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1 Introduction

The substantial dataset of Large Hadron Collider (LHC) proton-proton (pp) collisions at√
s = 8 TeV collected by the ATLAS experiment provides a distinct opportunity to search

for new heavy resonances at the TeV mass scale. This paper presents a search for narrow

diboson resonances (WW , WZ and ZZ) decaying to fully hadronic final states. The fully

hadronic mode has a higher branching fraction than leptonic and semileptonic decay modes,

and is therefore used to extend the reach of the search to the highest possible resonance

masses.

W and Z bosons resulting from the decay of very massive resonances are highly

boosted, so that each boson’s hadronic decay products are reconstructed as a single jet. The

signature of the heavy resonance decay is thus a resonance structure in the dijet invariant

mass spectrum. The dominant background for this search is due to dijet events from QCD

processes, which produce a smoothly falling spectrum without resonance structures. To

cope with this large background, jets are selected using a boson tagging procedure based on
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a reclustering-mass-drop filter (BDRS-A, similar to the method introduced in ref. [1]), jet

mass, and further substructure properties. The tagging procedure strongly suppresses the

dijet background, although these QCD processes still overwhelm the expected backgrounds

from single boson production with one or more jets, Standard Model (SM) diboson pro-

duction, single-top and top-pair production. As all of these background sources produce

dijet invariant mass distributions without resonance peaks, the expected background in the

search is modelled by a fit to a smoothly falling distribution.

Diboson resonances are predicted in several extensions to the SM, such as technicolour

[2–4], warped extra dimensions [5–7], and Grand Unified Theories [8–11]. To assess the

sensitivity of the search, to optimise the event selection, and for comparison with data,

two specific benchmark models are used: an extended gauge model (EGM) W 0 → WZ

where the spin-1 W 0 gauge boson has a modified coupling to the SM W and Z bosons [12–

14], and a spin-2 graviton, GRS → WW or ZZ, a Kaluza-Klein mode [5, 15] of the bulk

Randall-Sundrum (RS) graviton [16–18].

The CMS collaboration has performed a search for diboson resonances with the fully

hadronic final state [19] of comparable sensitivity to the one presented in this article. In this

search, the EGM W 0 → WZ with masses below 1.7 TeV and GRS of the original RS model

decaying to WW with masses below 1.2 TeV are excluded at 95% confidence level (CL). The

CMS collaboration has also published upper limits on the production of generic diboson

resonances using semileptonic final states [20]. Using the ‘‘qq̄ final state, the ATLAS

collaboration has excluded at 95% CL a bulk GRS → ZZ with mass below 740 GeV [21].

For narrow resonances decaying exclusively to WZ or WW , the sensitivity of the ATLAS

search in the ‘νqq̄ channel [22] is comparable to that of the search presented here in the

mass range from 1.3 to 2.5 TeV. That search has also excluded a bulk GRS → WW with

mass below 760 GeV.

2 ATLAS detector and data sample

The ATLAS detector [23] surrounds nearly the entire solid angle around the ATLAS colli-

sion point. It has an approximately cylindrical geometry and consists of an inner tracking

detector surrounded by electromagnetic and hadronic calorimeters and a muon spectrom-

eter. The tracking detector is placed within a 2 T axial magnetic field provided by a

superconducting solenoid and measures charged-particle trajectories with pixel and silicon

microstrip detectors that cover the pseudorapidity1 range |η| < 2.5, and with a straw-tube

transition radiation tracker covering |η| < 2.0.

A high-granularity electromagnetic and hadronic calorimeter system measures the jets

in this analysis. The electromagnetic calorimeter is a liquid-argon (LAr) sampling calorime-

ter with lead absorbers, spanning |η| < 3.2 with barrel and end-cap sections. The three-

1ATLAS 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 upward. Cylindrical coordinates (r, φ) are used in the transverse

plane, φ being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the

polar angle θ as η = − ln tan(θ/2).
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layer central hadronic calorimeter comprises scintillator tiles with steel absorbers and ex-

tends to |η| = 1.7. The hadronic end-cap calorimeters measure particles in the region

1.5 < |η| < 3.2 using liquid argon with copper absorber. The forward calorimeters cover

3.1 < |η| < 4.9, using LAr/copper modules for electromagnetic energy measurements and

LAr/tungsten modules to measure hadronic energy.

Events are recorded in ATLAS if they satisfy a three-level trigger requirement. The

level-1 trigger detects jet and particle signatures in the calorimeter and muon systems with

a fixed latency of 2.5 µs, and is designed to reduce the event rate to less than 75 kHz.

Jets are identified at level-1 with a sliding-window algorithm, searching for local maxima

in square regions with size ∆η×∆φ = 0.8×0.8. The subsequent high-level trigger consists

of two stages of software-based trigger filters which reduce the event rate to a few hundred

Hz. Events used in this search satisfy a single-jet trigger requirement, based on at least one

jet reconstructed at each trigger level. At the first filtering stage of the high-level trigger,

jet candidates are reconstructed from calorimeter cells using a cone algorithm with small

radius, R = 0.4. The final filter in the high-level trigger requires a jet to satisfy a higher

transverse momentum (pT) threshold, reconstructed with the anti-kt algorithm [24] and a

large radius parameter (R = 1.0).

This search is performed using the dataset collected in 2012 from 8 TeV LHC pp col-

lisions using a single-jet trigger with a nominal pT threshold of 360 GeV. The integrated

luminosity of this dataset after requiring good beam and detector conditions is 20.3 fb−1,

with a relative uncertainty of ±2.8%. The uncertainty is derived following the methodology

detailed in ref. [25].

3 Simulated data samples

The leading-order Monte Carlo (MC) generator Pythia 8.170 [26] is used to model W 0 →
WZ events in order to determine and optimise the sensitivity of this search. Pythia 8

uses the pT-ordered showering introduced in Pythia 6.3 [27, 28], and interleaves multiple

parton interactions with both initial- and final-state radiation. The samples generated

for this analysis use MSTW2008 [29] parton distribution functions (PDFs), with parton

shower parameters tuned to ATLAS underlying-event data [30]. Hadronisation is based on

the Lund string fragmentation framework [31]. An additional set of W 0 samples generated

with Pythia for the hard scattering interaction and Herwig++ [32] for parton showering

and hadronisation is used to assess systematic uncertainties on the signal efficiency due to

uncertainties on the parton shower and hadronisation model. These samples use angular-

ordered showering and cluster hadronisation.

The W 0 boson samples are generated for different resonance masses, covering the range

1.3 ≤ mW 0 ≤ 3.0 TeV in 100 GeV intervals. The W 0 is required to decay to a W and a

Z boson, which are both forced to decay hadronically. The cross section times branching

ratio as well as the resonance width for the samples listed in table 1 are calculated by

Pythia 8 assuming EGM couplings [12] for the W 0. In particular, the W 0 coupling to

WZ is equal to that of the W coupling scaled by c × (mW /mW 0)2, where c is a coupling

scaling factor of order one which is set to unity for the samples generated here. The partial
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W 0 → WZ GRS → WW GRS → ZZ

m ΓW 0 ΓGRS
σ ×BR f10% σ ×BR f10% σ ×BR f10%

[TeV] [GeV] [GeV] [fb] [fb] [fb]

1.3 47 76 19.1 0.83 0.73 0.85 0.37 0.84

1.6 58 96 6.04 0.79 0.14 0.83 0.071 0.84

2.0 72 123 1.50 0.72 0.022 0.83 0.010 0.82

2.5 91 155 0.31 0.54 0.0025 0.78 0.0011 0.78

3.0 109 187 0.088 0.31 0.00034 0.72 0.00017 0.71

Table 1. The resonance width (Γ) and the product of cross sections and branching ratios (BR)

to four-quark final states used in modelling W 0 → WZ, GRS → WW , and GRS → ZZ, for several

values of resonance pole masses (m). The fraction of events in which the invariant mass of the W 0

or GRS decay products lies within 10% of the nominal resonance mass (f10%) is also displayed.

width of W 0 → WZ decays thus scales linearly with mW 0 , leading to a narrow width over

the entire accessible mass range. Because of the anti-quark parton distribution functions

involved in the production, a significant part of the W 0 cross section for large W 0 masses is

due to off-shell interactions which produce a low-mass tail in the W 0 mass spectrum. The

relative size of the low-mass tail increases with the W 0 mass: the fraction of events with a

diboson mass below 20% of the pole mass of the W 0 increases from 10% for mW 0 = 1.3 TeV

to 22% for mW 0 = 2.0 TeV and to 65% for mW 0 = 3.0 TeV.

An extended RS model with a warped extra dimension is used for the excited gravi-

ton benchmarks. In this model the SM fields are allowed to propagate in the warped

extra dimension [16], avoiding the constraints on the original RS model from limits on

flavour-changing neutral currents and electroweak precision measurements. The model is

characterised by a dimensionless coupling constant k/M̄Pl ∼ 1, where k is the curvature of

the warped extra dimension and M̄Pl is the reduced Planck mass. The RS excited graviton

samples are generated with CalcHEP 3.4 [33] setting k/M̄Pl = 1, covering the resonance

mass range 1.3 ≤ mGRS
≤ 3.0 TeV in 100 GeV intervals. The graviton resonance is decayed

to WW or ZZ, and the resulting W or Z bosons are forced to decay hadronically. The

cross section times branching ratio as well as the resonance width calculated by CalcHEP

for the RS model are listed in table 1. Events are generated using CTEQ6L1 [34] PDFs,

and use Pythia 8 for the parton shower and hadronisation.

To characterise the expected dijet invariant mass spectrum in the mass range 1.3–

3.0 TeV, simulated QCD dijet events, diboson events, and single W or Z bosons produced

with jets are used. Contributions from SM diboson events are expected to account for

approximately 6% of the selected sample, and single boson production is expected to con-

tribute less than 2%. Contributions from tt̄ production, studied using MC@NLO [35] and

HERWIG [36] showering, were found to be negligible and are not considered further.

QCD dijet events are produced with Pythia 8 and the CT10 [37] PDFs and the

W/Z + jets samples are produced with Pythia 8 and CTEQ6L1 PDFs. Diboson events

are produced at the generator level with POWHEG [38], using Pythia for the soft parton

shower. The samples of single W or Z bosons produced with jets are further used to

determine a scale factor for the efficiency of the boson tagging selection, by comparing the
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boson tagging efficiencies between simulation and collision data in a W/Z+jets-enriched

sample.

The final-state particles produced by the generators are propagated through a detailed

detector simulation [39] based on GEANT4 [40]. The average number of pp interactions

per bunch crossing was approximately 20 while the collision data were collected. The

expected contribution from these additional minimum-bias pp interactions is accounted

for by overlaying additional minimum-bias events generated with Pythia 8, matching the

distribution of the number of interactions per bunch crossing observed in collision data.

Simulated events are then reconstructed with the same algorithms run on collision data.

4 Boson jet identification

In this search W and Z bosons from the decay of the massive resonance are produced

with a large transverse momentum relative to their mass and each boson is reconstructed

as a single large-radius jet. Boson jet-candidates are then identified by applying tagging

requirements based on the reconstructed jet properties, as described below.

4.1 Jet reconstruction

Jets are formed by combining topological clusters [41] reconstructed in the calorimeter sys-

tem, which are calibrated in energy with the local calibration scheme [42] and are considered

massless. These topological clusters are combined into jets using the Cambridge-Aachen

(C/A) algorithm [43, 44] implemented in FastJet [45] with a radius parameter R = 1.2. The

C/A algorithm iteratively replaces the nearest pair of elements (topological clusters or their

combination) with their combination2 until all remaining pairs are separated by more than

R, defining the distance ∆R between elements as (∆R)2 = (∆y)2 + (∆φ)2 where y is the

rapidity. The jets are the elements remaining after this final stage of iteration, and the last

pair of elements to be combined into a given jet are referred to here as the subjets of that

jet. Charged-particle tracks reconstructed in the tracking detector are matched to these

calorimeter jets if they fall within the passive catchment area of the jet [46], determined

by representing each track by a collinear “ghost” constituent with negligible energy during

jet reconstruction. Only well-reconstructed tracks with pT ≥ 500 MeV and consistent with

particles originating at the primary3 collision vertex are considered.

The jets are then groomed to identify the pair of subjets associated with the W → qq̄0

or Z → qq̄ decay, and to reduce the effect of pileup and other noise sources on the resolution.

The grooming algorithm is a variant of the mass-drop filtering technique [1], which first

examines the sequence of pairwise combinations used to reconstruct the jet in reverse order.

At each step the lower-mass subjet is discarded, and the higher-mass subjet is considered

as the jet, continuing until a pair is found which satisfies mass-drop and subjet momentum

balance criteria parameterised by µf and
√
yf , respectively. Iteration stops when a pair of

2Elements are combined by summing their four-momenta.
3The primary collision vertex is the reconstructed vertex with the greatest sum of associated track pT

2.
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Filtering parameter Value
√
yf 0.2

µf 1

Rr 0.3

nr 3

Table 2. Parameters for the mass-drop filtering algorithm used to groom C/A jets. The choice of

µf parameter corresponds to no mass-drop requirement being imposed in the grooming procedure.

subjets is found for which each subjet mass m(i) satisfies µ ≡ m(i)/m0 ≤ µf , and for which

√
y ≡ min(pTj1 , pTj2)

∆R(j1,j2)

m0
≥ √

yf ,

where pTj1 and pTj2 are the transverse momenta of subjets j1 and j2 respectively, ∆R(j1,j2)

is the distance between subjets j1 and j2, and m0 is the mass of the parent jet.

The subjet momentum-balance threshold yf and the mass-drop parameter µf used

in this analysis, given in table 2, are chosen to stop the iteration when the two subjets

corresponding to the W or Z boson decay have been identified in simulated signal events.

The best signal to background ratio for a given signal efficiency was obtained with µf set

to 1, hence no mass-drop requirement is applied in this analysis.

The selected pair of subjets is then filtered: the original topological cluster constituents

of that pair of subjets are taken together and clustered using the C/A algorithm with a

small radius parameter (Rr = 0.3), and all but the three (nr = 3) highest-pT jets resulting

from this reclustering of the subjets’ constituents are discarded. If there are fewer than

three jets after the reclustering, all constituents are kept. Those constituents that remain

form the resulting filtered jet, which is further calibrated using energy- and η-dependent

correction factors derived from simulation by applying a procedure similar to the one used

in ref. [47]. The calibrated four-momentum is used as the W or Z boson candidate’s four-

momentum in subsequent cuts and in reconstructing the heavy resonance candidate’s mass

in each selected event.

4.2 Boson jet tagging

The grooming algorithm rejects jets that do not satisfy the momentum balance and mass-

drop criteria at any stage of iteration, and thus provides a small degree of discriminating

power between jets from hadronically decaying bosons and those from QCD dijet produc-

tion. To improve the discrimination in this analysis, the remaining jets are also tagged with

three additional boson tagging requirements. First, a more stringent subjet momentum-

balance criterion (
√
y ≥ 0.45) is applied to the pair of subjets identified by the filtering

algorithm at the stopping point before the reclustering stage, since jets in QCD dijet events

that survive grooming tend to have unbalanced subjet momenta characteristic of soft gluon

radiation. Figure 1a shows the subjet momentum-balance distribution for jets in signal and

QCD dijet background simulated events. Unlike jets from massive boson decays in which

the hadron multiplicity is essentially independent of the jet pT, energetic gluon jets are
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Figure 1. The distribution of the boson-tagging variables (a) subjet momentum balance
√
y, (b)

number of tracks ntrk matched to the jet, and (c) mass mj of the groomed jet, in simulated signal

and background events. The signal and background distributions are normalised to unit area,

and the last bin of each histogram includes the fraction of events falling outside of the displayed

range. Requirements are placed on the events used to ensure that the kinematics of the signal and

background events are comparable.

typically composed of more hadrons, so the number of charged-particle tracks associated

with the original, ungroomed jet is required to be small (ntrk < 30). Figure 1b shows

the number of tracks matched to jets for selected jets in signal and background simulated

events. The efficiency of this selection requirement must be corrected by a scale factor

derived from data, as explained in section 7. Finally, a selection window is applied to the

invariant mass of the filtered jet, mj , since this quantity is expected to be small for jets in

QCD dijet events and to reflect the boson mass for jets from hadronic boson decays. The

expected mass distribution of jets in GRS simulated events and the dijet background simu-

lation is illustrated in figure 1c. Narrow mass windows with a width of 26 GeV are chosen

to optimise sensitivity to signal events and are centred at either 82.4 GeV or 92.8 GeV,

where the mass distributions of the W and Z jets, respectively, peak in simulation. Each

jet’s mass must fall within either the W or Z mass window, consistent with the WZ, WW

or ZZ final state being studied.
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5 Event selection

High-mass resonances decaying to a pair of boosted vector bosons with subsequent hadronic

decay are recognised as two large-radius massive jets with large momentum, typically

balanced in pT. Events in this search must therefore first satisfy the high-pT large-radius

jet trigger, which is found to select over 99% of C/A R=1.2 jets within |η| < 2.0 and with

ungroomed pT greater than 540 GeV. Events are removed if they contain a prompt electron

candidate with ET > 20 GeV in the regions |η| < 1.37 or 1.52 < |η| < 2.47, or a prompt

muon candidate with pT > 20 GeV in the region |η| < 2.5. This requirement ensures that

this analysis has no events in common with other diboson search analyses [21, 22]. Events

with reconstructed missing transverse momentum exceeding 350 GeV are also removed,

as these are used in searches sensitive to diboson resonances with a Z boson decaying to

neutrinos [48].

5.1 Event topology

For events satisfying the requirements above, two C/A R=1.2 jets with pT exceeding 20 GeV

must be found and must pass the mass-drop filtering procedure. The two jets with the

highest transverse momentum must have |η| < 2.0 to ensure sufficient overlap with the inner

tracking detector, since associated charged-particle tracks are used in the boson tagging

requirements and for estimating systematic uncertainties. In addition, a requirement on the

rapidity difference between the two leading jets, |y1 − y2| < 1.2, is imposed to improve the

sensitivity. This rapidity difference is smaller for s-channel processes such as the W 0 and

GRS signal models than for the t-channel processes dominating the QCD dijet background.

The combined efficiency of these three cuts in W 0 signal events is between 72% and

81% depending on the resonance mass, for events from each signal sample in which the true

diboson mass lies within 10% of the nominal value. For GRS signal events, the combined

efficiency is between 82% and 87%. The difference in the expected efficiencies between

the W 0 and GRS signals is related to the different event topologies expected for spin-1 and

spin-2 resonances affecting acceptance.

A selection on the pT asymmetry of the two leading jets, (pT1−pT2)/(pT1+pT2) < 0.15,

is used to reject events where one of the jets is poorly measured or does not come from the

primary pp collision. The signal selection efficiency of this cut exceeds 97% in W 0 signal

samples and 90% in the samples of GRS events. The difference in the expected efficiencies

between the W 0 and GRS signals is related to their different production mechanisms. Fig-

ure 2a shows the selection efficiency of the event topology requirements for signal events

with resonance mass within 10% of the nominal signal mass for the W 0 → WZ, bulk

GRS → WW and bulk GRS → ZZ benchmark models, with statistical and systematic

uncertainties indicated by the width of the bands in the figure.

5.2 Boson tagging requirements

The two jets with the highest transverse momentum each must satisfy the three boson

tagging requirements discussed in section 4:
√
y ≥ 0.45, ntrk < 30, and |mj−mV | < 13 GeV,

where mV is the peak value of the reconstructed W or Z boson mass distribution. For the

– 8 –
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Figure 2. Event selection efficiencies as a function of the resonance masses for EGM W 0 → WZ

and bulk GRS → WW and ZZ for simulated events with resonance mass within 10% of the nominal

signal mass. In (a), the event topology requirements are applied to EGM W 0 → WZ, GRS → WW

and GRS → ZZ samples, while in (b), the WZ, WW and ZZ boson tagging selections are also

applied in the EGM W 0 → WZ, GRS → WW and GRS → ZZ samples respectively and the

efficiencies shown are corrected by the simulation-to-data scale factor. The width of the bands in

each figure indicates both the statistical and systematic uncertainties.

W 0 → WZ search, this final cut sets mV equal to the peak reconstructed W boson mass

when applied to the lower mass jet, and to the peak reconstructed Z boson mass when

applied to the higher mass jet.

The expected efficiency of these boson tagging cuts applied to signal events is evaluated

using the MC signal samples described in section 3. For signal events passing event topology

requirements on the mass-drop filtering, η, the rapidity difference, and the pT asymmetry,

the average efficiency of the tagging cuts for each of the two leading-pT filtered jets is

approximately the same in the GRS → WW and GRS → ZZ samples, and ranges from

44.0% in the mGRS
= 1.2 TeV sample to 33.9% for the mGRS

= 3.0 TeV sample. Figure 2b

shows the selection efficiency of the event selection and tagging requirements for signal

events with resonance mass within 10% of the nominal signal mass for the W 0 → WZ

and bulk GRS → WW and bulk GRS → ZZ benchmark models, with both statistical and

systematic uncertainties included in the error band. The average background selection

efficiency of the tagger for each of the two leading-pT filtered jets in simulated QCD dijet

events satisfying the same event selection requirements ranges from 1.2% for events with

dijet masses between 1.08 TeV and 1.32 TeV, to 0.6% for events with dijet masses between

2.7 TeV and 3.3 TeV.

5.3 Dijet mass requirement

The invariant mass calculated from the two leading jets must exceed 1.05 TeV. This re-

quirement restricts the analysis of the dijet mass distribution to regions where the trigger

is fully efficient for boson-tagged jets, so that the trigger efficiency does not affect its shape.

6 Background model

The search for high-mass diboson resonances is carried out by looking for resonance struc-

tures on a smoothly falling dijet invariant mass spectrum, empirically characterised by the
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function
dn

dx
= p1(1 − x)p2+ξp3xp3 , (6.1)

where x = mjj/
√
s, and mjj is the dijet invariant mass, p1 is a normalisation factor, p2 and

p3 are dimensionless shape parameters, and ξ is a dimensionless constant chosen after fitting

to minimise the correlations between p2 and p3. A maximum-likelihood fit, with parameters

p1, p2 and p3 free to float, is performed in the range 1.05 TeV < mjj < 3.55 TeV, where

the lower limit is dictated by the point where the trigger is fully efficient for tagged jets

and the upper limit is set to be in a region where the data and the background estimated

by the fit are well below one event per bin for the tagged distributions. The likelihood is

defined in terms of events binned in 100-GeV-wide bins in mjj as

L =
Y
i

λni
i e−λi

ni!
, (6.2)

where ni is the number of events observed in the ith mjj bin and λi is the background

expectation for the same bin.

The functional form in eq. (6.1) is tested for compatibility with distributions similar

to the expected background by applying it to simulated background events and to several

sidebands in the data. Figure 3 shows fits to the Herwig++ and Pythia simulated dijet

events that pass the full event selection and tagging requirements on both jets, where the

predictions from these leading-order generators are corrected by reweighting the untagged

leading-jet pT distributions to match the untagged distribution in data. Figure 4 shows the

results of fitting the dijet mass spectrum before tagging, and in otherwise tagged events

where both the leading and subleading jet have masses falling below the boson-tagging mass

windows, in the range 40 < mj < 60 GeV. For the data selected before boson tagging, the

trigger efficiency as a function of the dijet mass is taken into account in the fit, because in

the untagged jet sample the trigger is not fully efficient in the first dijet mass bin displayed.

The fitted background functions in figures 3 and 4 are integrated over the same bins used

to display the data, and labelled “background model” in the figures. The size of the shaded

band reflects the uncertainties of the fit parameters. In figure 4a the background model is

shown, but the size of the uncertainty band is too small to be seen. The lower insets in the

figures show the significance, defined as the signed z-value of the difference between the

distribution being modelled and the background model’s prediction [49]. The significance

with respect to the maximum-likelihood expectation is displayed in red, and the significance

when taking the uncertainties on the fit parameters into account is shown in blue.

Table 3 summarises the results of these fits, as well as fits to data where one jet mass

falls in the low-mass sideband (40 < mj ≤ 60 GeV) and the other falls in a high-mass

sideband from 110 < mj < 140 GeV, and where both jet masses fall in the high-mass

sideband. The dijet mass distribution of the simulated background and of each of these

background-dominated selections are well-described by the functional form in eq. (6.1).
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Figure 3. Fits of the background model to the dijet mass (mjj) distributions in (a) Pythia 8

and (b) Herwig++ simulated background events that have passed all event selection and tagging

requirements. The events are reweighted in both cases to correctly reproduce the leading-jet pT
distribution for untagged events, and the simulated data samples were scaled to correspond to a

luminosity of 20.3 fb−1. The significance shown in the inset for each bin is calculated using the

statistical errors of the simulated data.
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Figure 4. Fits of the background model to the dijet mass (mjj) distributions in data events (a)

before boson tagging, and (b) where both jets pass all tagging requirements except for the mj

requirement, and instead satisfy 40 < mj ≤ 60 GeV.

7 Systematic uncertainties

The uncertainty on the background expectation is determined by the fitting procedure,

which assumes a smoothly falling mjj distribution. Possible uncertainties due to the back-
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Sample χ2/nDOF Probability

Pythia dijet events 24.6/22 0.31

Herwig++ dijet events 15.9/22 0.82

Data with 110 < mj1 ≤ 140 GeV and 40 < mj2 ≤ 60 GeV 12.1/11 0.79

Data with 40 < mj ≤ 60 GeV for both jets 19.8/13 0.56

Data with 110 < mj ≤ 140 GeV for both jets 5.0/6 0.91

Table 3. Goodness-of-fit for maximum-likelihood fits of the background model to the dijet mass

distribution in simulated events, and in selected mass sidebands from data events where at least

one of the leading and subleading jet fails the jet mass selection. One-sided χ2 probabilities are dis-

played; for the three data sideband fits, these probabilities were calibrated using pseudo-experiments

to avoid biases due to empty bins.

ground model were assessed by investigating several alternative families of parametrisa-

tions, and by considering signal plus background fits of the chosen function to simulations

of the dominant background as well as sidebands and control regions of data in which a

signal contribution is expected to be negligible. These effects were estimated to be no more

than 25% of the statistical uncertainty at any mass in the search region. The effect of the

uncertainty on the trigger efficiency, the variations of the selection efficiencies as a function

of the kinematic properties of the background, and the composition of the background were

also studied and were found to be well-covered by the uncertainties from the fit.

Systematic uncertainties on the shape of the mjj distribution and the normalisation

of the W 0 and GRS signal are expressed as nuisance parameters with specified probabil-

ity distribution functions (pdfs). The overall normalisation is a product of scale factors,

each corresponding to an identified nuisance parameter. If the shape is affected by a

given nuisance parameter, the systematic change is included when the signal distribution

is generated. If the nuisance parameter does not affect the shape, but only affects the

normalisation, the distribution is simply scaled.

The jet pT scale αPT is defined as a multiplicative factor to the jet pT in simulation,

pT = αPT pMC
T . Following the technique used in ref. [47], the systematic uncertainty

on αPT is assessed by applying the jet reconstruction and filtering algorithms to inner-

detector track constituents, which are treated as massless, and matching these track jets

to the calorimeter jets. The ratio of the matched track jet’s pT to the calorimeter jet’s pT
as a function of several kinematic variables is compared in simulation and data and found

to be consistent within 2%. Hence, the pdf used for αPT is a Gaussian with a mean of one

and a standard deviation of 0.02. Similar methods are used to determine the pdfs for the

scale uncertainties in jet mass mj and momentum balance
√
y.

Mismodelling the jet pT resolution can change the reconstructed width of a diboson

resonance. The jet pT resolution in the simulation is 5% in this kinematic region, and a

20% systematic uncertainty on this resolution is implemented by applying a multiplicative

smearing factor, rE, to the pT of each reconstructed jet with a mean value of unity and a

width |σrE |. The nuisance parameter σrE represents the uncertainty in the pT resolution
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Source Uncertainty Constraining pdf

Jet pT scale 2% G(αPT|1, 0.02)

Jet pT resolution 20% G(σrE | 0, 0.05 ×
√

1.22 − 12)

Jet mass scale 3% G(αm|1, 0.03)

Table 4. Summary of the systematic uncertainties affecting the shape of the signal dijet mass

distribution and their corresponding models. G(x|µ, σ) in the table denotes a Gaussian distribution

for the variable x with mean µ and standard deviation σ.

of reconstructed jets and is assumed to have a Gaussian pdf with a mean of zero and a

standard deviation 0.05 ×
√

1.22 − 12.

The pdfs for the uncertainties in jet-mass resolution and momentum-balance resolution,

listed in table 4, are similarly constructed.

The ntrk variable is not modelled sufficiently well in simulation [50], so it is necessary

to apply a scale factor to the simulated signal to correct the selection efficiency of the ntrk

requirement. A scale factor of 0.90±0.08 is derived from the ratio of the selection efficiency

of this cut in a data control region enriched with W/Z + jets events, where a high-pT W

or Z boson decays hadronically, to the selection efficiency of this cut in simulation. The

data control region is defined by selecting events in the kinematic range where the jet

trigger used in the search is fully efficient, and where only the leading-pT jet passes the

tagging requirement on
√
y. Fits to the jet mass spectrum of the leading-pT jet determine

the number of hadronically decaying W and Z bosons reconstructed as a single jet that

pass the ntrk requirement as a function of the selection criteria on ntrk. The dominant

uncertainty on these yields is the mismodelling of the jet mass spectrum for non-W or

non-Z jets, and is evaluated by comparing the yields obtained when using two different

background models in the fit. The resulting scale factor is 0.90 ± 0.08. Since the ntrk

requirement is applied twice per event in the selections used in the search, a scale factor of

0.8 is applied per selected signal event, with an associated uncertainty of 20%.

A 5% uncertainty on the signal efficiency due to uncertainties on the parton shower

and hadronisation model is also included. The uncertainty is estimated by comparing the

selection efficiencies obtained in simulated signal samples generated and showered with

Pythia 8 to the selection efficiencies obtained in samples generated with Pythia 8 and

showered with Herwig++. An additional 3.5% uncertainty on the signal acceptance due

to uncertainties on the PDFs is considered. This uncertainty is estimated according to the

PDF4LHC recommendations [51].

Table 4 summarises the systematic uncertainties affecting the signal shape and the pdf

constraining the associated nuisance parameter. The largest uncertainty on the shape of

the reconstructed signal is due to the jet pT scale and resolution; the uncertainty in the scale

introduces an uncertainty on the scale of the mass of the reconstructed resonant signal,

and the resolution introduces an uncertainty of the width. The jet mass scale uncertainty

also has an effect on the scale of the reconstructed mass, but this effect is less significant.

Table 5 summarises the systematic uncertainties affecting the signal normalisation. The

jet mass scale uncertainty affects both the shape and the normalisation.
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Source Normalisation uncertainty

Efficiency of the track-multiplicity cut 20.0%

Jet mass scale 5.0%

Jet mass resolution 5.5%

Subjet momentum-balance scale 3.5%

Subjet momentum-balance resolution 2.0%

Parton shower model 5.0%

Parton distribution functions 3.5%

Luminosity 2.8%

Table 5. Summary of the systematic uncertainties affecting the signal normalisation and their

impact on the signal.

Parameter Before tagging WZ WW ZZ

ξ 4.3 3.8 4.2 4.5

p2 30.95 ± 0.03 31.0 ± 1.4 32.5 ± 1.5 39.5 ± 2.0

p3 −5.54 ± 0.03 −9.1 ± 1.5 −9.4 ± 1.6 −9.5 ± 2.3

Observed events 1335762 604 425 333

Table 6. Number of observed events and parameters from the background-only fits to the dijet

mass spectrum for each tagging selection. The parameter ξ is a constant chosen after the fit to

minimise the correlation between the fitted parameters p2 and p3.

8 Results

8.1 Background fit to data

The fitting procedure is applied to the data after WZ, WW and ZZ selection, and the

results are shown in figure 5. In this figure, the fitted background functions, labelled

“background model”, are again integrated over the same bins used to display the data,

and the size of the shaded band reflects the uncertainties on the parameters propagated to

show the uncertainty on the expectation from the fit. Figure 5 also displays the fitted dijet

mass distribution of events passing any of the three tagging selections. The lower panels in

the figure show the significance of the difference between data and the expectation in each

bin. Table 6 gives the fitted values of the parameters for the data selected before tagging,

displayed in figure 4a, and after the WZ, WW and ZZ selections, as well as the number

of events observed.

The dijet mass distributions after all three tagging selections are well-described by the

background model over the entire mass range explored, with the exception of a few bins

near mjj = 2 TeV which contain more events than predicted by the background model.

Approximately 20% of the events selected by either the WW , WZ, or ZZ selection are

shared among all three signal regions. The fraction of events common to the WZ and the

WW or the WZ and the ZZ selections are 49% and 43% respectively. After requiring that

mjj > 1.75 TeV, 5 out of 25 events are common to all three signal regions. The statistical

interpretation of these dijet mass distributions is discussed in the following section.
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Figure 5. Background-only fits to the dijet mass (mjj) distributions in data (a) after tagging

with the WZ selection, (b) after tagging with the WW selection, (c) after tagging with the ZZ

selection, and (d) for events passing any of the three tagging selections. The significance shown in

the inset for each bin is the difference between the data and the fit in units of the uncertainty on

this difference. The significance with respect to the maximum-likelihood expectation is displayed in

red, and the significance when taking the uncertainties on the fit parameters into account is shown

in blue. The spectra in the three signal regions are compared to the signals expected for an EGM

W 0 with mW 0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS
= 1.5 or 2.0 TeV.

8.2 Statistical analysis

A frequentist analysis is used to interpret the data. For each of the two benchmark models

under test, the parameter of interest in the statistical analysis is the signal strength, µ,

defined as a scale factor on the total number of signal events predicted by the model.

Thus, the background-only hypothesis corresponds to µ = 0, and the hypothesis of a
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signal-plus-background model corresponds to µ = 1. A test statistic, λ(µ), based on the

profile likelihood ratio [52] is used to test these models. The test statistic is designed to

extract the information on µ from a maximum-likelihood fit of the signal-plus-background

model to the data.

The likelihood model for the observation is

L =
Y
i

Ppois(n
i
obs|ni

exp) ×G(αPT) ×G(αm) ×G(σrE) ×N (θ) (8.1)

where Ppois(n
i
obs|ni

exp) is the Poisson probability to observe ni
obs events if ni

exp events are

expected, G(αpT), G(αm), and G(σrE), are the pdfs of the nuisance parameters modelling

the systematic uncertainties related to the shape of the signal, and N is a log-normal

distribution for the nuisance parameters, θ, modelling the systematic uncertainty on the

signal normalisation. The expected number of events is the bin-wise sum of the events

expected for the signal and background: nexp = nsig + nbg. The number of expected

background events in dijet mass bin i, ni
bg, is obtained by integrating dn/dx obtained from

eq. (6.1) over that bin. Thus nbg is a function of the dijet background parameters p1, p2, p3.

The number of expected signal events, nsig, is evaluated based on MC simulation assuming

the cross section of the model under test multiplied by the signal strength and including

the effects of the systematic uncertainties described in section 7. The expected number

of signal events is a function of µ and the nuisance parameters modelling the systematic

uncertainties on the signal.

The compatibility of the data with the background-only expectation is quantified in

terms of the local p0, defined as the probability of the background-only model to produce

an excess at least as large as the one observed and quantified with an ensemble of 500,000

background-only pseudo-experiments, while the global probability of an excess with a given

local p0 being the most significant excess to be observed anywhere in the search region is

quantified with 100,000 background-only pseudo-experiments that take into account the

mass ranges and overlapping event samples for the three channels. The largest discrep-

ancies, in the region around 2 TeV in figures 5a, 5b and 5c, lead to small p0 values near

that mass. The smallest local p0 values in the WZ, WW , and ZZ channels correspond to

significances of 3.4 σ, 2.6 σ, and 2.9 σ respectively. Considering the entire mass range of

the search (1.3–3.0 TeV) in each of the three search channels, the global significance of the

discrepancy in the WZ channel is 2.5 σ.

Exclusion limits at the 95% confidence level are set following the CLs prescription [53].

8.3 Exclusion limits on new diboson resonances

Limits on the production cross section times branching ratio of massive resonances are

set in each diboson channel as a function of the resonance mass using the EGM W 0 as a

benchmark for the WZ selection, and the bulk GRS model for the WW and ZZ selections.

In most of the mass range, the observed limit is somewhat better than the expected limit,

but in the region near 2 TeV the excess of events in the data leads to observed limits which

are weaker than expected. Figure 6a shows the observed 95% CL upper limits on the

cross section times branching ratio on the EGM W 0 → WZ hypotheses as a function of
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Figure 6. Upper limits, at 95% C.L., on the section times branching ratio limits for the WZ

window selection as a function of mW 0 , and for the WW window selection and the ZZ window

selections as a function of mGRS . The solid red line in each figure displays the predicted cross

section for the W 0 or GRS model as a function of the resonance mass.

the W 0 mass. EGM W 0 → WZ for masses between 1.3 and 1.5 TeV are excluded at 95%

CL. Figures 6b and 6c show the observed 95% CL upper limits on the cross section times

branching ratio for the bulk GRS → WW and ZZ, respectively. The cross section times

branching ratio for excited graviton production with the model parameters described in

section 3 is too low to be excluded with the sensitivity of this measurement.

9 Conclusions

A search has been performed for massive particles decaying to WW , WZ, or ZZ using

20.3 fb−1 of
√
s = 8 TeV pp collision data collected at the LHC by ATLAS in 2012. This is

the first ATLAS search for resonant diboson production in a fully hadronic final state and

strongly relies on the suppression of the dijet background with a substructure-based jet

grooming and boson tagging procedure. The boson tagging selection includes different jet

mass criteria to identify W and Z boson candidates and thus produces three overlapping

sets of selected events for the searches in the WW , WZ, and ZZ decay channels. The
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most significant discrepancy with the background-only model occurs around 2 TeV in the

WZ channel with a local significance of 3.4 σ and a global significance, taking the entire

mass range of the search in all three channels into account, of 2.5 σ.

Upper limits on the production cross section times branching ratio of massive reso-

nances are set in each diboson channel as a function of the resonance mass, using an EGM

W 0 → WZ as a benchmark for the WZ channel, and an excited bulk graviton GRS to rep-

resent resonances decaying to WW and ZZ. A W 0with EGM couplings and mass between

1.3 and 1.5 TeV is excluded at 95% CL.
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B. Åsman146a,146b, L. Asquith149, K. Assamagan25, R. Astalos144a, M. Atkinson165, N.B. Atlay141,

B. Auerbach6, K. Augsten128, M. Aurousseau145b, G. Avolio30, B. Axen15, M.K. Ayoub117,

G. Azuelos95,d, M.A. Baak30, A.E. Baas58a, C. Bacci134a,134b, H. Bachacou136, K. Bachas154,

M. Backes30, M. Backhaus30, P. Bagiacchi132a,132b, P. Bagnaia132a,132b, Y. Bai33a, T. Bain35,

J.T. Baines131, O.K. Baker176, P. Balek129, T. Balestri148, F. Balli84, E. Banas39, Sw. Banerjee173,

A.A.E. Bannoura175, H.S. Bansil18, L. Barak30, E.L. Barberio88, D. Barberis50a,50b, M. Barbero85,

T. Barillari101, M. Barisonzi164a,164b, T. Barklow143, N. Barlow28, S.L. Barnes84, B.M. Barnett131,

R.M. Barnett15, Z. Barnovska5, A. Baroncelli134a, G. Barone49, A.J. Barr120, F. Barreiro82,
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M. Moreno Llácer54, P. Morettini50a, M. Morgenstern44, M. Morii57, M. Morinaga155,

V. Morisbak119, S. Moritz83, A.K. Morley147, G. Mornacchi30, J.D. Morris76, S.S. Mortensen36,

A. Morton53, L. Morvaj103, M. Mosidze51b, J. Moss111, K. Motohashi157, R. Mount143,

E. Mountricha25, S.V. Mouraviev96,∗, E.J.W. Moyse86, S. Muanza85, R.D. Mudd18, F. Mueller101,

J. Mueller125, K. Mueller21, R.S.P. Mueller100, T. Mueller28, D. Muenstermann49, P. Mullen53,

G.A. Mullier17, Y. Munwes153, J.A. Murillo Quijada18, W.J. Murray170,131, H. Musheghyan54,

E. Musto152, A.G. Myagkov130,aa, M. Myska128, O. Nackenhorst54, J. Nadal54, K. Nagai120,

R. Nagai157, Y. Nagai85, K. Nagano66, A. Nagarkar111, Y. Nagasaka59, K. Nagata160,

M. Nagel101, E. Nagy85, A.M. Nairz30, Y. Nakahama30, K. Nakamura66, T. Nakamura155,

I. Nakano112, H. Namasivayam41, R.F. Naranjo Garcia42, R. Narayan31, T. Naumann42,

G. Navarro162, R. Nayyar7, H.A. Neal89, P.Yu. Nechaeva96, T.J. Neep84, P.D. Nef143,

A. Negri121a,121b, M. Negrini20a, S. Nektarijevic106, C. Nellist117, A. Nelson163, S. Nemecek127,

P. Nemethy110, A.A. Nepomuceno24a, M. Nessi30,ab, M.S. Neubauer165, M. Neumann175,

R.M. Neves110, P. Nevski25, P.R. Newman18, D.H. Nguyen6, R.B. Nickerson120, R. Nicolaidou136,

B. Nicquevert30, J. Nielsen137, N. Nikiforou35, A. Nikiforov16, V. Nikolaenko130,aa,

I. Nikolic-Audit80, K. Nikolopoulos18, J.K. Nilsen119, P. Nilsson25, Y. Ninomiya155, A. Nisati132a,

R. Nisius101, T. Nobe157, M. Nomachi118, I. Nomidis29, T. Nooney76, S. Norberg113,

M. Nordberg30, O. Novgorodova44, S. Nowak101, M. Nozaki66, L. Nozka115, K. Ntekas10,

G. Nunes Hanninger88, T. Nunnemann100, E. Nurse78, F. Nuti88, B.J. O’Brien46, F. O’grady7,

D.C. O’Neil142, V. O’Shea53, F.G. Oakham29,d, H. Oberlack101, T. Obermann21, J. Ocariz80,

A. Ochi67, I. Ochoa78, J.P. Ochoa-Ricoux32a, S. Oda70, S. Odaka66, H. Ogren61, A. Oh84,

S.H. Oh45, C.C. Ohm15, H. Ohman166, H. Oide30, W. Okamura118, H. Okawa160, Y. Okumura31,

T. Okuyama155, A. Olariu26a, S.A. Olivares Pino46, D. Oliveira Damazio25, E. Oliver Garcia167,

A. Olszewski39, J. Olszowska39, A. Onofre126a,126e, P.U.E. Onyisi31,q, C.J. Oram159a,

M.J. Oreglia31, Y. Oren153, D. Orestano134a,134b, N. Orlando154, C. Oropeza Barrera53,

R.S. Orr158, B. Osculati50a,50b, R. Ospanov84, G. Otero y Garzon27, H. Otono70, M. Ouchrif135d,

E.A. Ouellette169, F. Ould-Saada119, A. Ouraou136, K.P. Oussoren107, Q. Ouyang33a,

A. Ovcharova15, M. Owen53, R.E. Owen18, V.E. Ozcan19a, N. Ozturk8, K. Pachal142,

A. Pacheco Pages12, C. Padilla Aranda12, M. Pagáčová48, S. Pagan Griso15, E. Paganis139,
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A. Strubig106, S.A. Stucci17, B. Stugu14, N.A. Styles42, D. Su143, J. Su125, R. Subramaniam79,

A. Succurro12, Y. Sugaya118, C. Suhr108, M. Suk128, V.V. Sulin96, S. Sultansoy4d, T. Sumida68,

S. Sun57, X. Sun33a, J.E. Sundermann48, K. Suruliz149, G. Susinno37a,37b, M.R. Sutton149,

S. Suzuki66, Y. Suzuki66, M. Svatos127, S. Swedish168, M. Swiatlowski143, I. Sykora144a,

T. Sykora129, D. Ta90, C. Taccini134a,134b, K. Tackmann42, J. Taenzer158, A. Taffard163,

R. Tafirout159a, N. Taiblum153, H. Takai25, R. Takashima69, H. Takeda67, T. Takeshita140,

Y. Takubo66, M. Talby85, A.A. Talyshev109,c, J.Y.C. Tam174, K.G. Tan88, J. Tanaka155,

R. Tanaka117, S. Tanaka66, B.B. Tannenwald111, N. Tannoury21, S. Tapprogge83, S. Tarem152,

F. Tarrade29, G.F. Tartarelli91a, P. Tas129, M. Tasevsky127, T. Tashiro68, E. Tassi37a,37b,

A. Tavares Delgado126a,126b, Y. Tayalati135d, F.E. Taylor94, G.N. Taylor88, W. Taylor159b,

F.A. Teischinger30, M. Teixeira Dias Castanheira76, P. Teixeira-Dias77, K.K. Temming48,

H. Ten Kate30, P.K. Teng151, J.J. Teoh118, F. Tepel175, S. Terada66, K. Terashi155, J. Terron82,

S. Terzo101, M. Testa47, R.J. Teuscher158,k, J. Therhaag21, T. Theveneaux-Pelzer34,

J.P. Thomas18, J. Thomas-Wilsker77, E.N. Thompson35, P.D. Thompson18, R.J. Thompson84,

A.S. Thompson53, L.A. Thomsen176, E. Thomson122, M. Thomson28, R.P. Thun89,∗,

M.J. Tibbetts15, R.E. Ticse Torres85, V.O. Tikhomirov96,ag, Yu.A. Tikhonov109,c,

S. Timoshenko98, E. Tiouchichine85, P. Tipton176, S. Tisserant85, T. Todorov5,∗,

S. Todorova-Nova129, J. Tojo70, S. Tokár144a, K. Tokushuku66, K. Tollefson90, E. Tolley57,

L. Tomlinson84, M. Tomoto103, L. Tompkins143,ah, K. Toms105, E. Torrence116, H. Torres142,
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C. Troncon91a, M. Trottier-McDonald15, M. Trovatelli169, P. True90, L. Truong164a,164c,

M. Trzebinski39, A. Trzupek39, C. Tsarouchas30, J.C-L. Tseng120, P.V. Tsiareshka92,

D. Tsionou154, G. Tsipolitis10, N. Tsirintanis9, S. Tsiskaridze12, V. Tsiskaridze48,

E.G. Tskhadadze51a, I.I. Tsukerman97, V. Tsulaia15, S. Tsuno66, D. Tsybychev148,

A. Tudorache26a, V. Tudorache26a, A.N. Tuna122, S.A. Tupputi20a,20b, S. Turchikhin99,af ,

D. Turecek128, R. Turra91a,91b, A.J. Turvey40, P.M. Tuts35, A. Tykhonov49, M. Tylmad146a,146b,

M. Tyndel131, I. Ueda155, R. Ueno29, M. Ughetto146a,146b, M. Ugland14, M. Uhlenbrock21,

F. Ukegawa160, G. Unal30, A. Undrus25, G. Unel163, F.C. Ungaro48, Y. Unno66,

C. Unverdorben100, J. Urban144b, P. Urquijo88, P. Urrejola83, G. Usai8, A. Usanova62,

L. Vacavant85, V. Vacek128, B. Vachon87, C. Valderanis83, N. Valencic107, S. Valentinetti20a,20b,

A. Valero167, L. Valery12, S. Valkar129, E. Valladolid Gallego167, S. Vallecorsa49,

J.A. Valls Ferrer167, W. Van Den Wollenberg107, P.C. Van Der Deijl107, R. van der Geer107,

H. van der Graaf107, R. Van Der Leeuw107, N. van Eldik152, P. van Gemmeren6,

J. Van Nieuwkoop142, I. van Vulpen107, M.C. van Woerden30, M. Vanadia132a,132b, W. Vandelli30,

R. Vanguri122, A. Vaniachine6, F. Vannucci80, G. Vardanyan177, R. Vari132a, E.W. Varnes7,

T. Varol40, D. Varouchas80, A. Vartapetian8, K.E. Varvell150, F. Vazeille34,

T. Vazquez Schroeder87, J. Veatch7, L.M. Veloce158, F. Veloso126a,126c, T. Velz21,

S. Veneziano132a, A. Ventura73a,73b, D. Ventura86, M. Venturi169, N. Venturi158, A. Venturini23,

V. Vercesi121a, M. Verducci132a,132b, W. Verkerke107, J.C. Vermeulen107, A. Vest44,

M.C. Vetterli142,d, O. Viazlo81, I. Vichou165, T. Vickey139, O.E. Vickey Boeriu139,

G.H.A. Viehhauser120, S. Viel15, R. Vigne62, M. Villa20a,20b, M. Villaplana Perez91a,91b,

E. Vilucchi47, M.G. Vincter29, V.B. Vinogradov65, I. Vivarelli149, F. Vives Vaque3, S. Vlachos10,

D. Vladoiu100, M. Vlasak128, M. Vogel32a, P. Vokac128, G. Volpi124a,124b, M. Volpi88,

H. von der Schmitt101, H. von Radziewski48, E. von Toerne21, V. Vorobel129, K. Vorobev98,

M. Vos167, R. Voss30, J.H. Vossebeld74, N. Vranjes13, M. Vranjes Milosavljevic13, V. Vrba127,

M. Vreeswijk107, R. Vuillermet30, I. Vukotic31, Z. Vykydal128, P. Wagner21, W. Wagner175,

H. Wahlberg71, S. Wahrmund44, J. Wakabayashi103, J. Walder72, R. Walker100, W. Walkowiak141,

C. Wang33c, F. Wang173, H. Wang15, H. Wang40, J. Wang42, J. Wang33a, K. Wang87, R. Wang6,

S.M. Wang151, T. Wang21, X. Wang176, C. Wanotayaroj116, A. Warburton87, C.P. Ward28,

D.R. Wardrope78, M. Warsinsky48, A. Washbrook46, C. Wasicki42, P.M. Watkins18,

A.T. Watson18, I.J. Watson150, M.F. Watson18, G. Watts138, S. Watts84, B.M. Waugh78,

S. Webb84, M.S. Weber17, S.W. Weber174, J.S. Webster31, A.R. Weidberg120, B. Weinert61,

J. Weingarten54, C. Weiser48, H. Weits107, P.S. Wells30, T. Wenaus25, T. Wengler30, S. Wenig30,

N. Wermes21, M. Werner48, P. Werner30, M. Wessels58a, J. Wetter161, K. Whalen116,

A.M. Wharton72, A. White8, M.J. White1, R. White32b, S. White124a,124b, D. Whiteson163,

F.J. Wickens131, W. Wiedenmann173, M. Wielers131, P. Wienemann21, C. Wiglesworth36,

L.A.M. Wiik-Fuchs21, A. Wildauer101, H.G. Wilkens30, H.H. Williams122, S. Williams107,

C. Willis90, S. Willocq86, A. Wilson89, J.A. Wilson18, I. Wingerter-Seez5, F. Winklmeier116,

B.T. Winter21, M. Wittgen143, J. Wittkowski100, S.J. Wollstadt83, M.W. Wolter39,

H. Wolters126a,126c, B.K. Wosiek39, J. Wotschack30, M.J. Woudstra84, K.W. Wozniak39, M. Wu55,

M. Wu31, S.L. Wu173, X. Wu49, Y. Wu89, T.R. Wyatt84, B.M. Wynne46, S. Xella36, D. Xu33a,

L. Xu33b,aj , B. Yabsley150, S. Yacoob145b,ak, R. Yakabe67, M. Yamada66, Y. Yamaguchi118,

A. Yamamoto66, S. Yamamoto155, T. Yamanaka155, K. Yamauchi103, Y. Yamazaki67, Z. Yan22,

H. Yang33e, H. Yang173, Y. Yang151, W-M. Yao15, Y. Yasu66, E. Yatsenko5, K.H. Yau Wong21,

J. Ye40, S. Ye25, I. Yeletskikh65, A.L. Yen57, E. Yildirim42, K. Yorita171, R. Yoshida6,

K. Yoshihara122, C. Young143, C.J.S. Young30, S. Youssef22, D.R. Yu15, J. Yu8, J.M. Yu89,

J. Yu114, L. Yuan67, A. Yurkewicz108, I. Yusuff28,al, B. Zabinski39, R. Zaidan63,

A.M. Zaitsev130,aa, J. Zalieckas14, A. Zaman148, S. Zambito57, L. Zanello132a,132b, D. Zanzi88,

– 31 –



J
H
E
P
1
2
(
2
0
1
5
)
0
5
5

C. Zeitnitz175, M. Zeman128, A. Zemla38a, K. Zengel23, O. Zenin130, T. Ženǐs144a, D. Zerwas117,

D. Zhang89, F. Zhang173, H. Zhang33c, J. Zhang6, L. Zhang48, R. Zhang33b, X. Zhang33d,

Z. Zhang117, X. Zhao40, Y. Zhao33d,117, Z. Zhao33b, A. Zhemchugov65, J. Zhong120, B. Zhou89,

C. Zhou45, L. Zhou35, L. Zhou40, N. Zhou163, C.G. Zhu33d, H. Zhu33a, J. Zhu89, Y. Zhu33b,

X. Zhuang33a, K. Zhukov96, A. Zibell174, D. Zieminska61, N.I. Zimine65, C. Zimmermann83,

S. Zimmermann48, Z. Zinonos54, M. Zinser83, M. Ziolkowski141, L. Živković13, G. Zobernig173,
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CNRS/IN2P3, Paris, France

81 Fysiska institutionen, Lunds universitet, Lund, Sweden

82 Departamento de Fisica Teorica C-15, Universidad Autonoma de Madrid, Madrid, Spain

83 Institut für Physik, Universität Mainz, Mainz, Germany

84 School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
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122 Department of Physics, University of Pennsylvania, Philadelphia PA, United States of America

123 National Research Centre “Kurchatov Institute” B.P.Konstantinov Petersburg Nuclear Physics

Institute, St. Petersburg, Russia

– 35 –



J
H
E
P
1
2
(
2
0
1
5
)
0
5
5

124 (a) INFN Sezione di Pisa; (b) Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
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