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1 Introduction

Numerous cosmological observations indicate that a large part of the mass of the universe is composed of
dark matter (DM), yet its exact, possibly particle, nature and its connection to the Standard model (SM) of
particle physics remain unknown. The discovery of DM particles and its interactions with SM particles
is one of the greatest quests in particle physics and cosmology today. Several different experimental
approaches are being exploited. Indirect detection experiments search for signs of DM annihilation or
decays in outer space, while direct detection experiments are sensitive to low-energy recoils of nuclei
induced by interactions with DM particles from the galactic halo. The interpretation of these searches is
subject to astrophysical uncertainties in DM abundance and composition. Searches at particle colliders,
for which these uncertainties are irrelevant, are complementary if DM candidates can be produced in
particle collisions. Weakly interacting massive particles (WIMPs), one of the most commonly considered
candidates for DM, could be produced in proton–proton (pp) collisions at the Large Hadron Collider (LHC)
and detected by measuring the momentum imbalance, missing transverse energy (Emiss

T ), associated with
the recoiling SM particles.

This analysis focuses on DM production in association with a new neutral vector boson Z ′ [1] decaying to
a pair of same-flavour light leptons (e+e−/µ+µ−). It extends the existing inclusive resonant searches in the
dilepton final state at LHC [2, 3] by adding a requirement on the missing transverse energy. This search is
complementary to the results presented in Ref. [4], which explored the hadronic decays of the Z ′ boson
assuming no coupling to leptons, and improves upon those presented in Ref. [5], which explored the dimuon
decay of the Z ′ boson using 11.6 fb−1of CMS open-data at a centre-of-mass energy of

√
s = 8 TeV.

This analysis considers two example benchmark models [1]: the dark-Higgs model, shown in Figure 1(a),
and the light-vector model, shown in Figure 1(b). In the dark-Higgs model, a dark-sector Higgs boson hD
can be radiated from the Z ′ boson and decay to a pair of dark matter particles (χχ). In the light-vector
case, the Z ′ boson has an off-diagonal coupling to the χ1 and χ2 dark-sector particles and thus the heavier
state χ2 decays to a lighter dark matter candidate χ1 and a Z ′.
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Figure 1: Feynman diagrams for Z ′ production and leptonic decay in association with missing transverse energy
in (a) the dark-Higgs and (b) the light-vector model.

Both models have six free parameters: the masses of the Z ′ and the dark-sector particles, as well as relevant
couplings of the Z ′ to other particles. In each model there are two dark-sector particles: hD and χ in the
dark-Higgs model and χ1 and χ2 in the light-vector model. Following recommendations in Ref. [1], two
benchmark scenarios are considered for each model: the heavy and the light dark-sector. The parameters
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Table 1: The mass parameters assumed in the light dark-sector and heavy dark-sector benchmark scenarios [1].

Dark Higgs Light Vector
Light dark-sector mχ = 5 GeV mχ1 = 5 GeV

mhD = 125 GeV mχ2 = mχ1 + mZ′ + 25 GeV
Heavy dark-sector mχ = 5 GeV mχ1 = mZ′/2

mhD = mZ′ mχ2 = 2mZ′

assumed for this study are consistent with those used in the hadronic Z ′ search [4] and are summarized in
Table 1. The search is performed for Z ′ masses above 200GeV.

There are three coupling parameters considered in each model referring to the coupling of the Z ′ to quarks
(gq), to leptons (g`), and to the dark-sector particles (gDM ). In the dark-Higgs model the coupling gDM is
the coupling between the Z ′ and hD while in the light-vector model gDM is the coupling between Z ′ and
the dark-sector particles χ1 and χ2. The couplings to quarks and leptons are assumed to be constant across
generations. The couplings for this search are set to gDM = 1, gq = 0.1, and g` = 0.01. The values for
gDM and gq are taken to be the same as in Ref. [4], with non-zero g` introduced to allow the leptonic decay
of the Z ′ boson. This choice follows the recommendation of the LHC Dark Matter Working Group [6].
The factor of ten difference between gq and g` could be explained by a Z ′ coupling only to quarks at
tree-level, with leptonic couplings generated through higher-order corrections.

The rest of this note is organized as follows. A brief introduction to the ATLAS detector is given in
Section 2. In Section 3 the data and simulated signal and background event samples are described. The
algorithms for the reconstruction and identification of final state particles are summarized in Section 4.
The analysis strategy is detailed in Section 5, including the criteria for the selection of signal candidates
and the estimation of SM backgrounds. The uncertainties that are taken into account in the statistical
interpretation of data are described in Section 6. An overview of the statistical analysis and framework
is given in Section 7. Finally the results are presented in Section 8 with concluding remarks given in
Section 9.

2 ATLAS detector

The ATLAS experiment [7] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4π coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |η | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity for |η | < 3.2. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity
range (|η | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM
and hadronic energy measurements up to |η | = 4.9. The muon spectrometer surrounds the calorimeters

1 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 upwards.
Polar coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The pseudorapidity is
defined in terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ∆R ≡

√
(∆η)2 + (∆φ)2.
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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 Tm across most of the detector. The muon spectrometer
includes a system of precision tracking chambers and fast detectors for triggering. A two-level trigger
system is used to select events. The first-level trigger is implemented in hardware and uses a subset of
the detector information to accept events at a rate below 100 kHz. This is followed by a software-based
trigger that reduces the accepted event rate to 1 kHz on average depending on the data-taking conditions.
An extensive software suite [8] 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 Data and simulated event samples

The dataset used in this analysis was collected during LHC Run 2 in stable beam conditions and with
all detector systems operating normally. The event quality was checked to remove events with noise
bursts or coherent noise in the calorimeters. Events in the dielectron channel were recorded using a
dielectron trigger [9] based on the ‘very loose’ or ‘loose’ identification criteria with transverse energy (ET )
thresholds between 12 and 24 GeV for both electrons, depending on the data-taking period. Events in
the dimuon channel are required to pass one of various dimuon triggers [10], with transverse momentum
(pT) thresholds between 18 and 22 GeV for the leading muon and 8 GeV for the sub-leading muon or two
muons above 10 GeV and 14 GeV, depending on the data-taking period. For events with different lepton
flavours e±µ∓, various dilepton triggers are combined depending on the leading and sub-leading lepton
flavour and data-taking period. After considering the data-quality requirements, to ensure that all parts of
the detector were operational, the total data sample amounts to an integrated luminosity of 140 fb−1 [11],
with an uncertainty of 0.83% [12], obtained using the LUCID-2 detector [13] for the primary luminosity
measurements, complemented by measurements using the inner detector and calorimeters.

All signal and background processes from hard-scatter pp collisions were modelled by simulating the
detector response to particles produced with Monte Carlo (MC) event generators. For the background
processes the detector response was simulated using the full modelling of the ATLAS detector [14] in
GEANT4 [15]. The signal MC samples were processed with a fast simulation [14] which relies on a
parameterisation of the calorimeter response [16]. The effect of multiple pp interactions in the same or
neighbouring bunch crossing (pileup) was modeled by overlaying the simulated hard-scattering event
with inelastic events generated with Pythia 8.186 [17] using the NNPDF2.3lo set of parton distribution
functions (PDF) [18] and the A3 set of tuned parameters [19]. The simulated events were weighted to
reproduce the distribution of the average pileup observed in the data.

Table 2 shows a summary of the simulated event samples used to model the SM background in the analysis.
It lists the matrix element and parton shower generators, the order of the cross section computation in
the strong coupling constant, αs, used to normalize the event yield, the sets of underlying-event and
hadronization parameter values (tuned parameters of the MC program) for the parton shower and the PDF
sets used by the generators.

Backgrounds due to top-quark pair- and single production are generated with Powheg-Box v2 [23] using
the NNPDF3.0nlo PDF set, interfaced to Pythia 8 [24] for the parton shower and hadronization.

The diboson background is generated with Sherpa 2.2.11 [37] for semi-leptonic and Sherpa 2.2.12 for
fully leptonic final states, using the NNPDF3.0nnlo PDF set [33].
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Table 2: Simulated background event samples with the corresponding matrix element and parton shower (PS)
generators, cross section order in αs used to normalize the event yield, underlying-event tune and the PDF sets used.
For boson and diboson samples V refers to the W or Z boson. ‘Default’ refers to the the default tune in the Sherpa
generator.

Physics process Generator Parton shower Normalization Tune PDF (generator) PDF (PS)

t t̄ Powheg Box v2 [20–23] Pythia 8.230 [24] NNLO+NNLL [25–31] A14 [32] NNPDF3.0nlo [33] NNPDF2.3lo [18]
Single-top Powheg Box v2 [21–23, 34] Pythia 8.230 [24] NLO+NNLL [35, 36] A14 [32] NNPDF3.0nlo [33] NNPDF2.3lo [18]
DibosonVV Sherpa 2.2.11, 2.2.12 [37] Sherpa 2.2.11, 2.2.12 [38, 39] NLO [40–43] Default [44] NNPDF3.0nnlo [33] NNPDF3.0nnlo [33]
Z/γ∗(→ ``)+jets Sherpa 2.2.11 [37] Sherpa 2.2.11 [39] NNLO [45] Default [44] NNPDF3.0nnlo [33] NNPDF3.0nnlo [33]
V (→ ``) + γ Sherpa 2.2.11 [37] Sherpa 2.2.11 [39] NNLO [45] Default [44] NNPDF3.0nnlo [33] NNPDF3.0nnlo [33]
Signal MadGraph v2.9.9 [46] Pythia 8.306 [47] LO A14 [32] NNPDF2.3lo [18] NNPDF2.3lo [18]

The background from the neutral current Drell-Yan (DY) process Z/γ∗ → `` (with ` = e, µ, τ) is simulated
with Sherpa 2.2.11 using the NNPDF3.0nnlo set [33]. The Sherpa generator is used instead of the Powheg
generator from the previous ATLAS inclusive dilepton search [2] due to better modelling of the additional
event activity, which is crucial for the final state considered in this analysis. The DY event yields are
corrected with a rescaling that depends on the dilepton invariant mass from NLO to next-to-next-to-leading
order (NNLO) in αs, computed with VRAP 0.9 [48] and the CT14nnlo PDF set [49]. Mass-dependent
electroweak corrections were computed at NLO with mcsanc 1.20 [50].

Signal MC samples are generated for Z ′ decaying either to dielectrons or dimuons in the four benchmark
scenarios shown in Table 1 and discussed in Section 1. These samples are generated with Mad-
Graph v2.9.9 [46] in the mass range of Z ′ between 200GeV and 1000GeV in steps of 100GeV, using
the NNPDF2.3lo PDF set and A14 [32] tune, interfaced to Pythia 8.306 for the parton shower and
hadronization. The signal MC samples are generated with the couplings set to the nominal values as
discussed in Section 1 (gDM = 1, gq = 0.1, and g` = 0.01). The small coupling to leptons drastically
reduces the cross section for the signal processes under consideration. However, these sample cross sections
can be rescaled to different coupling values assuming the final state kinematics are not significantly altered.
In particular, when scaling the leptonic coupling up by a factor of 10 it was found that the width over mass
of the Z ′ varies by at most 20% of its original value of below 0.5% in all signal models considered in this
note.

4 Object definitions

The leptons used in this analysis undergo two levels of selection criteria. The first selection, baseline
leptons, consists of less stringent requirements on the quality of the leptons. This definition is used in
the calculation of missing transverse momentum as well as the data-driven fake and non-prompt (FNP)
background estimation described in Section 5. The more stringent selection, signal leptons, are used for
the final event selection.

Electron candidates are reconstructed using energy clusters in the EM calorimeter which are matched to
an inner detector track, and they are calibrated as described in Ref. [51]. Baseline electron candidates
are required to have |η | < 2.47 in order to pass through the fine-granularity region of the EM calorimeter
and be outside the range 1.37 < |η | < 1.52 corresponding to the transition region between the barrel and
endcap EM calorimeters. They should also satisfy ‘loose’ identification criteria and have pT > 25 GeV.
The trajectory of baseline electrons must be consistent with the primary vertex to suppress electrons
originating from pileup. Therefore, the tracks associated with baseline electrons must have a longitudinal
impact parameter relative to the primary vertex (z0) such that |z0 · sinθ | < 0.5mm and a transverse impact
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parameter significance |d0/σ(d0)| ≤ 5. Signal electrons are defined as baseline candidates that satisfy the
‘medium’ identification and ‘tight’ isolation requirements [51].

Baseline muon candidates are reconstructed in the region |η | < 2.5 by matching inner detector tracks to
tracks reconstructed in the muon spectrometer, and they are calibrated in situ using Z → µµ decays [52].
Baseline muon candidates are required to have pT > 25GeV. They have to satisfy a set of requirements
on the quality of the tracks defined as ‘high-pt’ [52] and to pass requirements on the longitudinal impact
parameter |z0 · sinθ | < 0.5 mm and significance of transverse impact parameter |d0/σ(d0)| ≤ 3. Signal
muons need to pass the ‘tightTrackOnly’ muon identification requirement [52].

The particle flow algorithm [53] using the anti-kt algorithm [54] with a radius parameter of R = 0.4 is
used to reconstruct jets with a four-momentum recombination scheme, using three-dimensional clusters of
energy in the calorimeter [55] as inputs. Jets are then calibrated as described in Ref. [56, 57]. Events are
vetoed if they contain jets induced by calorimeter noise or non-collision background, according to criteria
described in Ref. [58], which has an efficiency of selecting jets from pp collision of > 99.5% for jets with
pT > 20 GeV. Jets are further required to have pT > 20 GeV and |η | < 4.5. Additional jets that arise from
pileup interactions are rejected by applying a dedicated ‘tight’ track-based selection Jet Vertex Tagger [59]
for jets in |η | < 2.5, based on classifying the tracks associated with the jet as pointing or not pointing to
the primary vertex. For the forward jets, 2.5 < |η | < 4.5, a ‘tight’ selection of the forward Jet Vertex
Tagger [60] is used.

Jets containing b-flavoured hadrons (b-jets) are identified with the DL1r algorithm, using a fully connected
multi-layer feed-forward neural network [61, 62]. A jet is considered a b-jet candidate if it passes a
requirement of the DL1r algorithm corresponding to an average efficiency of 85% to identify b-jets,
evaluated with the tt̄ MC used to train the algorithm. Any event containing at least one b-jet candidate
passing the ‘tight’ Jet Vertex Tagger requirement with pT > 20 GeV and |η | < 2.5 is vetoed.

The reconstruction of the same energy deposits as multiple objects is resolved following the procedure
outlined in Table 3. The steps are performed in listed order and only surviving objects participate in the
subsequent steps.

Table 3: Overview of the overlap removal procedure and the corresponding matching criteria. The steps are performed
in listed order and only surviving objects participate in the subsequent steps.

Reject Against Criteria

Muon Electron muon with calorimeter deposits and shared inner detector track
Jet Electron ∆R < 0.2
Jet Muon (number of tracks < 3 or pjet

T < 100pµT) and (ghost-associated [63] or ∆R < 0.2)

The missing transverse momentum, pmiss
T , is calculated from the negative vector sum of the transverse

momenta of all baseline objects considered in the analysis [64]. Low-momentum tracks from the primary
vertex and calorimeter clusters that are not associated with reconstructed analysis objects are also included
in the calculation. The magnitude of pmiss

T is denoted by Emiss
T . Additionally, an object-based Emiss

T
significance (Emiss,sig

T ) [65] is adopted in the analysis to help discriminate between events where Emiss
T

arises from undetected particles in the final state from those where it stems from limited pT resolution and
identification inefficiencies. The Emiss

T significance is defined by
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Figure 2: An overview of the analysis strategy shown in the mll-E
miss,sig
T plane for the (a) same flavour lepton selection

and (b) different flavour lepton selection.

Emiss,sig
T =

|pmiss
T |√

σ2
L(1 − ρ

2
LT)

where σL is the longitudinal component of the total transverse momentum resolution for all objects in
the event while ρLT is the correlation factor between the parallel and perpendicular components of the
transverse momentum resolution for each object [65].

Correction factors derived from data are applied to the simulated event samples on an event-by-event
basis to account for differences between data and simulation in the lepton, jet and Emiss

T reconstruction
efficiencies, energy scales and resolutions as well as in the lepton trigger and jet flavor tagging efficiency [51,
52, 61].

5 Event selection and background estimation strategy

Events are required to have a primary vertex, defined as the pp interaction vertex candidate with the highest
sum of the squared transverse momenta of all associated tracks with pT > 400 MeV [66]. Only events with
a primary vertex with at least two associated tracks are selected. Further, the events are required to have
exactly two oppositely charged signal leptons. Only events with two light leptons of same flavour (SF), i.e.
e±e∓ and µ±µ∓, are considered for the signal regions. However, events with different flavour (DF) light
leptons, i.e. e±µ∓, are used in the evaluation of backgrounds from processes involving top quarks. Events
passing the same criteria as described above, except that the quality requirement of the leptons is relaxed to
the baseline selection, are used when estimating the contribution from the FNP background.

All signal scenarios considered in this analysis contain a resonant production of two leptons from a Z ′

produced in association with particles escaping detection and would only be observed indirectly through
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relatively large missing transverse energy in the event. Therefore, a selection of Emiss
T > 55 GeV is required.

The two main discriminating variables used to build the signal regions (SRs) in this analysis are therefore
the invariant mass of the dilepton pair mll and Emiss,sig

T . Since all of the signal models are targeting Z ′

masses well above the Z mass, a cut of mll > 180 GeV is applied to remove events with Z → ``. In
addition, a veto on events containing b-jets is applied to reduce the background from events involving
top quarks. Having three orthogonal SRs covering different ranges of Emiss,sig

T is found to increase the
sensitivity of this search compared to a single SR, since several signal models with different predicted Emiss

T
distributions are targeted. The signal region bins are denoted as SR 1, SR 2, and SR 3 in order of increasing
Emiss,sig
T . SR 1 is defined as 5 < Emiss,sig

T < 8, SR 2 as 8 < Emiss,sig
T < 12, and SR 3 as Emiss,sig

T > 12.

The SM backgrounds can be divided into two main categories: reducible and irreducible backgrounds.
The irreducible backgrounds come from processes with prompt leptons which can yield events with a
final state similar to the signal. The main irreducible backgrounds in this analysis come from processes
with top quarks, dibosons, and Drell-Yan processes. These backgrounds are taken from MC simulation
after normalization to data in dedicated control regions (CR) enriched in events containing the relevant
processes. The normalization of the MC simulations are then validated in dedicated validation regions
(VR). Both the CRs and VRs are constructed such that they are both similar and orthogonal to the signal
regions, whilst also having little signal contamination, as illustrated in Figure 2(a) and Figure 2(b) for the
SF and DF channel, respectively. This orthogonality is achieved by reverting either or both of the mll or
Emiss,sig
T cuts while keeping all the other cuts identical to the SR definitions. For the regions enriched in top

quark processes, CR-Top and VR-Top, events with leptons of different flavour are used as this ensures a
high purity of events containing top quarks while retaining the orthogonality to the SRs. The purity for the
targeted backgrounds varies from > 93% in CR-Z to about 87-91% in the CR-Top and CR-Diboson.

The VRs are constructed to be more similar to the signal regions than the control regions in either
Emiss,sig
T (VR-Z) or in mll (VR-Diboson). These regions are less pure in the targeted process than the

corresponding CRs, but provide validation of the modelling of these processes in regions closer to the SRs.
All of the regions defined remain orthogonal to each other, as illustrated by Figure 2.

The reducible backgrounds are processes where one or more of the leptons are classified as fake or
non-prompt leptons and are estimated from data using the matrix method [67]. The matrix method uses two
sets of leptons defined by the baseline and signal selection cuts presented in Section 4. A probability for a
prompt lepton, which already passes the baseline selection to also pass the signal selection, is calculated as
a function of both pT and η using MC simulations after having applied all relevant correction factors. A
similar probability for an FNP lepton to pass the signal selection when already having passed the baseline
selection is measured in data as a function of pT for muons2 and pT and η for electrons, using a control
region (CR-Fakes) enhanced in FNP leptons. The CR-Fakes requirements are |mll − mZ | > 10 GeV,
Emiss
T < 50 GeV, and at least 1 b-tagged jet. It is also required that the transverse mass between the

tagged lepton and the Emiss
T is less than 50 GeV, ∆R(`t , b-jet) < 0.3, and ∆R(`p, jet) > 0.4. The final

real efficiencies and fake rates are used as input to the matrix method together with the number of events
containing either two baseline, one baseline and one signal, or two signal leptons in the region where
the FNP background is to be estimated. To avoid double counting the contribution from FNP leptons in
the analysis, all simulated events containing one or more FNP leptons are removed from the background
samples. The FNP background estimates are validated in dedicated VRs requiring two same-sign (SS)
leptons with mll > 180 GeV. In the electron channel an additional cut of Emiss,sig

T > 5 is applied to reduce the

2 The η dependence of the muon fake rate is found to be almost flat and thus to enhance the statistics the fake rate is only derived
as a function of pT.
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Figure 3: Distributions of mll in the VR-FNP in the electron channel (a) and the muon channel (b). The leptons in
this region are same-sign leptons. The uncertainty shown by the hatched band includes only the uncertainty from the
matrix method itself. The last bin contains overflow events.

contribution from Z/γ∗ events and FNP leptons coming from converted photons. The invariant mass of the
SS dilepton pair in the VR-FNP is shown in Figures 3(a) and 3(b) for electrons and muons, respectively.

Due to the limited statistics at high Emiss,sig
T , the FNP background estimates obtained from the matrix

method within the signal regions are parameterised as a function of mll in inclusive Emiss,sig
T by fitting

any array of functional forms to the data; similar to approaches used in Refs [68, 69]. A large list of
functional forms were used initially, but several of them failed to explain the observed FNP estimates
and were disregarded. For the functional forms found to have a satisfactory fit to the data-driven FNP
estimates several permutations of the fit range in mll are tried, using combinations of 110 to 140 GeV for
the minimum and 500 to 1000 GeV for the maximum. Additionally the number of bins used for the fitted
distribution are varied between 10 to 80 bins. Each fit is then evaluated by studying the χ2/ndf and by
comparing the distribution of the pulls to a standard normal distribution. The selected nominal fits of the
FNP estimates are all considering one of the following functional forms,

f1 = (1 − mll)
p1 ∗ (mll)

(p2+p3∗log(mll )+p4∗log(mll )
2) (1)

f2 = e−p1 (mll)
p2 (mll)

p3∗log(mll ) (2)

f3 =
p1

(mll + p2)p3 , (3)

where p1, p2, p3 and p4 are free parameters. An envelope of other functional forms using different fit
ranges and number of bins are used to estimate the uncertainty on the extrapolation. Checks are performed
in order to make sure that the fitted function and the cumulative distribution of the extrapolation reproduce
the corresponding distribution of the data-driven FNP estimates at lower values of mll . Figure 4 shows the
nominal fit function used to extrapolate the FNP estimates in a dielectron region with 5 < Emiss,sig

T < 8
compared with the data-driven estimates obtained from the matrix method. The envelope uncertainty on
the extrapolation is indicated by the hatched blue band. Different fit functions are used to extrapolate the
FNP background estimates to high values of mll in the dielectron, dimuon, and eµ-channels. In the dimuon
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and eµ-channels the same functional form of Equation 1 is used to describe the FNP background in all
regions of Emiss,sig

T . In the dielectron channel the functional forms in Equation 1, 2 and 3 are used in the low
(Emiss,sig

T < 5), intermediate (5 < Emiss,sig
T < 12), and high (Emiss,sig

T > 12) Emiss,sig
T regions, respectively.

6 Systematic uncertainties

The systematic uncertainties considered in this analysis are grouped into experimental uncertainties,
theoretical uncertainties, and uncertainties from the data-driven FNP estimates. The systematic uncertainties
for all background processes are found to be within 5% of the total background yields in all control
and signal regions. The corresponding uncertainty on the FNP estimates lies between 0.2 - 3.3%. The
experimental uncertainty, considering a light-vector signal model in the light dark-sector scenario with a
Z ′ mass of 500 GeV, is between 5 and 7%. The largest uncertainty on the background comes from the
FNP estimate, however this is a relatively minor background in all regions as shown in Tables 4 and 5.

6.1 Experimental uncertainties

The uncertainty on the integrated luminosity and pileup reweighting are applied as described in Section 3.
Electron and muon uncertainties on the reconstruction [51, 52, 70], identification [52, 70], isolation and
trigger efficiencies are considered together with the uncertainties on the energy scale and resolution. For
jets, uncertainties from the jet vertex tagger [60], which account for the residual contamination from pileup
jet, as well as the uncertainties from jet energy scale (JES) [57] and jet energy resolution (JER) [71],
are considered. A total of 20 independent contributions are taken into account for the JES uncertainty
and 13 independent contributions for the JER uncertainty. The uncertainties of flavor tagging are also
considered [72–74]. The uncertainties on the objects used in the computation of Emiss

T are propagated
through the computation and constitute, together with additional uncertainties considering the scale and
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resolution of the contribution from low-momentum tracks not associated to any of the primary objects, the
total uncertainty on Emiss

T .

6.2 Modelling uncertainties

The effect of initial- and final-state radiation uncertainties from the renormalization (µR) and factorization
(µF ) scales are estimated by considering several variations of µR and µF in the simulations. For the top
backgrounds each of the two parameters are varied by a factor of 2 and 0.5 with respect to the nominal.
For the Drell-Yan and diboson backgrounds a set of seven different permutations of µR and µF are used,
where all possible permutations of 0.5, 1 and 2 times the nominal value for each scale are considered.
The final uncertainty from the renormalization and factorization scales is taken as the envelope of all the
variations.

For the Drell-Yan and diboson backgrounds the uncertainty from the PDFs are included by using the
weights corresponding to the NNPDF3.0nnlo set with 100 replicas. These 100 variations are combined
into one single uncertainty by calculating the standard deviation with respect to the nominal PDF. The
effect on the PDF of varying αS by ±0.001 compared to the nominal value of αS(mZ ) = 0.118 is included
by taking the average of the up and down variations and adding them in quadrature with the total PDF
uncertainty. For the top quark background 30 systematic variations associated with the PDF4LHC15nlo
set are used and compared to the PDF4LHC15nlo nominal prediction to obtain the corresponding relative
variation.

To estimate the uncertainty coming from the re-summation and merging scale for the diboson and DY
backgrounds dedicated samples are generated with:

• the re-summation scale varied by a factor four larger and smaller compared to the nominal value of 1.

• the scale for calculating the overlap between jets from the matrix element and parton shower varied
up (down) by 10 GeV (5 GeV) from the nominal value of 20 GeV.

• an alternative recoil scheme CSS_KIN_SCHEME=1 [75], as opposed to the nominal setting of
CSS_KIN_SCHEME=0 [76], to estimate the uncertainty associated with the mismodelling of jet
multiplicities larger than three.

The systematic uncertainty stemming from all of these variations are summed in quadrature and considered
as one single uncertainty in the analysis.

The top quark production modelling uncertainties are estimated for both tt̄ andWt production independently
by comparing the nominal (Powheg+Pythia8) sample to the one produced by an alternative generator
(MadGraph5_aMC@NLO) and an alternative showering (Herwig 7). The uncertainties assigned to the
interference between single-top Wt and tt̄ production [77] is obtained by comparing diagram removal (DR)
and diagram subtraction (DS) samples, modelled by Powheg+Pythia 8.

Uncertainties related to thematrix element (hard scattering), fragmentation/hadronization (non-perturbative)
effects and the damping parameter, hdamp

3, are evaluated for the tt̄ and single-top backgrounds using
a set of dedicated samples generated with different generators and settings for these variations. The
uncertainties from the hard scattering and fragmentation/hadronization use samples generated with

3 The hdamp parameter is a re-summation damping factor and one of the parameters that controls the matching of Powheg
matrix elements to the parton shower and thus effectively regulates the high-pT radiation against which the tt̄ system recoils.
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aMC@NLO+Pythia8 and Powheg+Herwig7, respectively. The effects of the hdamp parameter on
the tt̄ background yields are estimated by using simulations generated with Powheg+Pythia 8 using
hdamp = 3.0 mt , as opposed to the nominal sample, generated with hdamp = 1.5 mt , where mt is the
top-quark mass.

6.3 Uncertainties on the FNP estimates

The uncertainties coming from the matrix method, used to estimate the contribution from FNP leptons, are
mainly coming from the measurement of the fake rates and real efficiencies in addition to the uncertainties
related to the fitting and extrapolation of the final FNP estimates, discussed in Section 5. An uncertainty
on the subtraction of the real lepton contamination in CR-Fakes used to extract the fake rate from data is
estimated by shifting the amount of real leptons up and down by 10%. This variation was chosen as a
conservative estimate on the uncertainties of the cross section and modelling of tt̄ processes, the dominant
source of real leptons in the fake control region. The limited statistics in CR-Fakes is also included as an
uncertainty on the corresponding fake rate. Moreover, dedicated real efficiencies are calculated for each
systematic variation of the relevant correction factors applied to the simulated event samples. For each
variation of the fake rate and real efficiency discussed above dedicated estimates are carried out and the
corresponding FNP prediction is compared to the nominal in order to estimate the uncertainty. Additionally
there are uncertainties related to the fitting of the FNP distribution taking into account the use of several
different fit functions, bin sizes used in the fitting, and the mll ranges of the fits. An envelope of different fit
functions are used to estimate the total uncertainty on this method.

7 Statistical analysis

A search for dark-matter in events with two SF opposite-sign light leptons and Emiss
T is performed through a

profile log-likelihood fit [78] of binned mll distributions in dedicated SRs and CRs. Dielectron and dimuon
channels are considered both as independent channels and in a combined approach, under a lepton-flavour
universality assumption [79, 80].

Signal samples were simulated with a Z ′ mass spacing of 100GeV, which is significantly larger than the
detector mass resolution for dielectron and dimuon channels. In order to obtain signal mll distributions for
the intermediate Z ′ mass values a morphing approach was used, based on the moment morphing function
implemented in RooFit [81]. The signal regions contain 40 logarithmic bins in mll for both the dielectron
and dimuon channels, and by using the simulated event samples a PDF was contructed and morphed to
create 40 signal mll distributions, each having the Z ′ mass set to the the central value of the corresponding
SR bin. For the light dark-sector scenario in the dark-Higgs model only the simulated event samples are
used, while the morphed samples are used for all the other signal models.

The statistical interpretation is performed using profile likelihood fits utilizing the RooFit [82] and
RooStats [83] statistical analysis tools. The statistical models used are built following the HistFactory [84]
approach. The likelihood function is a product of the probability density functions of the binned mll

distributions in each region contributing to the fit. The number of events in each of the bins in the given
regions is described using a Poisson distribution, the mean of which is the sum of the expected contributions
from all background and signal sources. The uncertainties on the simulated event samples described in
Section 6 are added into the fit as nuisance parameters in the likelihood using Gaussian constraints. All
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the experimental uncertainties are correlated between processes and regions included in the simultaneous
profile likelihood fit. Normalization factors for the three main backgrounds; DY, diboson, and top quark
pair- and single production, are considered together with all the nuisance parameters and adjusted by
maximizing the likelihood. Moreover, the signal strength parameter, µ, is required to be ≥ 0 in the fit.

The significance of a discrepancy in the observed data compared with the expected SM background is given
by a p-value, interpreted as the probability of observing such a discrepancy (or more extreme) assuming
that no signal is present. The local p-value of the background-only hypothesis (p0) is determined from
a profile-likelihood-ratio-test statistic [78]. Upper limits at the 95% confidence level (CL) are evaluated
with the modified frequentist CLS method [85] using the asymptotic approximation to the test-statistic
distribution [78].

8 Results and interpretation

A comparison of the distributions of observed and expected yields in the CRs and VRs after a simultaneous
background-only profile log-likelihood fit [78] of the CRs and SRs under the assumption of no signal
in the data is shown in Figures 5–7. Figure 5 shows the invariant mass distribution in CR-Z and VR-Z
regions for electrons and muons. Figure 6 shows the corresponding DF invariant mass distribution in
the CR-Top and VR-Top regions. Since the background-only fit is performed using a top control region
requiring DF leptons the mll distributions used in the fits for electrons and muons are identical. Figure 7
shows the distribution of Emiss,sig

T in the CR- and VR-Diboson regions for dielectron and dimuon events.
The irreducible background predictions obtained from the fit are compared with data in the VRs to asses
the quality of the background modelling. Normalization factors of 0.92 ± 0.03 (0.94 ± 0.03), 1.05 ± 0.06
(1.09 ± 0.07), and 0.99 ± 0.02 (0.98 ± 0.02) are obtained in the electron (muon) channel for the tt̄ and
single-top, diboson, and Z/γ∗(→ ``)+jets backgrounds, respectively. The quoted uncertainties include
both statistical and systematic uncertainties.

The m`` distributions in the three SRs are shown in Figures 8 and 9 for the electron and muon channel,
respectively. The yields of the various SM background processes and data are detailed in Tables 4 and 5 for
electrons and muons, respectively. The corresponding yields for a light-vector model considering the light
dark-sector scenario with mZ′ = 500 GeV are displayed in the table as an example.

Table 4: The number of observed data events and expected background contribution for the electron channel in
all three SRs and the CRs. The expected yields for the light-vector model in the light dark-sector scenario with
mZ′ = 500 GeV are also shown. The displayed yields include all sources of statistical and systematic uncertainties,
but the individual uncertainties can be correlated or anticorrelated and thus the sum does not necessarily add up in
quadrature.

CR-Z CR-Top CR-Diboson SR 1 SR 2 SR 3
Observed 125359 45003 1161 6508 2340 801
Total background 125 360 ± 350 45 010 ± 210 1158 ± 33 6490 ± 80 2370 ± 40 786 ± 20
Drell-Yan 118 700 ± 800 62.7 ± 2.0 60 ± 4 1100 ± 140 58 ± 4 14.9 ± 0.7
Top 2420 ± 180 40 600 ± 500 47 ± 5 3180 ± 210 1450 ± 90 379 ± 26
Diboson 2780 ± 140 3400 ± 170 1036 ± 34 1880 ± 90 750 ± 35 350 ± 15
FNP 1500 ± 600 900 ± 400 15.5 ± 2.5 330 ± 180 110 ± 70 41 ± 26
Signal, mZ′ = 500 GeV 0 ± 0 0 ± 0 0 ± 0 2.0 ± 2.0 2.2 ± 2.2 4 ± 4
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Figure 5: The m`` distribution in the CR-Z (a, b) and VR-Z (c, d) for the electron channel (a, c) and muon channel (b,
d) after the background predictions have been normalized according to the background-only fit. The total uncertainty
on the SM background is shown by the hatched band and it includes both statistical and systematic uncertainties. The
ratio of the observed and expected yields is shown in the lower panels. The last bin contains overflow events.
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Figure 6: The m`` distribution of DF lepton pairs in CR-Top 6(a) and VR-Top 6(b). Since the background-only fit is
performed using a control region requiring DF leptons the mll distributions used in the fits for electrons and muons
are identical. The mll distribution in the validation region is therefore only shown after the full background-only fit in
the electron channel (the distribution from the fit to the muon channel is identical). The total uncertainty on the SM
background is shown by the hatched band and it includes both statistical and systematic uncertainties. The ratio of
the observed and expected yields is shown in the lower panels. The last bin contains overflow events.

Table 5: The number of observed data events and expected background contribution for the muon channel in all three
SRs and the CRs. The expected yields for the light-vector model in the light dark-sector scenario with mZ′ = 500 GeV
are also shown. The displayed yields include all sources of statistical and systematic uncertainties, but the individual
uncertainties can be correlated or anticorrelated and thus the sum does not necessarily add up in quadrature.

CR-Z CR-Top CR-Diboson SR 1 SR 2 SR 3
Observed 112334 45003 970 6566 2095 455
Total background 112 340 ± 340 45 000 ± 220 969 ± 30 6530 ± 80 2150 ± 40 437 ± 11
Drell-Yan 107 100 ± 400 62.7 ± 2.0 48 ± 17 1520 ± 160 125 ± 7 20.1 ± 0.6
Top 2330 ± 190 40 600 ± 500 45 ± 6 2980 ± 170 1310 ± 50 218 ± 11
Diboson 2610 ± 150 3550 ± 200 867 ± 35 1890 ± 90 669 ± 30 189 ± 9
FNP 240 ± 150 800 ± 400 9.0 ± 3.5 120 ± 90 38 ± 29 7 ± 7
Signal, mZ′ = 500 GeV 0 ± 0 0 ± 0 0 ± 0 8 ± 4 8 ± 4 9 ± 5
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Figure 7: The Emiss,sig
T distribution in CR-Diboson (a, b) and VR-Diboson (c, d) for the electron channel (a, c) and

muon channel (b, d) after the background predictions have been normalized according to the background-only fit. The
total uncertainty on the SM background is shown by the hatched band and it includes both statistical and systematic
uncertainties. The ratio of the observed and expected yields is shown in the lower panels. Overflow events are
included.
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Figure 8: The m`` distribution in the electron channel for SR 1 (5 < Emiss,sig
T < 8) (a), SR 2 (8 < Emiss,sig

T < 12) (b)
and SR 3 (Emiss,sig

T > 12) (c). The distributions are shown after performing a profile log-likelihood fit in the control
and signal regions. The total uncertainty on the SM background is shown by the hatched band and it includes both
statistical and systematic uncertainties. The last bin contains overflow events.
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Figure 9: The m`` distribution in the muon channel for SR 1 (5 < Emiss,sig
T < 8) (a), SR 2 (8 < Emiss,sig

T < 12) (b)
and SR 3 (Emiss,sig

T > 12) (c). The distributions are shown after performing a profile log-likelihood fit in the control
and signal regions. The total uncertainty on the SM background is shown by the hatched band and it includes both
statistical and systematic uncertainties. The last bin contains overflow events.
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The probability that the data are compatible with the background-only hypothesis is shown in Figure 10,
for the light-vector model in the light dark-sector scenario, as a function of mZ′. The significance is
obtained from a combination of the three signal regions. No significant deviation from the SM prediction
is observed. In the e+e− channel there is a small excess around 275 GeV in all three signal regions shown
in Figure 8 which combine to a local significance of 2.8 standard deviations (σ). The largest excess in the
µ+µ− channel is found around 470 GeV with a local significance of about 2.6σ, largely driven by SR 3 as
shown in Figure 9(c), and is reduced in the combination of the electron and muon channels due to a deficit
in the electron channel around the same mass. Similar results were achieved for other signal benchmark
scenarios in this note.
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Figure 10: Local significance obtained when combining the results from the three SRs in the electron channel and
muons channel separately, as well as for the combination (dilepton channel). The results are shown using the signal
samples from the light-vector model considering the light dark-sector scenario.

In the absence of any significant excess above the SM background prediction cross section limits were set
for all four scenarios: the light and heavy dark-sector scenarios in the dark-Higgs and light-vector models.
Observed and expected cross section limits as a function of mZ′ are shown in Figure 11 for the light-vector
model, and Figure 12 for the dark-Higgs model. The limits shown here are obtained by combining the
three SRs. These limits are presented for the electron and muon channels individually, as well as the for
combined dilepton channel. As expected limits are more stringent in the heavy dark-sector scenarios due to
their large Emiss

T spectrum.

For all models it can be noted that none of the simulated signal points using a Z ′`` coupling of g` = 0.01
are excluded. Thus theory curves for scenarios where the coupling g` is scaled up by a factor of 5 and
10, assuming the cross section to be proportional to g2

` , are shown in addition to the nominal coupling of
0.01. The other couplings in the model are fixed to their assigned values of gq = 0.1 and gDM = 1 for all
cases.

Table 6 shows the obtained exclusion limits on cross section and lepton coupling at mZ′ = 500 GeV for all
four benchmark models in both the electron and muon channel.

Furthermore, lepton coupling limits are extracted from the cross section limits. The observed limits on the
lepton coupling are shown in Figures 13 and 14 for the light-vector and dark-Higgs models, respectively.
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Figure 11: Observed and expected cross section limits for the light-vector model with light dark-sector (left) and
heavy dark-sector (right), shown for the electron channel (top), muon channel (middle) and the combined dilepton
channel (bottom). The limits are obtained by combining the three SRs. The theory curves for g` = 0.05 and g` = 0.1
are obtained by assuming that the cross section scales as g2

` .

20



210×2 210×3 210×4 210×5 310
 [GeV]Z'm

4−10

3−10

2−10

1−10

1ee
) 

[p
b]

→
 B

R
(Z

'
×)χχ

Z
'+

→
(p

p
σ

Expected
σ 1±Expected 
σ 2±Expected 

Observed
=0.1

 l 
Theory, g

=0.05
 l 

Theory, g
=0.01

 l 
Theory, g

 PreliminaryATLAS

Dark-Higgs - light dark-sector

-1 = 13 TeV, 140 fbs

Electron channel, 95% CL

(a)

210×2 210×3 210×4 210×5 310
 [GeV]Z'm

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10

ee
) 

[p
b]

→
 B

R
(Z

'
×)χχ

Z
'+

→
(p

p
σ

Expected
σ 1±Expected 
σ 2±Expected 

Observed
=0.1

 l 
Theory, g

=0.05
 l 

Theory, g
=0.01

 l 
Theory, g

 PreliminaryATLAS

Dark-Higgs - heavy dark-sector

-1 = 13 TeV, 140 fbs

Electron channel, 95% CL

(b)

210×2 210×3 210×4 210×5 310
 [GeV]Z'm

4−10

3−10

2−10

1−10

1

) 
[p

b]
µµ

→
 B

R
(Z

'
×)χχ

Z
'+

→
(p

p
σ

Expected
σ 1±Expected 
σ 2±Expected 

Observed
=0.1

 l 
Theory, g

=0.05
 l 

Theory, g
=0.01

 l 
Theory, g

 PreliminaryATLAS

Dark-Higgs - light dark-sector

-1 = 13 TeV, 140 fbs

Muon channel, 95% CL

(c)

210×2 210×3 210×4 210×5 310
 [GeV]Z'm

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10
) 

[p
b]

µµ
→

 B
R

(Z
'

×)χχ
Z

'+
→

(p
p

σ
Expected

σ 1±Expected 
σ 2±Expected 

Observed
=0.1

 l 
Theory, g

=0.05
 l 

Theory, g
=0.01

 l 
Theory, g

 PreliminaryATLAS

Dark-Higgs - heavy dark-sector

-1 = 13 TeV, 140 fbs

Muon channel, 95% CL

(d)

210×2 210×3 210×4 210×5 310
 [GeV]Z'm

4−10

3−10

2−10

1−10

1 ll
) 

[p
b]

→
 B

R
(Z

'
×)χχ

Z
'+

→
(p

p
σ

Expected
σ 1±Expected 
σ 2±Expected 

Observed
=0.1

 l 
Theory, g

=0.05
 l 

Theory, g
=0.01

 l 
Theory, g

 PreliminaryATLAS

Dark-Higgs - light dark-sector

-1 = 13 TeV, 140 fbs

Dilepton channel, 95% CL

(e)

210×2 210×3 210×4 210×5 310
 [GeV]Z'm

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10

 ll
) 

[p
b]

→
 B

R
(Z

'
×)χχ

Z
'+

→
(p

p
σ

Expected
σ 1±Expected 
σ 2±Expected 

Observed
=0.1

 l 
Theory, g

=0.05
 l 

Theory, g
=0.01

 l 
Theory, g

 PreliminaryATLAS

Dark-Higgs - heavy dark-sector

-1 = 13 TeV, 140 fbs

Dilepton channel, 95% CL

(f)

Figure 12: Observed and expected cross section limits for the dark-Higgs model with light dark-sector (left) and
heavy dark-sector (right), shown for the electron channel (top), muon channel (middle) and the combined dilepton
channel (bottom). The limits are obtained by combining the three SRs. The theory curves for g` = 0.05 and g` = 0.1
are obtained by assuming that the cross section scales as g2

` .
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Figure 13: Observed and expected lepton coupling limits for the light-vector model with light dark-sector (left) and
heavy dark-sector (right), shown for the electron channel (top), muon channel (middle) and the combined dilepton
channel (bottom). The limits are extracted from the cross section limit obtained by combining the three SRs.
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Figure 14: Observed and expected lepton coupling limits for the dark-Higgs model with light dark-sector (left) and
heavy dark-sector (right), shown for the electron channel (top), muon channel (middle) and the combined dilepton
channel (bottom). The limits are extracted from the cross section limit obtained by combining the three SRs.
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Table 6: Exclusion limits on the cross section and the lepton coupling for mZ′ = 500 GeV, given for all four benchmark
models in both the muon and electron channel.

Benchmark model Limit Cross Section [pb] Lepton Coupling
ee µµ ee µµ

Light Vector – light dark-sector Expected 2.5×10−4 4.6×10−4 0.019 0.026
Observed 3.6×10−4 9.4×10−4 0.023 0.037

Light Vector – heavy dark-sector Expected 1.3×10−4 2.1×10−4 0.11 0.14
Observed 1.9×10−4 4.7×10−4 0.13 0.20

Dark Higgs – light dark-sector Expected 5.8×10−4 1.0×10−3 0.017 0.022
Observed 8.9×10−4 2.0×10−3 0.021 0.031

Dark Higgs – heavy dark-sector Expected 1.6×10−4 2.4×10−4 0.076 0.094
Observed 2.3×10−4 5.3×10−4 0.091 0.14

9 Conclusion

A search for e±e∓ and µ±µ∓ resonances in final states with large missing transverse energy is presented.
The search uses the complete dataset of proton-proton collisions at

√
s = 13 TeV recorded with the ATLAS

detector during Run 2 of the LHC, corresponding to 140 fb−1of integrated luminosity. No significant
deviations from the SM are observed and the results are used to calculate limits as a function of the Z ′

mass as well as limits on the Z ′ coupling to leptons in the different benchmark models considered. Cross
section exclusion limits are set for the light-vector model in the range of 1 · 10−3 to 3 · 10−5 pb and 4 · 10−4

to 2 · 10−5 pb for Z ′ masses between 200 and 1000 GeV in the light and heavy dark-sector scenarios,
respectively. Corresponding limits of 1.5 · 10−3 to 3 · 10−4 pb and 5 · 10−4 to 2 · 10−5 pb for Z ′ masses
between 200 and 1000 GeV are set in the light and heavy dark-sector for the dark-Higgs model, respectively.
These limits assume gD = 1, gq = 0.1, and gl = 0.01 for both models. These benchmark signal models
are presented as an example only, in particular because they have overabundant relic density [1, 4]. The
resulting cross-section limits should be reinterpretable into other related models. For this purpose, separate
limits are presented on the coupling of the Z ′ to the SM leptons, g` . These range from 0.01–0.025 and
0.02–0.38 for Z ′ masses between 200 and 1000 GeV for the light and heavy dark-sector in the light-vector
model. For the dark-Higgs model the corresponding results are 0.014–0.02 and 0.02–0.2 for Z ′ masses
between 200 and 1000 GeV in the light and heavy dark-sector scenarios, respectively. The limits obtained
in this analysis significantly improve the limits on these models from a previous study performed using
11.6 fb−1of CMS open-data collected during LHC Run 1 at a centre-of-mass energy of

√
s = 8 TeV [5],

considering only the dimuon channel.
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