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This letter presents a search for narrow, high-mass resonances in the Zy final state with the Z
boson decaying into a pair of electrons or muons. The /s = 13 TeV pp collision data were
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luminosity of 140 fb~!. The data are found to be in agreement with the Standard Model
background expectation. Upper limits are set on the resonance production cross section times
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the observed limits at 95% confidence level vary between 65.5 fb and 0.6 fb, while for spin-2
resonances produced via gluon—gluon fusion (or quark—antiquark initial states) limits vary
between 77.4 (76.1) fb and 0.6 (0.5) fb for the mass range from 220 GeV to 3400 GeV.
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1 Introduction

Theories beyond the Standard Model (BSM theories) predict the existence of new heavy bosons (X) as
additional gauge fields or by expanding the Higgs sector [1-3]. High-energy proton—proton (p p) collisions
at the CERN Large Hadron Collider (LHC) could produce high-mass bosons with masses up to several
TeV, allowing a wide range of BSM scenarios to be tested. This letter targets narrow spin-0 and spin-2
high-mass resonances that decay into the Zy final state, with the Z boson decaying into an electron or
muon pair. The Z(— ¢€)y final state, where £ = e or u, can be fully reconstructed with high efficiency
and the invariant mass can be measured with good resolution. In addition, lepton and photon signatures
lead to relatively small backgrounds from general hadronic final-state decays.

The ATLAS [4, 5] and CMS [6] collaborations have searched for heavy Zy resonances. The ATLAS
Collaboration has used 36.1 fb~! of 13 TeV pp collision data to search for spin-0 and spin-2 high-mass
resonances via the Z(— ¢¢)y final state. For the spin-0 resonance, the observed upper limits set on the
production cross section times branching ratio, o-(pp — X) - B(X — Zvy), vary between 88 fb and
2.8 b at 95% confidence level in the mass range from 250 GeV to 2.4 TeV [7]. In addition to the search
in the leptonic final state, a search for hadronic Z boson decays [8] was also published by the ATLAS
Collaboration using a dataset with an integrated luminosity of 139 fb=!. Upper limits from 10 fb to 0.05 fb
were set in the mass range from 1.0 TeV to 6.8 TeV. A similar analysis was carried out by the CMS
Collaboration with an integrated luminosity of 35.9 fb=!. The Z boson was studied in both the leptonic and
hadronic decay modes. The results from these channels were combined, and for narrow spin-0 resonances
with masses between 0.35 TeV and 4.0 TeV, the upper limits ranged from 50 fb to 0.3 fb [9]. In all these
searches, the data were found to agree with the Standard Model (SM) background expectation.

An improved search for high-mass Zy resonances is presented in this letter. For bosons with masses of
around a TeV or above, a highly boosted Z boson is produced, where the leptons from the Z boson decay
are highly collimated. Due to this boost, the energy deposits from the two electrons in Z — ee decays are
very close together, with an angular separation of around 0.2 rad for higher signal masses, which affects
the reconstruction of individual electrons. Consequently, the use of conventional electron identification
requirements causes a significant loss of signal efficiency (around 20% for a resonance mass of 3400 GeV).
In addition, due to the closeness of the two electrons, about 20% of the electrons are not reconstructed
properly but instead classified as photons. Such challenges are addressed by developing a customized
electron identification algorithm based on multivariate analysis (MVA) techniques. The main background
in this analysis is non-resonant production of a Z boson with a photon. In addition, a smaller contribution
comes from the production of a Z boson together with a hadronic jet, when the jet is incorrectly identified
as a photon. The search is based on 13 TeV pp collision data recorded by the ATLAS detector at the LHC
from 2015 to 2018, with a total integrated luminosity of 140 fb~!. This is much larger than the dataset
used in the previous ATLAS search in the Z(— ¢£)y decay channel [7] and together with better electron
identification performance, the search range is widened to cover masses from 220 GeV to 3400 GeV.

2 ATLAS detector and data sample

The ATLAS detector [4, 5] at the LHC is a multipurpose particle detector with a front-to-back symmetric
cylindrical geometry and solid angle coverage close to 4x.! It consists of an inner tracking detector

I ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points



surrounded by a thin superconducting solenoid, electromagnetic (EM) and hadronic calorimeters, and a
muon spectrometer. The inner tracking detector covers the pseudorapidity range || < 2.5. It consists of
silicon pixel, silicon microstrip, and transition radiation tracking (TRT) detectors. Lead/liquid-argon (LAr)
sampling calorimeters provide electromagnetic energy measurements with high granularity. A hadron
calorimeter covers the central pseudorapidity range (|| < 1.7). The endcap and forward regions are
instrumented with LAr calorimeters for both the EM and hadronic energy measurements up to |77| = 4.9.
The muon spectrometer surrounds the calorimeters and is based on three large superconducting air-core
toroidal magnets with eight coils each. The field integral of the toroids ranges between 2.0 and 6.0 T m
across most of the detector. The muon spectrometer includes a system of precision chambers for tracking
and fast detectors for triggering.

A two-level trigger system [10] was used during the data taking. The first-level trigger (L1) is implemented
in hardware and uses a subset of the detector information. This is followed by a high-level software-based
trigger that runs an algorithm similar to that in the offline reconstruction software, reducing the event rate
from a maximum L1 rate of 100 kHz to approximately 1 kHz.

The trigger used in this search selects events with one or two electrons or muons, or a high-energy photon.
During the highest instantaneous luminosity period, the minimum transverse momentum (pr) threshold was
26 GeV for the single-electron trigger and 17 GeV for each electron in the dielectron trigger. The threshold
for the single-muon trigger was also 26 GeV, while asymmetric pt thresholds of 22 GeV and 8 GeV were
used for the dimuon trigger. The lowest transverse energy threshold for a single photon was 140 GeV.
Higher-threshold triggers with looser lepton identification criteria complement these lowest-threshold
triggers. In the signal region chosen for the analysis, the trigger efficiencies range from 94% to 100% for
simulated events with a spin-0 or spin-2 resonance having a mass between 220 GeV and 3400 GeV. After
applying data quality requirements, the dataset of /s = 13 TeV pp collisions used in this search has an
integrated luminosity of 140 fb~! [11]. The average number of pp interactions per beam crossing (pile-up)
ranged from ~13 in 2015 to ~39 in 2018. The peak instantaneous luminosity was 2 x 10°* cm=2s~!.

An extensive software suite [12] is used in data simulation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Event simulation

Samples of Monte Carlo (MC) simulated events are used to optimize the search strategy, evaluate the
selection efficiency and study the different background contributions. The generated samples of signal
events were processed with a detailed ATLAS detector simulation [13] based on Geant4 [14]. The
PowneG Box v1 [15-18] generator and CT10 PDF set [19] were used to simulate gluon—gluon fusion
(ggF) production of spin-0 resonances with masses of 200, 300, 500, 1000, 1500, 2000, 2500, 3000, and
3500 GeV and an intrinsic width of 4 MeV. This is much smaller than the experimental resolution (see
Section 5) and is referred to as the narrow-width assumption. Spin-2 resonances with masses of 200,
250, 300, 500, 750, 1000, 1500, 2000, 2500, 3000, and 3500 GeV and an intrinsic width of 4 MeV were
simulated for gluon—gluon and quark—antiquark initial states. These event samples were simulated at leading
order (LO) in QCD in the Higgs Characterisation Model [20] with MADGrRAPHS_aAMC@NLO 2.3.3 [21].

upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as n = —Intan(6/2). Angular distance is measured in units of

AR = (An)? + (Ag)2.



For the high-mass spin-0 (spin-2) resonances, the parton showering, hadronization and multi-parton
interactions were simulated with PyTHiA 8.186 [22] using the AZNLO (A14) set of tuned parameters
and the CTEQG6L1 [23] (NNPDF2.3 [24]) PDF set. Interference between the resonant signal and the
non-resonant background is neglected because of the assumed narrow width of the resonance.

The SM Z + y process was simulated using the SHERPA 2.2.2 [25] generator. The matrix elements were
calculated using the Comix [26] and OpenLoops 1.3.1 [27] generators. For real emission of up to three
partons at LO in QCD, the matrix elements were merged with the SHERPA parton shower [28] using the
MEPS @LO prescription [29]. In addition, the NNPDF3.0nNLO PDF set was used in conjunction with
dedicated parton shower tuning developed by the SHERPA authors. To study the background model in detail,
a large sample of Z +y events was simulated using fast simulation of the calorimeter response [30]. The
subdominant background process, Z + jets production, is modelled by using a control region enhanced in
data events with jets misidentified as photons.

4 Object and event selections

Events containing at least one primary vertex candidate formed by reconstructed tracks with pt > 500 MeV
are selected. The primary vertex candidate with the largest sum of the squared transverse momenta
& p%) of the associated tracks is considered to be the primary vertex of the interaction of interest. The
X — Z(— ¢0)y candidate events are selected by requiring two same-flavour opposite-charge leptons to
form a Z boson candidate, and at least one photon candidate.

Muon candidates are reconstructed by combining tracks in the inner tracking detector with tracks in the
muon spectrometer. They are required to satisfy pt > 10 GeV and |n| < 2.7. Muons must meet the
Medium identification criteria [31]. Electron and photon candidates are reconstructed from clusters of
energy deposits in the EM calorimeter cells. Electron candidates must have a matching track reconstructed
in the inner tracking detector and pt > 10 GeV, and be within the fiducial region of || < 2.47, excluding
the EM calorimeter barrel/endcap transition region of 1.37 < || < 1.52 [32].

In the high-mass X — Zv search, the energy deposits from the two electrons are very close together in the
EM calorimeter, causing significant signal efficiency losses when using Loose identification criteria [32].
In addition, the sub-leading electron is often misreconstructed as a photon. This identification challenge is
addressed by developing a dedicated MVA-based identification (MVA ID) criterion using a set of shower
shape and track-based variables. The calorimeter shower shape variables used are R;;, Rhad, Rg, AEs and
Eatio- The track-based variables considered are E/p, eProbabilityHT, Any, do, Rinnermost» 7Pixel and nsj. The
aforementioned variables are also used to develop standard electron identification criteria for the ATLAS
Collaboration and are described in detail in Table 1 of Ref. [32]. Additionally, ntrt, defined as the number
of hits in the TRT detector, and the A¢rescaled Variables, defined as the A¢ between the energy cluster and
associated track in the presampler and the calorimeter’s first, second and third layers after rescaling the EM
energy deposits, are used in the MVA ID development. All these input variables were chosen because
of their separation power when comparing mx = 5 TeV signal MC events to background sideband data
excluding events with dielectron invariant mass within 15 GeV of the Z boson mass, mz = 91.2 GeV.
The background in the sideband region includes both real and misreconstructed electrons. The MVA
method is based on a Gradient Boosting Decision Tree (GBDT) architecture provided by the XGBoost
software library [33] and the training is carried out on electrons in the signal and background events. Good
separation between signal and background is obtained with an optimal cut-point which corresponds to 99%
signal efficiency and 76% background rejection. Among all training variables, the most discriminating



shower shape and additional track-based variables are Eiio and A@yrescatedz, respectively. The MVA ID is
combined with the Loose identification criterion by using a logical OR to cover the whole explored mass
range, and this is named Mixed ID. Compared to the Loose identification, the Mixed ID improves the
identification efficiency by 6.2% to 12.7% across the full range of resonance masses. In order to form
the Z boson candidate, electrons misreconstructed as a photon candidate are also selected. Similarly to
electron candidates, they are required to have pt > 50 GeV and be within || < 2.47, excluding the region
of 1.37 < |n| < 1.52. They are also required to have at least one track with an angular distance AR < 0.1
from the photon.

A track-based isolation requirement [31, 32] is applied to the electrons and muons to make sure they
are isolated from additional activity in the detector. Electron and muon candidates are also required
to be associated with the primary vertex by requiring the longitudinal impact parameter, zg, to satisfy
|zo sin 8] < 0.5 mm, where 6 is the polar angle of the track. The significance of the transverse impact
parameter do, calculated with respect to the measured beam-line position, must satisfy |do/og,| < 3 (5) for
muons (electrons) where o, is the uncertainty in dj.

The Z boson candidates are reconstructed from two same-flavour opposite-sign lepton candidates. For
events where one of the electrons is misreconstructed as a photon, additional criteria are applied to increase
the selection efficiency of the real electron and to reduce other photon backgrounds, which are determined
from MC information. The angular distance between the selected electron and photon, AR, must be less
than 1.0. In addition, the relative difference between the transverse momenta of the two objects must be
greater than 5%, which suppresses the selection of objects that come from the same electron. If multiple Z
candidates are reconstructed in the same event, the one with mass closest to the Z pole, mz = 91.2 GeV, is
chosen. Corrections are applied to the four-momenta of the leptons to improve the resolution of signal
events. In particular, muon momenta are corrected for collinear final-state radiation (FSR) effects [34], and
lepton (both electron and muon) four-momenta are corrected using a Z boson mass constraint [35]. The Z
mass constraint improves the ££7y mass resolution significantly. This is especially so in the muon channel,
where the resolution improves by 8% for the lowest resonance mass and by up to 70% for larger masses,
where the precision of the momentum measurement decreases with increasing muon transverse momentum.
The corrected dilepton invariant mass is required to be within 15 GeV of the Z boson mass.

Photon candidates are required to have pt > 15 GeV and pseudorapidity within the regions |n| < 1.37 or
1.52 < |n| < 2.37. The Tight identification [32] and Loose isolation criteria are also applied. The Z(£€)y
candidate is reconstructed from the selected Z boson and the photon with the largest transverse momentum.
The selected lepton pair and photon are required to match the trigger object(s) used to select the event, with
the lepton pr requirement(s) being slightly higher than the trigger threshold(s).

To resolve potential ambiguities due to a single detector response being assigned to two objects by the
reconstruction algorithm, an overlap removal procedure is applied. For electrons, if the leading object
has pt < 500 GeV, other electron energy clusters closer than |An| = 0.075 and |A¢| = 0.125 are removed.
If the leading electron has pt > 500 GeV, other electron energy clusters closer than |An| = 0.05 and
|A¢| = 0.05 are removed. If an electron candidate’s track is closer than AR = 0.02 to a muon candidate’s
track, the electron is rejected. Photon candidates within AR = 0.3 of the selected lepton pair are rejected;
this suppresses the FSR Z +y events and additional possible contributions from photons misidentified as
electrons. If an electron is misreconstructed as a photon because of its closeness to another electron, no
overlap removal is applied.

In order to further reduce the non-resonant Z +y background contamination, a requirement pt/mz, > 0.2
is placed on transverse momentum of the photon candidate relative to the invariant mass of the final-state



particles, mz,, where the latter must satisfy 200 < mz, < 3500 GeV. The full analysis selections are
summarized in Table 1.

Table 1: Object and event selections for the analysis.

Selection Muon Electron Electron as photon Photon
PT > 10 GeV > 10 GeV > 50 GeV > 15 GeV
<247 < 2.47 <2.37
I <27 Exclude [1.37, 1.52] Exclude [1.37, 1.52] Exclude [1.37, 1.52]
|d0|/0'd0 <3 <5
|zo sin 6| < 0.5 mm < 0.5 mm
Identification Medium Mixed MVA Tight
Isolation Track-based Tight  Track-based Tight Loose
AR (track, y) < 0.1
ee or uu pair > 2, opposite charge
ey pair AR(e,y) < 1
Ip% - prl/p3™” > 5%
Categorization lepton pair closest to mz = 91.2 GeV, decide if electron channel or muon channel
Im&meed —mz| < 15 GeV, mz = 91.2 GeV
Event selections Trigger match, overlap removal

py/mzy > 0.2; signal region: 200 < mz, < 3500 GeV

The signal efficiency is defined as the ratio of the number of events satisfying all selection criteria (as
described above) to the total number of events expected from the process pp — X — Zy, where the Z
boson decays into ee, uu or 7. The efficiency is parameterized as a function of the resonance mass to
interpolate efficiencies in the mass intervals between the simulated samples. This is done using the sum of
a first-order polynomial and a logarithmic function, € = a + b - mx + ¢ - In(mx + d), where a, b, ¢ and
d are free parameters in the fit. Figure 1 shows the reconstruction and selection efficiency for simulated
spin-0 and spin-2 resonance events as a function of my. The efficiencies for spin-0 and spin-2 resonances
produced via the gluon—gluon fusion process and spin-2 resonances originating from quark—antiquark initial
states are parameterized separately. The efficiencies range from 22% to 36% over the mass range from
220 GeV to 3400 GeV for spin-0 resonances produced by gluon—gluon fusion. Differences in the production
and decay of the spin-0 and spin-2 resonances result in significantly different transverse momentum and
pseudorapidity distributions of the final-state Z bosons and photons, leading to the differences between the
detection efficiency curves shown in Figure 1.

5 Signal and background modelling

Analytic models are used to extract the signal and background yields from the mz,, distribution of the data.
Simulated signal samples are used to determine the parameters describing the signal shapes. The models
used to describe the background shapes are chosen by studying the simulated background samples, and the
values of free parameters are obtained by fitting the models to the data.

The signal mass distribution of the Zy final states is well modelled by a double-sided Crystal Ball (DSCB)
function (a Gaussian function with a power-law tail on each side) [36, 37]. The Gaussian component of the
signal distribution is described by the peak position ucp and width ocp.
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Figure 1: Efficiency of X — Zvy final-state reconstruction and selection (including kinematic acceptance) as a
function of resonance mass myx for spin-0 resonances generated via gluon—gluon fusion, and for spin-2 resonances
generated from gluon—gluon and quark—antiquark initial states. The markers show the efficiencies for simulated
events, while the curves indicate the parameterizations used in the analysis. The efficiencies are for X — Zy where
the Z boson decays into ee, pu or T7.

For the interpolation of the DSCB signal shape parameters as a function of my, all simulated signal events
are fitted simultaneously to parameterize the signal shapes for mass points mx between simulated samples.
A set of polynomials whose coeflicients are determined during the fitting process are used to interpolate
signal shape parameters as a function of my. The parameterization is carried out separately for each
of the three models considered, i.e. spin-0 and spin-2 resonances produced via gluon—gluon fusion and
spin-2 resonances from quark—antiquark initial states, and for Z — ee and Z — up final states. The mz,,
distributions of the spin-0 resonance at mx = 1000 GeV are shown in Figure 2. The simulated signal
events and the fitted parametric models agree well, with differences below 5 per mille. Good quality fits
are also obtained for all other resonance models.

The background consists mainly of non-resonant associated production of a Z boson and a photon (irreducible
background) and Z + jet events where the jet is misidentified as a photon (reducible background). Their
relative contributions are determined by a simultaneous binned fit to the calorimeter isolation distribution
of the photon candidate in the signal region and in a control region enriched in Z + jets background. The
control region is defined by requiring the photon candidate to fail the Tight identification but pass a
modified loose identification [32]. The calorimeter isolation distributions of the photon in the signal and
control regions are determined by the simulated non-resonant Z +y samples, while the distributions of the
misidentified jet are determined in the fit and assumed to be the same in the signal and control regions.
The composition is estimated separately in the Z — ee and Z — upu final states. In the electron (muon)
channel, the ratio of Z +y events to all background events is 0.919 (0.908). Besides estimating the Z +y
event fraction inclusively in the full mass region, it is also evaluated as a function of mz,,. The fractions are
relatively stable, with the largest variation being 5%. Only simulated Z + y samples are used to construct
the total background model to reduce the statistical fluctuations from the limited number of data-derived
Z +jet events, which are obtained by requiring the photon candidate to satisfy the Loose, but not the Tight,
identification criterion. To account for the contribution from Z + jet events, the ratio of Z +jetto Z+vy
events is fitted as an exponential function of mz,. The total background is obtained after multiplying the
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Figure 2: Differential distributions of the invariant mass mz,, of the spin-0 resonance with mx = 1000 GeV produced
by the gluon—gluon fusion process. The markers show the distributions of the simulated events. The solid and dashed
lines are the fitted models in the eey and puy channels, respectively.

Z +y distribution in MC simulation by this exponential function to estimate the Z + jet contribution. The
background distribution falls smoothly as a function of mz,,.

The analytic background models are chosen so as to reduce the bias in the extracted signal yield and also by
limiting the number of free parameters in the fits to avoid a reduction in sensitivity [38]. For each analysis
category, the bias (also known as the ‘spurious signal’) is estimated as a function of myx by fitting the mz,
distribution of the background, obtained as described above, with signal-plus-background models. The
spurious signal is required to be less than 50% of the expected statistical uncertainty of the signal yield.
The function with the fewest free parameters is selected if this requirement is satisfied by two or more of
the functions considered. The Dijet function? is selected for both the electron and muon channels. The
envelope of the spurious signal is used to define a systematic uncertainty of the background modelling,
parameterized as an exponential function of mz,. For the Z — ee (Z — uu) final state, the spurious
signal ranges from 10.2 (10.7) events at 220 GeV to 0.003 (0.007) events at 3400 GeV. Signal models for
different-spin resonances are tested in the fits, and the parameterized spurious-signal uncertainties derived
with spin-0 resonance samples are the most conservative. If the purity of the Z +y sample is varied by
+5%, or the fitted ratio of Z + jet to Z +7 events as a function of mz,, is varied by +10 of the error, the
Dijet function is still selected for both channels. This indicates that the search relies on the parameterization
of the mz,, distribution, but only mildly on the background composition.

2 The Dijet function is defined as Jokg(x;b,a9) = N(1 - x)Px where x = m Zy /s, N is the normalization factor, and b and
ag are free parameters in each fit.



6 Systematic uncertainties

The dominant systematic uncertainty is the spurious signal defined as the bias induced in the signal yield
by the choice of a particular background model. Its evaluation is described in Section 5, where it is found
be as large as 10.2 events in the electron channel and 10.7 events in the muon channel.

The uncertainty in the combined 2015-2018 integrated luminosity is 0.83% [11], obtained using the
LUCID-2 detector [39] for the primary luminosity measurements, complemented by measurements using
the inner detector and calorimeters. The systematic uncertainties impacting the signal modelling come from
the muon momentum scale and resolution, and the electron and photon energy scales and resolutions. Their
impact on the peak position (¢cp) and width (ocp) of the simulated signal distribution is estimated from
the relative changes in the fitted mz, signal distribution when varying the momentum or energy scales and
resolutions by their uncertainties. The muon momentum scale and resolution systematic uncertainties are
determined from Z — pu and J/i — uu events using the techniques described in Ref. [40]. The muon
momentum scale uncertainty and the sagitta bias [41] lead to a ucp uncertainty of up to 0.023%, while
both the muon spectrometer and muon identification contribute to the muon momentum resolution and lead
to uncertainties in ocpg of up to 1.9% and 1.8% respectively. The systematic uncertainties in the electron
and photon energy scale and resolution follow those in Refs. [42, 43]. The overall energy scale factors and
their uncertainties were determined using Z — ee events collected during 2015 and 2016. Compared to
Ref. [43], several systematic uncertainties were re-evaluated with the 13 TeV data, including uncertainties
related to the observed LAr cell non-linearity, the detector material simulation, the intercalibration of
the first and second layers of the calorimeter, and the pedestal corrections. The electron/photon energy
resolution uncertainties produce an uncertainty in ocg varying from 2.5% to 10% in the muon channel and
from 7% to 60% in the electron channel. The variation in ycg due to the electron and photon energy scale
systematic uncertainty is less than 0.4% for the muon channel and less than 0.7% for the electron channel.
The systematic uncertainties in the signal efficiency due to the reconstruction, identification, isolation and
trigger efliciencies for leptons and photons are estimated in simulation from the relative change in the signal
efficiency when each of those efficiencies is varied by its uncertainty. The photon triggers, identification and
isolation contribute a total systematic uncertainty of up to 1.5% (1.7%) to the signal efficiency in the muon
(electron) channel. The electron reconstruction, identification, isolation and trigger contribute a systematic
uncertainty of up to 4% to the signal efficiency in the electron channel. In the muon channel, the signal
efficiency systematic uncertainties from the muon triggers, reconstruction and isolation are estimated to not
exceed 1%, 6% and 1.2%, respectively. All these systematic uncertainties affecting the signal efficiency are
estimated using spin-0 resonance samples only and are also used in the spin-2 resonance results. To check
whether a bias could be introduced by this uncertainty assignment, the largest systematic uncertainty in the
signal efficiency (i.e. the muon reconstruction efficiency) is also estimated using spin-2 resonance samples.
The estimates of this systematic uncertainty from the spin-0 and spin-2 resonance samples are compatible
within the statistical uncertainty. An ‘extra smearing’ muon pt uncertainty accounts for the impact of
the poorly measured resolution of high-pt muons (usually > 300 GeV) which satisfy the Medium, but
not the HighPt [31], identification criterion. The impact on the m,,,, resolution is estimated to be 2.4%.
The systematic uncertainty due to electron charge misidentification is evaluated using Z — ee events and
found to be negligible.

The uncertainty due to the customized electron identification applied to the reconstructed electrons in
this high-mass analysis is evaluated by applying the tag-and-probe method to the Z — ee data and MC
samples. Events where the electrons have an angular separation AR(e, ¢) < 0.5 are used to imitate the
case where the electrons are very close to each other, as in the high-mass resonance analysis. Due to the



Table 2: The main sources of systematic uncertainty for the X — Zvy search. The gluon—gluon fusion spin-0 signal
samples produced for mx = 220-3400 GeV are used to evaluate the systematic uncertainty. The uncertainty ranges
span the variations among different categories and different myx resonance masses. The uncertainty due to the
spurious signal is reported as an absolute number of events. In the table, ‘ID’ for photons and electrons refers to
identification efficiency uncertainties, ‘ISO’ refers to isolation efficiency uncertainties, ‘TRIG’ refers to trigger
efficiency uncertainties, ‘RECO’ refers to muon reconstruction efficiency uncertainty and ‘TTVA’ refers to muon
track-to-vertex-association efficiency uncertainty.

Category Uy eey
Luminosity 0.83%
Signal Efficiency
Photon ID/ISO/TRIG efficiency 1.0% —1.5% 1.0% - 1.7%
Muon ISO efficiency 1.0% —1.2% -
Muon RECO efficiency 0.22% — 6% -
Muon TTVA efficiency 0.14% —0.23% -
Muon TRIG efficiency 0.6% —1.0% -
Electron ID/ISO/RECO/TRIG efficiency - 2.9% —4%
Customized electron ID efficiency - 1.0% —1.1%
Pile-up < 0.016% -

Signal modelling effect on ucgp
Electron and photon energy scale 0.33%-0.4%  0.15%—0.7%

Muon momentum scale/sagitta bias < 0.023% -
Signal modelling effect on ocp
Electron and photon energy resolution 2.5% —10% 7% — 60%
Muon ID resolution 0.4% —1.8% -
Muon MS resolution 0.6% —1.9% -
Extra smearing of muon pr 2.4% -
Background modelling (in number of events)
Spurious signal 0.01-10.7 0.003-10.2

AR(e, e) requirement, the Z — ee event yield is limited and thus an inclusive p bin is defined in the EM
calorimeter barrel and endcap region. The efficiencies are evaluated for electrons with AR(e, e) < 0.5 in
an inclusive pt region between 27 and 3000 GeV and the barrel (|| < 1.37) and endcap (1.52 < || < 2.47)
regions. The systematic uncertainty due to the customized electron ID is estimated to vary between 1.0%
and 1.1% for resonance masses between 220 GeV and 3400 GeV.

Table 2 summarizes the estimated systematic uncertainties for the X — Zv search in the ee and uu
channels and the mass range mx = 220-3400 GeV.

7 Results

An unbinned profile-likelihood-ratio fit method [44] is used to estimate the heavy-resonance production
cross section times the branching ratio of the X — Zy decay, o(pp — X) - B(X — Zvy), in the
mass range between 220 GeV and 3400 GeV. In the likelihood function, the expected number of signal
events N is defined as Ny = L X o(pp — X) X B(X — Z(— ee, pup or 77)y) X &, where L is the

10



integrated luminosity and ¢ is the parameterized signal efficiency as a function of myx. The invariant
mass (mz,) distributions of data events in both the eey and uuy channels are fitted simultaneously with
the signal-plus-background models and are shown in Figure 3. The highest-mass eey and puy events in
the data are at 2.0 TeV and 2.2 TeV, respectively. No significant excess relative to the background-only
hypothesis is seen. For spin-0 heavy resonances, the largest excess is observed at 420 GeV with a local
significance of 2.3 standard deviations after combining the eery and puy channel distributions shown in
Figure 3. The individual significances at the same my value are 2.10- and 1.10 in the electron and muon
channels respectively.

ATLAS — i ATLAS 3

> >
S 1ot s -1 ¢ Data = 8 10° E s -1 ¢ Data E
o " F (s=13Tev. 140 el E o = RJs=18Tev. 140 o el E
5 10 eey —— Background = o 100 uuy — Background =
c B %N, 420 GeV signal 3 < E Ty 420 GeV signal 3
i s 1o
i1} w E
10 10
1 1=
107" L
10°% s } 4 - 10°E W f =
104 "iigex‘e zy, S‘pin-O ‘ b A s ; 104 ;gge X‘azwspin-o b A— A ;
8 ‘ E g ‘ E
T 2 — I = =
Qo 3 L2 = b
:‘é o | g) [ |
n -2 - »n -2F =
. MR PR . M E . . RS | . -
3x10? 10° 2x10° 3x10° 3x10? 10° 2x10° 3x10°
my, [GeV] my, [GeV]
(a) (b)

Figure 3: The Zy invariant mass distributions of data events satisfying the high-mass selection for the (a) eey and (b)
puy channels. The points with error bars represent the data and statistical uncertainty. The background component
(solid blue line in the inset) and spin-0 signal component (dashed dark cyan line) of the signal + background unbinned
fit (solid red line) to data are displayed. The bottom panel of each figure shows the significance, which is defined as
the residual of the data with respect to the fitted background component divided by the statistical uncertainty of the
data. The lower mass region is expanded and displayed in the two inset plots, where an excess with a combined local
significance of 2.30 at 420 GeV can be seen.

The probability of compatibility between the data and the expected background plus signal is examined for
increasing values of the signal cross section, and a modified frequentist (CLs) approach [45] is used to set
an upper limit on the cross section. The limit at 95% confidence level (CL) is determined by identifying
the signal cross section for which the CLg value is equal to 0.05. The observed (expected) cross-section
limits for mx up to 1850 (900) GeV are derived using closed-form asymptotic formulae [44]. At higher mx
values the asymptotic formulae underestimate the observed (expected) limits by 5% to 17% (1.4% to 29%)
because of the smaller number of events, and ensemble tests with sampling distributions generated using
pseudo-experiments are used instead. Figure 4 shows the observed and expected upper limits as a function
of myx for a spin-0 resonance signal produced via gluon—gluon fusion, using the combined data from the
eey and upy channels. The observed (expected) limits range from 65.5 fb to 0.6 b (43.3 fb to 0.6 fb).
The search is limited by the statistical uncertainty of the selected data events in the mz,, distribution. The
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Table 3: The observed (expected) upper limits on o-(pp — X) - B(X — Zvy) for spin-0 and spin-2 heavy resonances
at 95% CL. The value of mx varies from 220 GeV to 3400 GeV.

95% CL upper limits on o (pp — X) - B(X — Zy) Observed Expected
ggX spin-0 65.5fb-06fb 433fb-0.61b
ggX spin-2 77.4tb-0.6fb 50.8fb-0.61fb
qqX spin-2 76.1fb-0.5fb 50.3fb-0.51b

dominant systematic uncertainty is the spurious-signal uncertainty, which has at most a 12% impact on the
asymptotic expected upper limit on o (pp — X) - B(X — Zvy).

The results are also interpreted in terms of spin-2 resonances (for both the ggX and ggX processes) in
the same mass range as the nominal spin-0 resonances. As shown in Figure 5, the observed (expected)
limits range from 77.4 tb to 0.6 fb (50.8 fb to 0.6 fb) for a gg X spin-2 resonance and from 76.1 fb to 0.5 tb
(50.3 fb to 0.5 fb) for a gg X spin-2 resonance. Table 3 summarizes the observed (expected) upper limits on
o(pp — X) - B(X — Zvy) for spin-0 and spin-2 heavy-resonance masses from 220 GeV to 3400 GeV.

ATLAS
Vs =13 TeV, 140 fb*
gg - X - Zy, spin-0

----- Expected
—— Observed
[ Expected + 10
[ ]Expected + 20

=
o
N
T

[N
o

500 1000 1500 2000 2500 3000 3500
my [GeV]

Upper Limit on o(pp - X) x B(X - Z y) [fb]
=
2

Figure 4: Observed (solid line) and expected (dashed line) 95% CL upper limits on the production cross section times
branching ratio of a narrow-width spin-0 resonance X produced from gluon—gluon initial states and decaying into a
Z boson and a photon, o(pp — X) - B(X — Zy), as a function of the resonance mass my. Observed (expected)
results are derived from ensemble tests for mx > 1850 (900) GeV and from asymptotic formulae for lower mx values.
The green and yellow bands correspond to the +10- and +2¢ intervals for the expected upper limits. The limits are
shown in the mx range from 220 GeV to 3400 GeV and are obtained from the combined eey and upy channels.
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Figure 5: Observed (solid line) and expected (dashed line) 95% CL limits on the production cross section times
branching ratio of a narrow-width spin-2 resonance X produced from (a) gluon—gluon initial states and (b) ¢4 initial
states and decaying into a Z boson and a photon, o-(pp — X) - B(X — Zy), as a function of the resonance mass
my. Observed (expected) results are derived from ensemble tests for myx > 1850 (900) GeV and from asymptotic
formulae for lower mx values. The green and yellow bands correspond to the +10- and +20 intervals for the expected
upper limit respectively. The limits are shown in the mx range from 220 GeV to 3400 GeV and are obtained from the
combined eey and upy channels.

8 Conclusion

A search for new resonances decaying into the Z(— ¢£)y final state in the mass range between 220 GeV and
3400 GeV has been performed using 140 fb~! of y/s = 13 TeV pp collision data recorded with the ATLAS
detector at the LHC. The observed data are in agreement with the smoothly falling background predicted by
the SM. No evidence of X — Z7 decay is observed, and upper limits are seton o (pp — X) - B(X — Zy)
as a function of myx. The results are presented using spin-0 and spin-2 interpretations. For spin-0 resonances,
the observed limits vary between 65.5 fb and 0.6 fb. The cross-section limits vary between 77.4 (76.1) fb
and 0.6 (0.5) fb for spin-2 resonances produced from gluon—gluon (quark—antiquark) initial states. These
results improve the expected upper limit on o-(pp — X) - B(X — Zy) for a spin-0 resonance by a factor
of 1.9 to 4 in the mx range of 250 GeV to 2400 GeV covered by a previous ATLAS search. In addition,
this search extends the covered mass range to 3400 GeV by using the higher integrated luminosity of the
full Run 2 dataset as well as an MVA electron identification technique. Compared to a resonance search
by ATLAS using hadronic decays of the Z boson and the full Run 2 dataset, this search probes lower mx
values, down to 220 GeV, and has better sensitivity up to 2300 GeV.
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