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The W boson angular distribution in events with high transverse momentum jets is measured using dat
collected by the ATLAS experiment from proton–proton collisions at a centre-of-mass energy 

√
s = 8 Te

at the Large Hadron Collider, corresponding to an integrated luminosity of 20.3 fb−1. The focus is o
the contributions to W + jets processes from real W emission, which is achieved by studying event
where a muon is observed close to a high transverse momentum jet. At small angular separations, thes
contributions are expected to be large. Various theoretical models of this process are compared to th
data in terms of the absolute cross-section and the angular distributions of the muon from the leptoni
W decay.

© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY licens
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP
1. Introduction

Precision measurements of Standard Model processes at the 
Large Hadron Collider (LHC) are crucial for probing the fundamen-
tal structure of the strong and electroweak interactions. The data 
sample corresponding to an integrated luminosity of 20.3 fb−1

collected by the ATLAS experiment from proton–proton (pp) col-
lisions at a centre-of-mass energy 

√
s = 8 TeV at the LHC allows 

detailed study of perturbative quantum chromodynamics (pertur-
bative QCD, pQCD) and real and virtual electroweak (EW) correc-
tions that impact measurements of W + jets production.

At high energies, real emission of weak bosons in dijet events 
can contribute significantly to inclusive W + jets measurements 
[1–5]. In leading-order (LO) calculations of W + 1-jet production, 
the W boson is balanced by the recoil hadronic jet, often referred 
to as back-to-back production. At next-to-leading order (NLO), QCD 
and EW corrections to W + 1-jet processes appear, both as real 
and virtual contributions. In the case of real W boson emission 
from an initial- or final-state quark, these contributions scale as 
O

(
α ln2 pT, j/mW

)
, where α is the gauge coupling of the unified 

EW theory, pT, j is the transverse momentum of the jet and mW

is the W boson mass, and have a collinear enhancement in the 
distribution of the angular distance between the W boson and 
the closest jet. The collinear enhancement arises from collinear 
and infrared divergences which would be present in the limit of 

� E-mail address: atlas.publications@cern.ch.

vanishing W boson mass, but which are regulated by its finite 
mass. The procedures to correctly account for collinear parton radi-
ation, such as massless gluon emission, are well known and led to 
the introduction of (Sudakov) parton showering of the initial- and 
final-state partons in Monte Carlo generators for QCD as well as 
quantum electrodynamics (QED) contributions. An analogous pro-
cedure is available for the emission of real W bosons [6]. The 
effect of real W boson emission can be probed by isolating events 
for which the cancellation between real and virtual corrections is 
incomplete, for example by studying the region of small angular 
separation between a jet and the W boson. This region also con-
tains LO contributions from W + 2-jets, as well as corrections to 
that process, which must be included for accurate predictions.

Due to this complex mixture of W + 1-jet and W + 2-jet pro-
cesses, and the relevant QCD and EW corrections to both, compar-
isons of measurements to predictions using multiple approaches 
for estimating those corrections are crucial. Comparisons of the 
measured angular spectra of the muon from the W boson with 
fixed-order predictions at NLO and next-to-next-to-leading-order 
(NNLO) and with programs with electroweak parton showers help 
in understanding the accuracy of these predictions.

The measurements presented here focus on events that con-
tain a muon and a jet with transverse momentum pT > 500 GeV. 
In this kinematic regime, contributions to W + jets processes from 
real W boson emission are enhanced in the region of small angular 
separation between the W boson decay products and the closest 
jet. The angular separation is defined as the distance between the 
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muon and the closest jet, �R(μ, jet) = √
(�φ)2 + (�η)2,1 here-

after referred to as �R . Measurements of this angular separation 
thus provide precision tests of pQCD and electroweak predictions 
for the rate and pattern of real W boson emission. Real W bo-
son emission, also termed collinear W production, is the dominant 
process for events with �R < 2.4, and thus �R < 2.4 is referred to 
as the collinear region. The significance of this higher-order contri-
bution at small �R is shown in Ref. [5]. For events with �R > 2.4, 
the W boson is balanced by a hadronic recoil that may consist of 
one or more jets.

These measurements of the �R distribution probe a new re-
gion of phase space that has not been explicitly studied in detail. 
Measurements of W + jets production by both the ATLAS and CMS 
experiments often remove portions of the collinear region by re-
quiring that the lepton (e or μ) is separated from any jet by an 
angular distance of �R > 0.5 [7,8]. By relaxing this requirement to 
�R > 0.2 and focusing on the distribution of angular separation 
between the muon and the closest jet in events with at least one 
very high pT jet (pT > 500 GeV), it is possible to explicitly target 
real W emission with this measurement.

Collinear W production may constitute an important back-
ground in searches for beyond the Standard Model physics that 
involve Lorentz-boosted top quarks [9], either in rare topologies 
or at high energies. If the W decay products are collinear with 
one of the jets, the structure of that jet can begin to resemble 
that of the three-pronged structure of a boosted top quark. While 
the rate for collinear W production is suppressed relative to di-
jet production with no W emission, hadronic W decays can cause 
a large increase in the measured jet mass. The result is that W
emission from quarks at very high pT can yield single jets with 
definite substructure that resemble the boosted top-quark signals 
being searched for.

2. The ATLAS detector

The ATLAS detector [10,11] provides nearly full solid angle cov-
erage around the pp collision point at the LHC.

The inner detector (ID) comprises a silicon pixel tracker clos-
est to the beamline, a microstrip silicon tracker, and a straw-tube 
transition-radiation tracker at radii up to 108 cm. A thin solenoid 
surrounding the tracker provides a 2 T axial magnetic field en-
abling the measurement of charged-particle momenta. The overall 
ID acceptance spans the full azimuthal range in φ, and the range 
|η| < 2.5 for particles originating near the nominal LHC interaction 
region [12].

The electromagnetic (EM) and hadronic calorimeters are com-
posed of multiple subdetectors spanning |η| < 4.9. The EM barrel 
calorimeter uses a liquid-argon (LAr) active medium, together with 
lead absorbers, and covers |η| < 1.45. In the region |η| < 1.7, the 
hadronic calorimeter is constructed from steel absorber and scin-
tillator tiles and is separated into barrel (|η| < 1.0) and extended-
barrel (0.8 < |η| < 1.7) sections. The endcap (1.375 < |η| < 3.2) 
and forward (3.1 < |η| < 4.9) regions are instrumented with LAr 
calorimeters for EM as well as hadronic energy measurements.

A muon spectrometer with three large air-core toroid magnet 
systems surrounds the calorimeters. The muon spectrometer mea-
sures the momentum of muons from their tracks, which are re-
constructed with three layers of high-precision tracking chambers. 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal in-
teraction point (IP) in the centre of the detector and the z-axis along the beam pipe. 
The x-axis points from the IP to the centre of the LHC ring, and the y-axis points 
upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the 
azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the 
polar angle θ as η = − ln tan(θ/2).

These chambers provide coverage in the range |η| < 2.7, while 
dedicated fast chambers allow triggering in the region |η| < 2.4.

A three-level trigger system is used to record events for anal-
ysis. The different parts of the trigger system are referred to as 
the Level-1 trigger, the Level-2 trigger, and the Event Filter [13]. 
The Level-1 trigger is implemented in hardware and uses a sub-
set of detector information to reduce the event rate to a design 
value of at most 75 kHz. The Level-1 trigger is followed by two 
software-based triggers, the Level-2 trigger and the Event Filter, 
which together reduce the event rate to a few hundred Hz.

3. Data and simulated samples

The measurement presented here is based on the entire 2012 
pp dataset at a centre-of-mass energy of 

√
s = 8 TeV. Events are 

required to meet baseline quality criteria during stable LHC run-
ning periods. These data quality criteria primarily reject data with 
significant contamination from detector noise or issues in the read-
out [14] based upon individual assessments for each subdetector. 
The resulting dataset corresponds to an integrated luminosity of 
20.3 fb−1. The absolute luminosity scale is derived from beam-
separation scans performed in November 2012. The uncertainty in 
the integrated luminosity is ±1.9% [15].

Simulated events from Monte Carlo (MC) generators are used 
for calculating the signal efficiency and estimating background in 
the signal region. The events are simulated using a GEANT4-based 
[16] full detector simulation [17]. In addition to the hard scatter, 
each event is overlaid with a number of additional pp collisions 
(pile-up) extracted from the distribution of the average number 
of pp interactions per bunch crossing μ observed in data. These 
additional pp collisions are generated with PYTHIA v8.160 [18] us-
ing the ATLAS A2 set of tuned parameters (A2 tune) [19] and the 
MSTW2008LO parton distribution function (PDF) set [20].

Events containing W + jets are generated with ALPGEN 2.14 
[21], which implements MLM matching [22] of the matrix ele-
ment calculation with parton showering. The W boson is produced 
as part of the matrix element calculations, allowing simulation of 
both collinear and back-to-back W + jets production. In the latter, 
the W boson is balanced by the hadronic recoil system. The ma-
trix elements provided by ALPGEN are configured to allow up to 
five partons in the final state in addition to the W boson, includ-
ing heavy-flavour production as well. The generator is interfaced 
with PYTHIA v6.427 [23] for parton showering and fragmentation. 
The CTEQ6L1 PDF set [24] is used. A K -factor is applied to these 
samples to correct the normalisation to a NNLO pQCD inclusive 
cross-section calculated with FEWZ [25] and the MSTW2008NNLO 
PDF set. A sample of events is also generated with PYTHIA v8.210 
and using the CT10 NLO PDF set [26] in which W boson radiation 
can be produced via a weak parton shower.

Dijet events are generated with PYTHIA v8.165. Top-quark pair 
production is simulated with POWHEG-r2129 [27–30] interfaced 
with PYTHIA v6.426 with the P2011C [31] tune for parton show-
ering and fragmentation. Diboson production is simulated with 
MC@NLO v4.07 [32]. Additional samples of diboson production are 
generated using SHERPA v1.43 [33] and these are used to esti-
mate theoretical uncertainties in the diboson background estima-
tion. The above samples are all generated using the CT10 NLO PDF 
set. Events containing Z + jets are generated with ALPGEN using 
the same configuration as the W + jets simulation above. Single 
top-quark production is a negligible background for this analysis 
and is not included.

All samples are normalised to their calculated inclusive cross-
sections. However, for the W + jets, dijets, tt̄ and Z + jets samples, 
there is an additional correction applied to the normalisation, de-
rived from the comparison of data and Monte Carlo simulations in 
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the signal region and control regions. The process of deriving this 
correction is explained in detail in Section 4.

4. Object and event selections

4.1. Baseline event selection

The topology of collinear W production involves two back-to-
back high-pT jets, one of which emits a nearby W boson. Events 
are required to contain at least one jet with pT > 500 GeV, as this 
is found to be sufficient to probe the kinematic region of inter-
est. The probability of a collinear W emission from such a jet is 
estimated by PYTHIA v8.210 to be 0.15%. Over half of the produc-
tion of W + jets in the phase space probed in this measurement 
is in the collinear region. A requirement for a second high-pT jet 
is not applied. Although both jets initially recoil from each other 
and have similar pT, the jet that emits the collinear W boson can 
lose a significant amount of energy to the muon and neutrino, nei-
ther of which are reconstructed as part of the jet energy. Requiring 
a second high-pT jet would impose an implicit maximum on the 
energy carried by the W boson and its decay products.

The analysis focuses on the leptonic decays of W bosons to 
muons in order to ensure a high reconstruction purity, and thus 
events are required to have exactly one muon. Events that con-
tain an electron are rejected, which reduces the background by 
removing mixed-flavour dileptonic (electron plus muon) tt̄ decays. 
Control regions are used to establish the normalisation of MC sim-
ulations of several background processes. These regions are defined 
by inverting various selection criteria used in the final measure-
ment.

To reject non-collision background [34], events are required to 
contain at least one primary vertex consistent with the beam-
interaction region, reconstructed from at least two tracks each with 
ptrack

T > 400 MeV. The primary hard-scatter vertex is defined as the 
vertex with the highest 

∑
(ptrack

T )2. To reject rare events contam-
inated by spurious signals in the detector, all anti-kt [35,36] jets 
with radius parameter R = 0.4 and pjet

T > 20 GeV (see below) are 
required to satisfy the loosest jet-quality requirements discussed in 
Ref. [34]. These criteria are designed to reject non-collision back-
ground and significant transient noise in the calorimeters while 
maintaining an efficiency for good-quality events greater than 
99.8% with as high a rejection of contaminated events as possi-
ble. In particular, this selection is very efficient in rejecting events 
that contain fake jets due to calorimeter noise.

4.2. Trigger selection

Events used in this analysis are selected by requiring that they 
pass at least one of two single-muon triggers [37]. The first trig-
ger requires an isolated muon with pT > 24 GeV and the second 
trigger requires a muon with pT > 36 GeV with no isolation crite-
ria applied. The track-based isolation used in the trigger requires 
that the scalar sum of the pT of all tracks within a cone of radius 
�R = 0.2 around the muon is less than 12% of the muon pT.

4.3. Object reconstruction

Muons are reconstructed by combining tracks in the ID with 
tracks in the muon spectrometer [38]. They are required to have 
pT > 25 GeV and |η| < 2.4. To reduce contamination from semilep-
tonic b-decays, in-flight pion and kaon decays and cosmic muons, 
their longitudinal impact parameter with respect to the primary 
vertex z0 must satisfy |z0| sin θ < 0.5 mm and their transverse im-
pact parameter with respect to the primary vertex d0 must satisfy 

|d0|/σ (d0) < 3. The selected offline reconstructed muon must also 
match the online muon that passed the trigger.

Jets are built using the anti-kt algorithm with a radius param-
eter of R = 0.4 from locally calibrated three-dimensional topolog-
ical energy clusters [39]. The resulting jets are required to have 
pT > 100 GeV and |η| < 2.1.

The number of b-tagged jets for a given event is calculated us-
ing the MV1 tagger [40] on jets built using the anti-kt algorithm 
with R = 0.4. The jets considered for b-tagging have pT > 25 GeV
and are reconstructed within |η| < 2.1. The MV1 tagger is con-
figured to have a b-tagging efficiency of 70% in semileptonic tt̄
events.

Electrons are reconstructed from a combination of a calorime-
ter energy cluster and a matched ID track [41,42]. They must 
meet a set of identification criteria (the so-called medium crite-
ria of Ref. [41]). They are also required to have pT > 20 GeV and 
|η| < 2.47, excluding the transition region between the barrel and 
the endcap calorimeters (1.37 < |η| < 1.52). To reduce the contam-
ination from semileptonic b-decays and misidentification, the same 
impact parameter requirements used for muons are applied along 
with an isolation requirement. This isolation is track-based and re-
quires that the scalar sum of the pT of all tracks in a cone of radius 
�R = 0.2 around the electron be less than 15% of the electron pT.

4.4. Measurement selection

To select the W + jets signal, events are required to contain at 
least one jet with pT > 500 GeV, exactly one muon, no b-tagged 
jets, a primary vertex and no electrons. Any additional jets with 
pT > 100 GeV are included in the analysis. The leading jet, de-
fined as the jet with the highest pT, is not necessarily the one 
closest to the muon. The �R distance is always measured with 
respect to the closest jet. The muon is required to be isolated us-
ing both track-based and calorimeter-based isolation criteria. The 
track isolation requires that the scalar sum of the pT of all tracks 
in a cone of radius �R = 0.2 around the muon be less than 10% 
of the muon pT. The calorimeter isolation requires that the scalar 
sum of the pT in all calorimeter cells in a cone of radius �R = 0.2
around the muon be less than 40% of the muon pT . Applying these 
isolation criteria significantly reduces the background from dijet 
events, where muons mostly originate from heavy-flavour or in-
flight decays and are non-isolated. The b-tag veto also reduces the 
background from tt̄ , which generates two b-quarks in their decay, 
by over 80%, while only 10% of the W + jets signal is rejected. Re-
quirements on missing transverse momentum were not found to 
improve the signal selection or background rejection. The efficiency 
of the isolation requirement was studied both in simulated sam-
ples and in situ using data events containing high-pT top quarks, 
and the results from the two studies were in agreement. How-
ever, in the extremely collinear region, where the distance between 
the muon and the closest jet is �R < 0.2, the limited size of the 
event sample did not allow the same conclusion. As a result, events 
where �R < 0.2 are also excluded. This causes approximately 2% 
of the W + jets signal to be rejected.

4.5. Control region definitions and background estimation

For the final state with at least one high-pT jet and a single 
muon, the dominant background processes that contribute to the 
signal region are dijets, tt̄ and Z + jets. In addition, there is a small 
background contribution from diboson production. These are all 
modelled using the simulated samples described in Section 3.

For each of the three main background processes, a control re-
gion utilising an event selection different from the signal region is 
defined such that most of the events in this control region are from 
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Fig. 1. Comparisons between data and the predicted distribution from MC simulations of the angular separation between the muon and the closest jet in Control Regio
1 (left), Control Region 2 (right) and Control Region 3 (bottom). The lower panels show the ratio of data to the predicted distribution. The error bars correspond to th
statistical uncertainty and the shaded error band corresponds to the systematic uncertainties. The dijet, tt̄ and Z + jets backgrounds have been scaled according to the
respective control regions. The W + jets signal has been scaled by 0.71.
the chosen background. Control Region 1 is enriched in dijets, with 
a 93% purity of dijet events, by applying the inverse of the signal 
region isolation selection. It uses events that pass the muon trigger 
without an isolation requirement and requires the muon to have 
pT > 38 GeV, as events with a non-isolated muon of lower pT are 
mostly rejected by the trigger, together with a distance �R > 0.2
between the muon and the closest jet. Control Region 2 is enriched 
in tt̄ , with 91% of events originating from tt̄ production, by re-
quiring at least two b-tagged jets. Control Region 3 is enriched in 
Z + jets, which constitute 94% of events in this region, by using 
events with exactly two muons, with both muons passing the sig-
nal region isolation. It is further required that the dimuon invariant 
mass in Control Region 3 satisfies 60 GeV < mμμ < 120 GeV. In 
this case, the muon with the higher pT is chosen to define �R .

Using data from these control regions and the signal region, 
a scale factor is derived for each main background process and 
the W + jets signal to correct the normalisation of the MC sample 
to that observed in data. To ensure the scale factor is not af-
fected by contamination from other backgrounds and the W + jets
signal, it is necessary to subtract the MC prediction for the con-

tamination from the control region data. As there is a circular 
dependency in using scaled MC predictions to derive new scal-
ings, an iterative approach is applied. First, the scale factors are 
derived with the contamination subtracted using the uncorrected 
normalisations. Then the normalisations are updated with the scale 
factor corrections and the procedure to derive them is repeated. 
Since the contamination in each of the regions is quite small, the 
scale factors converge very rapidly. The dijet sample is scaled by 
1.134 ±0.054, the tt̄ sample is scaled by 0.861 ±0.061, the Z + jets
sample is scaled by 0.705 ± 0.052 and the W + jets sample is 
scaled by 0.711 ± 0.016. These uncertainties in the scale factors 
are due to the statistical uncertainty of the data and MC samples 
and are part of the overall uncertainties in the measurement de-
tailed in Section 6. However, the uncertainty in the W + jets scale 
factor has no effect on the results of the measurement. After the 
scale factors are applied, the MC predictions and observed distri-
butions of the distance between the muon and the closest jet for 
each control region are shown in Fig. 1. The systematic uncertain-
ties shown in Fig. 1 correspond to those described in Section 6.
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Table 1
The systematic uncertainties in the cross-section measurement. Multiple independent components have been 
combined into groups of systematic uncertainties.

Systematic Source 0.2 < �R < 2.4 �R > 2.4 Inclusive

Scaling of dijets to data 0.4% 0.1% 0.3%
Scaling of tt̄ to data 0.6% 0.2% 0.5%
Scaling of Z + jets to data 0.6% 0.3% 0.5%
Jet energy scale 4.6% 5.8% 5.0%
b-tagging efficiency 3.7% 1.2% 2.9%
Data/MC disagreement for dijets 0.9% 0.6% 0.8%
Data/MC disagreement for tt̄ 1.2% 0.4% 1.0%
Data/MC disagreement for Z + jets 0.6% 1.5% 0.9%
Diboson background estimate 2.2% 0.1% 1.5%
Unfolding dependence on prior 1.1% 1.8% 1.3%
Muon momentum scale and resolution 0.0% 0.1% 0.1%
Muon reconstruction efficiency 0.4% 0.4% 0.4%
Muon trigger efficiency 2.0% 1.9% 1.9%
Jet energy resolution 0.6% 0.8% 0.6%
MC background statistical 2.4% 1.8% 2.3%
MC response statistical 1.7% 2.2% 1.9%

Total systematic (excluding luminosity) 7.6% 7.4% 7.3%
Luminosity 1.9% 2.0% 2.0%
Data statistical 2.7% 3.6% 2.2%
5. Definition of observable and correction for detector effects

The estimated background is subtracted from the data in the 
signal region and the resultant distribution of the distance �R be-
tween the muon and the closest jet is unfolded using an iterative 
Bayesian technique [43] to correct for detector effects including 
both the efficiency of the selection criteria and the resolution of 
the angular separation between the muon and the nearest jet, 
where the former effect is dominant. This technique is imple-
mented within the RooUnfold framework [44]. A response matrix 
derived from MC simulation is used to correct the distribution 
from detector-level to particle-level. The particle-level prediction 
from MC simulation is used as an initial prior during the first iter-
ation of the unfolding. Subsequent iterations use the previous iter-
ation’s unfolded distribution as a new prior. A single iteration step 
is used, as this was found to be the optimal choice that minimised 
the combination of statistical fluctuation and the bias introduced 
by the prior of unfolded results.

The detector response and the combined efficiency of the trig-
ger, reconstruction and the analysis selection for the W + jets
signal is obtained from MC simulation. The fiducial selection ap-
plied to MC simulation is similar to the kinematic selection of 
the analysis. Particle-level jets, built from stable final-state parti-
cles (defined as those with a proper lifetime τ corresponding to 
cτ ≥ 10 mm [45]) excluding muons and neutrinos, must satisfy 
pT > 100 GeV and |η| < 2.1. Events are required to have at least 
one particle-level jet with pT > 500 GeV and a particle-level muon 
with a dressed2 pT > 25 GeV and |η| < 2.4. No requirements on 
promptness are applied to the muons or the dressing photons. Any 
additional muons that pass these requirements cause the event to 
be rejected. Events where the distance between the muon and the 
closest jet �R < 0.2 are also rejected. Unlike the analysis selection, 
there are no requirements on b-jets or electrons for the fiducial se-
lection.

The unfolding to the fiducial region also corrects for events that 
do not pass the particle-level selection, but pass the detector-level 
selection. Events in the fiducial signal region that arise from W →
τν are also removed so that the cross-section is quoted exclusively 
for the muon decay channel.

2 Photons that are contained in a cone of size �R = 0.1 around the muon are 
summed and included as part of the muon energy.

6. Systematic uncertainties

The dominant systematic uncertainties in the cross-section 
measurement arise from the uncertainties in the jet energy scale 
and the b-tagging efficiency. For each systematic uncertainty, the 
selection criteria are re-applied, the control region normalisations 
are reassessed, and the unfolding procedure is repeated with the 
quantity under consideration varied by ±1 standard deviation. The 
average of the up and down variations of the final cross-section 
measurement are summed in quadrature, as the variations are in-
dependent and not correlated. This sum is then used as the full 
systematic uncertainty. The systematic uncertainties in the mea-
surement, grouped by source, are summarised in Table 1 for the 
inclusive cross-section, the collinear region (0.2 < �R < 2.4) and 
the back-to-back region (�R > 2.4).

Since the dijet, tt̄ and Z + jets simulated samples are scaled to 
data in their respective control regions, there is a systematic un-
certainty in the scaling that arises from the statistical uncertainty 
in the data and the MC simulations in these control regions. As 
the control region for dijets does not have the same kinematic 
selection as the signal region, there could be some bias due to 
mismodelling of the dijet kinematics in the simulated sample. An 
uncertainty accounting for this is derived by varying the kinematic 
selection of the control region.

The uncertainty in the jet energy scale comprises 17 indepen-
dent components [46]. Six of these are derived from various in situ 
analyses and two are related to the η intercalibration of the jets. 
There are also four components that account for the mismodelling 
of the pT response with respect to pile-up and three topology com-
ponents that account for the dependence of the pT-response un-
certainty on the relative fractions of jets initiated by light quarks, 
gluons and b-quarks.

To correct the b-tagging efficiency in simulation to that ob-
served in data, scale factors derived from in situ analyses are 
applied to the simulated samples [47,48]. These have associated 
uncertainties. The uncertainties for b-, c- and τ -jets are assessed 
independently from those for light jets and the uncertainties in 
the efficiency scale factors are fully anti-correlated with those in 
the inefficiency scale factors.

In each control region, any disagreement between the �R dis-
tributions for data and MC simulations is taken as a systematic 
uncertainty for the �R prediction from that specific background 
in the signal region. This introduces an additional data-driven sys-
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Table 2
The number of events in the signal region observed in data, along with the compo-
sition of these events as predicted by MC simulation, split by the distance between 
the muon and the closest jet. The dijet, tt̄ and Z + jets backgrounds have been 
scaled according to their respective control regions. The W + jets signal has been 
scaled by 0.71.

Process 0.2 < �R < 2.4 �R > 2.4 Inclusive

Dijets 5% 2% 4%
tt̄ 7% 2% 5%
Z + jets 6% 4% 5%
Dibosons 2% 4% 3%
W + jets 80% 88% 82%

Data 1907 833 2740

tematic uncertainty to the dijet, tt̄ and Z + jets estimates for the 
�R distribution. Since the diboson background prediction is not 
constrained by data from a control region, an alternative predic-
tion is obtained from a different simulated sample generated using 
SHERPA. The difference between these two predictions is taken as 
an uncertainty in the diboson background estimate.

The systematic uncertainty due to the dependence of the un-
folding on the prior signal distribution, as obtained from MC 
simulations, is evaluated through a data-driven closure test. The 
simulated signal sample is reweighted at particle-level such that 
the distribution of the fully simulated detector-level �R more 
closely matches the observed data. This reweighted simulated 
detector-level distribution is then unfolded and compared with the 
reweighted particle-level distribution. Differences observed in this 
comparison are taken as a systematic uncertainty in the unfolding. 
The uncertainty due to the dependence on the number of unfold-
ing iteration steps was negligible.

Other smaller uncertainty contributions arise from the uncer-
tainty in the integrated luminosity, the uncertainties in the muon 
momentum scale and resolution, muon reconstruction efficiency 
and trigger efficiency and the uncertainties in the jet energy reso-
lution [49]. Uncertainties in the electron energy scale and resolu-
tion were evaluated but found to be negligible.

7. Results

The number of events in the signal region observed in data is 
listed in Table 2, along with the composition of these events as 
predicted by MC simulation. Numbers are given for the collinear 
region (0.2 < �R < 2.4), the back-to-back region (�R > 2.4), and 
the inclusive sample. The uncorrected distributions of the recon-
structed distance between the muon and the closest jet observed 
in data and predicted by MC simulations are shown in Fig. 2 for 
the signal region. In general the distributions agree within the un-
certainties, except around �R = 2.8 where there is a deficit and 
around the most collinear region of �R < 0.5 where there is a 
slight excess in the prediction from MC simulations.

7.1. Differential cross-section measurement

The differential cross-section of W → μν as a function of 
�R(μ, closest jet), obtained from the unfolded data of the signal 
region, is shown in Fig. 3. The measured total cross-sections for 
the inclusive case, in the collinear region and the back-to-back re-
gion are also listed in Tables 3–5.

The measurements are compared to several theory predictions. 
The ALPGEN+PYTHIA6 W + jets calculation and the normalisation 
K -factor used for this prediction are described in Section 3 and the 
quoted uncertainties are the statistical uncertainties. The W + j
and j j + weak shower calculation provided by PYTHIA v8.210, de-
scribed in Section 3, is shown as well. In this case, the W boson 
Fig. 2. Predicted distribution from MC simulation of the angular separation between 
the muon and the closest jet and the observed distribution from data for the sig-
nal region. The lower panel shows the ratio of data to the predicted distribution. 
The error bars correspond to the statistical uncertainty and the shaded error band 
corresponds to the systematic uncertainties. The dijet, tt̄ and Z + jets backgrounds 
have been scaled according to their respective control regions. The W + jets signal 
has been scaled by 0.71.

Fig. 3. Unfolded distribution from background-subtracted data of the angular sepa-
ration between the muon and the closest jet in the signal region along with several 
predictions from theory calculations. The lower panels show the ratio of the the-
ory predictions to the unfolded data. The error bars in the upper panel and the 
grey shaded error bands in the lower ratio panels are the sum of the statistical 
and systematic uncertainties in the measurement. The shaded error band on the 
ALPGEN+PYTHIA6 calculation is statistical uncertainty, the band on the PYTHIA8 
calculation is statistical and PDF uncertainties and those on the SHERPA+OpenLoops 
and the W + ≥ 1 jet Njetti NNLO calculations are scale uncertainties.
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Table 3
Cross-section for W (→ μν) + ≥ 1 jet as measured in data and as predicted by various calculations.

Process σ (W (→ μν) + ≥ 1 jet) [fb]

Data (
√

s = 8 TeV, 20.3 fb−1) 169.2 ± 3.7 (stat.) ± 12.3 (syst.) ± 3.3 (lumi.)
ALPGEN+PYTHIA6 W + jets 236.6 ± 1.1 (stat.)
PYTHIA8 W + j & j j + weak shower 134.8 ± 0.9 (stat.) ± 7.3 (pdf)
SHERPA+OpenLoops W + j & W + j j 183 ± 25 (scale)
W + ≥ 1 jet Njetti NNLO 181 ± 14 (scale)

Table 4
Cross-section for W (→ μν)+ ≥ 1 jet in the collinear (0.2 < �R < 2.4) region as measured in data and 
as predicted by various calculations.

Process σ (W (→ μν) + ≥ 1 jet, 0.2 < �R < 2.4) [fb]

Data (
√

s = 8 TeV, 20.3 fb−1) 116.2 ± 3.2 (stat.) ± 8.8 (syst.) ± 2.3 (lumi.)
ALPGEN+PYTHIA6 W + jets 167.1 ± 0.9 (stat.)
PYTHIA8 W + j & j j + weak shower 83.4 ± 0.7 (stat.) ± 4.4 (pdf)
SHERPA+OpenLoops W + j & W + j j 128 ± 20 (scale)
W + ≥ 1 jet Njetti NNLO 123 ± 9 (scale)

Table 5
Cross-section for W (→ μν) + ≥ 1 jet in the back-to-back (�R > 2.4) region as measured in data and 
as predicted by various calculations.

Process σ (W (→ μν) + ≥ 1 jet, �R > 2.4) [fb]

Data (
√

s = 8 TeV, 20.3 fb−1) 53.0 ± 1.9 (stat.) ± 3.9 (syst.) ± 1.0 (lumi.)
ALPGEN+PYTHIA6 W + jets 69.5 ± 0.6 (stat.)
PYTHIA8 W + j & j j + weak shower 51.4 ± 0.6 (stat.) ± 2.9 (pdf)
SHERPA+OpenLoops W + j & W + j j 55 ± 5 (scale)
W + ≥ 1 jet Njetti NNLO 58 ± 5 (scale)
can either be produced by the matrix elements of the W + 1-jet 
final state or be emitted as electroweak final-state radiation in the 
parton shower of a dijet event. The quoted uncertainties are the 
sums of the statistical uncertainties and the uncertainties from the 
CT10 NLO PDF set. The data are compared to the nominal predic-
tions from ALPGEN+PYTHIA6 and PYTHIA8.

The SHERPA+OpenLoops W + j and W + j j calculation in-
corporates NLO QCD and NLO EW corrections to both of these 
processes [50–55]. In the high-pT regime of the analysis, the 
NLO EW corrections can have significant effects – up to 20% 
– across the �R distribution. A second-jet veto is applied to 
the W + j NLO predictions and this is then combined with 
the W + j j NLO predictions. The SHERPA+OpenLoops calculation 
also includes contributions from off-shell boson production and 
the sub-leading Born-level contributions (O (α3) for W + j and 
O (αSα

3) for W + j j). The NNPDF2.3QED NLO PDF [56] is used. 
Both the renormalisation and factorisation scales are set to μ0 =
1/2 

(√
m2

μv + (pμv
T )2 + �i p J i

T + �i pγi
T

)
, where mμv and pμv

T are 

the mass and transverse momentum of the total four-momentum 
of the dressed muon and neutrino, p Ji

T is the transverse momen-
tum of each jet, and pγi

T is the transverse momentum of each 
photon not used for dressing. The quoted uncertainties are the 
scale uncertainties, where the renormalisation scale and the fac-
torisation scale have been varied independently by a factor of two.

An NNLO QCD calculation, which includes up to O (α3
S ), for the 

angular separation between the lepton from the W boson decay 
and the nearest jet in W + jets events has recently become avail-
able [57,58]. This calculation, obtained from Ref. [5], is denoted 
‘W + ≥ 1 jet Njetti NNLO’ here. It uses a new technique based 
on N-jettiness [59] to split the phase space for the real emis-
sion corrections. It relies on the theoretical formalism provided in 
soft-collinear effective theory. The calculation uses the CT14 NNLO 

Table 6
Fiducial W + jets cross-sections for the selection criteria of (1) at LO, NLO and NNLO 
in QCD from Ref. [5]. The uncertainties shown are the scale uncertainties.

σLO [fb] σNLO [fb] σNNLO [fb]

8 TeV 57+13
−10 160+35

−27 187+5
−12

PDF [60] and μ0 =
√

m2

v + �i(p Ji

T )2, where m
v is the invariant 

mass of the lepton and neutrino and p Ji
T is the transverse momen-

tum of each jet, is used for both the renormalisation and factori-
sation scale. The quoted uncertainties are the scale uncertainties, 
where the renormalisation scale and the factorisation scale have 
been varied independently by a factor of two. The resulting par-
tonic final state is clustered using the anti-kt jet algorithm with 
R = 0.4. No non-perturbative corrections are applied. The selec-
tions used in the calculation,

pjet
T > 100 GeV, |ηjet| < 2.1, pleading jet

T > 500 GeV,

p

T > 25 GeV, |η
| < 2.5, (1)

are the same as the ones used for the measurement except for 
the muon pseudorapidity (|η| < 2.5 instead of |η| < 2.4). The ef-
fect of this difference in muon pseudorapidity is evaluated using 
the ALPGEN+PYTHIA6 W + jets sample and a correction factor 
accounting for this, which is less than 4% across the entire dis-
tribution, is applied. The calculated cross-sections obtained at LO, 
NLO and NNLO without the muon pseudorapidity correction are 
shown in Table 6. The scale uncertainty decreases from ∼±20% at 
NLO to +3%/−7% at NNLO.

The comparison of the data to ALPGEN+PYTHIA6 in Fig. 3 shows 
good shape agreement to within uncertainties, except at very 
low �R , but ALPGEN+PYTHIA6 predicts a significantly higher in-
tegrated cross-section. The comparison to PYTHIA8 at high �R , 
where it is dominated by back-to-back W + jets production in 
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Fig. 4. Unfolded distribution from background-subtracted data of the angular separa-

tion between the muon and the closest jet for events with 500 GeV < p
leading jet
T <

600 GeV (blue circles) and p
leading jet
T > 650 GeV (red squares) from the signal re-

gion. Distributions are normalised to unity. The shaded error band on the unfolded 
measurement corresponds to the sum of the statistical and systematic uncertain-
ties. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)

which the W boson is balanced by the hadronic recoil system, 
shows much better agreement. At smaller �R , where the collinear 
process dominates, neither the shape nor the overall cross-section 
agree. The comparisons to SHERPA+OpenLoops and W + ≥ 1 jet
Njetti NNLO show much better agreement across the entire distri-
bution.

7.2. Enhancement of the collinear fraction with jet pT

The events in the signal region are further divided into two 
categories based on the transverse momentum of the leading jet: 
500 GeV < pleading jet

T < 600 GeV and pleading jet
T > 650 GeV. For 

each of these two categories, the data distribution is unfolded. The 
50 GeV gap between the two categories reduces the migration of 
events from one category to the other during unfolding. The re-
sulting normalised differential W + jets cross-section is shown in 
Fig. 4. As the leading-jet pT increases, the fraction of events in 
the lower �R (collinear) region increases and the fraction in the 
higher �R (back-to-back W + jets) region decreases. This may be 
interpreted as an increase in the collinear W emission probability 
as the jets become more energetic. With higher pT the collinear 
peak is shifted to smaller �R . This is also understood since the 
mass of the W boson becomes proportionally smaller compared to 
the energy of the jet. The full measurement results are shown in 
Fig. 5. The comparison to theory predictions shows results similar 
to the ones obtained for pleading jet

T > 500 GeV in Section 7.1.

8. Conclusions

The cross-section for W → μν in association with at least one 
very high transverse momentum jet is measured as a function of 
the angular distance between the muon from the W boson decay 
and the closest jet. This measurement utilises data recorded by 
the ATLAS detector from pp collisions at 

√
s = 8 TeV at the LHC, 

corresponding to 20.3 fb−1 of integrated luminosity. These results 
are relevant to understanding the contribution of real W emissions 
from high-pT light partons to W + jets processes.

Comparisons to a variety of MC generators and theoretical cal-
culations show varying levels of agreement. ALPGEN+PYTHIA6 
overestimates the total cross-section, whereas PYTHIA8, which is 
modified to explicitly include the process of W boson emission, 
disagrees with the measurement in the collinear region (�R <

2.4). On the other hand, agreement with the SHERPA+OpenLoops 
NLO QCD+EW calculation and the W + ≥ 1 jet Njetti NNLO cal-
culation in Ref. [5] is well within the systematic and statistical 
uncertainties of the predictions and the measurement.

This measurement has implications for Monte Carlo programs 
that incorporate real W boson emission, a process which is only 
just now being probed directly at the energy of the LHC. The rate 
of this process increases with jet pT and thus also with centre-of-
mass energy, and will therefore play a significant role in W + jets
measurements at high pT, vector-boson scattering measurements, 
and even QCD multijet measurements at very large dijet invariant 
masses where the corrections due to real boson emission are sig-
nificant.

Lastly, the potential is high for this process to mimic the sig-
natures of a highly Lorentz-boosted top quark. The importance 
of such signatures in the search for new physics at the LHC ne-
cessitates a thorough understanding of processes such as the one 
measured in detail in this paper. As the physics programmes of the 
LHC experiments extend into new territories in terms of both the 
centre-of-mass energy and integrated luminosity, these once rare 
processes will become a ubiquitous consideration.
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Fig. 5. Unfolded distribution from background-subtracted data of the angular separation between the muon and the closest jet in the signal region along with sever

predictions from theory calculations for events with (a) 500 GeV < p
leading jet
T < 600 GeV and (b) p

leading jet
T > 650 GeV. The lower panels show the ratio of the theor

predictions to the unfolded data. The error bars in the upper panel and the grey shaded error bands in the lower ratio panels are the sum of the statistical and systemat
uncertainties in the measurement. The shaded error band on the ALPGEN+PYTHIA6 calculation is statistical uncertainty, the band on the PYTHIA8 calculation is statistic
and PDF uncertainties and the band on the SHERPA+OpenLoops is scale uncertainty.
References

[1] U. Baur, Weak boson emission in hadron collider processes, Phys. Rev. D 75 
(2007) 013005, arXiv:hep-ph/0611241.

[2] J.R. Christiansen, T. Sjöstrand, Weak gauge boson radiation in parton showers, 
J. High Energy Phys. 04 (2014) 115, arXiv:1401.5238 [hep-ph].

[3] F. Krauss, P. Petrov, M. Schönherr, M. Spannowsky, Measuring collinear W
emissions inside jets, Phys. Rev. D 89 (2014) 114006, arXiv:1403.4788 [hep-
ph].

[4] R. Boughezal, C. Focke, X. Liu, Jet vetoes versus giant K -factors in the exclu-
sive Z + 1-jet cross section, Phys. Rev. D 92 (2015) 094002, arXiv:1501.01059 
[hep-ph].

[5] R. Boughezal, X. Liu, F. Petriello, W -boson plus jet differential distributions at 
NNLO in QCD, arXiv:1602.06965 [hep-ph].

[6] J.R. Christiansen, S. Prestel, Merging weak and QCD showers with matrix ele-
ments, Eur. Phys. J. C 76 (2016) 39, arXiv:1510.01517 [hep-ph].

[7] ATLAS Collaboration, Measurements of the W production cross sections in 
association with jets with the ATLAS detector, Eur. Phys. J. C 75 (2015) 82, 
arXiv:1409.8639 [hep-ex].

[8] CMS Collaboration, Differential cross section measurements for the produc-
tion of a W boson in association with jets in proton–proton collisions at √

s = 7 TeV, Phys. Lett. B 741 (2015) 12, arXiv:1406.7533 [hep-ex].
[9] K. Rehermann, B. Tweedie, Efficient identification of boosted semileptonic top 

quarks at the LHC, J. High Energy Phys. 03 (2011) 059, arXiv:1007.2221 [hep-
ph].

[10] ATLAS Collaboration, The ATLAS experiment at the CERN large hadron collider, 
J. Instrum. 3 (2008) S08003.

[11] ATLAS Collaboration, Performance of the ATLAS detector using first collision 
data, J. High Energy Phys. 09 (2010) 056, arXiv:1005.5254 [hep-ex].

[12] ATLAS Collaboration, Charged-particle multiplicities in pp interactions mea-
sured with the ATLAS detector at the LHC, New J. Phys. 13 (2011) 053033, 
arXiv:1012.5104 [hep-ex].

[13] ATLAS Collaboration, Performance of the ATLAS Trigger System in 2010, Eur. 
Phys. J. C 72 (2012) 1849, arXiv:1110.1530 [hep-ex].

[14] ATLAS Collaboration, Monitoring and data quality assessment of the ATLAS liq-
uid argon calorimeter, J. Instrum. 9 (2014) P07024, arXiv:1405.3768 [hep-ex].

[15] ATLAS Collaboration, Luminosity determination in pp collisions at √s = 8 TeV
using the ATLAS detector at the LHC, arXiv:1608.03953 [hep-ex].

[16] GEANT4 Collaboration, S. Agostinelli, et al., GEANT4: a simulation toolkit, Nucl. 
Instrum. Methods A 506 (2003) 250.

[17] ATLAS Collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 
(2010) 823, arXiv:1005.4568 [physics.ins-det].

[18] T. Sjöstrand, S. Mrenna, P.Z. Skands, A brief introduction to PYTHIA 8.1, Comput. 
Phys. Commun. 178 (2008) 852, arXiv:0710.3820 [hep-ph].

[19] ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes, ATL-PHYS-PUB-
2012-003, http://cds.cern.ch/record/1474107, 2012.

[20] A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Parton distributions for the LHC, 
Eur. Phys. J. C 63 (2009) 189, arXiv:0901.0002 [hep-ph].

[21] M.L. Mangano, F. Piccinini, A.D. Polosa, M. Moretti, R. Pittau, ALPGEN, a gener-
ator for hard multiparton processes in hadronic collisions, J. High Energy Phys. 
07 (2003) 001, arXiv:hep-ph/0206293.

[22] M.L. Mangano, M. Moretti, F. Piccinini, M. Treccani, Matching matrix elements 
and shower evolution for top-quark production in hadronic collisions, J. High 
Energy Phys. 01 (2007) 013, arXiv:hep-ph/0611129.

[23] T. Sjöstrand, S. Mrenna, P.Z. Skands, PYTHIA 6.4 physics and manual, J. High 
Energy Phys. 05 (2006) 026, arXiv:hep-ph/0603175.

[24] J. Pumplin, et al., New generation of parton distributions with uncertainties 
from global QCD analysis, J. High Energy Phys. 07 (2002) 012, arXiv:hep-ph/
0201195.

[25] K. Melnikov, F. Petriello, Electroweak gauge boson production at hadron collid-
ers through O(α2

s ), Phys. Rev. D 74 (2006) 114017, arXiv:hep-ph/0609070.
[26] H.-L. Lai, et al., New parton distributions for collider physics, Phys. Rev. D 82 

(2010) 074024, arXiv:1007.2241 [hep-ph].
[27] P. Nason, A new method for combining NLO QCD with shower Monte Carlo 

algorithms, J. High Energy Phys. 11 (2004) 040, arXiv:hep-ph/0409146.
[28] S. Frixione, P. Nason, C. Oleari, Matching NLO QCD computations with Parton 

Shower simulations: the POWHEG method, J. High Energy Phys. 11 (2007) 070, 
arXiv:0709.2092 [hep-ph].

[29] S. Alioli, P. Nason, C. Oleari, E. Re, A general framework for implementing NLO 
calculations in shower Monte Carlo programs: the POWHEG BOX, J. High En-
ergy Phys. 06 (2010) 043, arXiv:1002.2581 [hep-ph].

http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426175723A32303036736Es1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426175723A32303036736Es1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib43687269737469616E73656E3A323031346B6261s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib43687269737469616E73656E3A323031346B6261s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4B72617573733A32303134796161s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4B72617573733A32303134796161s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4B72617573733A32303134796161s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A323031356F6761s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A323031356F6761s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A323031356F6761s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A3230313664746Ds1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A3230313664746Ds1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib43687269737469616E73656E3A323031356A7061s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib43687269737469616E73656E3A323031356A7061s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5354444D2D323031322D3234s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5354444D2D323031322D3234s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5354444D2D323031322D3234s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4B6861636861747279616E3A32303134757661s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4B6861636861747279616E3A32303134757661s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib52656865726D616E6E3A323031307671s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib52656865726D616E6E3A323031307671s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib52656865726D616E6E3A323031307671s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323030372D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323030372D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031302D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031302D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5354444D2D323031302D3036s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5354444D2D323031302D3036s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5354444D2D323031302D3036s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031312D3032s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031312D3032s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4C4152472D323031332D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4C4152472D323031332D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib444150522D323031332D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib444150522D323031332D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4765616E7434s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4765616E7434s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib534F46542D323031302D30312D627567666978s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib534F46542D323031302D30312D627567666978s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib50797468696138s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib50797468696138s1
http://cds.cern.ch/record/1474107
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4D617274696E3A323030396971s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4D617274696E3A323030396971s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib616C7067656Es1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib616C7067656Es1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib616C7067656Es1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4D616E67616E6F3A323030367277s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4D616E67616E6F3A323030367277s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4D616E67616E6F3A323030367277s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib707974686961s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib707974686961s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5044462D43544551s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5044462D43544551s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5044462D43544551s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4D656C6E696B6F763A323030366B76s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4D656C6E696B6F763A323030366B76s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4C61693A323031307676s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4C61693A323031307676s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4E61736F6E3A323030347278s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4E61736F6E3A323030347278s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib46726978696F6E653A323030377677s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib46726978696F6E653A323030377677s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib46726978696F6E653A323030377677s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib416C696F6C693A323031307864s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib416C696F6C693A323031307864s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib416C696F6C693A323031307864s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4B6861636861747279616E3A32303134757661s1


The ATLAS Collaboration / Physics Letters B 765 (2017) 132–153 141

[30] S. Frixione, P. Nason, G. Ridolfi, A positive-weight next-to-leading-order Monte 
Carlo for heavy flavour hadroproduction, J. High Energy Phys. 09 (2007) 126, 
arXiv:0707.3088 [hep-ph].

[31] P.Z. Skands, Tuning Monte Carlo generators: the Perugia tunes, Phys. Rev. D 82 
(2010) 074018, arXiv:1005.3457 [hep-ph].

[32] S. Frixione, B.R. Webber, Matching NLO QCD computations and parton shower 
simulations, J. High Energy Phys. 06 (2002) 029, arXiv:hep-ph/0204244.

[33] T. Gleisberg, et al., Event generation with SHERPA 1.1, J. High Energy Phys. 02 
(2009) 007, arXiv:0811.4622 [hep-ph].

[34] ATLAS Collaboration, Characterisation and mitigation of beam-induced back-
grounds observed in the ATLAS detector during the 2011 proton–proton run, 
J. Instrum. 8 (2013) P07004, arXiv:1303.0223 [hep-ex].

[35] M. Cacciari, G.P. Salam, Dispelling the N3 myth for the kt jet-finder, Phys. Lett. 
B 641 (2006) 57, arXiv:hep-ph/0512210.

[36] M. Cacciari, G.P. Salam, G. Soyez, The anti-kt jet clustering algorithm, J. High 
Energy Phys. 04 (2008) 063, arXiv:0802.1189 [hep-ph].

[37] ATLAS Collaboration, Performance of the ATLAS muon trigger in pp collisions 
at √s = 8 TeV, Eur. Phys. J. C 75 (2015) 120, arXiv:1408.3179 [hep-ex].

[38] ATLAS Collaboration, Measurement of the muon reconstruction performance of 
the ATLAS detector using 2011 and 2012 LHC proton–proton collision data, Eur. 
Phys. J. C 74 (2014) 3130, arXiv:1407.3935 [hep-ex].

[39] ATLAS Collaboration, Topological cell clustering in the ATLAS calorimeters and 
its performance in LHC Run 1, arXiv:1603.02934 [hep-ex].

[40] ATLAS Collaboration, Performance of b-jet identification in the ATLAS experi-
ment, J. Instrum. 11 (2016) P04008, arXiv:1512.01094 [hep-ex].

[41] ATLAS Collaboration, Electron reconstruction and identification efficiency mea-
surements with the ATLAS detector using the 2011 LHC proton–proton collision 
data, Eur. Phys. J. C 74 (2014) 2941, arXiv:1404.2240 [hep-ex].

[42] ATLAS Collaboration, Electron and photon energy calibration with the ATLAS 
detector using LHC Run 1 data, Eur. Phys. J. C 74 (2014) 3071, arXiv:1407.5063 
[hep-ex].

[43] G. D’Agostini, Improved iterative Bayesian unfolding, arXiv:1010.0632 
[physics.data-an].

[44] T. Adye, R. Claridge, K. Tackmann, F. Wilson, RooUnfold: ROOT unfolding frame-
work, http://hepunx.rl.ac.uk/~adye/software/unfold/RooUnfold.html.

[45] C. Buttar, et al., Standard model handles and candles working group: tools and 
jets summary report, arXiv:0803.0678 [hep-ph].

[46] ATLAS Collaboration, Jet energy measurement and its systematic uncertainty in 
proton–proton collisions at √s = 7 TeV with the ATLAS detector, Eur. Phys. J. C 
75 (2015) 17, arXiv:1406.0076 [hep-ex].

[47] ATLAS Collaboration, Calibration of the performance of b-tagging for c and 
light-flavour jets in the 2012 ATLAS data, ATLAS-CONF-2014-046, https://
cds.cern.ch/record/1741020, 2014.

[48] ATLAS Collaboration, Calibration of b-tagging using dileptonic top pair events 
in a combinatorial likelihood approach with the ATLAS experiment, ATLAS-
CONF-2014-004, https://cds.cern.ch/record/1664335, 2014.

[49] ATLAS Collaboration, Jet energy resolution in proton–proton collisions at √s =
7 TeV recorded in 2010 with the ATLAS detector, Eur. Phys. J. C 73 (2013) 2306, 
arXiv:1210.6210 [hep-ex].

[50] S. Kallweit, J.M. Lindert, P. Maierhöfer, S. Pozzorini, M. Schönherr, NLO 
QCD+EW predictions for V + jets including off-shell vector-boson decays and 
multijet merging, J. High Energy Phys. 04 (2016) 021, arXiv:1511.08692 [hep-
ph].

[51] S. Kallweit, J.M. Lindert, P. Maierhöfer, S. Pozzorini, M. Schönherr, NLO elec-
troweak automation and precise predictions for W + multijet production at 
the LHC, J. High Energy Phys. 04 (2015) 012, arXiv:1412.5157 [hep-ph].

[52] F. Krauss, R. Kuhn, G. Soff, AMEGIC++ 1.0: a matrix element generator in C++, 
J. High Energy Phys. 02 (2002) 044, arXiv:hep-ph/0109036.

[53] T. Gleisberg, F. Krauss, Automating dipole subtraction for QCD NLO calculations, 
Eur. Phys. J. C 53 (2008) 501, arXiv:0709.2881 [hep-ph].

[54] F. Cascioli, P. Maierhöfer, S. Pozzorini, Scattering amplitudes with open loops, 
Phys. Rev. Lett. 108 (2012) 111601, arXiv:1111.5206 [hep-ph].

[55] A. Denner, S. Dittmaier, L. Hofer, COLLIER – a fortran-library for one-loop inte-
grals, PoS LL2014 (2014) 071, arXiv:1407.0087 [hep-ph].

[56] NNPDF Collaboration, R.D. Ball, et al., Parton distributions with QED correc-
tions, Nucl. Phys. B 877 (2013) 290, arXiv:1308.0598 [hep-ph].

[57] R. Boughezal, C. Focke, X. Liu, F. Petriello, W -boson production in association 
with a jet at next-to-next-to-leading order in perturbative QCD, Phys. Rev. Lett. 
115 (2015) 062002, arXiv:1504.02131 [hep-ph].

[58] R. Boughezal, X. Liu, F. Petriello, A comparison of NNLO QCD predictions with 
7 TeV ATLAS and CMS data for V + jet processes, Phys. Lett. B 760 (2016) 6, 
arXiv:1602.05612 [hep-ph].

[59] J.R. Gaunt, M. Stahlhofen, F.J. Tackmann, J.R. Walsh, N-jettiness subtractions for 
NNLO QCD calculations, J. High Energy Phys. 09 (2015) 058, arXiv:1505.04794 
[hep-ph].

[60] S. Dulat, et al., New parton distribution functions from a global analysis of 
quantum chromodynamics, Phys. Rev. D 93 (2016) 033006, arXiv:1506.07443 
[hep-ph].

[61] ATLAS Collaboration, ATLAS computing acknowledgements 2016–2017, ATL–
GEN-PUB-2016–ATL-GEN-PUB-002, http://cds.cern.ch/record/2202407.

The ATLAS Collaboration

M. Aaboud 136d, G. Aad 87, B. Abbott 114, J. Abdallah 8, O. Abdinov 12, B. Abeloos 118, R. Aben 108, 
O.S. AbouZeid 138, N.L. Abraham 152, H. Abramowicz 156, H. Abreu 155, R. Abreu 117, Y. Abulaiti 149a,149b, 
B.S. Acharya 168a,168b,a, S. Adachi 158, L. Adamczyk 40a, D.L. Adams 27, J. Adelman 109, S. Adomeit 101, 
T. Adye 132, A.A. Affolder 76, T. Agatonovic-Jovin 14, J.A. Aguilar-Saavedra 127a,127f, S.P. Ahlen 24, 
F. Ahmadov 67,b, G. Aielli 134a,134b, H. Akerstedt 149a,149b, T.P.A. Åkesson 83, A.V. Akimov 97, 
G.L. Alberghi 22a,22b, J. Albert 173, S. Albrand 57, M.J. Alconada Verzini 73, M. Aleksa 32, I.N. Aleksandrov 67, 
C. Alexa 28b, G. Alexander 156, T. Alexopoulos 10, M. Alhroob 114, B. Ali 129, M. Aliev 75a,75b, G. Alimonti 93a, 
J. Alison 33, S.P. Alkire 37, B.M.M. Allbrooke 152, B.W. Allen 117, P.P. Allport 19, A. Aloisio 105a,105b, 
A. Alonso 38, F. Alonso 73, C. Alpigiani 139, A.A. Alshehri 55, M. Alstaty 87, B. Alvarez Gonzalez 32, 
D. Álvarez Piqueras 171, M.G. Alviggi 105a,105b, B.T. Amadio 16, K. Amako 68, Y. Amaral Coutinho 26a, 
C. Amelung 25, D. Amidei 91, S.P. Amor Dos Santos 127a,127c, A. Amorim 127a,127b, S. Amoroso 32, 
G. Amundsen 25, C. Anastopoulos 142, L.S. Ancu 51, N. Andari 19, T. Andeen 11, C.F. Anders 60b, G. Anders 32, 
J.K. Anders 76, K.J. Anderson 33, A. Andreazza 93a,93b, V. Andrei 60a, S. Angelidakis 9, I. Angelozzi 108, 
A. Angerami 37, F. Anghinolfi 32, A.V. Anisenkov 110,c, N. Anjos 13, A. Annovi 125a,125b, C. Antel 60a, 
M. Antonelli 49, A. Antonov 99,∗, F. Anulli 133a, M. Aoki 68, L. Aperio Bella 19, G. Arabidze 92, Y. Arai 68, 
J.P. Araque 127a, A.T.H. Arce 47, F.A. Arduh 73, J-F. Arguin 96, S. Argyropoulos 65, M. Arik 20a, 
A.J. Armbruster 146, L.J. Armitage 78, O. Arnaez 32, H. Arnold 50, M. Arratia 30, O. Arslan 23, 
A. Artamonov 98, G. Artoni 121, S. Artz 85, S. Asai 158, N. Asbah 44, A. Ashkenazi 156, B. Åsman 149a,149b, 
L. Asquith 152, K. Assamagan 27, R. Astalos 147a, M. Atkinson 170, N.B. Atlay 144, K. Augsten 129, G. Avolio 32, 
B. Axen 16, M.K. Ayoub 118, G. Azuelos 96,d, M.A. Baak 32, A.E. Baas 60a, M.J. Baca 19, H. Bachacou 137, 
K. Bachas 75a,75b, M. Backes 121, M. Backhaus 32, P. Bagiacchi 133a,133b, P. Bagnaia 133a,133b, Y. Bai 35a, 
J.T. Baines 132, O.K. Baker 180, E.M. Baldin 110,c, P. Balek 176, T. Balestri 151, F. Balli 137, W.K. Balunas 123, 

http://refhub.elsevier.com/S0370-2693(16)30741-9/bib46726978696F6E653A323030376E77s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib46726978696F6E653A323030376E77s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib46726978696F6E653A323030376E77s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5065727567696132303130s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib5065727567696132303130s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib6D6361746E6C6Fs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib6D6361746E6C6Fs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib476C656973626572673A323030387461s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib476C656973626572673A323030387461s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib444150522D323031322D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib444150522D323031322D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib444150522D323031322D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4361636369617269323030363537s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4361636369617269323030363537s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib43616363696172693A323030386770s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib43616363696172693A323030386770s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib545249472D323031322D3033s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib545249472D323031322D3033s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031342D3035s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031342D3035s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031342D3035s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031342D3037s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031342D3037s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031322D3034s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031322D3034s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031332D3033s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031332D3033s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031332D3033s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031332D3035s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031332D3035s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031332D3035s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031306172586976313031302E3036333244s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031306172586976313031302E3036333244s1
http://hepunx.rl.ac.uk/~adye/software/unfold/RooUnfold.html
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib7061727469636C654A657473s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib7061727469636C654A657473s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031322D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031322D3031s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib504552462D323031322D3031s1
https://cds.cern.ch/record/1741020
https://cds.cern.ch/record/1741020
https://cds.cern.ch/record/1664335
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4161643A323031326167s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4161643A323031326167s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4161643A323031326167s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031364A4845502E2E2E30342E2E3032314Bs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031364A4845502E2E2E30342E2E3032314Bs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031364A4845502E2E2E30342E2E3032314Bs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031364A4845502E2E2E30342E2E3032314Bs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031346172586976313431322E353135374Bs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031346172586976313431322E353135374Bs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031346172586976313431322E353135374Bs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323030324A4845502E2E2E30322E2E3034344Bs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323030324A4845502E2E2E30322E2E3034344Bs1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib3230303845504A432E2E2E35332E2E35303147s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib3230303845504A432E2E2E35332E2E35303147s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib32303132506852764C2E3130386B3136303143s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib32303132506852764C2E3130386B3136303143s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031346172586976313430372E3030383744s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib323031346172586976313430372E3030383744s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib42616C6C3A32303133687461s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib42616C6C3A32303133687461s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A32303135647661s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A32303135647661s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A32303135647661s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A32303136796670s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A32303136796670s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib426F756768657A616C3A32303136796670s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4761756E743A32303135706561s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4761756E743A32303135706561s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib4761756E743A32303135706561s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib44756C61743A323031356D6361s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib44756C61743A323031356D6361s1
http://refhub.elsevier.com/S0370-2693(16)30741-9/bib44756C61743A323031356D6361s1
http://cds.cern.ch/record/2202407


142 The ATLAS Collaboration / Physics Letters B 765 (2017) 132–153

E. Banas 41, Sw. Banerjee 177,e, A.A.E. Bannoura 179, L. Barak 32, E.L. Barberio 90, D. Barberis 52a,52b, 
M. Barbero 87, T. Barillari 102, M-S Barisits 32, T. Barklow 146, N. Barlow 30, S.L. Barnes 86, B.M. Barnett 132, 
R.M. Barnett 16, Z. Barnovska-Blenessy 59, A. Baroncelli 135a, G. Barone 25, A.J. Barr 121, 
L. Barranco Navarro 171, F. Barreiro 84, J. Barreiro Guimarães da Costa 35a, R. Bartoldus 146, A.E. Barton 74, 
P. Bartos 147a, A. Basalaev 124, A. Bassalat 118,f , R.L. Bates 55, S.J. Batista 162, J.R. Batley 30, M. Battaglia 138, 
M. Bauce 133a,133b, F. Bauer 137, H.S. Bawa 146,g , J.B. Beacham 112, M.D. Beattie 74, T. Beau 82, 
P.H. Beauchemin 166, P. Bechtle 23, H.P. Beck 18,h, K. Becker 121, M. Becker 85, M. Beckingham 174, 
C. Becot 111, A.J. Beddall 20e, A. Beddall 20b, V.A. Bednyakov 67, M. Bedognetti 108, C.P. Bee 151, 
L.J. Beemster 108, T.A. Beermann 32, M. Begel 27, J.K. Behr 44, C. Belanger-Champagne 89, A.S. Bell 80, 
G. Bella 156, L. Bellagamba 22a, A. Bellerive 31, M. Bellomo 88, K. Belotskiy 99, O. Beltramello 32, 
N.L. Belyaev 99, O. Benary 156,∗, D. Benchekroun 136a, M. Bender 101, K. Bendtz 149a,149b, N. Benekos 10, 
Y. Benhammou 156, E. Benhar Noccioli 180, J. Benitez 65, D.P. Benjamin 47, J.R. Bensinger 25, 
S. Bentvelsen 108, L. Beresford 121, M. Beretta 49, D. Berge 108, E. Bergeaas Kuutmann 169, N. Berger 5, 
J. Beringer 16, S. Berlendis 57, N.R. Bernard 88, C. Bernius 111, F.U. Bernlochner 23, T. Berry 79, P. Berta 130, 
C. Bertella 85, G. Bertoli 149a,149b, F. Bertolucci 125a,125b, I.A. Bertram 74, C. Bertsche 44, D. Bertsche 114, 
G.J. Besjes 38, O. Bessidskaia Bylund 149a,149b, M. Bessner 44, N. Besson 137, C. Betancourt 50, A. Bethani 57, 
S. Bethke 102, A.J. Bevan 78, R.M. Bianchi 126, L. Bianchini 25, M. Bianco 32, O. Biebel 101, D. Biedermann 17, 
R. Bielski 86, N.V. Biesuz 125a,125b, M. Biglietti 135a, J. Bilbao De Mendizabal 51, T.R.V. Billoud 96, 
H. Bilokon 49, M. Bindi 56, S. Binet 118, A. Bingul 20b, C. Bini 133a,133b, S. Biondi 22a,22b, T. Bisanz 56, 
D.M. Bjergaard 47, C.W. Black 153, J.E. Black 146, K.M. Black 24, D. Blackburn 139, R.E. Blair 6, 
J.-B. Blanchard 137, T. Blazek 147a, I. Bloch 44, C. Blocker 25, A. Blue 55, W. Blum 85,∗, U. Blumenschein 56, 
S. Blunier 34a, G.J. Bobbink 108, V.S. Bobrovnikov 110,c, S.S. Bocchetta 83, A. Bocci 47, C. Bock 101, 
M. Boehler 50, D. Boerner 179, J.A. Bogaerts 32, D. Bogavac 14, A.G. Bogdanchikov 110, C. Bohm 149a, 
V. Boisvert 79, P. Bokan 14, T. Bold 40a, A.S. Boldyrev 168a,168c, M. Bomben 82, M. Bona 78, 
M. Boonekamp 137, A. Borisov 131, G. Borissov 74, J. Bortfeldt 32, D. Bortoletto 121, V. Bortolotto 62a,62b,62c, 
K. Bos 108, D. Boscherini 22a, M. Bosman 13, J.D. Bossio Sola 29, J. Boudreau 126, J. Bouffard 2, 
E.V. Bouhova-Thacker 74, D. Boumediene 36, C. Bourdarios 118, S.K. Boutle 55, A. Boveia 32, J. Boyd 32, 
I.R. Boyko 67, J. Bracinik 19, A. Brandt 8, G. Brandt 56, O. Brandt 60a, U. Bratzler 159, B. Brau 88, J.E. Brau 117, 
W.D. Breaden Madden 55, K. Brendlinger 123, A.J. Brennan 90, L. Brenner 108, R. Brenner 169, S. Bressler 176, 
T.M. Bristow 48, D. Britton 55, D. Britzger 44, F.M. Brochu 30, I. Brock 23, R. Brock 92, G. Brooijmans 37, 
T. Brooks 79, W.K. Brooks 34b, J. Brosamer 16, E. Brost 109, J.H Broughton 19, P.A. Bruckman de Renstrom 41, 
D. Bruncko 147b, R. Bruneliere 50, A. Bruni 22a, G. Bruni 22a, L.S. Bruni 108, BH Brunt 30, M. Bruschi 22a, 
N. Bruscino 23, P. Bryant 33, L. Bryngemark 83, T. Buanes 15, Q. Buat 145, P. Buchholz 144, A.G. Buckley 55, 
I.A. Budagov 67, F. Buehrer 50, M.K. Bugge 120, O. Bulekov 99, D. Bullock 8, H. Burckhart 32, S. Burdin 76, 
C.D. Burgard 50, B. Burghgrave 109, K. Burka 41, S. Burke 132, I. Burmeister 45, J.T.P. Burr 121, E. Busato 36, 
D. Büscher 50, V. Büscher 85, P. Bussey 55, J.M. Butler 24, C.M. Buttar 55, J.M. Butterworth 80, P. Butti 108, 
W. Buttinger 27, A. Buzatu 55, A.R. Buzykaev 110,c, S. Cabrera Urbán 171, D. Caforio 129, V.M. Cairo 39a,39b, 
O. Cakir 4a, N. Calace 51, P. Calafiura 16, A. Calandri 87, G. Calderini 82, P. Calfayan 63, G. Callea 39a,39b, 
L.P. Caloba 26a, S. Calvente Lopez 84, D. Calvet 36, S. Calvet 36, T.P. Calvet 87, R. Camacho Toro 33, 
S. Camarda 32, P. Camarri 134a,134b, D. Cameron 120, R. Caminal Armadans 170, C. Camincher 57, 
S. Campana 32, M. Campanelli 80, A. Camplani 93a,93b, A. Campoverde 144, V. Canale 105a,105b, 
A. Canepa 164a, M. Cano Bret 141, J. Cantero 115, T. Cao 42, M.D.M. Capeans Garrido 32, I. Caprini 28b, 
M. Caprini 28b, M. Capua 39a,39b, R.M. Carbone 37, R. Cardarelli 134a, F. Cardillo 50, I. Carli 130, T. Carli 32, 
G. Carlino 105a, L. Carminati 93a,93b, R.M.D. Carney 149a,149b, S. Caron 107, E. Carquin 34b, 
G.D. Carrillo-Montoya 32, J.R. Carter 30, J. Carvalho 127a,127c, D. Casadei 19, M.P. Casado 13,i, M. Casolino 13, 
D.W. Casper 167, E. Castaneda-Miranda 148a, R. Castelijn 108, A. Castelli 108, V. Castillo Gimenez 171, 
N.F. Castro 127a,j, A. Catinaccio 32, J.R. Catmore 120, A. Cattai 32, J. Caudron 23, V. Cavaliere 170, 
E. Cavallaro 13, D. Cavalli 93a, M. Cavalli-Sforza 13, V. Cavasinni 125a,125b, F. Ceradini 135a,135b, 
L. Cerda Alberich 171, A.S. Cerqueira 26b, A. Cerri 152, L. Cerrito 134a,134b, F. Cerutti 16, M. Cerv 32, 
A. Cervelli 18, S.A. Cetin 20d, A. Chafaq 136a, D. Chakraborty 109, S.K. Chan 58, Y.L. Chan 62a, P. Chang 170, 
J.D. Chapman 30, D.G. Charlton 19, A. Chatterjee 51, C.C. Chau 162, C.A. Chavez Barajas 152, S. Che 112, 
S. Cheatham 168a,168c, A. Chegwidden 92, S. Chekanov 6, S.V. Chekulaev 164a, G.A. Chelkov 67,k, 



The ATLAS Collaboration / Physics Letters B 765 (2017) 132–153 143

M.A. Chelstowska 91, C. Chen 66, H. Chen 27, K. Chen 151, S. Chen 35b, S. Chen 158, X. Chen 35c, Y. Chen 69, 
H.C. Cheng 91, H.J Cheng 35a, Y. Cheng 33, A. Cheplakov 67, E. Cheremushkina 131, 
R. Cherkaoui El Moursli 136e, V. Chernyatin 27,∗, E. Cheu 7, L. Chevalier 137, V. Chiarella 49, 
G. Chiarelli 125a,125b, G. Chiodini 75a, A.S. Chisholm 32, A. Chitan 28b, M.V. Chizhov 67, K. Choi 63, 
A.R. Chomont 36, S. Chouridou 9, B.K.B. Chow 101, V. Christodoulou 80, D. Chromek-Burckhart 32, 
J. Chudoba 128, A.J. Chuinard 89, J.J. Chwastowski 41, L. Chytka 116, G. Ciapetti 133a,133b, A.K. Ciftci 4a, 
D. Cinca 45, V. Cindro 77, I.A. Cioara 23, C. Ciocca 22a,22b, A. Ciocio 16, F. Cirotto 105a,105b, Z.H. Citron 176, 
M. Citterio 93a, M. Ciubancan 28b, A. Clark 51, B.L. Clark 58, M.R. Clark 37, P.J. Clark 48, R.N. Clarke 16, 
C. Clement 149a,149b, Y. Coadou 87, M. Cobal 168a,168c, A. Coccaro 51, J. Cochran 66, L. Colasurdo 107, 
B. Cole 37, A.P. Colijn 108, J. Collot 57, T. Colombo 167, G. Compostella 102, P. Conde Muiño 127a,127b, 
E. Coniavitis 50, S.H. Connell 148b, I.A. Connelly 79, V. Consorti 50, S. Constantinescu 28b, G. Conti 32, 
F. Conventi 105a,l, M. Cooke 16, B.D. Cooper 80, A.M. Cooper-Sarkar 121, K.J.R. Cormier 162, T. Cornelissen 179, 
M. Corradi 133a,133b, F. Corriveau 89,m, A. Cortes-Gonzalez 32, G. Cortiana 102, G. Costa 93a, M.J. Costa 171, 
D. Costanzo 142, G. Cottin 30, G. Cowan 79, B.E. Cox 86, K. Cranmer 111, S.J. Crawley 55, G. Cree 31, 
S. Crépé-Renaudin 57, F. Crescioli 82, W.A. Cribbs 149a,149b, M. Crispin Ortuzar 121, M. Cristinziani 23, 
V. Croft 107, G. Crosetti 39a,39b, A. Cueto 84, T. Cuhadar Donszelmann 142, J. Cummings 180, M. Curatolo 49, 
J. Cúth 85, H. Czirr 144, P. Czodrowski 3, G. D’amen 22a,22b, S. D’Auria 55, M. D’Onofrio 76, 
M.J. Da Cunha Sargedas De Sousa 127a,127b, C. Da Via 86, W. Dabrowski 40a, T. Dado 147a, T. Dai 91, 
O. Dale 15, F. Dallaire 96, C. Dallapiccola 88, M. Dam 38, J.R. Dandoy 33, N.P. Dang 50, A.C. Daniells 19, 
N.S. Dann 86, M. Danninger 172, M. Dano Hoffmann 137, V. Dao 50, G. Darbo 52a, S. Darmora 8, 
J. Dassoulas 3, A. Dattagupta 117, W. Davey 23, C. David 173, T. Davidek 130, M. Davies 156, P. Davison 80, 
E. Dawe 90, I. Dawson 142, K. De 8, R. de Asmundis 105a, A. De Benedetti 114, S. De Castro 22a,22b, 
S. De Cecco 82, N. De Groot 107, P. de Jong 108, H. De la Torre 92, F. De Lorenzi 66, A. De Maria 56, 
D. De Pedis 133a, A. De Salvo 133a, U. De Sanctis 152, A. De Santo 152, J.B. De Vivie De Regie 118, 
W.J. Dearnaley 74, R. Debbe 27, C. Debenedetti 138, D.V. Dedovich 67, N. Dehghanian 3, I. Deigaard 108, 
M. Del Gaudio 39a,39b, J. Del Peso 84, T. Del Prete 125a,125b, D. Delgove 118, F. Deliot 137, C.M. Delitzsch 51, 
A. Dell’Acqua 32, L. Dell’Asta 24, M. Dell’Orso 125a,125b, M. Della Pietra 105a,l, D. della Volpe 51, 
M. Delmastro 5, P.A. Delsart 57, D.A. DeMarco 162, S. Demers 180, M. Demichev 67, A. Demilly 82, 
S.P. Denisov 131, D. Denysiuk 137, D. Derendarz 41, J.E. Derkaoui 136d, F. Derue 82, P. Dervan 76, K. Desch 23, 
C. Deterre 44, K. Dette 45, P.O. Deviveiros 32, A. Dewhurst 132, S. Dhaliwal 25, A. Di Ciaccio 134a,134b, 
L. Di Ciaccio 5, W.K. Di Clemente 123, C. Di Donato 105a,105b, A. Di Girolamo 32, B. Di Girolamo 32, 
B. Di Micco 135a,135b, R. Di Nardo 32, A. Di Simone 50, R. Di Sipio 162, D. Di Valentino 31, C. Diaconu 87, 
M. Diamond 162, F.A. Dias 48, M.A. Diaz 34a, E.B. Diehl 91, J. Dietrich 17, S. Díez Cornell 44, 
A. Dimitrievska 14, J. Dingfelder 23, P. Dita 28b, S. Dita 28b, F. Dittus 32, F. Djama 87, T. Djobava 53b, 
J.I. Djuvsland 60a, M.A.B. do Vale 26c, D. Dobos 32, M. Dobre 28b, C. Doglioni 83, J. Dolejsi 130, Z. Dolezal 130, 
M. Donadelli 26d, S. Donati 125a,125b, P. Dondero 122a,122b, J. Donini 36, J. Dopke 132, A. Doria 105a, 
M.T. Dova 73, A.T. Doyle 55, E. Drechsler 56, M. Dris 10, Y. Du 140, J. Duarte-Campderros 156, E. Duchovni 176, 
G. Duckeck 101, O.A. Ducu 96,n, D. Duda 108, A. Dudarev 32, A. Chr. Dudder 85, E.M. Duffield 16, L. Duflot 118, 
M. Dührssen 32, M. Dumancic 176, M. Dunford 60a, H. Duran Yildiz 4a, M. Düren 54, A. Durglishvili 53b, 
D. Duschinger 46, B. Dutta 44, M. Dyndal 44, C. Eckardt 44, K.M. Ecker 102, R.C. Edgar 91, N.C. Edwards 48, 
T. Eifert 32, G. Eigen 15, K. Einsweiler 16, T. Ekelof 169, M. El Kacimi 136c, V. Ellajosyula 87, M. Ellert 169, 
S. Elles 5, F. Ellinghaus 179, A.A. Elliot 173, N. Ellis 32, J. Elmsheuser 27, M. Elsing 32, D. Emeliyanov 132, 
Y. Enari 158, O.C. Endner 85, J.S. Ennis 174, J. Erdmann 45, A. Ereditato 18, G. Ernis 179, J. Ernst 2, M. Ernst 27, 
S. Errede 170, E. Ertel 85, M. Escalier 118, H. Esch 45, C. Escobar 126, B. Esposito 49, A.I. Etienvre 137, 
E. Etzion 156, H. Evans 63, A. Ezhilov 124, M. Ezzi 136e, F. Fabbri 22a,22b, L. Fabbri 22a,22b, G. Facini 33, 
R.M. Fakhrutdinov 131, S. Falciano 133a, R.J. Falla 80, J. Faltova 32, Y. Fang 35a, M. Fanti 93a,93b, A. Farbin 8, 
A. Farilla 135a, C. Farina 126, E.M. Farina 122a,122b, T. Farooque 13, S. Farrell 16, S.M. Farrington 174, 
P. Farthouat 32, F. Fassi 136e, P. Fassnacht 32, D. Fassouliotis 9, M. Faucci Giannelli 79, A. Favareto 52a,52b, 
W.J. Fawcett 121, L. Fayard 118, O.L. Fedin 124,o, W. Fedorko 172, S. Feigl 120, L. Feligioni 87, C. Feng 140, 
E.J. Feng 32, H. Feng 91, A.B. Fenyuk 131, L. Feremenga 8, P. Fernandez Martinez 171, S. Fernandez Perez 13, 
J. Ferrando 44, A. Ferrari 169, P. Ferrari 108, R. Ferrari 122a, D.E. Ferreira de Lima 60b, A. Ferrer 171, 
D. Ferrere 51, C. Ferretti 91, A. Ferretto Parodi 52a,52b, F. Fiedler 85, A. Filipčič 77, M. Filipuzzi 44, 
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