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Abstract

A search is_presented for new resonances decaying/fooaZ boson and a Higgs boson
in the £*¢-bb, ¢vbb, andyvbb channels i inpp collisions at+/s = 13 TeV with the ATLAS
detector at the Large Hadron Collider using a total integtatiminosity of 32 fb™t. The
search is conducted by looking for a localized excess iVh$Z H invariant or transverse
mass distribution. No significant excess is observed, amddbults are interpreted in terms
of constraints on a simplified model based on a phenomerwabgagrangian of heavy
vector triplets.
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1 Introduction

The Higgs boson discovery by the ATLAE [and CMS P] collaborations imposes constraints on theories
beyond the Standard Model (SM). Nevertheless, quadritidizergent radiative corrections to the Higgs
boson mass make it unnatural for the SM to be valid beyond le e¢a few TeV. Various dynamical
electroweak symmetry-breaking scenarios attempt to sblenaturalness problem by assuming a new
strong interaction at a higher scale. These models geligrip&dict the existence of new resonances
decaying to a vector boson plus the Higgs boson, as for exaimplinimal Walking Technicolourd-5],
Little Higgs [6], or composite Higgs models[8].

This Letter describes a search for new heavy vector bosareyihg to a SM vector boson and a SM
Higgs boson, denoted hereafter Wy andZ’ (pp - W — WHandpp — Z’ — ZH) and together as
V’. The analyses described here only consider leptonic deddlie vector bosons — ¢v, Z — £+¢~,

Z — vv; ¢ = e u) and decays of the Higgs boson to bottom-quark pairs< bb). This results in three
search channel$ - WH — ¢vbb, Z’ - ZH — ¢*¢"bb, andZ’ — ZH — vvbb.

For the interpretation of the results in terms of a searchhéavy vector bosons, a simplified mod@] [
based on a phenomenological Lagrangian is used as a berchiitds simplified model incorporates
heavy vector triplets (HVT) and allows for the interpretatiof the results in a large class of models.
Here, the new heavy vector bosons couple to the Higgs boshi$khgauge bosons via a combination
of parameters)ycy and to the fermions via the combinatiog?(gv)ce, whereg is the weak SU(2)
coupling constant. The parametgy represents the strength of the new vector boson’s intergcéind
cy andcg are multiplicative factors to modify the couplings to theggis boson and the fermions, and
are expected to be of order unity in most models. Two benchmadels P] are used here. In the first,
referred to adlodel A the branching fractions to fermions and gauge bosons anpable, as in some
extensions of the SM gauge grouf]. For Model B fermionic couplings are suppressed, for example in
a composite Higgs model]]. The regions of HVT parameter space probed in this Letterespond to
the production of resonances with an intrinsic width thatderow relative to the experimental resolution,
which is roughly 10% of the resonance mass.

Previous searches in the same final states have been peaiftayrigoth the ATLAS and CMS collab-
orations using data at/s = 8 TeV. The ATLAS searches fov’ — VH set a lower limit at the 95%
confidence level (CL) on th&/ (Z’) mass at 1.47 (1.36) TeV, assuming the HVT benchmadklel A
with gy = 1 [12]. Searches by the CMS Collaboration #t — VH, based on HVT benchmaiModel B
with gy = 3, similarly exclude heavy resonance masses up to 1.1 Ze¥»(ZH), 1.5 TeV W' — WH),
yielding a combined limit of 1.7 TeV’ — VH) in the fully hadronic final statelf3], and masses up to
1.5 TeV for thew’ — WH — ¢vbb final state [4]. A search by the CMS Collaboration has been carried
out for a narrow resonance decayingZ#él in the 7+~ bb final state, setting limits on the production
cross-section of” assuming the HVT benchmaModel Bwith gy = 3 [15). The ATLAS Collaboration
has also performed a search for narrow resonances decayfgfinal states 16].

The search presented here has been optimized to be sebsiteonances of mass larger than 1 TeV,
hence decaying to highly boosted final-state particles. Asrssequence, the Higgs boson decay to
bottom quarks is less likely to be observed as two separttdhjan as a single wide jet where the two

b-jets are “merged” (the Higgs boson candidate). Bottomkuagging is used as a means to further
purify the event selection. Decays of the Higgs boson torat@uarks are included in the signal Monte

Carlo simulation to properly account for the small conttib of b-tagged charm quarks. Together, the
reconstructed mass of the Higgs boson candidate jet anésh#s of the bottom-quark tagging are used



to identify likely Higgs boson candidates. The search iggoered by examining the distribution of the
reconstructed/ H mass (ny) or transverse massng,yvy) for a localized excess. The signal strength and
background normalization are determined from a binned mawxi-likelihood fit to the data distribution

in each channel and are used to evaluate bounds on the poydoaiss-section times decay branching
fraction forV’ bosons.

2 ATLAS detector

The ATLAS detector 17] is a general-purpose particle detector used to investigabroad range of
physics processes. It includes inner tracking device®snded by a superconducting solenoid, electro-
magnetic and hadronic calorimeters and a muon spectrométen toroidal magnetic field. The inner
detector consists of a high-granularity silicon pixel débe including the insertable B-layet§)] installed
after Run 1 of the LHC, a silicon strip detector, and a strabettracker; it is situated inside a 2 T axial
field and provides precision tracking of charged particlith wseudorapidityn| < 2.5, where the pseu-
dorapidity is defined in terms of the polar angleasn = —Intan@/2). The straw-tube tracker also
provides transition radiation measurements for electdemtification up tdn| = 2.0. The calorimeter
system covers the pseudorapidity ramge< 4.9. It is composed of sampling calorimeters with either
liquid argon or scintillator tiles as the active media. Thaam spectrometer provides muon identification
and measurement foy| < 2.7. The ATLAS detector has a two-level trigger system to sedgents for
offline analysis 19].

3 Data and simulated samples

The data used in this analysis were recorded with the ATLASader during the 201%p collisions run
and correspond to a total integrated luminosity & ! [20] at /S = 13 TeV. Collision events satisfy
a number of requirements ensuring that the ATLAS detectaraperating in stable conditions while the
data were recorded.

Simulated Monte Carlo (MC) samples for the HVT are generati¢iMadGraph5_aMC@NLO 2.2.2]]
using the NNPDF2.3L0J2] parton distribution functions (PDFs). For all signal etgemparton showering
and hadronization are performed witiniRia 8.186 R3] using the Al14 set of tuned parameters (ture] [
The Higgs boson has its mass set to 125.5 GeV, and it is alltoveelcay tdob andcc pairs, with relative
branching fractions BR{ — cc)/BR(H — bb) = 0.05 fixed to the Standard Model predictioR5].
Signal samples are generated for a range of resonance nii@see7 to 5 TeV in steps of 100 GeV up
to 2 TeV and in wider steps for higher masses.

Monte Carlo samples are used to model the shape and nortiwalizd most SM background processes.
Diboson eventsWW, WZ, ZZ) and events containing & or Z boson with associated jet§\{+jets,
Z+jets) are simulated using thensea 2.1.1 P6] generator. Matrix elements are calculated using the
Comix [27] and QrenLoops [28] matrix element generators and merged with therBa parton shower
using the ME-PS@NLO prescriptionZ9]. For W+jets andZ+jets events these are calculated for up to
two additional partons at next-to-leading order (NLO) aadrfpartons at leading order (LO); they are

1 ATLAS uses a right-handed coordinate system with its oragithe nominal interaction point (IP) in the centre of theededr
and thez-axis along the beam axis. Theaxis points from the IP to the centre of the LHC ring, andy¥eis points upward.
Cylindrical coordinatesr(¢) are used in the transverse planédyeing the azimuthal angle around thaxis.



calculated for up to onezz) or no WW, W2) additional partons at NLO and up to three additional par-
tons at LO. The CT10 PDF s&(] is used in conjunction with dedicated parton shower tuniegeloped
by the authors of SErea.

The W/Z+jets simulated samples are split intdfdrent components according to the true flavour of the
jets, i.e.W/Z + g, whereg denotes a light quarku( d, s) or a gluon,W/Z + c andW/Z + b. Each event is
categorized based on the hadrons associated to the trackaéthed to the highesgtr (leading) largeR

jet in the event; these jet collections are introduced irtiSed. If there is an associated bottom (charm)
hadron, then the event is giverbdc) label; otherwise it is labelle@v/Z + q.

For the generation df and single top quarks in th&/t- and s-channels theRuec-BOX v2 [31-33] gen-
erator with the CT10 PDF sets is used. Electroweak t-chasingle-top-quark events are generated using
the Pwnec-BOX v1 generator. This generator uses the four-flavourrsehfer the NLO matrix elements
calculations together with the four-flavour PDF s#][ For all top processes, top-quark spin correlations
are preserved (for the t-channel, top quarks are decayad MbioSein [34]). The parton shower, frag-
mentation, and the underlying event are simulated usingi® 6.428 35| with the CTEQ6L1 B6] PDF
sets and the corresponding Perugia 2012 tune (P2@ZR)The top quark mass is setto 172.5 GeV. The
EvrGen v1.2.0 program38] is used for the bottom and charm hadron decays.

Finally, SM Higgs boson production in association witM#Z boson is simulated usingviia 8.186
and Pwnec with showering by Fruia 8.186 for the gluon-induced associated production; the@CT1
PDFs and the AZNLO tune is used in both casgd.[SM Higgs boson production is considered as a
background in this search.

All simulated MC samples include thdfect of multiple pp interactions in the same and neighbouring

bunch crossings (pile-up) by overlaying simulated minirdoias events on each generated signal or
background event. Simulated events are reconstructedvgatatandard ATLAS reconstruction software

used for collision data.

4 Object selection

Collision vertices are reconstructed from tracks with $k@rse momenturpr > 400 MeV. If an event
contains more than one vertex candidate, the one with tHeehi, p% calculated considering all the
associated tracks is selected as the primary vertex.

Electrons are reconstructed from inner-detector tracksale matched to energy clusters in the electro-
magnetic calorimeter obtained using the standard ATLA@mgl-window algorithm 40]. Electron can-
didates satisfy criteria for the electromagnetic showepeh track quality and track-cluster matching.
These requirements are applied using a likelihood-basphaph, and two diierent working points are
used: “loose” and “tight” with increasing puritytl]. Muons are identified by matching tracks found in
the inner detector to either full tracks or track segment®mstructed in the muon spectrometé?]|
Muons are required to pass identification requirementsdoasequality criteria imposed on the inner
detector and muon spectrometer tracks, and, as for elsctomth “loose” and “tight” operating points
are used. Both the electrons and muons are required to haugiraum pr of 7 GeV and to lie within

a region with a good reconstruction and identificatidiicency (| < 2.7 for muons andy| < 2.47 for
electrons). They are required to be isolated using req@ntsnon the sum of thpr of the tracks lying

in a cone around the lepton direction whose raddR = /(An)? + (A¢)?, decreases as a function of the
leptonpr. They are also required to originate from the primary veftex 42].



Three types of jets are used to characterize the hadronigtact events: largeR jets, smallR jets and
track jets. All three jet collections are reconstructechgghe antik; algorithm but with diferent radius
parametersR [43] . Large- and smalR jets are built from noise-suppressed topological clugiésin
the calorimeter, while track jets are constructed from irdetector tracks.

LargeR jets are constructed with a radius param&ef 1.0. They are required to hayg > 250 GeV
and|n| < 2.0. These jets are trimmedf] to suppress the energy of clusters which originate frotigilai
state radiation, pile-up vertices or the underlying evéiitis is done by reclustering the constituents of
the initial jet using thek; algorithm (6] into subjets of radiufRsyy, the constituents of any subjet with
transverse momentum less th&y; times the transverse momentum of the initial jet are removédte
Rsub and feyt parameter values found to be optimal in identifying hadrdhfZ boson decays4[7] are
Rsub = 0.2 and fy; = 5%. LargeR jets are required to be separatedAR® > 1.0 to the nearest electron
candidate.

SmallR jets are reconstructed with a radius param&er 0.4 and are required to hayg > 20 GeV
andln| < 24 orpr > 30 GeV and 2 < || < 4.5. If an electron candidate has an angular separation
AR < 0.2 to a smallR jet, the smallrR jet is discarded; however, if an electron candidate andIsi/al
jet are separated by D < AR < 0.4, the electron candidate is removed. Similarly, if a sriRajét is
separated bAR < 0.4 to the nearest muon candidate, the srRgjit is discarded if it has fewer than
three associated inner-detector tracks; otherwise thenmandidate is removed. The jet-vertex-tagger
discriminant is used to reject smétljets originating from pile-up based on vertex informatidreach

of the jet's associated track4q]. Small-R jets with pr < 50 GeV andn| < 2.4 must have a discriminant
greater than 0.64. The energies of both the l&geid smallR jets and the mass of the largjets are
corrected for energy losses in passive material, for theawompensating response of the calorimeter, and
for any additional energy due to multipfep interactions 49].

The third type of jet used in this analysis, track jets, arit om inner-detector tracks witlpy > 400
MeV associated with the primary vertex using the &ntidgorithm withR = 0.2 and are required to have
pr > 10 GeV andn| < 2.5. Track jets containingp-hadrons are identified using the MV2cB@agging
algorithm B0, 51] with 70% dficiency and a rejection factor of about 5.6 (180) for jets ammig c-
hadrons (not containinig- or c-hadrons) in a simulated sampletbévents and are matched to the laRje-
jets via ghost-associatiod |.

Hadronically decaying-lepton candidates, which are used to veto background vairet reconstructed
from noise-suppressed topological clusters in the cakteémusing the anti algorithm withR = 0.4.
They are required to haver > 20 GeV,|n| < 2.5 and to be outside the transition region between the
barrel and end-cap calorimeters3Z < || < 1.52); to have either one or three associated tracks; and
to satisfy the “medium” working point criteriebP]. The leptonic decays of leptons are simulated and
included in the acceptance if the final-state electron ormpasses lepton selections.

The presence of one or more neutrinos in collision eventdeanferred from an observed momentum
imbalance in the transverse plane. The missing transversgemum E'?‘Sﬂ is calculated as the negative
vectorial sum of the transverse momenta of all the muonstreles, smalR jets, and any inner-detector
tracks from the primary vertex not matched to any of theseaibjb3]. The magnitude of th(.;Ff’T‘“iss is
denoted bﬁ?iss. For multi-jet background rejection, a similar quantirg{,“iss, is computed using only
charged-particle tracks originating from the nominal hsedtter vertex, and its magnitude is denoted by

p?iss.



5 Event selection

This analysis is performed for events containing zero, onéyo charged leptons (electrons or muons),
targeting thez’ — ZH — yvbb, W - WH — ¢vbbandZ’ — ZH — ¢*¢~bb decay modes, respectively;
the “loose” lepton identification working points are usedctiegorize events by their charged-lepton
number. While the 1-lepton channel has some acceptancdddt’'t - ZH — (¢bb signal, it has
significantly larger backgrounds than the 2-lepton charthel1-lepton channel is therefore not included
in theZ’ search. The 0-lepton channel has a non-negligible acaaptantheW — WH — ¢vbb signal

in events in which the lepton is not detected or is a hadrdigicecayingr-lepton; it also has smaller
predicted backgrounds than the 1-lepton channel. Fordaisan, the 0-lepton channel and the 1-lepton
channel are combined in thWg’ search.

In the O-lepton channel events are recorded usin&!ﬁ?ﬁ trigger with an online threshold of 70 GeV,
while in the 2-lepton channel, events are recorded usingrdbotion of single-lepton triggers, with the
lowest pr threshold being 24 GeV for isolated electrons and 20 GeVsmiated muons. These triggers
are complemented with non-isolated ones with highethresholds. The 1-lepton channel uses the single-
electron triggers for the electron channel and a combinatfcthe EQ“SS trigger and single-muon trigger
for the muon channel, where ti&"**trigger considers only the energy of objects in the caloémend
thus muons are seen as a sourc&Bfs. For events selected by lepton triggers, the object thésfigat

the trigger is required to be matched geometrically to tffitne-reconstructed lepton.

Events containing no loose lepton are assigned to the 6regtannel. The multi-jet and non-collision
backgrounds in the 0-lepton channel are suppressed by ingp@gjuirements op?‘ss(p$‘ss> 30 GeV),
EMiss (EMiss > 200 GeV), the azimuthal angle betweBiss and gss (A¢(EMSS, BMs9) < 7/2), and the
azimuthal angle betweelfi’fr”iSS and the leading largB-jet (A¢(I§$"SS, largeR jet) > 27/3). An additional
requirement is imposed on the azimuthal angle betv@r@?? and the nearest smdRjet that is not iden-
tified as ar-lepton (minp¢(|§'¥“ss, smallRjet)] > 7/9). Finally, only in the search faf” — ZH, events
containing one or more identified hadronically decayirigpton candidates are rejected; this veto reduces
the W-jets andtt contributions and has a negligible impact on Heacceptance. Since it is not possible
to fully reconstruct the invariant mass of thél — vvbb system due to the neutrinos present in the final

state, the transverse mass is used as the final discrimimanty = \/(EjTet + EMis92 _ (g 4 EMisy2,
wherep’}et (E%?t) is the transverse momentum (energy) of the leading |Rrgp:-

Events containing exactly one lepton with > 25 GeV (and within| <2.5 for muons) are assigned to
the 1-lepton channel. To reduce the multi-jet backgroundhfnon-prompt leptons or from jets faking
leptons, the lepton must satisfy the tight quality criterisloreover, isolation requirements based on
the sum of the calorimeter energy deposits and track trasswyaomentum in a cone around the lepton
direction are applied. In addition, the event must haveifiggmt missing transverse momentuE{rniss >
100 GeV. To reconstruct the invariant mass of ¥Weéd — ¢vbb system in the 1-lepton channel, the
momentum of the neutrino in tredirection, p,, is obtained by imposing th&/ boson mass constraint on
the lepton—neutrino system. In the resulting quadratiaggn, p, is taken as either the real component
in the case of complex solutions or the smaller of the twotgmig if both solutions are real.

Events containing exactly two loose leptons of the same dilemdth pr > 25 GeV (and withz| <2.5 for
muons) are assigned to the 2-lepton channel. Only loosk satation requirements are applied since
this channel has negligible background from fake and nompt leptons. The invariant mass of the two
leptons,my,, must be in the range 70-110 GeV for the dielectron selectitns range is widened to



55-125 GeV for the dimuon selection due to the poorer momenésolution at highpr. To improve the
myy resolution ofZH — uubb events, the four-momentum of the dimuon system is scaleajyn,,,
wheremz = 91.2 GeV andm,, is the invariant mass of the dimuon system.

All three channels require at least one laRyget with pr > 250 GeV andpy| < 2.0. The leading larg&

jet is considered to be thd — bb candidate. To enhance the sensitivity t& B signal, the leading
largeR jet is required to have at least one associated track jetaafehst one of the associated track
jets must beb-tagged H4]. If more than two track jets are matched to tHe— bb candidate, only the
two with the highestpr are considered for thie-tagging requirement. In all the three channels, events
are vetoed if they have at least oagged track jet not matched to the leading laRjet. This veto

is particularly éfective in suppressing thié background in the 0- and 1-lepton channels. The events
fulfilling these requirements are divided into 1- anb-fag categories depending on whether one or both
of the two leading track jets matched to the leading IdRget areb-tagged.

The four-momentum of the largeet is corrected by adding the four-momentum of the muonesbm
ARto the jet axis provided it is within the jet radius. The dlmttion of the mass of the leading large-
jet (Mier) in events passing the selection described so far is showigure1l. The mass of the leading
largeRjet (jet) is required to be consistent with the Higgs bosossiad 125.5 GeV. A 90%fEcient mass
requirement, corresponding to a window of 75 Ge\ime; < 145 GeV, is applied. This is particularly
effective for discriminating the signal frothandV + bb backgrounds.

The events passing this selection, and categorized intb-Oand 2-lepton channels by 1- and2ags
(six categories in total), define the signal regions of tiialgsis. The fficiencies of selecting events in
the 2b-tag (1b-tag) signal region for an HVT resonance of mass of 1.5 Te\24#é (34%), 16% (25%)
and 15% (22%) for th&’ — ZH — wbb , W — WH — fvbbandZ’ — ZH — ¢*¢~bb processes
respectively.

6 Background estimation

The background contamination in the signal regionsfiedént for each of the three channels. In the 0-
lepton analysis the dominant background igets production with significant contributions front+jets
andtt production. In the 1-lepton channel the dominant backgisiaréW+jets andt production. In the
2-lepton channel, where two same-flavour leptons with aariamt mass near thé mass are selected,
Z+jets production is by far the dominant background. All thebannels also have small contributions
from single-top-quark, diboson and SM Higgs production.e Ttulti-jet background, which enters the
signal regions through semileptonic hadron decays andighwranisidentified or mismeasured jets, is
found to be negligibly small in all three channels.

The background modelling is studied using control regioitk {@w signal contamination, chosen to not
overlap with the signal regions. These control regions aeslboth to evaluate the background predic-
tions outside the signal-rich regions and to establish trenalization andnyy shape of the dominant
backgrounds through their inclusion as nuisance paramigtéine likelihood fit described in Secti@n

Sideband regions of thae distribution, defined ame; < 75 GeV (lowMme) or mer > 145 GeV (high-
Miet) are used as control regions for thi¢/Z+jets backgrounds. Furthermore, the events are divided
into categories corresponding to the numbeb-tdgged track jets matched to the laigéet to test the
different flavour compositions. The 1- and2ag lowime; control regions mainly test thé//Z + ¢ and
W/Z + b contributions, respectively.
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Figure 1: Distributions of the mass of the leading laRjjet, me;, for the (a) O-lepton, (b) 1-lepton, and (c) 2-lepton
channels. The background prediction is shown after the maixi-likelihood fits to the data described in Sect&n
the total background prediction before the fit is shown bydbged blue line. The signal for the benchmark HVT
Model Awith my. = 2 TeV is shown as a dotted red line and normalized to 200 tilmethieoretical cross-section.

Control regions for thét background prediction are also defined. For the 0- and bitephannels, the
tt control regions are defined by requiring at least one aditib-tagged track jet that is not matched
to the largeR jet; no Higgs boson candidate mass window requirement isgegb in the 0- and 1-lepton
tt control regions. Thet control region for the 2-lepton channel is defined by reqgirexactly one
electron, exactly one muon and at least brtagged track jet matched to the leading laRypet; there is
no requirement on additionattagged track jets in the 2-lepton channel.



7 Systematic uncertainties

The most important experimental systematic uncertairdgresassociated with the measurement of the
scale and resolution of the largrejet energy and mass, as well as with the determination ofrdek t

jet b-tagging dficiency and mistag rate. The uncertainties in the scale aulutéon of largeR jet en-
ergy and mass are evaluated by comparing the ratio of cateinibased to track-based measurements in
multi-jet data and simulatiord[/]. The uncertainty in the track-j&ttagging dficiency arises mainly from
uncertainty in the measurement of théagging déficiency intt events, while the mistag rate and uncer-
tainty are determined using dijet everb§][ These uncertainties have an impact on the normalization a
differential distribution of events, and have typical sizes-e#@%6 for the largeR jet energymass scales
and 5-15% for thé-tagging dficiency.

Other experimental systematic uncertainties with a smatipact are those associated with the lepton
energy and momentum scales, lepton identificatiitiency, the éiciency of the triggers, the smeR-
jet energy scale and tHe"*measurement.

Uncertainties are taken into account for possibféedénces between data and the simulation model that
is used for each process. In addition to the 5% uncertainthénintegrated luminosity, the following
normalization uncertainties are assigned to particulacgsses: 30% fdt and single top quarks5p],
11% for dibosonsg6], 10% forW/Z+light jets [57], and 30% folW/Z+c andW/Z+b. Uncertainties in the
modelling of themyy andmy v distributions are assigned to thejets andW+jets backgrounds. These
uncertainties are estimated by comparing predictions feamrrsa 2.1.1 and MadGraph5_aMC@NLO-
2.2.2 at leading order with showering by1ia 8.186 using the A14 tune. An uncertainty in the shape
of the myy or mryy distribution for thett background is derived by comparing avRiec sample with
the distribution obtained using MadGraph5_aMC@NLO 2.2#8ditional systematic uncertainties are
evaluated by comparing the nominal sample showered witl® 6.428 using the P2012 tune to one
showered with Hrwic++ 2.7.1 B8] and using the UEEES5 underlying-event tune. Samples efents
with the factorization and renormalization scale doubledhalved are compared to the nominal, and
differences observed are taken as an additional uncertainty.

The dominant uncertainties in the signal acceptance ansethe choice of PDF and from uncertainty in
the amount of initial- and final-state radiation presentiinwated signal events. The PDF uncertainties
are estimated by taking the acceptand@edénce between the NNPDF2.3LO and MSTW2008LO PDF
and adding it in quadrature with thefidirences in acceptance found between the NNPDF2.3LO error
sets. Typical values for the signal acceptance uncemtaiatie 2—3% per source of uncertainty.

All uncertainties are evaluated in an identical way for @jnal and background sources and are thus
treated as fully correlated across sources. For all simdlaamples, the statistical uncertainty arising
from the limited number of simulated events is taken intoact.

8 Results

To determine how well the observed data agrees with the gesibackgrounds and to test for an HVT
signal, a maximume-likelihood fit is performed over the bidma, or my vy mass distributions, includ-
ing all control regions described in SectibnThe maximum-likelihood fit parameters are the systematic
uncertainties in each background and signal contributigmich can vary the normalizations and dif-
ferential distributions. The systematic uncertainties given log-normal priors in the likelihood, with



Table 1: The predicted and observed number events for tke fimal states considered in this analysis. The pre-
dicted number of events is shown after a maximum-likelihfiioi the data, performed simultaneously across the
three lepton channels. The quoted uncertainties are théioeohsystematic and statistical uncertainties after the
fit. Uncertainties in the normalization of individual backgnds may be larger than the uncertainty on the total
background due to correlations.

_Twob-tags _
yvbb £vbb £tbb
tt 9.6 +14 50 +7 0.54+ 0.36
Single top 2.0+0.6 11.4 +3.0 0.20+0.10
W+b 52 £13 18 +5
W+c 0.64+0.18 2.0 +0.7
W+q 0.06+0.03 2.0 +0.8
Diboson 42+18 46 £0.8 1.28+0.27
SMVH 1.43+0.57 0.03+0.01 0.45:0.19
Z+b 123 +24 1.0 04 34 +£038
Z+c 146+ 043 0.05:0.02 0.31+0.10
Z+q 0.13+0.05 0.04+ 0.04
Backgrounds 36.9+ 3.5 90 =<6 6.2 +1.0
Data 37 96 8
_Oneb-tag _
yvbb £vbb £tbb
tt 216 +17 969 +50 38 +0.8
Single top 26 +7 112 +30 0.58+0.19
W+b 33 =8 100 =+24
W+c 41 +10 109 =+31
W +q 20 +5 15 +0.6
Diboson 28 5 32 5 6.4 +1.0
SMVH 1.6 +0.6 0.04+0.01  0.30+0.12
Z+b 99 +17 38+10 36 =6
Z+c 51 +£13 27 £16 19 +5
Z+q 32 +8 3.0 +£1.0 9 +4
Backgrounds 548 +16 1385 +30 75 £7
Data 520 1364 75

scale parameters described in Secfiorligh- and lowm sideband control regions are merged if fewer
than 100 background events are expected with the full datdss is the case for the O-leptont2tag
sidebands, the 1-leptoni2tag sidebands, and the 2-lepton 1- anidHzg sidebands. The HVT signal is
included as a binned template with an unconstrained nozatadin.

Tablel provides the predicted and observed number of events inségeal region, and the reconstructed
mass distributions for events passing the selections anersin Figure2. The predicted background
is shown after the binned maximum-likelihood fit to the datarformed simultaneously across lepton
channels.

No significant excess of events is observed in the data cadparthe prediction from SM background
sources. Exclusion limits at the 95% confidence level ar@isahe production cross-section times the
branching fraction for the HVT models. The limits for the gied resonancé)V’, are obtained by
performing the likelihood fit over the 0- and 1-lepton chdanavhile the 0- and 2-lepton channels are
used for the neutral resonanc#, In the case of th&V’ search, ther-lepton veto is not imposed and
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the search considers only thi — WH signal, while for theZz’ search ther veto is imposed and only
Z’ — ZH signal is considered.

The results for combined HVT production are evaluated withihe  veto imposed, including both

theW — WH andZ' — ZH signals simultaneously. The combined HWT search is performed

with maximume-likelihood fits that are independent from thad theW’ andZ’ searches, so there is no
double-counting of O-lepton events that are included innke/idual fits.

The exclusion limits are calculated with a modified freqgisgmhethod 59, also known a<Lg, and the
profile-likelihood-ratio test statisti&[] in the asymptotic approximation, using the binmagy or mr vy
mass distributions for 0-, 1- and 2-lepton final states. &ystic uncertainties and their correlations are
taken into account as nuisance parameters. None of thargtstauncertainties considered are signific-
antly constrained or pulled in the likelihood fit. Figuré&) and 3(b) show the 95% CL upper limits
on the production cross-section multiplied by the brangHiraction intoWH andZH and the branching
fraction BRH — bb/cc) as a function of the resonance mass, separately for thgediat and the neut-
ral Z’ bosons, respectively. The theoretical predictions forHNME benchmarkModel Awith coupling
constantyy = 1 allow exclusion ofmyy < 1490 GeV andny < 1750 GeV. FoModel Bwith coupling
constantyy = 3 the corresponding excluded massesmfe< 1580 GeV andny < 2220 GeV. In both
theoretical predictions, the branching fraction BR{ bb/cc) is fixed to the Standard Model prediction
of 60.6% R9].

To study the scenario in which the masses of charged andaheegionances are degenerate, a combined
likelihood fit over all the signal regions and control regids also performed. The 95% CL upper limits
on the production cross-section o¥Vadecaying toW H/ZH, relative to the HVT model predictions, are
shown in Figured(c). ForModel A(Model B with coupling constangy, = 1 (gy = 3), my= < 1730 GeV
(2310 GeV) is excluded.

The exclusion contours in the HVT parameter spaggcf;, (9°/gv)ce} for resonances of mass 1.2 TeV,
2.0 TeV and 3.0 TeV are shown in Figu#avhere all three channels are combined, taking into account
the branching fractions té&/H andZH from the HVT model parameterization. Here the parametds
assumed to be the same for quarks and leptons, includirtydgeineration fermions, and other parameters
involving more than one heavy vector bosgaeyyy, g\z,cVVHH andcyvw, have negligible contributions

to the overall cross-sections for the processes of interest
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Figure 2: Distributions of reconstructddH transverse massnryy, and invariant massyyy, for the O-lepton
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with my, = 2 TeV is shown as a dotted red line and normalized to 50 timeghioretical cross-section.
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9,Cn

Figure 4: Observed 95% CL exclusion contours in the HVT patamspace dvcy, (¢%/gv)cr} for resonances of
mass 1.2 TeV, 2.0 TeV and 3.0 TeV. The areas outside the careesxcluded. Also shown are the benchmark
model parameters &(=1), A(gy=3) and Bgy=3). The shaded region corresponds to the parameter values fo
which the resonance total widthis greater than 5% of its mass, in which case it is not nedégibmpared to the

experimental resolution.
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9 Conclusion

A search for a new, heavy resonance decaying/td/ZH is presented. The search is performed using
3.2+ 0.2 fb! of ppcollision data at a 13 TeV centre-of-mass energy collecieithéd ATLAS detector at

the Large Hadron Collider. No significant deviations frore 8M background predictions are observed
in the three final states considereét:¢~bb, ¢vbb, vwvbb. Upper limits are set at the 95% confidence
level on the production cross-sections\fin heavy vector triplet models with resonance masses above
700 GeV. HVT benchmariodel Awith coupling constanyy = 1 is excluded formy < 1490 GeV,

mw < 1750 GeV, andny, < 1730 GeV; forModel Bwith coupling constangy = 3, my: < 1580 GeV,

my < 2220 GeV, andny, < 2310 GeV are excluded.
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