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Motivations
‣ studying DY production of W and Z bosons is a strong benchmark 

for QCD

❖ test perturbative calculations

❖ constrain proton PDFs

‣ W, Z are standard high-pT candles

❖ study lepton reconstruction performances

❖ production rate can be used for luminosity measurement

‣ necessary step towards new physics searches

❖ detector and physics must be fully understood

❖ electroweak signatures are starting point to chase new physics 
signatures
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The ATLAS experiment
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B = 2 T, up to |η| < 2.5
σ/pT ~ 3.4×10-4 pT ⊕ 0.015

[ID]

up to |η| < 3.2
σ/E ~ 10%/√E

[ECAL]

up to |η| < 3.2 (FCAL: 4.9)

σ/E ~ 50%/√E ⊕ 0.03

[HCAL]

up to |η| < 2.7

σ/pT < 10% up to 1 TeV

[MS]
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Measurement strategy
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full 2010 pp data sample @ 7 TeV [~35 pb-1]

measuring W and Z/γ*

CW/Z: efficiency in the fiducial region (from data)

AW/Z: extrapolation to the full kinematic region (Pythia)

background estimated from MC (EW) and data (QCD)

fiducial regions:  [W] pT,µ > 20 GeV, |ηµ| < 2.4, pT,ν > 25 GeV, mT > 40 GeV
 [Z/γ*] pT,µ > 20 GeV, |ηµ| < 2.4, 66 < mµµ < 116 GeV

84103 W+ (55162 W-) candidates

11669 Z candidates

*

*

(see http://cdsweb.cern.ch/record/1338570)

*

http://cdsweb.cern.ch/record/1338570
http://cdsweb.cern.ch/record/1338570
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Muon reconstruction
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combination of tracks measured from ID and MS
for this analysis we restrict to pT > 20 GeV, |η| < 2.4
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Reconstruction Efficiency

Trigger Efficiency

trigger reco isolation

average 
efficiency ~85% ~92% ~99%

MC efficiencies are corrected to reproduce data

requesting isolated muons (ΣΔR<0.4 pT(tracks)/pT(µ) < 0.2)

[pT > 13 GeV]
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ETmiss reconstruction
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missing transverse energy is measured from CALO and MS 

calorimeter coverage up to |η| < 4.5

Exmiss = Exmiss, calo + Exmiss, muon

Eymiss = Eymiss, calo + Eymiss, muon

ETmiss = [(Exmiss)2 + (Eymiss)2]½

ECAL/HCAL: reconstructed topological clusters

MS: correction for muons

ETmiss in QCD events

ETmiss resolution
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Background estimation
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electroweak backgrounds
[W]

[Z/γ*]

Z→µµ, W→τν, t t̅, Z→ττ, diboson

diboson, t t̅, Z→ττ, W→µν
~7%

~0.4%

QCD backgrounds
heavy quark decays, π/K, fake muons

theoretical uncertainties: need a data-driven estimate

ETmiss

muon isolation

isolated non-isolated

assume flat QCD in ETmiss vs isolation space (uncorrelated)

obtain QCD in measurement region [orange] 

extrapolating estimates in control regions [blue]

similar method for Z→µµ (using mass/isolation)

0.22±0.16±0.09%

1.7±0.2±0.7%

[Z/γ*] 

[W] 
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Results in the muon channels
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σfid
W (±) · BR(W → µν) [nb]

W+ 3.008±0.011(sta)±0.080(sys)±0.109(lum)

W− 1.950±0.009(sta)±0.053(sys)±0.072(lum)

W 4.959±0.015(sta)±0.120(sys)±0.181(lum)

σ tot
W (±) · BR(W → µν) [nb]

W+ 6.215±0.023(sta)±0.165(sys)±0.225(lum)±0.187(acc)
W− 4.107±0.020(sta)±0.112(sys)±0.152(lum)±0.123(acc)
W 10.322±0.030(sta)±0.249(sys)±0.377(lum)±0.310(acc)

σfid
Z/γ∗ · BR(Z/γ∗ → µµ) [nb], 66 < mµµ < 116 GeV

Z/γ∗ 0.456±0.004(sta)±0.005(sys)±0.015(lum)

σ tot
Z/γ∗ · BR(Z/γ∗ → µµ) [nb], 66 < mµµ < 116 GeV

Z/γ∗ 0.941±0.008(sta)±0.011(sys)±0.032(lum)±0.037(acc)

Table 6: Total and fiducial cross sections times leptonic branching ratios, in nb, for W+, W−, W and
Z/γ∗ production in the muon final states. The uncertainties denote the statistical (sta) and experimental
systematic (sys) errors, the acceptance (acc) errors and the luminosity induced errors (lum).

δσW/σW δσW+/σW+ δσW−/σW− δσZ/σZ

Trigger 0.7 0.8 0.9 0.1
Muon Reconstruction 0.5 0.6 0.6 0.8
Muon Isolation 0.3 0.3 0.3 0.6
Muon pT Resolution 0.02 0.03 0.02 0.01
Muon pT Scale 0.4 1.1 0.8 0.2
QCD Background 0.8 0.7 1.1 0.1
Electroweak Background 0.4 0.4 0.5 0.02
Emiss

T Cleaning 0.07 0.07 0.07 -
Emiss

T Resolution and Scale 2.0 2.0 2.0 -
CW/Z Theoretical uncertainty 0.3 0.3 0.3 0.3

Total experimental uncertainty 2.4 2.7 2.7 1.1

AW/Z Theoretical uncertainty 3.0 3.0 3.0 4.0

Total excluding Luminosity 3.9 4.0 4.0 4.1

Luminosity 3.4

Table 7: Summary of systematic measurement uncertainties in the muon channels expressed as relative
errors on the cross section in per cent.
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main systematics:

luminosity (3.4%)*
acceptance (theory) (~3/4%)*

W: ETmiss resolution and scale (2%), QCD background (0.8%)*
Z/γ*: muon reconstruction (0.8%) and isolation (0.6%)*

good agreement with Pythia distributions

integrated measurement is dominated by systematics
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e/µ combined results
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5 Combined Cross Section and Ratio Results

5.1 Cross Sections

The total cross sections for W± and Z/γ∗ production as obtained in the electron and muon decay chan-
nels, presented above, are consistent within their measurement uncertainties. They are combined to
obtain an averaged result, assuming the two lepton decay mode cross sections to be independent, apart
from the common parts in the acceptance calculation, the transverse missing energy uncertainty in the
W channels and the luminosity uncertainty. The forward Z → ee result is at present not included in this
combination. The result is given in Table 8.

σ tot
W (±) · BR(W → �ν) [nb]

W+ 6.257±0.017(sta)±0.152(sys)±0.213(lum)±0.188(acc)
W− 4.149±0.014(sta)±0.102(sys)±0.141(lum)±0.124(acc)
W 10.391±0.022(sta)±0.238(sys)±0.353(lum)±0.312(acc)

σ tot
Z/γ∗ · BR(Z/γ∗ → ��) [nb], 66 < mee < 116 GeV

Z/γ∗ 0.945±0.006(sta)±0.011(sys)±0.032(lum)±0.038(acc)

Table 8: Total averaged cross sections times leptonic branching ratios for W+, W−, W and Z/γ∗ pro-
duction in the combined electron and muon final states. The uncertainties denote the statistical (sta)
and experimental systematic (sys) errors, the acceptance (acc) errors and the luminosity induced errors
(lum).

Compared to the first measurement of ATLAS [19], the statistical uncertainty of the total cross-
section measurement is improved by a factor of ten, to per mille level, the systematic uncertainty by a
factor of about three, to 2.4 (1.2)% for the W (Z) cross section, and the luminosity uncertainty by a
factor of four, to 3.4 %. The extrapolation uncertainty due to the acceptance is 3 (4)%, respectively, and
calculated as in [19]. The result is more accurate than, and consistent with, a recent result published by
the CMS Collaboration [21].

The measured cross sections are compared with QCD calculations using both the ZWPROD [6]
and the FEWZ [9, 31] programs for four sets of parton distributions, which are available in NNLO
perturbation theory 2). Here the so-called Gµ electroweak parameter scheme is used while the values
of the strong coupling constant, αs, are those used in the original determination of the PDFs. The
theoretical cross section results are listed in Table 9. The measurements and the predictions are compared
in Figure 8, which shows the W+ vs. the W− cross section (left) and the sum of W+ and W− vs. the Z/γ∗
cross section (right). The predictions rely essentially on an evolution at fixed Bjorken x � 0.01 of the
PDFs determined by deep inelastic scattering data, mainly from HERA, into the region of the W and Z
mass scales. Within the total accuracy of the present cross section measurement of about 5 %, all NNLO
predictions are consistent with the data.

2)The accuracy of a few per cent reached with the present measurement is matched best with the NNLO calculations. If,
for example, the W cross section predictions to NLO and NNLO for the corresponding MSTW08 PDF sets are compared, the
NLO result is lower by about 3 % than the NNLO calculation. In addition, the dependence of the cross section predictions on
the renormalisation (µr) and factorisation (µ f ) scales is reduced at NNLO. Varying µr and µ f independently up-and-down by
a factor of two around their central values, taken to be MW or MZ , with the constraint 0.5 < µr/µr < 2, an effect of about 3 %
is observed on the NLO cross sections, which is reduced to 0.6 % at NNLO, using the MSTW08 PDF sets.
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MSTW08 ABKM09 HERA JR09

W+ 6.16±0.11 6.42±0.09 6.42±0.16 5.92±0.12
W− 4.30±0.08 4.29±0.07 4.42±0.10 4.03±0.08
W 10.46±0.18 10.71±0.15 10.84±0.26 9.94±0.19
Z/γ∗ 0.964±0.018 0.987±0.015 0.994±0.029 0.909±0.018

Table 9: Cross sections times leptonic branching ratios in nb, for W+, W−, W and Z/γ∗ production in
the combined electron and muon final states calculated for various PDF sets to NNLO QCD. The uncer-
tainties of the predictions correspond to the PDF uncertainties only, taken at 68 % CL. The prediction
for HERA uses the NNLO HERAPDF1.0 fit, and the quoted errors correspond to the symmetrised total
HERAPDF1.0 PDF uncertainties.

5.2 Ratios of Cross Sections

Ratios of the measured W and Z/γ∗ cross sections are calculated taking the correlations of errors into
account [19]. The correlation between the uncertainties is taken to be one for the contribution of the
lepton energy scale and resolution and zero for the uncertainties resulting from the Emiss

T scale (hadronic
recoil), which affects only the W measurement. In addition, in the case of electrons, the correlation
between the identification criteria used in the W and Z analyses is taken into account. The theoretical
uncertainty in the ratio of W and Z acceptances is calculated exploiting the proper cancellations among
theoretical and PDF uncertainties in the two channels.

Results are given in Table 10 and can be compared with predictions from the four sets of NNLO
parton distributions considered above. The uncertainty of these ratios (2.7 % for W/Z) is smaller than
that of the cross sections, since part of the correlated uncertainties cancels in the ratios.

Ratio Data

W+/Z 6.563±0.049(sta)±0.134(sys)±0.098(acc)
W−/Z 4.345±0.034(sta)±0.095(sys)±0.065(acc)
W/Z 10.906±0.079(sta)±0.215(sys)±0.164(acc)

Table 10: Measured ratios of the total, averaged cross sections times leptonic branching ratios, for
W+/Z, W−/Z and (W+ +W−)/Z, combining the electron and muon final states. The uncertainties
denote the statistical (sta), the experimental systematic (sys) and the acceptance (acc) errors.

Figure 9 shows the measured ratio of the sum of the W± cross sections and the Z/γ∗ cross section, as
a vertical band, compared with the theoretical predictions. The mean rapidity of the total cross section
data presented here is about zero and thus on average the Bjorken x values of the incoming partons are
equal, x1 = x2 � 0.01. In a rough leading order calculation, neglecting the heavy quark and Cabibbo
disfavoured parts of the cross sections, and also assuming the light sea and anti-quark distributions to be
all the same, xs, the (W+ +W−)/Z ratio is found to be proportional to (uv + dv + 2s)/[(v2

u + a2
u)(uv +

s)+(v2
d +a2

d)(dv + s)], where xuv (xdv) 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. Therefore, the
W/Z ratio measures a rather PDF insensitive quantity, provided that indeed the sea is flavour 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, which are listed in Table 11. These predictions
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combining electron and muon channels

data consistent with NNLO predictions
(http://arxiv.org/abs/1011.3540)

http://arxiv.org/abs/1011.3540
http://arxiv.org/abs/1011.3540
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Further steps: W+W-
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σWW = 40+20(stat)±7(syst) pb-16

selection:
opposite sign eµ/µµ/ee
large ETmiss

Z mass veto
jet veto (top bkg rejection)

eµ µµ ee

events 5 2 1

s/b ratio 3.7 6.7 5.0

sensitive to TGC
dominant bkg to H→WW

[σWW(NLO) = 46±3 pb]

*
*
*
*

(see http://cdsweb.cern.ch/record/1334877)

http://cdsweb.cern.ch/record/1334877
http://cdsweb.cern.ch/record/1334877
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Conclusions and future steps

‣ W/Z cross section in muon channels

❖ good agreement with simulation

‣ combination with electron channels

❖ data consistent with NNLO predictions (different PDFs choice)

❖ total experimental uncertainty at percent level (2.4% for W±, 1.1% for Z)

❖ theory (3-4%) and luminosity uncertainties (4%) already dominant

‣ differential measurements forthcoming

❖ stronger constraints on proton PDFs

‣ next step: diboson

❖ WW cross section measurement with 2010 data

❖ more to come with 2011 improved statistics

11
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Detailed event selection
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W± → µ±ν Z → µ+µ-

event selection
• ≥ 1 vertex (with ≥ 3 tracks) within 20 cm of the nominal 

position
• pT > 13 GeV muon trigger

• ≥ 1 vertex (with ≥ 3 tracks) within 20 cm of the nominal 
position

• pT > 13 GeV muon trigger

muons
• combined ID and MS reconstruction
• pT > 20 GeV, ID quality cuts, |z0| < 10 mm
• track based isolation (ΣID pT (ΔR < 0.4) / pT(µ) < 0.2)

• combined ID and MS reconstruction
• pT > 20 GeV, ID quality cuts, |z0| < 10 mm
• track based isolation (ΣID pT (ΔR < 0.4) / pT(µ) < 0.2)

candidates • MET > 25 GeV
• mT > 40 GeV

• muons of opposite charge
• 66 < mµµ < 116 GeV
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Backgrounds to W/Z analyses
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W±→ µ±νW±→ µ±ν Z → µ+µ-Z → µ+µ-

Z → µ+µ- [3.5%] t t̅ [0.1%]

W± → τ±ν [2.8%] Z → τ+τ- [0.07%]

Z → τ+τ- [0.1%] W± → μ±ν [0.006%]

t t̅ [0.4%] WW/WZ/ZZ [0.2%]

WW/WZ/ZZ [0.1%]

QCD (heavy quarks, π/K, fakes) [1.7±0.2±0.7%] QCD (heavy quarks, π/K, fakes) [0.22±0.16±0.09%]

QCD backgrounds are extracted from data control regions
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Detailed systematics [%]

16

σfid
W (±) · BR(W → µν) [nb]

W+ 3.008±0.011(sta)±0.080(sys)±0.109(lum)

W− 1.950±0.009(sta)±0.053(sys)±0.072(lum)

W 4.959±0.015(sta)±0.120(sys)±0.181(lum)

σ tot
W (±) · BR(W → µν) [nb]

W+ 6.215±0.023(sta)±0.165(sys)±0.225(lum)±0.187(acc)
W− 4.107±0.020(sta)±0.112(sys)±0.152(lum)±0.123(acc)
W 10.322±0.030(sta)±0.249(sys)±0.377(lum)±0.310(acc)

σfid
Z/γ∗ · BR(Z/γ∗ → µµ) [nb], 66 < mµµ < 116 GeV

Z/γ∗ 0.456±0.004(sta)±0.005(sys)±0.015(lum)

σ tot
Z/γ∗ · BR(Z/γ∗ → µµ) [nb], 66 < mµµ < 116 GeV

Z/γ∗ 0.941±0.008(sta)±0.011(sys)±0.032(lum)±0.037(acc)

Table 6: Total and fiducial cross sections times leptonic branching ratios, in nb, for W+, W−, W and
Z/γ∗ production in the muon final states. The uncertainties denote the statistical (sta) and experimental
systematic (sys) errors, the acceptance (acc) errors and the luminosity induced errors (lum).

δσW/σW δσW+/σW+ δσW−/σW− δσZ/σZ

Trigger 0.7 0.8 0.9 0.1
Muon Reconstruction 0.5 0.6 0.6 0.8
Muon Isolation 0.3 0.3 0.3 0.6
Muon pT Resolution 0.02 0.03 0.02 0.01
Muon pT Scale 0.4 1.1 0.8 0.2
QCD Background 0.8 0.7 1.1 0.1
Electroweak Background 0.4 0.4 0.5 0.02
Emiss

T Cleaning 0.07 0.07 0.07 -
Emiss

T Resolution and Scale 2.0 2.0 2.0 -
CW/Z Theoretical uncertainty 0.3 0.3 0.3 0.3

Total experimental uncertainty 2.4 2.7 2.7 1.1

AW/Z Theoretical uncertainty 3.0 3.0 3.0 4.0

Total excluding Luminosity 3.9 4.0 4.0 4.1

Luminosity 3.4

Table 7: Summary of systematic measurement uncertainties in the muon channels expressed as relative
errors on the cross section in per cent.
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[systematics on acceptances and luminosity are treated 
as correlated in W/Z comparison]
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Acceptance systematics
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method
AW/Z systematics [%]AW/Z systematics [%]AW/Z systematics [%]

method
W+ W- Z/γ*

CTEQ6.6 set @ 90% C.L, MC@NLO 1 1.8 1.6

MRST LO* / CTEQ6.6 / HERAPDF 1.0 sets, Pythia 2.7 0.9 2.0

CTEQ6.6 set, Pythia / MC@NLO 0.4 1.4 2.3

 overall 33 4

(see http://arxiv.org/abs/1010.2130v1)

http://arxiv.org/abs/1010.2130v1
http://arxiv.org/abs/1010.2130v1
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Z →µ+µ- kinematics
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Electron channels
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σfid
W (±) · BR(W → eν) [nb]

W+ 2.950±0.011(sta)±0.090(sys)±0.100(lum)

W− 1.927±0.009(sta)±0.059(sys)±0.063(lum)

W 4.877±0.015(sta)±0.138(sys)±0.166(lum)

σ tot
W (±) · BR(W → eν) [nb]

W+ 6.333±0.025(sta)±0.193(sys)±0.215(lum)±0.190(acc)
W− 4.217±0.021(sta)±0.129(sys)±0.138(lum)±0.127(acc)
W 10.551±0.032(sta)±0.300(sys)±0.359(lum)±0.316(acc)

σfid
Z/γ∗ · BR(Z/γ∗ → ee) [nb], 66 < mee < 116 GeV

Z/γ∗ Central 0.433±0.004(sta)±0.016(sys)±0.015(lum)

Z/γ∗ Forward 0.179±0.004(sta)±0.017(sys)±0.006(lum)

σ tot
Z/γ∗ · BR(Z/γ∗ → ee) [nb], 66 < mee < 116 GeV

Z/γ∗ Central 0.972±0.010(sta)±0.034(sys)±0.033(lum)±0.038(acc)
Z/γ∗ Forward 0.903±0.022(sta)±0.087(sys)±0.031(lum)±0.035(acc)

Table 3: Fiducial and total cross sections times branching ratios, in nb, for W+, W−, W and Z/γ∗
production in the electron decay channel. The uncertainties denote the statistical (sta) and experimental
systematic (sys) errors, the acceptance (acc) errors and the luminosity induced errors (lum).

δσW/σW δσW+/σW+ δσW−/σW−
Central Forward

δσZ/σZ δσZ/σZ

Trigger 0.5 0.5 0.5 <0.1 0.5
Electron Reconstruction 1.5 1.5 1.5 3.0 1.5
Electron Identification 1.1 1.2 1.1 1.6 8.2
Electron Energy scale 0.5 0.5 0.4 0.2 1.4
Electron Energy resolution 0.02 0.02 0.02 0.01 <0.1
defective LAr channels 0.4 0.4 0.4 0.8 0.8
Charge misidentification — 1.1 1.1 0.2 —
Emiss

T scale and resolution 2.0 2.0 2.0 — —
pile-up 0.1 0.1 0.1 0.1 1.7
Background 0.4 0.5 0.5 0.3 3.2
CW/Z Theoretical uncertainty 0.3 0.3 0.3 0.5 0.9

Total experimental uncertainty 2.8 3.0 3.0 3.5 8.6

AW/Z Theoretical uncertainty 3.0 3.0 3.0 4.0 3.9

Total excluding Luminosity 4.1 4.2 4.2 5.3 9.4

Luminosity 3.4

Table 4: Summary of systematic measurement uncertainties in the electron channels expressed as relative
errors on the cross section in per cent.
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4000 forward Z

e±: pT > 20 GeV, |η| < 2.47
excluding crack [1.37, 1.52]

W: ETmiss > 25 GeV,
    mT > 40 GeV, tight e±

Z: two medium e±,
   66 < mee < 116 GeV 

forward Z: tight electron,
second in 2.5 < |η| < 4.9

~10% uncertainty,
not used in combination

77207 W+ 49103 W-

9721 central Z

[ET > 15 GeV electron trigger]



Valerio Ippolito - W/Z production in muonic final states - IFAE2011

W± charge asymmetry
‣ sensitive to valence quark distributions

❖ access u/d below x ~ 0.05

‣ same selection criteria as in W 
integrated cross-section measurement

❖ efficiency charge dependence has 
been checked

❖ MC muon pT scale and resolution 
corrected for each charge

‣ data compatible with all PDF sets so far

❖ expect to contribute in PDF uncertainty 
reduction, particularly for valence 
quarks at low x
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP/2011-036

Measurement of the Muon Charge Asymmetry from W Bosons Produced in pp

Collisions at
√
s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

This letter reports a measurement of the muon charge asymmetry fromW bosons produced in proton-proton collisions
at a centre-of-mass energy of 7 TeV with the ATLAS experiment at the LHC. The asymmetry is measured in theW → µν
decay mode as a function of the muon pseudorapidity using a data sample corresponding to a total integrated luminosity
of 31 pb−1. The results are compared to predictions based on next-to-leading order calculations with various parton
distribution functions. This measurement provides information on the u and d quark momentum fractions in the proton.

1. Introduction

The measurement of the charge asymmetry of leptons
originating from the decay of singly produced W bosons
at pp, pp̄ and ep colliders provides important information
about the proton structure as described by parton distri-
bution functions (PDFs). TheW boson charge asymmetry
is mainly sensitive to valence quark distributions [1] via the
dominant production process ud̄(ūd) → W+(−) and pro-
vides complementary information to that obtained from
measurements of inclusive deep inelastic scattering cross-
sections at the HERA electron-proton collider [2, 3, 4, 5].
The HERA data do not strongly constrain the ratio be-
tween u and d quarks in the kinematic regime of low x,
where x is the proton momentum fraction carried by the
parton [6]. A precise measurement of the W asymmetry
at the Large Hadron Collider (LHC) [7] on the other hand,
can contribute significantly to the understanding of PDFs
and quantum chromodynamics (QCD) in the parton mo-
mentum fraction range 10−3 ! x ! 10−1.

In pp collisions the overall production rate ofW+ bosons
is significantly larger than the corresponding W− rate,
since the proton contains two u and one d valence quarks.
The first measurements of the inclusive W± cross-sections
at the LHC by the ATLAS [8] and the CMS [9] Collabora-
tions confirmed the difference predicted by the Standard
Model. The asymmetry in pp collisions is symmetric with

respect to theW rapidity, whereas in pp̄ collisions it is anti-
symmetric; the small sensitivity to sea quark contributions
is strongly suppressed in pp̄ compared to pp collisions [10].
Measurements in pp̄ collisions have been performed at the
Tevatron by both the CDF [11, 12] and DØ [13, 14] Col-
laborations, and the data have been included in global fits
of parton distributions [15, 16].

This letter presents a differential measurement of the
muon charge asymmetry from the decay of W± bosons in
pp collisions at a centre-of-mass energy of

√
s = 7 TeV at

the LHC. The asymmetry varies significantly as a function
of the pseudorapidity1 ηµ of the charged decay lepton ow-
ing to its strong correlation with the momentum fraction x
of the partons producing the W boson. It is defined from
the cross sections for W → µν production dσWµ±/dηµ as:

Aµ =
dσWµ+/dηµ − dσWµ−/dηµ
dσWµ+/dηµ + dσWµ−/dηµ

, (1)

where the cross sections include the event kinematical cuts
used to select W → µν events. No extrapolation to the

1The nominal pp interaction point at the centre of the detector
is defined as the origin of a right-handed coordinate system. The
positive x-axis is defined by the direction from the interaction point
to the centre of the LHC ring, with the positive y-axis pointing up-
wards. The azimuthal angle φ is measured around the beam axis and
the polar angle θ is the angle from the z-axis. The pseudorapidity is
defined as η = − ln tan(θ/2).
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