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The ATLAS experiment at the CERN Large Hadron Collider has performed searches for new, heavy bosons 
decaying to W W , W Z and Z Z final states in multiple decay channels using 20.3 fb−1 of pp collision 
data at 

√
s = 8 TeV. In the current study, the results of these searches are combined to provide a more 

stringent test of models predicting heavy resonances with couplings to vector bosons. Direct searches 
for a charged diboson resonance decaying to W Z in the �ν�′�′ (� = μ, e), ��qq̄, �νqq̄ and fully hadronic 
final states are combined and upper limits on the rate of production times branching ratio to the W Z
bosons are compared with predictions of an extended gauge model with a heavy W ′ boson. In addition, 
direct searches for a neutral diboson resonance decaying to W W and Z Z in the ��qq̄, �νqq̄, and fully 
hadronic final states are combined and upper limits on the rate of production times branching ratio to 
the W W and Z Z bosons are compared with predictions for a heavy, spin-2 graviton in an extended 
Randall–Sundrum model where the Standard Model fields are allowed to propagate in the bulk of the 
extra dimension.

© 2016 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The naturalness argument associated with the small mass of the 
recently discovered Higgs boson [1–4] suggests that the Standard 
Model (SM) is conceivably to be extended by a theory that includes 
additional particles and interactions at the TeV scale. Many such 
extensions of the SM, such as extended gauge models [5–7], mod-
els of warped extra dimensions [8–10], technicolour [11–14], and 
more generic composite Higgs models [15,16], predict the exis-
tence of massive resonances decaying to pairs of W and Z bosons.

In the extended gauge model (EGM) [5] a new, charged vector 
boson (W ′) couples to the SM particles. The coupling between the 
W ′ and the SM fermions is the same as the coupling between the 
W boson and the SM fermions. The W ′W Z coupling has the same 
structure as the W W Z coupling in the SM, but is scaled by a fac-
tor c × (mW /mW ′ )2, where c is a scaling constant, mW is the W
boson mass, and mW ′ is the W ′ boson mass. The scaling of the 
coupling allows the width of the W ′ boson to increase approx-
imately linearly with mW ′ at mW ′ � mW and to remain narrow 
for c ∼ 1. For c = 1 and mW ′ > 0.5 TeV the W ′ width is approxi-
mately 3.6% of its mass and the branching ratio of the W ′ → W Z
ranges from 1.6% to 1.2% depending on mW ′ . Production cross sec-
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tions in pp collisions at 
√

s = 8 TeV for the W ′ boson as well as 
the W ′ width and branching ratios of W ′ → W Z for a selection of 
W ′ boson masses in the EGM with scale factor c = 1 are given in 
Table 1.

Searches for a W ′ boson decaying to �ν have set strong bounds 
on the mass of the W ′ when assuming the sequential standard 
model (SSM) [17,18], which differs from the EGM in that the 
W ′W Z coupling is set to zero. For c ∼ 1 the effect of this cou-
pling on the production cross section of the W ′ boson at the LHC 
is very small, thus the production cross section of the W ′ boson in 
the SSM and the EGM is very similar. Moreover, due to the small 
branching ratio of the W ′ → W Z in the EGM with the scale fac-
tor c ∼ 1, the branching ratios of the W ′ boson to fermions are 
approximately the same as in the SSM. Nevertheless, models with 
narrow vector resonances with suppressed fermionic couplings re-
main viable extensions to the SM, and thus the EGM provides a 
useful and simple benchmark in searches for narrow vector reso-
nances decaying to W Z .

The ATLAS and CMS Collaborations have set exclusion bounds 
on the production and decay of the EGM W ′ boson. In searches 
using the �ν�′�′ (� ≡ e, μ) channel, the ATLAS [19] and CMS [20]
Collaborations have excluded, at the 95% confidence level (CL), 
EGM (c = 1) W ′ bosons decaying to W Z for W ′ masses below 
1.52 TeV and 1.55 TeV, respectively. In addition the ATLAS Collab-
oration has excluded EGM (c = 1) W ′ bosons for masses below 
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1.59 TeV using the ��qq̄ [21] channel, and below 1.49 TeV using 
the �νqq̄ [22] channel. These have also been excluded with masses 
between 1.3 and 1.5 TeV and below 1.7 TeV by the ATLAS [23] and 
CMS [24] Collaborations, respectively, using the fully hadronic final 
state.

Diboson resonances are also predicted in an extension of the 
original Randall–Sundrum (RS) [8–10] model with a warped ex-
tra dimension. In this extension to the RS model [25–27], the SM 
fields are allowed to propagate in the bulk of the extra dimen-
sion, avoiding constraints on the original RS model from flavour-
changing neutral currents and from electroweak precision mea-
surements. This so-called bulk-RS model is characterised by a di-
mensionless coupling constant k/M̄Pl ∼ 1, where k is the curvature 
of the warped extra dimension, and M̄Pl = MPl/

√
8π is the re-

duced Planck mass. In this model a Kaluza–Klein excitation of the 
spin-2 graviton, G∗ , can decay to pairs of W or Z bosons. For bulk 
RS models with k/M̄Pl = 1 and for G∗ masses between 0.5 and 
2.5 TeV, the branching ratio of G∗ to W W ranges from 34% to 
16% and the branching ratio to Z Z ranges from 18% to 8%. The 
G∗ width ranges from 3.7% to 6.2% depending on the G∗ mass. Ta-
ble 1 lists widths, branching ratio to W W and Z Z for G∗ , and 
production cross sections in pp collisions at 8 TeV in these bulk 
RS models.

The ATLAS Collaboration has excluded, at the 95% CL, bulk 
G∗ → Z Z with masses below 740 GeV, using the ��qq̄ chan-
nel [21], as well as bulk G∗ → W W with masses below 760 GeV, 
using the �νqq̄ channel assuming k/M̄Pl = 1 [22]. The CMS Collab-
oration has also excluded at the 95% CL the G∗ of the original RS 
model, decaying to W W and Z Z with masses below 1.2 TeV using 
the fully hadronic final state [24] and has set limits on the produc-
tion and decay of generic diboson resonances using a combination 
of ��qq̄, �νqq̄ and fully hadronic final states [28].

To improve the sensitivity to new diboson resonances, this 
article presents a combination of four statistically independent 
searches for diboson resonances previously published by the ATLAS
Collaboration [19,21–23]. The searches are combined while con-
sidering the correlations between systematic uncertainties in the 
different channels. The first search, sensitive to charged resonances 
decaying to W Z , uses the �ν�′�′ [19] final state. The second 
search, sensitive to charged resonances decaying to W Z and neu-
tral resonances decaying to Z Z , uses the ��qq̄ final state [21]. The 
third search, sensitive to charged resonances decaying to W Z and 
neutral resonances decaying to W W , uses the �νqq̄ final state [22]. 
Finally, the fourth search, sensitive to charged resonances decay-
ing to W Z and to neutral resonances decaying to either W W or 
Z Z , uses the fully hadronic final state [23]. Due to the large mo-
menta of the bosons from the resonance decay, the resonance in 
this channel is reconstructed with two large-radius jets, and the 
fully hadronic channel is hereafter referred to as the J J channel.

To search for a charged diboson resonance decaying to W Z the 
�ν�′�′ , ��qq̄, �νqq̄, and J J channels are combined. The result of 
this combination is interpreted using the EGM W ′ model with 
c = 1 as a benchmark.

To search for neutral diboson resonances decaying to W W and 
Z Z the ��qq̄, �νqq̄, and J J channels are combined, and the result 
is interpreted using the bulk G∗ , assuming k/M̄Pl = 1, as a bench-
mark.

The ATLAS Collaboration has performed additional searches in 
which new diboson resonances could manifest themselves as ex-
cesses over the background expectation. In the analysis presented 
in Ref. [29] the ���′�′ , ��νν , ��qq̄ and qq̄νν final states have been 
explored in the context of the search for a new, heavy Higgs bo-
son. Also, in the context of searches for dark matter a final state 
of a hadronically decaying boson and missing transverse momen-
tum [30], and a final state of a leptonically decaying Z boson and 

missing transverse momentum have been explored [31]. These ad-
ditional searches are not included in this combination. They are 
not expected to contribute significantly to the sensitivity of the 
combined search due to the lower branching ratio in case of the 
leptonic channels, and the use of only narrow jets in case of the 
qq̄νν final state.

2. ATLAS detector and data sample

The ATLAS detector is described in detail in Ref. [32]. It cov-
ers nearly the entire solid angle1 around the interaction point 
and has an approximately cylindrical geometry. It consists of an 
inner tracking detector (ID) placed within a 2 T axial magnetic 
field surrounded by electromagnetic and hadronic calorimeters and 
followed by a muon spectrometer (MS) with a magnetic field pro-
vided by a system of superconducting toroids.

The results presented in this article use the dataset collected in 
2012 by ATLAS from the LHC pp collisions at 

√
s = 8 TeV, using a 

single-lepton (electron or muon) trigger [33] with a pT threshold 
of 24 GeV, or a single large-radius jet trigger with a pT threshold of 
360 GeV. The integrated luminosity of this dataset after requiring 
data quality criteria to ensure that all detector components have 
been operational during data taking is 20.3 fb−1. The uncertainty 
on the integrated luminosity is ±2.8%. It is derived following the 
methodology detailed in Ref. [34].

3. Signal and background samples

The acceptance and the reconstructed mass spectra for narrow 
resonances are estimated with signal samples generated with res-
onance masses between 200 and 2500 GeV, in 100 GeV steps. 
The bulk G∗ signal events are produced by CalcHEP 3.4 [35]
with k/M̄Pl = 1.0, and the W ′ signal samples are generated with 
Pythia 8.170 [36], setting the coupling scale factor c = 1. The 
factorisation and renormalisation scales are set to the gener-
ated resonance mass. The hadronisation and fragmentation are 
modelled with Pythia 8 in both cases, and the CTEQ6L1 [37]
(MSTW2008LO [38]) parton distribution functions (PDFs) are used 
for the G∗ (W ′) signal. The leading-order cross sections and 
branching ratios for the W ′ and bulk G∗ signal samples for se-
lected mass points and assumed values of the coupling parameters 
are provided in Table 1.

The backgrounds in the different decay channels are modelled 
with simulated event samples. The W + jets and Z + jets back-
grounds are generated using Sherpa 1.4.1 [39] with CT10 PDFs [40]. 
A separate sample is generated using Alpgen 2.14 [41] to estimate 
systematic effects, using CTEQ6L1 PDFs and Pythia 6 [36] for frag-
mentation and hadronisation.

The W + jets and Z + jets production cross sections are scaled 
to next-to-next-to-leading-order (NNLO) calculations [42]. The top 
quark pair, s-channel single-top quark and W t processes are mod-
elled by the MC@NLO 4.03 generator [43,44] with CT10 PDFs, 
interfaced to Herwig [45] for fragmentation and hadronisation
and Jimmy [46] for modelling of the underlying event. The top 
quark pair sample is scaled to the production cross section calcu-
lated at NNLO in QCD including resummation of next-to-next-to-
leading logarithmic soft gluon terms with Top++2.0 [47–52]. The 

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 be-
ing the azimuthal angle around the beam pipe. The pseudorapidity is defined in 
terms of the polar angle θ as η = − ln tan(θ/2), and the distance in (φ, η) space as 
	R ≡ √

(	φ)2 + (	η)2.
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Table 1
Leading-order cross sections, widths, and branching ratios for the W ′ boson in the EGM with scale factor c = 1 and for the G∗ in the bulk RS model with k/MPl = 1 in pp
collisions at √s = 8 TeV for a variety of mass points.

m
[TeV]


W ′
[GeV]

σ(W ′)
[fb]

BR(W ′ → W Z)

[%]

GRS

[GeV]
σ(G∗)
[fb]

BR(G∗ → W W )

[%]
BR(G∗ → Z Z)

[%]

0.5 18.0 2.00 × 105 1.6 18.4 3.11 × 103 34 18
1.0 36.0 1.17 × 104 1.3 55.4 5.60 × 101 19 10
1.5 54.0 1.44 × 103 1.3 89.5 3.14 × 100 17 8
2.0 73.3 2.42 × 102 1.2 122.5 2.90 × 10−1 16 8
2.5 90.7 5.31 × 101 1.2 155.0 3.20 × 10−2 16 8
t-channel single-top events are generated by AcerMC [53] with 
CTEQ6L1 PDFs and Pythia 6 for hadronisation. The diboson events 
are produced with the Herwig generator and CTEQ6L1 PDFs, ex-
cept for the �ν�′�′ channel which uses POWHEG [54,55] interfaced 
to Pythia 6. The diboson production cross sections are normalised
to next-to-leading-order predictions [56]. Additional diboson sam-
ples for the �νqq̄ channel are produced with the Sherpa generator. 
QCD multijet samples are simulated with Pythia 6, Herwig, and
POWHEG interfaced to Pythia 6.

Generated events are processed with the ATLAS detector simu-
lation program [57] based on the GEANT4 package [58]. Signal and 
background samples simulated or interfaced with Pythia use an 
ATLAS specific tune of Pythia [59]. Effects from additional inelastic 
pp interactions (pile-up) occurring in the same and neighbouring 
bunch crossings are taken into account by overlaying minimum-
bias events simulated by Pythia 8.

4. Object reconstruction and selection

The search channels included in the combination presented in 
this article use reconstructed electrons, muons, jets and the mea-
surement of the missing transverse momentum.

Electron candidates are selected from energy clusters in the 
electromagnetic calorimeter within |η| < 2.47, excluding the tran-
sition region between the barrel and the endcap calorimeters 
(1.37 < |η| < 1.52), that match a track reconstructed in the ID. 
Electrons satisfying ‘tight’ identification criteria are used to recon-
struct W → eν candidates, while Z → ee are reconstructed from 
electrons that satisfy ‘medium’ identification criteria. These crite-
ria are described in Ref. [60]. Muon candidates are reconstructed 
within the range |η| < 2.5 by combining tracks with compati-
ble momentum in the ID and the MS [61]. Only leptons with 
pT > 25 GeV are considered.

Backgrounds due to misidentified leptons and non-prompt lep-
tons are suppressed by requiring leptons to be isolated from other 
activity in the event and also to be consistent with originating 
from the primary vertex of the event.2 Upper bounds on calorime-
ter and track isolation discriminants are used to ensure that the 
leptons are isolated.

Details of the lepton isolation criteria are given in the publica-
tions for the �ν�′�′ [19], ��qq̄ [21], and �νqq̄ [22] channels.

Jets are formed by combining topological clusters reconstructed 
in the calorimeter system [62], which are calibrated in energy with 
the local calibration weighting scheme [63] and are considered 
massless. The measured energies are corrected for losses in pas-
sive material, the non-compensating response of the calorimeters 
and pile-up [64].

Hadronically decaying vector bosons with low pT (� 450 GeV) 
are reconstructed using a pair of jets. The jets are formed with 
the anti-kt algorithm [65] with a radius parameter R = 0.4. These 

2 The primary vertex of the event is defined as the reconstructed primary vertex 
with highest ∑ p2

T where the sum is over the tracks associated with this vertex.

jets are hereafter referred to as small-R jets. Only small-R jets 
with |η| < 2.8 (2.1) and pT > 30 GeV are considered for the �νqq̄
(��qq̄) channel. For small-R jets with pT < 50 GeV it is required 
that the summed scalar pT of the tracks matched to the primary 
vertex accounts for at least 50% of the scalar summed pT of all 
tracks matched to the jet. Jets containing hadrons from b-quarks 
are identified using a multivariate b-tagging algorithm as described 
in Ref. [66].

Hadronically decaying vector bosons with high pT (� 400 GeV) 
can be reconstructed as a single jet with a large radius parameter, 
or large-R jet, due to the collimated nature of their decay prod-
ucts. These large-R jets, hereafter denoted by J , are first formed 
with the Cambridge–Aachen (C/A) algorithm [67,68] with a radius 
parameter R = 1.2. After the jet formation a set of criteria is ap-
plied to identify the jet as originating from a hadronically decaying 
boson (boson tagging). A grooming algorithm is applied to the jets 
to reduce the effect of pile-up and underlying event activity and 
to identify a pair of subjets associated with the quarks emerging 
from the vector boson decay. The grooming algorithm, a variant 
of the mass-drop filtering technique [69], is described in detail in 
Ref. [23]. The grooming procedure provides a small degree of dis-
criminating power between jets from hadronically decaying bosons 
and those originating from background processes.

Jet discrimination is further improved by imposing additional 
requirements on the large-R jet properties. First, in all of the chan-
nels using large-R jets, a requirement on the subjet momentum-
balance found at the stopping point of the grooming algorithm, √

y > 0.45,3 is applied to the jet. Second, jets are required to 
have the groomed jet mass within a selection window. Due to the 
different backgrounds affecting each of the search channels, differ-
ent mass windows are used for each channel. In the single lepton 
and dilepton channels, mass windows of 65 < m J < 105 GeV and 
70 < m J < 110 GeV, where m J represents the jet mass, are used 
for selecting W and Z bosons. In the fully hadronic channel, mass 
windows of 69.4 < m J < 95.4 GeV and 79.8 < m J < 105.8 GeV, 
which are ±13 GeV around the expected W or Z reconstructed 
mass peak, are used for selecting W or Z boson candidates re-
spectively.

The high-pT jets in background events are expected to have a 
larger charged-particle track multiplicity than the jets emerging 
from boson decays. This is due to the higher energy scale in-
volved in the fragmentation process of background jets and also 
due to the larger colour charge of gluons in comparison to quarks. 
Hence, to improve the sensitivity of the search in the fully hadronic 
channel, a requirement on the charged-particle track multiplicity 
matched to the large-R jet prior to the grooming, ntrk < 30, is 
used to discriminate between jets originating from boson decays 

3 √
y ≡ min(pT j1

, pT j2
)

	R( j1 , j2 )

m0
, where m0 is the mass of the groomed jet at the 

stopping point of the splitting stage of the grooming algorithm, pT j1
and pT j2

are 
the transverse momenta of the subjets at the stopping point of the splitting stage of 
the grooming algorithm and 	R( j1, j2) is the distance in (φ, η) space between these 
subjets.
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Table 2
Dominant background to the individual channels and their estimation methods.

Channel Dominant background Estimation method

�ν�′�′ W Z production MC (POWHEG)
��qq̄ Z + jets MC (Sherpa), normalisation and shape 

correction data driven
�νqq̄ W /Z + jets MC (Sherpa), normalisation and shape 

correction data driven
J J QCD jets Data driven

and jets from background processes. Charged-particle tracks re-
constructed with the ID and consistent with particles originating 
from the primary vertex and with pT ≥ 500 MeV are matched to 
a large-R jet by representing each track by a “ghost” constituent 
that is collinear with the track at the perigee with negligible en-
ergy during jet formation [70].

The missing transverse momentum Emiss
T is calculated from 

the negative vector sum of the transverse momenta of all recon-
structed objects, including electrons, muons, photons and jets, as 
well as calibrated energy deposits in the calorimeter that are not 
associated to these objects, as described in Ref. [71].

5. Analysis channels

The selections in the four analysis channels �ν�′�′ , ��qq̄, �νqq̄
and J J are mutually exclusive and therefore the channels are sta-
tistically independent. This independence is enforced by the re-
quired lepton multiplicity of the events at a pre-selection stage, 
with lepton selection criteria looser than those finally applied in 
the individual channels. The searches in the individual channels are 
described in detail in their corresponding publications [19,21–23]. 
Table 2 summarises the dominant backgrounds affecting each of 

the individual channels and the methods used to estimate these 
backgrounds. Summaries of the event selection and classification 
criteria are given in Tables 3 and 4.

The �ν�′�′ analysis channel is described in detail in Ref. [19]. 
For the purpose of combination the binning of the diboson candi-
dates’ invariant mass distribution is adjusted. The �ν�′�′ channel 
requires exactly three leptons with pT > 25 GeV, of which at least 
one must be geometrically matched to a lepton reconstructed by a 
trigger algorithm. Events with additional leptons with pT > 20 GeV
are vetoed. At least one pair of oppositely-charged, same-flavour 
leptons is required to have an invariant mass within the Z mass 
window |m�� − mZ | < 20 GeV. If there are two acceptable combi-
nations satisfying this requirement the combination with the mass 
value closer to the Z boson mass is chosen as the Z candidate. 
The event is required to have Emiss

T > 25 GeV. The W candidate 
is reconstructed from the third lepton, assuming the neutrino is 
the only source of Emiss

T and constraining the (�3rd, Emiss
T ) sys-

tem to have the pole mass of the W . This constraint results in 
a quadratic equation with two solutions for the longitudinal mo-
mentum of the neutrino. If the solutions are real, the one with the 
smaller absolute value is used. If the solutions are complex, the 
real part is used. To enhance the signal sensitivity, the rapidity dif-
ference must satisfy 	y(W , Z) < 1.5 and requirements are placed 
on the azimuthal angle difference 	φ(�3rd, Emiss

T ). Exclusive high-

mass and low-mass regions are defined with 	φ(�3rd, Emiss
T ) < 1.5

for boosted W bosons and 	φ(�3rd, Emiss
T ) > 1.5 for W bosons at 

low pT, respectively. The main background sources in the �ν�′�′
channel are SM W Z and Z Z processes with leptonic decays of the 
W and Z bosons, and are estimated from simulation. Other back-
ground sources are W /Z + jets, top quark and multijet production, 
where one or several jets are mis-reconstructed as leptons. To es-
timate these backgrounds the mis-reconstruction rate of jets as 
Table 3
Summary of the event selection requirements in the different search channels. The selected events are further classified into different 
kinematic categories as listed in Table 4.

Channel Leptons Jets Emiss
T Boson identification

�ν�′�′ 3 leptons – Emiss
T > 25 GeV |m�� − mZ | < 20 GeV

pT > 25 GeV

��qq̄ 2 leptons 2 small-R jets or 1 large-R jet – |m�� − mZ | < 25 GeV
pT > 25 GeV pT > 30 GeV 70 GeV < m jj < 110 GeV

70 GeV < m J < 110 GeV,
√

y > 0.45

�νqq̄ 1 lepton 2 small-R jets or 1 large-R jet Emiss
T > 30 GeV 65 GeV < m jj < 105 GeV

pT > 25 GeV pT > 30 GeV 65 GeV < m J < 105 GeV,
√

y > 0.45
No b-jet with 	R(b, W /Z) > 0.8

J J Lepton veto 2 large-R jets, |η| < 2.0, pT > 540 GeV Emiss
T < 350 GeV |mW /Z − m J | < 13 GeV√

y > 0.45, ntrk < 30

Table 4
Summary of the event classification requirements in the different search channels. The classifications are mutually exclusive, applying the 
requirements in sequence beginning with the high-pT merged, followed by the high-pT resolved and finally with the low-pT resolved 
classification.

Channel High-pT merged High-pT resolved (high mass) Low-pT resolved (low mass)

�ν�′�′ – 	y(W , Z) < 1.5
	φ(�3rd, Emiss

T ) < 1.5 	φ(�3rd, Emiss
T ) > 1.5

��qq̄ pT(��) > 400 GeV pT(��) > 250 GeV pT(��) > 100 GeV
pT( J ) > 400 GeV pT( j j) > 250 GeV pT( j j) > 100 GeV

�νqq̄ 1 large-R jet, pT > 400 GeV 2 small-R jets, pT > 80 GeV 2 small-R jets, pT > 30 GeV
pT(�ν) > 400 GeV pT( j j) > 300 GeV pT( j j) > 100 GeV

pT(�ν) > 300 GeV pT(�ν) > 100 GeV
	φ(Emiss

T , j) > 1 (electron channel)

J J |	y12| < 1.2 –
m( J J ) > 1.05 TeV
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leptons is determined with data-driven methods, and applied to 
control data samples with leptons and one or more jets.

The ��qq̄ analysis channel is described in detail in Ref. [21]. 
The ��qq̄ channel requires exactly two leptons, having the same 
flavour and with pT > 25 GeV. Muon pairs are required to have 
opposite charge. At least one lepton is required to be matched to 
a lepton reconstructed by a trigger algorithm. The invariant mass 
of the lepton pair must be within 25 GeV of the Z mass. Three re-
gions (merged, high-pT resolved and low-pT resolved) are defined to 
optimise the selection for different mass ranges. The merged re-
gion requirements are pT(��) > 400 GeV and a groomed large-R
jet described in Section 4 with pT( J ) > 400 GeV and satisfying the 
boson-tagging criteria. The high-pT resolved region is defined by 
pT(��) > 250 GeV, pT( j j) > 250 GeV, and the low-pT resolved re-
gion requires pT(��) > 100 GeV, pT( j j) > 100 GeV. The invariant 
mass requirement on the jet system is 70 GeV < m jj/ J < 110 GeV. 
The three regions are made exclusive by applying the above selec-
tions in sequence, starting with the merged region, and progress-
ing with the high-pT and then the low-pT resolved regions. The 
main background sources in the ��qq̄ channel are Z + jets, followed 
by top-quark pair and non-resonant vector-boson pair production. 
Background estimates are based on simulation. Additionally, for 
the main background source, Z + jets, the shape of the invariant 
mass distribution is modelled with simulation, while the normali-
sation and a linear shape correction are determined from data in a 
control region, defined as the side-bands of the qq̄ invariant mass 
distribution outside the signal region.

The �νqq̄ analysis channel is described in detail in Ref. [22]. 
In the �νqq̄ channel exactly one lepton with pT > 25 GeV and 
matched to a lepton reconstructed by the trigger is required. The 
missing transverse momentum in the event is required to be 
Emiss

T > 30 GeV. Similar to the ��qq̄ channel the event selection 
contains three different mass regions of the signal, referred to as 
merged, high-pT resolved and low-pT resolved regions. In the merged 
region where the hadronic decay products merge into a single jet, 
a groomed large-R jet with pT > 400 GeV and 65 GeV < m J <

105 GeV is required. The leptonically decaying W candidate is re-
constructed using the same W mass constraint technique used in 
the �ν�′�′ channel. The leptonically decaying W → �ν must have 
pT(�ν) > 400 GeV, where pT(�ν) is reconstructed from the sum 
of the charged-lepton momentum vector and the Emiss

T vector. To 
suppress the background from top-quark production, events with 
an identified b-jet separated by 	R > 0.8 from the large-R jet are 
rejected. Additionally, in the electron channel the leading large-R
jet and Emiss

T are required to be separated by 	φ(Emiss
T , J ) > 1

to reject multi-jet background. If the event does not satisfy the 
criteria of the merged region, the resolved region selection crite-
ria are applied. In the high-pT resolved region, two small-R jets 
with pT > 80 GeV are required to form the hadronically decaying 
W /Z candidate with a transverse momentum of pT( j j) > 300 GeV
and an invariant mass of 65 GeV < m jj < 105 GeV. The leptonically 
decaying W → �ν must have pT(�ν) > 300 GeV. The event is re-
jected if a b-jet is identified in addition to the two leading jets. In 
the electron channel the leading small-R jet and Emiss

T are required 
to be separated by 	φ(Emiss

T , j) > 1. If the event does not pass the 
selection requirements of the high-pT resolved region the selection 
of the low-pT resolved region is used, where pT( j j) > 100 GeV
and pT(�ν) > 100 GeV are applied. The dominant background in 
the �νqq̄ channel is W /Z + jets production, followed by top quark 
production, and multijet and diboson processes. The shape of the 
invariant mass distribution for the W /Z + jets background is mod-
elled by simulation, while the normalisation is determined from 
data in a control region, defined as the side-bands of the qq̄ in-
variant mass distribution outside the signal region. The pT(W )

distribution of the W + jets simulation is corrected using data to 

improve the modelling. The sub-dominant background processes 
are estimated using simulation only (diboson), or simulation and 
data-driven techniques (multijet, top quark).

The J J analysis channel is described in detail in Ref. [23]. 
For the combined G∗ search the analysis is extended, combin-
ing the W W and Z Z selections into a single inclusive analysis 
of both decay modes. The analysis of the fully hadronic decay 
mode selects events that pass a large-R jet trigger4 with a nom-
inal threshold of 360 GeV in transverse momentum and have at 
least two large-R jets within |η| < 2.0, a rapidity difference be-
tween the two jets of |	y12| < 1.2, and an invariant mass of the 
two jets of m( J J ) > 1.05 TeV. Events that contain one or more lep-
tons with pT > 20 GeV or missing transverse momentum in excess 
of 350 GeV are vetoed. The large-R jets must satisfy the boson-
tagging criteria described in Section 4. Furthermore, the dijet pT
asymmetry defined as A = (pT1 − pT2)/(pT1 + pT2) must be less 
then 0.15 to avoid mis-measured jets. In the search for the EGM 
W ′ decaying to W Z , events are selected by requiring one W boson 
candidate and one Z boson candidate in each event by applying 
the selections described in Section 4. In the search for the bulk 
G∗ decaying to W W and Z Z , events are selected by requiring two 
W boson or two Z boson candidates by applying the selections 
described in Section 4. Due to the overlapping jet mass windows 
applied to select W and Z candidates, the selection for the EGM 
W ′ and the bulk G∗ are not exclusive and about 20% of the in-
clusive event sample is shared. In the fully hadronic channel the 
dominant background is dijet production. The dijet background is 
estimated by a parametric fit with a smoothly falling function to 
the observed dijet mass spectrum in the data. Only diboson res-
onances with mass values > 1.3 TeV are considered as signal for 
this analysis channel.

The selections described above have a combined acceptance 
times efficiency of up to 17% for G∗ → W W , up to 11% for 
G∗ → Z Z , and up to 17% for W ′ → W Z . The acceptance times ef-
ficiency includes the W and Z branching ratios. Figs. 1(a) and 1(b)
summarise the acceptance times efficiency for the different analy-
ses as a function of the W ′ mass and of the G∗ mass, considering 
only decays of the resonance into V V , where V denotes a W or a 
Z boson.

6. Statistical procedure

The combination of the individual channels proceeds with a 
simultaneous analysis of the invariant mass distributions of the 
diboson candidates in the different channels. For each hypothesis 
being tested, only the channels sensitive to that hypothesis are in-
cluded in the combination. The signal strength, μ, defined as a 
scale factor on the cross section times branching ratio predicted 
by the signal hypothesis, is the parameter of interest. The anal-
ysis follows the Frequentist approach with a test statistic based 
on the profile-likelihood ratio [72]. The test statistic extracts infor-
mation on the signal strength from a binned maximum-likelihood 
fit of the signal-plus-background model to the data. The effect of 
a systematic uncertainty k on the likelihood is modelled with a 
nuisance parameter, θk , constrained with a corresponding proba-
bility density function f (θk), as explained in the publications cor-
responding to the individual channels [19,21–23]. In this manner, 
correlated effects across the different channels are modelled by the 
use of a common nuisance parameter and its corresponding prob-
ability density function. The likelihood model, L, is given by:

L =
∏

c

∏
i

Pois
(

nobs
ic

∣∣∣nsig
ic

(μ, θk) + nbkg
ic

(θk)
)∏

k

fk(θk) (1)

4 The trigger uses anti-kt jets with R = 1.0.
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Fig. 1. Signal acceptance times efficiency for the different analyses entering the combination for (a) the EGM W ′ model and (b) the bulk G∗ model. The branching ratio of 
the new resonance to dibosons is included in the denominator. The error bands represent the combined statistical and systematic uncertainties.
where the index c represents the analysis channel, and i repre-
sents the bin in the invariant mass distribution, nobs, the observed 
number of events, nsig the number of expected signal events, and 
nbkg the expected number of background events.

The compatibility between the observations of different chan-
nels with a common signal strength of a particular resonance 
model and mass is quantified using a profile-likelihood-ratio test. 
The corresponding profile-likelihood ratio is

λ(μ) =
L

(
μ,

ˆ̂
θ (μ)

)

L
(
μ̂A, μ̂B , θ̂

) , (2)

where μ is the common signal strength, μ̂A and μ̂B are the 
unconditional maximum likelihood (ML) estimators of the inde-
pendent signal strengths in the channels being compared, θ̂ are 
the unconditional ML estimators for the nuisance parameters, and 
ˆ̂
θ(μ) are the conditional ML estimators of θ for a given value of μ. 
The compatibility between the observations is tested by the proba-
bility of observing λ(μ̂), where μ̂ is the ML estimator for the com-
mon signal strength for the model in question. If the two channels 
being compared have a common signal strength, i.e. μ = μA = μB , 
then in the asymptotic limit −2 log(λ(μ̂)) is expected to be χ2

distributed with one degree of freedom.
The significance of observed excesses over the background-only 

prediction is quantified using the local p-value (p0), defined as the 
probability of the background-only model to produce a signal-like 
fluctuation at least as large as observed in the data. Upper limits 
on μ for W ′ in the EGM and G∗ in the bulk RS model at the 
simulated resonance masses are evaluated at the 95% CL following 
the CLs prescription [73]. Lower mass limits at the 95% CL for new 
diboson resonances in these models are obtained by finding the 
maximum resonance mass where the 95% CL upper limit on μ is 
less or equal to 1. This mass is found by interpolating between 
the limits on μ at the simulated signal masses. The interpolation 
assumes monotonic and smooth behaviour of the efficiencies for 
the signal and background processes, and that the impact of the 
variation of signal mass distributions between adjacent test masses 
is negligible.

In the combined analysis to search for W ′ resonances, all four 
individual channels are used. For the charge-neutral bulk G∗ , only 
the �νqq, ��qq, and the J J channels contribute to the combina-
tion, and in the case of the fully hadronic channel, a merged signal 
region resulting from the union of the W W and Z Z signal regions 

Table 5
Channels and signal regions contributing to the combination for the EGM W ′ and 
bulk G∗ .

Channel Signal region W ′ mass range [TeV] G∗ mass range [TeV]

�ν�′�′ Low-mass 0.2–1.9 –
High-mass 0.2–2.5 –

��qq̄ Low-pT resolved 0.3–0.9 0.2–0.9
High-pT resolved 0.6–2.5 0.6–0.9
Merged 0.9–2.5 0.9–2.5

�νqq̄ Low-pT resolved 0.3–0.8 0.2–0.7
High-pT resolved 0.6–1.1 0.6–0.9
Merged 0.8–2.5 0.8–2.5

J J W Z selection 1.3–2.5 –
W W + Z Z selection – 1.3–2.5

is used in the analysis. The background to this merged signal re-
gion is estimated using the same technique as for the individual 
signal regions. Table 5 summarises the channels and signal regions 
combined in the analysis for the EGM W ′ and bulk G∗ .

7. Systematic uncertainties

The sources of systematic uncertainty along with their effects 
on the expected signal and background yields for each of the indi-
vidual channels used in this combination are described in detail in 
their corresponding publications [19,21–23]. Although the results 
from the different search channels in this combination are sta-
tistically independent, commonalities between the different search 
channels, such as the objects used, the signal and background sim-
ulation, and the integrated luminosity estimation, introduce corre-
lated effects in the signal and background expectations. Whenever 
an effect due to an uncertainty in the triggering, identification, or 
reconstruction of leptons is considered for a channel, it is treated 
as fully correlated with the effects due to this uncertainty in other 
channels.

In the same manner, the effects of each uncertainty related to 
the small-R jet energy scale and resolution are treated as fully cor-
related in all channels using small-R jets or Emiss

T . For the search 
channels using large-R jets, uncertainties in the large-R jet en-
ergy scale, energy resolution, mass scale, mass resolution, or in 
the modelling of the boson-tagging discriminant 

√
y are taken as 

fully correlated. Uncertainties in the data-driven background esti-
mates are treated as uncorrelated. The effects of uncertainty in the 
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Fig. 2. The p0-value for the individual and combined channels for (a) the EGM W ′ search in the �ν�′�′ , ��qq̄, �νqq̄ and J J channels and (b) the bulk G∗ search in the ��qq̄, 
�νqq̄ and J J channels.

Fig. 3. The 95% CL limits on (a) the EGM W ′ using the �ν�′�′ , ��qq̄, �νqq̄, and J J channels and their combination, and (b) the combined 95% CL limit with the green (yellow) 
bands representing the 1 σ (2 σ ) intervals of the expected limit including statistical and systematic uncertainties. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
initial- and final-state radiation (ISR and FSR) modelling and in the 
PDFs are each treated as fully correlated across all search channels.

The effect of a single source of systematic uncertainty on the 
combined limit can be ranked by the loss in sensitivity caused by 
its inclusion. To quantify the loss of sensitivity at a given mass 
point the value computed with all systematic uncertainties in-
cluded is compared to the value obtained excluding the single 
systematic uncertainty. In the low mass region at � 0.5 TeV the 
leading uncertainty is the modelling of the SM diboson background 
in the dominant �ν�′�′ channel with an impact of 35% sensitiv-
ity degradation in the combined limit for EGM W ′ . The leading 
source of uncertainty in case of the G∗ limit is the modelling of 
the Z + jets background in the �νqq̄ channel with a degradation 
of 25%. In the intermediate mass region up to � 1.5 TeV the un-
certainty on the normalisation of the W + jets background in the 
�νqq̄ channel is dominating with 20% to 30% degradation of the 
EGM W ′ limit and 25% to 55% degradation of the G∗ limit de-
pending on the mass point, while in the high mass region up to 
2 TeV the shape uncertainty on the W + jets background domi-
nates with a degradation of around 25% for the EGM W ′ limit and 
35% for the G∗ limit.

8. Results

Fig. 2 shows the p0-value obtained in the search for the EGM 
W ′ and G∗ as a function of the resonance mass for the �ν�′�′ , 

��qq̄, �νqq̄ and J J channels combined and for the individual 
channels. For the full combination the largest deviation from the 
background-only expectation is found in the EGM W ′ search at 
around 2.0 TeV with a p0-value corresponding to 2.5 standard de-
viations (σ ). This is smaller than the p0-value of 3.4 σ observed in 
the J J channel alone because the �ν�′�′ , ��qq̄, and �νqq̄ channels 
are more consistent with the background-only hypothesis.

The compatibility of the individual channels is quantified with 
the test described in Section 6. In the mass region around 2 TeV 
the J J channel presents an excess while the other channels are 
in good agreement with the background-only expectation. For the 
EGM W ′ benchmark the compatibility of the combined �ν�′�′ , 
��qq̄, and �νqq̄ channels with the J J channel is at the level of 
2.9 σ . When accounting for the probability for any of the four 
channels to fluctuate the compatibility is found to be at the level 
of 2.6 σ . In comparison the corresponding test for the bulk G∗ in-
terpretation shows better compatibility.

Fig. 3 shows the combined upper limit on the EGM W ′ produc-
tion cross section times its branching ratio to W Z at the 95% CL in 
the mass range from 300 GeV to 2.5 TeV. In Fig. 3(a) the observed 
and expected limits of the individual and combined channels are 
shown. In Fig. 3(b) the observed and expected combined limits are 
compared with the theoretical EGM W ′ prediction. The resulting 
combined lower limit on the EGM W ′ mass using a LO cross-
section calculation is observed to be 1.81 TeV, with an expected 
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Fig. 4. The 95% CL limits on (a) the bulk G∗ using the ��qq̄, �νqq̄, and J J channels and their combination, and (b) the combined 95% CL limit with the green (yellow) bands 
representing the 1 σ (2 σ ) intervals of the expected limit including statistical and systematic uncertainties. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
limit of 1.81 TeV. The most stringent observed mass limit from an 
individual channel is 1.59 TeV at NNLO in the �νqq̄ analysis.

In Fig. 4 the observed and expected upper limits at the 95% 
CL on the bulk G∗ production cross section times its branching 
ratio to W W and Z Z are shown in the mass range from 200 GeV
to 2.5 TeV. In Fig. 4(b) the observed and expected limits of the 
individual and combined channels are shown and compared with 
the theoretical bulk G∗ prediction for k/M̄Pl = 1. The combined, 
lower mass limit for the bulk G∗ , assuming k/M̄Pl = 1, is 810 GeV, 
with an expected limit of 790 GeV. The most stringent lower mass 
limit from the individual ��qq̄, �νqq̄ and J J channels is 760 GeV
from the �νqq̄ channel.

9. Conclusion

A combination of individual searches in all-leptonic, semilep-
tonic, and all-hadronic final states to search for new heavy bosons 
decaying to W W , W Z and Z Z is presented. The searches use 
20.3 fb−1 of 8 TeV pp collision data collected by the ATLAS detec-
tor at the LHC. Within the combined result, no significant excess 
over the background-only expectation in the invariant mass dis-
tribution of the diboson candidates is observed. Upper limits on 
the production cross section times branching ratio to dibosons at 
the 95% CL are evaluated within the context of an extended gauge 
model with a heavy W ′ boson and a bulk Randall–Sundrum model 
with a heavy spin-2 graviton. The combination significantly im-
proves both the cross-section limits and the mass limits for EGM 
W ′ and bulk G∗ production over the most stringent limits of the 
individual analyses. The observed lower limit on the EGM W ′
mass is found to be 1.81 TeV and for the bulk G∗ mass, assum-
ing k/M̄Pl = 1, the observed limit is 810 GeV.

Acknowledgements

We thank CERN for the very successful operation of the LHC, 
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, 
Armenia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azer-
baijan; 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; 
IN2P3-CNRS, CEA-DSM/IRFU, France; GNSF, Georgia; BMBF, HGF, 
and MPG, Germany; GSRT, Greece; RGC, Hong Kong SAR, China; 

ISF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and 
JSPS, Japan; CNRST, Morocco; FOM and NWO, Netherlands; RCN, 
Norway; MNiSW and NCN, Poland; FCT, Portugal; MNE/IFA, Roma-
nia; MES of Russia and NRC KI, Russian Federation; JINR; MESTD, 
Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South 
Africa; MINECO, Spain; SRC and Wallenberg Foundation, Sweden; 
SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST, 
Taiwan; TAEK, Turkey; STFC, United Kingdom; DOE and NSF, United 
States. In addition, individual groups and members have received 
support from BCKDF, the Canada Council, CANARIE, CRC, Com-
pute Canada, FQRNT, and the Ontario Innovation Trust, Canada; 
EPLANET, ERC, FP7, Horizon 2020 and Marie Skłodowska-Curie Ac-
tions, European Union; Investissements d’Avenir Labex and Idex, 
ANR, Region Auvergne and Fondation Partager le Savoir, France; 
DFG and AvH Foundation, Germany; Herakleitos, Thales and Aris-
teia programmes co-financed by EU-ESF and the Greek NSRF; BSF, 
GIF and Minerva, Israel; BRF, Norway; the Royal Society and Lever-
hulme Trust, United Kingdom.

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.

References

[1] ATLAS Collaboration, Observation of a new particle in the search for the Stan-
dard Model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 
(2012) 1–29, arXiv:1207.7214 [hep-ex].

[2] CMS Collaboration, Observation of a new boson at a mass of 125 GeV with the 
CMS experiment at the LHC, Phys. Lett. B 716 (2012) 30–61, arXiv:1207.7235 
[hep-ex].

[3] ATLAS Collaboration, Evidence for the spin-0 nature of the Higgs boson using 
ATLAS data, Phys. Lett. B 726 (2013) 120–144, arXiv:1307.1432 [hep-ex].

[4] CMS Collaboration, Study of the mass and spin-parity of the Higgs boson can-
didate via its decays to Z boson pairs, Phys. Rev. Lett. 110 (2013) 081803, 
arXiv:1212.6639 [hep-ex].

[5] G. Altarelli, B. Mele, M. Ruiz-Altaba, Searching for new heavy vector bosons in 
pp̄ colliders, Z. Phys. C 45 (1989) 109.

[6] E. Eichten, et al., Super collider physics, Rev. Mod. Phys. 56 (1984) 579–707.
[7] C. Quigg, Gauge Theories of the Strong, Weak, and Electromagnetic Interactions, 

Princeton University Press, 2013, p. 227.
[8] L. Randall, R. Sundrum, A large mass hierarchy from a small extra dimension, 

Phys. Rev. Lett. 83 (1999) 3370–3373, arXiv:hep-ph/9905221.
[9] L. Randall, R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 

(1999) 4690–4693, arXiv:hep-th/9906064.
[10] H. Davoudiasl, J. Hewett, T. Rizzo, Experimental probes of localized gravity: 

on and off the wall, Phys. Rev. D 63 (2001) 075004, arXiv:hep-ph/0006041.

http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303132746661s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303132746661s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303132746661s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4368617472636879616E3A3230313278646As1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4368617472636879616E3A3230313278646As1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4368617472636879616E3A3230313278646As1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303133787161s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303133787161s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4368617472636879616E3A323031326A6A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4368617472636879616E3A323031326A6A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4368617472636879616E3A323031326A6A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib416C746172656C6C6931393839s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib416C746172656C6C6931393839s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib45484C5131393834726566s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib517569676732303133s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib517569676732303133s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib52616E64616C6C3A313939396565s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib52616E64616C6C3A313939396565s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib52616E64616C6C3A313939397666s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib52616E64616C6C3A313939397666s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4461766F75646961736C3A323030307769s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4461766F75646961736C3A323030307769s1


ATLAS Collaboration / Physics Letters B 755 (2016) 285–305 293

[11] K. Lane, S. Mrenna, The collider phenomenology of technihadrons in the 
technicolor straw man model, Phys. Rev. D 67 (2003) 115011, arXiv:hep-
ph/0210299.

[12] E. Eichten, K. Lane, Low-scale technicolor at the Tevatron and LHC, Phys. Lett. 
B 669 (2008) 235–238, arXiv:0706.2339 [hep-ph].

[13] F. Sannino, K. Tuominen, Orientifold theory dynamics and symmetry breaking, 
Phys. Rev. D 71 (2005) 051901, arXiv:hep-ph/0405209.

[14] A. Belyaev, et al., Technicolor walks at the LHC, Phys. Rev. D 79 (2009) 035006, 
arXiv:0809.0793 [hep-ph].

[15] K. Agashe, R. Contino, A. Pomarol, The minimal composite Higgs model, Nucl. 
Phys. B 719 (2005) 165–187, arXiv:hep-ph/0412089.

[16] G.F. Giudice, et al., The strongly-interacting light Higgs, J. High Energy Phys. 06 
(2007) 045, arXiv:hep-ph/0703164.

[17] ATLAS Collaboration, Search for new particles in events with one lepton and 
missing transverse momentum in pp collisions at √s = 8 TeV with the ATLAS 
detector, J. High Energy Phys. 09 (2014) 037, arXiv:1407.7494 [hep-ex].

[18] CMS Collaboration, Search for physics beyond the standard model in final states 
with a lepton and missing transverse energy in proton–proton collisions at √

s = 8 TeV, Phys. Rev. D 91 (2015) 092005, arXiv:1408.2745 [hep-ex].
[19] ATLAS Collaboration, Search for W Z resonances in the fully leptonic channel 

using pp collisions at √s = 8 TeV with the ATLAS detector, Phys. Lett. B 737 
(2014) 223–243, arXiv:1406.4456 [hep-ex].

[20] CMS Collaboration, Search for new resonances decaying via WZ to leptons 
in proton–proton collisions at √s = 8 TeV, Phys. Lett. B 740 (2015) 83–104, 
arXiv:1407.3476 [hep-ex].

[21] ATLAS Collaboration, Search for resonant diboson production in the ��qq̄ final 
state in pp collisions at √s = 8 TeV with the ATLAS detector, Eur. Phys. J. C 75 
(2015) 69, arXiv:1409.6190 [hep-ex].

[22] ATLAS Collaboration, Search for production of W W /W Z resonances decaying 
to a lepton, neutrino and jets in pp collisions at √s = 8 TeV with the ATLAS 
detector, Eur. Phys. J. C 75 (2015) 209, arXiv:1503.04677 [hep-ex].

[23] ATLAS Collaboration, Search for high-mass diboson resonances with boson-
tagged jets in proton–proton collisions at √s = 8 TeV with the ATLAS detector, 
arXiv:1506.00962 [hep-ex], 2015.

[24] CMS Collaboration, Search for massive resonances in dijet systems containing 
jets tagged as W or Z boson decays in pp collisions at √s = 8 TeV, J. High 
Energy Phys. 08 (2014) 173, arXiv:1405.1994 [hep-ex].

[25] K. Agashe, et al., Warped gravitons at the LHC and beyond, Phys. Rev. D 76 
(2007) 036006, arXiv:hep-ph/0701186.

[26] O. Antipin, D. Atwood, A. Soni, Search for RS gravitons via WL WL decays, Phys. 
Lett. B 666 (2008) 155–161, arXiv:0711.3175 [hep-ph].

[27] O. Antipin, A. Soni, Towards establishing the spin of warped gravitons, J. High 
Energy Phys. 10 (2008) 018, arXiv:0806.3427 [hep-ph].

[28] CMS Collaboration, Search for massive resonances decaying into pairs of 
boosted bosons in semi-leptonic final states at √s = 8 TeV, J. High Energy Phys. 
08 (2014) 174, arXiv:1405.3447 [hep-ex].

[29] ATLAS Collaboration, Search for an additional, heavy Higgs boson in the H →
Z Z decay channel at √s = 8 TeV in pp collision data with the ATLAS detector, 
arXiv:1507.05930 [hep-ex], 2015.

[30] ATLAS Collaboration, Search for dark matter in events with a hadronically de-
caying W or Z boson and missing transverse momentum in pp collisions 
at √s = 8 TeV with the ATLAS detector, Phys. Rev. Lett. 112 (2014) 041802, 
arXiv:1309.4017 [hep-ex].

[31] ATLAS Collaboration, Search for dark matter in events with a Z boson and 
missing transverse momentum in pp collisions at √s = 8 TeV with the ATLAS 
detector, Phys. Rev. D 90 (2014) 012004, arXiv:1404.0051 [hep-ex].

[32] ATLAS Collaboration, The ATLAS experiment at the CERN Large Hadron Collider, 
J. Instrum. 3 (2008) S08003.

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

[34] ATLAS Collaboration, Improved luminosity determination in pp collisions at √
s = 7 TeV using the ATLAS detector at the LHC, Eur. Phys. J. C 73 (2013) 

2518, arXiv:1302.4393 [hep-ex].
[35] A. Belyaev, N.D. Christensen, A. Pukhov, CalcHEP 3.4 for collider physics 

within and beyond the Standard Model, Comput. Phys. Commun. 184 (2013) 
1729–1769, arXiv:1207.6082 [hep-ph].

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

[37] 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.

[38] A.D. Martin, et al., Parton distributions for the LHC, Eur. Phys. J. C 63 (2009) 
189–285, arXiv:0901.0002 [hep-ph].

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

[40] H.-L. Lai, et al., New parton distributions for collider physics, Phys. Rev. D 82 
(2010) 074024, arXiv:1007.2241 [hep-ph].

[41] M.L. Mangano, et al., ALPGEN, a generator for hard multiparton processes in 
hadronic collisions, J. High Energy Phys. 07 (2003) 001, arXiv:hep-ph/0206293.

[42] S. Catani, et al., Vector boson production at hadron colliders: a fully exclusive 
QCD calculation at NNLO, Phys. Rev. Lett. 103 (2009) 082001, arXiv:0903.2120 
[hep-ph].

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

[44] S. Frixione, P. Nason, B.R. Webber, Matching NLO QCD and parton showers 
in heavy flavor production, J. High Energy Phys. 08 (2003) 007, arXiv:hep-
ph/0305252.

[45] G. Corcella, et al., HERWIG 6: an event generator for hadron emission reactions 
with interfering gluons (including supersymmetric processes), J. High Energy 
Phys. 01 (2001) 010, arXiv:hep-ph/0011363.

[46] J.M. Butterworth, J.R. Forshaw, M.H. Seymour, Multiparton interactions in pho-
toproduction at HERA, Z. Phys. C 72 (1996) 637–646, arXiv:hep-ph/9601371.

[47] M. Cacciari, et al., Top-pair production at hadron colliders with next-to-next-to-
leading logarithmic soft-gluon resummation, Phys. Lett. B 710 (2012) 612–622, 
arXiv:1111.5869 [hep-ph].

[48] P. Bärnreuther, M. Czakon, A. Mitov, Percent level precision physics at the Teva-
tron: first genuine NNLO QCD corrections to qq̄ → tt̄ + X , Phys. Rev. Lett. 109 
(2012) 132001, arXiv:1204.5201 [hep-ph].

[49] M. Czakon, A. Mitov, NNLO corrections to top-pair production at hadron collid-
ers: the all-fermionic scattering channels, J. High Energy Phys. 12 (2012) 054, 
arXiv:1207.0236 [hep-ph].

[50] M. Czakon, A. Mitov, NNLO corrections to top pair production at hadron 
colliders: the quark–gluon reaction, J. High Energy Phys. 01 (2013) 080, 
arXiv:1210.6832 [hep-ph].

[51] M. Czakon, P. Fiedler, A. Mitov, Total top-quark pair-production cross sec-
tion at hadron colliders through O(α4

S ), Phys. Rev. Lett. 110 (2013) 252004, 
arXiv:1303.6254 [hep-ph].

[52] M. Czakon, A. Mitov, Top++: a program for the calculation of the top-pair 
cross-section at hadron colliders, Comput. Phys. Commun. 185 (2014) 2930, 
arXiv:1112.5675 [hep-ph].

[53] B.P. Kersevan, E. Richter-Was, The Monte Carlo event generator AcerMC ver-
sions 2.0 to 3.8 with interfaces to PYTHIA 6.4, HERWIG 6.5 and ARIADNE 4.1, 
Comput. Phys. Commun. 184 (2013) 919–985, arXiv:hep-ph/0405247.

[54] 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].

[55] S. Alioli, et al., A general framework for implementing NLO calculations in 
shower Monte Carlo programs: the POWHEG BOX, J. High Energy Phys. 06 
(2010) 043, arXiv:1002.2581 [hep-ph].

[56] J.M. Campbell, R.K. Ellis, An update on vector boson pair production at hadron 
colliders, Phys. Rev. D 60 (1999) 113006, arXiv:hep-ph/9905386.

[57] ATLAS Collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 
(2010) 823–874, arXiv:1005.4568 [physics.ins-det].

[58] S. Agostinelli, et al., GEANT4: a simulation toolkit, Nucl. Instrum. Methods, 
Sect. A 506 (2003) 250–303.

[59] ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes, ATL-PHYS-PUB-
2012-003, ATL-COM-PHYS-2012-738, https://cds.cern.ch/record/1474107, 2012.

[60] 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].

[61] 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].

[62] W. Lampl, et al., Calorimeter clustering algorithms: description and perfor-
mance, ATL-LARG-PUB-2008-002, http://cds.cern.ch/record/1099735, 2008.

[63] C. Cojocaru, et al., Hadronic calibration of the ATLAS liquid argon end-cap 
calorimeter in the pseudorapidity region in beam tests, Nucl. Instrum. Meth-
ods, Sect. A 531 (2004) 481–514.

[64] ATLAS Collaboration, Jet energy measurement with the ATLAS detector in 
proton–proton collisions at √

s = 7 TeV, Eur. Phys. J. C 73 (2013) 2304, 
arXiv:1112.6426 [hep-ex].

[65] 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].

[66] ATLAS Collaboration, Performance of b-jet identification in the ATLAS experi-
ment, arXiv:1512.01094 [hep-ex], 2015.

[67] Y.L. Dokshitzer, et al., Better jet clustering algorithms, J. High Energy Phys. 08 
(1997) 001, arXiv:hep-ph/9707323.

[68] M. Wobisch, T. Wengler, Hadronization corrections to jet cross sections in 
deep-inelastic scattering, PITHA 99/16, http://arxiv.org/abs/hep-ph/9907280, 
1999.

[69] J.M. Butterworth, et al., Jet substructure as a new Higgs search channel at the 
LHC, Phys. Rev. Lett. 100 (2008) 242001, arXiv:0802.2470 [hep-ph].

http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4C616E653A32303032736Ds1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4C616E653A32303032736Ds1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4C616E653A32303032736Ds1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4569636874656E3A323030377378s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4569636874656E3A323030377378s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib53616E6E696E6F3A323030347170s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib53616E6E696E6F3A323030347170s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib42656C796165763A32303038796As1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib42656C796165763A32303038796As1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4167617368653A323030347273s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4167617368653A323030347273s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib476975646963653A323030376668s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib476975646963653A323030376668s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib41544C41533A32303134777261s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib41544C41533A32303134777261s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib41544C41533A32303134777261s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6861636861747279616E3A32303134747661s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6861636861747279616E3A32303134747661s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134706861s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134706861s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134706861s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6861636861747279616E3A32303134786A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6861636861747279616E3A32303134786A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6861636861747279616E3A32303134786A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134786B61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134786B61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134786B61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303135756661s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303135756661s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303135756661s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031356F7761s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031356F7761s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031356F7761s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib434D536A6574726566s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib434D536A6574726566s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib434D536A6574726566s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4144505332303037s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4144505332303037s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib41415332303038s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib41415332303038s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib415332303038s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib415332303038s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6861636861747279616E3A32303134676861s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6861636861747279616E3A32303134676861s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6861636861747279616E3A32303134676861s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031356B6E61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031356B6E61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031356B6E61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031336F6A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031336F6A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031336F6A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031336F6A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134766B61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134766B61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134766B61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib61746C61732D6465746563746F72s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib61746C61732D6465746563746F72s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib61746C61732D747269676765722D32303130s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib61746C61732D747269676765722D32303130s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib61746C61733A6C756D6932303131s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib61746C61733A6C756D6932303131s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib42656C796165763A323031327161s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib42656C796165763A323031327161s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib42656C796165763A323031327161s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib536A6F737472616E643A323030367A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib536A6F737472616E643A323030367A61s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib50756D706C696E3A323030327677s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib50756D706C696E3A323030327677s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib50756D706C696E3A323030327677s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4D617274696E3A323030396971s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4D617274696E3A323030396971s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib476C656973626572673A323030387461s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib476C656973626572673A323030387461s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4C61693A323031307676s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4C61693A323031307676s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4D616E67616E6F3A323030326561s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4D616E67616E6F3A323030326561s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib436174616E693A32303039736Ds1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib436174616E693A32303039736Ds1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib436174616E693A32303039736Ds1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib313132362D363730382D323030322D30362D303239s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib313132362D363730382D323030322D30362D303239s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib313132362D363730382D323030332D30382D303037s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib313132362D363730382D323030332D30382D303037s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib313132362D363730382D323030332D30382D303037s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib436F7263656C6C613A323030306277s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib436F7263656C6C613A323030306277s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib436F7263656C6C613A323030306277s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib427574746572776F7274683A313939367A77s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib427574746572776F7274683A313939367A77s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7031s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7031s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7031s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7032s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7032s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7032s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7033s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7033s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7033s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7034s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7034s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7034s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7035s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7035s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7035s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7036s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7036s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib622D746F7036s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6572736576616E3A323030347967s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6572736576616E3A323030347967s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6572736576616E3A323030347967s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib46726978696F6E653A323030377677s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib46726978696F6E653A323030377677s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib46726978696F6E653A323030377677s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib416C696F6C693A323031307864s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib416C696F6C693A323031307864s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib416C696F6C693A323031307864s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib43616D7062656C6C3A313939396168s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib43616D7062656C6C3A313939396168s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031306168s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031306168s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib41676F7374696E656C6C693A323030326868s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib41676F7374696E656C6C693A323030326868s1
https://cds.cern.ch/record/1474107
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134667861s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134667861s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134667861s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134727261s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134727261s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A32303134727261s1
http://cds.cern.ch/record/1099735
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib6C6377s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib6C6377s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib6C6377s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031316865s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031316865s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031316865s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib616E74696B74s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib616E74696B74s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib6274616767696E67s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib6274616767696E67s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib446F6B736869747A65723A31393937s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib446F6B736869747A65723A31393937s1
http://arxiv.org/abs/hep-ph/9907280
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib62647273s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib62647273s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4B6861636861747279616E3A32303134747661s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib61746C61733A6C756D6932303131s1


294 ATLAS Collaboration / Physics Letters B 755 (2016) 285–305

[70] M. Cacciari, G.P. Salam, G. Soyez, The catchment area of jets, J. High Energy 
Phys. 04 (2008) 005, arXiv:0802.1188 [hep-ph].

[71] ATLAS Collaboration, Performance of missing transverse momentum recon-
struction in proton–proton collisions at 7 TeV with ATLAS, Eur. Phys. J. C 72 
(2012) 1844, arXiv:1108.5602 [hep-ex].

[72] G. Cowan, et al., Asymptotic formulae for likelihood-based tests of new physics, 
Eur. Phys. J. C 71 (2011) 1554, arXiv:1007.1727 [physics.data-an];
G. Cowan, et al., Eur. Phys. J. C 73 (2013) 2501 (Erratum).

[73] A.L. Read, Presentation of search results: the CLs technique, J. Phys. G 28 (2002) 
2693–2704.

ATLAS Collaboration

G. Aad 85, B. Abbott 113, J. Abdallah 151, O. Abdinov 11, R. Aben 107, M. Abolins 90, O.S. AbouZeid 158, 
H. Abramowicz 153, H. Abreu 152, R. Abreu 116, Y. Abulaiti 146a,146b, B.S. Acharya 164a,164b,a, 
L. Adamczyk 38a, D.L. Adams 25, J. Adelman 108, S. Adomeit 100, T. Adye 131, A.A. Affolder 74, 
T. Agatonovic-Jovin 13, J. Agricola 54, J.A. Aguilar-Saavedra 126a,126f, S.P. Ahlen 22, F. Ahmadov 65,b, 
G. Aielli 133a,133b, H. Akerstedt 146a,146b, T.P.A. Åkesson 81, A.V. Akimov 96, G.L. Alberghi 20a,20b, 
J. Albert 169, S. Albrand 55, M.J. Alconada Verzini 71, M. Aleksa 30, I.N. Aleksandrov 65, C. Alexa 26b, 
G. Alexander 153, T. Alexopoulos 10, M. Alhroob 113, G. Alimonti 91a, L. Alio 85, J. Alison 31, S.P. Alkire 35, 
B.M.M. Allbrooke 149, P.P. Allport 18, A. Aloisio 104a,104b, A. Alonso 36, F. Alonso 71, C. Alpigiani 138, 
A. Altheimer 35, B. Alvarez Gonzalez 30, D. Álvarez Piqueras 167, M.G. Alviggi 104a,104b, B.T. Amadio 15, 
K. Amako 66, Y. Amaral Coutinho 24a, C. Amelung 23, D. Amidei 89, S.P. Amor Dos Santos 126a,126c, 
A. Amorim 126a,126b, S. Amoroso 48, N. Amram 153, G. Amundsen 23, C. Anastopoulos 139, L.S. Ancu 49, 
N. Andari 108, T. Andeen 35, C.F. Anders 58b, G. Anders 30, J.K. Anders 74, K.J. Anderson 31, 
A. Andreazza 91a,91b, V. Andrei 58a, S. Angelidakis 9, I. Angelozzi 107, P. Anger 44, A. Angerami 35, 
F. Anghinolfi 30, A.V. Anisenkov 109,c, N. Anjos 12, A. Annovi 124a,124b, M. Antonelli 47, A. Antonov 98, 
J. Antos 144b, F. Anulli 132a, M. Aoki 66, L. Aperio Bella 18, G. Arabidze 90, Y. Arai 66, J.P. Araque 126a, 
A.T.H. Arce 45, F.A. Arduh 71, J-F. Arguin 95, S. Argyropoulos 63, M. Arik 19a, A.J. Armbruster 30, O. Arnaez 30, 
H. Arnold 48, M. Arratia 28, O. Arslan 21, A. Artamonov 97, G. Artoni 23, S. Artz 83, S. Asai 155, N. Asbah 42, 
A. Ashkenazi 153, B. Åsman 146a,146b, L. Asquith 149, K. Assamagan 25, R. Astalos 144a, M. Atkinson 165, 
N.B. Atlay 141, K. Augsten 128, M. Aurousseau 145b, G. Avolio 30, B. Axen 15, M.K. Ayoub 117, G. Azuelos 95,d, 
M.A. Baak 30, A.E. Baas 58a, M.J. Baca 18, C. Bacci 134a,134b, H. Bachacou 136, K. Bachas 154, M. Backes 30, 
M. Backhaus 30, P. Bagiacchi 132a,132b, P. Bagnaia 132a,132b, Y. Bai 33a, T. Bain 35, J.T. Baines 131, 
O.K. Baker 176, E.M. Baldin 109,c, P. Balek 129, T. Balestri 148, F. Balli 84, W.K. Balunas 122, E. Banas 39, 
Sw. Banerjee 173,e, A.A.E. Bannoura 175, L. Barak 30, E.L. Barberio 88, D. Barberis 50a,50b, M. Barbero 85, 
T. Barillari 101, M. Barisonzi 164a,164b, T. Barklow 143, N. Barlow 28, S.L. Barnes 84, B.M. Barnett 131, 
R.M. Barnett 15, Z. Barnovska 5, A. Baroncelli 134a, G. Barone 23, A.J. Barr 120, F. Barreiro 82, 
J. Barreiro Guimarães da Costa 33a, R. Bartoldus 143, A.E. Barton 72, P. Bartos 144a, A. Basalaev 123, 
A. Bassalat 117, A. Basye 165, R.L. Bates 53, S.J. Batista 158, J.R. Batley 28, M. Battaglia 137, M. Bauce 132a,132b, 
F. Bauer 136, H.S. Bawa 143,f , J.B. Beacham 111, M.D. Beattie 72, T. Beau 80, P.H. Beauchemin 161, 
R. Beccherle 124a,124b, P. Bechtle 21, H.P. Beck 17,g , K. Becker 120, M. Becker 83, M. Beckingham 170, 
C. Becot 117, A.J. Beddall 19b, A. Beddall 19b, V.A. Bednyakov 65, C.P. Bee 148, L.J. Beemster 107, 
T.A. Beermann 30, M. Begel 25, J.K. Behr 120, C. Belanger-Champagne 87, W.H. Bell 49, G. Bella 153, 
L. Bellagamba 20a, A. Bellerive 29, M. Bellomo 86, K. Belotskiy 98, O. Beltramello 30, O. Benary 153, 
D. Benchekroun 135a, M. Bender 100, K. Bendtz 146a,146b, N. Benekos 10, Y. Benhammou 153, 
E. Benhar Noccioli 49, J.A. Benitez Garcia 159b, D.P. Benjamin 45, J.R. Bensinger 23, S. Bentvelsen 107, 
L. Beresford 120, M. Beretta 47, D. Berge 107, E. Bergeaas Kuutmann 166, N. Berger 5, F. Berghaus 169, 
J. Beringer 15, C. Bernard 22, N.R. Bernard 86, C. Bernius 110, F.U. Bernlochner 21, T. Berry 77, P. Berta 129, 
C. Bertella 83, G. Bertoli 146a,146b, F. Bertolucci 124a,124b, C. Bertsche 113, D. Bertsche 113, M.I. Besana 91a, 
G.J. Besjes 36, O. Bessidskaia Bylund 146a,146b, M. Bessner 42, N. Besson 136, C. Betancourt 48, S. Bethke 101, 
A.J. Bevan 76, W. Bhimji 15, R.M. Bianchi 125, L. Bianchini 23, M. Bianco 30, O. Biebel 100, D. Biedermann 16, 
N.V. Biesuz 124a,124b, M. Biglietti 134a, J. Bilbao De Mendizabal 49, H. Bilokon 47, M. Bindi 54, S. Binet 117, 
A. Bingul 19b, C. Bini 132a,132b, S. Biondi 20a,20b, D.M. Bjergaard 45, C.W. Black 150, J.E. Black 143, 
K.M. Black 22, D. Blackburn 138, R.E. Blair 6, J.-B. Blanchard 136, J.E. Blanco 77, T. Blazek 144a, I. Bloch 42, 
C. Blocker 23, W. Blum 83,∗, U. Blumenschein 54, S. Blunier 32a, G.J. Bobbink 107, V.S. Bobrovnikov 109,c, 
S.S. Bocchetta 81, A. Bocci 45, C. Bock 100, M. Boehler 48, J.A. Bogaerts 30, D. Bogavac 13, 
A.G. Bogdanchikov 109, C. Bohm 146a, V. Boisvert 77, T. Bold 38a, V. Boldea 26b, A.S. Boldyrev 99, 
M. Bomben 80, M. Bona 76, M. Boonekamp 136, A. Borisov 130, G. Borissov 72, S. Borroni 42, J. Bortfeldt 100, 
V. Bortolotto 60a,60b,60c, K. Bos 107, D. Boscherini 20a, M. Bosman 12, J. Boudreau 125, J. Bouffard 2, 

http://refhub.elsevier.com/S0370-2693(16)00111-8/bib43616363696172693A32303038676Es1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib43616363696172693A32303038676Es1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031327265s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031327265s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib4161643A323031327265s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib436F77616E3A323031306A73s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib436F77616E3A323031306A73s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib436F77616E3A323031306A73s2
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib526561643A323030326871s1
http://refhub.elsevier.com/S0370-2693(16)00111-8/bib526561643A323030326871s1


ATLAS Collaboration / Physics Letters B 755 (2016) 285–305 295

E.V. Bouhova-Thacker 72, D. Boumediene 34, C. Bourdarios 117, N. Bousson 114, S.K. Boutle 53, A. Boveia 30, 
J. Boyd 30, I.R. Boyko 65, I. Bozic 13, J. Bracinik 18, A. Brandt 8, G. Brandt 54, O. Brandt 58a, U. Bratzler 156, 
B. Brau 86, J.E. Brau 116, H.M. Braun 175,∗, W.D. Breaden Madden 53, K. Brendlinger 122, A.J. Brennan 88, 
L. Brenner 107, R. Brenner 166, S. Bressler 172, T.M. Bristow 46, D. Britton 53, D. Britzger 42, F.M. Brochu 28, 
I. Brock 21, R. Brock 90, J. Bronner 101, G. Brooijmans 35, T. Brooks 77, W.K. Brooks 32b, J. Brosamer 15, 
E. Brost 116, P.A. Bruckman de Renstrom 39, D. Bruncko 144b, R. Bruneliere 48, A. Bruni 20a, G. Bruni 20a, 
M. Bruschi 20a, N. Bruscino 21, L. Bryngemark 81, T. Buanes 14, Q. Buat 142, P. Buchholz 141, A.G. Buckley 53, 
I.A. Budagov 65, F. Buehrer 48, L. Bugge 119, M.K. Bugge 119, O. Bulekov 98, D. Bullock 8, H. Burckhart 30, 
S. Burdin 74, C.D. Burgard 48, B. Burghgrave 108, S. Burke 131, I. Burmeister 43, E. Busato 34, D. Büscher 48, 
V. Büscher 83, P. Bussey 53, J.M. Butler 22, A.I. Butt 3, C.M. Buttar 53, J.M. Butterworth 78, P. Butti 107, 
W. Buttinger 25, A. Buzatu 53, A.R. Buzykaev 109,c, S. Cabrera Urbán 167, D. Caforio 128, V.M. Cairo 37a,37b, 
O. Cakir 4a, N. Calace 49, P. Calafiura 15, A. Calandri 136, G. Calderini 80, P. Calfayan 100, L.P. Caloba 24a, 
D. Calvet 34, S. Calvet 34, R. Camacho Toro 31, S. Camarda 42, P. Camarri 133a,133b, D. Cameron 119, 
R. Caminal Armadans 165, S. Campana 30, M. Campanelli 78, A. Campoverde 148, V. Canale 104a,104b, 
A. Canepa 159a, M. Cano Bret 33e, J. Cantero 82, R. Cantrill 126a, T. Cao 40, M.D.M. Capeans Garrido 30, 
I. Caprini 26b, M. Caprini 26b, M. Capua 37a,37b, R. Caputo 83, R.M. Carbone 35, R. Cardarelli 133a, 
F. Cardillo 48, T. Carli 30, G. Carlino 104a, L. Carminati 91a,91b, S. Caron 106, E. Carquin 32a, 
G.D. Carrillo-Montoya 30, J.R. Carter 28, J. Carvalho 126a,126c, D. Casadei 78, M.P. Casado 12, M. Casolino 12, 
D.W. Casper 163, E. Castaneda-Miranda 145a, A. Castelli 107, V. Castillo Gimenez 167, N.F. Castro 126a,h, 
P. Catastini 57, A. Catinaccio 30, J.R. Catmore 119, A. Cattai 30, J. Caudron 83, V. Cavaliere 165, D. Cavalli 91a, 
M. Cavalli-Sforza 12, V. Cavasinni 124a,124b, F. Ceradini 134a,134b, L. Cerda Alberich 167, B.C. Cerio 45, 
K. Cerny 129, A.S. Cerqueira 24b, A. Cerri 149, L. Cerrito 76, F. Cerutti 15, M. Cerv 30, A. Cervelli 17, 
S.A. Cetin 19c, A. Chafaq 135a, D. Chakraborty 108, I. Chalupkova 129, Y.L. Chan 60a, P. Chang 165, 
J.D. Chapman 28, D.G. Charlton 18, C.C. Chau 158, C.A. Chavez Barajas 149, S. Cheatham 152, 
A. Chegwidden 90, S. Chekanov 6, S.V. Chekulaev 159a, G.A. Chelkov 65,i, M.A. Chelstowska 89, C. Chen 64, 
H. Chen 25, K. Chen 148, L. Chen 33d,j, S. Chen 33c, S. Chen 155, X. Chen 33f, Y. Chen 67, H.C. Cheng 89, 
Y. Cheng 31, A. Cheplakov 65, E. Cheremushkina 130, R. Cherkaoui El Moursli 135e, V. Chernyatin 25,∗, 
E. Cheu 7, L. Chevalier 136, V. Chiarella 47, G. Chiarelli 124a,124b, G. Chiodini 73a, A.S. Chisholm 18, 
R.T. Chislett 78, A. Chitan 26b, M.V. Chizhov 65, K. Choi 61, S. Chouridou 9, B.K.B. Chow 100, 
V. Christodoulou 78, D. Chromek-Burckhart 30, J. Chudoba 127, A.J. Chuinard 87, J.J. Chwastowski 39, 
L. Chytka 115, G. Ciapetti 132a,132b, A.K. Ciftci 4a, D. Cinca 53, V. Cindro 75, I.A. Cioara 21, A. Ciocio 15, 
F. Cirotto 104a,104b, Z.H. Citron 172, M. Ciubancan 26b, A. Clark 49, B.L. Clark 57, P.J. Clark 46, R.N. Clarke 15, 
C. Clement 146a,146b, Y. Coadou 85, M. Cobal 164a,164c, A. Coccaro 49, J. Cochran 64, L. Coffey 23, 
J.G. Cogan 143, L. Colasurdo 106, B. Cole 35, S. Cole 108, A.P. Colijn 107, J. Collot 55, T. Colombo 58c, 
G. Compostella 101, P. Conde Muiño 126a,126b, E. Coniavitis 48, S.H. Connell 145b, I.A. Connelly 77, 
V. Consorti 48, S. Constantinescu 26b, C. Conta 121a,121b, G. Conti 30, F. Conventi 104a,k, M. Cooke 15, 
B.D. Cooper 78, A.M. Cooper-Sarkar 120, T. Cornelissen 175, M. Corradi 132a,132b, F. Corriveau 87,l, 
A. Corso-Radu 163, A. Cortes-Gonzalez 12, G. Cortiana 101, G. Costa 91a, M.J. Costa 167, D. Costanzo 139, 
D. Côté 8, G. Cottin 28, G. Cowan 77, B.E. Cox 84, K. Cranmer 110, G. Cree 29, S. Crépé-Renaudin 55, 
F. Crescioli 80, W.A. Cribbs 146a,146b, M. Crispin Ortuzar 120, M. Cristinziani 21, V. Croft 106, 
G. Crosetti 37a,37b, T. Cuhadar Donszelmann 139, J. Cummings 176, M. Curatolo 47, J. Cúth 83, 
C. Cuthbert 150, H. Czirr 141, P. Czodrowski 3, S. D’Auria 53, M. D’Onofrio 74, 
M.J. Da Cunha Sargedas De Sousa 126a,126b, C. Da Via 84, W. Dabrowski 38a, A. Dafinca 120, T. Dai 89, 
O. Dale 14, F. Dallaire 95, C. Dallapiccola 86, M. Dam 36, J.R. Dandoy 31, N.P. Dang 48, A.C. Daniells 18, 
M. Danninger 168, M. Dano Hoffmann 136, V. Dao 48, G. Darbo 50a, S. Darmora 8, J. Dassoulas 3, 
A. Dattagupta 61, W. Davey 21, C. David 169, T. Davidek 129, E. Davies 120,m, M. Davies 153, P. Davison 78, 
Y. Davygora 58a, E. Dawe 88, I. Dawson 139, R.K. Daya-Ishmukhametova 86, K. De 8, R. de Asmundis 104a, 
A. De Benedetti 113, S. De Castro 20a,20b, S. De Cecco 80, N. De Groot 106, P. de Jong 107, H. De la Torre 82, 
F. De Lorenzi 64, D. De Pedis 132a, A. De Salvo 132a, U. De Sanctis 149, A. De Santo 149, 
J.B. De Vivie De Regie 117, W.J. Dearnaley 72, R. Debbe 25, C. Debenedetti 137, D.V. Dedovich 65, 
I. Deigaard 107, J. Del Peso 82, T. Del Prete 124a,124b, D. Delgove 117, F. Deliot 136, C.M. Delitzsch 49, 
M. Deliyergiyev 75, A. Dell’Acqua 30, L. Dell’Asta 22, M. Dell’Orso 124a,124b, M. Della Pietra 104a,k, 



296 ATLAS Collaboration / Physics Letters B 755 (2016) 285–305

D. della Volpe 49, M. Delmastro 5, P.A. Delsart 55, C. Deluca 107, D.A. DeMarco 158, S. Demers 176, 
M. Demichev 65, A. Demilly 80, S.P. Denisov 130, D. Derendarz 39, J.E. Derkaoui 135d, F. Derue 80, 
P. Dervan 74, K. Desch 21, C. Deterre 42, K. Dette 43, P.O. Deviveiros 30, A. Dewhurst 131, S. Dhaliwal 23, 
A. Di Ciaccio 133a,133b, L. Di Ciaccio 5, A. Di Domenico 132a,132b, C. Di Donato 132a,132b, A. Di Girolamo 30, 
B. Di Girolamo 30, A. Di Mattia 152, B. Di Micco 134a,134b, R. Di Nardo 47, A. Di Simone 48, R. Di Sipio 158, 
D. Di Valentino 29, C. Diaconu 85, M. Diamond 158, F.A. Dias 46, M.A. Diaz 32a, E.B. Diehl 89, J. Dietrich 16, 
S. Diglio 85, A. Dimitrievska 13, J. Dingfelder 21, P. Dita 26b, S. Dita 26b, F. Dittus 30, F. Djama 85, 
T. Djobava 51b, J.I. Djuvsland 58a, M.A.B. do Vale 24c, D. Dobos 30, M. Dobre 26b, C. Doglioni 81, 
T. Dohmae 155, J. Dolejsi 129, Z. Dolezal 129, B.A. Dolgoshein 98,∗, M. Donadelli 24d, S. Donati 124a,124b, 
P. Dondero 121a,121b, J. Donini 34, J. Dopke 131, A. Doria 104a, M.T. Dova 71, A.T. Doyle 53, E. Drechsler 54, 
M. Dris 10, Y. Du 33d, E. Dubreuil 34, E. Duchovni 172, G. Duckeck 100, O.A. Ducu 26b,85, D. Duda 107, 
A. Dudarev 30, L. Duflot 117, L. Duguid 77, M. Dührssen 30, M. Dunford 58a, H. Duran Yildiz 4a, M. Düren 52, 
A. Durglishvili 51b, D. Duschinger 44, B. Dutta 42, M. Dyndal 38a, C. Eckardt 42, K.M. Ecker 101, R.C. Edgar 89, 
W. Edson 2, N.C. Edwards 46, W. Ehrenfeld 21, T. Eifert 30, G. Eigen 14, K. Einsweiler 15, T. Ekelof 166, 
M. El Kacimi 135c, M. Ellert 166, S. Elles 5, F. Ellinghaus 175, A.A. Elliot 169, N. Ellis 30, J. Elmsheuser 100, 
M. Elsing 30, D. Emeliyanov 131, Y. Enari 155, O.C. Endner 83, M. Endo 118, J. Erdmann 43, A. Ereditato 17, 
G. Ernis 175, J. Ernst 2, M. Ernst 25, S. Errede 165, E. Ertel 83, M. Escalier 117, H. Esch 43, C. Escobar 125, 
B. Esposito 47, A.I. Etienvre 136, E. Etzion 153, H. Evans 61, A. Ezhilov 123, L. Fabbri 20a,20b, G. Facini 31, 
R.M. Fakhrutdinov 130, S. Falciano 132a, R.J. Falla 78, J. Faltova 129, Y. Fang 33a, M. Fanti 91a,91b, A. Farbin 8, 
A. Farilla 134a, T. Farooque 12, S. Farrell 15, S.M. Farrington 170, P. Farthouat 30, F. Fassi 135e, P. Fassnacht 30, 
D. Fassouliotis 9, M. Faucci Giannelli 77, A. Favareto 50a,50b, L. Fayard 117, O.L. Fedin 123,n, W. Fedorko 168, 
S. Feigl 30, L. Feligioni 85, C. Feng 33d, E.J. Feng 30, H. Feng 89, A.B. Fenyuk 130, L. Feremenga 8, 
P. Fernandez Martinez 167, S. Fernandez Perez 30, J. Ferrando 53, A. Ferrari 166, P. Ferrari 107, R. Ferrari 121a, 
D.E. Ferreira de Lima 53, A. Ferrer 167, D. Ferrere 49, C. Ferretti 89, A. Ferretto Parodi 50a,50b, M. Fiascaris 31, 
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J. Jejelava 51a,u, G.-Y. Jeng 150, D. Jennens 88, P. Jenni 48,v, J. Jentzsch 43, C. Jeske 170, S. Jézéquel 5, H. Ji 173, 
J. Jia 148, Y. Jiang 33b, S. Jiggins 78, J. Jimenez Pena 167, S. Jin 33a, A. Jinaru 26b, O. Jinnouchi 157, 
M.D. Joergensen 36, P. Johansson 139, K.A. Johns 7, W.J. Johnson 138, K. Jon-And 146a,146b, G. Jones 170, 
R.W.L. Jones 72, T.J. Jones 74, J. Jongmanns 58a, P.M. Jorge 126a,126b, K.D. Joshi 84, J. Jovicevic 159a, X. Ju 173, 
A. Juste Rozas 12,q, M. Kaci 167, A. Kaczmarska 39, M. Kado 117, H. Kagan 111, M. Kagan 143, S.J. Kahn 85, 
E. Kajomovitz 45, C.W. Kalderon 120, A. Kaluza 83, S. Kama 40, A. Kamenshchikov 130, N. Kanaya 155, 
S. Kaneti 28, V.A. Kantserov 98, J. Kanzaki 66, B. Kaplan 110, L.S. Kaplan 173, A. Kapliy 31, D. Kar 145c, 
K. Karakostas 10, A. Karamaoun 3, N. Karastathis 10,107, M.J. Kareem 54, E. Karentzos 10, M. Karnevskiy 83, 
S.N. Karpov 65, Z.M. Karpova 65, K. Karthik 110, V. Kartvelishvili 72, A.N. Karyukhin 130, K. Kasahara 160, 
L. Kashif 173, R.D. Kass 111, A. Kastanas 14, Y. Kataoka 155, C. Kato 155, A. Katre 49, J. Katzy 42, K. Kawade 103, 
K. Kawagoe 70, T. Kawamoto 155, G. Kawamura 54, S. Kazama 155, V.F. Kazanin 109,c, R. Keeler 169, 
R. Kehoe 40, J.S. Keller 42, J.J. Kempster 77, H. Keoshkerian 84, O. Kepka 127, B.P. Kerševan 75, S. Kersten 175, 
R.A. Keyes 87, F. Khalil-zada 11, H. Khandanyan 146a,146b, A. Khanov 114, A.G. Kharlamov 109,c, T.J. Khoo 28, 
V. Khovanskiy 97, E. Khramov 65, J. Khubua 51b,w, S. Kido 67, H.Y. Kim 8, S.H. Kim 160, Y.K. Kim 31, 
N. Kimura 154, O.M. Kind 16, B.T. King 74, M. King 167, S.B. King 168, J. Kirk 131, A.E. Kiryunin 101, 
T. Kishimoto 67, D. Kisielewska 38a, F. Kiss 48, K. Kiuchi 160, O. Kivernyk 136, E. Kladiva 144b, M.H. Klein 35, 
M. Klein 74, U. Klein 74, K. Kleinknecht 83, P. Klimek 146a,146b, A. Klimentov 25, R. Klingenberg 43, 
J.A. Klinger 139, T. Klioutchnikova 30, E.-E. Kluge 58a, P. Kluit 107, S. Kluth 101, J. Knapik 39, E. Kneringer 62, 



298 ATLAS Collaboration / Physics Letters B 755 (2016) 285–305

E.B.F.G. Knoops 85, A. Knue 53, A. Kobayashi 155, D. Kobayashi 157, T. Kobayashi 155, M. Kobel 44, 
M. Kocian 143, P. Kodys 129, T. Koffas 29, E. Koffeman 107, L.A. Kogan 120, S. Kohlmann 175, Z. Kohout 128, 
T. Kohriki 66, T. Koi 143, H. Kolanoski 16, M. Kolb 58b, I. Koletsou 5, A.A. Komar 96,∗, Y. Komori 155, 
T. Kondo 66, N. Kondrashova 42, K. Köneke 48, A.C. König 106, T. Kono 66, R. Konoplich 110,x, 
N. Konstantinidis 78, R. Kopeliansky 152, S. Koperny 38a, L. Köpke 83, A.K. Kopp 48, K. Korcyl 39, 
K. Kordas 154, A. Korn 78, A.A. Korol 109,c, I. Korolkov 12, E.V. Korolkova 139, O. Kortner 101, S. Kortner 101, 
T. Kosek 129, V.V. Kostyukhin 21, V.M. Kotov 65, A. Kotwal 45, A. Kourkoumeli-Charalampidi 154, 
C. Kourkoumelis 9, V. Kouskoura 25, A. Koutsman 159a, R. Kowalewski 169, T.Z. Kowalski 38a, 
W. Kozanecki 136, A.S. Kozhin 130, V.A. Kramarenko 99, G. Kramberger 75, D. Krasnopevtsev 98, 
M.W. Krasny 80, A. Krasznahorkay 30, J.K. Kraus 21, A. Kravchenko 25, S. Kreiss 110, M. Kretz 58c, 
J. Kretzschmar 74, K. Kreutzfeldt 52, P. Krieger 158, K. Krizka 31, K. Kroeninger 43, H. Kroha 101, J. Kroll 122, 
J. Kroseberg 21, J. Krstic 13, U. Kruchonak 65, H. Krüger 21, N. Krumnack 64, A. Kruse 173, M.C. Kruse 45, 
M. Kruskal 22, T. Kubota 88, H. Kucuk 78, S. Kuday 4b, S. Kuehn 48, A. Kugel 58c, F. Kuger 174, A. Kuhl 137, 
T. Kuhl 42, V. Kukhtin 65, R. Kukla 136, Y. Kulchitsky 92, S. Kuleshov 32b, M. Kuna 132a,132b, T. Kunigo 68, 
A. Kupco 127, H. Kurashige 67, Y.A. Kurochkin 92, V. Kus 127, E.S. Kuwertz 169, M. Kuze 157, J. Kvita 115, 
T. Kwan 169, D. Kyriazopoulos 139, A. La Rosa 137, J.L. La Rosa Navarro 24d, L. La Rotonda 37a,37b, 
C. Lacasta 167, F. Lacava 132a,132b, J. Lacey 29, H. Lacker 16, D. Lacour 80, V.R. Lacuesta 167, E. Ladygin 65, 
R. Lafaye 5, B. Laforge 80, T. Lagouri 176, S. Lai 54, L. Lambourne 78, S. Lammers 61, C.L. Lampen 7, 
W. Lampl 7, E. Lançon 136, U. Landgraf 48, M.P.J. Landon 76, V.S. Lang 58a, J.C. Lange 12, A.J. Lankford 163, 
F. Lanni 25, K. Lantzsch 21, A. Lanza 121a, S. Laplace 80, C. Lapoire 30, J.F. Laporte 136, T. Lari 91a, 
F. Lasagni Manghi 20a,20b, M. Lassnig 30, P. Laurelli 47, W. Lavrijsen 15, A.T. Law 137, P. Laycock 74, 
T. Lazovich 57, O. Le Dortz 80, E. Le Guirriec 85, E. Le Menedeu 12, M. LeBlanc 169, T. LeCompte 6, 
F. Ledroit-Guillon 55, C.A. Lee 145a, S.C. Lee 151, L. Lee 1, G. Lefebvre 80, M. Lefebvre 169, F. Legger 100, 
C. Leggett 15, A. Lehan 74, G. Lehmann Miotto 30, X. Lei 7, W.A. Leight 29, A. Leisos 154,y, A.G. Leister 176, 
M.A.L. Leite 24d, R. Leitner 129, D. Lellouch 172, B. Lemmer 54, K.J.C. Leney 78, T. Lenz 21, B. Lenzi 30, 
R. Leone 7, S. Leone 124a,124b, C. Leonidopoulos 46, S. Leontsinis 10, C. Leroy 95, C.G. Lester 28, 
M. Levchenko 123, J. Levêque 5, D. Levin 89, L.J. Levinson 172, M. Levy 18, A. Lewis 120, A.M. Leyko 21, 
M. Leyton 41, B. Li 33b,z, H. Li 148, H.L. Li 31, L. Li 45, L. Li 33e, S. Li 45, X. Li 84, Y. Li 33c,aa, Z. Liang 137, 
H. Liao 34, B. Liberti 133a, A. Liblong 158, P. Lichard 30, K. Lie 165, J. Liebal 21, W. Liebig 14, C. Limbach 21, 
A. Limosani 150, S.C. Lin 151,ab, T.H. Lin 83, F. Linde 107, B.E. Lindquist 148, J.T. Linnemann 90, E. Lipeles 122, 
A. Lipniacka 14, M. Lisovyi 58b, T.M. Liss 165, D. Lissauer 25, A. Lister 168, A.M. Litke 137, B. Liu 151,ac, 
D. Liu 151, H. Liu 89, J. Liu 85, J.B. Liu 33b, K. Liu 85, L. Liu 165, M. Liu 45, M. Liu 33b, Y. Liu 33b, 
M. Livan 121a,121b, A. Lleres 55, J. Llorente Merino 82, S.L. Lloyd 76, F. Lo Sterzo 151, E. Lobodzinska 42, 
P. Loch 7, W.S. Lockman 137, F.K. Loebinger 84, A.E. Loevschall-Jensen 36, K.M. Loew 23, A. Loginov 176, 
T. Lohse 16, K. Lohwasser 42, M. Lokajicek 127, B.A. Long 22, J.D. Long 165, R.E. Long 72, K.A. Looper 111, 
L. Lopes 126a, D. Lopez Mateos 57, B. Lopez Paredes 139, I. Lopez Paz 12, J. Lorenz 100, 
N. Lorenzo Martinez 61, M. Losada 162, P.J. Lösel 100, X. Lou 33a, A. Lounis 117, J. Love 6, P.A. Love 72, 
H. Lu 60a, N. Lu 89, H.J. Lubatti 138, C. Luci 132a,132b, A. Lucotte 55, C. Luedtke 48, F. Luehring 61, W. Lukas 62, 
L. Luminari 132a, O. Lundberg 146a,146b, B. Lund-Jensen 147, D. Lynn 25, R. Lysak 127, E. Lytken 81, H. Ma 25, 
L.L. Ma 33d, G. Maccarrone 47, A. Macchiolo 101, C.M. Macdonald 139, B. Maček 75, 
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