]. Leaving the
coupling of charm and strange quarks free floating in the fit provides a direct measurement of the
corresponding CKM parameter |Vcs|, compatible with the global CKM fit and competitive with
measurements from charmed meson decays.
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4. Conclusions

The integrated and differential W± → `±
(–)
ν and Z/γ∗ → `+`− cross sections are measured

in a fiducial phase space. The measurement is performed in pp collisions at
√

s = 7 TeV and
significantly improves over previous measurements.

Ratios of the integrated fiducial cross sections from final states with electrons and muons serve
as a test of lepton universality. The combined cross sections from final states with electrons and
muons allow to discriminate between theoretical predictions obtained with various different PDF
sets. A quantitative comparison of the measurement with theoretical calculations is performed
and the sensitivity of the measurement to the proton structure is assessed by profiling the PDF
uncertainties.

Finally, the data is combined with ep data from H1 and ZEUS and a new PDF set is obtained.
The ATLAS data adds information on the flavour composition of the quark-sea and the valence-
quark distributions at lower x. It is found that the strange quark sea is unsuppressed. The fit also
allows for an independent direct measurement of the |Vcs| CKM matrix element, competitive with
other measurements from charm meson decays.
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