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Measurement of the inclusiveW� and Z=�� cross sections in the e
and � decay channels in pp collisions at

ffiffiffi
s

p ¼ 7 TeV
with the ATLAS detector

G. Aad et al.*

(ATLAS Collaboration)
(Received 26 September 2011; published 23 April 2012)

The production cross sections of the inclusive Drell-Yan processes W�!‘� and Z=�� ! ‘‘ (‘ ¼ e,

�) are measured in proton-proton collisions at
ffiffiffi
s

p ¼ 7 TeV with the ATLAS detector. The cross

sections are reported integrated over a fiducial kinematic range, extrapolated to the full range, and

also evaluated differentially as a function of the W decay lepton pseudorapidity and the Z boson

rapidity, respectively. Based on an integrated luminosity of about 35 pb�1 collected in 2010, the precision

of these measurements reaches a few percent. The integrated and the differential W� and Z=��

cross sections in the e and � channels are combined, and compared with perturbative QCD

calculations, based on a number of different parton distribution sets available at next-to-next-to-leading

order.

DOI: 10.1103/PhysRevD.85.072004 PACS numbers: 12.38.Qk, 13.38.Be, 13.38.Dg, 13.85.Qk

I. INTRODUCTION

The inclusive Drell-Yan [1] production cross sections of
W and Z bosons have been an important testing ground for
QCD. Theoretical calculations of this process extend to
next-to-leading order (NLO) [2–4] and next-to-next-to-
leading order (NNLO) [5–9] perturbation theory. Crucial
ingredients of the resulting QCD cross section calculations
are the parametrizations of the momentum distribution
functions of partons in the proton (PDFs). These have
been determined recently in a variety of phenomenological
analyses to NLO QCD by the CTEQ [10,11] group and to
NNLO by the MSTW [12], ABKM [13,14], HERAPDF
[15,16], JR [17], and NNPDF [18,19] groups.

The present measurement determines the cross sections
times leptonic branching ratios, �W� � BRðW ! ‘�Þ and
�Z=�� � BRðZ=�� ! ‘‘Þ, of inclusive W and Z production

for electron and muon final states, where ‘ ¼ e, �.
Compared to the initial measurement by the ATLAS
Collaboration [20], the data set is enlarged by 100 and
the luminosity uncertainty significantly reduced [21] from
11% to 3.4%. The CMS Collaboration has updated their
initial measurement of totalW and Z cross sections [22] to
include data corresponding to an integrated luminosity
similar to that used here [23]. Similar measurements
have been performed at the p �p collider Tevatron by the
CDF and D0 collaborations [24,25].

The presented cross section values are integrated over
the fiducial region of the analysis and also extrapolated to

the full kinematic range. The data are also reported differ-
entially, as functions of the lepton pseudorapidity,3 �l, for
theW� cross sections, and of the boson rapidity, yZ, for the
Z=�� cross section. For the ‘‘Z=��’’ case, which will
subsequently often be denoted simply as ‘‘Z,’’ all values
refer to the dilepton mass window from 66 to 116 GeV. The
Z cross section measurement in the electron channel is
significantly extended by the inclusion of the forward
detector region, which allows the upper limit of the pseu-
dorapidity range for one of the electrons to be increased
from 2.47 [20] to 4.9.
The electron and muon W� and Z cross sections are

combined to form a single joint measurement taking into
account the systematic error correlations between the vari-
ous data sets. This also leads to an update of the initial
differential measurement of theW charge asymmetry pub-
lished by ATLAS [26]. Normalized cross sections as a
function of the Z boson rapidity and W boson and lepton
charge asymmetry measurements have been performed
also by the CMS [27,28] and the CDF and D0 collabora-
tions [29–34].
The combined W� and Z cross sections, integrated and

differential, are compared with QCD predictions based on
recent determinations of the parton distribution functions
of the proton. In view of the percent level precision of the
measurements, such comparisons are restricted to PDFs
obtained to NNLO.

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

3ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upward.
Cylindrical coordinates ðr;�Þ are used in the transverse plane, �
being the azimuthal angle around the beam pipe. The pseudor-
apidity is defined in terms of the polar angle � as � ¼
� lntanð�=2Þ. Distances are measured as �R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

��2 þ��2
p

.
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A brief overview of the ATLAS detector, trigger, simu-
lation, and the analysis procedure are presented in Sec. II.
The acceptance corrections and their uncertainties are dis-
cussed in Sec. III, while Sec. IV presents the selection, the
efficiencies, and the backgrounds for both electron and
muon channels. The cross section results are first given,
in Sec. V, separately for each lepton flavor. In Sec. VI the e
and � data sets are combined and the results are compared
to theoretical predictions. The paper is concluded with a
brief summary of the results.

II. DATA AND SIMULATION

A. ATLAS detector

The ATLAS detector [35] comprises a superconducting
solenoid surrounding the inner detector (ID) and a large
superconducting toroid magnet system enclosing the calo-
rimeters. The ID system is immersed in a 2 T axial mag-
netic field and provides tracking information for charged
particles in a pseudorapidity range matched by the preci-
sion measurements of the electromagnetic calorimeter. The
silicon pixel and strip (SCT) tracking detectors cover the
pseudorapidity range j�j< 2:5. The transition radiation
tracker (TRT), which surrounds the silicon detectors, en-
ables tracking up to j�j ¼ 2:0 and contributes to electron
identification.

The liquid argon (LAr) electromagnetic (EM) calorime-
ter is divided into one barrel (j�j< 1:475) and two end-cap
components (1:375< j�j< 3:2, EMEC). It uses an accor-
dion geometry to ensure fast and uniform response and fine
segmentation for optimum reconstruction and identifica-
tion of electrons and photons. The hadronic scintillator tile
calorimeter consists of a barrel covering the region j�j<
1:0, and two extended barrels in the range 0:8< j�j< 1:7.
The LAr hadronic end-cap calorimeter (HEC) (1:5<
j�j< 3:2) is located behind the end-cap electromagnetic
calorimeter. The forward calorimeter (FCal) covers the
range 3:2< j�j< 4:9 and also uses LAr as the active
material.

The muon spectrometer (MS) is based on three large
superconducting toroids with coils arranged in an eightfold
symmetry around the calorimeters, covering a range of
j�j< 2:7. Over most of the � range, precision measure-
ments of the track coordinates in the principal bending
direction of the magnetic field are provided by monitored
drift tubes (MDTs). At large pseudorapidities (2:0< j�j<
2:7), cathode strip chambers (CSCs) with higher granular-
ity are used in the innermost station. The muon trigger
detectors consist of resistive plate chambers (RPCs) in the
barrel (j�j< 1:05) and thin gap chambers (TGCs) in the
end-cap regions (1:05< j�j< 2:4), with a small overlap in
the j�j ’ 1:05 region.

The ATLAS detector has a three-level trigger system
consisting of level-1 (L1), level-2 (L2), and the event filter
(EF). The L1 trigger rate at design luminosity is approxi-
mately 75 kHz. The L2 and EF triggers reduce the event

rate to approximately 200 Hz before data transfer to mass
storage.

B. Triggers

The analysis uses data taken in the year 2010 with proton
beam energies of 3.5 TeV. For the electron channels the
luminosity is 36:2 pb�1. For the muon channels the lumi-
nosity is smaller, 32:6 pb�1, as a fraction of the available
data, where the muon trigger conditions varied too rapidly,
is not included.
Electrons are triggered in the pseudorapidity range

j�ej< 2:5, where the electromagnetic calorimeter is finely
segmented. A single electron trigger with thresholds in
transverse energy of 10 GeVat L1 and 15 GeVat the higher
trigger levels is used for the main analysis. Compact elec-
tromagnetic energy depositions triggered at L1 are used as
the seed for the higher level trigger algorithms, which are
designed for identifying electrons based on calorimeter and
fast track reconstruction.
The electron trigger efficiency is determined from

W ! e� and Z ! ee events as the fraction of triggered
electrons with respect to the offline reconstructed signal
[36]. The efficiency is found to be close to 100%, being
constant in both the transverse energy ET and the pseudo-
rapidity �e, with a small reduction by about 2% towards
the limits of the fiducial region (ET ¼ 20 GeV and j�ej ¼
2:5, see Sec. II D). A systematic uncertainty of 0.4% is
assigned to the efficiency determination.
The muon trigger is based at L1 on a coincidence of

layers of RPCs in the barrel region and TGCs in the end
caps. The parameters of muon candidate tracks are then
derived by fast reconstruction algorithms in both the inner
detector and muon spectrometer. Events are triggered with
a single muon trigger with an EF threshold of transverse
momentum pT ¼ 13 GeV.
The muon trigger efficiency is determined from a study

of Z ! �� events. The average efficiency is measured to
be 85.1% with a total uncertainty of 0.3%. The lower
efficiency of the muon trigger system is due to the reduced
geometrical acceptance in the barrel region.

C. Simulation

The properties of both signal and background processes,
including acceptances and efficiencies, are modeled using
the MC@NLO [37], POWHEG [38–41], PYTHIA [42], and
HERWIG [43] Monte Carlo (MC) programs. All generators

are interfaced to PHOTOS [44] to simulate the effect of final
state QED radiation. The response of the ATLAS detector to
the generated particles is modeled using GEANT4 [45,46].
The CTEQ 6.6 PDF set [10] is used for the MC@NLO and
POWHEG samples. For the PYTHIA and HERWIG samples the

MRSTLO* [47] parton distribution functions are used. MC
parameters describing the properties ofminimumbias events
and the underlying event are tuned to the first ATLAS
measurements [48]. Furthermore, the simulated events are
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reweighted so that the resulting transverse momentum dis-
tributions of theW and Z bosons match the data [49,50].

The effect of multiple pp interactions per bunch cross-
ing (‘‘pile-up’’) is modeled by overlaying simulated mini-
mum bias events over the original hard-scattering event.
MC events are then reweighted so that the reconstructed
vertex distribution agrees with the data.

The Monte Carlo simulation is also corrected with re-
spect to the data in the lepton reconstruction and identi-
fication efficiencies as well as in the energy (momentum)
scale and resolution.

Table I summarizes the information on the simulated
event samples used for the measurement, including the
cross sections used for normalization. The W and Z
samples are normalized to the NNLO cross sections from
the FEWZ program [20,51]. The uncertainties on those cross
sections arise from the choice of PDF, from factorization
and renormalization scale dependence, and from the �s

uncertainty. An uncertainty of ðþ7;�10Þ% is taken for the
t�t cross section [52–54].

D. Analysis procedure

The integrated and differentialW and Z production cross
sections are measured in the fiducial volume of the ATLAS
detector using the equation

�fid ¼ N � B

CW=Z � Lint

; (1)

where N is the number of candidate events observed in
data, B the number of background events, determined
using data and simulation, and Lint the integrated luminos-
ity corresponding to the run selections and trigger
employed. The correction by the efficiency factor CW=Z

determines the cross sections �fid within the fiducial re-
gions of the measurement. These regions are defined as

W!e�: pT;e>20GeV; j�ej<2:47;

excluding 1:37< j�ej<1:52;

pT;�>25GeV; mT>40GeV;

W!��: pT;�>20GeV; j��j<2:4;

pT;�>25GeV; mT>40GeV;

Z!ee:pT;e>20GeV; both j�ej<2:47;

excluding 1:37< j�ej<1:52;

66<mee<116GeV;

Forward Z!ee: pT;e>20GeV; one j�ej>2:47;

excluding 1:37< j�ej<1:52;

other 2:5< j�ej<4:9;

66<mee<116GeV;

Z!��: pT;�>20GeV; both j��j<2:4;

66<m��<116GeV:

For theW channels the transverse mass mT is defined as

mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pT;‘pT;� � ð1� cos��‘;�Þ

q
, where ��‘;� is the

azimuthal separation between the directions of the charged
lepton and the neutrino.
The main analysis, used to determine the integrated

cross sections, is performed for the W and Z electron and
muon decay channels for leptons in the central region of
the detector of j�ej< 2:47 and j��j< 2:4, respectively. A

complementary analysis of the Z ! ee channel is used in

TABLE I. Signal and background Monte Carlo samples as well as the generators used in the simulation. For each sample the
production cross section, multiplied by the relevant branching ratios (BR), to which the samples are normalized, is given. The
electroweak W and Z cross sections are calculated at NNLO in QCD, t�t at approximate NNLO, and dibosons at NLO in QCD.
The inclusive jet and heavy-quark cross sections are given at LO. These samples are generated with requirements on the transverse
momentum of the partons involved in the hard-scattering process, p̂T . No systematic uncertainties are assigned for the jet and heavy-
quark cross sections, since methods are used to extract their normalization and their systematic uncertainties from data (see text).

Physics process Generator � � BR (nb)

Wþ ! ‘þ� (‘ ¼ e, �) MC@NLO 6:16� 0:31 NNLO

W� ! ‘� �� (‘ ¼ e, �) MC@NLO 4:30� 0:21 NNLO

Z=�� ! ‘‘ (m‘‘ > 60 GeV, ‘ ¼ e, �) MC@NLO 0:99� 0:05 NNLO

W ! 	� PYTHIA 10:46� 0:52 NNLO

Z=�� ! 		 (m		 > 60 GeV) PYTHIA 0:99� 0:05 NNLO

t�t MC@NLO 0:165þ 0:011� 0:016 � NNLO
WW HERWIG 0:045� 0:003 NLO

WZ HERWIG 0:0185� 0:0009 NLO

ZZ HERWIG 0:0060� 0:0003 NLO

Dijet (e channel, p̂T > 15 GeV) PYTHIA 1:2� 106 LO

Dijet (� channel, p̂T > 8 GeV) PYTHIA 10:6� 106 LO

b �b (� channel, p̂T > 18 GeV, pTð�Þ> 15 GeV) PYTHIA 73.9 LO

c �c (� channel, p̂T > 18 GeV, pTð�Þ> 15 GeV) PYTHIA 28.4 LO
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addition to measure the differential cross section at larger
rapidity. Here the allowed pseudorapidity range is chosen
from j�ej ¼ 2:5 to 4.9 for one of the electrons.

The differential cross sections are measured, as a func-
tion of the absolute values of the W decay lepton pseudor-
apidity and Z boson rapidity, in bins with boundaries at

�‘ ¼ ½0:00; 0:21; 0:42; 0:63; 0:84; 1:05; 1:37; 1:52;
1:74; 1:95; 2:18; 2:47ðeÞ or 2:40ð�Þ�;

yZ ¼ ½0:0; 0:4; 0:8; 1:2; 1:6; 2:0; 2:4; 2:8; 3:6�;
where the notation for absolute � and y is omitted.

The combined efficiency factor CW=Z is calculated from

simulation and corrected for differences in reconstruction,
identification, and trigger efficiencies between data and
simulation (see Sec. IV). Where possible, efficiencies in
data and MC are derived from Z ! ‘‘ and, in the case of
the electron channel, W ! e� events [36,55]. The effi-
ciency estimation is performed by triggering and selecting
such events with good purity using only one of the two
leptons in the Z ! ‘‘ case and a significant missing trans-
verse energy in the W ! e� case, a procedure often re-
ferred to as ‘‘tagging.’’ Then the other very loosely
identified lepton can be used as a probe to estimate various
efficiencies after appropriate background subtraction. The
method is therefore often referred to as the ‘‘tag-and-
probe’’ method.

The total integrated cross sections are measured using
the equation

�tot ¼ �W=Z � BRðW=Z ! ‘�=‘‘Þ ¼ �fid

AW=Z

; (2)

where the acceptance AW=Z is used to extrapolate the cross

section measured in the fiducial volume �fid to the full
kinematic region. The acceptance is derived from MC, and
the uncertainties on the simulation modeling and on parton
distribution functions constitute an additional uncertainty
on the total cross section measurement. The total and
fiducial cross sections are corrected for QED radiation
effects in the final state.

The correction factors CW=Z and AW=Z are obtained as

follows:

CW=Z ¼ NMC;rec

NMC;gen;cut

and AW=Z ¼ NMC;gen;cut

NMC;gen;all

; (3)

where NMC;rec are sums of weights of events after simula-

tion, reconstruction, and selection; NMC;gen;cut are taken at

generator level after fiducial cuts; and NMC;gen;all are sums

of weights of all generated MC events (for the Z=��
channels within 66<m‘‘ < 116 GeV).

For the measurement of charge-separated W� cross
sections, the CW factor is suitably modified to incorporate
a correction for event migration between the Wþ and W�
samples as

CWþ ¼ NMC;recþ
NMC;genþ;cut

and CW� ¼ NMC;rec�
NMC;gen�;cut

; (4)

where NMC;rec� and NMC;gen�;cut are sums of weights of

events reconstructed or generated as W�, respectively,
without any further charge selection. For example,
NMC;recþ includes a small component of charge misidenti-

fied events generated as W�, while NMC;genþ;cut contains

only events generated as Wþ without requirements on the
reconstructed charge. This charge misidentification effect
is only relevant for the electron channels, and is negligible
in the muon channels.
Electron and muon integrated measurements are com-

bined after extrapolation to the full phase space available
for W and Z production and decay and also to a common
fiducial region, chosen to minimize the extrapolation
needed to adjust the electron and muon cross sections to
a common basis. This kinematic region is defined by ex-
trapolating both channels to j�‘j< 2:5 and interpolating
the electron measurement over the region 1:37< j�ej<
1:52. The differential cross sections are combined by ex-
trapolating all Z measurements to full phase space in
lepton pseudorapidity accessible in Z production and decay
and extending the range of the most forward bin of W
measurements to 2:18< j�‘j< 2:5. The experimental se-
lections on the transverse momenta of the leptons and on
the transverse or invariant mass are retained for the differ-
ential cross sections.

III. ACCEPTANCES AND UNCERTAINTIES

The acceptances AW=Z are determined using the

MC@NLO Monte Carlo program and the CTEQ 6.6 PDF

set. The central values and their systematic uncertainties
are listed in Table II, separately for Wþ, W�, W�, and
Z=�� production. The uncertainties due to the finite

TABLE II. Acceptance values (A) and their relative uncertain-
ties (
A) in percent forW and Z production in electron and muon
channels. The various components of the uncertainty are defined
in the text. The total uncertainty (
Atot) is obtained as the
quadratic sum of the four parts.

A 
A
pdf
err 
A

pdf
sets 
Ahs 
Aps 
Atot

Electron channels

Wþ 0.478 1.0 0.7 0.9 0.8 1.7

W� 0.452 1.5 1.1 0.2 0.8 2.0

W� 0.467 1.0 0.5 0.6 0.8 1.5

Z 0.447 1.7 0.6 0.2 0.7 2.0

Muon channels

Wþ 0.495 1.0 0.8 0.6 0.8 1.6

W� 0.470 1.5 1.1 0.3 0.8 2.1

W� 0.485 1.0 0.5 0.4 0.8 1.5

Z 0.487 1.8 0.6 0.2 0.7 2.0
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statistics of the Monte Carlo samples are negligible. The
systematic uncertainties are obtained by combining four
different components:

(i) The uncertainties within one PDF set (
A
pdf
err ). They

are derived from the CTEQ 6.6 PDF [10] eigenvector
error sets at 90% C.L.

(ii) The uncertainties due to differences between PDF

sets (
Apdf
sets). They are estimated as the maximum

difference between the CTEQ 6.6, ABKM095fl
[13,14], HERAPDF 1.0 [15], MSTW2008 [12],
CT10, CT10W [11], and NNPDF2.1 [18] sets,
where samples generated with CTEQ 6.6 are
reweighted event by event to other PDFs [56].

(iii) The uncertainties due to the modeling of the hard-
scattering processes ofW and Z production (
Ahs).
These are derived from comparisons of MC@NLO

and POWHEG simulations, using the CTEQ 6.6 PDF
set and the parton shower and hadronization mod-
els based on the HERWIG simulation.

(iv) The uncertainties due to the parton shower and
hadronization description (
Aps). These are derived

as the difference in the acceptances calculated with
POWHEG Monte Carlo, using the CTEQ 6.6 PDF set

but different models for parton shower and hadro-
nization descriptions, namely, the HERWIG or
PYTHIA programs.

In addition, to compute the total cross section ratios (see
Sec. VI E), the correlation coefficients between the full W
and Z acceptance uncertainties are used. They are 0.80 for
W� � Z, 0.83 for W� � Z, 0.78 for Wþ � Z, and 0.67 for
Wþ �W�.

The corrections, and their uncertainties, to extrapolate
the electron and the muon measurements from each lepton
fiducial region to the common fiducial region, where they
are combined, are calculated with the same approach as
described for the acceptances. The extrapolations contrib-
ute �3% to the W ! �� and �7% to the W ! e� cross
sections. Similarly, the fiducial measurement of the Z cross
section is enhanced by �5% in the muon channel and by
�12% in the electron channel. The uncertainties on these
corrections are found to be on the 0.1% level. The com-
bined fiducial measurements are therefore characterized by
negligible theoretical uncertainty due to the extrapolation
to the unmeasured phase space.

The differential cross sections for the electron and the
muon channels are also combined after extrapolating each
measurement to the common fiducial kinematic region. In
the case of the W measurements the applied correction is
effective only in the highest �‘ bin and is about 30% in the
muon channel and about 9% in the electron channel. The
extrapolation factors needed to combine the Z electron and
muon measurements, and their systematic uncertainties,
are listed in Table III. The uncertainty is of the order of
0.1% in most of the rapidity intervals and increases to
1%–2% near the boundary of the fiducial regions.

IV. EVENT SELECTION, EFFICIENCIES, AND
BACKGROUND DETERMINATION

A. Electron channels

1. Event selection: Events are required to have at least
one primary vertex formed by at least three tracks. To
select W boson events in the electron channel, exactly
one well reconstructed electron is required with ET >
20 GeV and j�j< 2:47. Electrons in the transition region
between the barrel and end-cap calorimeter, 1:37< j�j<
1:52, are excluded, as the reconstruction quality is signifi-
cantly reduced compared to the rest of the pseudorapidity
range. The transverse energy is calculated from calorime-
ter and tracker information. The electron is required to pass
‘‘medium’’ identification criteria [36]. To efficiently reject
the QCD background, the electron track must, in addition,
have a hit in the innermost layer of the tracking system, the
‘‘pixel b-layer.’’ The additional calorimeter energy depos-
ited in a cone of size �R 	 0:3 around the electron cluster
is required to be small, where the actual selection is
optimized as a function of the electron � and pT to have
a flat 98% efficiency in the simulation for isolated electrons
from the decay of a W or Z boson. The missing transverse
energy, Emiss

T , is determined from all measured and identi-
fied physics objects, as well as remaining energy deposits
in the calorimeter and tracking information [57]. It is
required to be larger than 25 GeV. Further, the transverse
mass mT has to be larger than 40 GeV.
The selection as described is also used for the Z boson

case with the following modifications: instead of one, two
electrons are required to be reconstructed and pass the
medium criteria without the additional pixel b-layer and
isolation cuts; their charges have to be opposite, and their
invariant mass has to be within the interval 66 to 116 GeV.
For the selection of Z events at larger rapidities, a central

electron passing ‘‘tight’’ [36] criteria, as well as the calo-
rimeter isolation requirement described above for the W
channel, is required. A second electron candidate with
ET > 20 GeV has to be reconstructed in the forward

TABLE III. Central values and absolute uncertainties (in pa-
rentheses) of extrapolation correction factors from fiducial re-
gions to full lepton pseudorapidity � phase space. The factors
are provided in bins of Z boson rapidity for Z ! �� and for
central and forward Z ! ee measurements.

ymin
Z ymax

Z Z ! �� Central Z ! ee Forward Z ! ee

0.0 0.4 1.000(0) 0.954(1) � � �
0.4 0.8 1.000(0) 0.903(1) � � �
0.8 1.2 0.984(1) 0.855(2) � � �
1.2 1.6 0.849(2) 0.746(3) 0.103(1)

1.6 2.0 0.578(5) 0.512(4) 0.327(3)

2.0 2.4 0.207(5) 0.273(5) 0.590(7)

2.4 2.8 � � � � � � 0.797(1)

2.8 3.6 � � � � � � 0.404(4)
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region, 2:5 	 j�j 	 4:9, and has to pass ‘‘forward loose’’
identification requirements [36]. Its transverse energy is
determined from the calorimeter cluster energy and posi-
tion. As the forward region is not covered by the tracking
system, no charge can be measured and the electron iden-
tification has to rely on calorimeter cluster shapes only.
The invariant mass of the selected pair is required to be
between 66 and 116 GeV.

2. Calibration and efficiencies: Comprehensive studies
of the electron performance are described in [36]. Energy
scale and resolution corrections are determined from data
as a function of � in the central and forward regions, by
comparing the measured Z ! ee line shape to the one
predicted by the simulation. For the central region, the
linearity and resolution are, in addition, cross-checked
using J=c ! ee and single electron E=p measurements
in W ! e� events.

The electron efficiencies are evaluated in two steps
called reconstruction and identification. The reconstruction
step consists of the loose matching of a good quality track
to a high pT calorimeter cluster. Identification summarizes
all the further requirements to reduce the background
contamination.

The electron reconstruction efficiency in the central
region is obtained from the Z tag-and-probe method. The
efficiency in data is found to be slightly higher by 1.3%
than in MC, and the simulation is adjusted accordingly
with an absolute systematic uncertainty of 0.8%.

The identification efficiency for electrons from W or Z
decay in the central region is determined using two differ-
ent tag-and-probe methods, which are performed on se-
lected W and Z data samples, respectively. The W-based
determination employs the significant missing transverse
energy in those events to obtain an unbiased electron
sample. The method benefits from larger statistics but
needs more involved procedures for background subtrac-
tion, as compared to the Z-related determination.
Consistent correction factors to be applied to the simula-
tion are derived from the two methods as a function of the
electron rapidity. For the medium identification criteria, the
Monte Carlo efficiency is adjusted by about �2:5% on
average, with a resulting absolute uncertainty of typically
less than 1% on this correction. The quality of the data to
MC agreement in the tight identification criteria efficiency
is found to depend significantly on electron �, and an
adjustment by, on average, þ2% with an absolute uncer-
tainty of about 1% is performed. The additional require-
ments on b-layer hits and calorimeter isolation are found to
be very efficient and rather well described in the simula-
tion, resulting in small adjustments and small systematic
uncertainties only.

To distinguish Wþ from W� events, the charge of the
decay electron has to be known. The charge misidenti-
fication probability as a function of � is determined from
a sample of Z ! ee events where both electrons are

reconstructed with the same sign. It depends on the iden-
tification criteria and, in general, increases at large j�j. For
electrons passing the medium criteria, about 1% of all
electrons are assigned the wrong charge, while for tight
electrons this figure is about half. From these measure-
ments, additional uncertainties are derived from the oppo-
site charge requirement on the Z cross section (0.6%) and
from migration and charge dependent effects on the Wþ
and W� cross sections (0.1%).
In the forward region (j�j> 2:5), the electron recon-

struction is nearly 100% efficient and taken from MC. The
identification efficiency is determined using the Z tag-and-
probe method in two forward electron rapidity bins, which
correspond to the inner part of the EMEC (2:5< j�j<
3:2) and the FCal (3:2< j�j< 4:9), respectively. The
simulation overestimates the efficiency by 8.4% and
1.7% in these two bins and is adjusted accordingly, with
absolute uncertainties of 5.8% and 8.8%, respectively.
3. Background determination: The largest electroweak

background in the W ! e� channel is given by the W !
	� production, mainly from decays involving true elec-
trons, 	 ! e ��e�	. Relative to the number of all W�
candidate events, this contribution is estimated to be
2.6%. The background from t�t events is determined to be
0.4% and further contributions on the 0:1–0:2% level arise
from Z ! 		, Z ! ee, and diboson production. The sum
of electroweak and t�t backgrounds are found to be 3.7% in
the W� and 3.2% in the Wþ channel of the respective
numbers of events.
A further significant source of background in the W !

e� channel, termed ‘‘QCD background,’’ is given by jet
production faking electron plus missing transverse energy
final states. The QCD background is derived from the
data using a template fit of the Emiss

T distribution in a

control sample selected without the Emiss
T requirement

and inverting a subset of the electron identification cri-
teria. The Emiss

T templates for the signal and the other

electroweak and t�t backgrounds are taken from the simu-
lation. The QCD background in the signal region is
determined to be 3.4% and 4.8% for the Wþ and W�
channels, respectively. The statistical uncertainty of this
fit is negligible. The background as well as the signal
templates are varied to assess the systematic uncertainty
on the fraction of QCD background. The relative uncer-
tainty is estimated to be 12% for Wþ and 8% for W�,
corresponding to a fraction of about 0.5% of the Wþ or
W� candidates. The fit is performed in each bin of
electron pseudorapidity separately to obtain the back-
ground for the differential analysis.
The relative background contributions in the central

Z ! ee analysis due to electroweak processes, W ! e�,
Z ! 		, and W ! 	�, and to t�t production are estimated
using the corresponding MC samples to be 0.3% in total.
The fraction of candidate events due to diboson decays is
0.2%.
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The QCD background in the central Z ! ee analysis is
estimated from data by fitting the invariant mass distribu-
tion using a background template selected with inverted
electron identification cuts and the signal template from
MC. This procedure yields a fraction of QCD background
of 1.6%. The relative systematic uncertainty on this frac-
tion is dominant and evaluated to be 40% using different
background templates and fit ranges, as well as an alter-
native method based on fitting a sample selected with
looser identification criteria. For the differential analysis,
the sum of the backgrounds is determined from the global
fit, and the relative contributions of each bin are taken from
the background template. Differences between templates
lead to further relative 25% bin-to-bin uncorrelated uncer-
tainties on the QCD background fraction.

In the forward Z ! ee analysis the main electroweak
background comes from W ! e� events with an associ-
ated jet faking an electron in the forward region. It is
estimated to be 1.9%. The QCD background is estimated
by fitting themee distribution in a similar manner as for the
central analysis. Because of the larger level of background
the fit can be performed directly in all boson rapidity yZ
bins. In total the QCD background is estimated to be 9.4%
with relative statistical and systematic uncertainties of 8%
and 17%. Differentially, the QCD background fraction
varies from 7% to 20% with typical relative total uncer-
tainties of 20% to 40%.

B. Muon channels

1. Event selection: Collision events are selected with the
same vertex requirement as for the electron channels. In
addition, the vertex with the highest squared transverse
momentum sum of associated tracks is selected as the
primary vertex for further cuts. To reduce fake collision
candidates from cosmic-ray or beam-halo events, the po-
sition of the primary vertex along the beam axis is required
to be within 20 cm of the nominal position. The efficiency
of this requirement is larger than 99.9% in both data and
simulation.

Muon track candidates are formed from pairs of stand-
alone tracks in the inner detector and the muon spectrome-
ter, combined using a chi-square matching procedure [58].
W and Z events are selected by requiring at least one or two
combined track muons with pT > 20 GeV and j�j< 2:4,
respectively. The z position of the muon track extrapolated
to the beam line has to match the z coordinate of the
primary vertex within�1 cm. A set of ID hit requirements
[55] is applied to select high quality tracks also demanding
at least one hit in the pixel b-layer.

A track-based isolation criterion is defined by requiring
the sum of transverse momenta,

P
pID
T , of ID tracks with

pT > 1 GeV within a cone �R< 0:2 around the muon
direction, divided by the muon transverse momentum pT ,
to be less than 0.1. When analyzed after all other selection
cuts, this requirement has a high QCD background

rejection power, while keeping more than 99% of the
signal events in both the W and Z channels.
W ! �� events are further selected by requiring the

missing transverse energy, defined as in the electron analy-
sis, to be larger than 25 GeVand the transverse mass to be
larger than 40 GeV. In the Z ! �� analysis, the two decay
muons are required to be of opposite charge, and the
invariant mass of the �þ�� pair to be within the interval
66 to 116 GeV.
2. Calibration and efficiencies: Muon transverse

momentum resolution corrections are determined by com-
paring data and MC as a function of � in the barrel and
end-cap regions [59]. They are derived by fitting the in-
variant mass distribution from Z ! �� events and the
curvature difference between inner detector and muon
spectrometer tracks weighted by the muon electric charge
in Z ! �� and W ! �� events. Muon transverse mo-
mentum scale corrections are measured by comparing the
peak position of the Z ! �� invariant mass distribution
between data and MC and fitting the muon transverse
momentum distributions in Z ! �� events [26,59].
Scale corrections are well below 1% in the central pseu-
dorapidity region, and they increase to about 1% in the
high-� regions due to residual misalignment effects in the
ID and MS.
Muon trigger and identification efficiencies are mea-

sured in a sample of Z ! �� events selected with looser
requirements on the second muon and with tighter cuts on
the invariant mass window and on the angular correlation
between the two muons than in the main analysis in order
to reduce the contamination from background events [55].
The efficiencies are measured using a factorized approach:
the efficiency of the combined reconstruction is derived
with respect to the ID tracks, and the isolation cut is tested
relative to combined tracks; finally, the trigger efficiency is
measured relative to isolated combined muons. The resid-
ual background contamination is measured from data, by
fitting the invariant mass spectrum with a signal template
plus a background template describing the shape of multi-
jet events measured from a control sample of nonisolated
muons. The total background contamination, subtracted
from the signal sample, is estimated to be 1.0% in the
measurement of the reconstruction efficiency and negli-
gible for other selections. The data-to-Monte Carlo correc-
tion factors are all measured to be very close to 1, i.e.
0:993� 0:002ðsta:Þ � 0:002ðsys:Þ for the combined recon-
struction, 0:9995� 0:0006ðsta:Þ � 0:0013ðsys:Þ for the
isolation, and 1:020� 0:003ðsta:Þ � 0:002ðsys:Þ for the
trigger efficiencies. Systematic uncertainties are evaluated
by varying the relevant selection cuts within their resolu-
tion and the amount of subtracted background within its
uncertainty. For the ID reconstruction efficiency, no cor-
rection has to be applied.
3. Background determination: The electroweak back-

ground in the W ! �� channel is dominated by the
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Z ! �� and the W ! 	� channels. Relative to the num-
ber of W� candidate events, these contributions are deter-
mined to be 3.3% and 2.8%, respectively. The contribution
from Z ! 		 decay is 0.1% while the t�t contribution is
estimated to be 0.4%. Diboson decays contribute 0.1%.
Overall, these backgrounds are found to be 6.1% in the
Wþ and 7.6% in the W� channel, respectively.

The QCD background in the W ! �� channel is pri-
marily composed of heavy-quark decays, with smaller
contributions from pion and kaon decays in flight and
hadrons faking muons. Given the uncertainty in the dijet
cross section prediction and the difficulty of simulating
fake prompt muons, the QCD background is derived from
data. The number of expected events is determined by
extrapolating from control regions defined by reversing
the isolation and missing transverse energy requirements.
This analysis yields a fraction of background events of
1.7% in the Wþ and of 2.8% in the W� channel, respec-
tively. The systematic uncertainty is dominated by the
uncertainty on the extrapolation of the isolation efficiency
for QCD events from the control to the signal sample,
which is estimated to be about 23% relative to the number
of background events.

The relative background contributions in the Z ! ��
channel due to t�t events, Z ! 		 and diboson decays are
estimated to be 0.1%, 0.07%, and 0.2%, respectively. The
background contaminations from W ! 	� and W ! ��
are found to be negligible.

The QCD background in the Z ! �� channel is also
estimated from data. The number of events is measured in
control samples, selected using inverted isolation and m��

requirements, corrected for the signal and electroweak
background contamination, and extrapolated to the signal
region. The measured fraction of background events is
0.4%. The systematic uncertainty is evaluated by testing
a different isolation definition for the control region,
propagating the uncertainties in the electroweak back-
ground subtraction, and checking the stability of the
method against boundary variations of the control regions.
Additional cross-checks of the background estimation are
done by comparing with the result of a closure test on
simulated events and of an analysis of the invariant mass
spectrum based on fit templates, derived from the data and
the Monte Carlo. The relative systematic uncertainty
amounts to 56% while the relative statistical uncertainty
is 40%.

Cosmic-ray muons overlapping in time with a collision
event are another potential source of background. From a
study of noncolliding bunches this background contribu-
tion is found to be negligible.

V. CROSS SECTION MEASUREMENTS

A. Electron cross sections

1. Control distributions: The understanding of theW and
Z measurements can be illustrated by comparing the

measured with the simulated distributions. A total of
77 885 Wþ and 52 856 W� events are selected in the
electron channel. A crucial quantity in theW measurement
is the missing transverse energy Emiss

T , for which the dis-
tributions for the two charges are shown in Fig. 1. The
requirement Emiss

T > 25 GeV is seen to suppress a large
fraction of the QCD background. Figure 2 shows the dis-
tributions of the electron transverse energy ET and the
transverse mass mT of the W ! e� candidates. The ob-
served agreement between data and MC is good.
A total of 9725 and 3376 candidates are selected by

the central and forward Z ! ee analyses, respectively.
The invariant mass and boson rapidity distributions are
compared to the simulation in Figs. 3 and 4 for the two
analyses. The complementarity in the rapidity region
covered is easily visible. For the forward Z ! ee analy-
sis the lepton rapidity distributions for the two electrons
are shown in Fig. 5. The forward electron reaches
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(bottom panel) charge. The QCD background is represented by a
background template taken from data (see text). The analysis
uses the requirement Emiss
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pseudorapidities up to j�j ¼ 4:9. The agreement be-
tween data and Monte Carlo is good in all cases.
Because of a small number of nonoperational LAr read-
out channels, the rapidity distributions show an asym-
metry, which is well described by the simulation. The
overlaps between different calorimeter parts are visible
as regions with significantly lower efficiency.
2. Results: Table IV reports the number of candidates,

estimated background events, and the CW=Z and AW=Z

correction factors used, where the uncertainties on AW=Z

are obtained from Table II. The cross sections for all
channels are reported in Table V with fiducial and total
values and the uncertainties due to data statistics, luminos-
ity, further experimental systematic uncertainties, and the
acceptance extrapolation in the case of the total cross
sections.
Table VI presents the sources of systematic uncertainties

in all channels. Excluding the luminosity contribution
of 3.4%, the W cross sections are measured with an
experimental uncertainty of 1.8% to 2.1%, where the
main contributions are due to electron reconstruction and
identification as well as missing transverse energy per-
formance related to the hadronic recoil [57].
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TABLE IV. Number of observed candidates N and expected
background events B, efficiency and acceptance correction fac-
tors for the W and Z electron channels. Efficiency scale factors
used to correct the simulation for differences between data and
MC are included in the reported CW=Z factors. The given

uncertainties are the quadratic sum of statistical and systematic
components. The statistical uncertainties on the CW=Z and AW=Z

factors are negligible.

N B CW=Z AW=Z

Wþ 77 885 5130� 350 0:693� 0:012 0:478� 0:008
W� 52 856 4500� 240 0:706� 0:014 0:452� 0:009
W� 130 741 9610� 590 0:698� 0:012 0:467� 0:007
Z 9725 206� 64 0:618� 0:016 0:447� 0:009
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The Z cross section is measured, apart from the lumi-
nosity contribution, with an experimental precision of
2.7%. This is dominated by the uncertainty on the electron
reconstruction and identification efficiency.
The theoretical uncertainties on CW=Z are evaluated by

comparisons of MC@NLO and POWHEG Monte Carlo simu-
lations and by testing the effect of different PDF sets, as
described in Sec. III for the acceptances. The total
theoretical uncertainty is found to be 0.6% for CW and
0.3% for CZ.
The theoretical uncertainty on the extrapolation from the

fiducial region to the total phase space for W and Z
production is between 1.5% and 2.0%, as mentioned above.
The cross sections measured as a function of the W

electron pseudorapidity, for separated charges, and of the
Z rapidity are presented in Tables XVI, XVII, XVIII, and
XIX. The statistical, bin-correlated, and uncorrelated sys-
tematic and total uncertainties are provided. The overall
luminosity uncertainty is not included. The statistical un-
certainty in each bin is about 1%–2% for theW differential

TABLE V. Fiducial and total cross sections times branching
ratios for Wþ, W�, W�, and Z=�� production in the electron
decay channel. The electron fiducial regions are defined in
Sec. II D. The uncertainties denote the statistical (sta), the
experimental systematic (sys), the luminosity (lum), and the
extrapolation (acc) uncertainties.

�fid
W � BRðW ! e�Þ (nb)

sta sys lum

Wþ 2:898� 0:011� 0:052� 0:099
W� 1:893� 0:009� 0:038� 0:064
W� 4:791� 0:014� 0:089� 0:163

�tot
W � BRðW ! e�Þ (nb)
sta sys lum acc

Wþ 6:063� 0:023� 0:108� 0:206� 0:104
W� 4:191� 0:020� 0:085� 0:142� 0:084
W� 10:255� 0:031� 0:190� 0:349� 0:156

�fid
Z=�� � BRðZ=�� ! eeÞ (nb)

sta sys lum

Z=�� 0:426� 0:004� 0:012� 0:014

�tot
Z=�� � BRðZ=�� ! eeÞ (nb)

sta sys lum acc

Z=�� 0:952� 0:010� 0:026� 0:032� 0:019

TABLE VI. Summary of relative systematic uncertainties on
the measured integrated cross sections in the electron channels in
percent. The theoretical uncertainty of AW=Z applies only to the

total cross section.


�W� 
�Wþ 
�W� 
�Z

Trigger 0.4 0.4 0.4 <0:1
Electron reconstruction 0.8 0.8 0.8 1.6

Electron identification 0.9 0.8 1.1 1.8

Electron isolation 0.3 0.3 0.3 . . .
Electron energy scale and resolution 0.5 0.5 0.5 0.2

Nonoperational LAr channels 0.4 0.4 0.4 0.8

Charge misidentification 0.0 0.1 0.1 0.6

QCD background 0.4 0.4 0.4 0.7

Electroweakþ t�t background 0.2 0.2 0.2 <0:1
Emiss
T scale and resolution 0.8 0.7 1.0 . . .

Pile-up modeling 0.3 0.3 0.3 0.3

Vertex position 0.1 0.1 0.1 0.1

CW=Z theoretical uncertainty 0.6 0.6 0.6 0.3

Total experimental uncertainty 1.8 1.8 2.0 2.7

AW=Z theoretical uncertainty 1.5 1.7 2.0 2.0

Total excluding luminosity 2.3 2.4 2.8 3.3

Luminosity 3.4
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FIG. 6 (color online). Muon transverse momentum distribution
of candidate Wþ (top panel) andW� (bottom panel) events. The
simulation is normalized to the data. The QCD background
shape is taken from simulation and normalized to the number
of QCD events measured from data.
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measurements, while the total uncertainty is at the 2.5%–
3% level. For the Z rapidity measurement the statistical
uncertainty is about 2% for jyZj< 1:6 and grows to
3%–5% in the more forward bins. The total uncertainty
on the Z cross sections is 3%–4% in the central region and
up to 10% in the most forward bins. It is mainly driven by
the uncertainties on the electron reconstruction and iden-
tification efficiencies.

B. Muon cross sections

1. Control distributions: A total of 84 514 Wþ, 55 234
W�, and 11 709 Z candidates are selected in the muon
channels. A few distributions of these candidate events are
compared to the simulation for the signal and the back-
ground contributions in the following. Figures 6 and 7
show the distributions of muon transverse momentum
and the transverse missing energy of candidate W events
for positive and negative charges. The transverse mass
distributions are shown in Fig. 8. The invariant mass dis-
tribution of muon pairs, selected by the Z analysis, and the

boson rapidity distribution are shown in Fig. 9. The agree-
ment between data and Monte Carlo is good in all cases.
3. Results: Table VII reports the number of candidates,

the estimated background events, and the CW=Z and AW=Z

correction factors used for the different measurements. The
fiducial and total cross sections are reported in Table VIII
for all channels, with the uncertainties due to data statis-
tics, luminosity, further experimental systematics, and the
acceptance extrapolation in the case of the total cross
sections.
The breakdown of the systematic uncertainty in all

channels is shown in Table IX. Apart from the lumi-
nosity contribution of 3.4%, the W ! �� cross section
is measured with an experimental uncertainty of 1.6%.
The largest contribution comes from the muon efficien-
cies (1.1%), followed by several contributions in the
0.3%–0.8% range such as the QCD background, the
transverse missing energy scale and resolution uncer-
tainties, and the uncertainty on the momentum scale
correction.
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FIG. 7 (color online). Missing transverse energy distribution
of candidate Wþ (top panel) and W� (bottom panel) events. The
simulation is normalized to the data. The QCD background
shape is taken from simulation and normalized to the number
of QCD events measured from data.
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The Z ! �� cross section is measured, apart from
the luminosity contribution, with an experimental preci-
sion of 0.9%. This is dominated by the uncertainty in the
muon reconstruction efficiency (0.6%), with about
equal systematic and statistical components due to the
limited sample of Z ! �� events. The uncertainty of
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FIG. 9 (color online). Invariant mass (top panel) and rapidity
(bottom panel) distributions of candidate Z bosons. The simu-
lation is normalized to the data. The QCD background normal-
ization and shapes are taken from control samples as described in
the text.

TABLE VII. Number of observed candidates N and expected
background events B, efficiency and acceptance correction fac-
tors for the W and Z muon channels. Efficiency scale factors
used to correct the simulation for differences between data and
MC are included in the CW=Z factors. The given uncertainties are

the quadratic sum of statistical and systematic components.
The statistical uncertainties on the CW=Z and AW=Z factors are

negligible.

N B CW=Z AW=Z

Wþ 84 514 6600� 600 0:796� 0:016 0:495� 0:008
W� 55 234 5700� 600 0:779� 0:015 0:470� 0:010
W� 139 748 12 300� 1100 0:789� 0:015 0:485� 0:007
Z 11 709 86� 32 0:782� 0:007 0:487� 0:010

TABLE VIII. Fiducial and total cross sections times branching
ratios forWþ,W�,W�, and Z=�� production in the muon decay
channel. The muon fiducial regions are defined in Sec. II D. The
uncertainties denote the statistical (sta), the experimental sys-
tematic (sys), the luminosity (lum), and the extrapolation (acc)
uncertainties.

�fid
W � BRðW ! ��Þ (nb)

sta sys lum

Wþ 3:002� 0:011� 0:050� 0:102
W� 1:948� 0:009� 0:034� 0:066
W� 4:949� 0:015� 0:081� 0:168

�tot
W � BRðW ! ��Þ (nb)
sta sys lum acc

Wþ 6:062� 0:023� 0:101� 0:206� 0:099
W� 4:145� 0:020� 0:072� 0:141� 0:086
W� 10:210� 0:030� 0:166� 0:347� 0:153

�fid
Z=�� � BRðZ=�� ! ��Þ (nb)

sta sys lum

Z=�� 0:456� 0:004� 0:004� 0:015

�tot
Z=�� � BRðZ=�� ! ��Þ (nb)

sta sys lum acc

Z=�� 0:935� 0:009� 0:009� 0:032� 0:019

TABLE IX. Summary of relative systematic uncertainties on
the measured integrated cross sections in the muon channels in
percent. The efficiency systematic uncertainties are partially
correlated between the trigger, reconstruction, and isolation
terms. This is taken into account in the computation of the total
uncertainty quoted in the table. The theoretical uncertainty on
AW=Z applies only to the total cross section.


�W� 
�Wþ 
�W� 
�Z

Trigger 0.5 0.5 0.5 0.1

Muon reconstruction 0.3 0.3 0.3 0.6

Muon isolation 0.2 0.2 0.2 0.3

Muon pT resolution 0.04 0.03 0.05 0.02

Muon pT scale 0.4 0.6 0.6 0.2

QCD background 0.6 0.5 0.8 0.3

Electroweakþ t�t background 0.4 0.3 0.4 0.02

Emiss
T resolution and scale 0.5 0.4 0.6 . . .

Pile-up modeling 0.3 0.3 0.3 0.3

Vertex position 0.1 0.1 0.1 0.1

CW=Z theoretical uncertainty 0.8 0.8 0.7 0.3

Total experimental uncertainty 1.6 1.7 1.7 0.9

AW=Z theoretical uncertainty 1.5 1.6 2.1 2.0

Total excluding luminosity 2.1 2.3 2.6 2.2

Luminosity 3.4
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the momentum scale correction has an effect of 0.2%,
while the uncertainty from momentum resolution is again
found to be negligible. The impact of the QCD background
uncertainty is at the level of 3 per mille.

The theoretical uncertainties on CW=Z are evaluated as in

the electron channels and found to be 0.7%–0.8% for CW

and 0.3% for CZ.
The uncertainty on the theoretical extrapolation from the

fiducial region to the total phase space for W and Z
production is between 1.5% and 2.1%.

The cross sections measured as a function of theW muon
pseudorapidity, for separated charges, and of the Z rapidity
are shown in Tables XX, XXI, and XXII. The statistical,
bin-correlated, and uncorrelated systematic and total un-
certainties are provided. The uncertainties on the extrapo-
lation to the common fiducial volume, on electroweak and
multijet backgrounds, on the momentum scale and resolu-
tion are treated as fully correlated between bins for bothW
and Zmeasurements. Other uncertainties are considered as
uncorrelated.

The statistical uncertainties on the W differential cross
sections are in the range 1%–2%, and the total uncertain-
ties are in the range of 2%–3%.

The differential Z cross section is measured with a
statistical uncertainty of about 2% up to jyZj< 1:6, 2.6%
for 1:6< jyZj< 2:0, and 4.4% for 2:0< jyZj< 2:4. The
available number of Z events dominates the total uncer-
tainty, with systematic sources below 1.5% in the whole
rapidity range.

VI. COMBINED CROSS SECTIONS AND
COMPARISON WITH THEORY

A. Data combination

Assuming lepton universality for the W and Z boson e
and� decays, the measured cross sections in both channels
can be combined to decrease the statistical and systematic
uncertainties. This combination cannot trivially be applied
to the pure fiducial cross sections as somewhat different
geometrical acceptances are used for the electron and the
muon measurements. This requires the introduction of the
common kinematic regions, defined in Sec. II D, where W
and Z measurements can be combined.

The method of combination used here is an averaging
procedure which has been introduced and described in
detail in [60,61]. It distinguishes different sources of sys-
tematic errors on the combination of the W and Z cross
section measurements, in electron and muon channels.

The sources of uncertainty which are fully correlated
between the electron and muon measurements are as fol-
lows: the hadronic recoil uncertainty of the Emiss

T measure-
ment (for W measurements), electroweak backgrounds,
pile-up effects, uncertainties of the z-vertex position, the
theoretical uncertainties on the acceptance, and extrapola-
tion correction factors.

The sources of uncertainty considered fully correlated
bin-to-bin and across data sets are as follows: the
extrapolation into noncovered phase space, normalization
of the electroweak background, lepton energy or momen-
tum scale and resolution, and systematic effects on recon-
struction efficiencies.
In addition, the QCD background systematics are bin-to-

bin correlated but independent for the e and � data sets.
The statistical components of the lepton identification
efficiencies are largely bin-to-bin uncorrelated but corre-
lated for theW and Z cross sections, whereas the statistical
uncertainties of the background and the electron isolation
determinations are fully uncorrelated sources. Finally,
some sources are considered as fully anticorrelated for
Wþ and W� production, specifically the PDF uncertainty
on CW and the charge misidentification. The luminosity
uncertainty is common to all data points, and it is therefore
not used in the combination procedure.
In total there are 59 differential cross section measure-

ments entering the combination with 30 sources of corre-
lated systematic uncertainties. The data are combined
using the following �2 function [61], which is minimized
in the averaging procedure:

�2 ¼ X
k;i

wi
k

½mi � ð�i
k þ

P
j �

i
j;km

ibjÞ�2
ð
i

sta;kÞ2�i
kðmi �P

j �
i
j;km

ibjÞ þ ð
i
unc;km

iÞ2

þX
j

b2j :

The sums run over all measurement sets k and points i
considered. In case a specific set k contributes a measure-
ment�i

k to point i, one hasw
i
k ¼ 1; otherwisewi

k ¼ 0. The
deviations of the combined measurements mi from the
original measurements �i

k are minimized. The correlated

error sources j can shift, i.e. bj � 0, where bj is expressed

in units of standard deviations, and such shifts incur a �2

penalty of b2j . The relative statistical and uncorrelated

systematic uncertainties of a specific measurement are
labeled 
i

sta;k and 
i
unc;k, respectively. The relative corre-

lated systematic uncertainties are given by the matrix �i
j;k,

which quantifies the influence of the correlated systematic
error source j on the measurement i in the experimental
data set k. In addition, total correlated uncertainty 
i

corr;k

can be estimated as a sum in quadrature of �i
j;k.

The combined Z, W�, and Wþ differential cross sec-
tions are given in Tables XXIII, XXIV, and XXV. The data
can be obtained electronically through the HepData reposi-
tory [62]. The results are quoted with their statistical,
uncorrelated, and correlated uncertainties per bin, where
the influence of all correlated sources is quantified indi-
vidually with the matrix �i

j;k.

The data show good compatibility, with the total
�2=dof ¼ 33:9=29. A good level of agreement is also
seen if combinations are performed separately for the Z
(�2=dof ¼ 15:5=9), the Wþ (�2=dof ¼ 10:2=10), and the
W� data (�2=dof ¼ 7:0=10).
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B. Theoretical calculations

The precision of the current differential and integrated
cross section measurements has reached the percent level.
Comparisons with QCD predictions therefore are made at
next-to-next-to-leading order in perturbation theory using
recent NNLO sets of PDFs. The dependence of the cross
section predictions on the renormalization (�r) and facto-
rization (�f) scales is reduced at NNLO. Varying �r and

�f independently around their central values, taken to be

MW or MZ, with the constraint 0:5<�r=�f < 2, a maxi-

mum effect of about 3% is observed on the NLO cross
sections, which is reduced to 0.6% at NNLO, using the
MSTW08 PDF sets.

The theoretical Z=�� and W� predictions, used in the
following for a comparison with the data, are obtained with
the most recent versions of the programs FEWZ [9,51] and
DYNNLO [63,64], which provide NNLO cross sections for

vector boson production and decays with full spin corre-
lations and finite width effects. Calculations are performed
using the G� electroweak parameter scheme and those

values of the strong coupling constant �s which belong
to the original determinations of the PDFs. The predictions
obtained with FEWZ and DYNNLO are found to agree to
within 0.5% for the total cross sections and to within 1%
for the fiducial cross sections when using the same elec-
troweak parameter settings and the standard model predic-
tions for the total and partial widths of the W and Z vector
bosons, which also account for higher order electroweak
and QCD corrections [65].

The NNLO QCD predictions do not include corrections
due to pure weak and interference effects between initial
and final state radiation. Both effects have been estimated
using the SANC program [66]. The interference effects are
below 0.1% for all considered channels. Pure weak effects
may change the predicted cross sections by about 0.5%.
Shape modifications due to the pure weak corrections are
calculated to be at most 10% of the quoted correction
values. Since the size of the pure weak corrections is
estimated to be of the same order as the level of agreement
of the NNLO QCD predictions for the fiducial cross sec-
tions, they are not applied for the subsequent comparison
of the theory with the data.

For the following comparisons to data, all integrated
cross section values, the yZ distributions, and the normal-
ization of the �‘ distributions are taken from FEWZ. The
shapes of the pseudorapidity distributions are taken from
DYNNLO which have a higher statistical precision than the

differential distributions obtained with FEWZ.

C. Differential cross sections

The differential Z and W� cross sections are shown
in Figs. 10 and 11. The measurements for different
channels are seen to be in good agreement with each
other. Excluding the overall luminosity normalization

uncertainty, the data accuracy reaches about 2% in the
central region of the Z rapidity. In the most forward region
of the Z cross section measurement, the accuracy is still
limited to 6% (10%) at yZ ’ 2:6 ð3:2Þ. For the W cross
section measurements, a precision of about 2% is obtained
in each bin of �‘.
The combined differential Z and W� cross sections are

compared in Figs. 12 and 13 with the calculated NNLO
predictions using the JR09, ABKM09, HERAPDF1.5, and
MSTW08 NNLO PDF sets. The uncertainties of the bin-
wise predictions are a convolution of the PDF uncertain-
ties, considered by the authors of the various PDF sets4 to
correspond to 68% C.L., and a residual numerical uncer-
tainty of below 0.5%. One observes that the measured yZ
and �‘ dependencies are broadly described by the predic-
tions of the PDF sets considered. Some deviations,
however, are visible, for example, the lower Z cross section
at central rapidities in the case of the JR09 PDF set, or the
tendency of the ABKM09 prediction to overshoot the Z
and the W cross sections at larger yZ and �‘, respectively.
It thus can be expected that the differential cross sections
presented here will reduce the uncertainties of PDF deter-
minations and also influence the central values.
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FIG. 10 (color online). The combined d�=djyZj cross section,
for Z=�� ! ‘þ‘�, compared to measurements obtained sepa-
rately in the muon and electron (central and forward) channels.
The kinematic requirements are 66<m‘‘ < 116 GeV and
pT;‘ > 20 GeV. For the combined result, the uncorrelated un-

certainties are shown as crosses and the total uncertainties as
boxes. Only the total uncertainties are shown for uncombined
measurements. The luminosity uncertainty is not included.
Points are displaced for clarity within each bin.

4The HERAPDF analysis considers explicitly uncertainties
due to parametrization and fit parameter choices. This leads to
somewhat enlarged and asymmetric errors as compared to the
genuine experimental uncertainties, which in the HERAPDF
analysis correspond to a change of �2 by one unit.
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The combined electron and muon data allow for an
update of the measurement of the W charge asymmetry

A‘ð�‘Þ ¼ d�Wþ=d�‘ � d�W�=d�‘

d�Wþ=d�‘ þ d�W�=d�‘

; (5)

which was previously published [26] by ATLAS based on
initial muon measurements alone. The asymmetry values,
obtained in theW fiducial region of this analysis, and their
uncertainties are listed in Table XXVI. The measurement
accuracy ranges between 4% and 8%. The previous and the
new measurements are consistent. Since the present mea-
surement is more precise and relies on the same data-taking
period, it supersedes the previous result.

Figure 14 shows the measured W charge asymmetry
together with the NNLO predictions obtained from the

DYNNLO program. The ABKM09 and the HERAPDF 1.5

predictions give the best agreement with these results.
Some deviations from the measured Wþ cross section of
ABKM09 (HERAPDF 1.5) observed at larger (smaller)
j�‘j, however, illustrate that more sensitive information
is inherent in the separate Wþ and W� cross sections and
their correlations rather than in the asymmetry.

D. Integrated cross sections

The combination procedure as outlined above is also
used to combine the integrated electron and muon Z and
W� cross sections, separately for the common fiducial and
the total cross sections.
The integrated fiducial cross sections for the Wþ, W�,

W�, and Z channels, listed in Table X with their uncer-
tainties, are all measured to about 1% systematic uncer-
tainty, with significantly smaller uncertainties due to
statistics and essentially negligible uncertainties due to
the extrapolation to the common fiducial phase space.
The luminosity uncertainty of 3.4% is fully correlated
between the measurements.
It is instructive to compare the measured integrated cross

sections with the theoretical predictions, evaluated in the
fiducial region of the measurement. The cross sections are
calculated, as described above, to NNLO using the FEWZ

program and the four NNLO PDF sets as used also for the
differential comparisons. Figure 15 shows theWþ andW�
cross sections (left panel) and the (Wþ þW�) and Z=��
cross sections (right panel). The outer ellipse is obtained
using the correlation coefficients for the total uncertainty,
while the inner, much shorter ellipse is obtained excluding
the luminosity uncertainty. The numerical values of these
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FIG. 12 (color online). Differential d�=djyZj cross section
measurement for Z ! ‘‘ compared to NNLO theory predictions
using various PDF sets. The kinematic requirements are 66<
m‘‘ < 116 GeV and pT;‘ > 20 GeV. The ratio of theoretical

predictions to data is also shown. Theoretical points are dis-
placed for clarity within each bin.
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FIG. 11 (color online). The combined d�=dj�‘j cross sec-
tions, for Wþ (top panel) and W� (bottom panel), compared
to measurements obtained separately in the electron and muon
channels. The kinematic requirements are pT;‘ > 20 GeV,
pT;� > 25 GeV, and mT > 40 GeV. For the combined result,

the uncorrelated uncertainties are shown as crosses and the total
uncertainties as boxes. Only the total uncertainties
are shown for uncombined measurements. The luminosity un-
certainty is not included. Points are displaced for clarity within
each bin.
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correlation coefficients are given in Table XI. The theo-
retical ellipses result from the PDF uncertainties, quoted to
correspond to about 68% C.L. in their two-dimensional
area,5 and the cross section correlations are obtained from
the different error eigenvector sets. The measurement ex-
hibits a sensitivity to differences in the predicted cross
sections, which is hindered, however, by the luminosity
uncertainty which dominates the error on the integrated
cross section measurement.

The predictions rely on the evolution of the PDFs,
determined mainly by deep inelastic scattering data from
HERA, into the region of the W and Z mass scales. While
possible deviations from the measured cross section values
are of interest, it is also remarkable, however, to note the
overall agreement between theory and experiment. This is
evidence that universality of the PDFs and perturbative
QCD at high orders continue to work up to the kinematic
range probed in W and Z production at the LHC.
The combination and theory comparisons are also per-

formed with the total integrated cross sections, listed in
Table XII. The correlation coefficients are given in
Table XIII. The pure experimental precision of the total
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‘� compared to the NNLO theory predictions using various PDF
sets. The kinematic requirements are pT;‘ > 20 GeV, pT;� >
25 GeV, and mT > 40 GeV. The ratio of theoretical predictions
to data is also shown. Theoretical points are displaced for clarity
within each bin.
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FIG. 14 (color online). Measured W charge asymmetry as a
function of lepton pseudorapidity j�‘j compared with theoretical
predictions calculated to NNLO. The kinematic requirements are
pT;‘ > 20 GeV, pT;� > 25 GeV, and mT > 40 GeV. Theoretical
points are displaced for clarity within each bin.

TABLE X. Combined cross sections times leptonic branching
ratios for Wþ, W�, W�, and Z=�� production within the
corresponding fiducial regions of the measurements. The uncer-
tainties denote the statistical (sta), the experimental systematic
(sys), the luminosity (lum), and the extrapolation (acc) uncer-
tainties.

�fid
W � BRðW ! ‘�Þ (nb)

j�‘j< 2:5, pT;‘ > 20 GeV,
pT;� > 25 GeV, and mT > 40 GeV

sta sys lum acc

Wþ 3:110� 0:008� 0:036� 0:106� 0:004
W� 2:017� 0:007� 0:028� 0:069� 0:002
W� 5:127� 0:011� 0:061� 0:174� 0:005

�fid
Z=�� � BRðZ=�� ! ‘‘Þ (nb)
j�‘j< 2:5, pT;‘ > 20 GeV
and 66<m‘‘ < 116 GeV

sta sys lum acc

Z=�� 0:479� 0:003� 0:005� 0:016� 0:001

5All experimental and theoretical ellipses are defined such that
their area corresponds to 68% C.L. This implies that the projec-
tions onto the axes correspond to 1.52 times the usual one-
dimensional uncertainty. Note that this convention differs from
the one chosen in [10,12,67], in which the ellipses are narrower
to reflect the one-dimensional uncertainties.
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cross sections is as high as that of the fiducial cross
sections. However, the additional extrapolation uncer-
tainty, described in Sec. III, amounts to about 2%, which
is larger than the experimental systematic error. The total
cross section measurements are thus less able to discrimi-
nate details of the PDFs, as may be deduced from compar-
ing Fig. 16 with Fig. 15.

Compared to the first total W, Z cross section measure-
ments by ATLAS [20], the statistical uncertainty is im-
proved by a factor of 10, to 0.2% (0.6%) for W (Z), the
systematic uncertainty by a factor of about 5, and the
luminosity uncertainty by a factor of 4, to 3.4%.

E. Ratios of cross sections

1. Electron-muon universality

Ratios of electron and muon cross sections can be eval-
uated in the common kinematic fiducial region. Since the

production of the W and Z bosons is independent of the
flavor of the decay lepton, the corresponding cross section
ratios represent new measurements of the ratios of the e
and � branching fractions, i.e.
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FIG. 15 (color online). Measured and predicted fiducial cross sections times leptonic branching ratios, �Wþ vs �W� (left panel) and
(�Wþ þ �W� ) vs �Z=�� (right panel). The ellipses illustrate the 68% C.L. coverage for total uncertainties (full) and excluding the

luminosity uncertainty (open black). The uncertainties of the theoretical predictions correspond to the PDF uncertainties only.

TABLE XI. Correlation matrix for the measurements of the Z,
Wþ, and W� cross sections in the fiducial volume, for the full
uncertainty (top) and for all but the luminosity uncertainty
(bottom).

Z Wþ W�

Z 1.00 0.94 0.93

Wþ 0.94 1.00 0.97

W� 0.93 0.97 1.00

Z Wþ W�

Z 1.00 0.48 0.44

Wþ 0.48 1.00 0.79

W� 0.44 0.79 1.00

TABLE XII. Combined total cross sections times leptonic
branching ratios for Wþ, W�, W, and Z=�� production. The
uncertainties denote the statistical (sta), the experimental sys-
tematic (sys), the luminosity (lum), and the extrapolation (acc)
uncertainties.

�tot
W � BRðW ! ‘�Þ (nb)
sta sys lum acc

Wþ 6:048� 0:016� 0:072� 0:206� 0:096
W� 4:160� 0:014� 0:057� 0:141� 0:083
W� 10:207� 0:021� 0:121� 0:347� 0:164

�tot
Z=�� � BRðZ=�� ! ‘‘Þ (nb)
66<m‘‘ < 116 GeV
sta sys lum acc

Z=�� 0:937� 0:006� 0:009� 0:032� 0:016

TABLE XIII. Correlation matrix for the measurements of the
total Z, Wþ, and W� cross sections for the full uncertainty (top)
and for all but the luminosity uncertainty (bottom).

Z Wþ W�

Z 1.00 0.91 0.91

Wþ 0.91 1.00 0.91

W� 0.91 0.91 1.00

Z Wþ W�

Z 1.00 0.67 0.71

Wþ 0.67 1.00 0.70

W� 0.71 0.70 1.00
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RW ¼ �e
W

��
W

¼ BrðW ! e�Þ
BrðW ! ��Þ

¼ 1:006� 0:004ðstaÞ � 0:006ðuncÞ � 0:022ðcorÞ
¼ 1:006� 0:024:

This can be compared with the current world average of
1:017� 0:019 [65] and a similar measurement performed
by CDF giving 1:018� 0:025 [24]. Similarly, one obtains
for the Z decays into electrons and muons a ratio

RZ ¼ �e
Z

��
Z

¼ BrðZ ! eeÞ
BrðZ ! ��Þ

¼ 1:018� 0:014ðstaÞ � 0:016ðuncÞ � 0:028ðcorÞ
¼ 1:018� 0:031:

This confirms e�� universality in Z decays as well, but
the result is much less accurate than the world average
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FIG. 16 (color online). Measured and predicted total cross sections times leptonic branching ratios: �Wþ vs �W� (left panel) and
(�Wþ þ �W� ) vs �Z=�� (right panel). The ellipses illustrate the 68% C.L. coverage for total uncertainties (full) and excluding the

luminosity uncertainty (open black). The uncertainties of the theoretical predictions correspond to the PDF uncertainties only.
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FIG. 17 (color online). The correlated measurement of the
electron-to-muon cross section ratios in the W and the Z chan-
nels. The vertical (horizontal) band represents the uncertainty of
the corresponding Z (W) branching fractions based on the
current world average data. The ellipse illustrates the
68% C.L. for the correlated measurement of RW and RZ, while
the error bars correspond to the one-dimensional uncertainties of
either RW or RZ, respectively.

TABLE XIV. Measured ratios of the cross sections times lep-
tonic branching ratios for Wþ=W�, Wþ=Z, W�=Z, and ðWþ þ
W�Þ=Z, obtained in the fiducial regions and combining the
electron and muon final states. The uncertainties denote the
statistical (sta), the experimental systematic (sys), and the ac-
ceptance (acc) uncertainties.

sta sys acc

Wþ=W� 1:542� 0:007� 0:012� 0:001
Wþ=Z 6:493� 0:049� 0:064� 0:005
W�=Z 4:210� 0:033� 0:049� 0:003
W�=Z 10:703� 0:078� 0:110� 0:008

TABLE XV. Measured ratios of the total cross sections times
leptonic branching ratios for Wþ=W�, Wþ=Z, W�=Z, and
ðWþ þW�Þ=Z, combining the electron and muon final states.
The uncertainties denote the statistical (sta), the experimental
systematic (sys), and the acceptance (acc) uncertainties.

sta sys acc

Wþ=W� 1:454� 0:006� 0:012� 0:022
Wþ=Z 6:454� 0:048� 0:065� 0:072
W�=Z 4:439� 0:034� 0:050� 0:049
W�=Z 10:893� 0:079� 0:110� 0:116
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value of 0:9991� 0:0024 [65]. If one uses this world
average as a constraint on the analysis presented here,
the correlated systematic uncertainty on RW is reduced,
and an improved value RW ¼ 0:999� 0:020 is obtained.
The correlation of RW and RZ and the comparison with the
world average values is illustrated in Fig. 17.

2. Combined cross section ratios

Ratios of the W� and Z cross sections are calculated
accounting for the correlations between uncertainties. The
results obtained in the fiducial region are given in
Table XIV.*γZ/

fidσ / ±W
fidσ
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FIG. 18 (color online). Measured and predicted fiducial cross
section ratios, ð�Wþ þ �W�Þ=�Z=�� (top panel) and �Wþ=�W�

(bottom panel). The experimental uncertainty (inner band) in-
cludes the experimental systematic errors. The total uncertainty
(outer band) includes the statistical uncertainty and the small
contribution from the acceptance correction. The uncertainties of
the ABKM, JR, and MSTW predictions are given by the PDF
uncertainties considered to correspond to 68% C.L., and their
correlations are derived from the eigenvector sets. The results for
HERAPDF comprise all three sources of uncertainty of that set.
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FIG. 19 (color online). Measured and predicted fiducial cross section ratios, �Wþ=�Z=�� (left panel) and �W�=�Z=�� (right panel).
The experimental uncertainty (inner band) includes the experimental systematic errors. The total uncertainty (outer band) includes the
statistical uncertainty and the small contribution from the acceptance correction. The uncertainties of the ABKM, JR, and MSTW
predictions are given by the PDF uncertainties considered to correspond to 68% C.L., and their correlations are derived from the
eigenvector sets. The results for HERAPDF comprise all three sources of uncertainty of that set.

TABLE XVI. Differential cross section for the Wþ ! eþ�
process, extrapolated to the common fiducial region. The statis-
tical (sta), uncorrelated systematic (
unc), correlated systematic
(
cor), and total (
tot) uncertainties are given in percent of the
cross section values. The overall 3.4% luminosity uncertainty is
not included.

�min �max d�=d� 
sta 
unc 
cor 
tot

pb % % % %

0.00 0.21 607.1 1.29 1.32 2.26 2.92

0.21 0.42 600.2 1.26 1.16 1.71 2.42

0.42 0.63 620.3 1.19 1.15 1.62 2.31

0.63 0.84 615.1 1.21 1.25 1.56 2.34

0.84 1.05 650.8 1.18 1.19 1.96 2.58

1.05 1.37 644.5 0.99 1.00 1.76 2.26

1.52 1.74 623.3 1.26 1.15 1.86 2.52

1.74 1.95 652.0 1.31 1.21 1.85 2.57

1.95 2.18 651.9 1.24 1.23 2.02 2.67

2.18 2.50 585.1 1.31 1.35 2.01 2.75
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TABLE XVII. Differential cross section for the W� ! e� ��
process, extrapolated to the common fiducial region. The statis-
tical (
sta), uncorrelated systematic (
unc), correlated systematic
(
cor), and total (
tot) uncertainties are given in percent of the
cross section values. The overall 3.4% luminosity uncertainty is
not included.

�min �max d�=d� 
sta 
unc 
cor 
tot

pb % % % %

0.00 0.21 450.7 1.51 1.52 2.01 2.94

0.21 0.42 438.7 1.48 1.42 1.94 2.83

0.42 0.63 455.8 1.40 1.41 2.03 2.84

0.63 0.84 444.9 1.46 1.53 1.99 2.90

0.84 1.05 427.6 1.47 1.55 1.93 2.88

1.05 1.37 430.5 1.21 1.25 2.10 2.73

1.52 1.74 387.2 1.62 1.62 1.97 3.02

1.74 1.95 384.2 1.70 1.64 2.04 3.13

1.95 2.18 356.5 1.68 1.53 2.47 3.35

2.18 2.50 325.4 1.73 1.67 2.26 3.30

TABLE XVIII. Differential cross section for the central Z !
eþe� selection, extrapolated to the common fiducial region. The
statistical (
sta), uncorrelated systematic (
unc), correlated sys-
tematic (
cor), and total (
tot) uncertainties are given in percent
of the cross section values. The overall 3.4% luminosity uncer-
tainty is not included.

ymin ymax d�=dy 
sta 
unc 
cor 
tot

pb % % % %

0.0 0.4 133.6 2.06 0.68 2.41 3.25

0.4 0.8 127.6 2.17 0.67 2.49 3.37

0.8 1.2 128.4 2.26 0.64 2.66 3.55

1.2 1.6 123.3 2.52 0.65 2.92 3.91

1.6 2.0 113.9 3.30 0.73 3.38 4.78

2.0 2.4 104.2 5.07 0.90 4.65 6.94

TABLE XIX. Differential cross section for the forward Z !
eþe� selection, extrapolated to the common fiducial region. The
statistical (
sta), uncorrelated systematic (
unc), correlated sys-
tematic (
cor), and total (
tot) uncertainties are given in percent
of the cross section values. The overall 3.4% luminosity uncer-
tainty is not included.

ymin ymax d�=dy 
sta 
unc 
cor 
tot

pb % % % %

1.2 1.6 98.3 7.31 4.94 5.94 10.64

1.6 2.0 126.9 3.74 3.16 5.74 7.54

2.0 2.4 107.9 3.28 4.30 5.21 7.51

2.4 2.8 93.8 3.21 3.81 4.80 6.92

2.8 3.6 53.7 4.20 4.37 8.22 10.21

TABLE XX. Differential cross section for the Wþ ! �þ�
process, extrapolated to the common fiducial region. The statis-
tical (
sta), uncorrelated systematic (
unc), correlated systematic
(
cor), and total (
tot) uncertainties are given in percent of the
cross section values. The overall 3.4% luminosity uncertainty is
not included.

�min �max d�=d� 
sta 
unc 
cor 
tot

pb % % % %

0.00 0.21 593.5 1.48 2.32 1.76 3.26

0.21 0.42 611.0 1.31 1.79 1.69 2.79

0.42 0.63 628.7 1.27 1.72 1.62 2.68

0.63 0.84 621.7 1.38 2.34 2.04 3.40

0.84 1.05 629.8 1.37 2.32 1.81 3.24

1.05 1.37 658.8 1.01 1.43 1.78 2.50

1.37 1.52 632.8 1.37 1.30 2.38 3.04

1.52 1.74 638.9 1.13 1.07 1.67 2.28

1.74 1.95 652.1 1.17 1.26 1.70 2.42

1.95 2.18 611.5 1.15 1.22 1.68 2.37

2.18 2.50 577.6 1.21 1.43 2.05 2.78

TABLE XXII. Differential cross section for the Z ! �þ��
process, extrapolated to the common fiducial region. The statis-
tical (
sta), uncorrelated systematic (
unc), correlated systematic
(
cor), and total (
tot) uncertainties are given in percent of the
cross section values. The overall 3.4% luminosity uncertainty is
not included.

ymin ymax d�=dy 
sta 
unc 
cor 
tot

pb % % % %

0.0 0.4 126.7 2.04 0.97 1.22 2.57

0.4 0.8 132.7 1.97 0.73 1.23 2.44

0.8 1.2 125.2 2.01 0.68 0.82 2.27

1.2 1.6 117.9 2.16 0.55 0.82 2.38

1.6 2.0 111.7 2.63 0.65 1.08 2.92

2.0 2.4 107.8 4.43 1.32 2.88 5.45

TABLE XXI. Differential cross section for the W� ! ���
process, extrapolated to the common fiducial region. The statis-
tical (
sta), uncorrelated systematic (
unc), correlated systematic
(
cor), and total (
tot) uncertainties are given in percent of the
cross section values. The overall 3.4% luminosity uncertainty is
not included.

�min �max d�=d� 
sta 
unc 
cor 
tot

pb % % % %

0.00 0.21 441.9 1.73 2.34 1.63 3.33

0.21 0.42 444.9 1.56 1.82 1.79 2.99

0.42 0.63 455.1 1.52 1.75 1.75 2.91

0.63 0.84 435.5 1.68 2.39 2.07 3.57

0.84 1.05 433.2 1.67 2.36 1.68 3.34

1.05 1.37 408.8 1.32 1.47 1.66 2.58

1.37 1.52 388.1 1.79 1.35 2.14 3.10

1.52 1.74 383.5 1.50 1.11 2.15 2.85

1.74 1.95 370.5 1.59 1.32 1.94 2.83

1.95 2.18 360.3 1.53 1.26 1.88 2.73

2.18 2.50 338.3 1.60 1.47 2.11 3.03
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The precision of these measurements is very high, with a
total uncertainty of 0.9% for theWþ=W� ratio and of 1.3%
for the W�=Z ratio.

Ratios for the total cross sections are given in Table XV.
The uncertainties of the total cross section ratios are
enlarged significantly by the additional acceptance contri-
bution. Compared to the fiducial cross section ratios, the
uncertainties are almost doubled, with a value of 1.8% for
the Wþ=W� ratio and of 1.6% for the W�=Z ratio.

The cross section ratios, determined in the fiducial re-
gions of the W and Z measurements, are compared in

Figs. 18 and 19 with the theoretical predictions, accounting
for the correlations inherent in the PDF determinations.
The mean boson rapidity for the data presented here

is about zero, and thus on average the Bjorken x values
of the incoming partons are equal, x1 ¼ x2 ’ 0:01. In
a rough leading order calculation, neglecting the
heavy-quark and Cabibbo disfavored parts of the cross
sections and the �� contribution to the Z cross section,
and also assuming the light sea and antiquark distribu-
tions to all be the same, xs, the ðWþ þW�Þ=Z ratio is
found to be proportional to ðuv þ dv þ 2sÞ=½ðv2

u þ a2uÞ�

TABLE XXIII. Combined differential cross section d�=dyZ for the Z ! ‘þ‘� process measured for 66<m‘‘ < 116 GeV and
pT;‘ > 20 GeV. All uncertainties are quoted in % with respect to the cross section values. 
sta, 
unc, 
cor, and 
tot represent statistical,

uncorrelated systematic, correlated systematic, and total uncertainties. �1 � �30 represent diagonalized correlated systematic
uncertainties, which are correlated bin to bin and across the Wþ, W�, and Z measurements. The overall 3.4% luminosity uncertainty
is not included.

ymin � ymax 0.0–0.4 0.4–0.8 0.8–1.2 1.2–1.6 1.6–2.0 2.0–2.4 2.4–2.8 2.8–3.6

d�=dy (pb) 129.27 129.44 125.81 118.23 113.37 105.26 92.18 53.38


sta, % 1.46 1.47 1.50 1.61 1.84 2.57 3.24 4.21


unc, % 0.59 0.50 0.47 0.45 0.63 1.37 3.81 4.37


cor, % 1.07 1.08 0.93 0.97 1.26 2.19 3.77 8.06


tot, % 1.90 1.89 1.83 1.94 2.32 3.65 6.26 10.09

�1, % 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29

�2, % 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09

�3, % 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

�4, % 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.18

�5, % 0.07 0.07 0.05 0.04 0.01 0.00 0.06 0.18

�6, % �0:13 �0:10 �0:08 �0:05 �0:04 �0:07 �0:06 �0:03
�7, % 0.05 0.04 0.05 0.04 0.05 0.09 0.58 1.76

�8, % �0:07 �0:09 �0:07 �0:09 �0:08 �0:19 �0:42 �1:16
�9, % �0:03 �0:02 �0:05 0.01 0.05 0.18 0.61 1.28

�10, % 0.12 0.13 0.11 0.08 0.03 �0:05 �0:40 �0:93

�11, % �0:10 �0:10 �0:10 �0:05 0.01 0.13 0.63 1.87

�12, % 0.06 0.06 0.06 0.15 0.33 0.76 2.26 4.97

�13, % �0:28 �0:29 �0:17 �0:15 0.15 0.18 0.11 �0:39

�14, % �0:02 0.01 �0:03 0.05 �0:01 0.23 1.16 3.19

�15, % 0.07 0.06 0.01 0.03 0.02 0.23 1.18 2.70

�16, % �0:10 �0:08 �0:08 �0:03 �0:09 0.04 0.23 1.64

�17, % �0:53 �0:55 �0:43 �0:37 �0:37 �0:58 �0:82 �1:95
�18, % 0.07 0.02 0.03 0.07 0.17 0.17 0.45 0.56

�19, % �0:16 �0:16 �0:13 �0:06 �0:07 �0:06 0.03 0.37

�20, % 0.34 0.32 0.22 0.30 0.41 0.66 �0:03 �0:83

�21, % �0:15 �0:17 �0:15 �0:09 0.04 0.13 0.04 �0:03

�22, % �0:10 �0:15 0.00 �0:25 �0:45 �1:15 �0:28 1.39

�23, % 0.05 0.02 0.00 �0:23 �0:49 �0:85 �0:09 0.78

�24, % 0.22 0.23 0.23 0.16 0.00 0.15 0.49 0.28

�25, % 0.17 0.16 0.12 0.14 0.08 0.01 0.26 0.26

�26, % 0.18 0.25 0.28 0.18 0.24 0.69 0.03 �1:13

�27, % 0.00 �0:01 �0:04 �0:04 �0:06 �0:20 �0:19 �0:04

�28, % 0.50 0.47 0.45 0.52 0.66 0.62 0.70 0.26

�29, % 0.17 0.18 0.16 0.13 �0:06 �0:14 �1:68 �0:46

�30, % �0:12 �0:11 �0:14 �0:12 �0:11 �0:20 �0:21 �0:21
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ðuv þ sÞ þ ðv2
d þ a2dÞðdv þ sÞ�. Here xuvðxdvÞ is the up

(down) valence-quark momentum distribution and vu;d

and au;d are the vector and axial-vector weak neutral

current couplings of the light quarks. As the numerical
values for the Z coupling to the up and down quarks,
v2
u;d þ a2u;d, are of similar size, the W�=Z ratio measures

a rather PDF insensitive quantity, provided that the
sea is flavor symmetric. Since this symmetry assumption,
with a small deviation to account for some light sea
quark asymmetry near Bjorken x ’ 0:1, is inherent in

all major PDF fit determinations, there is indeed not
much difference observed between the various W�=Z
ratio predictions; see Fig. 18 (top panel). The agreement
with the present measurement therefore supports the
assumption of a flavor independent light quark sea at
high scales, and Bjorken x near 0.01. The predictions
for the charge dependent Wþ=W�, Wþ=Z, and W�=Z
ratios, shown in Figs. 18 (bottom panel) and 19, exhibit
more significant deviations as they are more sensitive to
up-down quark distribution differences.

TABLE XXIV. Combined differential cross section d�=d�‘� for the W� ! ‘� �� process measured for pT;‘ > 20 GeV, pT;� >
25 GeV, andmT > 40 GeV. All uncertainties are quoted in % with respect to the cross section values. 
sta, 
unc, 
cor, and 
tot represent
statistical, uncorrelated systematic, correlated systematic, and total uncertainties. �1 � �30 represent diagonalized correlated system-
atic uncertainties, which are correlated bin to bin and across the Wþ, W�, and Z measurements. The overall 3.4% luminosity
uncertainty is not included.

�min � �max 0.00–0.21 0.21–0.42 0.42–0.63 0.63–0.84 0.84–1.05 1.05–1.37 1.37–1.52 1.52–1.74 1.74–1.95 1.95–2.18 2.18–2.50

d�=d� (pb) 446.32 440.26 455.06 439.81 428.07 418.89 387.27 384.03 375.29 357.39 330.99


sta, % 1.16 1.08 1.04 1.12 1.12 0.90 1.79 1.11 1.17 1.13 1.18


unc, % 1.29 1.13 1.10 1.30 1.30 0.95 1.35 0.93 1.03 0.98 1.10


cor, % 1.30 1.29 1.31 1.35 1.36 1.37 1.67 1.47 1.48 1.50 1.64


tot, % 2.16 2.02 2.00 2.18 2.19 1.90 2.80 2.06 2.15 2.12 2.30

�1, % 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

�2, % 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18

�3, % 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23

�4, % 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19

�5, % 0.03 0.03 0.04 0.04 0.03 0.04 0.05 0.04 0.05 0.04 0.06

�6, % �0:01 0.00 �0:01 �0:01 �0:01 0.00 �0:02 0.00 0.00 �0:01 0.00

�7, % 0.04 0.05 0.06 0.05 0.04 0.05 0.04 0.06 0.04 0.04 0.14

�8, % 0.05 0.06 0.03 0.06 0.06 0.03 0.06 0.04 0.03 0.05 0.01

�9, % 0.07 0.07 0.07 0.08 0.05 0.11 0.12 0.11 0.10 0.10 0.02

�10, % 0.11 0.11 0.09 0.10 0.11 0.13 0.19 0.15 0.11 0.10 0.14

�11, % 0.17 0.18 0.16 0.18 0.21 0.18 0.20 0.20 0.19 0.20 0.35

�12, % 0.06 0.09 0.06 0.09 0.07 0.13 0.09 0.13 0.13 0.14 0.12

�13, % �0:42 �0:42 �0:45 �0:49 �0:46 �0:49 �0:62 �0:53 �0:54 �0:52 �0:49
�14, % 0.08 0.05 0.05 0.08 0.09 0.11 0.14 0.11 0.13 0.15 0.16

�15, % �0:18 �0:20 �0:20 �0:22 �0:23 �0:32 �0:25 �0:36 �0:35 �0:36 �0:36
�16, % �0:29 �0:29 �0:31 �0:31 �0:27 �0:34 �0:38 �0:36 �0:37 �0:32 �0:31
�17, % �0:57 �0:48 �0:52 �0:49 �0:61 �0:60 �0:81 �0:74 �0:61 �0:64 �0:84
�18, % 0.39 0.44 0.50 0.56 0.53 0.37 0.52 0.35 0.47 0.36 0.40

�19, % 0.30 0.37 0.32 0.38 0.26 0.33 0.25 0.23 0.33 0.15 0.08

�20, % 0.34 0.34 0.32 0.44 0.29 0.45 0.58 0.40 0.48 0.53 0.58

�21, % �0:41 �0:38 �0:28 �0:36 �0:47 �0:47 �0:53 �0:43 �0:44 �0:56 �0:55
�22, % �0:11 �0:08 �0:08 �0:03 �0:09 �0:02 �0:05 �0:01 �0:01 �0:02 �0:10
�23, % 0.12 0.17 0.19 0.14 0.07 0.03 0.01 0.01 0.11 0.06 �0:01

�24, % �0:11 �0:18 �0:14 �0:09 �0:22 �0:15 0.00 �0:29 �0:23 �0:32 �0:45

�25, % �0:02 �0:16 �0:14 �0:07 �0:12 �0:11 0.13 �0:22 �0:10 �0:04 �0:04

�26, % 0.51 0.41 0.50 0.32 0.36 0.25 0.19 0.26 0.36 0.42 0.24

�27, % �0:08 �0:15 �0:18 �0:08 �0:07 �0:02 �0:25 �0:09 �0:08 0.00 0.09

�28, % 0.11 0.21 0.12 0.21 0.21 0.27 0.34 0.32 0.25 0.25 0.29

�29, % 0.07 0.07 0.05 0.07 0.06 0.09 0.12 0.08 0.08 0.09 0.09

�30, % �0:16 �0:10 �0:10 �0:13 �0:14 �0:10 0.31 0.03 �0:01 �0:04 0.00
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VII. SUMMARY

New measurements are presented of the inclusive cross
sections of Drell-Yan W� and Z=�� production in the
electron and muon decay channels. They are based on
the full data sample collected by the ATLAS experiment
at the LHC in 2010 at a center-of-mass energy of 7 TeV.
With an integrated luminosity of about 35 pb�1, a total of
about 270 000 W boson decays into an electron or muon
and the associated neutrino and a total of about 24 000

Z=�� decays into electron or muon pairs have been
observed.
The cross sections are measured in a well-defined

kinematic range within the detector acceptance, defined
by charged lepton pseudorapidity and charged lepton
and neutrino transverse momentum cuts. Integrated
cross sections are determined in these fiducial regions
and are also extrapolated to the full kinematic range
to obtain the total integrated W and Z=�� cross
sections.

TABLE XXV. Combined differential cross section d�=d�‘þ for the Wþ ! ‘þ� process measured for pT;‘ > 20 GeV, pT;� >
25 GeV, andmT > 40 GeV. All uncertainties are quoted in % with respect to the cross section values. 
sta, 
unc, 
cor, and 
tot represent
statistical, uncorrelated systematic, correlated systematic, and total uncertainties. �1 � �30 represent diagonalized correlated system-
atic uncertainties, which are correlated bin to bin and across the Wþ, W�, and Z measurements. The overall 3.4% luminosity
uncertainty is not included.

�min � �max 0.00–0.21 0.21–0.42 0.42–0.63 0.63–0.84 0.84–1.05 1.05–1.37 1.37–1.52 1.52–1.74 1.74–1.95 1.95–2.18 2.18–2.50

d�=d� (pb) 602.00 602.67 620.15 614.69 640.65 647.21 630.74 629.17 648.85 628.13 578.39


sta, % 1.00 0.93 0.89 0.95 0.94 0.72 1.37 0.84 0.88 0.85 0.89


unc, % 1.16 0.99 0.97 1.12 1.07 0.83 1.30 0.78 0.88 0.87 0.98


cor, % 1.33 1.17 1.17 1.20 1.26 1.19 1.73 1.15 1.29 1.21 1.39


tot, % 2.03 1.79 1.76 1.89 1.90 1.62 2.56 1.63 1.79 1.71 1.92

�1, % 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23

�2, % �0:18 �0:18 �0:18 �0:18 �0:18 �0:18 �0:18 �0:18 �0:18 �0:18 �0:18
�3, % 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09

�4, % 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

�5, % 0.03 0.03 0.03 0.04 0.04 0.04 0.06 0.04 0.05 0.03 0.02

�6, % �0:01 �0:01 �0:01 �0:01 0.00 �0:01 �0:02 �0:01 �0:01 0.00 �0:01

�7, % 0.03 0.03 0.02 0.04 0.04 0.02 0.02 0.02 0.02 0.03 0.08

�8, % 0.03 0.03 0.04 0.02 0.04 0.00 �0:03 0.00 0.00 0.03 �0:03

�9, % 0.08 0.08 0.06 0.09 0.07 0.11 0.17 0.11 0.12 0.11 0.05

�10, % 0.10 0.11 0.14 0.12 0.11 0.15 0.18 0.11 0.12 0.12 0.11

�11, % 0.13 0.12 0.13 0.12 0.19 0.11 0.12 0.12 0.13 0.13 0.24

�12, % 0.08 0.08 0.07 0.07 0.10 0.10 0.07 0.11 0.11 0.11 0.01

�13, % �0:43 �0:39 �0:40 �0:47 �0:48 �0:46 �0:61 �0:49 �0:51 �0:44 �0:48
�14, % 0.03 0.01 0.04 0.01 0.05 0.08 0.08 0.06 0.09 0.07 0.05

�15, % �0:17 �0:15 �0:16 �0:16 �0:22 �0:23 �0:18 �0:26 �0:26 �0:26 �0:29
�16, % �0:22 �0:19 �0:17 �0:23 �0:23 �0:22 �0:26 �0:21 �0:24 �0:17 �0:24
�17, % �0:59 �0:60 �0:55 �0:63 �0:46 �0:66 �1:00 �0:64 �0:62 �0:60 �0:82
�18, % 0.37 0.34 0.47 0.47 0.64 0.36 0.40 0.37 0.46 0.36 0.46

�19, % 0.21 0.31 0.44 0.35 0.28 0.29 0.10 0.17 0.28 0.21 0.23

�20, % 0.30 0.20 0.17 0.23 0.28 0.29 0.48 0.27 0.37 0.25 0.19

�21, % �0:18 �0:19 �0:28 �0:10 �0:31 �0:17 �0:30 �0:11 �0:16 �0:25 �0:33
�22, % �0:05 �0:08 �0:12 �0:01 �0:08 0.00 0.03 0.01 0.11 �0:01 0.08

�23, % 0.09 0.08 0.06 0.05 0.01 �0:05 �0:19 �0:11 �0:10 �0:10 �0:19

�24, % �0:08 �0:14 �0:05 �0:13 0.26 �0:04 �0:07 0.14 �0:12 �0:03 �0:04

�25, % �0:24 �0:13 0.06 �0:09 �0:03 0.02 0.02 0.03 �0:02 �0:07 �0:01

�26, % 0.74 0.45 0.05 0.18 0.04 0.22 0.49 0.13 0.27 0.44 0.27

�27, % 0.09 0.16 0.23 0.14 0.13 0.18 0.41 0.18 0.22 0.18 0.19

�28, % 0.12 0.21 0.25 0.26 0.18 0.21 0.46 0.18 0.29 0.24 0.31

�29, % 0.07 0.06 0.03 0.03 0.05 0.05 0.15 0.05 0.08 0.09 0.06

�30, % �0:18 �0:10 �0:07 �0:09 �0:19 �0:09 0.36 �0:03 �0:02 �0:06 �0:02
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The W� cross sections are measured differentially as a
function of the lepton pseudorapidity, extending to j�‘j 	
2:5. The Z=�� cross section is measured as a function of
the boson rapidity jyZj up to a value of 2.4. An extension to
jyZj 	 3:6 is obtained through the electron channel mea-
surements, which include the forward detector region and
j�ej as large as 4.9.

The electron and muon measurements are found to
be consistent in the three channels, Wþ, W�, and Z=��.
The data sets are therefore combined using a method
which accounts for the different systematic error
correlations.

This combination provides the most accurate inte-
grated inclusive W and Z=�� cross sections so far
obtained by the ATLAS Collaboration and the first
measurements of rapidity dependent cross sections. An
update is also presented of the W charge asymmetry as
a function of j�‘j.

The precision of the integrated W and Z=�� cross
sections in the fiducial region is �1:2% with an addi-
tional uncertainty of 3.4% resulting from the luminosity
error. The uncertainties on the total integrated cross
sections are about twice as large because of the extrapo-
lation uncertainties in the determination of the accep-
tance correction. The differential cross sections
are determined in the fiducial region with a typical
precision of 2%, apart from the most forward part of yZ.

The results are compared with QCD predictions
calculated to NNLO in the fiducial regions of the
measurements which allows for maximum sensitivity

to details of the parton distributions used in these
calculations.
The broad agreement of the theory predictions at the few

percent level with the data supports the validity of the QCD
evolution equations, as the results rely on lower scale
parton distribution functions evolved to the W and Z kine-
matic regions, at the average value of Bjorken x of about
0.01.
Interesting differences between sets of parton distribu-

tions are observed, both in the integrated and the differen-
tial fiducial cross sections. The results presented in this
paper therefore provide a further basis for sensitive tests of
perturbative QCD and determinations of the partonic con-
tent of the proton.
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TABLE XXVI. The combined lepton charge asymmetry A‘

from W boson decays in bins of absolute lepton pseudorapidity
measured for pT;‘ > 20 GeV, pT;� > 25 GeV, and mT >
40 GeV. �sta, �unc, �cor, and �tot represent statistical, uncorre-
lated systematic, correlated systematic, and total uncertainty.

�min �max A‘ �sta �unc �cor �tot

0.00 0.21 0.149 0.008 0.009 0.003 0.012

0.21 0.42 0.156 0.007 0.008 0.003 0.011

0.42 0.63 0.154 0.007 0.007 0.004 0.011

0.63 0.84 0.166 0.007 0.009 0.003 0.012

0.84 1.05 0.199 0.007 0.008 0.004 0.012

1.05 1.37 0.214 0.006 0.006 0.003 0.009

1.37 1.52 0.239 0.011 0.010 0.005 0.016

1.52 1.74 0.242 0.007 0.006 0.004 0.010

1.74 1.95 0.267 0.007 0.007 0.003 0.011

1.95 2.18 0.275 0.007 0.007 0.003 0.010

2.18 2.50 0.272 0.007 0.008 0.004 0.011
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89B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Republic of Belarus

90National Scientific and Educational Centre for Particle and High Energy Physics, Minsk, Republic of Belarus
91Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

92Group of Particle Physics, University of Montreal, Montreal, Quebec, Canada
93P.N. Lebedev Institute of Physics, Academy of Sciences, Moscow, Russia

94Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
95Moscow Engineering and Physics Institute (MEPhI), Moscow, Russia

96Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia
97Fakultät für Physik, Ludwig-Maximilians-Universität München, München, Germany
98Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany

99Nagasaki Institute of Applied Science, Nagasaki, Japan
100Graduate School of Science, Nagoya University, Nagoya, Japan

101aINFN Sezione di Napoli, Italy
101bDipartimento di Scienze Fisiche, Università di Napoli, Napoli, Italy
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