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Abstract

The ATLAS experiment at the CERN Large Hadron Collider has performed searches for
new, heavy bosons decaying WoW, WZ and ZZ final states in multiple decay channels
using 20.3 fb! of pp collision data aty/s = 8 TeV. In the current study, the results of
these searches are combined to provide a more stringent test of models predicting heavy
resonances with couplings to vector bosons. Direct searches for a charged diboson resonance
decaying toWZ in the &v0'¢’ (¢ = u,€) , t€qq, {vqq and fully hadronic final states are
combined and upper limits on the rate of production times branching ratio W #igosons

are compared with predictions of an extended gauge model with a Maboson. In
addition, direct searches for a neutral diboson resonance decayiywandZZ in the

tqq, ¢vqq, and fully hadronic final states are combined and upper limits on the rate of
production times branching ratio to tNéW andZZ bosons are compared with predictions

for a heavy, spin-2 graviton in an extended Randall-Sundrum model where the Standard
Model fields are allowed to propagate in the bulk of the extra dimension.
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1 Introduction

The naturalness argument associated with the small makg oétently discovered Higgs bosdi4]
suggests that the Standard Model (SM) is conceivably to temdrd by a theory that includes additional
particles and interactions at the TeV scale. Many such eidaa of the SM, such as extended gauge
models p—7], models of warped extra dimensior&-[L0], technicolour L1-14], and more generic com-
posite Higgs modelslp, 16], predict the existence of massive resonances decayingite @f W andZ
bosons.

In the extended gauge model (EGMB] p new, charged vector bosow() couples to the SM particles.
The coupling between th&” and the SM fermions is the same as the coupling betweewtheson and
the SM fermions. Th&VWZ coupling has the same structure as W&/ Zcoupling in the SM, but is
scaled by a factot x (mw/mw)?, wherec is a scaling constanixy is theW boson mass, anay is the
W’ boson mass. The scaling of the coupling allows the width @it boson to increase approximately
linearly with my, atmy, > my and to remain narrow far ~ 1. Forc = 1 andmy > 0.5 TeV theW’
width is approximately 3.6% of its mass and the branching i@tthe W — WZranges from 1.6% to
1.2% depending omy. Production cross sections pp collisions at+/s = 8 TeV for theW’ boson as
well as theW” width and branching ratios W — WZfor a selection of\V boson masses in the EGM
with scale factoc = 1 are given in Tabld.

Searches for &/ boson decaying tév have set strong bounds on the mass ofWfewhen assuming
the sequential standard model (SSNIY,[18], which differs from the EGM in that th&/"WZ coupling

is set to zero. Foc ~ 1 the dfect of this coupling on the production cross section of\ifeboson at

the LHC is very small, thus the production cross section et boson in the SSM and the EGM is
very similar. Moreover, due to the small branching ratioled W — WZin the EGM with the scale
factorc ~ 1, the branching ratios of th&” boson to fermions are approximately the same as in the SSM.
Nevertheless, models with narrow vector resonances wjpregsed fermionic couplings remain viable



extensions to the SM, and thus the EGM provides a useful amglsibenchmark in searches for narrow
vector resonances decayingWwhz.

The ATLAS and CMS collaborations have set exclusion boumdie production and decay of the EGM
W boson. In searches using the’¢’ (¢ = e, i) channel, the ATLAS 19 and CMS R(] collaborations
have excluded, at the 95% confidence level (CL), E@M (L) W’ bosons decaying t/Z for W masses
below 1.52 TeV and 1.55 TeV, respectively. In addition theLAB Collaboration has excluded EGM
(c = 1) W bosons for masses below 1.59 TeV usingdfeg [21] channel, and below 1.49 TeV using the
¢vqq [22] channel. These have also been excluded with masses betwgand 1.5 TeV and below 1.7
TeV by the ATLAS R3] and CMS 4] collaborations, respectively, using the fully hadronitafistate.

Diboson resonances are also predicted in an extension afriimal Randall-Sundrum (RSBf10]
model with a warped extra dimension. In this extension toRImodel p5-27], the SM fields are
allowed to propagate in the bulk of the extra dimension, dingi constraints on the original RS model
from flavour-changing neutral currents and from electrdwecision measurements. This so-called
bulk-RS model is characterized by a dimensionless couplimgtank/Mp ~ 1, wherek is the curvature
of the warped extra dimension, aMb; = Mp)/ V8r is the reduced Planck mass. In this model a Kaluza—
Klein excitation of the spin-2 gravitoi*, can decay to pairs & or Z bosons. For bulk RS models with
k/Mp; = 1 and forG* masses between 0.5 and 2.5 TeV, the branching rat & WWranges from 34%
to 16% and the branching ratio &Z ranges from 18% to 8%. Theé* width ranges from 3.7% to 6.2%
depending on th&* mass. Tabld lists widths, branching ratio t&¢ W andZZ for G*, and production
cross sections ipp collisions at 8 TeV in these bulk RS models.

The ATLAS Collaboration has excluded, at the 95% CL, b@tk— ZZ with masses below 740 GeV,
using theffqq channel p1], as well as bulkG* — WW with masses below 760 GeV, using theyq
channel assuming/Mp; = 1 [22]. The CMS Collaboration has also excluded at the 95% CLGhef
the original RS model, decaying WW and ZZ with masses below 1.2 TeV using the fully hadronic
final state 4] and has set limits on the production and decay of generiostib resonances using a
combination off£qq, £vqqg and fully hadronic final state28].

To improve the sensitivity to new diboson resonances, tiiid@presents a combination of four statistic-
ally independent searches for diboson resonances préviouislished by the ATLAS Collaboratiorip,
21-23]. The searches are combined while considering the coimelabetween systematic uncertainties
in the diferent channels. The first search, sensitive to charged aeses decaying toVZ, uses the
v’ ¢’ [19) final state. The second search, sensitive to charged nesesaecaying t9WZ and neutral
resonances decaying ¥, uses the?fqq final state 21]. The third search, sensitive to charged reson-
ances decaying t&/Z and neutral resonances decayingMdV, uses the/vqq final state 2. Finally,

the fourth search, sensitive to charged resonances decmpi Z and to neutral resonances decaying to
eitherWW or ZZ, uses the fully hadronic final stat2d. Due to the large momenta of the bosons from
the resonance decay, the resonance in this channel is teaiad with two large-radius jets, and the
fully hadronic channel is hereafter referred to asidehannel.

To search for a charged diboson resonance decayilgadhe ¢ve'¢’, €94, £vqq, andJJ channels are
combined. The result of this combination is interpretechgghe EGMW’ model withc = 1 as a
benchmark.

To search for neutral diboson resonances decayiWWéandZZ the ¢£qq, £vqg, andJJ channels are
combined, and the result is interpreted using the Bilkassumind/Mp, = 1, as a benchmark.



The ATLAS Collaboration has performed additional seardhewhich new diboson resonances could
manifest themselves as excesses over the background atigectn the analysis presented in Ref9
theeet’ ¢, ttvv, £€gq andqgry final states have been explored in the context of the searehrfew, heavy
Higgs boson. Also, in the context of searches for dark maiténal state of a hadronically decaying
boson and missing transverse moment®@j,[and a final state of a leptonically decayidgboson and
missing transverse momentum have been expl@#d These additional searches are not included in this
combination. They are not expected to contribute signiflgao the sensitivity of the combined search
due to the lower branching ratio in case of the leptonic chmrand the use of only narrow jets in case
of theqgvv final state.

2 ATLAS detector and data sample

The ATLAS detector is described in detail in Re82]. It covers nearly the entire solid andl@round the
interaction point and has an approximately cylindricalmgetry. It consists of an inner tracking detector
(ID) placed within a 2 T axial magnetic field surrounded bycalemagnetic and hadronic calorimeters
and followed by a muon spectrometer (MS) with a magnetic fietthided by a system of superconduct-
ing toroids.

The results presented in this article use the dataset tadles 2012 by ATLAS from the LHGop col-
lisions at+/s = 8 TeV, using a single-lepton (electron or muon) trigge®] [with a pr threshold of 24
GeV, or a single large-radius jet trigger wittpa threshold of 360 GeV. The integrated luminosity of this
dataset after requiring data quality criteria to ensur¢ alaletector components have been operational
during data taking is 20.3 f8. The uncertainty on the integrated luminosity+i2.8%. It is derived
following the methodology detailed in ReB4].

3 Signal and background samples

The acceptance and the reconstructed mass spectra fownasonances are estimated with signal
samples generated with resonance masses between 200 @h@@80in 100 GeV steps. The bulk
G* signal events are produced byiCHEP 3.4 B5] with k/Mp; = 1.0, and theW’ signal samples are
generated with Prria8.170 [36], setting the coupling scale factor= 1. The factorization and renormal-
ization scales are set to the generated resonance massadioaization and fragmentation are modelled
with PyTuia8 in both cases, and the CTEQ6LA7] (MSTW2008LO [B8]) parton distribution functions
(PDFs) are used for th®* (W’) signal. The leading-order cross sections and branchingsréor theW’
and bulkG* signal samples for selected mass points and assumed vdltiesaoupling parameters are
provided in Tablel.

The backgrounds in theftierent decay channels are modelled with simulated eventlsanmtheW+jets
andZ+jets backgrounds are generated usingrea 1.4.1 B9] with CT10 PDFs £0]. A separate sample

L ATLAS uses a right-handed coordinate system with its oragithe nominal interaction point (IP) in the centre of theedér
and thez-axis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and ghaxis points
upward. Cylindrical coordinates, ) are used in the transverse plageyeing the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar amgésn = —Intan@/2), and the distance inp(n) space ad\R =

(B9)7 + (B,



Table 1: Leading-order cross sections, widths, and bragafsitios for theA” boson in the EGM with scale factor
¢ = 1 and for theG* in the bulk RS model wittkk/Mp; = 1 in pp collisions at+/s = 8 TeV for a variety of mass
points.

m Tw ocW) BRW — W2 | T a(GY) BR(G* - WW) BR(G* — Z2)
[Tev] | [GeV] [fh] [%] [GeV] [fh] [%0] [%0]

0.5 18.0 200x 10° 1.6 18.4 311x10° 34 18

1.0 36.0 117x10 1.3 55.4 560x 10t 19 10

1.5 54.0 144x10° 1.3 89.5 314x10° 17 8

2.0 73.3  242x 107 1.2 1225 290x 101 16 8

2.5 90.7 531x10t 1.2 155.0 320x 1072 16 8

is generated using ikcen 2.14 |1] to estimate systematidfiects, using CTEQ6L1 PDFs andifua
6 [36] for fragmentation and hadronization.

The W+jets andZ+jets production cross sections are scaled to next-to-teebdading-order (NNLO)
calculations 42]. The top quark pairs-channel single-top quark and/t processes are modelled by
the MC@NLO 4.03 generatod, 44] with CT10 PDFs, interfaced to #dwic [45] for fragmentation
and hadronization andmvMy [46] for modelling of the underlying event. The top quark paimgde is
scaled to the production cross section calculated at NNLQ@D including resummation of next-to-
next-to-leading logarithmic soft gluon terms with Fep2.0 [47-52]. Thet-channel single-top events are
generated by AcerMC5(] with CTEQ6L1 PDFs and ¥ria 6 for hadronization. The diboson events
are produced with the tdwic generator and CTEQ6L1 PDFs, except for thé€' ¢’ channel which uses
POWHEG B4, 55] interfaced to Ruia 6. The diboson production cross sections are normalizedxb n
to-leading-order prediction®f]. Additional diboson samples for theqq channel are produced with the
SuerprA generator. QCD multijet samples are simulated withdfs 6, Herwic, and POWHEG interfaced
to PyTHia 6.

Generated events are processed with the ATLAS detectotationuprogram $7] based on the GEANT4
package $8]. Signal and background samples simulated or interfac#u Rviraia use an ATLAS specific
tune of Rrraia [59). Effects from additional inelastipp interactions (pile-up) occurring in the same and
neighbouring bunch crossings are taken into account bylayeg minimum-bias events simulated by
PyTHia 8.

4 Object reconstruction and selection

The search channels included in the combination present¢his article use reconstructed electrons,
muons, jets and the measurement of the missing transvensentom.

Electron candidates are selected from energy clustergielittromagnetic calorimeter withip < 2.47,
excluding the transition region between the barrel and tidca&p calorimeters 37 < | < 1.52),
that match a track reconstructed in the ID. Electrons satigf'tight’ identification criteria are used to
reconstructW — ev candidates, whil& — eeare reconstructed from electrons that satisfy ‘medium’
identification criteria. These criteria are described ifi R&0]. Muon candidates are reconstructed within
the rangdn| < 2.5 by combining tracks with compatible momentum in the ID amel MS [B1]. Only
leptons withpy > 25 GeV are considered.



Backgrounds due to misidentified leptons and non-prompofepare suppressed by requiring leptons to
be isolated from other activity in the event and also to besidant with originating from the primary
vertex of the evert. Upper bounds on calorimeter and track isolation discrimisare used to ensure
that the leptons are isolated.

Details of the lepton isolation criteria are given in the ldiions for thetv¢’ ¢ [19], ¢€9q [21], and
¢vqq [22] channels.

Jets are formed by combining topological clusters recanstd in the calorimeter systerZ], which

are calibrated in energy with the local calibration weigbtscheme§3] and are considered massless.
The measured energies are corrected for losses in passigdahdhe non-compensating response of the
calorimeters and pile-ub]

Hadronically decaying vector bosons with Ig@w (< 450 GeV) are reconstructed using a pair of jets. The
jets are formed with the anki- algorithm [65] with a radius parametdR = 0.4. These jets are hereafter
referred to as smaRR jets. Only smallR jets with|n| < 2.8 (21) andpr > 30 GeV are considered for
the £vqq (¢££qq) channel. For smalR jets with pr < 50 GeV it is required that the summed scatgrof

the tracks matched to the primary vertex accounts for at Et% of the scalar summag of all tracks
matched to the jet. Jets containing hadrons fimouarks are identified using a multivarigteagging
algorithm as described in Reb4).

Hadronically decaying vector bosons with high (= 400 GeV) can be reconstructed as a single jet with
a large radius parameter, or larBget, due to the collimated nature of their decay producteseHarge-

R jets, hereafter denoted hl are first formed with the Cambridge—AacheryALalgorithm [67, 68]
with a radius parametd® = 1.2. After the jet formation a set of criteria is applied to itlgnthe jet as
originating from a hadronically decaying boson (boson iiag)g A grooming algorithm is applied to the
jets to reduce thefBect of pile-up and underlying event activity and to idengfpair of subjets associated
with the quarks emerging from the vector boson decay. Therging algorithm, a variant of the mass-
drop filtering techniqued9], is described in detail in Ref2[]. The grooming procedure provides a small
degree of discriminating power between jets from hadrdlyiakecaying bosons and those originating
from background processes.

Jet discrimination is further improved by imposing addiabrequirements on the lardgejet properties.
First, in all of the channels using largejets, a requirement on the subjet momentum-balance found at
the stopping point of the grooming algorithnyy > 0.45,3 is applied to the jet. Second, jets are required
to have the groomed jet mass within a selection window. Duthéodiferent backgroundsfiecting
each of the search channelsffelient mass windows are used for each channel. In the simgtenland
dilepton channels, mass windows of §5m; < 105 GeV and 76 m; < 110 GeV, wheran; represents

the jet mass, are used for selectijand Z bosons. In the fully hadronic channel, mass windows of
694 < my < 954 GeV and 78 < my < 1058 GeV, which aret13 GeV around the expectétl or Z
reconstructed mass peak, are used for sele®tiray Z boson candidates respectively.

The highpr jets in background events are expected to have a largerezhaarticle track multiplicity
than the jets emerging from boson decays. This is due to tifeehienergy scale involved in the frag-
mentation process of background jets and also due to therlagjor charge of gluons in comparison to

2 The primary vertex of the event is defined as the reconstiymtenary vertex with highest, p> where the sum is over the
tracks associated with this vertex.

Sy = min(pr;,, miz)%, wheremy is the mass of the groomed jet at the stopping point of thdtisgjistage of the
grooming algorithmpr;, andpr;, are the transverse momenta of the subjets at the stoppinggfdhe splitting stage of the
grooming algorithm andR;, ;,) is the distance ing, r7) space between these subjets.



quarks. Hence, to improve the sensitivity of the searcherfilly hadronic channel, a requirement on the
charged-particle track multiplicity matched to the lafget prior to the groomingn,k < 30, is used to
discriminate between jets originating from boson decayksjets from background processes. Charged-
particle tracks reconstructed with the ID and consistettt particles originating from the primary vertex
and with pr > 500 MeV are matched to a lardgejet by representing each track by a “ghost” constituent
that is collinear with the track at the perigee with negligibnergy during jet formatioriZ[).

The missing transverse momentLIT:l;1iss is calculated from the negative vector sum of the transverse
momenta of all reconstructed objects, including electramsons, photons and jets, as well as calibrated
energy deposits in the calorimeter that are not associatfiese objects, as described in R&f]]

5 Analysis channels

The selections in the four analysis chann®lg ¢’, ££qq, £vqq and JJ are mutually exclusive and there-
fore the channels are statistically independent. Thisgaddence is enforced by the required lepton
multiplicity of the events at a pre-selection stage, withtdm selection criteria looser than those finally
applied in the individual channels. The searches in theviddal channels are described in detail in their
corresponding publicationd 9, 21-23]. Table 2 summarises the dominant backgrounffeaing each

of the individual channels and the methods used to estirhatetbackgrounds. Summaries of the event
selection and classification criteria are given in TaBlesnd4.

Table 2: Dominant background to the individual channelstaed estimation methods.
Channel\ Dominant background Estimation method

ot t WZ production MC (POWHEG)

tlqq Z+jets MC (Sierra), Nnormalisation and shape correction data driven
ovqq W/Z+jets MC (Sierra), Nnormalisation and shape correction data driven
JJ QCD jets data driven

Thetvt’'¢” analysis channel is described in detail in R&8][ For the purpose of combination the binning
of the diboson candidates’ invariant mass distributiondgisted. Thefv¢’¢’ channel requires exactly
three leptons withpr > 25 GeV, of which at least one must be geometrically matchedlépton recon-
structed by a trigger algorithm. Events with additionaltteps with pr > 20 GeV are vetoed. At least
one pair of oppositely-charged, same-flavour leptons igired to have an invariant mass within tde
mass windowm,, — mz| < 20 GeV. If there are two acceptable combinations satisftliigrequirement
the combination with the mass value closer toZhgoson mass is chosen as theandidate. The event
is required to havEQ“iSS > 25 GeV. TheW candidate is reconstructed from the third lepton, assuming
the neutrino is the only source Efr“iss and constraining the¥'d, E?‘S% system to have the pole mass of
theW. This constraint results in a quadratic equation with twotsans for the longitudinal momentum
of the neutrino. If the solutions are real, the one with thaléen absolute value is used. If the solutions
are complex, the real part is used. To enhance the signdtigignsthe rapidity difference must satisfy
Ay(W.Z) < 1.5 and requirements are placed on the azimuthal andflereinceA¢ (¢, E?‘SS). Exclus-
ive high-massand low-massregions are defined withg(¢39, E?‘Sﬂ < 1.5 for boostedwW bosons and
Ap(£3, E?isﬁ > 1.5 for W bosons at lowpr, respectively. The main background sources inéhé’
channel are SMVZ andZZ processes with leptonic decays of fiéandZ bosons, and are estimated
from simulation. Other background sources A& +jets, top quark and multijet production, where one



or several jets are mis-reconstructed as leptons. To dstithase backgrounds the mis-reconstruction
rate of jets as leptons is determined with data-driven nithand applied to control data samples with
leptons and one or more jets.

The ¢¢qq analysis channel is described in detail in R&fl][ The ¢£qq channel requires exactly two
leptons, having the same flavour and wjth > 25 GeV. Muon pairs are required to have opposite
charge. Atleast one lepton is required to be matched to arl@ptonstructed by a trigger algorithm. The
invariant mass of the lepton pair must be within 25 GeV ofZhmass. Three regionsnerged, high-p
resolvedandlow-pr resolved are defined to optimize the selection foffdrent mass ranges. The merged
region requirements ag-(££) > 400 GeV and a groomed lardjet described in Sectiofwith pr(J) >
400 GeV and satisfying the boson-tagging criteria. The {pghesolved region is defined by (¢¢) >
250 GeV, pr(jj) > 250 GeV, and the lowpr resolved region requirepr(¢f) > 100 GeV, pr(jj) >
100 GeV. The invariant mass requirement on the jet systerfd &/ < m;j;; < 110 GeV. The three
regions are made exclusive by applying the above seledtisejuence, starting with the merged region,
and progressing with the highr and then the lowpt resolved regions. The main background sources in
the ££qgq channel ar&+jets, followed by top-quark pair and non-resonant vectisen pair production.
Background estimates are based on simulation. Additipnfdl the main background sourcg;tjets,
the shape of the invariant mass distribution is modelledh witnulation, while the normalization and a
linear shape correction are determined from data in a dorggion, defined as the side-bands of due
invariant mass distribution outside the signal region.

The¢vqq analysis channel is described in detail in R&g][ In the £vqqg channel exactly one lepton with
pr > 25 GeV and matched to a lepton reconstructed by the triggemigired. The missing transverse
momentum in the event is required to EQSS > 30 GeV. Similar to the£qq channel the event selection
contains three dlierent mass regions of the signal, referred toresged, high-p resolvedandlow-pr
resolvedregions. In the merged region where the hadronic decay pteduerge into a single jet, a
groomed largeR jet with pt > 400 GeV and 65 Ge\k m; < 105 GeV is required. The leptonically
decayingW candidate is reconstructed using the saMenass constraint technique used in thé'¢’
channel. The leptonically decayivy — ¢v must havepr(¢v) > 400 GeV, whergr(¢v) is reconstructed
from the sum of the charged-lepton momentum vector andEi}H@ vector. To suppress the background
from top-quark production, events with an identifieget separated bR > 0.8 from the largeR jet are
rejected. Additionally, in the electron channel the legdargeR jet andE?‘ssare required to be separated
by A¢(ET"S, J) > 1 to reject multi-jet background. If the event does not $atise criteria of the merged
region, the resolved region selection criteria are appliedthe highpr resolved region, two smakk
jets with pr > 80 GeV are required to form the hadronically decayWiz candidate with a transverse
momentum ofpr(jj) > 300 GeV and an invariant mass of 65 Gevin;; < 105 GeV. The leptonically
decayingWW — ¢v must havepr(¢v) > 300 GeV. The event is rejected ibget is identified in addition to
the two leading jets. In the electron channel the leadinglsRiget andE$1iss are required to be separated
by A¢(ET"S, j) > 1. If the event does not pass the selection requirementsedfighpr resolved region
the selection of the lowsr resolved region is used, whem(jj) > 100 GeV andpr(¢v) > 100 GeV
are applied. The dominant background in theq channel isW/Z+jets production, followed by top
quark production, and multijet and diboson processes. Thpesof the invariant mass distribution for
theW/Z+jets background is modelled by simulation, while the noimagion is determined from data in
a control region, defined as the side-bands ofgfp@wvariant mass distribution outside the signal region.
The pr(W) distribution of theW-jets simulation is corrected using data to improve the miogel The
sub-dominant background processes are estimated usingasion only (diboson), or simulation and
data-driven techniques (multijet, top quark).



The JJ analysis channel is described in detail in RE][ For the combined>* search the analysis is
extended, combining th&/WandZZ selections into a single inclusive analysis of both decageso The
analysis of the fully hadronic decay mode selects eventspiss a large jet triggef with a nominal
threshold of 360 GeV in transverse momentum and have at teastargeR jets within || < 2.0, a
rapidity difference between the two jets|afy1o| < 1.2, and an invariant mass of the two jetsnafJ J) >
1.05 TeV. Events that contain one or more leptons wpith> 20 GeV or missing transverse momentum
in excess of 350 GeV are vetoed. The laRygets must satisfy the boson-tagging criteria described in
Section4. Furthermore, the dijepr asymmetry defined a& = (prq — Pr2)/(Pr1 + Pr2) Must be less
then 0.15 to avoid mis-measured jets. In the search for thd BG decaying toV Z, events are selected
by requiring onéW boson candidate and oZeboson candidate in each event by applying the selections
described in Sectiod. In the search for the bulis* decaying toWW andZZ, events are selected by
requiring twoW boson or twaZ boson candidates by applying the selections describeddtinBe4. Due

to the overlapping jet mass windows applied to seW&ndZ candidates, the selection for the EGM

and the bulkG* are not exclusive and about 20% of the inclusive event saim@bared. In the fully
hadronic channel the dominant background is dijet prodactiThe dijet background is estimated by a
parametric fit with a smoothly falling function to the obsedvdijet mass spectrum in the data. Only
diboson resonances with mass valuek3 TeV are considered as signal for this analysis channel.

The selections described above have a combined acceptanesedticiency of up to 17% foG* — WW,

up to 11% forG* — ZZ, and up to 17% folW' — WZ The acceptance timesfieiency includes th&V
andZ branching ratios. Figsl(a) and 1(b) summarize the acceptance timégagency for the diferent
analyses as a function of tM¢’ mass and of th&* mass, considering only decays of the resonance into
VYV, whereV denotes &V or aZ boson.

03— 71— 71— T 1T 037777 71 T T 1 T T
—— Total W -WZ ?j—_l_sAS Simulation  Total G* - WW ?—_;AS Simulation
0.25( =Wz o3 s=8Tev 0.25 WW - ag s=8 TeV
WW-JJ

0.2 Total G*-~ZZ

Acceptance x Efficiency (W' —-W2Z)

0.15 0.15 ZZ-3]
0.1 \ 0.1
0.05 0.05 IR

55555 IAAHIIIHHH™

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
|
§
i
i
{
i
H
]
s
\
h
]
| i
| / |
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

Acceptance x Efficiency (G*-WW or ZZ)

150

I R
2000 2500
mg. [GeV]

e L L
500 1000 1500

1000

500 2000 2500

m,, [GeV]

(a) (b)

Figure 1: Signal acceptance time@i@ency for the diferent analyses entering the combination for (a) the EGM
W' model and (b) for the bulle* model. The branching ratio of the new resonance to dibosoimsliuded in the
denominator. The error bands represent the combinedtitatiand systematic uncertainties.

4 The trigger uses anfijets withR = 1.0.



Table 3: Summary of the event selection requirements in tfierdnt search channels. The selected events are
further classified into dierent kinematic categories as listed in Tadle

Channel| Leptons Jets Emiss Boson identification
3 leptons :
o't 25 Gev | ET'SS> 25 GeV | [my, — | < 20 GeV
pr > €
2 leptons 2 smallR jets or 1 largeR jet Imye — mz| < 25 GeV
ttaq pr > 25 GeV | pr > 30 GeV - 70 GeV< m;jj; < 110 GeVv
70 GeV<m; < 110 GeV ,fy > 0.45
1 lepton 2 smallR jets or 1 largeR jet Emiss 5. 30 GeV 65 GeV< m;jj; < 105 GeV
tvaq pr > 25 GeV | pr > 30 GeV T 65 GeV< m; < 105 GeV, \y > 0.45
No b-jet with AR(b, W/Z) > 0.8
. ; - 13 GeV
JJ lepton veto | 2 largeR jets, || < 2.0, pr > 540 GeV| ET"° < 350 GeV Imwz —mal < N
Yy > 0.45,ng < 30

Table 4: Summary of the event classification requirementisérdiferent search channels. The classifications are

mutually exclusive, applying the requirements in sequéreginning with the highpt merged, followed by the
high-pr resolved and finally with the lovpr resolved classification.

Channel| High-pr merged High-pt resolved (high mass) Low-pr resolved (low mass)
Ay(W,Z) < 1.5
ote | - _ ywz) < _
Ap(L¥9, EMS9) < 1.5 Ap(£3d, EMS) > 15
ceqq pr(¢6) > 400 GeV pr(¢f) > 250 GeV pr(¢¢) > 100 GeV
pr(J) > 400 GeV pr(jj) > 250 GeV pr(jj) > 100 GeV
1 largeR jet, pt > 400 GeV | 2 smallRjets, pt > 80 GeV | 2 smallRjets, pt > 30 GeV
_ jj) > 300 GeV jj) > 100 GeVv
ovqQ pr(¢v) > 400 GeV pr1) > pr(i)) >
pr(¢v) > 300 GeV pr(¢v) > 100 GeV
AG(ETSS, j) > 1 (electron channel)
A 12
33 |Ay12| < B

m(JJ) > 1.05 TeV

10



6 Statistical procedure

The combination of the individual channels proceeds withraibaneous analysis of the invariant mass
distributions of the diboson candidates in th&eafient channels. For each hypothesis being tested, only
the channels sensitive to that hypothesis are includedeigadimbination. The signal strengfh,defined

as a scale factor on the cross section times branching reditiged by the signal hypothesis, is the
parameter of interest. The analysis follows the Frequeapproach with a test statistic based on the
profile-likelihood ratio [2]. The test statistic extracts information on the signadrsgth from a binned
maximume-likelihood fit of the signal-plus-background mbutethe data. Theféect of a systematic un-
certaintyk on the likelihood is modelled with a nuisance parameéigrgonstrained with a corresponding
probability density functiorf (6x), as explained in the publications corresponding to th&viddal chan-
nels [19, 21-23]. In this manner, correlatediects across the fierent channels are modelled by the use of
a common nuisance parameter and its corresponding prithalgihsity function. The likelihood model,
L, is given by:

L= ]—[ ]—[ Pois(n?c'fJS
c i

where the index represents the analysis channel, angpresents the bin in the invariant mass distribu-
tion, n°s the observed number of evernt€!d the number of expected signal events, aftd the expected
number of background events.

N9, 6 + nibckg(gk)) [ T )
k

The compatibility between the observations df@lient channels with a common signal strength of a
particular resonance model and mass is quantified usinditepiikelihood-ratio test. The corresponding
profile-likelihood ratio is

L (ﬂ, o (/u))
AW = ———, (2)
L (MA,,UB, 9)

whereu is the common signal strengtlra and g are the unconditional maximum likelihood (ML)
estimators of the independent signal strengths in the @isibeing compared,are the unconditional ML
estimators for the nuisance parameters, @npjiare the conditional ML estimators 6ffor a given value
of u. The compatibility between the observations is tested byptiobability of observingl(x), whereu

is the ML estimator for the common signal strength for the eddadl question. If the two channels being
compared have a common signal strength,.e. ua = ug, then in the asymptotic limit-2 log(A(a)) is
expected to bg? distributed with one degree of freedom.

The significance of observed excesses over the backgraupgyadiction is quantified using the logad

value (pp), defined as the probability of the background-only modg@rtmluce a signal-like fluctuation at
least as large as observed in the data. Upper limis fun W’ in the EGM andG* in the bulk RS model

at the simulated resonance masses are evaluated at the 95@ld@ing the CLg prescription T3]
Lower mass limits at the 95% CL for new diboson resonancekarse models are obtained by finding
the maximum resonance mass where the 95% CL upper limit isnless or equal to 1. This mass is
found by interpolating between the limits prat the simulated signal masses. The interpolation assumes
monotonic and smooth behaviour of tH@encies for the signal and background processes, andthat t
impact of the variation of sighal mass distributions betwadjacent test masses is negligible.
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In the combined analysis to search ¥ resonances, all four individual channels are used. For the
charge-neutral bulks*, only the¢vqq, ££qg, and theJJ channels contribute to the combination, and in
the case of the fully hadronic channel, a merged signal negisulting from the union of th&/WandzZzZ
signal regions is used in the analysis. The background satleirged signal region is estimated using the
same technique as for the individual signal regions. Taldlemmarises the channels and signal regions
combined in the analysis for the EGW’ and bulkG*.

Table 5: Channels and signal regions contributing to thelgoation for the EGMW’ and bulkG*.

Channel Signal region | W’ mass range [TeV] G* mass range [TeV]

e Iqw—mass 0.2-1.9 -
high-mass 0.2-2.5 -

low-pr resolved 0.3-0.9 0.2-0.9

lqq high-pr resolved 0.6-2.5 0.6-0.9

merged 0.9-2.5 0.9-25

low-pr resolved 0.3-0.8 0.2-0.7

ovaq high-pr resolved 0.6-1.1 0.6-0.9

merged 0.8-2.5 0.8-2.5
WZ selection 1.3-25 —

JJ WW4+ZZ selection - 1.3-2.5

7 Systematic uncertainties

The sources of systematic uncertainty along with théeats on the expected signal and background
yields for each of the individual channels used in this coraton are described in detail in their corres-
ponding publications19, 21-23]. Although the results from the fierent search channels in this com-
bination are statistically independent, commonalitiesvieen the dierent search channels, such as the
objects used, the signal and background simulation, anahtbgrated luminosity estimation, introduce
correlated ffects in the signal and background expectations. Whenewfent due to an uncertainty in
the triggering, identification, or reconstruction of lepsds considered for a channel, it is treated as fully
correlated with the fects due to this uncertainty in other channels.

In the same manner, théfects of each uncertainty related to the snirjét energy scale and resolution
are treated as fully correlated in all channels using siRadlts orE?‘SS. For the search channels using
largeR jets, uncertainties in the largejet energy scale, energy resolution, mass scale, massitiesl
or in the modelling of the boson-tagging discriminayl§ are taken as fully correlated. Uncertainties in
the data-driven background estimates are treated as efated. The fects of uncertainty in the initial-
and final-state radiation (ISR and FSR) modelling and in tb&$are each treated as fully correlated
across all search channels.

The dfect of a single source of systematic uncertainty on the coetbiimit can be ranked by the loss in

sensitivity caused by its inclusion. To quantify the loss@fisitivity at a given mass point the value com-
puted with all systematic uncertainties included is coragan the value obtained excluding the single
systematic uncertainty. In the low mass regiog &5 TeV the leading uncertainty is the modelling of the
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SM diboson background in the domindint’ ¢’ channel with an impact of 35% sensitivity degradation in
the combined limit for EGMV'. The leading source of uncertainty in case of@&idimit is the modelling

of the Z+jets background in thévggchannel with a degradation of 25%. In the intermediate meag@Esn

up tos 1.5 TeV the uncertainty on the normalisation of #é+jets background in thévgq channel is
dominating with 20% to 30% degradation of the EGM limit and 25% to 55% degradation of tit&
limit depending on the mass point, while in the high massoregp to 2 TeV the shape uncertainty on the
W-+jets background dominates with a degradation of around 28%é EGMW’ limit and 35% for the
G* limit.

8 Results

Figure2 shows thepp-value obtained in the search for the EGWM andG* as a function of the resonance
mass for the/v’¢’, ££qq, £vgq and JJ channels combined and for the individual channels. Foruhe f
combination the largest deviation from the backgroundr@xpectation is found in the EGM/’ search
at around 2.0 TeV with @g-value corresponding to.2 standard deviationgr]. This is smaller than the
po-value of 340 observed in thedJ channel alone because the”’¢’, ££qq, and¢vqq channels are more
consistent with the background-only hypothesis.

The compatibility of the individual channels is quantifiedivthe test described in SectiénIn the mass
region around 2 TeV thdJ channel presents an excess while the other channels arednagpeement
with the background-only expectation. For the EGW benchmark the compatibility of the combined
vt ttqq, andfvgqg channels with thelJ channel is at the level of.20. When accounting for the
probability for any of the four channels to fluctuate the cafifplity is found to be at the level of.@c.

In comparison the corresponding test for the batkinterpretation shows better compatibility.

L e e e e L e e e
— e— EGMW - WZ signal, VI + ligg + lvgg + JJ
— — — EGM W' - WZ signal, IV + llqq + lvqq

— T T T T T
——e—— RS G*-VV signal, liqg + lvqg + JJ
— — — RS G*-VV signal, liqq + lvqq

Local p-value
Local p-value
=
o

% % E 3
10 EGM W' ~WZ signal, VI = E RS G* - ZZ signal, llqq =
E EGM W' = WZ signal, llqq 3 E RS G* -~ WW signal, lvqq 3
C EGM W' - WZ signal, lvqq l C —mimes RS G* —WW signal, JJ l
1= —— EGM W' -WZ signal, JJ - 1 oo RS G* - ZZ signal, JJ =
3 2 —< —Z S 2 E =
,,,,,,,,, 5 - N e 10 N A N Nt
107t \ | = 107 =
N/ 2 W\ ] N P20 e T
107 \ = 107 E
s (N s ]
107 Vs=8TeV / = 107 Vs =8TeV E
F ATLAS [Ldt=2031" \/ 3 F ATLAS [Ldt=2031" 3
P S S S U B T L

500 1000 1500 2000 2500 500 1000 1500 2000 2500

my, [GeV] mg,. [GeV]
(@) (b)

Figure 2: Thepo-value for the individual and combined channels for (a) t&MEW’ search in thevt' ¢, ¢£qq,
¢vqq andJJ channels and (b) the bul®* search in théfqq, £vqq andJJ channels.

Figure 3 shows the combined upper limit on the EQGM production cross section times its branching
ratio toWZ at the 95% CL in the mass range from 300 GeV @@ BV. In Fig.3(a)the observed and ex-
pected limits of the individual and combined channels aoevsh In Fig.3(b) the observed and expected
combined limits are compared with the theoretical E@W prediction. The resulting combined lower
limit on the EGMW’ mass
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using a LO cross-section calculation is observed to be 184, With an expected limit of 1.81 TeV.
The most stringent observed mass limit from an individuarctel is 159 TeV at NNLO in thefvgq
analysis.

= A B — T ) = E T — T
= L[ ATLAS — — Combined Expected B = o[ ATLAS ——— EGMW,c=1 LeadingOrder |
G 10 E {s=8TeV Combined Observed E Q 10 E {s=8TeV — —  Expected Upper Limit Ef
= FJrdt=203f" 93 Expected 3 = P\ JLdt=2031" o 3
[ JJ Observed 7 r —+—— Observed Upper Limit b
T 10 E lvqq Expected E ! 10 E I:l tlo E
2 C lvqq Observed 3 2 £ 3
E’ N llgq Expected 7 E’ I:l £20 7
o0 1 E \ llgq Observed E m 1 E Channels Combined: IvI'T + llqg + lvgg + JJ é
X E IvIT Expected | X C |
= [ VI Observed B = [ B
2 107 E 2 107 E
1 £ 3 1 £ 3
g 2L _ 2 a2l _
2 10 E NI S 10 E E|

° E Alllimits at the 95% CL ° F

10—3 S T O S TS M (NS E RN SO S M | 10—3 P S S NS SO S S RO S L

500 1000 1500 2000 2500 500 1000 1500 2000 2500
my, [GeV] my, [GeV]

@ (b)

Figure 3: The 95% CL limits on (a) the EGM' using thetv’¢’, ££qq, {vqq, andJJ channels and their combina-
tion, and (b) the combined 95% CL limit with the green (yel)dvands representing thes1(2 o) intervals of the
expected limit including statistical and systematic utaieties.

In Fig. 4 the observed and expected upper limits at the 95% CL on the@uproduction cross section
times its branching ratio t&/WandZ Z are shown in the mass range from 200 GeV.®TaV. In Fig.4(b)

the observed and expected limits of the individual and coedbichannels are shown and compared with
the theoretical bulkG* prediction fork/Mp; = 1. The combined, lower mass limit for the bulk,
assuming/Mp| = 1, is 810 GeV, with an expected limit of 790 GeV. The most gieim lower mass limit
from the individual¢£qq, £vqq andJJ channels is 760 GeV from thiqqg channel.

= e — T 3 = SR — T 3
= 102 [ ATLAS — — Combined Expected N = 102 [ ATLAS — Bulk RS graviton k/ My, = 1, Leading Order|
< g ‘E =8Tev . ——— Combined Observed g < § \(g =8Tev g — - Expected Upper Limit §
; F Jrdt=203f0" E ; JLdt=203fb E
: - JJ Expected — R P —+—— Observed Upper Limit B
10 ———— JJ Observed = 10 e i =
* £ 3 * = 3
g \ lvq@ Expected B 9, I:l +20 ]

o T 2
) 1 1vag Observed = o 1E Channels Combined: llgq + 1vqg + 33 =
X E \N liqq Expected 3 X E 3
N r llgd Observed R N F ]
O 104 L S g Observe 4 O 10t L 3
1 £ 3 I £ 3
=% r 7 % r T
T 107¢ = e 107 -
E  Alllimits at the 95% CL g E
1073 e e e 1073 o e N e
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CY (b)

Figure 4: The 95% CL limits on (a) the bulk* using thef¢qq, £vqq, andJJ channels and their combination, and
(b) the combined 95% CL limit with the green (yellow) bandpresenting the & (2 o) intervals of the expected
limit including statistical and systematic uncertainties

14



9 Conclusion

A combination of individual searches in all-leptonic, skptonic, and all-hadronic final states to search
for new heavy bosons decaying\WW, WZ andZZ is presented. The searches use 20:3 &i§ 8 TeV

pp collision data collected by the ATLAS detector at the LHCthWi the combined result, no significant
excess over the background-only expectation in the irvansass distribution of the diboson candidates
is observed. Upper limits on the production cross sectimresi branching ratio to dibosons at the 95%
CL are evaluated within the context of an extended gauge hwitle a heavyW’ boson and a bulk
Randall-Sundrum model with a heavy spin-2 graviton. Thelmoation significantly improves both the
cross-section limits and the mass limits for EGM and bulkG* production over the most stringent
limits of the individual analyses. The observed lower liotitthe EGMW’ mass is found to be 1.81 TeV
and for the bulkG* mass, assuminky Mp, = 1, the observed limit is 810 GeV.
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