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A search for a heavy resonance decaying into W Z in the fully leptonic channel (electrons and muons) is 
performed. It is based on proton–proton collision data collected by the ATLAS experiment at the Large 
Hadron Collider at a centre-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 
36.1 fb−1. No significant excess is observed over the Standard Model predictions and limits are set on 
the production cross section times branching ratio of a heavy vector particle produced either in quark–
antiquark fusion or through vector-boson fusion. Constraints are also obtained on the mass and couplings 
of a singly charged Higgs boson, in the Georgi–Machacek model, produced through vector-boson fusion.
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1. Introduction

Searches for diboson resonances provide an essential test of 
theories of electroweak symmetry breaking beyond the Standard 
Model (BSM). Vector resonances are predicted in various BSM sce-
narios, such as in extended gauge models [1,2], Little Higgs mod-
els [3], Composite Higgs models and walking technicolor [4–6], 
unitarized Electroweak Chiral Lagrangian models [7], as well as 
in theories with extra dimensions [8–10]. In addition, new scalar 
diboson resonances result from models with an extended Higgs 
sector [11,12]. This Letter reports on a search for a W Z resonance 
in the fully leptonic decay channel �ν �� (� = e or μ), produced 
either by quark–antiquark (qq̄) fusion or by vector-boson fusion 
(VBF). The proton–proton collision data were collected by the AT-
LAS detector [13] at the Large Hadron Collider (LHC) at a centre-
of-mass energy 

√
s = 13 TeV.

Parameterized Lagrangians [14–16] incorporating a heavy vec-
tor triplet (HVT) permit the interpretation of searches for vector 
resonances in a generic way. Here, the simplified phenomenologi-
cal Lagrangian of Ref. [15] is used. The coupling of the new heavy 
vector resonance, V , to the Higgs boson and the Standard Model 
(SM) gauge bosons is parameterized by gV cH and to the fermions 
via the combination (g2/gV )cF , where g is the SM SU(2) gauge 
coupling. The parameter gV represents the typical strength of the 
vector-boson interaction, while the parameters cH and cF are ex-
pected to be of the order of unity in most models. The vector-
boson scattering process, pp → V jj → W Z jj, is only sensitive to 
the gauge boson coupling and, in this case, the benchmark model 
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used to interpret the results assumes no coupling of the heavy vec-
tor resonance to fermions.

The Georgi–Machacek model (GM) [17,18] is used as a bench-
mark for a singly charged scalar resonance. The model extends 
the Higgs sector by including one real and one complex triplet, 
while preserving custodial symmetry, ensuring that the parame-
ter ρ = M2

W /(M2
Z cos2 θW ) = 1 at tree level. It is less experimen-

tally constrained [19,20] than other models with higher isospin 
representations, such as Little Higgs models or Left–Right sym-
metric models [21]. A parameter sin θH , representing the mixing 
of the vacuum expectation values, determines the contribution of 
the triplets to the masses of the W and Z bosons. The ten physi-
cal scalar states are organized into different custodial multiplets: a 
fiveplet (H++

5 , H+
5 , H0

5, H−
5 , H−−

5 ) which is fermiophobic but cou-
ples to W Z , a triplet, and two singlets, one of which is identified 
as the 125 GeV SM Higgs boson. Assuming that the triplet states 
are heavier than the fiveplet scalars, H5 can only be produced by 
vector-boson fusion and the cross section is proportional to sin2 θH . 
The singly charged members of this fiveplet are the object of the 
present search in the VBF channel. For both models the intrinsic 
width of the resonance is below 4%, which is lower than the ex-
perimental resolution in nearly all the parameter space explored in 
the present analysis.

The VBF process (pp → W Z jj) is characterized by the presence 
of two jets with a large rapidity gap resulting from quarks from 
which a vector boson has been radiated. The absence of this topol-
ogy is interpreted as qq̄ production, collectively referred to here as 
qq̄. The spectrum of the reconstructed invariant mass of the W Z
resonance candidates is examined for localized excesses over the 
expected SM background. Results are provided for the VBF and qq̄
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categories separately, neglecting possible signal leakage between 
them.

Early results from the Tevatron [22,23] have put limits on the 
mass of a W ′ boson of an extended gauge model [2] in the 
W Z channel between 180 GeV and 690 GeV. The present analy-
sis extends the search for resonant W Z production beyond that 
in Run 1 pp collision data at 

√
s = 8 TeV performed by the 

ATLAS [24] and CMS [25] collaborations. Each collaboration has 
combined results [26–28] from searches for heavy V V and V H
resonances (V = W or Z ) based on Run 1 data and on partial 
Run 2 data at 

√
s = 13 TeV in the fully hadronic (qqqq), semilep-

tonic (�νqq, ��qq, ννqq), and fully leptonic (����, �ν��, ��νν) final 
states. More recent results from V V and V H resonance searches 
with data at 

√
s = 13 TeV have been reported in Refs. [29–38]. 

The various decay channels generally differ in sensitivity in differ-
ent mass regions. The fully leptonic channel, in spite of a lower 
branching ratio, is expected to be particularly sensitive to low-
mass resonances as it has lower backgrounds. A recent search [39]
by the CMS Collaboration for a charged Higgs boson produced 
by vector-boson fusion and decaying into W Z in the fully lep-
tonic mode, using 15.2 fb−1 of data collected at 

√
s = 13 TeV, has 

yielded limits on the coupling parameter of the GM model, as a 
function of mass. Limits on the GM model have also been set, 
based on analyses of same-charge W W production by CMS [40]
and opposite-charge W W production by ATLAS [41], using data at √

s = 13 TeV with an integrated luminosity of 36.1 fb−1.

2. ATLAS detector

The ATLAS detector at the LHC has a cylindrical geometry with 
a near 4π coverage in solid angle.1 The inner detector (ID), con-
sisting of silicon pixel, silicon microstrip and transition radiation 
detectors, is surrounded by a thin superconducting solenoid pro-
viding a 2 T axial magnetic field. It allows precise reconstruction of 
tracks from charged particles and measurement of their momenta 
up to a pseudorapidity of |η| = 2.5. High-granularity lead/liquid-
argon (LAr) sampling electromagnetic and steel/scintillator-tile 
hadron calorimeters, at larger radius, provide energy measure-
ments in the central pseudorapidity range |η| < 1.7. In the end-
cap and forward regions, LAr calorimeters for both the EM and 
hadronic energy measurements extend the region of angular ac-
ceptance up to |η| = 4.9. Outside the calorimeters, the muon 
spectrometer incorporates multiple layers of trigger and tracking 
chambers in a magnetic field produced by a system of supercon-
ducting toroid magnets, enabling an independent precise measure-
ment of muon track momenta for |η| < 2.7. The ATLAS trigger 
system consists of a hardware-based level-1 trigger followed by a 
software-based high-level trigger [42].

3. Data and Monte Carlo samples

The data used in this analysis were collected during 2015 and 
2016 with the ATLAS detector in pp collisions at a centre-of-mass 
energy of 13 TeV at the LHC. The minimum bunch crossing in-
terval is 25 ns, with a mean number of 23 additional interactions 
per bunch crossing. The events are required to have passed combi-
nations of single-electron or single-muon triggers. The transverse 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction 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 upwards. 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). Angular distance is measured in units of 

R ≡ √

(
η)2 + (
φ)2.

momentum threshold of the leptons in 2015 is 24 GeV for elec-
trons and 20 GeV for muons satisfying a loose isolation require-
ment based only on ID track information. Due to the higher instan-
taneous luminosity in 2016 the trigger threshold was increased to 
26 GeV for both electrons and muons and tighter isolation require-
ments were applied. Additional electron and muon triggers that 
do not include any isolation requirements with transverse momen-
tum thresholds of pT = 60 GeV and 50 GeV, and a single-electron 
trigger requiring pT > 120 GeV with less restrictive electron iden-
tification criteria are used to increase the selection efficiency which 
reaches close to 100%. Events are accepted only if quality criteria 
for detector and data conditions are satisfied. With these condi-
tions, the available datasets correspond to an integrated luminosity 
of 36.1 fb−1.

Samples of simulated data were produced by Monte Carlo 
(MC) generators with the detector response obtained from the 
Geant4 toolkit [43,44]. For some samples, the calorimeter response 
is obtained from a fast parameterized simulation [45], instead 
of Geant4. Additional simulated inelastic pp collisions, generated 
with Pythia 8.186 [46] with the A2 set of tuned parameters [47]
and the MSTW2008LO [48] parton distribution function (PDF), 
were overlaid in order to model both the in- and out-of-time ef-
fects from additional pp collisions (pile-up) in the same and neigh-
bouring bunch crossings. The mean number of pile-up events in 
the MC samples was set to reflect the conditions in the data.

For the HVT interpretation, W ′ → W Z samples were gener-
ated. Two benchmark models, provided in Ref. [15], are used. In 
Model A, weakly coupled vector resonances arise from an exten-
sion of the SM gauge group [49] with an additional SU(2) sym-
metry group and the branching fractions to fermions and gauge 
bosons are comparable. In Model B, the heavy vector triplet is 
produced in a strongly coupled scenario, as in a Composite Higgs 
model [50] and fermionic couplings are suppressed. The parame-
ter gV was set to 1 for Model A and to 3 for Model B. For both 
models, the parameter cF is assumed to be the same for all types 
of fermions. Simulated signal samples for the HVT benchmark 
Model A were generated for masses of vector resonances ranging 
from 250 GeV to 3 TeV with MadGraph_aMC@NLO 2.2.2 [51], us-
ing the model file provided by the authors in Ref. [52] with the 
NNPDF23LO [53] PDF set. They are hadronized with Pythia 8.186. 
For interpretation in terms of Model B, the Model A cross sections 
are simply scaled. This is justified since the width remains well be-
low the experimental resolution and the angular distributions are 
the same for both models.

For the VBF production channel, HVT samples were generated 
with gV = 1 for masses ranging from 250 GeV to 2 TeV. The cou-
pling parameter cH was set to 1 and all other couplings of the 
heavy triplet, including cF , were set to 0 in order to maximize the 
VBF contribution. A dijet invariant mass of at least 150 GeV was 
required during event generation.

For the GM signal samples, pp → H±
5 j j → W ± Z j j were pro-

duced with MadGraph_aMC@NLO 2.2.2 for the mass range 200 to 
900 GeV in the H5-plane defined in [54], compatible with present 
limits [20,55], using GMCALC [56] and with sin θH = 0.5. They 
were produced at leading order, but normalized to next-to-leading 
order according to Ref. [11], where the cross sections and widths, 
which scale as sin2 θH , are also given. For these samples, a min-
imum pT of 15 GeV (10 GeV) for the jets (leptons) was required 
during event generation and the pseudorapidity must be in the 
range |η| < 5 for jets and |η| < 2.7 for leptons.

The background sources in this analysis include processes with 
two or more electroweak gauge bosons, namely V V and V V V as 
well as processes with top quarks, such as tt̄ , tt̄V , single top and 
t Z , and processes with gauge bosons produced in association with 
jets or photons (Z + j and Zγ ). MC simulation is used to estimate 
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the contribution from background processes with three or more 
prompt leptons while data-driven techniques are used for the case 
of background processes with at least one misidentified or non-
prompt lepton. Simulated events are used for cross checks and to 
assess the systematic uncertainties in these backgrounds.

The dominant W Z SM background process of order (α2α2
s ) in-

volving colour-exchange diagrams, here referred to as QCD W Z , 
was modelled using Sherpa 2.2.2 [57] at next-to-leading order 
(NLO), and includes hard-scattering, parton shower, hadronization 
and the underlying events. Up to three additional partons gener-
ated at tree level were merged with the parton shower. In order to 
estimate an uncertainty due to the parton shower modelling, two 
alternative W Z samples were produced using Powheg-Box v2 [58]
interfaced with Pythia 8.186 and Herwig++ [59], respectively. 
A sample of the purely electroweak process W Z jj → �ν �� j j (la-
belled W Z jj) with a matrix-element b-quark veto (at zero order 
in αs) was generated separately with Sherpa 2.2.2. Contributions 
from W Z jb → �ν �� bj (labelled W Zbj) are included in the t Z
sample described below. To estimate an uncertainty due to the 
parton shower modelling an alternative Madgraph+Pythia 8 sam-
ple was produced. This Madgraph sample includes b-quarks in the 
initial state and was split to provide a sample without (with) a 
b-quark in the final state to model the W Z jj (t Z + W Zbj) back-
ground.

Samples of qq̄ → Z Z → 4� or qq̄ → Z Z → �� νν were gener-
ated by Powheg-Box v2 at NLO, interfaced to Pythia 8.186 and 
normalized to NNLO by K -factors evaluated in Ref. [60]. The gg →
Z Z and tribosons were generated with Sherpa 2.1.1. The tt̄V and 
t Z processes were generated at LO using Madgraph_aMC@NLO, in-
terfaced with Pythia 8.186 (tt̄V ) and Pythia 6.428 (t Z ). The tt̄V
samples were normalized to NLO predictions [11].

Finally samples of SM backgrounds with at least one misiden-
tified or non-prompt lepton, including Zγ , W γ , Drell–Yan Z →
��, W → �ν as well as top-pair and single-top were gener-
ated to assist in the fake/non-prompt lepton background estimate. 
Events with Zγ and W γ in the final state were generated with
Sherpa 2.1.1. Drell–Yan Z → ��, W → �ν as well as top-pair and 
single-top production channels were generated with Powheg-Box 
v2 and hadronized with Pythia. To avoid double counting the Zγ
events, Z events produced by the Drell–Yan process with a photon 
from final-state radiation with pT > 10 GeV were removed. The 
parton shower for processes with top quarks was modelled with
Pythia 6.428. Madgraph_aMC@NLO and Pythia 8.186 were used 
for background processes involving a pair of top quarks accompa-
nied by a W boson or by a pair of charged leptons. The Z and 
single-top cross sections were normalized to NNLO by K -factors 
evaluated in Ref. [60,61].

SM backgrounds with Higgs bosons (H, tt̄H, V H) contribute 
less than 0.1% of the total background because of the low cross 
section and the requirement of a well reconstructed Z boson de-
caying leptonically. These backgrounds are neglected.

4. Reconstructed objects

Events are required to have at least one primary vertex with 
at least two associated tracks, each with transverse momentum 
pT > 0.4 GeV. If there is more than one vertex reconstructed in 
the event, the one with the largest track 

∑
p2

T is chosen as the 
hard-scatter primary vertex and is subsequently used for the re-
construction of electrons, muons, jets and missing transverse mo-
mentum.

Electron candidates are reconstructed from energy deposits in 
the EM calorimeter which are matched to a well-reconstructed 
ID track originating from the primary vertex. The electron iden-
tification is based on a likelihood evaluated from a multivariate 

discriminant. They are categorized as satisfying the medium or the 
tight reconstruction quality requirements, as defined in Ref. [62]. 
Only electrons with transverse energy ET > 25 GeV in the pseudo-
rapidity range |η| < 2.47 are considered in this analysis. The candi-
date electrons are required to pass an isolation condition: an upper 
value of the scalar sum of the transverse momentum of the tracks 
with pT > 0.4 GeV in a cone of size 
R = min(0.2, 10 GeV/ET)

around the electron, excluding the track of the electron itself, is 
chosen such that the efficiency is constant at 99% for electrons in 
Z → ee events. For tight electrons, an isolation requirement is im-
posed, based on calorimeter as well as track variables, which varies 
as a function of transverse energy and yields an efficiency between 
95% and 99% for electrons with pT in the range 25–60 GeV. For 
a pair of electrons sharing the same ID-track, the electron with 
higher cluster ET is kept.

Muons are reconstructed by combining tracks from the inner 
detector with tracks from the muon spectrometer. They are re-
quired to satisfy medium or tight quality requirements, as defined 
in Ref. [63]. Only muons with pT > 25 GeV and |η| < 2.7 are 
considered in this analysis. Isolation requirements are also ap-
plied to all muons, based on the ratio pvarcone

T /pμ
T , where pvarcone

T
is the scalar sum of the transverse momenta of the tracks with 
pT > 1 GeV in a cone of size 
R = min(10 GeV/pμ

T , 0.3) around 
the muon, excluding the muon track itself. This isolation gives 99% 
efficiency, independently of η or pμ

T , in Z → μμ samples.
Electron and muon candidates are required to originate from 

the primary vertex. Thus, the significance of the track’s transverse 
impact parameter calculated relative to the beam line, |d0/σd0 |, 
must be less than three for muons and less than five for electrons, 
and the longitudinal impact parameter, z0 (the difference between 
the value of z of the point on the track at which d0 is defined 
and the longitudinal position of the primary vertex), is required to 
satisfy |z0 · sin(θ)| < 0.5 mm.

Jets are reconstructed from clusters of energy deposition in the 
calorimeter [64] using the anti-kt algorithm [65] with a radius pa-
rameter R = 0.4. Events with jets arising from detector noise or 
other non-collision sources are discarded [66]. This search consid-
ers jets with pT > 30 GeV in the range |η| < 4.5. Furthermore, 
to mitigate the pile-up contamination, a jet vertex tagger [67], 
based on information about tracks associated with the primary 
vertex and pile-up vertices, is applied to jets with pT < 60 GeV
and |η| < 2.4. The selected working point provides at least 92% 
efficiency. The energy of each jet is calibrated and corrected for 
detector effects using a combination of simulated events and in 
situ methods in 13 TeV data [68].

As lepton and jet candidates can be reconstructed from the 
same detector information, a procedure to resolve overlap ambi-
guities is applied. If an electron and a muon share the same ID 
track, the muon is selected. Reconstructed jets which overlap with 
electrons or muons in a cone of size 
R = 0.2 are removed.

Jets containing b-hadrons are identified as b-jets by the MV2c10 
b-tagging algorithm [69], which uses information such as track 
impact-parameter significances and positions of explicitly recon-
structed secondary decay vertices. A working point corresponding 
to 85% b-tagging efficiency on a sample of tt̄ events is chosen [70], 
with a light-flavour jet rejection factor of about 34 and a c-jet re-
jection of about 3. Correction factors are applied to the simulated 
event samples to compensate for differences between data and 
simulation in the b-tagging efficiency for b-jets, c-jets and light-
flavour jets.

The missing transverse momentum, �pmiss
T , and its magnitude 

Emiss
T , are calculated from the imbalance in the sum of visible 

transverse momenta of reconstructed physics objects: electrons, 
muons and jets, as well as a “soft” term reconstructed from tracks 
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Fig. 1. The signal selection acceptance times efficiency (A×ε), defined as the ratio of the number of MC signal events in the VBF category to the number of generated signal 
events, is presented as a function of the resonance mass. Fig. 1(a) corresponds to the GM Model H±

5 while Fig. 1(b) corresponds to the HVT models. The A×ε is shown for 
each decay channel and the sum of all lepton flavour combinations (inclusive). The error bars shown in each figure represent the total statistical and systematic uncertainties.
compatible with the primary vertex and not associated with any of 
those objects [71,72].

5. Event selection

Preselection criteria are first applied to all the event samples. 
The presence of three prompt leptons is required, two of which 
will be associated with the Z boson, and are required to satisfy the 
medium quality requirement (Section 4). The Z boson candidate is 
reconstructed from the two leptons of same flavour and opposite 
charge, whose invariant mass is closest to the on-shell mass mZ , 
and in the range |m�� −mZ | < 20 GeV. The third lepton, associated 
with the W boson decay, is required to satisfy the tight quality 
criteria to enhance the background rejection. To ensure that the 
trigger efficiency is well determined, at least one of the candidate 
leptons is required to have pT > 27 GeV.

To suppress background processes with at least four prompt 
leptons, events with a fourth lepton candidate satisfying looser 
selection criteria are rejected. For this looser selection, the require-
ment on the minimum pT of the leptons is lowered to pT > 7 GeV
and medium identification requirements are used for both the elec-
trons and muons.

Since there is a neutrino in the signal events, Emiss
T > 25 GeV is 

also required. The third lepton and the missing transverse momen-
tum are assumed to result from the W boson decay. The longitu-
dinal momentum pν

z of the neutrino is calculated by requiring that 
the invariant mass of the lepton–neutrino system be equal to the 
W mass. The solution results in a quadratic equation which leads 
to two possible solutions. If they are real, the one with the smaller 
|pν

z | is chosen since it was found to provide a better agreement 
with the truth. Otherwise, the real part is chosen. The invariant 
mass, mW Z , of the W Z resonance candidate is then reconstructed 
using the chosen solution for pν

z along with the four-momenta of 
the three charged leptons.

The selected events are then separated into two categories tar-
geting different production mechanisms: VBF and qq̄. The VBF cat-
egory contains events with two or more jets with pT > 30 GeV
which fail the b-tagging requirements described in Section 4. The 
dijet pair defined by the two highest-pT jets in the event must 
also have large η separation (|
η j j | > 3.5) and an invariant m jj
above 500 GeV. If more than two jets are found in an event, the 
two highest-pT jets are considered. By imposing a b-jet veto, back-
grounds containing one or more top quarks, including tt̄ , tt̄ + W /Z , 
and t Z are suppressed.

The net acceptance times efficiency (A×ε) of the selection, rel-
ative to signal events generated for H±

5 and HVT models in the 

Fig. 2. The signal selection acceptance times efficiency (A×ε), defined as the ratio 
of the number of MC signal events in the qq̄ category to the number of generated 
signal events, as a function of the HVT resonance mass. The error bars represent the 
total statistical and systematic uncertainties.

VBF category is shown in Fig. 1. The generation of the GM Model 
H±

5 events had the following requirements: pT (jets) > 15 GeV, pT

(leptons) > 10 GeV, |η|(jets) < 5 and |η|(leptons) < 2.7. Decays 
of W bosons into all lepton flavours, and of Z bosons into e+e−
and μ+μ− , were simulated. The Z → τ+τ− decays give a neg-
ligible contribution and were not included in the simulation, but 
the A×ε shown was scaled to include all decays. For the HVT VBF 
samples, m jj > 150 GeV was required at generator level. Decays of 
W and Z bosons into all flavours of leptons were included. For 
HVT and H±

5 the A×ε falls in the range 2–8% and 3–12% respec-
tively for resonance masses ranging between 200 and 900 GeV, the 
difference being due, with approximately equal importance, to the 
generator level selection and to the different angular distributions 
of the final products.

The remaining events are assigned to the qq̄ category signal 
region. For this category, the W and Z bosons from a resonance 
produced in the s-channel with mW Z larger than 250 GeV are ex-
pected to have transverse momenta close to 50% of its mass. The 
requirements pW

T /mW Z > 0.35 and p Z
T /mW Z > 0.35 enhance the 

sensitivity to the signal. The overall selection efficiency relative to 
generated event increases from about 15% to 25% for resonances 
masses ranging from 500 GeV to 3 TeV as illustrated in Fig. 2. 
Decays of W and Z bosons into all flavours of leptons are in-
cluded at event generation. The A×ε values decrease for resonance 
masses above approximately 2 TeV due to the collinearity of elec-
trons from the Z → ee decays which spoils the isolation.
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Fig. 3. Observed and expected distributions of the W Z invariant mass in (a) the qq̄ validation region and (b) the VBF validation region. The points correspond to the data 
and the histograms to the expectations for the different SM processes. The uncertainty in the total background prediction, shown as bands, combines statistical, theory and 
systematic contributions. The bin sizes were chosen to reflect the resolution of a reconstructed signal, and the width of the previous to last bin is used to scale the bin 
contents. The last bin contains the overflow.
6. Background estimation

The dominant background in the resonance search is the SM 
production of W Z . Its normalization and shape are estimated from 
MC and validated in dedicated validation regions by comparing the 
data and MC distributions. Events in the validation regions are se-
lected in exactly the same way as those in their corresponding sig-
nal categories except for the following requirements. The VBF W Z
validation region is defined by inverting the requirements on the 
dijet variables: 100 < m jj < 500 GeV and |
η j j | < 3.5. The W Z qq̄
validation region requires the events to have pZ

T/mW Z < 0.35 or 
pW

T /mW Z < 0.35. These validation regions are dominated by the 
W Z contribution, with a purity higher than 80%. For the bench-
mark models with parameters given in Section 3, the signal con-
tamination in the qq̄ (VBF) validation region is below 5% (1%). The 
reconstructed mW Z mass in the validation regions is shown in 
Fig. 3, where good agreement of data with the background pre-
diction is observed.

Events from Z+jets, Zγ , W γ , tt̄ , single top or W W where jets 
or photons were misidentified as leptons (here called fake/non-
prompt leptons), can also satisfy the selection criteria. The distri-
bution shapes and number of fake/non-prompt lepton events are 
estimated for both the qq̄ and VBF categories by a data-driven 
method using a global matrix which exploits differences in ob-
ject characteristics between real and fake/non-prompt leptons on 
a statistical basis. Details of the method, here referred to as “Ma-
trix Method”, can be found in Ref. [73].

Other backgrounds include tt̄V , Z Z , t Z , W Zbj and triple boson 
production. They are estimated by Monte Carlo simulation (Sec-
tion 3). The t Z , W Zbj and V V V backgrounds are added as a single 
contribution, here called t Z+V V V .

7. Systematic uncertainties

Systematic uncertainties result from the theoretical modelling 
of backgrounds and from object and event reconstruction.

The uncertainty in the normalization of the Sherpa samples 
of SM W Z background is evaluated by taking into account the 
variations obtained with different PDF sets [74]. The nominal set 
NNPDF30nloas0118 is compared with other samples generated 
with the CT14nnlo and MMHT2014nlo68cl PDF sets and the uncer-
tainty is evaluated from the maximum differences. It is estimated 

to be below 6% in all mass bins for both the VBF and qq̄ cate-
gories. The uncertainty associated with the choice of renormaliza-
tion and factorization scales, μR and μF, is taken as the maximum 
downward and upward variation when the scales are varied inde-
pendently by factors of 1/2 and 2. While these uncertainties can in 
principle affect the shape of the mW Z distribution, in practice the 
shape differences do not have a strong impact on the sensitivity of 
the search. The uncertainties are therefore treated as normalization 
uncertainties, taken to be 20% and 40% respectively. Shape system-
atic uncertainties associated with showering and hadronization of 
the QCD W Z are evaluated by comparing the Powheg-Box v2 sam-
ples interfaced with Pythia 8.186 and Herwig. For the electroweak 
W Z process the Sherpa 2.2.2 and Madgraph+Pythia 8 predictions 
are compared. This uncertainty band ranges from 10% to 30% for 
both categories.

The uncertainties assigned to the cross sections of the other 
background sources consist of a contribution from PDF uncertain-
ties and from QCD scale uncertainties. They are estimated to be 
10% for Z Z , 13% for ttV , 20% for V V V and 15% for t Z .

The theoretical uncertainties in the cross section and accep-
tance of the simulated signal samples are evaluated in a similar 
way to the background. The PDF errors are taken from the NNPDF 
LO PDF error set, and the NNPDF set is also compared with the 
CTEQ6L1 and MSTW2008lo68cl sets. The different predictions from 
these PDF sets are taken as an extra contribution to the overall 
uncertainty. For both the qq̄ and VBF categories, the uncertain-
ties are typically below 5%. This procedure was followed for each 
mass point and a generator-level event selection was chosen to 
closely mimic the one used in the reconstruction-level analysis. 
Scale and PDF uncertainties are not correlated between signal and 
background.

An uncertainty due to the reconstruction efficiency, momentum 
scales and resolution of electrons and muons is evaluated by vary-
ing correction factors applied to the MC samples [63,75] within 
appropriate limits.

The jet energy scale and resolution uncertainties [66] are 
also taken into account as they affect the shape and normal-
ization of the background distributions. The uncertainty due to 
b-tagging [76] is also included.

Missing transverse momentum is calculated using the prese-
lected leptons, jets and other reconstructed objects. The uncertain-
ties in the reconstruction of those objects are then used to evaluate 
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Table 1
Impact of the dominant sources of relative uncertainties on the 95% CL upper limits of the signal-strength 
parameter (μ) for a hypothetical HVT signal of mass m(W ′) = 800 GeV in the qq̄ category and a GM signal 
of mass m(H±

5 ) = 450 GeV in the VBF category. The effect of the statistical uncertainty on the signal and 
background samples is also shown. Sources of systematic uncertainty with an impact of less than 2% in both 
categories are not shown.

Source 
μ/μ [%]

qq̄ category VBF category

m(W ′) = 800 GeV m(H±
5 ) = 450 GeV

W Z background modelling: scale, PDF 5 11
W Z background modelling: parton shower 10 6
MC statistical uncertainty 7 8
Electron identification 4 2
Muon identification 3 3
Jet uncertainty 1 8
Missing transverse momentum 2 1
Fake/non-prompt 1 5

Total systematic uncertainty 17 21
Statistical uncertainty 53 52
the uncertainty in Emiss
T reconstruction. Those due to the pT scale 

and resolution of the soft term are also considered [71,72].
An uncertainty in the prediction of the fake/non-prompt back-

ground is also taken into account as it affects the shape and nor-
malization of the background distributions. The total uncertainty 
is about 20% (27%) for the qq̄ (VBF) category. It is slightly larger 
for the VBF category because of the higher statistical uncertainty 
derived from the Matrix Method (Section 6).

The uncertainty in the integrated luminosity is 2.1%. It is de-
rived, following a methodology similar to the one detailed in 
Ref. [77], from a calibration of the luminosity scale using x–y
beam-separation scans performed in August 2015 and May 2016.

8. Results

The W Z invariant mass distribution, mW Z , obtained as the sum 
of all four lepton-flavor permutations, is used as the discriminating 
variable, with bin widths comparable to the expected resolution of 
a narrow resonant signal. A binned likelihood function, constructed 
from the Poisson probability of the sum, in each bin, of the contri-
butions of the background and of a hypothetical signal of strength 
μ relative to the benchmark model, is used to set limits on the 
presence of a signal. The fit is performed in the signal region for 
the qq̄ and VBF categories separately. The systematic uncertain-
ties described above (Section 7) enter as nuisance parameters with 
Gaussian or log-normal prior distributions, in convolution with the 
nominal background distribution.

The effects of systematic uncertainties are studied for hypoth-
esized signals using the signal-strength parameter μ. The list of 
leading sources of uncertainty in the 95% confidence level (CL) 
upper limit on the μ value is given in Table 1 together with 
their relative importance (
μ/μ). The values are quoted sepa-
rately for a hypothetical HVT signal of mass m(W ′) = 800 GeV in 
the qq̄ category and a GM signal of mass m(H±

5 ) = 450 GeV in the 
VBF category. Apart from the statistical uncertainties in the data, 
the uncertainty with the largest impact on the sensitivity of the 
searches is related to the W Z background modelling.

The numbers of background events are extracted through a 
background-only fit of the data in each category. Background con-
tributions from prompt leptons, including their shapes, are taken 
from MC simulations. In the case of non-prompt leptons the back-
ground shapes are taken from the Matrix Method. In the fit, the 
normalisation of all backgrounds are allowed to vary within their 
uncertainties. The post-fit background yields are summarized in 
Table 2 for the qq̄ and VBF categories. The fit constrains the SM 
W Z background estimate to the observed data, which reduces the 

Table 2
Expected and observed yields in the qq̄ and VBF signal regions. Yields and uncer-
tainties are evaluated after a background-only fit to the data in the qq̄ or VBF signal 
regions after applying all selection criteria. The uncertainty in the total background 
estimate is smaller than the sum in quadrature of the individual background con-
tributions due to anti-correlations between the estimates of different background 
sources.

qq̄ signal region VBF signal region

W Z 521 ± 29 87 ± 12
Fake/non-prompt 64 ± 13 15 ± 4
tt̄V 29 ± 4 4.9 ± 0.8
Z Z 18.9 ± 2.0 4.4 ± 1.0
t Z + V V V 14.1 ± 2.9 8.1 ± 1.8

Total background 647 ± 25 120 ± 11
Observed 650 114

total background uncertainty, pulling the modelling uncertainties 
by less than one standard deviation from their pre-fit values. None 
of the nuisance parameters are significantly pulled or constrained 
relative to their pre-fit values in the background-only fit.

Fig. 4 shows the post-fit mW Z distribution for the qq̄ and VBF 
categories. The largest difference between the observed data and 
the SM background prediction is in the VBF category. A local ex-
cess of events at a resonance mass of around 450 GeV can be 
seen in Fig. 4(b). The local significances for signals of H±

5 and 
of a heavy vector W ′ are 2.9 and 3.1 standard deviations, respec-
tively. The respective global significances calculated using the Look 
Elsewhere method as in Ref. [78] and evaluated up to a mass of 
900 GeV, are 1.6 and 1.9 standard deviations. In the qq̄ category 
the largest difference between the observed data and the SM back-
ground prediction is located around a mass of 700 GeV with a local 
significance of 1.2 standard deviations.

Upper limits are set on the product of the production cross 
section of new resonances and their decay branching ratio into 
W Z . Exclusion intervals are derived using the CLs method [79] in 
the asymptotic approximation [80]. For masses higher than 900 
(700) GeV in qq̄ (VBF) category, the small number of expected 
events makes the asymptotic approximation imprecise and the 
limits are calculated using pseudo-experiments. The limit set on 
the signal strength μ is then translated into a limit on the signal 
cross section times branching ratio, σ × B(W ′ → W Z), using the 
theoretical cross section and branching ratio for the given signal 
model.

Fig. 5 presents the observed and expected limits on σ ×
B(W ′ → W Z) at 95% CL for the HVT model in the qq̄ cate-
gory. Masses below 2260 GeV can be excluded for Model A and 
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Fig. 4. Observed and expected distributions of the W Z invariant mass (a) in the qq̄ and (b) in the VBF categories after applying all selection criteria. Signal predictions are 
overlaid, normalized to the predicted cross sections. The uncertainty in the total background prediction, shown as shaded bands, combines statistical, theory and systematic 
contributions. The lower panel show the ratios of the observed data to the background predictions.
Fig. 5. Observed and expected 95% CL upper limits on σ × B(W ′ → W ± Z) for the 
qq̄ production of a W ′ boson in the HVT models as a function of its mass. The 
theoretical predictions for HVT Models A with gV = 1 and B with gV = 3 are also 
shown.

2460 GeV for Model B. For resonance masses above 2 TeV the ex-
clusion limits become worse due to the acceptance losses at high 
mass. For the VBF process, the limit on σ ×B(W ′ → W Z) is shown 
in Fig. 6.

Observed and expected exclusion limits at 95% CL on σ ×
B(H±

5 → W ± Z) and on the mixing parameter sin θH of the GM 
Model are shown in Fig. 7 as a function of mH±

5
. The intrinsic width 

of the scalar resonance, for sin θH = 0.5, is narrower than the de-
tector resolution in the mass region explored. The shaded regions 
show the parameter space for which the H±

5 width exceeds 5% and 
10% of mH±

5
.

9. Conclusion

A search is performed for resonant W Z production in fully 
leptonic final states (electrons and muons) using 36.1 fb−1 of √

s = 13 TeV pp data collected by the ATLAS experiment at the 
LHC during the 2015 and 2016 run periods. Two different produc-
tion modes are considered using quark–antiquark annihilation and 
vector-boson fusion.

The data in the qq̄ fusion category are found to be consistent 
with Standard Model predictions. The results are used to derive 

Fig. 6. Observed and expected 95% CL upper limits on σ × B(W ′ → W ± Z) for the 
VBF production of a W ′ boson in the HVT Model, with parameter cF = 0, as a 
function of its mass.

upper limits at 95% CL on the cross section times branching ratio 
of the phenomenological Heavy Vector Triplet benchmark Model A 
(Model B) with coupling constant gV = 1 (gV = 3) as a function of 
the resonance mass, with no evidence of heavy resonance produc-
tion for masses below 2260 (2460) GeV.

In the case of the VBF production processes, limits on the pro-
duction cross section times branching ratio are obtained as a func-
tion of the mass of a charged member of a heavy vector triplet or 
of the fiveplet scalar in the Georgi–Machacek model. The results 
show a local excess of events over the Standard Model expectations 
at a resonance mass of around 450 GeV. The local significances 
for signals of H±

5 and of a heavy vector W ′ boson are 2.9 and 3.1 
standard deviations respectively. The respective global significances 
calculated considering the Look Elsewhere effect are 1.6 and 1.9 
standard deviations respectively.

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.



The ATLAS Collaboration / Physics Letters B 787 (2018) 68–88 75
Fig. 7. Observed and expected 95% CL upper limits on (a) σ ×B(H±
5 → W ± Z) and (b) the parameter sin θH of the GM Model as a function of mH±

5
. The shaded region shows 

where the theoretical intrinsic width of the resonance would be larger than 5% or 10% of the mass.
We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; 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 and DNSRC, Denmark; IN2P3-CNRS, CEA-DRF/IRFU, 
France; SRNSFG, Georgia; BMBF, HGF, and MPG, Germany; GSRT, 
Greece; RGC, Hong Kong SAR, China; ISF and Benoziyo Center, Is-
rael; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; NWO, 
Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portu-
gal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian Feder-
ation; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slove-
nia; 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 of America. In addition, individ-
ual groups and members have received support from BCKDF, the 
Canada Council, CANARIE, CRC, Compute Canada, FQRNT, and the 
Ontario Innovation Trust, Canada; EPLANET, ERC, ERDF, FP7, Hori-
zon 2020 and Marie Skłodowska-Curie Actions, European Union; 
Investissements d’Avenir Labex and Idex, ANR, Région Auvergne 
and Fondation Partager le Savoir, France; DFG and AvH Foundation, 
Germany; Herakleitos, Thales and Aristeia programmes co-financed 
by EU-ESF and the Greek NSRF; BSF, GIF and Minerva, Israel; BRF, 
Norway; CERCA Programme Generalitat de Catalunya, Generalitat 
Valenciana, Spain; the Royal Society and Leverhulme Trust, United 
Kingdom.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN, the ATLAS Tier-1
facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Swe-
den), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), 
NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL 
(USA), the Tier-2 facilities worldwide and large non-WLCG resource 
providers. Major contributors of computing resources are listed in 
Ref. [81].

References

[1] P. Langacker, R.W. Robinett, J.L. Rosner, New heavy gauge bosons in pp and pp 
collisions, Phys. Rev. D 30 (1984) 1470.

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

[3] N. Arkani-Hamed, A.G. Cohen, E. Katz, A.E. Nelson, The littlest Higgs, J. High 
Energy Phys. 07 (2002) 034, arXiv:hep -ph /0206021 [hep -ph].

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

[5] G. Giudice, C. Grojean, A. Pomarol, R. Rattazzi, The strongly-interacting light 
Higgs, J. High Energy Phys. 06 (2007) 045, arXiv:hep -ph /0703164 [hep -ph].

[6] R. Foadi, M.T. Frandsen, T.A. Ryttov, F. Sannino, Minimal walking technicolor: 
set up for collider physics, Phys. Rev. D 76 (2007) 055005, arXiv:0706 .1696
[hep -ph].

[7] R.L. Delgado, et al., Production of vector resonances at the LHC via WZ-
scattering: a unitarized EChL analysis, J. High Energy Phys. 11 (2017) 098, 
arXiv:1707.04580 [hep -ph].

[8] L. Randall, R. Sundrum, A large mass hierarchy from a small extra dimension, 
Phys. Rev. Lett. 83 (1999) 3370, arXiv:hep -ph /9905221.

[9] H. Davoudiasl, J.L. Hewett, T.G. Rizzo, Bulk gauge fields in the Randall–Sundrum 
model, Phys. Lett. B 473 (2000) 43, arXiv:hep -ph /9911262.

[10] C. Csaki, C. Grojean, H. Murayama, L. Pilo, J. Terning, Gauge theories on an 
interval: unitarity without a Higgs, Phys. Rev. D 69 (2004) 055006, arXiv:hep -
ph /0305237 [hep -ph].

[11] D. de Florian, et al., Handbook of LHC Higgs cross sections: 4. Deciphering the 
nature of the Higgs sector, arXiv:1610 .07922 [hep -ph], 2016.

[12] I.P. Ivanov, Building and testing models with extended Higgs sectors, Prog. Part. 
Nucl. Phys. 95 (2017) 160, arXiv:1702 .03776 [hep -ph].

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

[14] J. de Blas, J.M. Lizana, M. Perez-Victoria, Combining searches of Z’ and W’ 
bosons, J. High Energy Phys. 01 (2013) 166, arXiv:1211.2229 [hep -ph].

[15] D. Pappadopulo, A. Thamm, R. Torre, A. Wulzer, Heavy vector triplets: bridging 
theory and data, J. High Energy Phys. 09 (2014) 060, arXiv:1402 .4431 [hep -ph].

[16] D. Greco, D. Liu, Hunting composite vector resonances at the LHC: naturalness 
facing data, J. High Energy Phys. 12 (2014) 126, arXiv:1410 .2883 [hep -ph].

[17] H. Georgi, M. Machacek, Doubly charged Higgs bosons, Nucl. Phys. B 262 (1985) 
463.

[18] M.S. Chanowitz, M. Golden, Higgs boson triplets with M(W ) = M(Z) cos θW , 
Phys. Lett. B 165 (1985) 105.

[19] S. Godfrey, K. Moats, Exploring Higgs triplet models via vector boson scattering 
at the LHC, Phys. Rev. D 81 (2010) 075026, arXiv:1003 .3033 [hep -ph].

[20] K. Hartling, K. Kumar, H.E. Logan, Indirect constraints on the Georgi–Machacek 
model and implications for Higgs boson couplings, Phys. Rev. D 91 (2015) 
015013, arXiv:1410 .5538 [hep -ph].

[21] R.N. Mohapatra, J.C. Pati, Left–right gauge symmetry and an “isoconjugate” 
model of CP violation, Phys. Rev. D 11 (1975) 566.

[22] D0 Collaboration, Search for resonant WW and WZ production in pp̄ collisions 
at ?s = 1.96 TeV, Phys. Rev. Lett. 107 (2011) 011801, arXiv:1011.6278 [hep -ex].

[23] CDF Collaboration, Search for new heavy particles decaying to Z Z → ����, �� j j
in pp̄ collisions at √s = 1.96 TeV, Phys. Rev. D 83 (2011) 112008, arXiv:1102 .
4566 [hep -ex].

[24] 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, arXiv:1406 .4456 [hep -ex].

[25] 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, arXiv:
1407.3476 [hep -ex].

http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4C616E6761636B65723A313938346463s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4C616E6761636B65723A313938346463s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416C746172656C6C693A313938396666s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416C746172656C6C693A313938396666s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib41726B616E6948616D65643A323030327179s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib41726B616E6948616D65643A323030327179s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4167617368653A323030347273s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4167617368653A323030347273s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib476975646963653A323030376668s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib476975646963653A323030376668s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib466F6164693A323030377565s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib466F6164693A323030377565s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib466F6164693A323030377565s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib44656C6761646F3A32303137636C73s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib44656C6761646F3A32303137636C73s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib44656C6761646F3A32303137636C73s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib52616E64616C6C3A313939396565s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib52616E64616C6C3A313939396565s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4461766F75646961736C3A313939397466s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4461766F75646961736C3A313939397466s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4373616B693A323030336474s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4373616B693A323030336474s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4373616B693A323030336474s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib6465466C6F7269616E3A3230313673707As1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib6465466C6F7269616E3A3230313673707As1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4976616E6F763A32303137646164s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4976616E6F763A32303137646164s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323030372D3031s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323030372D3031s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib6465426C61733A323031327170s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib6465426C61733A323031327170s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib5061707061646F70756C6F3A32303134717A61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib5061707061646F70756C6F3A32303134717A61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib477265636F3A32303134617A61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib477265636F3A32303134617A61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib47656F7267693A313938356E76s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib47656F7267693A313938356E76s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4368616E6F7769747A3A313938357567s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4368616E6F7769747A3A313938357567s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib476F64667265793A323031307162s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib476F64667265793A323031307162s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib486172746C696E673A32303134616761s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib486172746C696E673A32303134616761s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib486172746C696E673A32303134616761s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4D6F686170617472613A31393734686Bs1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4D6F686170617472613A31393734686Bs1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4162617A6F763A32303130646As1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4162617A6F763A32303130646As1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib41616C746F6E656E3A323031317A71s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib41616C746F6E656E3A323031317A71s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib41616C746F6E656E3A323031317A71s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib45584F542D323031332D3037s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib45584F542D323031332D3037s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib45584F542D323031332D3037s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4B6861636861747279616E3A32303134786A61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4B6861636861747279616E3A32303134786A61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4B6861636861747279616E3A32303134786A61s1


76 The ATLAS Collaboration / Physics Letters B 787 (2018) 68–88

[26] ATLAS Collaboration, Combination of searches for W W , W Z , and Z Z reso-
nances in pp collisions at √s = 8 TeV with the ATLAS detector, Phys. Lett. B 
755 (2016) 285, arXiv:1512 .05099 [hep -ex].

[27] ATLAS Collaboration, Searches for heavy diboson resonances in pp collisions 
at √s = 13 TeV with the ATLAS detector, J. High Energy Phys. 09 (2016) 173, 
arXiv:1606 .04833 [hep -ex].

[28] CMS Collaboration, Combination of searches for heavy resonances decaying to 
WW, WZ, ZZ, WH, and ZH boson pairs in proton–proton collisions at √s =
8 and 13 TeV, Phys. Lett. B 774 (2017) 533, arXiv:1705 .09171 [hep -ex].

[29] ATLAS Collaboration, Search for W W /W Z resonance production in �νqq final 
states in pp collisions at √s = 13 TeV with the ATLAS detector, arXiv:1710 .
07235 [hep -ex], 2017.

[30] ATLAS Collaboration, Searches for heavy Z Z and Z W resonances in the ��qq
and ννqq final states in pp collisions at √s = 13 TeV with the ATLAS detector, 
arXiv:1708 .09638 [hep -ex], 2017.

[31] ATLAS Collaboration, Search for diboson resonances with boson-tagged jets in 
pp collisions at √s = 13 TeV with the ATLAS detector, Phys. Lett. B 777 (2018) 
91, arXiv:1708 .04445 [hep -ex].

[32] ATLAS Collaboration, Search for heavy resonances decaying to a W or Z boson 
and a Higgs boson in the qq̄(′)bb̄ final state in pp collisions at √s = 13 TeV 
with the ATLAS detector, Phys. Lett. B 774 (2017) 494, arXiv:1707.06958 [hep -
ex].

[33] ATLAS Collaboration, Search for new resonances decaying to a W or Z boson 
and a Higgs boson in the �+�−bb̄, �νbb̄, and νν̄bb̄ channels with pp collisions 
at √s = 13 TeV with the ATLAS detector, Phys. Lett. B 765 (2017) 32, arXiv:
1607.05621 [hep -ex].

[34] CMS Collaboration, Search for heavy resonances that decay into a vector boson 
and a Higgs boson in hadronic final states at √s = 13 TeV, Eur. Phys. J. C 77 
(2017) 636, arXiv:1707.01303 [hep -ex].

[35] CMS Collaboration, Search for massive resonances decaying into W W , W Z , 
Z Z , qW , and qZ with dijet final states at √s = 13 TeV, Phys. Rev. D 97 (2018) 
072006, arXiv:1708 .05379 [hep -ex].

[36] CMS Collaboration, Search for a new heavy resonance decaying into a Z boson 
and a Z or W boson in 2�2q final states at √s = 13 TeV, arXiv:1803 .10093
[hep -ex], 2018.

[37] CMS Collaboration, Search for a heavy resonance decaying into a Z boson and 
a vector boson in the ννqq final state, J. High Energy Phys. 07 (2018) 075, 
arXiv:1803 .03838 [hep -ex].

[38] CMS Collaboration, Search for a heavy resonance decaying to a pair of vector 
bosons in the lepton plus merged jet final state at √s = 13 TeV, J. High Energy 
Phys. 05 (2018) 088, arXiv:1802 .09407 [hep -ex].

[39] CMS Collaboration, Search for charged Higgs bosons produced via vector boson 
fusion and decaying into a pair of W and Z bosons using pp collisions at √

s = 13 TeV, Phys. Rev. Lett. 119 (2017) 141802, arXiv:1705 .02942 [hep -ex].
[40] CMS Collaboration, Observation of electroweak production of same-sign W bo-

son pairs in the two jet and two same-sign lepton final state in proton–proton 
collisions at √s = 13 TeV, Phys. Rev. Lett. 120 (2018) 081801, arXiv:1709 .05822
[hep -ex].

[41] ATLAS Collaboration, Search for heavy resonances decaying into W W in the 
eνμν final state in pp collisions at √s = 13 TeV with the ATLAS detector, Eur. 
Phys. J. C 78 (2018) 24, arXiv:1710 .01123 [hep -ex].

[42] ATLAS Collaboration, Performance of the ATLAS trigger system in 2015, Eur. 
Phys. J. C 77 (2017) 317, arXiv:1611.09661 [hep -ex].

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

[44] ATLAS Collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 
(2010) 823, arXiv:1005 .4568 [hep -ex].

[45] ATLAS Collaboration, The simulation principle and performance of the ATLAS 
fast calorimeter simulation FastCaloSim, ATL-PHYS-PUB-2010-013, https://cds .
cern .ch /record /1300517, 2010.

[46] T. Sjostrand, S. Mrenna, P.Z. Skands, A brief introduction to PYTHIA 8.1, Comput. 
Phys. Commun. 178 (2008) 852, arXiv:0710 .3820 [hep -ph].

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

[48] 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].

[49] V.D. Barger, W.-Y. Keung, E. Ma, A gauge model with light W and Z bosons, 
Phys. Rev. D 22 (1980) 727.

[50] R. Contino, D. Marzocca, D. Pappadopulo, R. Rattazzi, On the effect of reso-
nances in composite Higgs phenomenology, J. High Energy Phys. 10 (2011) 081, 
arXiv:1109 .1570 [hep -ph].

[51] J. Alwall, et al., The automated computation of tree-level and next-to-leading 
order differential cross sections, and their matching to parton shower simula-
tions, J. High Energy Phys. 07 (2014) 079, arXiv:1405 .0301 [hep -ph].

[52] D. Pappadopulo, A. Thamm, R. Torre, A. Wulzer, Heavy vector triplets, http://
rtorre .web .cern .ch /rtorre /Riccardotorre /vector _triplet _t .html, 2014.

[53] R.D. Ball, et al., Parton distributions with LHC data, Nucl. Phys. B 867 (2013) 
244, arXiv:1207.1303 [hep -ph].

[54] C. Degrande, K. Hartling, H.E. Logan, A.D. Peterson, M. Zaro, Automatic predic-
tions in the Georgi–Machacek model at next-to-leading order accuracy, Phys. 
Rev. D 93 (2016) 035004, arXiv:1512 .01243 [hep -ph].

[55] M. Zaro, H. Logan, Recommendations for the interpretation of LHC searches for 
H0

5 , H±
5 , and H±±

5 in vector boson fusion with decays to vector boson pairs, 
https://cds .cern .ch /record /2002500, 2015.

[56] K. Hartling, K. Kumar, H.E. Logan, GMCALC: a calculator for the Georgi–
Machacek model, arXiv:1412 .7387 [hep -ph], 2014.

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

[58] 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].

[59] M. Bahr, et al., Herwig++ physics and manual, Eur. Phys. J. C 58 (2008) 639, 
arXiv:0803 .0883 [hep -ph].

[60] M. Brucherseifer, F. Caola, K. Melnikov, On the NNLO QCD corrections to 
single-top production at the LHC, Phys. Lett. B 736 (2014) 58, arXiv:1404 .7116
[hep -ph].

[61] C. Anastasiou, L.J. Dixon, K. Melnikov, F. Petriello, High precision QCD at hadron 
colliders: electroweak gauge boson rapidity distributions at NNLO, Phys. Rev. D 
69 (2004) 094008, arXiv:hep -ph /0312266 [hep -ph].

[62] ATLAS Collaboration, Electron efficiency measurements with the ATLAS detec-
tor using the 2015 LHC proton–proton collision data, ATLAS-CONF-2016-024, 
https://cds .cern .ch /record /2157687, 2016.

[63] ATLAS Collaboration, Muon reconstruction performance of the ATLAS detector 
in proton–proton collision data at √s = 13 TeV, Eur. Phys. J. C 76 (2016) 292, 
arXiv:1603 .05598 [hep -ex].

[64] ATLAS Collaboration, Jet energy scale and its systematic uncertainty in proton–
proton collisions at √s = 7 TeV with ATLAS 2011 data, ATLAS-CONF-2013-004, 
https://cds .cern .ch /record /1509552, 2013.

[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, 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].

[67] ATLAS Collaboration, Performance of pile-up mitigation techniques for jets in 
pp collisions at √s = 8 TeV using the ATLAS detector, Eur. Phys. J. C 76 (2016) 
581, arXiv:1510 .03823 [hep -ex].

[68] ATLAS Collaboration, Jet calibration and systematic uncertainties for jets re-
constructed in the ATLAS detector at √s = 13 TeV, ATL-PHYS-PUB-2015-015, 
https://cds .cern .ch /record /2037613, 2015.

[69] ATLAS Collaboration, Performance of b-jet identification in the ATLAS experi-
ment, J. Instrum. 11 (2016) P04008, arXiv:1512 .01094 [hep -ex].

[70] ATLAS Collaboration, Measurements of b-jet tagging efficiency with the ATLAS 
detector using tt̄ events at √s = 13 TeV, arXiv:1805 .01845 [hep -ex], 2018.

[71] ATLAS Collaboration, Performance of missing transverse momentum recon-
struction with the ATLAS detector in the first proton–proton collisions at √s =
13 TeV, ATL-PHYS-PUB-2015-027, https://cds .cern .ch /record /2037904, 2015.

[72] ATLAS Collaboration, Expected performance of missing transverse momen-
tum reconstruction for the ATLAS detector at √

s = 13 TeV, ATL-PHYS-PUB-
2015-023, https://cds .cern .ch /record /2037700, 2015.

[73] ATLAS Collaboration, Measurements of W ± Z production cross sections in pp
collisions at √s = 8 TeV with the ATLAS detector and limits on anomalous 
gauge boson self-couplings, Phys. Rev. D 93 (2016) 092004, arXiv:1603 .02151
[hep -ex].

[74] A. Buckley, et al., LHAPDF6: parton density access in the LHC precision era, Eur. 
Phys. J. C 75 (2015) 132, arXiv:1412 .7420 [hep -ph].

[75] ATLAS Collaboration, Electron efficiency measurements with the ATLAS detec-
tor using 2012 LHC proton–proton collision data, Eur. Phys. J. C 77 (2017) 195, 
arXiv:1612 .01456 [hep -ex].

[76] ATLAS Collaboration, Optimisation of the ATLAS b-tagging performance for the 
2016 LHC run, ATL-PHYS-PUB-2016-012, https://cds .cern .ch /record /2160731, 
2016.

[77] ATLAS Collaboration, Luminosity determination in pp collisions at √s = 8 TeV 
using the ATLAS detector at the LHC, Eur. Phys. J. C 76 (2016) 653, arXiv:1608 .
03953 [hep -ex].

[78] ATLAS Collaboration, Procedure for the LHC Higgs boson search combination 
in summer 2011, ATL-PHYS-PUB-2011-011, https://cds .cern .ch /record /1375842, 
2011.

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

[80] G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae for likelihood-
based tests of new physics, Eur. Phys. J. C 71 (2011) 1554, arXiv:1007.1727
[physics .data -an];
G. Cowan, K. Cranmer, E. Gross, O. Vitells, Eur. Phys. J. C 73 (2012) 2501, Erra-
tum.

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

http://refhub.elsevier.com/S0370-2693(18)30790-1/bib45584F542D323031342D3138s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib45584F542D323031342D3138s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib45584F542D323031342D3138s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib45584F542D323031362D3031s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib45584F542D323031362D3031s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib45584F542D323031362D3031s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4345524E2D45502D323031372D303737s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4345524E2D45502D323031372D303737s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4345524E2D45502D323031372D303737s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313731302E3037323335s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313731302E3037323335s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313731302E3037323335s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730382E3039363338s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730382E3039363338s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730382E3039363338s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730382E3034343435s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730382E3034343435s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730382E3034343435s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730372E3036393538s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730372E3036393538s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730372E3036393538s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730372E3036393538s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313630372E3035363231s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313630372E3035363231s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313630372E3035363231s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313630372E3035363231s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730372E3031333033s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730372E3031333033s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730372E3031333033s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730382E3035333739s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730382E3035333739s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313730382E3035333739s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A3230313868736Cs1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A3230313868736Cs1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A3230313868736Cs1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303138697676s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303138697676s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303138697676s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303138696666s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303138696666s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303138696666s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A3230313773626Es1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A3230313773626Es1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303137726574s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303137726574s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303137726574s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A32303137726574s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313731302E3031313233s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313731302E3031313233s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313731302E3031313233s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313631312E3039363631s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib313631312E3039363631s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib41676F7374696E656C6C693A323030326868s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib41676F7374696E656C6C693A323030326868s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib534F46542D323031302D3031s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib534F46542D323031302D3031s1
https://cds.cern.ch/record/1300517
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536A6F737472616E643A323030376773s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536A6F737472616E643A323030376773s1
https://cds.cern.ch/record/1474107
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4D617274696E3A323030396971s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4D617274696E3A323030396971s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4261726765723A313938306978s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4261726765723A313938306978s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib436F6E74696E6F3A323031316E70s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib436F6E74696E6F3A323031316E70s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib436F6E74696E6F3A323031316E70s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416C77616C6C3A32303134686361s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416C77616C6C3A32303134686361s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416C77616C6C3A32303134686361s1
http://rtorre.web.cern.ch/rtorre/Riccardotorre/vector_triplet_t.html
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib42616C6C3A323031326378s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib42616C6C3A323031326378s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib44656772616E64653A32303135786E6Ds1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib44656772616E64653A32303135786E6Ds1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib44656772616E64653A32303135786E6Ds1
https://cds.cern.ch/record/2002500
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib486172746C696E673A32303134786D61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib486172746C696E673A32303134786D61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib476C656973626572673A323030387461s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib476C656973626572673A323030387461s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416C696F6C693A323031307864s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416C696F6C693A323031307864s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416C696F6C693A323031307864s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib426168723A323030387076s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib426168723A323030387076s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib427275636865727365696665723A32303134616D61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib427275636865727365696665723A32303134616D61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib427275636865727365696665723A32303134616D61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416E6173746173696F753A323030336473s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416E6173746173696F753A323030336473s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib416E6173746173696F753A323030336473s1
https://cds.cern.ch/record/2157687
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323031352D3130s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323031352D3130s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323031352D3130s1
https://cds.cern.ch/record/1509552
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib43616363696172693A323030386770s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib43616363696172693A323030386770s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323031312D3033s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323031312D3033s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323031312D3033s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4161643A32303135696E61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4161643A32303135696E61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4161643A32303135696E61s1
https://cds.cern.ch/record/2037613
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323031322D3034s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib504552462D323031322D3034s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4161626F75643A32303138787779s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4161626F75643A32303138787779s1
https://cds.cern.ch/record/2037904
https://cds.cern.ch/record/2037700
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib5354444D2D323031342D3032s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib5354444D2D323031342D3032s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib5354444D2D323031342D3032s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib5354444D2D323031342D3032s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4275636B6C65793A32303134616E61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4275636B6C65793A32303134616E61s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4161626F75643A32303136766679s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4161626F75643A32303136766679s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib4161626F75643A32303136766679s1
https://cds.cern.ch/record/2160731
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib444150522D323031332D3031s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib444150522D323031332D3031s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib444150522D323031332D3031s1
https://cds.cern.ch/record/1375842
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib526561643A323030326871s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib526561643A323030326871s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib436F77616E3A323031306A73s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib436F77616E3A323031306A73s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib436F77616E3A323031306A73s1
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib436F77616E3A323031306A73s2
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib436F77616E3A323031306A73s2
https://cds.cern.ch/record/2202407
http://refhub.elsevier.com/S0370-2693(18)30790-1/bib536972756E79616E3A3230313773626Es1
https://cds.cern.ch/record/1300517
http://rtorre.web.cern.ch/rtorre/Riccardotorre/vector_triplet_t.html


The ATLAS Collaboration / Physics Letters B 787 (2018) 68–88 77

The ATLAS Collaboration

M. Aaboud 34d, G. Aad 99, B. Abbott 124, O. Abdinov 13,aw, B. Abeloos 128, D.K. Abhayasinghe 91, 
S.H. Abidi 165, O.S. AbouZeid 143, N.L. Abraham 153, H. Abramowicz 159, H. Abreu 158, Y. Abulaiti 6, 
B.S. Acharya 64a,64b,o, S. Adachi 161, L. Adamczyk 81a, J. Adelman 119, M. Adersberger 112, A. Adiguzel 12c,ah, 
T. Adye 141, A.A. Affolder 143, Y. Afik 158, C. Agheorghiesei 27c, J.A. Aguilar-Saavedra 136f,136a, 
F. Ahmadov 77,af , G. Aielli 71a,71b, S. Akatsuka 83, T.P.A. Åkesson 94, E. Akilli 52, A.V. Akimov 108, 
G.L. Alberghi 23b,23a, J. Albert 174, P. Albicocco 49, M.J. Alconada Verzini 86, S. Alderweireldt 117, 
M. Aleksa 35, I.N. Aleksandrov 77, C. Alexa 27b, G. Alexander 159, T. Alexopoulos 10, M. Alhroob 124, 
B. Ali 138, G. Alimonti 66a, J. Alison 36, S.P. Alkire 145, C. Allaire 128, B.M.M. Allbrooke 153, B.W. Allen 127, 
P.P. Allport 21, A. Aloisio 67a,67b, A. Alonso 39, F. Alonso 86, C. Alpigiani 145, A.A. Alshehri 55, M.I. Alstaty 99, 
B. Alvarez Gonzalez 35, D. Álvarez Piqueras 172, M.G. Alviggi 67a,67b, B.T. Amadio 18, 
Y. Amaral Coutinho 78b, L. Ambroz 131, C. Amelung 26, D. Amidei 103, S.P. Amor Dos Santos 136a,136c, 
S. Amoroso 35, C.S. Amrouche 52, C. Anastopoulos 146, L.S. Ancu 52, N. Andari 21, T. Andeen 11, 
C.F. Anders 59b, J.K. Anders 20, K.J. Anderson 36, A. Andreazza 66a,66b, V. Andrei 59a, S. Angelidakis 37, 
I. Angelozzi 118, A. Angerami 38, A.V. Anisenkov 120b,120a, A. Annovi 69a, C. Antel 59a, M.T. Anthony 146, 
M. Antonelli 49, D.J.A. Antrim 169, F. Anulli 70a, M. Aoki 79, L. Aperio Bella 35, G. Arabidze 104, Y. Arai 79, 
J.P. Araque 136a, V. Araujo Ferraz 78b, R. Araujo Pereira 78b, A.T.H. Arce 47, R.E. Ardell 91, F.A. Arduh 86, 
J-F. Arguin 107, S. Argyropoulos 75, A.J. Armbruster 35, L.J. Armitage 90, A Armstrong 169, O. Arnaez 165, 
H. Arnold 118, M. Arratia 31, O. Arslan 24, A. Artamonov 109,aw, G. Artoni 131, S. Artz 97, S. Asai 161, 
N. Asbah 44, A. Ashkenazi 159, E.M. Asimakopoulou 170, L. Asquith 153, K. Assamagan 29, R. Astalos 28a, 
R.J. Atkin 32a, M. Atkinson 171, N.B. Atlay 148, K. Augsten 138, G. Avolio 35, R. Avramidou 58a, B. Axen 18, 
M.K. Ayoub 15a, G. Azuelos 107,au, A.E. Baas 59a, M.J. Baca 21, H. Bachacou 142, K. Bachas 65a,65b, 
M. Backes 131, P. Bagnaia 70a,70b, M. Bahmani 82, H. Bahrasemani 149, A.J. Bailey 172, J.T. Baines 141, 
M. Bajic 39, O.K. Baker 181, P.J. Bakker 118, D. Bakshi Gupta 93, E.M. Baldin 120b,120a, P. Balek 178, F. Balli 142, 
W.K. Balunas 133, E. Banas 82, A. Bandyopadhyay 24, S. Banerjee 179,k, A.A.E. Bannoura 180, L. Barak 159, 
W.M. Barbe 37, E.L. Barberio 102, D. Barberis 53b,53a, M. Barbero 99, T. Barillari 113, M-S. Barisits 35, 
J. Barkeloo 127, T. Barklow 150, N. Barlow 31, R. Barnea 158, S.L. Barnes 58c, B.M. Barnett 141, R.M. Barnett 18, 
Z. Barnovska-Blenessy 58a, A. Baroncelli 72a, G. Barone 26, A.J. Barr 131, L. Barranco Navarro 172, 
F. Barreiro 96, J. Barreiro Guimarães da Costa 15a, R. Bartoldus 150, A.E. Barton 87, P. Bartos 28a, 
A. Basalaev 134, A. Bassalat 128, R.L. Bates 55, S.J. Batista 165, S. Batlamous 34e, J.R. Batley 31, M. Battaglia 143, 
M. Bauce 70a,70b, F. Bauer 142, K.T. Bauer 169, H.S. Bawa 150,m, J.B. Beacham 122, M.D. Beattie 87, T. Beau 132, 
P.H. Beauchemin 168, P. Bechtle 24, H.C. Beck 51, H.P. Beck 20,r , K. Becker 50, M. Becker 97, C. Becot 121, 
A. Beddall 12d, A.J. Beddall 12a, V.A. Bednyakov 77, M. Bedognetti 118, C.P. Bee 152, T.A. Beermann 35, 
M. Begalli 78b, M. Begel 29, A. Behera 152, J.K. Behr 44, A.S. Bell 92, G. Bella 159, L. Bellagamba 23b, 
A. Bellerive 33, M. Bellomo 158, K. Belotskiy 110, N.L. Belyaev 110, O. Benary 159,aw, D. Benchekroun 34a, 
M. Bender 112, N. Benekos 10, Y. Benhammou 159, E. Benhar Noccioli 181, J. Benitez 75, D.P. Benjamin 47, 
M. Benoit 52, J.R. Bensinger 26, S. Bentvelsen 118, L. Beresford 131, M. Beretta 49, D. Berge 44, 
E. Bergeaas Kuutmann 170, N. Berger 5, L.J. Bergsten 26, J. Beringer 18, S. Berlendis 56, N.R. Bernard 100, 
G. Bernardi 132, C. Bernius 150, F.U. Bernlochner 24, T. Berry 91, P. Berta 97, C. Bertella 15a, G. Bertoli 43a,43b, 
I.A. Bertram 87, G.J. Besjes 39, O. Bessidskaia Bylund 43a,43b, M. Bessner 44, N. Besson 142, A. Bethani 98, 
S. Bethke 113, A. Betti 24, A.J. Bevan 90, J. Beyer 113, R.M.B. Bianchi 135, O. Biebel 112, D. Biedermann 19, 
R. Bielski 98, K. Bierwagen 97, N.V. Biesuz 69a,69b, M. Biglietti 72a, T.R.V. Billoud 107, M. Bindi 51, 
A. Bingul 12d, C. Bini 70a,70b, S. Biondi 23b,23a, T. Bisanz 51, J.P. Biswal 159, C. Bittrich 46, D.M. Bjergaard 47, 
J.E. Black 150, K.M. Black 25, R.E. Blair 6, T. Blazek 28a, I. Bloch 44, C. Blocker 26, A. Blue 55, 
U. Blumenschein 90, Dr. Blunier 144a, G.J. Bobbink 118, V.S. Bobrovnikov 120b,120a, S.S. Bocchetta 94, 
A. Bocci 47, D. Boerner 180, D. Bogavac 112, A.G. Bogdanchikov 120b,120a, C. Bohm 43a, V. Boisvert 91, 
P. Bokan 170,y, T. Bold 81a, A.S. Boldyrev 111, A.E. Bolz 59b, M. Bomben 132, M. Bona 90, J.S. Bonilla 127, 
M. Boonekamp 142, A. Borisov 140, G. Borissov 87, J. Bortfeldt 35, D. Bortoletto 131, 
V. Bortolotto 71a,61b,61c,71b, D. Boscherini 23b, M. Bosman 14, J.D. Bossio Sola 30, J. Boudreau 135, 
E.V. Bouhova-Thacker 87, D. Boumediene 37, C. Bourdarios 128, S.K. Boutle 55, A. Boveia 122, J. Boyd 35, 
I.R. Boyko 77, A.J. Bozson 91, J. Bracinik 21, N. Brahimi 99, A. Brandt 8, G. Brandt 180, O. Brandt 59a, 
F. Braren 44, U. Bratzler 162, B. Brau 100, J.E. Brau 127, W.D. Breaden Madden 55, K. Brendlinger 44, 



78 The ATLAS Collaboration / Physics Letters B 787 (2018) 68–88

A.J. Brennan 102, L. Brenner 44, R. Brenner 170, S. Bressler 178, B. Brickwedde 97, D.L. Briglin 21, D. Britton 55, 
D. Britzger 59b, I. Brock 24, R. Brock 104, G. Brooijmans 38, T. Brooks 91, W.K. Brooks 144b, E. Brost 119, 
J.H Broughton 21, P.A. Bruckman de Renstrom 82, D. Bruncko 28b, A. Bruni 23b, G. Bruni 23b, L.S. Bruni 118, 
S. Bruno 71a,71b, B.H. Brunt 31, M. Bruschi 23b, N. Bruscino 135, P. Bryant 36, L. Bryngemark 44, T. Buanes 17, 
Q. Buat 35, P. Buchholz 148, A.G. Buckley 55, I.A. Budagov 77, F. Buehrer 50, M.K. Bugge 130, O. Bulekov 110, 
D. Bullock 8, T.J. Burch 119, S. Burdin 88, C.D. Burgard 118, A.M. Burger 5, B. Burghgrave 119, K. Burka 82, 
S. Burke 141, I. Burmeister 45, J.T.P. Burr 131, D. Büscher 50, V. Büscher 97, E. Buschmann 51, P. Bussey 55, 
J.M. Butler 25, C.M. Buttar 55, J.M. Butterworth 92, P. Butti 35, W. Buttinger 35, A. Buzatu 155, 
A.R. Buzykaev 120b,120a, G. Cabras 23b,23a, S. Cabrera Urbán 172, D. Caforio 138, H. Cai 171, V.M.M. Cairo 2, 
O. Cakir 4a, N. Calace 52, P. Calafiura 18, A. Calandri 99, G. Calderini 132, P. Calfayan 63, G. Callea 40b,40a, 
L.P. Caloba 78b, S. Calvente Lopez 96, D. Calvet 37, S. Calvet 37, T.P. Calvet 152, M. Calvetti 69a,69b, 
R. Camacho Toro 132, S. Camarda 35, P. Camarri 71a,71b, D. Cameron 130, R. Caminal Armadans 100, 
C. Camincher 35, S. Campana 35, M. Campanelli 92, A. Camplani 66a,66b, A. Campoverde 148, 
V. Canale 67a,67b, M. Cano Bret 58c, J. Cantero 125, T. Cao 159, Y. Cao 171, M.D.M. Capeans Garrido 35, 
I. Caprini 27b, M. Caprini 27b, M. Capua 40b,40a, R.M. Carbone 38, R. Cardarelli 71a, F.C. Cardillo 50, I. Carli 139, 
T. Carli 35, G. Carlino 67a, B.T. Carlson 135, L. Carminati 66a,66b, R.M.D. Carney 43a,43b, S. Caron 117, 
E. Carquin 144b, S. Carrá 66a,66b, G.D. Carrillo-Montoya 35, D. Casadei 32b, M.P. Casado 14,g , A.F. Casha 165, 
M. Casolino 14, D.W. Casper 169, R. Castelijn 118, F.L. Castillo 172, V. Castillo Gimenez 172, 
N.F. Castro 136a,136e, A. Catinaccio 35, J.R. Catmore 130, A. Cattai 35, J. Caudron 24, V. Cavaliere 29, 
E. Cavallaro 14, D. Cavalli 66a, M. Cavalli-Sforza 14, V. Cavasinni 69a,69b, E. Celebi 12b, F. Ceradini 72a,72b, 
L. Cerda Alberich 172, A.S. Cerqueira 78a, A. Cerri 153, L. Cerrito 71a,71b, F. Cerutti 18, A. Cervelli 23b,23a, 
S.A. Cetin 12b, A. Chafaq 34a, D Chakraborty 119, S.K. Chan 57, W.S. Chan 118, Y.L. Chan 61a, P. Chang 171, 
J.D. Chapman 31, D.G. Charlton 21, C.C. Chau 33, C.A. Chavez Barajas 153, S. Che 122, A. Chegwidden 104, 
S. Chekanov 6, S.V. Chekulaev 166a, G.A. Chelkov 77,at , M.A. Chelstowska 35, C. Chen 58a, C.H. Chen 76, 
H. Chen 29, J. Chen 58a, J. Chen 38, S. Chen 133, S.J. Chen 15c, X. Chen 15b,as, Y. Chen 80, Y-H. Chen 44, 
H.C. Cheng 103, H.J. Cheng 15d, A. Cheplakov 77, E. Cheremushkina 140, R. Cherkaoui El Moursli 34e, 
E. Cheu 7, K. Cheung 62, L. Chevalier 142, V. Chiarella 49, G. Chiarelli 69a, G. Chiodini 65a, A.S. Chisholm 35, 
A. Chitan 27b, I. Chiu 161, Y.H. Chiu 174, M.V. Chizhov 77, K. Choi 63, A.R. Chomont 128, S. Chouridou 160, 
Y.S. Chow 118, V. Christodoulou 92, M.C. Chu 61a, J. Chudoba 137, A.J. Chuinard 101, J.J. Chwastowski 82, 
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G. Mikenberg 178, M. Mikestikova 137, M. Mikuž 89, M. Milesi 102, A. Milic 165, D.A. Millar 90, D.W. Miller 36, 
A. Milov 178, D.A. Milstead 43a,43b, A.A. Minaenko 140, I.A. Minashvili 157b, A.I. Mincer 121, B. Mindur 81a, 
M. Mineev 77, Y. Minegishi 161, Y. Ming 179, L.M. Mir 14, A. Mirto 65a,65b, K.P. Mistry 133, T. Mitani 177, 
J. Mitrevski 112, V.A. Mitsou 172, A. Miucci 20, P.S. Miyagawa 146, A. Mizukami 79, J.U. Mjörnmark 94, 
T. Mkrtchyan 182, M. Mlynarikova 139, T. Moa 43a,43b, K. Mochizuki 107, P. Mogg 50, S. Mohapatra 38, 
S. Molander 43a,43b, R. Moles-Valls 24, M.C. Mondragon 104, K. Mönig 44, J. Monk 39, E. Monnier 99, 
A. Montalbano 149, J. Montejo Berlingen 35, F. Monticelli 86, S. Monzani 66a, R.W. Moore 3, N. Morange 128, 
D. Moreno 22, M. Moreno Llácer 35, P. Morettini 53b, M. Morgenstern 118, S. Morgenstern 35, D. Mori 149, 
T. Mori 161, M. Morii 57, M. Morinaga 177, V. Morisbak 130, A.K. Morley 35, G. Mornacchi 35, J.D. Morris 90, 
L. Morvaj 152, P. Moschovakos 10, M. Mosidze 157b, H.J. Moss 146, J. Moss 150,n, K. Motohashi 163, 
R. Mount 150, E. Mountricha 29, E.J.W. Moyse 100, S. Muanza 99, F. Mueller 113, J. Mueller 135, 
R.S.P. Mueller 112, D. Muenstermann 87, P. Mullen 55, G.A. Mullier 20, F.J. Munoz Sanchez 98, P. Murin 28b, 
W.J. Murray 176,141, A. Murrone 66a,66b, M. Muškinja 89, C. Mwewa 32a, A.G. Myagkov 140,al, J. Myers 127, 
M. Myska 138, B.P. Nachman 18, O. Nackenhorst 45, K. Nagai 131, R. Nagai 79,ao, K. Nagano 79, Y. Nagasaka 60, 
K. Nagata 167, M. Nagel 50, E. Nagy 99, A.M. Nairz 35, Y. Nakahama 115, K. Nakamura 79, T. Nakamura 161, 
I. Nakano 123, H. Nanjo 129, F. Napolitano 59a, R.F. Naranjo Garcia 44, R. Narayan 11, D.I. Narrias Villar 59a, 
I. Naryshkin 134, T. Naumann 44, G. Navarro 22, R. Nayyar 7, H.A. Neal 103, P.Y. Nechaeva 108, T.J. Neep 142, 
A. Negri 68a,68b, M. Negrini 23b, S. Nektarijevic 117, C. Nellist 51, M.E. Nelson 131, S. Nemecek 137, 
P. Nemethy 121, M. Nessi 35,f , M.S. Neubauer 171, M. Neumann 180, P.R. Newman 21, T.Y. Ng 61c, Y.S. Ng 19, 
H.D.N. Nguyen 99, T. Nguyen Manh 107, E. Nibigira 37, R.B. Nickerson 131, R. Nicolaidou 142, J. Nielsen 143, 
N. Nikiforou 11, V. Nikolaenko 140,al, I. Nikolic-Audit 132, K. Nikolopoulos 21, P. Nilsson 29, Y. Ninomiya 79, 
A. Nisati 70a, N. Nishu 58c, R. Nisius 113, I. Nitsche 45, T. Nitta 177, T. Nobe 161, Y. Noguchi 83, 
M. Nomachi 129, I. Nomidis 33, M.A. Nomura 29, T. Nooney 90, M. Nordberg 35, N. Norjoharuddeen 131, 
T. Novak 89, O. Novgorodova 46, R. Novotny 138, M. Nozaki 79, L. Nozka 126, K. Ntekas 169, E. Nurse 92, 
F. Nuti 102, F.G. Oakham 33,au, H. Oberlack 113, T. Obermann 24, J. Ocariz 132, A. Ochi 80, I. Ochoa 38, 
J.P. Ochoa-Ricoux 144a, K. O’Connor 26, S. Oda 85, S. Odaka 79, A. Oh 98, S.H. Oh 47, C.C. Ohm 151, 
H. Oide 53b,53a, H. Okawa 167, Y. Okazaki 83, Y. Okumura 161, T. Okuyama 79, A. Olariu 27b, 
L.F. Oleiro Seabra 136a, S.A. Olivares Pino 144a, D. Oliveira Damazio 29, J.L. Oliver 1, M.J.R. Olsson 36, 
A. Olszewski 82, J. Olszowska 82, D.C. O’Neil 149, A. Onofre 136a,136e, K. Onogi 115, P.U.E. Onyisi 11, 
H. Oppen 130, M.J. Oreglia 36, Y. Oren 159, D. Orestano 72a,72b, E.C. Orgill 98, N. Orlando 61b, A.A. O’Rourke 44, 
R.S. Orr 165, B. Osculati 53b,53a,aw, V. O’Shea 55, R. Ospanov 58a, G. Otero y Garzon 30, H. Otono 85, 
M. Ouchrif 34d, F. Ould-Saada 130, A. Ouraou 142, Q. Ouyang 15a, M. Owen 55, R.E. Owen 21, V.E. Ozcan 12c, 
N. Ozturk 8, J. Pacalt 126, H.A. Pacey 31, K. Pachal 149, A. Pacheco Pages 14, L. Pacheco Rodriguez 142, 
C. Padilla Aranda 14, S. Pagan Griso 18, M. Paganini 181, G. Palacino 63, S. Palazzo 40b,40a, S. Palestini 35, 
M. Palka 81b, D. Pallin 37, I. Panagoulias 10, C.E. Pandini 35, J.G. Panduro Vazquez 91, P. Pani 35, 
G. Panizzo 64a,64c, L. Paolozzi 52, T.D. Papadopoulou 10, K. Papageorgiou 9,j, A. Paramonov 6, 
D. Paredes Hernandez 61b, B. Parida 58c, A.J. Parker 87, K.A. Parker 44, M.A. Parker 31, F. Parodi 53b,53a, 
J.A. Parsons 38, U. Parzefall 50, V.R. Pascuzzi 165, J.M.P. Pasner 143, E. Pasqualucci 70a, S. Passaggio 53b, 
F. Pastore 91, P. Pasuwan 43a,43b, S. Pataraia 97, J.R. Pater 98, A. Pathak 179,k, T. Pauly 35, B. Pearson 113, 
M. Pedersen 130, L. Pedraza Diaz 117, S. Pedraza Lopez 172, R. Pedro 136a,136b, S.V. Peleganchuk 120b,120a, 
O. Penc 137, C. Peng 15d, H. Peng 58a, B.S. Peralva 78a, M.M. Perego 142, A.P. Pereira Peixoto 136a, 
D.V. Perepelitsa 29, F. Peri 19, L. Perini 66a,66b, H. Pernegger 35, S. Perrella 67a,67b, V.D. Peshekhonov 77,aw, 



The ATLAS Collaboration / Physics Letters B 787 (2018) 68–88 83

K. Peters 44, R.F.Y. Peters 98, B.A. Petersen 35, T.C. Petersen 39, E. Petit 56, A. Petridis 1, C. Petridou 160, 
P. Petroff 128, E. Petrolo 70a, M. Petrov 131, F. Petrucci 72a,72b, M. Pettee 181, N.E. Pettersson 100, 
A. Peyaud 142, R. Pezoa 144b, T. Pham 102, F.H. Phillips 104, P.W. Phillips 141, G. Piacquadio 152, E. Pianori 18, 
A. Picazio 100, M.A. Pickering 131, R. Piegaia 30, J.E. Pilcher 36, A.D. Pilkington 98, M. Pinamonti 71a,71b, 
J.L. Pinfold 3, M. Pitt 178, M-A. Pleier 29, V. Pleskot 139, E. Plotnikova 77, D. Pluth 76, P. Podberezko 120b,120a, 
R. Poettgen 94, R. Poggi 68a,68b, L. Poggioli 128, I. Pogrebnyak 104, D. Pohl 24, I. Pokharel 51, G. Polesello 68a, 
A. Poley 44, A. Policicchio 40b,40a, R. Polifka 35, A. Polini 23b, C.S. Pollard 44, V. Polychronakos 29, 
D. Ponomarenko 110, L. Pontecorvo 70a, G.A. Popeneciu 27d, D.M. Portillo Quintero 132, S. Pospisil 138, 
K. Potamianos 44, I.N. Potrap 77, C.J. Potter 31, H. Potti 11, T. Poulsen 94, J. Poveda 35, T.D. Powell 146, 
M.E. Pozo Astigarraga 35, P. Pralavorio 99, S. Prell 76, D. Price 98, M. Primavera 65a, S. Prince 101, 
N. Proklova 110, K. Prokofiev 61c, F. Prokoshin 144b, S. Protopopescu 29, J. Proudfoot 6, M. Przybycien 81a, 
A. Puri 171, P. Puzo 128, J. Qian 103, Y. Qin 98, A. Quadt 51, M. Queitsch-Maitland 44, A. Qureshi 1, 
P. Rados 102, F. Ragusa 66a,66b, G. Rahal 95, J.A. Raine 98, S. Rajagopalan 29, A. Ramirez Morales 90, 
T. Rashid 128, S. Raspopov 5, M.G. Ratti 66a,66b, D.M. Rauch 44, F. Rauscher 112, S. Rave 97, B. Ravina 146, 
I. Ravinovich 178, J.H. Rawling 98, M. Raymond 35, A.L. Read 130, N.P. Readioff 56, M. Reale 65a,65b, 
D.M. Rebuzzi 68a,68b, A. Redelbach 175, G. Redlinger 29, R. Reece 143, R.G. Reed 32c, K. Reeves 42, 
L. Rehnisch 19, J. Reichert 133, A. Reiss 97, C. Rembser 35, H. Ren 15d, M. Rescigno 70a, S. Resconi 66a, 
E.D. Resseguie 133, S. Rettie 173, E. Reynolds 21, O.L. Rezanova 120b,120a, P. Reznicek 139, R. Richter 113, 
S. Richter 92, E. Richter-Was 81b, O. Ricken 24, M. Ridel 132, P. Rieck 113, C.J. Riegel 180, O. Rifki 44, 
M. Rijssenbeek 152, A. Rimoldi 68a,68b, M. Rimoldi 20, L. Rinaldi 23b, G. Ripellino 151, B. Ristić 87, E. Ritsch 35, 
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