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The ratio of production cross sections of the W and Z bosons with exactly one associated jet is presented
as a function of jet transverse momentum threshold. The measurement has been designed to maximise
cancellation of experimental and theoretical uncertainties, and is reported both within a particle-level
kinematic range corresponding to the detector acceptance and as a total cross-section ratio. Results
are obtained with the ATLAS detector at the LHC in pp collisions at a centre-of-mass energy of 7 TeV
using an integrated luminosity of 33 pb−1. The results are compared with perturbative leading-order,
leading-log, and next-to-leading-order QCD predictions, and are found to agree within experimental and
theoretical uncertainties. The ratio is measured for events with a single jet with pT > 30 GeV to be
8.73 ± 0.30(stat) ± 0.40(syst) in the electron channel, and 8.49 ± 0.23(stat) ± 0.33(syst) in the muon
channel.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

Measurements of vector bosons V where V = W or Z produced
in association with one or more jets (V + jet) [1–4] provide an im-
portant test of the Standard Model (SM) description of the strong
interaction in perturbative quantum chromodynamics (QCD). This
is particularly important in the kinematic region accessible at the
LHC in order to understand the physics at or above the electroweak
symmetry-breaking scale. Production of vector bosons is also a sig-
nificant source of background for studies of other SM processes,
including studies of top quark properties, searches for the Higgs
boson, as well as in many searches for physics beyond the Standard
Model. Measurements of the kinematic properties and dynamics of
V + jet processes and comparisons to theoretical predictions are
therefore of significant interest. Individual measurements of kine-
matic observables in W + jet [4] and Z + jet events are limited
by systematic uncertainties common to both. Measurement of the
ratio was first proposed in Ref. [5] to exploit the cancellation of
theoretical and experimental uncertainties, therefore building the
foundations for a high precision test of the Standard Model. In
the present measurement, this ratio is measured, for states involv-
ing exactly one jet, as a function of the minimum jet transverse
momentum. In addition to testing the predictions of perturbative
QCD at various energy scales, the measurement provides model-
independent sensitivity to new physics coupling to leptons and
jets.

✩ © CERN for the benefit of the ATLAS Collaboration.
� E-mail address: atlas.publications@cern.ch.

This Letter describes a measurement of the ratio of the produc-
tion cross sections in the electron and muon decay channels of the
W and Z gauge bosons in association with exactly one jet with
transverse momentum pT > 30 GeV. The measurement was per-
formed in the active fiducial volume of the detector and in a kine-
matic range where events are well-measured, hence minimising
any model-dependence. The results were corrected to facilitate di-
rect comparison to theoretical predictions at the particle level. Fol-
lowing the detector acceptance, the fiducial regions were defined
by plepton

T > 20 GeV, pν
T > 25 GeV, pjet

T > 30 GeV, |ηjet| < 2.8,1 and
for electrons by 1.52 < |η| < 2.47 or |η| < 1.37 and for muons
by |η| < 2.4. Events with a second jet with pT > 30 GeV within
this fiducial region were rejected.2 The selected jet was required
to be isolated from electrons by requiring �Re,jet > 0.6 (where
�R = √

(�η)2 + (�φ)2). Requirements are made on the boson
masses specific to their reconstruction. For the W , the transverse
mass defined by the lepton � and neutrino ν transverse momenta

and angles as mT =
√

2p�
T pν

T (1 − cos(φ� − φν)) was required to

satisfy mT > 40 GeV. The dilepton invariant mass of the Z was re-
quired to be within the range 71 < m�� < 111 GeV.

1 The 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 directed from the
interaction point to the centre of the LHC ring. The positive y-axis points upwards,
while the beam direction defines the z-axis. The azimuthal angle φ is measured
around the beam axis and the polar angle θ from the z-axis. The pseudorapidity is
defined as η = − ln tan(θ/2).

2 This veto is not expected to significantly affect fixed-order predictions for V +
jet cross sections within the presented range of jet pT measurements.

0370-2693/ © 2012 CERN. Published by Elsevier B.V. All rights reserved.
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Particle-level jets were defined as jets reconstructed in sim-
ulated events by applying the anti-kt jet reconstruction algo-
rithm [6] with a radius parameter R = 0.4 to all final state par-
ticles with a lifetime longer than 10 ps (including muons and
non-interacting particles). Particle-level electrons were defined by
including the energy of all radiated photons within a cone of
�R = 0.1 around each electron. The results are compared to per-
turbative leading-order [7] (LO), leading-log [8] (LL), and next-to-
leading-order [9] (NLO) QCD calculations.

2. The ATLAS detector

The ATLAS detector [10,11] consists of an inner detector track-
ing system (ID) surrounded by a superconducting solenoid provid-
ing a 2 T magnetic field, electromagnetic and hadronic calorime-
ters, and a muon spectrometer (MS). The ID consists of pixel and
silicon microstrip detectors inside a transition radiation tracker
(TRT). The electromagnetic calorimeter is a lead liquid-argon (LAr)
detector in the barrel (|η| < 1.475) and the end-cap (1.375 < |η| <
3.2) regions. Hadron calorimetry is based on two different detec-
tor technologies. The barrel (|η| < 0.8) and extended barrel (0.8 <

|η| < 1.7) calorimeters are composed of scintillator/steel, while
the hadronic end-cap calorimeters (1.5 < |η| < 3.2) are LAr/Cu.
The forward calorimeters (3.1 < |η| < 4.9) are instrumented with
LAr/Cu and LAr/W, providing electromagnetic and hadronic energy
measurements, respectively. The MS is based on three large su-
perconducting toroids and a system of three stations of trigger
chambers and precision tracking chambers.

3. Simulated event samples

Simulated event samples were used to correct signal yields
for detector effects, for some of the background estimates, and
for comparison of the results to theoretical expectations. Samples
of W → �ν + Nparton and Z → �� + Nparton (where � = e,μ, τ )
were generated using Alpgen v2.13 [8] with the MLM matching
scheme [12], interfaced to Herwig v6.510 [13] for parton shower
and fragmentation processes, and to Jimmy v4.31 [14] for the un-
derlying event simulation. The CTEQ6L1 [15] parton density func-
tions (PDFs) were used for samples generated with Alpgen. Ad-
ditional inclusive samples were generated using Pythia 6.4.21 [7]
using the MRST 2007 LO∗ [16] PDF for the same processes. The
underlying event was generated with the ATLAS MC09 tune [17]
for the Alpgen and Pythia samples. A Powheg v1.01p4 [18] NLO
matrix element calculation with the CTEQ6.6M [19] PDF set and
CTEQ6L1 Pythia parton showering and underlying event was used
to generate tt̄ samples. The radiation of photons from charged lep-
tons was treated in Herwig and Pythia using Photos v2.15.4 [20],
and Tauola v1.0.2 [21] was used for tau decays. The Powheg sam-
ple used the ATLAS MC09 tune with one parameter adjusted.3

Inclusive samples of charm and bottom quark production were
generated with Pythia 6.4.21. To reproduce the detector conditions,
samples were also generated with multiple inelastic non-diffractive
interactions overlaid on top of the hard-scattering event; the num-
ber of additional interactions followed a Poisson distribution with
a mean of approximately two [22]. These MC samples were then
re-weighted such that the distribution of the number of primary
vertices matched that of the data. All samples were passed through
the ATLAS detector simulation [23] performed using GEANT4 [24]
and were subjected to the same reconstruction and analysis chain
as the data.

3 The cutoff for multiple parton interactions, PARP (82), was adjusted from 2.3 to
2.1 GeV, suitable for the CTEQ6L1 PDF.

Predictions for the W + one jet and Z + one jet cross sections
at NLO were obtained with MCFM [9] with the same jet algorithm
and kinematic selection requirements as applied to the data. A cor-
rection to particle level was applied to the MCFM predictions using
Pythia to account for initial and final state radiation, underlying
event, and hadronization. Renormalisation and factorisation scales
were set to HT/2, where HT is the scalar sum of the pT of the un-
clustered partons, the lepton and the neutrino. The CTEQ6.6M [19]
PDF was used for the NLO calculations.

4. Data and event selection

The data used in this analysis were collected in the period
March to October 2010. Basic requirements on beam, detector, sta-
ble trigger conditions and data quality resulted in a data set corre-
sponding to an integrated luminosity L= 33 pb−1. The criteria for
event selection and lepton identification followed those employed
for the W and Z inclusive cross-section measurement [25] with
a few differences to account for the jet selection and to optimise
cancellation of systematic uncertainties in the ratio.

In the electron channel, events were selected using a trigger
logic that required the presence of at least one electromagnetic
cluster in the calorimeter with transverse energy ET = E sin(θ)

above 15 GeV in the region |η| < 2.5. Electron candidates were
required to be matched to a track with silicon pixel and strip
measurements in the ID, to have ET > 20 GeV, and be within the
fiducial region, avoiding the calorimeter barrel and end-cap tran-
sition regions. Candidates were required to satisfy standard “tight”
or “medium” criteria [25]. Candidates satisfying lateral shower con-
tainment, shape and width criteria with minimal leakage into the
hadronic calorimeter were classified as “medium”. Candidates sat-
isfying additional pixel and impact parameter criteria which also
satisfied further requirements on the ratio of cluster energy to
track momentum and on the ratio of high-threshold hits to the
total number of TRT hits were classified as “tight”.

In the muon channel, events were selected with a trigger sys-
tem which identified muon candidates by the presence of hit pat-
terns in the MS, consistent with a muon track with pT > 10 GeV or
pT > 13 GeV (depending on the data period). The measured trans-
verse momentum in the MS was required to satisfy pT > 10 GeV
to reject backgrounds from decays in flight. Muon candidates were
required to have independent momentum measurements in both
the ID and MS, which were then combined. Candidates which sat-
isfied pT > 20 GeV and were found to be within the fiducial region
were classified as “medium”.

Muons were additionally classified as “tight” if they satisfied all
of the following additional criteria: the impact parameter with re-
spect to the nominal beam axis was consistent with prompt muon
production, the ID track satisfied additional hit quality criteria, the
independent ID and MS track pT measurements were consistent,
and the muon was isolated by requiring the

∑
pT of all tracks

within �R < 0.2 of the muon to be less than 1.8 GeV.
Events were required to have at least one reconstructed pri-

mary vertex with three or more associated tracks consistent with
the nominal luminous region. The vertex with the largest

∑
p2

T of
associated tracks was assumed to be the primary vertex and was
required to be within 150 mm of the centre of the detector along
the beam direction.

The missing transverse energy (Emiss
T ) was calculated from

the energy deposits of calorimeter cells grouped into three-
dimensional clusters [26] following the prescription in Ref. [25].
These clusters were corrected to account for the different re-
sponse to hadrons compared to electrons or photons, as well as
dead material and energy losses [27]. The Emiss

T was also corrected
for measured muon momenta and their energy depositions in the
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calorimeter. To calculate mT, the (x, y) components of the neutrino
momentum were inferred from the corresponding Emiss

T compo-
nents.

Events containing W boson candidates were selected by re-
quiring one electron or muon satisfying “tight” selection criteria
with no other “medium” leptons in the event, Emiss

T > 25 GeV and
mT > 40 GeV. Events containing Z candidates were selected by
requiring at least one lepton satisfying “tight” requirements and
an additional same flavour, opposite charge lepton satisfying at
least “medium” criteria, for which the pair was required to sat-
isfy 71 < m�� < 111 GeV. The less stringent requirements on the
second lepton reduced the systematic uncertainty on the lepton
identification within the ratio measurement. These W and Z se-
lections were defined to ensure mutual exclusivity.

The jet reconstruction efficiency in simulated data control sam-
ples [28] was found to be close to 100% for jets with pT > 30 GeV.
Events containing jets arising from detector noise or cosmic rays
were rejected [29]. A pT- and η-dependent correction factor, de-
rived from simulated events, was applied to the pT of each jet
to provide an average energy scale correction [30]. Jets were re-
quired to be reconstructed within |η| < 2.8 and with pT > 30 GeV.
To avoid double-counting of electrons as jets, the closest jet within
�R < 0.2 of an electron candidate was not considered. Selected
jets were required to be isolated from selected “medium” elec-
trons by requiring �R(e, jet) > 0.6, to prevent a distortion of the
jet energy response and of the jet reconstruction efficiency due to
the proximity of the electron’s electromagnetic shower. Jets from
multiple interactions in a bunch crossing were suppressed by re-
quiring jets with associated tracks have a good jet-vertex fraction
(JVF > 0.75) [4]. This algorithm used track-jet association within a
cone of �R(track, jet) < 0.4. The JVF was computed for each jet
as the scalar sum pT of all associated tracks which also originated
from the primary vertex divided by the scalar sum pT of all the
associated tracks. Events were required to have exactly one jet sat-
isfying the above criteria with transverse momentum above the jet
pT threshold. Events containing a second jet with a good JVF and
pT > 30 GeV were rejected.

Applying these W (Z ) selection criteria, 12 112 (948) events
and 12 995 (1376) events were retained in the electron and muon
channels respectively.

5. Background estimation

Two categories of background events were considered, orig-
inating from either QCD multijet or electroweak processes. The
electroweak background contributions in both channels were es-
timated from the simulated event samples as a fraction fewk of
the total multijet-subtracted event yield, which has the advantage
that there is no reliance on the measured absolute luminosity,
and reduces the systematic uncertainty from detector effects on
the acceptance. The multijet contributions were estimated using
template methods based on simulated electroweak and multijet-
enriched data samples, and were also expressed as a fraction
fmultijet of the total event yield. The background contributions were
derived in the electron and muon channels for W and Z selections
separately for each jet pT threshold value. They were subtracted
from the total event yield Ntot from Table 1 using,

Nsig = Ntot · (1 − fmultijet)(1 − fewk) (1)

to obtain the signal event yield Nsig. The yields and breakdown of
background predictions are shown in Table 1.

The background contribution from multijet processes in the
electron channel originates from events with jets misidentified as
electrons and the mismeasurement of calorimetric energy result-

Table 1
Predicted and observed event yields in data in the electron and muon channels for
the W and Z selections for L = 33 pb−1. Background estimates are quoted for a jet
pT threshold of 30 GeV. “Other” includes contributions from diboson and single top
events. The total statistical uncertainties on predictions are quoted.

Process W → eν Z → ee

W → eν 9340 ± 40 3 ± 1
Z → ee 106 ± 3 880 ± 10
W → τν 191 ± 6 0.2 ± 0.2
tt̄ 33 ± 1 1.9 ± 0.2
Z → ττ 19 ± 1 0.3 ± 0.1
Multijet 1800 ± 60 2.9 ± 0.6
Other 58 ± 2 1.1 ± 0.1

Total 11 550 ± 70 880 ± 10
Data Ntot 12 112 948

Process W → μν Z → μμ

W → μν 11 860 ± 40 4 ± 2
Z → μμ 360 ± 6 1370 ± 40
W → τν 234 ± 6 0.3 ± 0.6
Z → ττ 22 ± 1 0.3 ± 0.6
tt̄ 35 ± 1 3 ± 2
Multijet 380 ± 70 4 ± 4
Other 117 ± 1 8 ± 3

Total 13 010 ± 80 1380 ± 40
Data Ntot 12 995 1376

ing in large Emiss
T . This background contribution was estimated by

using a partially data-driven method [25].
The multijet background within the W → eν sample selec-

tion was estimated by fitting templates to the low Emiss
T control

region 15 < Emiss
T < 55 GeV. The Emiss

T templates for signal and
electroweak processes were derived from Monte Carlo simulations,
while the template for the multijet contribution was extracted
from data by inverting the “tight” electron identification criteria
which are not correlated with the Emiss

T . The result of this fit was
the relative contribution of the multijet background [25] to the
data. This estimate was performed for each jet pT threshold con-
sidered.

The multijet background in the Z → ee channel was estimated
with a similar fit using the di-electron invariant mass distribution.
Templates for signal and electroweak processes were derived from
Monte Carlo simulated events, while the template describing the
multijet contribution was obtained by inverting two of the “medi-
um” selection criteria of the Z selection.

For the W selection in the electron channel, the electroweak
contributions mainly originate from W → τν events where the τ
decays to an electron, and tt̄ where one or more W decay to an
electron. For the Z selection, they similarly come from tt̄ events,
and from Z → ττ where both τ leptons decay to electrons. Fi-
nally, W and Z production also constitute significant background
to each other, due to events in which one electron from the Z was
not reconstructed, or when a W event contains an additional elec-
tron candidate. The total electroweak background fraction in the
electron channel was approximately 3.4% for the selected W can-
didates, and less than 1% for the Z candidates.

The multijet background to W → μν + jet events is estimated
from the number of events passing all signal selections except iso-
lation, and efficiencies derived from control samples in data for
signal and multijet events required to pass the isolation require-
ment.

To estimate the multijet backgrounds for the Z in the muon
channel, non-isolated muon pairs were selected in the simulated
multijet sample. By comparing the dimuon invariant mass distri-
bution for this sample and a non-isolated sample in data, a scale
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factor was derived that was used to normalise a simulated back-
ground sample with the isolation requirement applied.

For the W selection in the muon channel, the electroweak
backgrounds mainly originate from decays W → τν with the τ
decaying to a muon and Z → μμ where one muon fails to be re-
constructed. The Z → ττ and tt̄ processes where one or both W
boson(s) decay to a muon, contribute a smaller background frac-
tion. For the Z selection in the muon channel, the dominant elec-
troweak backgrounds arise from Z → ττ and tt̄ events with two
real muons in the final state. The total electroweak background
fraction in the muon channel was approximately 5% for the se-
lected W candidates, and less than 1% for the Z candidates.

6. Correction to particle-level yield

The number of events after selection and background subtrac-
tion (N�,V

sig ) for each lepton � and boson V was corrected for the
detector effects and selection efficiencies back to the particle level
(N�,V

part). This corrected yield can be directly compared to theoreti-
cal predictions at the particle level. The corresponding correction
factors from detector to particle level were computed for each jet
pT threshold in the electron and muon channels for the W and Z
selections separately.

Yields were corrected with multiplicative factors which include
trigger efficiency (ε�

trig), lepton identification efficiency (ε�), and

boson reconstruction and resolution (C�
V ). The number of signal

events for each boson at particle level was then obtained using

N�,V
part = N�,V

sig

ε�
trig × ε� × C�

V

, (2)

where the boson corrections C�
V correct the observed phase space

to the fiducial phase space defined above, accounting for the reso-
lution of leptons and Emiss

T .
Trigger and identification efficiencies were binned to account

for variations in detector response. These efficiencies were binned
in E T and η for electrons and η and φ for muons. Efficiencies were
found to be independent of the jet multiplicity and jet pT. There-
fore, a single efficiency map was used for all jet pT thresholds.

The methods used to derive these efficiencies and corrections
were similar for the electron and muon channels. The trigger ef-
ficiency and identification efficiency were measured using a sam-
ple of unbiased leptons obtained by selecting a well-identified tag
lepton in Z → �� candidate events. The boson reconstruction cor-
rection C�

V was computed using the Alpgen event generator. The
Pythia Monte Carlo, used for comparison, was found to produce a
consistent correction factor.

By measuring the ratio, almost complete cancellation of jet res-
olution effects was achieved. A small correction C�

jet was applied
to the ratio to account for remaining non-cancelling effects due to
lepton selection, jet selection criteria, and isolation criteria. The ra-
tio measured was then the ratio of yields corrected to particle level
and finally corrected for these remaining effects:

R jet = N�,W
part

N�,Z
part

× C�
jet. (3)

The jet correction for the muon channel Cμ
jet is shown in Fig. 1.

Systematic uncertainties from this correction were evaluated on
the ratio itself. The jet correction C�

jet accounts for the difference
of the ratio when calculated in terms of jets defined at particle
level and reconstructed jets. The correction factor is different from
unity if an offset exists between W + jet and Z + jet events in the
jet pT migration from particle level to detector level. This offset

Fig. 1. Detector jet spectrum correction (Cμ
jet) on R jet in the muon channel derived

from Alpgen. The uncertainty is shown as a dashed line, it accounts for the differ-
ence between Pythia and Alpgen generators.

is due to the different requirements applied in the W + jet and
Z + jet selections prior to the jet selections, placing the jets into
slightly different phase space regions for the numerator and the
denominator of the measurement. Performing the measurement as
a function of pT threshold instead of differentially removes the ef-
fects of migration across the upper bin edge.

7. Systematic uncertainties

To evaluate cancellations of systematic uncertainties which oc-
cur in the ratio, the correlations between W and Z systematic ef-
fects must be considered. Correlations between the measurements
at each jet pT threshold must also be accounted for. The effects
of systematic uncertainties were therefore evaluated by measuring
the relative change in the ratio R jet from each source.

The total systematic uncertainty ranges from 4% at low jet pT
to 15% for the largest pT threshold studied. For jet pT thresholds of
greater than 50 GeV the statistical uncertainty dominates the total
measurement uncertainty.

The sources of systematic uncertainties on R jet were grouped
into uncertainties on the boson reconstruction (including lepton
trigger, reconstruction and identification efficiencies, as well as lep-
ton and Emiss

T scales and resolutions), on jet-related corrections,
multijet and electroweak background predictions, and generator-
related uncertainties.

In the muon channel, where the background was small, the
uncertainty on R jet from the background estimation was approx-
imately 1% for the whole jet pT range. In the electron channel, the
uncertainty increases as a function of jet pT threshold. This is due
to the larger background in the electron channel and the limited
statistics used to compute backgrounds for high jet pT thresholds.

Systematic uncertainties on the multijet background fractions
were estimated by varying the criteria used to derive the back-
ground fractions. Each systematic uncertainty includes a compo-
nent from the statistical uncertainty on the estimate of the back-
ground fraction.

The estimate of the electroweak background is affected by sys-
tematic effects from the event selection criteria. Samples with and
without multiple pp interactions included in the simulation were
also compared.

The lepton trigger efficiency and identification uncertainties
were estimated following the procedure documented in Ref. [25].
The uncertainty on the ratio from lepton identification efficiencies
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was directly obtained by scaling the single lepton identification ef-
ficiencies by their uncertainties, taking cancellations into account.
A contribution to the uncertainty on the identification efficiency
was assigned from the difference between its value derived in
data and Monte Carlo. The total identification uncertainty was 1.1%
(1.7%) for electrons (muons) independent of jet pT thresholds.

The uncertainties on the scale and resolution of lepton ener-
gies and Emiss

T were propagated to evaluate their effects on boson
reconstruction by smearing the simulated signal samples using a
Gaussian with a width corresponding to the nominal uncertainties.
The resulting variations in R jet were applied as systematic uncer-
tainties.

Uncertainties on the jet energy scale (JES) and jet energy res-
olution (JER) were determined by comparing data and simula-
tions [30]. The JES uncertainty includes components from calibra-
tion and jet sample composition differences. The JES calibration
uncertainty varies with |η| and pT, and ranges from 4% to 8%. The
JES and JER were measured with di-jet events, which have dif-
ferent proportions of quark and gluon initiated jets than events
containing vector bosons. Therefore, an uncertainty was assigned
to account for the difference in calorimeter response between jets
in V + jet events and the di-jet events used for calibration, ranging
from 2 to 5%, and was added in quadrature to the JES calibration
uncertainty. The total JES uncertainty ranges from approximately
10% at 20 GeV to 5% at 100 GeV.

To compute the effect of the JER uncertainty on the ratio R jet,
jets were smeared according to a Gaussian with a width corre-
sponding to the JER. The effect of the JES uncertainty on the ratio
was obtained in a similar manner, but in this case, shifting the jet
energy by its uncertainty. The ratio was recomputed applying these
variations simultaneously to the numerator and denominator. The
change was applied as a systematic uncertainty. The uncertainties
on R jet due to the JER and JES were approximately 0.5% and 2%
respectively. The contribution to the uncertainty on the ratio from
the small component of heavy flavour jets is covered by the total
JES uncertainty.

To account for systematics associated with the modelling of
the signal at particle level, correction factors were re-computed
with samples generated with Pythia instead of Alpgen, and the
observed variation was applied as a systematic uncertainty. Sys-
tematic uncertainties were assigned from this variation to the fol-
lowing corrections: (C�

jet), the boson reconstruction correction C�
V ,

and the electroweak background estimation fewk. At large jet pT
threshold, where the statistical uncertainty on the measurement
dominates the total uncertainty, this systematic uncertainty is lim-
ited by the statistics of the samples used and is the dominant
systematic uncertainty.

The uncertainties due to multiple pp interactions are domi-
nated by uncertainties on the efficiency of the JVF algorithm. It was
confirmed that the results obtained with simulated signal samples
which include this effect were consistent with those obtained from
samples which contained no additional interactions in the simula-
tion. The residual difference on R jet between samples with and
without multiple interactions included was used as the systematic
error from this JVF requirement.

Corrections to the simulation for hadronisation and the under-
lying event on the NLO parton-level calculation were computed
with Pythia as a function of jet pT threshold. The impact of this
correction on R jet was 1 to 6% for the electrons and 1 to 4% for
the muons. The slightly larger variation for the electrons was due
to the jet-electron isolation and the jet isolation veto included in
the corrections.

The uncertainty on the correction of the MCFM cross-section
ratio predictions for fragmentation, hadronisation and underlying
event effects was estimated by comparing the Pythia AMBT1 [31]

Table 2
Summary of the systematic uncertainties on R jet for the electron and muon chan-
nels. The value of each of the systematics for jet pT thresholds of 30 and 100 GeV is
shown. For the muon channel, the identification efficiency is included in the Boson
reconstruction category.

Systematic uncertainties on R jet (%)
Electron channel pT > 30 GeV pT > 100 GeV

Trigger 0.5 0.5
Boson reconstruction 3.7 2.4
Identification efficiency 1.1 1.1
JVF 0.0 0.6
JES/JER 1.5 1.7
Multijet background 1.0 3.6
Electroweak background 1.3 1.2
Total non-generator 4.5 5.0

Generator 1.2 3.4

Total 4.6 6.1

Muon channel pT > 30 GeV pT > 100 GeV

Trigger 1.0 1.0
Boson reconstruction 2.5 2.4
JVF 1.7 0.2
JES/JER 2.0 1.9
Multijet background 0.4 0.1
Electroweak background 0.1 0.1
Total non-generator 3.8 3.2

Generator 1.4 2.7

Total 4.0 4.2

tune with the AMBT1 tune with increased underlying event ac-
tivity, and without any underlying event. The uncertainty due to
initial and final state radiation (ISR/FSR) was evaluated by varying
the Pythia parameters controlling ISR and FSR [7]. For the ISR the
variation ranges used were similar to the ranges used in the Peru-
gia Soft and Perugia Hard tunes. For the FSR the variation ranges
were similar to the ranges used in the Perugia 2011 radHi and Pe-
rugia 2011 radLo tunes [32].

Renormalisation and factorisation scale uncertainties were esti-
mated by varying the scales in all combinations, up and down, by
a factor of two. Although these variations are arbitrary, they are
motivated by the dependence of the behaviour of the NLO W + jet
and Z + jet cross-section on the scale. This choice has a minimal
impact on the uncertainty of the R jet prediction. Systematic un-
certainties from imperfect knowledge of PDFs were computed by
summing in quadrature the dependence on each of the 22 eigen-
vectors characterising the CTEQ6.6 PDF set; the uncertainty in αs
was also taken into account. An alternative PDF set, MSTW2008
[33], with its set of 68% C.L. eigenvectors was also examined, and
the envelope of the uncertainties from CTEQ6.6 and MSTW2008
was used as the PDF uncertainty.

All systematic uncertainties were added in quadrature to obtain
the total systematic uncertainty. A summary of sources of system-
atic uncertainties and their relative contributions to R jet is shown
in Fig. 2 and in Table 2.

8. Results

The ratio R jet was measured in the fiducial region of the ATLAS
detector defined by the jet pT threshold and selection criteria. The
present measurements were corrected back to the particle level
and within the defined kinematic range. The electron and muon
measurements were performed in slightly different phase space,
due to the different η range and electron-jet isolation require-
ments, as well as for the different QED treatment between electron
and muon definitions. The observed signal yields were corrected to
recover the yield at particle level as described in Section 6.
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Fig. 2. Relative systematic uncertainties on R jet in the electron channel (left) and in the muon channel (right). The top plot displays the total systematic and statistics uncer-
tainty (shown as dashed line) versus jet pT threshold. The lower plot shows the breakdown of the systematic uncertainties. Boson reconstruction contains the uncertainties
related with the leptons and Emiss

T (including trigger and lepton identification). Jets contains systematics of the jet correction as well as the jet energy scale and resolution.
Uncertainties from each group were added in quadrature.

Fig. 3. Results for R jet in the electron channel (left) and in the muon channel (right) for their respective fiducial regions. The results are compared to NLO predictions
from MCFM (corrected to particle level using Pythia). Data are shown as black points at the lower bin edge corresponding to the jet pT threshold with black error bars
indicating the statistical uncertainties. The central band shows all systematic uncertainties added in quadrature and the larger hatched band shows statistical and systematic
uncertainties added in quadrature. The theory uncertainty (dashed line) shown on the MCFM prediction includes uncertainties from PDF and renormalisation and factorisation
scales. Note that these threshold data and their associated uncertainties are correlated between bins.

The corrected ratio R jet of the production cross sections in the
leptonic (electron or muon) decays of the gauge bosons W and Z
in association with exactly one jet is shown in Fig. 3 as a func-
tion of the jet pT threshold for the electron (left) and muon (right)
channels. As the jet pT threshold increases, the ratio R jet is ex-
pected to decrease as the effective scale of the interaction becomes
large compared to the difference in boson masses. This dependence
is observed in the data. The values for the lowest jet pT threshold
of 30 GeV are:

R jet(e) = 8.73 ± 0.30(stat) ± 0.40(syst),

R jet(μ) = 8.49 ± 0.23(stat) ± 0.33(syst).

The statistical uncertainties were evaluated by repeating the mea-
surement with Monte Carlo pseudo-experiments assuming Poisson
distributed data with a mean at the observed yield. Both elec-
tron and muon channel results are individually compatible with
the theoretical predictions.



ATLAS Collaboration / Physics Letters B 708 (2012) 221–240 227

Fig. 4. Left: Combined electron and muon results for R jet in a common fiducial region. The results are compared to predictions from MCFM (corrected to particle level).
Data are shown with black error bars indicating the statistical uncertainties. The central band shows all systematic uncertainties added in quadrature and the larger hatched
band shows statistical and systematic uncertainties added in quadrature. The theory uncertainty (dashed line) includes contributions from PDF and renormalisation and
factorisation scales. Right: Combined electron and muon results for R jet extrapolated to the total phase space. Note that these threshold data and their associated uncertainties
are correlated between bins.

Table 3
Measured R jet in the electron, muon and combined channels. The extrapolation to a common fiducial region for the combination decreases the value of the ratio for both
channels. Values are reported with statistical and systematic uncertainties, respectively.

Jet pT

threshold
(GeV)

Electron fiducial
|ηe | < 2.47
(excl. 1.37 < η < 1.52)

Muon fiducial
|ημ| < 2.4

Combined
|η�| < 2.5

Boson full phase
space

30 8.73 ± 0.3 ± 0.40 8.49±0.23±0.33 8.29±0.18±0.28 10.13±0.22±0.45
40 8.23±0.35±0.41 7.74±0.26±0.30 7.67±0.20±0.24 9.89±0.26±0.38
50 7.77±0.42±0.39 7.7 ± 0.37 ± 0.30 7.46±0.27±0.25 9.97±0.36±0.39
60 7.10±0.47±0.36 7.54±0.46±0.30 7.07±0.32±0.24 9.64±0.43±0.39
70 7.04±0.55±0.32 6.64±0.49±0.27 6.59±0.35±0.22 9.07±0.49±0.41
80 6.58 ± 0.6 ± 0.33 6.33±0.53±0.27 6.22±0.38±0.23 8.58±0.53±0.46
90 6.72±0.77±0.36 6.83±0.74±0.27 6.53±0.51±0.23 9.02±0.71±0.51

100 5.88±0.75±0.35 6.82±0.87±0.28 6.02±0.54±0.23 8.33±0.75±0.48
110 5.90±0.87±0.44 6.76±1.05±0.28 6.01±0.64±0.28 8.25±0.88±0.53
120 5.74±0.95±0.38 6.34±1.20±0.31 5.72±0.71±0.26 7.93±0.98±0.52
130 5.76±1.12±0.45 7.22±1.72±0.30 5.95±0.89±0.31 8.31±1.25±0.55
140 5.23 ± 1.1 ± 0.66 8.04±2.17±0.56 5.62±0.93±0.50 7.94±1.31±0.76
150 5.58 ± 1.4 ± 0.50 7.40±2.37±0.76 5.70±1.13±0.40 8.15±1.62±0.67
160 4.99±1.35±0.47 5.17±1.72±0.48 4.83±1.01±0.36 6.92±1.44±0.56
170 6.19±2.02±0.70 5.30±2.09±0.59 5.53±1.39±0.53 7.97±2.00±0.84
180 6.42±2.17±0.57 5.72±2.54±0.86 5.86±1.57±0.55 8.38±2.24±1.25
190 6.9 ± 2.5 ± 0.94 5.70±2.65±0.84 6.04±1.72±0.72 8.43±2.40±1.46

Electron and muon channel results were compatible and were
therefore combined to reduce the statistical and uncorrelated sys-
tematic uncertainties on the result. Each channel was extrapolated
to a common phase space, defined as |η�| < 2.5 before any QED
radiation (Born level) with Pythia. The electron channel was fur-
ther corrected for the effect on the acceptance of the electron-jet
isolation requirements. This extrapolation to a common fiducial
region decreases the value of the ratio for both channels primar-
ily due to the more central distribution of leptons from the Z .
The results were combined using a Bayesian approach [34] in
the combination of systematic uncertainties accounting for corre-
lations between them. The systematic uncertainties from Emiss

T , jet

energy scale and resolution and electroweak background sources
were considered fully correlated between the electron and muon
channels. The combined result is shown in Fig. 4 (left). The value
of R jet for the lowest jet pT threshold of 30 GeV is found to be
8.29 ± 0.18(stat) ± 0.28(syst).

The combined results were also extrapolated to the full phase
space, correcting for regions of geometric and kinematic accep-
tance not measured (only the requirement on the invariant mass
of the Z and veto on additional jets were retained), and presented
as a function of jet pT threshold. For this extrapolation, the W
and Z acceptance factors were calculated at particle level using
Alpgen, and their ratio was applied as a correction to R jet. This
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extrapolation to the full phase space increases the value of the
ratio for both channels primarily due to additional kinematic ac-
ceptance for the W . Fig. 4 (right) shows the result in the full boson
acceptance phase space for the combined electron and muon chan-
nels. Due to the additional uncertainty on the correction to the
generator-level acceptance, this result has larger total uncertainty
than the results obtained in the fiducial regions. No significant dis-
crepancy between data and theory is observed in any of these
results.

9. Conclusions

This Letter presents a first measurement of the ratio of the pro-
duction cross sections of the gauge bosons W and Z in association
with exactly one jet. Results are presented as a function of jet
pT threshold, in both the electron and muon decay modes of the
W and Z vector bosons. The measurement was corrected for all
detector effects back to the particle level and presented within a
fiducial phase space for electrons and muons. The ratio was mea-
sured to be 8.73 ± 0.30(stat) ± 0.40(syst) in the electron channel,
and 8.49 ± 0.23(stat) ± 0.33(syst) in the muon channel at a jet pT
threshold of 30 GeV (Table 3). Results have also been extrapolated
to |η| < 2.5 and combined, yielding 8.29 ± 0.18(stat) ± 0.28(syst),
and extrapolated to the full phase of the boson and combined giv-
ing 10.13 ± 0.22(stat) ± 0.45(syst). The design of the measurement
allows a cancellation of many theoretical and systematic uncertain-
ties. These results are provided as a function of jet pT threshold
from 30 to 200 GeV, exploring the transition region of electroweak
scale breaking in the perturbative jet production. This measure-
ment builds the foundations of a high precision test of the Stan-
dard Model, and provides model-independent sensitivity to new
physics coupling to leptons and jets. Comparisons with LO and NLO
perturbative QCD predictions were made and found to be in agree-
ment with data over the jet pT threshold range covered by this
measurement.

Acknowledgements

We wish to thank CERN for the efficient commissioning and
operation of the LHC during this initial high-energy data-taking
period as well as the support staff from our institutions without
whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWF, Austria; ANAS, Azerbaijan; SSTC,
Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS,
Colombia; MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF,
DNSRC and Lundbeck Foundation, Denmark; ARTEMIS, European
Union; IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS, Georgia; BMBF,
DFG, HGF, MPG and AvH Foundation, Germany; GSRT, Greece; ISF,
MINERVA, GIF, DIP and Benoziyo Center, Israel; INFN, Italy; MEXT
and JSPS, Japan; CNRST, Morocco; FOM and NWO, Netherlands;
RCN, Norway; MNiSW, Poland; GRICES and FCT, Portugal; MERYS
(MECTS), Romania; MES of Russia and ROSATOM, Russian Federa-
tion; JINR; MSTD, Serbia; MSSR, Slovakia; ARRS and MVZT, Slove-
nia; DST/NRF, South Africa; MICINN, Spain; SRC and Wallenberg
Foundation, Sweden; SER, SNSF and Cantons of Bern and Geneva,
Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the Royal Soci-

ety and Leverhulme Trust, United Kingdom; DOE and NSF, United
States of America.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN and the ATLAS
Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway,
Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK)
and BNL (USA) and in the Tier-2 facilities worldwide.

Open access

This article is published Open Access at sciencedirect.com. It
is distributed under the terms of the Creative Commons Attribu-
tion License 3.0, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original authors and
source are credited.

References

[1] CDF Collaboration, Phys. Rev. D 77 (2008) 011108.
[2] CDF Collaboration, Phys. Rev. Lett. 100 (2008) 102001.
[3] D0 Collaboration, Phys. Lett. B 678 (2009) 45.
[4] ATLAS Collaboration, Phys. Lett. B 698 (2011) 325.
[5] E. Abouzaid, H. Frisch, Phys. Rev. D 68 (2003) 033014.
[6] M. Cacciari, G.P. Salam, G. Soyez, J. High Energy Phys. 0804 (2008) 063.
[7] T. Sjöstrand, S. Mrenna, P. Skands, J. High Energy Phys. 0605 (2006) 026.
[8] M.L. Mangano, et al., J. High Energy Phys. 0307 (2003) 001.
[9] J.M. Campbell, R.K. Ellis, D.L. Rainwater, Phys. Rev. D 68 (2003) 094021.

[10] ATLAS Collaboration, J. Instrum. 3 (2008) S08003.
[11] ATLAS Collaboration, Expected performance of the ATLAS experiment – detec-

tor, trigger and physics, CERN-OPEN-2008-020, 2009.
[12] J. Alwall, et al., Eur. Phys. J. C 53 (2008) 473.
[13] G. Corcella, et al., J. High Energy Phys. 0101 (2001) 010.
[14] J.M. Butterworth, J.R. Forshaw, M.H. Seymour, Z. Phys. C 72 (1996) 637.
[15] J. Pumplin, et al., J. High Energy Phys. 0207 (2002) 012.
[16] A. Sherstnev, R.S. Thorne, Eur. Phys. J. C 55 (2008) 553.
[17] ATLAS Collaboration, ATLAS Monte Carlo tunes for MC09, ATLAS-PHYS-PUB-

2010-002, 2010.
[18] S. Frixione, P. Nason, C. Oleari, J. High Energy Phys. 0711 (2007) 070.
[19] P.M. Nadolsky, et al., Phys. Rev. D 78 (2008) 013004.
[20] P. Golonka, Z. Was, Eur. Phys. J. C 45 (2006) 97.
[21] N. Davidson, et al., Universal interface of TAUOLA, technical and physics docu-

mentation, IFJPAN-IV-2009-10, 2010.
[22] ATLAS Collaboration, Performance of primary vertex reconstruction in proton–

proton collisions at
√

s = 7 TeV in the ATLAS experiment, ATLAS-CONF-2010-
069, 2010.

[23] ATLAS Collaboration, Eur. Phys. J. C 70 (2010) 823.
[24] S. Agostinelli, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 506 (2003) 250.
[25] ATLAS Collaboration, J. High Energy Phys. 1012 (2010) 060.
[26] W. Lampl, et al., Calorimeter clustering algorithms: description and perfor-

mance, ATL-LARG-PUB-2008-002, 2008.
[27] T. Barillari, et al., Local hadron calibration, ATL-LARG-PUB-2009-001, 2009.
[28] ATLAS Collaboration, Jet energy resolution and selection efficiency relative to

track jets from in-situ techniques with the ATLAS detector using proton–proton
collisions at a center of mass energy of

√
s = 7 TeV, ATLAS-CONF-2010-054,

2010.
[29] ATLAS Collaboration, Data-quality requirements and event cleaning for jets and

missing transverse energy reconstruction with the ATLAS detector in proton–
proton collisions at a center-of-mass energy of

√
s = 7 TeV, ATLAS-CONF-2010-

038, 2010.
[30] ATLAS Collaboration, Eur. Phys. J. C 71 (2011) 1512.
[31] ATLAS Collaboration, Charged particle multiplicities in pp interactions at

√
s =

0.9 and 7 TeV in a diffractive limited phase space measured with the ATLAS
detector at the LHC and a new PYTHIA6 tune, ATLAS-CONF-2010-031, 2010.

[32] P.Z. Skands, Phys. Rev. D 82 (2010) 074018.
[33] A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Eur. Phys. J. C 63 (2009) 189.
[34] A.C. Caldwell, D. Kollar, K. Kroninger, J. Phys. Conf. Ser. 219 (2010) 032013.

ATLAS Collaboration

G. Aad 48, B. Abbott 111, J. Abdallah 11, A.A. Abdelalim 49, A. Abdesselam 118, O. Abdinov 10, B. Abi 112,
M. Abolins 88, H. Abramowicz 153, H. Abreu 115, E. Acerbi 89a,89b, B.S. Acharya 164a,164b, D.L. Adams 24,
T.N. Addy 56, J. Adelman 175, M. Aderholz 99, S. Adomeit 98, P. Adragna 75, T. Adye 129, S. Aefsky 22,

http://www.sciencedirect.com


ATLAS Collaboration / Physics Letters B 708 (2012) 221–240 229

J.A. Aguilar-Saavedra 124b,a, M. Aharrouche 81, S.P. Ahlen 21, F. Ahles 48, A. Ahmad 148, M. Ahsan 40,
G. Aielli 133a,133b, T. Akdogan 18a, T.P.A. Åkesson 79, G. Akimoto 155, A.V. Akimov 94, A. Akiyama 67,
M.S. Alam 1, M.A. Alam 76, J. Albert 169, S. Albrand 55, M. Aleksa 29, I.N. Aleksandrov 65, F. Alessandria 89a,
C. Alexa 25a, G. Alexander 153, G. Alexandre 49, T. Alexopoulos 9, M. Alhroob 20, M. Aliev 15, G. Alimonti 89a,
J. Alison 120, M. Aliyev 10, P.P. Allport 73, S.E. Allwood-Spiers 53, J. Almond 82, A. Aloisio 102a,102b,
R. Alon 171, A. Alonso 79, M.G. Alviggi 102a,102b, K. Amako 66, P. Amaral 29, C. Amelung 22,
V.V. Ammosov 128, A. Amorim 124a,b, G. Amorós 167, N. Amram 153, C. Anastopoulos 29, L.S. Ancu 16,
N. Andari 115, T. Andeen 34, C.F. Anders 20, G. Anders 58a, K.J. Anderson 30, A. Andreazza 89a,89b,
V. Andrei 58a, M.-L. Andrieux 55, X.S. Anduaga 70, A. Angerami 34, F. Anghinolfi 29, N. Anjos 124a,
A. Annovi 47, A. Antonaki 8, M. Antonelli 47, A. Antonov 96, J. Antos 144b, F. Anulli 132a, S. Aoun 83,
L. Aperio Bella 4, R. Apolle 118,c, G. Arabidze 88, I. Aracena 143, Y. Arai 66, A.T.H. Arce 44, J.P. Archambault 28,
S. Arfaoui 29,d, J.-F. Arguin 14, E. Arik 18a,∗, M. Arik 18a, A.J. Armbruster 87, O. Arnaez 81, C. Arnault 115,
A. Artamonov 95, G. Artoni 132a,132b, D. Arutinov 20, S. Asai 155, R. Asfandiyarov 172, S. Ask 27,
B. Åsman 146a,146b, L. Asquith 5, K. Assamagan 24, A. Astbury 169, A. Astvatsatourov 52, G. Atoian 175,
B. Aubert 4, E. Auge 115, K. Augsten 127, M. Aurousseau 145a, N. Austin 73, G. Avolio 163, R. Avramidou 9,
D. Axen 168, C. Ay 54, G. Azuelos 93,e, Y. Azuma 155, M.A. Baak 29, G. Baccaglioni 89a, C. Bacci 134a,134b,
A.M. Bach 14, H. Bachacou 136, K. Bachas 29, G. Bachy 29, M. Backes 49, M. Backhaus 20, E. Badescu 25a,
P. Bagnaia 132a,132b, S. Bahinipati 2, Y. Bai 32a, D.C. Bailey 158, T. Bain 158, J.T. Baines 129, O.K. Baker 175,
M.D. Baker 24, S. Baker 77, E. Banas 38, P. Banerjee 93, Sw. Banerjee 172, D. Banfi 29, A. Bangert 137,
V. Bansal 169, H.S. Bansil 17, L. Barak 171, S.P. Baranov 94, A. Barashkou 65, A. Barbaro Galtieri 14,
T. Barber 27, E.L. Barberio 86, D. Barberis 50a,50b, M. Barbero 20, D.Y. Bardin 65, T. Barillari 99,
M. Barisonzi 174, T. Barklow 143, N. Barlow 27, B.M. Barnett 129, R.M. Barnett 14, A. Baroncelli 134a,
G. Barone 49, A.J. Barr 118, F. Barreiro 80, J. Barreiro Guimarães da Costa 57, P. Barrillon 115, R. Bartoldus 143,
A.E. Barton 71, D. Bartsch 20, V. Bartsch 149, R.L. Bates 53, L. Batkova 144a, J.R. Batley 27, A. Battaglia 16,
M. Battistin 29, G. Battistoni 89a, F. Bauer 136, H.S. Bawa 143,f , B. Beare 158, T. Beau 78, P.H. Beauchemin 118,
R. Beccherle 50a, P. Bechtle 41, H.P. Beck 16, M. Beckingham 48, K.H. Becks 174, A.J. Beddall 18c,
A. Beddall 18c, S. Bedikian 175, V.A. Bednyakov 65, C.P. Bee 83, M. Begel 24, S. Behar Harpaz 152,
P.K. Behera 63, M. Beimforde 99, C. Belanger-Champagne 85, P.J. Bell 49, W.H. Bell 49, G. Bella 153,
L. Bellagamba 19a, F. Bellina 29, M. Bellomo 29, A. Belloni 57, O. Beloborodova 107, K. Belotskiy 96,
O. Beltramello 29, S. Ben Ami 152, O. Benary 153, D. Benchekroun 135a, C. Benchouk 83, M. Bendel 81,
N. Benekos 165, Y. Benhammou 153, D.P. Benjamin 44, M. Benoit 115, J.R. Bensinger 22, K. Benslama 130,
S. Bentvelsen 105, D. Berge 29, E. Bergeaas Kuutmann 41, N. Berger 4, F. Berghaus 169, E. Berglund 49,
J. Beringer 14, K. Bernardet 83, P. Bernat 77, R. Bernhard 48, C. Bernius 24, T. Berry 76, A. Bertin 19a,19b,
F. Bertinelli 29, F. Bertolucci 122a,122b, M.I. Besana 89a,89b, N. Besson 136, S. Bethke 99, W. Bhimji 45,
R.M. Bianchi 29, M. Bianco 72a,72b, O. Biebel 98, S.P. Bieniek 77, K. Bierwagen 54, J. Biesiada 14,
M. Biglietti 134a,134b, H. Bilokon 47, M. Bindi 19a,19b, S. Binet 115, A. Bingul 18c, C. Bini 132a,132b,
C. Biscarat 177, U. Bitenc 48, K.M. Black 21, R.E. Blair 5, J.-B. Blanchard 115, G. Blanchot 29, T. Blazek 144a,
C. Blocker 22, J. Blocki 38, A. Blondel 49, W. Blum 81, U. Blumenschein 54, G.J. Bobbink 105,
V.B. Bobrovnikov 107, S.S. Bocchetta 79, A. Bocci 44, C.R. Boddy 118, M. Boehler 41, J. Boek 174, N. Boelaert 35,
S. Böser 77, J.A. Bogaerts 29, A. Bogdanchikov 107, A. Bogouch 90,∗, C. Bohm 146a, V. Boisvert 76, T. Bold 163,g ,
V. Boldea 25a, N.M. Bolnet 136, M. Bona 75, V.G. Bondarenko 96, M. Bondioli 163, M. Boonekamp 136,
G. Boorman 76, C.N. Booth 139, S. Bordoni 78, C. Borer 16, A. Borisov 128, G. Borissov 71, I. Borjanovic 12a,
S. Borroni 132a,132b, K. Bos 105, D. Boscherini 19a, M. Bosman 11, H. Boterenbrood 105, D. Botterill 129,
J. Bouchami 93, J. Boudreau 123, E.V. Bouhova-Thacker 71, C. Bourdarios 115, N. Bousson 83, A. Boveia 30,
J. Boyd 29, I.R. Boyko 65, N.I. Bozhko 128, I. Bozovic-Jelisavcic 12b, J. Bracinik 17, A. Braem 29,
P. Branchini 134a, G.W. Brandenburg 57, A. Brandt 7, G. Brandt 15, O. Brandt 54, U. Bratzler 156,
B. Brau 84, J.E. Brau 114, H.M. Braun 174, B. Brelier 158, J. Bremer 29, R. Brenner 166, S. Bressler 152,
D. Breton 115, D. Britton 53, F.M. Brochu 27, I. Brock 20, R. Brock 88, T.J. Brodbeck 71, E. Brodet 153,
F. Broggi 89a, C. Bromberg 88, G. Brooijmans 34, W.K. Brooks 31b, G. Brown 82, H. Brown 7,
P.A. Bruckman de Renstrom 38, D. Bruncko 144b, R. Bruneliere 48, S. Brunet 61, A. Bruni 19a, G. Bruni 19a,
M. Bruschi 19a, T. Buanes 13, F. Bucci 49, J. Buchanan 118, N.J. Buchanan 2, P. Buchholz 141,
R.M. Buckingham 118, A.G. Buckley 45, S.I. Buda 25a, I.A. Budagov 65, B. Budick 108, V. Büscher 81,



230 ATLAS Collaboration / Physics Letters B 708 (2012) 221–240

L. Bugge 117, D. Buira-Clark 118, O. Bulekov 96, M. Bunse 42, T. Buran 117, H. Burckhart 29, S. Burdin 73,
T. Burgess 13, S. Burke 129, E. Busato 33, P. Bussey 53, C.P. Buszello 166, F. Butin 29, B. Butler 143,
J.M. Butler 21, C.M. Buttar 53, J.M. Butterworth 77, W. Buttinger 27, T. Byatt 77, S. Cabrera Urbán 167,
D. Caforio 19a,19b, O. Cakir 3a, P. Calafiura 14, G. Calderini 78, P. Calfayan 98, R. Calkins 106, L.P. Caloba 23a,
R. Caloi 132a,132b, D. Calvet 33, S. Calvet 33, R. Camacho Toro 33, P. Camarri 133a,133b, M. Cambiaghi 119a,119b,
D. Cameron 117, S. Campana 29, M. Campanelli 77, V. Canale 102a,102b, F. Canelli 30,h, A. Canepa 159a,
J. Cantero 80, L. Capasso 102a,102b, M.D.M. Capeans Garrido 29, I. Caprini 25a, M. Caprini 25a, D. Capriotti 99,
M. Capua 36a,36b, R. Caputo 148, R. Cardarelli 133a, T. Carli 29, G. Carlino 102a, L. Carminati 89a,89b,
B. Caron 159a, S. Caron 48, G.D. Carrillo Montoya 172, A.A. Carter 75, J.R. Carter 27, J. Carvalho 124a,i,
D. Casadei 108, M.P. Casado 11, M. Cascella 122a,122b, C. Caso 50a,50b,∗, A.M. Castaneda Hernandez 172,
E. Castaneda-Miranda 172, V. Castillo Gimenez 167, N.F. Castro 124a, G. Cataldi 72a, F. Cataneo 29,
A. Catinaccio 29, J.R. Catmore 71, A. Cattai 29, G. Cattani 133a,133b, S. Caughron 88, D. Cauz 164a,164c,
P. Cavalleri 78, D. Cavalli 89a, M. Cavalli-Sforza 11, V. Cavasinni 122a,122b, F. Ceradini 134a,134b,
A.S. Cerqueira 23a, A. Cerri 29, L. Cerrito 75, F. Cerutti 47, S.A. Cetin 18b, F. Cevenini 102a,102b, A. Chafaq 135a,
D. Chakraborty 106, K. Chan 2, B. Chapleau 85, J.D. Chapman 27, J.W. Chapman 87, E. Chareyre 78,
D.G. Charlton 17, V. Chavda 82, C.A. Chavez Barajas 29, S. Cheatham 85, S. Chekanov 5, S.V. Chekulaev 159a,
G.A. Chelkov 65, M.A. Chelstowska 104, C. Chen 64, H. Chen 24, S. Chen 32c, T. Chen 32c, X. Chen 172,
S. Cheng 32a, A. Cheplakov 65, V.F. Chepurnov 65, R. Cherkaoui El Moursli 135e, V. Chernyatin 24,
E. Cheu 6, S.L. Cheung 158, L. Chevalier 136, G. Chiefari 102a,102b, L. Chikovani 51, J.T. Childers 58a,
A. Chilingarov 71, G. Chiodini 72a, M.V. Chizhov 65, G. Choudalakis 30, S. Chouridou 137, I.A. Christidi 77,
A. Christov 48, D. Chromek-Burckhart 29, M.L. Chu 151, J. Chudoba 125, G. Ciapetti 132a,132b, K. Ciba 37,
A.K. Ciftci 3a, R. Ciftci 3a, D. Cinca 33, V. Cindro 74, M.D. Ciobotaru 163, C. Ciocca 19a,19b, A. Ciocio 14,
M. Cirilli 87, M. Ciubancan 25a, A. Clark 49, P.J. Clark 45, W. Cleland 123, J.C. Clemens 83, B. Clement 55,
C. Clement 146a,146b, R.W. Clifft 129, Y. Coadou 83, M. Cobal 164a,164c, A. Coccaro 50a,50b, J. Cochran 64,
P. Coe 118, J.G. Cogan 143, J. Coggeshall 165, E. Cogneras 177, C.D. Cojocaru 28, J. Colas 4, A.P. Colijn 105,
C. Collard 115, N.J. Collins 17, C. Collins-Tooth 53, J. Collot 55, G. Colon 84, P. Conde Muiño 124a,
E. Coniavitis 118, M.C. Conidi 11, M. Consonni 104, V. Consorti 48, S. Constantinescu 25a, C. Conta 119a,119b,
F. Conventi 102a,j, J. Cook 29, M. Cooke 14, B.D. Cooper 77, A.M. Cooper-Sarkar 118, N.J. Cooper-Smith 76,
K. Copic 34, T. Cornelissen 50a,50b, M. Corradi 19a, F. Corriveau 85,k, A. Cortes-Gonzalez 165, G. Cortiana 99,
G. Costa 89a, M.J. Costa 167, D. Costanzo 139, T. Costin 30, D. Côté 29, L. Courneyea 169, G. Cowan 76,
C. Cowden 27, B.E. Cox 82, K. Cranmer 108, F. Crescioli 122a,122b, M. Cristinziani 20, G. Crosetti 36a,36b,
R. Crupi 72a,72b, S. Crépé-Renaudin 55, C.-M. Cuciuc 25a, C. Cuenca Almenar 175,
T. Cuhadar Donszelmann 139, M. Curatolo 47, C.J. Curtis 17, P. Cwetanski 61, H. Czirr 141, Z. Czyczula 117,
S. D’Auria 53, M. D’Onofrio 73, A. D’Orazio 132a,132b, P.V.M. Da Silva 23a, C. Da Via 82, W. Dabrowski 37,
T. Dai 87, C. Dallapiccola 84, M. Dam 35, M. Dameri 50a,50b, D.S. Damiani 137, H.O. Danielsson 29,
D. Dannheim 99, V. Dao 49, G. Darbo 50a, G.L. Darlea 25b, C. Daum 105, J.P. Dauvergne 29, W. Davey 86,
T. Davidek 126, N. Davidson 86, R. Davidson 71, E. Davies 118,c, M. Davies 93, A.R. Davison 77,
Y. Davygora 58a, E. Dawe 142, I. Dawson 139, J.W. Dawson 5,∗, R.K. Daya 39, K. De 7, R. de Asmundis 102a,
S. De Castro 19a,19b, P.E. De Castro Faria Salgado 24, S. De Cecco 78, J. de Graat 98, N. De Groot 104,
P. de Jong 105, C. De La Taille 115, H. De la Torre 80, B. De Lotto 164a,164c, L. De Mora 71, L. De Nooij 105,
D. De Pedis 132a, A. De Salvo 132a, U. De Sanctis 164a,164c, A. De Santo 149, J.B. De Vivie De Regie 115,
S. Dean 77, R. Debbe 24, D.V. Dedovich 65, J. Degenhardt 120, M. Dehchar 118, C. Del Papa 164a,164c,
J. Del Peso 80, T. Del Prete 122a,122b, M. Deliyergiyev 74, A. Dell’Acqua 29, L. Dell’Asta 89a,89b,
M. Della Pietra 102a,j, D. della Volpe 102a,102b, M. Delmastro 29, P. Delpierre 83, N. Delruelle 29,
P.A. Delsart 55, C. Deluca 148, S. Demers 175, M. Demichev 65, B. Demirkoz 11,l, J. Deng 163, S.P. Denisov 128,
D. Derendarz 38, J.E. Derkaoui 135d, F. Derue 78, P. Dervan 73, K. Desch 20, E. Devetak 148, P.O. Deviveiros 158,
A. Dewhurst 129, B. DeWilde 148, S. Dhaliwal 158, R. Dhullipudi 24,m, A. Di Ciaccio 133a,133b, L. Di Ciaccio 4,
A. Di Girolamo 29, B. Di Girolamo 29, S. Di Luise 134a,134b, A. Di Mattia 88, B. Di Micco 29,
R. Di Nardo 133a,133b, A. Di Simone 133a,133b, R. Di Sipio 19a,19b, M.A. Diaz 31a, F. Diblen 18c, E.B. Diehl 87,
J. Dietrich 41, T.A. Dietzsch 58a, S. Diglio 115, K. Dindar Yagci 39, J. Dingfelder 20, C. Dionisi 132a,132b,
P. Dita 25a, S. Dita 25a, F. Dittus 29, F. Djama 83, T. Djobava 51, M.A.B. do Vale 23a, A. Do Valle Wemans 124a,
T.K.O. Doan 4, M. Dobbs 85, R. Dobinson 29,∗, D. Dobos 42, E. Dobson 29, M. Dobson 163, J. Dodd 34,



ATLAS Collaboration / Physics Letters B 708 (2012) 221–240 231

C. Doglioni 118, T. Doherty 53, Y. Doi 66,∗, J. Dolejsi 126, I. Dolenc 74, Z. Dolezal 126, B.A. Dolgoshein 96,∗,
T. Dohmae 155, M. Donadelli 23d, M. Donega 120, J. Donini 55, J. Dopke 29, A. Doria 102a, A. Dos Anjos 172,
M. Dosil 11, A. Dotti 122a,122b, M.T. Dova 70, J.D. Dowell 17, A.D. Doxiadis 105, A.T. Doyle 53, Z. Drasal 126,
J. Drees 174, N. Dressnandt 120, H. Drevermann 29, C. Driouichi 35, M. Dris 9, J. Dubbert 99, T. Dubbs 137,
S. Dube 14, E. Duchovni 171, G. Duckeck 98, A. Dudarev 29, F. Dudziak 64, M. Dührssen 29, I.P. Duerdoth 82,
L. Duflot 115, M.-A. Dufour 85, M. Dunford 29, H. Duran Yildiz 3b, R. Duxfield 139, M. Dwuznik 37,
F. Dydak 29, M. Düren 52, W.L. Ebenstein 44, J. Ebke 98, S. Eckert 48, S. Eckweiler 81, K. Edmonds 81,
C.A. Edwards 76, N.C. Edwards 53, W. Ehrenfeld 41, T. Ehrich 99, T. Eifert 29, G. Eigen 13, K. Einsweiler 14,
E. Eisenhandler 75, T. Ekelof 166, M. El Kacimi 135c, M. Ellert 166, S. Elles 4, F. Ellinghaus 81, K. Ellis 75,
N. Ellis 29, J. Elmsheuser 98, M. Elsing 29, D. Emeliyanov 129, R. Engelmann 148, A. Engl 98, B. Epp 62,
A. Eppig 87, J. Erdmann 54, A. Ereditato 16, D. Eriksson 146a, J. Ernst 1, M. Ernst 24, J. Ernwein 136,
D. Errede 165, S. Errede 165, E. Ertel 81, M. Escalier 115, C. Escobar 123, X. Espinal Curull 11, B. Esposito 47,
F. Etienne 83, A.I. Etienvre 136, E. Etzion 153, D. Evangelakou 54, H. Evans 61, L. Fabbri 19a,19b, C. Fabre 29,
R.M. Fakhrutdinov 128, S. Falciano 132a, Y. Fang 172, M. Fanti 89a,89b, A. Farbin 7, A. Farilla 134a, J. Farley 148,
T. Farooque 158, S.M. Farrington 118, P. Farthouat 29, P. Fassnacht 29, D. Fassouliotis 8, B. Fatholahzadeh 158,
A. Favareto 89a,89b, L. Fayard 115, S. Fazio 36a,36b, R. Febbraro 33, P. Federic 144a, O.L. Fedin 121,
W. Fedorko 88, M. Fehling-Kaschek 48, L. Feligioni 83, D. Fellmann 5, C.U. Felzmann 86, C. Feng 32d,
E.J. Feng 30, A.B. Fenyuk 128, J. Ferencei 144b, J. Ferland 93, W. Fernando 109, S. Ferrag 53, J. Ferrando 53,
V. Ferrara 41, A. Ferrari 166, P. Ferrari 105, R. Ferrari 119a, A. Ferrer 167, M.L. Ferrer 47, D. Ferrere 49,
C. Ferretti 87, A. Ferretto Parodi 50a,50b, M. Fiascaris 30, F. Fiedler 81, A. Filipčič 74, A. Filippas 9,
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