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considered, depending on the Pnal state and model. The dif- 8.3.2 LWA interpretation. . . . . . ... ... 15
ferent ranges span between 200 and 2000 GeV. The results 8.3.3 2HDM interpretation. . . . . . . . . . . 15
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the context of Type-I and Type-Il two-Higgs-doublet mod-

els, while those for the spin-2 resonance are used to constrain

the RandallDSundrum model with an extra dimension giving

rise to spin-2 graviton excitations. 1 Introduction

In 2012, the ATLAS and CMS Collaborations at the LHC

Contents discovered a new particld 2], an important milestone in
the understanding of the mechanism of electroweak (EW)
1 Introduction . . . .. ... ... ... ....... 1 symmetry breakingdEb]. Both experiments have conbrmed
2 ATLASdetector . . . . . ... . ... ... .... 2 that the spin, parity and couplings of the new particle are
3 Data and Monte Carlosamples . . . . . ... .. 2 consistent with those predicted for the Standard Model (SM)
4 Eventreconstruction . . . ... .......... 4 Higgs boson ¢E8] (denoted byh throughout this paper).
5H YAy * S+ S event selection and back- They measured its mass to g = 12509+ 0.21(stad +
ground estimation. . . . . ... .. ... ... .. 5 0.11(sys) GeV[9] and reported recently on a combination of
5.1 Eventselection. . . . ... ... ....... 5 measurements of its couplings to other SM particlds}. [
5.2 Background estimation . . . . .. ... ... 6 One important question is whether the newly discovered
5.3 Signal and background modelling . . . . . . 7 particle is part of an extended scalar sector as postulated by
Interference modelling. . . ... ..... .. 8 various extensions to the Standard Model such as the two-
6 H Zzz * S Teventselectionandbackground Higgs-doublet model (2HDM)[1]. These extensions predict
estimation . . . ... ... .. ... ... .... 8 additional Higgs bosons, motivating searches in an extended
6.1 Eventselection. . . .. ... ... ...... 8 range of mass.
6.2 Background estimation . . . . ... ... .. 10 This paper reports on two searches for a heavy resonance
6.3 Signal and background modelling . . . . . . 12 decaying into two SMZ bosons, encompassing the bnal

stateszZz * S+ Sandzz * S “where stands

e-mail: atlas.publications@cern.ch for either an electron or a muon andtands for all three neu-
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trino Bavours. These bnal states are referred t6 a3 * S upon previous results published by the ATLAS Collabora-
and * S Trespectively. tion from a search for an additional heavy Higgs boszi.[
It is assumed that an additional Higgs boson (denoted aesults of a similar search from the data collected at the
H throughout this paper) would be produced predominantl HC with s =8 TeV have also been reported by the CMS
via gluonbgluon fusion (ggF) and vector-boson fusion (VBF)Collaboration 22].
processes, but that the ratio of the two production mecha-
nisms is unknown in the absence of a specibc model. For
this reason, the results are interpreted separately for the g@F ATLAS detector
and VBF production modes, with events being classibed into
ggF- and VBF-enriched categories in both Pnal states, as di¥he ATLAS experiment is described in detail in Re23].
cussed in Sect& and6. With good mass resolution and a ATLAS is a multi-purpose detector with a forwardbbackward
high signal-to-background ratio, th& S * S pnalstateis symmetric cylindrical geometry and a solid-arigteverage
well suited to a search for a narrow resonance with mass  of nearly 4 . The inner tracking detector (ID), covering the
between 200 GeV and 1200 GeV. THe S ~search covers region| | < 2.5, consists of a silicon pixel detector, a sil-
the 300 GeV< my < 1400 GeV range and dominates aticon microstrip detector and a transition-radiation tracker.
high masses due to its larger branching ratio. The innermost layer of the pixel detector, the insertable B-
These searches look for an excess in distributions of thiayer (IBL) [24], was installed between Run 1 and Run 2 of
four-leptoninvariantmassy ,forthe * = * S pnalstate, the LHC. The inner detector is surrounded by a thin super-
and the transverse invariant mass;, for the * S “Pnal  conducting solenoid providing a 2 T magnetic beld, and by
state, as the escaping neutrinos do not allow the full recora bnely segmented lead/liquid-argon (LAr) electromagnetic
struction of the bnal state. The transverse invariant mass alorimeter covering the regign| < 3.2. A steel/scintillator-

debned as: tile hadronic calorimeter provides coverage in the central
region| | < 1.7. The end-cap and forward regions, cov-

. 5 ; — 2, g ering the pseudorapidity range 5| | < 4.9, are instru-
mr mz+ pr + mz+ Ey S pr * B . mented with electromagnetic and hadronic LAr calorimeters,

with steel, copper or tungsten as the absorber material. A
wheremgz is the mass of th& boson,p; is the transverse muon spectrometer (MS) system incorporating large super-
momentum of the lepton pair arEi}“SSis the missing trans- conducting toroidal air-core magnets surrounds the calorime-
verse momentum, with magnitudgl"ss, In the absence of ters. Three layers of precision wire chambers provide muon
such an excess, limits on the production rate of different sigtracking inthe rangg | < 2.7, while dedicated fast chambers
nal hypotheses are obtained from a simultaneous likelihoodre used for triggering in the regign| < 2.4. The trigger
bt to the two mass distributions. The Prst hypothesis is theystem, composed of two stages, was upgraggddefore
ggF and VBF production of a heavy Higgs boson (spin-ORun 2. The Prst stage, implemented with custom hardware,
resonance) under the narrow-width approximation (NWA).uses information from calorimeters and muon chambers to
The upper limits on the production rate of a heavy Higgsreduce the event rate from about 40 MHz to a maximum
boson are then translated into exclusion contours in the cof 100 kHz. The second stage, called the high-level trigger
text of the two-Higgs-doublet model. As several theoreti-(HLT), reduces the data acquisition rate to about 1 kHz on
cal models favour non-negligible natural widths, large-widthaverage. The HLT is software-based and runs reconstruction
assumption (LWA) models, assuming widths of 1%, 5% andhlgorithms similar to those used in the ofRine reconstruction.
10% of the resonance mass, are also studied. The interference
between the heavy scalar and the SM Higgs boson as well
as between the heavy scalar and e~ ZZ continuum 3 Data and Monte Carlo samples
background are taken into account in this study. Limits are
also set on the RandallbSundrum (RS) moti2[1f3] witha  The protonDprotorp(p) collision data used in these searches
warped extra dimension giving rise to a spin-2 KaluzabKleirwere collected by the ATLAS detector at a centre-of-mass
(KK) excitation of the gravitorGgg . energy of 13 TeV with a 25 ns bunch-spacing conbgura-

Other searches for diboson resonances decayini\irviod
or ZZ or W Zhave been performed by ATLAS4P16] and 1 the ATLAS experiment uses a right-handed coordinate system with
CMS [17819]. its origin at the nominal interaction point (IP) in the centre of the detector
With a signibcant increase in integrated luminosity and argnd thez-axis along the beam pipe. Theaxis points from the IP to

. . . . ._the centre of the LHC ring, and theaxis points upward. Cylindrical
improved discovery potential from the higher parton lumi coordinateg¢r, ) areusedinthe transverse planéging the azimuthal

nosities p0] at_a centre-of-mass energy ofs = 13 TeV as angle around the-axis. The pseudorapidity is dePned in terms of the
compared to s =8 TeV, the results of this paper improve polar angle as =S Intan( / 2).
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tion during 2015 and 2016. The data are subjected to quality The fraction of the ggF events that enter into the
requirements: if any relevant detector componentis not opelBF-enriched  category is estimated from the
ating correctly during a period in which an event is recordedMadGraph5_aMC@NLO simulation.
the event is rejected. After these quality requirements, the Spin-2 KaluzabKlein gravitons from the Bulk
total accumulated data sample corresponds to an integrat&andallbSundrum  model 37| were generated with
luminosity of 36.1 fi¥ 1. MadGraph5_aMC@NLO at leading order (LO) in QCD.
Simulated events are used to determine the signal accephe dimensionless couplitig Mpj, whereMp; = Mp/ 8
tance and some of the background contributions to thess the reduced Planck scale anis the curvature scale of the
searches. The particle-level events produced by each Monextra dimension, is set to 1. In this conbguration, the width
Carlo (MC) event generator were processed through thef the resonance is expected to b&% of its mass.
ATLAS detector simulationg6] within the Geant 4 frame- Mass points between 600 GeV and 2 TeV with 200 GeV
work [27]. Additional inelasticppinteractions (pile-up) were  spacing were generated for thé S ~ bnal state. These
overlaid on the simulated signal and background eventsamples were processed through a fast detector simula-
The MC event generator used for this Bythia 8.186 tion [26] that uses a parameterisation of the response of
[28] with the A2 set of tuned parameter9 and the electromagnetic and hadronic calorimete3s]] while the
MSTW2008LO BQ] parton distribution functions (PDF) set. response of the ID and MS detectors is fully simulated.
The simulated events are weighted to reproduce the observed The qq Z Z background for the* S ~ pnal state
distribution of the mean number of interactions per bunchwas simulated by thEowheg- Box v2 event generatoBp]
crossing in data (pile-up reweighting). The properties of theand interfaced t®ythia 8.186 p§] for parton showering and
bottom and charm hadron decays were simulated bigthe  hadronisation. ThET10nlo PDF set84] was used for hard-
Genvl1.2.0 program31]. scattering processes. Next-to-next-to-leading-order (NNLO)
Heavy spin-0 resonance production was simulated usin@CD and NLO EW corrections are include89p41] as a
the Powheg- Box v2 [32] MC event generator. Gluonb function of the invariant massizz of the ZZ system. For
gluon fusion and vector-boson fusion production modeswerthe * S * S pnal state, this background was simulated
calculated separately with matrix elements up to next-towith the Sherpa v2.2.1 42P44] event generator, with the
leading order (NLO) in QCDRPowheg- Box was interfaced NNPDF3.0 NNLO PDF set45] for the hard-scattering pro-
to Pythia 8.212 B3] for parton showering and hadroni- cess. NLO accuracy is achieved in the matrix-element cal-
sation, and for decaying the Higgs boson into the culation for 0- and 1-jet bnal states and LO accuracy for 2-
zZ *SH+SoH  Z2Z * S T pnal states. and 3-jet bnal states. The merging with Bleerpa parton
The CT10 PDF set B4] was used for the hard process. shower 6] was performed using thdePsS@NLO prescrip-
Events from ggF and VBF production were generated in théion [47].
300 GeV< my < 1600 GeV mass range under the NWA, NLO EW corrections were applied as a functiomof z
using a step of 100 (200) GeV up to (above) 1000 GeV ir41,48]. In addition,Sherpav2.2.1 was used for thé S =
mass. Forthet = * S pnal state, due to the sensitivity of bnal state to scale the fraction of events in the VBF-enriched
the analysis at lower masses, events were also generated f@mtegory obtained frorowheg- Box simulation, because
my = 200 GeV. theSherpa event generator calculates matrix elements up to
In addition, events from ggF production with a bosonone parton at NLO and up to three partons at LO. The EW
width of 5, 10 and 15% of the scalar mass; were gen- production of aZ Z pair and two additional jets via vector-
erated withMadGraph5_aMC@NLO v2.3.2 35] inter-  boson scattering up 1O ( gw) was generated usirgherpa,
faced toPythia 8.210 for parton showering and hadroni- where the procesEZZ 4 qqis also taken into account.
sation for both Pnal states. Forthe S * S pnal state, the Thegg  ZZproductionwas modelled i8herpav2.1.1
my distribution is parameterised analytically as described irat LO in QCD for the * S * S pnal state and byg2VvV
Sect.5.3 and the samples with a width of 15% wfy are  [49] for the * S " pnal state, both including the off-shell
used to validate the parameterisation. For the®> ~bnal  h boson contribution and the interference betweerhtaad
state, a reweighting procedure as described in $8tis  Z Z backgrounds. The K-factor accounting for higher-order
used on fully simulated events to obtain the reconstructe@CD effects for thegg Z Z continuum production was
mr distribution at any value of mass and width tested.calculated for massless quark loop6862] in the heavy-top-
To have a better description of the jet multiplicitlad- quark approximationg3], including thegg H YAV
Graph5_aMC@NLO was also used to generate events foprocess $4]. Based on these studies, a constant K-factor of
the procespp H + 2jetsat NLO QCD accuracy with 1.7 is used, and a relative uncertainty of 60% is assigned to
the FxFx merging schem@a¢. the normalisation in both searches.
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The WW and W Z diboson events were simulated by shapes of the electromagnetic showers in the calorimeters,
Powheg- Box, usingtheCT10nlo PDF setanéythia 8.186 trackbcluster matching and properties of tracks in the ID. All
for parton showering and hadronisation. The productiorof this information, except for that related to track hits, is
cross section of these samples is predicted at NLO in QCDcombined into a likelihood discriminant.

Events containing a singlg boson with associated jets  The selection used combines the likelihood with the num-
were simulated using th8herpa v2.2.1 event generator. ber of track hits and dePnes two working points (WP) which
Matrix elements were calculated for up to two partons agre used in the analyses presented here. The * ° anal-
NLO and four partons at LO using tl@®mix[43]andOpen-  ysis uses a OlooseO WP, with an efbciency ranging from
Loops [44] matrix-element generators and merged with thed0% for transverse momentumpr = 20 GeV to 96%
Sherpa parton shower46] using theME+PS@NLOpre-  for pr > 60 GeV. A OmediumO WP was chosen for the
scription 47]. The NNPDF3.0 NNLO PDF set was used in * S ~analysis with an efbciency increasing from 82% at
conjunction with dedicated parton-shower tuning developegr = 20 GeV to 93% forpr > 60 GeV. The electronOs
by theSherpa authors. TheZ + jets events are normalised transverse momentum is computed from the cluster energy
using the NNLO cross sectionS§]. and the track direction at the interaction point.

The triboson backgroundsZ Z, W Z Z, andW W Zwith Muons are formed from tracks reconstructed in the ID and
fully leptonic decays and at least four prompt charged lepMS, and their identibcation is primarily based on the pres-
tons were modelled usingherpa v2.1.1. For the fully lep- ence of the track or track segment in the MS][ If a com-
tonictt + Z background, with four prompt leptons originat- plete track is present in both the ID and the MS, a combined
ing from the decays of the top quarks aAdoson,Mad- muon track is formed by a global bt using the hit informa-
Graph5_aMC@NLO was used. The background, as well tion from both the ID and MS detectors (combined muon),
as the single-top an@/t production, were modelled using otherwise the momentum is measured using the ID, and the
Powheg- Box v2 interfaced tdPythia 6.428 b6] with the ~ MS track segment serves as identibcation (segment-tagged
Perugia 201257] set of tuned parameters for parton show-muon). The segment-tagged muon is limited to the centre of
ering and hadronisation, BHOTOS 58] for QED radiative  the barrel region|(| < 0.1) which has reduced MS geomet-
corrections and tGauola [59,60] for the simulation of -  rical coverage. Furthermore, in this central region an ID track
lepton decays. with pr > 15 GeV is identibed as a muon if its calorimet-

In order to study the interference treatment for the LWAric energy deposition is consistent with a minimume-ionising
case, samples containing the Z Z continuum back- particle (calorimeter-tagged muon). In the forward region
ground B) as well as its interferencé)(with a hypothetical (2.5 < | | < 2.7) with limited or no ID coverage, the MS
heavy scalar®) were used and are referred to$Bl sam-  track is either used alone (stand-alone muon) or combined
ples hereafter. Inthe® S * S pnal state th&ICFM NLO  with silicon hits, if found in the forward ID (combined muon).
event generatorgl], interfaced toPythia 8.212, was used The ID tracks associated with the muons are required to have
to produceSBI samples where the width of the heavy scalara minimum number of associated hits in each of the ID subde-
is set to 15% of its mass, for masses of 200, 300, 400, 50®@ectors to ensure good track reconstruction. The stand-alone
600, 800, 1000, 1200 and 1400 GeV. Background-only sanmuon candidates are required to have hits in each of the three
ples were also generated with tMICFM event generator, MS stations they traverse. A OlooseO muon identiPcation WP,
and are used to extract the signal-plus-interference t8tjn ( which uses all muon types and has an efbciency of 98.5%, is
by subtracting them from the aforementior®81 samples. adopted by the* S * S analysis. For the® ® ~analy-
Forthe * S ~Pbnal state, th&Bl samples were generated sis a OmediumO WP is used, which only includes combined
with thegg2VV event generator. The samples include signamuons and has an efbciency of 97%.
events with a scalar mass of 400, 700, 900, 1200 and 1500 Jets are reconstructed using the d&atlgorithm [64] with
GeV. aradius parametd& = 0.4 implemented in theastJet pack-

age p5], and positive-energy clusters of calorimeter cells as

input. The algorithm suppresses noise and pile-up by keeping
4 Event reconstruction only cells with a signibcant energy deposit and their neigh-

bouring cells. Jets are calibrated using a dedicated scheme
Electrons are reconstructed using information from the IDdesigned to adjust, on average, the energy measured in the
and the electromagnetic calorimeté&?2]. Electron candi- calorimeter to that of the true jet enerdgd6]. The jets used
dates are clusters of energy deposits associated with 1D this analysis are required to satispt > 20 GeV and
tracks, where the bnal trackDcluster matching is performgd| < 4.5. To reduce the number of jet candidates originat-
after the tracks have been btted with a Gaussian-sum bltarg from pile-up vertices, an additional requirement that uses
(GSF) to account for bremsstrahlung energy losses. Backhe track and vertex information inside a jet is imposed on
ground rejection relies on the longitudinal and transversgets with pr < 60 GeV and | < 2.4 [67].
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Jets containing-hadrons, referred to dsjets, are identi-  luminosity was lower so the trigger thresholds were lower;
Ped by the long lifetime, high mass and decay multiplicity ofthis increases the signal efbciency by less than 1%. Glob-
b-hadrons, as well as the habequark fragmentation func-  ally, the trigger efbciency for signal events passing the bnal
tion. The * S ~analysis identiPeb-jets of pr > 20 GeV  selection requirements is about 98%.
and| | < 2.5 using an algorithm that achieves an identib- In each channel, four-lepton candidates are formed by
cation efbciency of about 85% in simulatidevents, with a  selecting a lepton-quadruplet made out of two same-Ravour,
rejection factor for light-Ravour jets of about 333 69). opposite-sign lepton pairs, selected as described in &ect.

Selected events are required to have atleast one vertex witach electron (muon) must satisfy > 7 (5) GeV and be
two associated tracks withbr > 400 MeV, and the primary measured in the pseudorapidity rangd df < 2.47 (27).
vertex is chosento be the vertex reconstructed with the largeshe highestpy lepton in the quadruplet must satisfyr

p2. As lepton and jet candidates can be reconstructed from 20 GeV, and the second (third) lepton i order must
the same detector information, a procedure to resolve overlagatisfy pr > 15 GeV (10 GeV). In the case of muons, at
ambiguities is applied. If an electron and a muon share theost one calorimeter-tagged, segment-tagged or stand-alone
same ID track, the muon is selected unless it is calorimete2.5< | | < 2.7) muon is allowed per quadruplet.
tagged and does not have a MS track, or is a segment-taggedIf there is ambiguity in assigning leptons to a pair, only
muon, in which case the electron is selected. Reconstructeshe quadruplet per channelis selected by keeping the quadru-
jets which overlap with electrons (muons) in a cone of sizeplet with the lepton pairs closest (leading pair) and second

R () 2+ () 2=0.2(0.1) are removed. closest (subleading pair) to tiZeboson mass, with invariant

The missing transverse momentuﬁﬂiss, which accounts massesreferred to &g, andmssrespectively. Inthe selected
for the imbalance of visible momenta in the plane transversgquadrupletm;is required to be 50 Ge¥ mj> < 106 GeV,
to the beam axis, is computed as the negative vector sumhile mz4isrequiredtobelessthan 115 GeV and greater than
of the transverse momenta of all identibPed electrons, muorsthreshold that is 12 GeV faong 140 GeV, rises linearly
and jets, as well as a Osoft termO, accounting for unclasiem 12 GeV to 50 GeV witln, in the interval of [140 GeV,
Ped soft tracks and energy clusters in the calorime#lis [ 190 GeV] and is bxed to 50 GeV fan, > 190 GeV.

This analysis uses a track-based soft term, which is built Selected quadruplets are required to have their leptons
by combining the information provided by the ID and the separated from each other byR > 0.1 if they are of the
calorimeter, in order to minimise the effect of pile-up which same Ravour and by R > 0.2 otherwise. For 4 and &
degrades theE?“iss resolution. The soft term is computed quadruplets, if an opposite-charge same-Ravour lepton pair
using the momenta of the tracks associated with the primarig found withm below 5 GeV, the quadruplet is removed
vertex, while the jet and electron momenta are computed @b suppress the contamination fro  mesons. If multi-
the calorimeter level to allow the inclusion of neutral parti- ple quadruplets from different channels are selected at this
cles. Jetbmuon overlap is accounted for inEﬁ@scalcula— point, only the quadruplet from the channel with the highest
tion. This corrects for fake jets due to pile-up close to muongxpected signal rate is retained, in the order; 2e2y, 4e.
and double-counted jets from muon energy losses. The Z + jets andt background contributions are reduced
by imposing impact-parameter requirements as well as track-
and calorimeter-based isolation requirements on the leptons.

5H zz *+ S * Seventselectionand The transverse impact-parameter signibcance, debned as the
background estimation impact parameter calculated with respect to the measured
beam line position in the transverse plane divided by its
5.1 Event selection uncertainty,|do|/ q,, for all muons (electrons) is required

to be lower than 3 (5). The normalised track-isolation dis-
Four-lepton events are selected and initially classibed accordriminant, debPned as the sum of the transverse momenta of
ing to the lepton Ravours: 4 2e2y, 4e, called OchannelsO tracks, inside a cone of sizeR = 0.3(0.2) around the muon
hereafter. They are selected with single-lepton, dilepton an¢electron) candidate, excluding the lepton track, divided by
trilepton triggers, with the dilepton and trilepton ones includ-the leptonpr, is required to be smaller than 0.15. The larger
ing electron(s)Pmuon(s) triggers. Single-electron triggersuon cone size corresponds to that used by the muon trig-
apply OmediumO or OtightO likelihood identibcation, whereger. Contributions from pile-up are suppressed by requiring
multi-electron triggers apply OlooseO or OmediumO identtkacks in the cone to originate from the primary vertex. To
cation. For the bulk of the data, recorded in 2016, the lowestetain efbciency at highgrr, the track-isolation cone size is
pr threshold for the single-electron (muon) triggers used iseduced to 10 Ge\yr for pt above 33 (50) GeV for muons
set to 26 (26) GeV, for the dielectron (dimuon) triggers to(electrons).
15 (10) GeV and for the trielectron (trimuon) triggers to 12 The relative calorimetric isolation is computed as the sum
(6) GeV. For the data collected in 2015, the instantaneousf the cluster transverse energies, in the electromagnetic
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Table 1 Signal acceptance for thé S+ S analysis, for boththe ggF  events after all selection requirements to the number of simulated events
and VBF production modes and resonance masses of 300 and 600 Gedr each channel/category
The acceptance is debned as the ratio of the number of reconstructed

Mass Production mode ggF-enriched categories VBF-enriched category (%)
4u channel (%) B2y channel (%) 4 channel (%)
300 GeV ggF 56 48 40 1
VBF 36 30 24 21
600 GeV ggF 64 56 48 3
VBF 36 34 32 26
and hadronic calorimeters, with a reconstructed barycentijets being well separated in | jj| > 3.3, and having an

inside a cone of size R = 0.2 around the candidate lepton, invariant massn; > 400 GeV, this event is classibed into
divided by the leptonpr. The clusters used for the isola- the VBF-enriched category; otherwise the event is classibed
tion are the same as those for reconstructing jets. The reinto one of the ggF-enriched categories. Such classibcation
ative calorimetric isolation is required to be smaller thanis used only in the search for a heavy scalar produced with
0.3 (0.2) for muons (electrons). The measured calorimetehe NWA.
energy around the muon (inside a cone of siz& = 0.1) The signal acceptance, debned as the ratio of the number
andthe cellswithin125x 0.175in x aroundtheelectron of reconstructed events passing the analysis requirements to
barycentre are excluded from the respective sums. The piléhe number of simulated events in each category, is shown
up and underlying-event contributions to the calorimeter isoin Table1, for the ggF and VBF production modes as well
lation are subtracted event by everl] For both the track- as different resonance masses. The contribution from Pnal
and calorimeter-based isolation requirements, any contribistates with leptons decaying into electrons or muons is
tion arising from other leptons of the quadrupletis subtractediound to be negligible.

An additional requirement based on a vertex-reconstruction
algorithm, which bts the four-lepton candidates with the cons 2 Background estimation
straint that they originate from a common vertex, is applied
in order to further reduce the+ jets andt background con-  The main background component in thé 77

tributions. A loose cut of 2/ ndof < 6 for 44 and< 9forthe *+ S + S pnal state, accounting for 97% of the total

other channels is applied, which retains a signal efbcienchpected background events, is non-reso@ahproduction.
larger than 99% in all channels. This arises from quarkPantiquark annihilation (86%), gluon-
The QED process of radiative photon productionZn jnitiated production (10%) and a small contribution from EW
boson decays is well modelled by simulation. Some of the/ector-boson scattering (1%). The last is more important in
Pnal-state-radiation (FSR) photons can be identiPed in thye vBF-enriched category, where it accounts for 16% of the
calorimeter and incorporated into th& ° * ° analysis. {otal expected background. These backgrounds are all mod-
The strategy to include FSR photons into the reconstructiog|jeq by MC simulation as described in SegtAdditional
of Z bosons is the same as in Run2lJ. It consists of a  packground comes from tt&+ jets andt processes, which
search for collinear (for muons) and non-collinear FSR phogontribute at the percent level and decrease more rapidly than
tons (for muons and electrons) with only one FSR photoRhe non-resonar# Z production as a function af, . These
allowed per event. After the FSR correction, the lepton fouryackgrounds are estimated using datawhere possible, follow-

momenta of both dilepton pairs are recomputed by meangg sjightly different approaches for bnal states with a dimuon
of a Z-mass-constrained kinematic bt. The bt uses a BreitP 1 ;) or a dielectron ( + e€) subleading pair{2].

Wigner Z boson line-shape and a single Gaussian function The + U non-Z Z background comprises mostlyand
per lepton to model the momentum response function witly + jets events, where in the latter case the muons arise mostly
the Gaussian width setto the expected resolution for each leggm heavy-Ravour semileptonic decays and to a lesser extent
ton. TheZ-mass constraint is applied to bathcandidates, from /K in-Right decays. The contribution from single-top
and improves thens resolution by about 15%. production is negligible. The normalisations of thet jets

In order to be sensitive to the VBF production mode,andt{ backgrounds are determined using bts to the invari-
events are classibed into four categories: one for the VBEnt mass of the leading lepton pair in dedicated data control
production mode and three for the ggF production modeyegions. The control regions are formed by relaxing tRe
one for each of the three channels. If an event has two Qequirement on the vertex pt, and by inverting and relaxing
more jets withpr greater than 30 GeV, with the two leading jsolation and/or impact-parameter requirements on the sub-
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Fig. 1 aParameterisation of the four-lepton invariantmasg spec-  the parameterisation used in the2@ channel for these mass points as
trum for various resonance massy{) hypotheses in the NWA. Mark- well as for intervening one® RMS of the four-lepton invariant mass
ers show the simulated, distribution for three specibc valuesmfy distribution as a function ahy

(300, 600, 900 GeV), normalised to unit area, and the dashed lines show

leading muon pair. An additional control regiogu(iu ) is In the case of a narrow resonance, the widthmn is
used to improve thet background estimate. Transfer factors determined by the detector resolution, which is modelled by
to extrapolate from the control regions to the signal regiorthe sum of a Crystal Ball) function [74,75 and a Gaussian
are obtained separately ftirand Z + jets using simulated (G) function:
events. The transfer factors have a negligible impact on the
my shape of the + pu background. Ps(mg) = fcx C(mg ;14, ¢ c No)

Thg main_backgrounc_i for the + eeprocess arises from +(18 fo) x G(Ma ; 1, o)
the misidentibcation of light-Bavour jets as electrons, photon

conversions and the semileptonic decays of heavy-avoyhe crystal Ball and the Gaussian functions share the same
hadrons. The + eecontrol-region selection requires the peak value ofng (1), but have different resolution parame-
electrons in the subleading lepton pair to have the SaMys ~and . The candnc parameters control the shape
charge, and relaxes the identibcation and isolation requirey,, position of the non-Gaussian tail and the paramfger
ments on the electron candidate, dendtedvith the lower  oq e the relative normalisation of the two probability den-
transverse momentum. The heavy-Bavour background iy fnctions. To improve the stability of the parameterisa-
completely determined from simulation, whereas the "ght'tion in the full mass range considered, the paramegeis

Ravour and photon-conversion background is obtained wite 1 5 pxed value. The bias in the extraction of signal yields
the sPlot 73] method, based on a bt to the number of hits iny 4y ced by using the analytical function is below 1.5%.

theinnermqstIDIayerin.the data control region.Transferfac-I-he function parameters are determined separately for each
tors fo_rthehght-BavourJets and converted_photons, obtalnegna| state using signal simulation, and btted to Prst- and
from simulated samples, are corrected usigtaX control 50004 degree polynomials in scalar massto interpolate
region and thgn used to ext_rapolate th.e extracted yields {9, yeen the generated mass points. The use of this parame-
the signal region. Both the yield extraction and the extrapOggigation for the function parameters introduces an extra bias
lation are performed in bins of the transverse momentum % the signal yield andny extraction of about 1%. An exam-
the electron candidate and the jet multiplicity. ~ ple of this parameterisation is illustrated in Figwhere the
TheW Z production process is included in the data-drivenjgg; 1ot shows the mass distribution for simulated samples
estimates for the + eebnal states, while it is added from atmy = 300,600,900 GeV and the right plot shows the

simulation for the ~ + pp Pnal states. The contributions gy of them, distribution in the range considered for this
from ttV (whereV stands for either &V or a Z boson)  ¢o5.ch.

and triboson processes are minor and taken from simulated |, the case of the LWA, the particle-level line-shape of

samples. m4 is derived from a theoretical calculation, as described in

Ref. [7€], and is then convolved with the detector resolution,
5.3 Signal and background modelling using the same procedure as for the modelling of the narrow
resonance.
The parameterisation of the reconstructed four-lepton invari- Themg distribution for theZ Z continuum background is
ant massny distribution for signal and background is basedtaken from MC simulation, and parameterised by an empiri-
on the MC simulation and used to bt the data. cal function for both the quark- and gluon-initiated processes:
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faqzzggzz(Ma ) = (fu(ma ) + fa(ms )) x H(mo S my )
xCo+ fa(mg)x H(ms S mp),

where:

fi(mg ) = explag + a2 - mg ),

11 S 1
—+ —erf M S by x
2 2 by

fa(mg )= —T
3
fa(ma ) = exp(c1+ C2 My + cg-m3 + cq-m37),
f3(mo)
f1(mo) + f2(mo)”

1+ exp

Co=

The functionOs brst paft, covers the low-mass part of
the spectrum where one of tebosons is off-shell, while

f> models theZ Z threshold around-Bhz and f3 describes

be the same. ThE En interference is obtained by reweight-
ing the particle-level line-shape of generated signal events
using the following formula:

2.Re -t . L1 _
S S
w(ms ) = sSsH (SSsn)

_1 '
|sSsn|?

where 1 s$ SH(h) IS the propagator for a scalaH(or

h). The particle-level line-shape is then convolved with the
detector resolution function, and the signal and interference
acceptances are assumed to be the same.

In order to extract theHBB interference contribution,
signal-only and background-only samples are subtracted
from the generate8BIl samples. The extracted particle-level
my distribution for theH BB interference term is then con-

the high-mass tail. The transition between low- and highvolved with the detector resolution.

mass parts is performed by the Heaviside step fundti(x)

Figure2 shows the overlay of the signal, both interference

aroundmg = 240 GeV. The continuity of the function around effects and the total line-shape for different mass and width

mg is ensured by the normalisation fac@ythat is applied to

hypotheses assuming the couplings expected in the SM for

the low-mass part. Finallg;, bj andc; are shape parameters a heavy Higgs boson. As can be seen, the two interference

which are obtained by btting the, distribution in simu-

effects tend to cancel out, and the total interference yield is

lation for each category. The uncertainties in the values ofor the most part positive, enhancing the signal.
these parameters from the bt are found to be negligible. The
MC statistical uncertainties in the high-mass tail are taken

into account by assigning a 1% uncertaintycio

6 H ZzZzZ * S “eventselection and background

The ms shapes are extracted from simulation for most estimation

background componentst{/, VVV, + pu and heavy-
Ravour hadron component of + eé€), except for the light-
RBavour jets and photon conversions in the case of ee

background, which is taken from the control region asThe analysis is designed to sele€Z * S

described in Seck.2
Interference modelling

The gluon-initiated production of a heavy scathythe SM
h and thegg

6.1 Event selection
S ~events
(with = e, 1), where the missing neutrinos are identibed
by a IargeE?‘iSS, and to discriminate against the large+
jets,W Z and top-quark backgrounds.

Events are required to pass either a single-electron or a
single-muon trigger, where differemt thresholds are used

Z Z continuum background all share the depending on the instantaneous luminosity of the LHC. For

same initial and Pnal state, and thus lead to interference terntise 2015 data the electron and muon triggers pathresh-
in the total amplitude. Theoretical calculations describedlds of 24 and 20 GeV respectively, while for 2016 the muon
in Ref. [77] have shown that the effect of interference couldtrigger threshold was increased to 24 GeV. For both trig-

modify the integrated cross section by uix(l0%), and this

gers, the threshold is set to 26 GeV when the instantaneous

effect is enhanced as the width of the heavy scalar increasdaminosity exceeds the value of ¥ocm>2s51. The trigger
Therefore, a search for a heavy scalar Higgs boson in thefbciency for signal events passing the Pnal selection is about
LWA case must properly account for two interference effects99%.

the interference between the heavy scalar and the SM Higgs Events are selected if they contain exactly two opposite-
boson (denoted bid En) and between the heavy scalar andcharge leptons of the same Ravour and OmediumO identibca-

thegg  ZZ continuum (denoted biAdBB).

tion, with the more energetic lepton havipg > 30 GeV

Assuming thaH andh bosons have similar properties, as and the other one havingr > 20 GeV. The same impact-
postulated by the 2HDM, they have the same production andarameter signibcance criteria as debned in Settare
decay amplitudes and therefore the only difference betweespplied to the selected leptons. Track- and calorimeter-based
the signal and interference terms in the production cross setsolation criteria as debned in Sebtl are also applied to
tion comes from the propagator. Hence, the acceptance atite leptons, but in this analysis the isolation criteria are opti-
resolution of the signal and interference terms are expected taised by adjusting the isolation threshold so that their selec-
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Fig. 2 Particle-level four-lepton mass; model for signal only (red), relative contribution of the signal and interference, is taken to be the
HEh interference (greeni BB interference (blue) and the sum of the cross section of the expected limit for each combinatiomgf and
three processes (black). Three values of the resonancenma$400, 1. The full model (black) is Pnally normalised to unity and the other
600, 800 GeV) are chosen, as well as three values of the resonance widtbntributions are scaled accordingly

H (1,5, 10% ofmy). The signal cross section, which determines the

tion efbciency is 99%. If an additional lepton witiy > 7 Events with neutrinos in the pPnal state are selected by

GeV and OlooseO identibcation is found, the event is rejectestjuiring E’T“is'S > 120 GeV, and this requirement heav-

to reduce the amount & Z background. In order to select ily reduces the amount o + jets background. In signal

leptons originating from the decay o¥aboson, the invariant  events with no initial- or Pnal-state radiation the visillle

mass of the pair is required to be in the range 76 to 106 Ge\bosonOs transverse momentum is expected to be opposite

Moreover, since & boson originating from the decay of a the missing transverse momentum, and this characteristic

high-mass patrticle is boosted, the two leptons are required ie used to further suppress the + jets background. The

be produced with an angular separation &8 < 1.8. azimuthal angle between the dilepton system and the miss-
ing transverse momentum (( , E?iss)) is thus required
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Table 2 Signal acceptance for thé S ~analysis, for both the ggF events after all selection requirements to the number of simulated events
and VBF production modes and resonance masses of 300 and 600 Gedgr each channel/category
The acceptance is debned as the ratio of the number of reconstructed

Mass Production mode ggF-enriched categories VBF-enriched category (%)
p* S channel (%) e*eS channel (%)
300 GeV ggF 6 5 < 0.05
VBF 2.6 2.4 0.7
600 GeV ggF 44 44 1
VBF 27 27 13
to be greater than 2.7 and the fractionat difference, andz processes (3%). Finally, a small contribu-

debned a$p1rpiss,jet§ pr |/ pr , to be less than 20%, where tion comes fromWV + jets, tt, single-top-quark and multi-jet
pfr"issvietz | EMiss+ o pri€f). processes, with at least one jet misidentiPed as an electron
Additional selection criteria are applied to keep only©" muon, as well as frorttV/V'VV events. In both the ggF-
events with ETsS originating from neutrinos rather than and in the VBF-enriched signal regions, #é background
detector inefbciencies, poorly reconstructed highmuons 1S modelled using MC simulation and normalised using SM
or mismeasurements in the hadronic calorimeter. If at leadiredictions, as explained in Se@. The remaining back-
one reconstructed jet hasgs greater than 100 GeV, the grounds are mostly estimated using control samples in data.
azimuthal angle between the highgstjet and the missing The W Z background is modelled using simulation but a
transverse momentum is required to be greater than 0.4. Sirforrection factor for its normalisation is extracted as the ratio
ilarly, if EMsSis found to be less than 40% of the scalar sum ofof data to simulated events in a dedicated control region,
the transverse momenta of leptons and jets in the even)t (- after subtracting from data the naki-Z background con-
the event is rejected. Finally, to reduce tiiebackground, tributions. TheW Z-enriched control sample, called the 3
events are rejected whenever-tagged jet is found. control region, is built by selecting candidates with
The sensitivity of the analysis to the VBF production @n additional electron or muon. This additional lepton is
mode is increased by creating a dedicated category of VBH€duired to satisfy all selection criteria used for the other two
enriched events. The selection criteria, determined by opti€Ptons, with the only difference that its transverse momen-
mising the expected signal signiPcance using signal ant!M is required to be greater than 7 GeV. The contamination
background MC samples, require the presence of at leafP™ Z + jets andt events is reduced by vetoing events with
two jets with pr > 30 GeV where the two highegtr jets &t least oné-tagged jet and by requiring the transverse mass
are widely separatedin| | > 4.4, and have aninvariant Of the W boson ("), built using the additional lepton and
massm;j greater than 550 GeV. the E?"Ss_vgctor, to be greater than 60 GeV. The dlstr_lbutlon
The signal acceptance, dePned as the ratio of the numb@f the missing transverse momentum for data and simulated
of reconstructed events passing the analysis requirements@€nts in the 3control region is shown in Figa. The cor-
the number of simulated events in each category, is shown f¢ction factor derived in the Jontrol region is found to be
Table2, for the ggF and VBF production modes as well as forl-29% 0.09, where the uncertainty includes effects from the
different resonance masses. The acceptance increases wimber of events in the control region as well as from exper-
mass due to a kinematic threshold determined byE#Es imental systematic uncertainties. Since there are few events
selection criteria. Hence thé S ~search considers only afterapplying allthe VBF selection requirements totte-

masses of 300 GeV and above, where its inclusion improve%nriched control sample, the estimation for the VBF-enriched
the combined sensitivity. category is performed by including in the 8ontrol region

only the requirement of at least two jets wiph > 30 GeV.

Finally, a transfer factor is derived from MC simulation by
6.2 Background estimation calculating the probability of events satisfying all analysis

selection criteria and containing two jets wiph > 30 GeV
The dominant and irreducible background for this searcfio satisfy the| | > 4.4 andmj; > 550 GeV require-
is non-resonani Z production, which accounts for about Ments. An additional systematic uncertainty obtained from
60% of the expected background events. The second largd§€ comparison of thg | distribution betweerSherpa
background comes fro Z production ( 30%) followed ~and Powheg- Box generators is included to cover poten-
by Z + jets production with poorly reconstructed!ss tial mismodellings of the VBF selection. Such systematic
( 6%). Other sources of background are Wew, tt, Wt
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Fig. 3 Missing transverse momentuEiF“SSdistributiona for events  jets background which is here taken from simulation, and lies outside
inthe 3 control region as debned in the text dnfdr e* 1 lepton pairs  the control region. The error bars on the data points indicate the statis-
after applying the dilepton invariant mass requirement, before applyingical uncertainty, while the systematic uncertainty in the prediction is
the rest of the control region selection. The backgrounds are deteshown by the hatched band. The lower panels show the ratio of data to
mined following the description in Sed.2 and the last bin includes prediction

the overBow. The small excess below 120 GeVhpdrises fromZ +

uncertainty is included in all background estimations wheronly the requirement of at least two jets wiph > 30 GeV.

extrapolating from a control region. The efbciency of the remaining selection requirements on
The non-resonant background includes maMly, tt | jj| andmj is obtained from simulated events.
and Wt processes, but alsa events in which the The number ofZ + jets background events in the sig-

leptons produce light leptons arﬁ%l“ss. Itis estimated by nal region is estimated from data, using a so-called ABCD
using a control sample of events with lepton pairs of differentmethod [/g], since events with no genuir@?issin the pnal
Ravour € u ), satisfying all analysis selection criteria. state are difpcult to model using simulation. The method
Figure3b shows the missing-transverse-momentum diseombines the selection requirements presented in B4ct.
tribution fore* p - events in data and simulation after apply- (with ny.tagsrepresenting the number bftagged jets in the
ing the dilepton invariant-mass selection but before applyingvent) into two Boolean discriminants¥; and V,, debPned
the other selection requirements. The non-resonant backs:
ground in thee*e®> and p*uS channels is estimated by _ _
applying a scale factorf() to the selected events in teep Vi Ef'> 120 GeV and E"SY Hr > 0.4,

control region, such that: Vo | p?iss,jetg prl/pr <02 and (, E_Ir_niss)

1 > 27 and R < 1.8 and Np.tags= 0,

bkg _ 1 data, bkg _ 1 data,
Need = Ex Neﬁlasubx f, Ng.© = Ex I\leslasub>< -

with all events required to pass the trigger and dilepton
bkg bkg invariant-mass selections. The signal region (A) is thus
whereNee™ andNyy,~ are the numbers of electron- and muon- gptained by requiring botiv; and V» to be true, control
pair events estimated in the signal region aff*®*"is the  regions B and C require only one of the two Boolean dis-
number of events in the* p  control sample wittz Z, WZ  criminants to be false\; and V> respectively) and bnally
and other small backgrounds subtracted using simulatiorgontrol region D is debned by requiring both and Vs, to
The factor f takes into account the different selection efP-pe false. With this dePnition, an estimate of the number of
ciencies of* e> andu* p° pairs at the level of th& events in region A is given b)gS'= N20Sx (NP NSPS),
selection, and is measured from datafés= NS&'9 NJ3'a  whereN2bSis the number of events observed in region X after
whereNggtaand Nﬂjtaare the numbers of events passing thesubtracting norZ-boson backgrounds. This relation holds as
Z boson mass requirement (6 m < 106 GeV) in the long as the correlation betwedh andV, is small, and this is
electron and muon channel respectively. As no events survivechieved by introducing two additional requirements on con-
inthee® p control region after applying the full VBF selec- trol regions B and D, namelgss> 30 GeV andE"sY Hr
tion, the background estimation is performed by including> 0.1. The estimation of th& + jets background was cross-
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checked with another approach in which a control region iggory includes uncertainties in the theoretical description of

debned by inverting the analysis selectionE#WSS/ Hr and the signal and background processes.

then usingZ + jets MC simulation to perform the extrapola-  In both cases the uncertainties are implemented as addi-

tion to the signal region, yielding results compatible with thetional nuisance parameters (NP) that are constrained by a

ABCD method. Finally, the estimate for the VBF-enriched Gaussian distribution in the proble likelihood ratio, as dis-

category is performed by extrapolating the inclusive resultussed in Sec8.1 The uncertainties affect the signal accep-

obtained with the ABCD method to the VBF signal region,tance, its selection efbciency and the discriminant distribu-

extracting the efbciency of the two-j¢t, jj| andmj; selec- tions as well as the background estimates for both Pnal states.

tion criteria fromZ + jets simulation. Each source of uncertainty is either fully correlated or anti-
The W + jets and multi-jet background contributions are correlated among the different channels and categories.

estimated from data using a so-called fake-factor metigjd [

A control region enriched in fake leptons or non-prompt lep-7.1 Experimental uncertainties

tons from decays of hadrons is designed by requiring one

lepton to pass all analysis requirements (baseline selectioithe uncertainty in the combined 2015 and 2016 integrated

and the other one to not pass either the lepton Omediurhninosity is 32%. This is derived from a preliminary cal-

identibcation or the isolation criteria (inverted selection). Thebration of the luminosity scale usingdy beam-separation

background in the signal region is then derived using a transcans performed in August 2015 and May 2016, following a

fer factor, measured in a data sample enriched ifi jets  methodology similar to that detailed in Re8]].

events, as the ratio of jets passing the baseline selection to The leptonidentibcation and reconstruction efbciency and

those passing the inverted selection. energy/momentum scale and resolution are derived from data
Finally, the background from th&V andV V V processes using large samples dff andz decays. The
is estimated using MC simulation. uncertainties inthe reconstruction performance are computed
following the method described in Re63| for muons and
6.3 Signal and background modelling Ref. [62] for electrons. Typical uncertainties in the identibca-

tion and reconstruction efpciency are in the range 0.593.0%

The modelling of the transverse mass distribution for  for muons and 1.0%bD1.7% for electrons. The uncertainties
signal and background is based on templates derived froin the electron energy scale, the muon momentum scale and
fully-simulated events and afterwards used to bt the data. Itheir resolutions are small, and are fully correlated between
the case of a narrow resonance, simulated MC events gethe two searches{ ° * Sand * © ~bnal states).
erated for Pxed mass hypotheses as described inBaa. The uncertainties in the jet energy scale and resolution
used as the inputs in the moment-morphing techni@®®k [ have several sources, including uncertainties in the absolute
to obtain themt distribution for any other mass hypothesis. and relativan situ calibration, the correction for pile-up, the

The extraction of the interference terms for the LWA case3avour composition and respong$]. These uncertainties
is performed in the same way as in the > * S pnal state, are separated into independent components, which are fully
as described in Sed.3 Inthe case ofthe* S ~bnalstate correlated between the two searches. They vary from 4.5%
a correction factor, extracted as a functiomuof z, is used  for jets with transverse momentups = 20 GeV, decreasing
to reweight the interference distributions obtained at particleo 1% for jets withpy = 1001500 GeV and increasing
level to account for reconstruction effects. The bnal expectedgain to 3% for jets with highepr, for the average pile-up
LWA mr distribution is obtained from the combination of the conditions of the 2015 and 2016 data-taking period.
interference distributions with simulatedr distributions, Uncertainties in the lepton and jet energy scales are propa-
which are interpolated between the simulated mass pointgated to the uncertaintyintk@r“iss. Additionally, the uncer-
with a weighting technique using the Higgs propagator, dgainties fromthe momentum scale and resolution of the tracks

method similar to that used for the interference. that are not associated with any identibed lepton or jet con-
tribute 8 and 3% respectively, to the uncertainty in B{#iss
value.

7 Systematic uncertainties The efbciency of the lepton triggers in events with recon-

structed leptons is nearly 100%, and hence the related uncer-
The systematic uncertainties can be classibed into expettainties are negligible.
mental and theoretical uncertainties. The brst category relates
to the reconstruction and identibcation of leptons and jets/.2 Theoretical uncertainties
their energy scale and resolution, and the integrated luminos-
ity. Systematic uncertainties in the data-driven backgroundor simulated signal and backgrounds, theoretical modelling
estimates are also included in this category. The second catncertainties associated with the PDFs, missing QCD higher-
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order corrections (via variations of factorisation and renorproduction, at lower masses the luminosity uncertainty, the
malisation scales), and parton showering are considered. modelling uncertainty of th& + jets background and the
For all signal hypotheses under consideration, the largestatistical uncertainty in theu control region of the* S~
theoretical modelling uncertainties are due to missing QCOpnal state dominate, and at higher masses the uncertainties
higher-order corrections and parton showering. The missn the electron-isolation efbciency become important, as also
ing QCD higher-order corrections for ggF production eventseen in VBF production. For VBF production, the dominant
that fall into the VBF-enriched category are accounted for byuncertainties come from the theoretical predictions ofzlze
varying the scales iMadGraph5 _aMC@NLO and affect events in the VBF category. Additionally at lower masses,
the signal acceptance by 10%. Parton showering uncethe pile-up reweighting and the jet-energy-resolution uncer-
tainties are of order 10% and are estimated by comparinthinties are also important. TablBeshows the impact of the
Pythia 8.212 toHerwig++ [82)]. leading systematic uncertainties on the predicted signal event
For theqq Z Z background, the effect of the PDF yield when the cross section times branching ratio is set to
uncertainties in the full mass range varies between 2% antthe expected upper limit (shown in Fig), for ggF and VBF
5% in all categories, and that of missing QCD higher-production modes. The impact of the uncertainty in the inte-
order corrections is about 10% in the ggF-enriched categrated luminosity, 3.2%, enters both in the normalisation of
gories and 30% in the VBF-enriched category. The partonthe btted number of signal events as well as in the back-
shower uncertainties result in less than 1% impact in thground predicted by simulation. This leads to a luminosity
ggF-enriched categories and about 10% impact in the VBFdancertainty which varies from 4 to 7% across the mass dis-
enriched category. tribution, depending on the signal-to-background ratio.
For thegg Z Z background, as described in Segt.
a 60% relative uncertainty in the inclusive cross section i8.2 General results
considered, while a 100% uncertainty is assigned in the VBF-
enriched category. The numbers of observed candidate events with mass above
130 GeV together with the expected background yields are
presented in Tabld for each of the four categories of the
* S *+ S analysis. Thens spectrum for the ggF-enriched
and VBF-enriched categories is shown in Fg.
8.1 Statistical procedure Table5 contains the number of observed candidate events
along with the background yields for thé S ~analysis,
The statistical treatment of the data follows the procedure fowhile Fig. 5 shows thent distribution for the electron and
the Higgs-boson search combinati@8[84], and is imple- muon channels with the ggF-enriched and VBF-enriched cat-
mented with RooFit§5] and RooStatsgg]. The test statistic  egories combined.
employed for hypothesis testing and limit setting is the pro- Inthe * S * S search, two excesses are observed in the
bled likelihood ratio(, ), which depends on one or more data forms around 240 and 700 GeV, each with a local sig-
parameters of interest and additional nuisance parametersnibcance of $ estimated in the asymptotic approximation,

. The parameter of interest is the cross section times branchssuming the signal comes only from ggF production. The
ing ratio for heavy-resonance production, assumed to be coglobal signibcance is.2 and is calculated, for each excess
related between the two searches. The nuisance parameterdividually, using the NWA, in the range of 200 GeViny
representthe estimates of the systematic uncertainties and areLl200 GeV using pseudo-experiments.
each constrained by a Gaussian distribution. For each cate- The excess at 240 GeV is observed mostly in thelan-
gory of each search, a likelihood bt to the kinematic distri-nel, while the one at 700 GeV is observed in all channels and
bution of a discriminating variable is used to further separateategories. No signibcant deviation from the expected back-
signal from background. The S * S pnalstateusess  ground is observed in the" > ~ bnal state. The excess
as the discriminant in each category, while the® ~bnal observedinthe® S * S search atamass around 700 GeV
state usesr in each category except for the VBF-enrichedis excluded at 95% conbdence level (CL) by the S —
one where only the overall event counts are used. search, which is more sensitive in this mass range. The excess

As discussed in Sect, the signal acceptance uncertain- at 240 GeV is not covered by thé S ~search, the sen-
ties, and many of the background theoretical and experimersitivity of which starts from 300 GeV. When combining the
tal uncertainties, are treated as fully correlated between thesults from the two Pnal states, the largest deviation with
searches. A given correlated uncertainty is modelled in the Bespect to the background expectation is observed around
by using a nuisance parameter common to all of the searche®0 GeV with a global signibcance of less than dnd a
The impact of a systematic uncertainty on the result dependscal signibcance of about 2 The combined yield of the
on the production mode and the mass hypothesis. For ggWwo Pnal states is 1870 events observed in data compared

8 Results and interpretations
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Table 3 Impact of the leading systematic uncertainties on the predicted signal event yield which is set to the expected upper limit, expressed as a
percentage of the yield for the ggF (left) and VBF (right) production modegqat 300, 600, and 1000 GeV

ggF production VBF production

Systematic source Impact [%] Systematic source Impact [%]
mpy = 300 GeV

Luminosity 4 Parton showering 9
Z + jets modelling (* S D) 3.3 Jet energy scale 4
Parton showering 3.2 Luminosity 4
ey statistical uncertainty™* s - 3.2 gq ZZQCD scale (VBF-enriched category) 4
my = 600 GeV

Luminosity 6 Parton showering 6
Pile-up reweighting 5 Pile-up reweighting 6
Z + jets modelling (* s D) 4 Jet energy scale 6
QCDscaleofig ZzZz 3.1 Luminosity 4
my = 1000 GeV

Luminosity 4 Parton showering 6
QCDscaleofyjg 22z 2.3 Jet energy scale 5
Jet vertex tagger 1.9 Z +jets modelling (* $ ) 4

Z +jets modelling (* $ ) 1.8 Luminosity 4

Table4 * S * Ssearch: expected and observed numbers of eventgfor 130 GeV, together with their statistical and systematic uncertainties,
for the ggF- and VBF-enriched categories

Process ggF-enriched categories VBF-enriched category
4 channel 2211 channel 4 channel

zZ 297+ 1+ 40 480+ 1+ 60 193+ 1+ 25 15+ 0.1+ 6.0

ZZ (EW) 192+ 0.11+ 0.19 336+ 0.14+ 0.33 188+ 0.12+ 0.20 30+ 0.1+ 22

Z +jetstt/W Z 37+ 0.1+ 038 78+ 0.1+ 1.1 44+ 0.1+ 08 0.37+ 0.01+ 0.05

Other backgrounds b5+ 01+ 06 87+ 0.1+ 10 40+ 0.1+ 05 0.80+ 0.02+ 0.30

Total background 308 1+ 40 500+ 1+ 60 203+ 1+ 25 195+ 0.2+ 8.0

Observed 357 545 256 31

to 1643+ 164 (combined statistical and systematic uncernal states. It is assumed that an additional heavy scalar
tainty) for the expected background. This corresponds to would be produced predominantly via the ggF and VBF pro-

1.3 global excess in data. Since no signibcant excess isesses but that the ratio of the two production mechanisms
found, the results are interpreted as upper limits on the prds unknown in the absence of a specibc model. For this rea-

duction cross section of a spin-0 or spin-2 resonance. son, bts for the ggF and VBF production processes are done
separately, and in each case the other process is allowed to
8.3 Spin-0 resonance interpretation Boat in the bt as an additional nuisance parameter. Fiyure
presents the observed and expected limits at 95% CL on
Limits from the combination of the two searches in the con- X B(H ZZ) of a narrow scalar resonance for the
text of a spin-0 resonance are described below. ggF (left) and VBF (right) production modes, as well as the
expected limits from the* S * S and * S ~searches.
8.3.1 NWA interpretation This resultis valid for models in which the width is less than

0.5% ofmy . When combining the two bnal states, the 95%
Upper limits on the cross section times branching ratidoL upper limits range from 0.68 pb aty = 242 GeV to
( X B(H ZZ)) for a heavy resonance are Obtainedll fb ath = 1200 GeV for the ggF prOdUCtlon mode and
as a function ofmy with the CLs procedure §7] in the ~ from0.41pbamy = 236 GeVto 13fb amy = 1200 GeV
asymptotic approximation from the combination of the twofor the vector-boson fusion production mode. Compared with
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Fig. 4 Distribution of the four-lepton invariant masss in the responding to bve times the observed limit given in S8@&.1 The

* S + S search fora the ggF-enriched category amdthe VBF- error bars on the data points indicate the statistical uncertainty, while
enriched category. The backgrounds are determined following théhe systematic uncertainty in the prediction is shown by the hatched
description in Sect5.2 and the last bin includes the overBow. The band. The lower panels show the ratio of data to prediction
simulatedmy = 600 GeV signal is normalized to a cross section cor-

+ S

Table 5 "~ search: ! - ;

Process F-enriched categories VBF-enriched categor
expected and observed number ?gs g - gory
of events together with their € e channel K™ u> channel
statistical and systematic
uncertainties, for the ggF- and ZZ 177+ 3+ 21 180+ 3+ 21 21+ 0.2+ 0.7
VBF-enriched categories Wz 93+ 2+ 4 995+ 2.3+ 3.2 129+ 0.04+ 0.27

W WItt/Wt/Z 9.2+ 22+ 14 107+ 25+ 09 0.39+ 0.24+ 0.26

Z +jets 17+ 1+ 11 19+ 1+ 17 08+ 0.1+ 0.5

Other backgrounds .12+ 0.04+ 0.08 103+ 0.04+ 0.08 003+ 0.01+ 0.01

Total background 29F 4+ 24 311+ 5+ 27 46+ 0.4+ 0.9

Observed 320 352 9

the results from Run 12[1], where all four Pnal states @Z  8.3.3 2HDM interpretation

decays were combined, the exclusion region presented here

is signibcantly extended considering that the ratios of partoA search in the context of a CP-conserving 2HDM is also
luminosities B8] increase by factors of about two to seven presented. This model has bve physical Higgs bosons after
for heavy scalar masses from 200 GeV to 1200 GeV. electroweak symmetry breaking: two CP-even, one CP-odd,
and two charged. The model considered here has seven free
parameters: the Higgs boson masses, the ratio of the vacuum
expectation values of the two doublets (tgn the mixing
angle between the CP-even Higgs bosonsgnd the poten-

In the case of the LWA, limits on the cross section for thetial parametem?, that mixes the two Higgs doublets. The
ggF production mode times branching ratiggrx B(H two Higgs doublets ; and 2 can couple to leptons and up-

Z 7)) are set for different widths of the heavy scalar. Theand down-type quarks in several ways. In the Type-l model,
interference between the heavy scalar and the SM Higgs2 couples to all quarks and leptons, whereas for Type-lI,
boson,HEN, as well as the heavy scalar and g ZZ 1 couples to down-type quarks and leptons andcou-
continuum, HBB, are modelled by either analytical func- Ples to up-type quarks. The Olepton-speciPcO model is sim-
tions or reweighting the signal-only events as explained ilar to Type-I except for the fact that the leptons couple to
Sects5.3and6.3. Figure7abc show the limits for a width 1, instead of 2; the ORippedO model is similar to Type-I|

of 1, 5 and 10% ofny respectively. The limits are set for except that the leptons couple to, instead of ;. In all
masses ofmy higher than 400 GeV. these models, the coupling of the heaviest CP-even Higgs

8.3.2 LWA interpretation
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Fig. 5 Transverse masar distribution in the * $ ~search fomthe

ized to a cross section corresponding to bPve times the observed limit

electron channel anld the muon channel, including events from both given in Sect8.3.1 The error bars on the data points indicate the statis-
the ggF-enriched and the VBF-enriched categories. The backgroundisal uncertainty and markers are drawn at the bin centre. The systematic

are determined following the description in Se&R and the last bin
includes the overf3ow. The simulategy = 600 GeV signal is normal-

uncertainty in the prediction is shown by the hatched band. The lower
panels show the ratio of data to prediction
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Fig. 6 The upper limits at 95% CL on the cross section times branchyellow bands representtiel and+2 uncertainties in the expected

ing ratio as a function of the heavy resonance nmagsfor a the ggF
production mode(ggrx B(H Z Z)) andb for the VBF production
mode (ver X B(H Z 7)) in the case of the NWA. The green and

boson to vector bosons is proportional tocoS ) . In the
limitcos( S )

limits. The dashed coloured lines indicate the expected limits obtained
from the individual searches

of a heavy narrow Higgs boson with negligible interference
0, the light CP-even Higgs bosonis indis- is valid. When calculating the limits at a given choice of

tinguishable from a SM Higgs boson with the same mass. leo§ S ) and tan , the relative rates of ggF and VBF pro-

the context ofH

Z Z decays there is no direct coupling duction in the bt are set to the prediction of the 2HDM for

of the Higgs boson to leptons, and so only the Type-I and -lthat parameter choice. FiguBeshows exclusion limits as a

interpretations are presented.
Figure8 shows exclusion limits in the tanversus cog S

function of the heavy Higgs boson massg, and the param-
etertan forcog S ) =S 0.1. The white regions in the

) plane for Type-l and Type-Il 2HDMs, for a heavy Higgs exclusion plots indicate regions of parameter space which
boson with massny = 200 GeV. Thisny value is chosen are not excluded by the present analysis. In these regions the
so that the assumption of a narrow Higgs boson is valid ovetross section predicted by the 2HDM is below the observed
most of the parameter space, and the experimental sensitigross section limit. Compared with the results from Run 1
ity is maximal. At this low mass, only the* S * S pnal  [21], the exclusion presented here is almost twice as strin-
state contributes to this result. The range of(cdS ) and gent.

tan explored is limited to the region where the assumption
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8.4 Spin-2 resonance interpretation tion, and they were veribed to be correct within about 4%

using pseudo-experiments.
The results are also interpreted as a search for a Kaluzab
Klein graviton excitationGk , in the context of the bulk RS
model using the* = ~ Pbnal state because thé > * = 9 summary
Pnal state was found to have negligible sensitivity for this
type of model. Thelimitson x B(Gkk ~ Z22) at95% CL A search is conducted for heavy resonances decaying into a
as a function of the KK graviton massy Gy ), are shown  pair of Z bosons which subsequently decay into> *
in Fig. 10together with the predicteGkk cross section. A or * S ~pnal states. The search uses protonBproton col-
spin-2 graviton is excluded up to a mass of 1300 GeV. Thesgsjon data collected with the ATLAS detector during 2015
limits have been extracted using the asymptotic approximaand 2016 at the Large Hadron Collider at a centre-of-mass
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Fig. 9 The exclusion contour
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* 102 is chosen so that the assumption of a narrow Higgs boson is
valid over most of the parameter space and the experimental

sensitivity is maximal. The limits on the production rate of a
large-width scalar are obtained for widths of 1, 5 and 10% of
the mass of the resonance, with the interference between the
. | | | | | | ~ heavy scalar and the SM Higgs boson as well as the heavy
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G, ) [TeV]
KK . . . . . . .
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Fig. 10 The upper limits at 95% CL on cross section times branchingm(Ggyk ) < 1300 GeV is excluded at 95% CL.
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