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1 Introduction

The Standard Model (SM) can be extended by a new strongly-coupled, confining gauge theory
with fermion representation which transforms under the electroweak group. The appeal of
such an extension is that dark matter can arise in the form of composite mesons or baryons
of the new strongly-coupled theory. In addition, these models often exhibit an automatic
accidental symmetry protecting against dark matter decay. Consequently, candidates for
strongly-coupled dark matter include dark mesons, dark quarkonia-like states, glueballs and
dark baryons [1, 2]. The search presented here targets one set of models incorporating this
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concept: Stealth Dark Matter [3]. Here, the new strongly-coupled dark sector consists of
vector-like fermions that can transform under the new dark group but also interact with
both the electroweak sector of the SM and the Higgs boson. The result is the emergence
of a quantum chromodynamics (QCD)-like dark sector as the direct analog to the QCD
meson and baryon sector. This leads to several intriguing phenomenological consequences:
as long as the vector-like mass is dominant over the chiral mass, the new dark sector is
only weakly constrained by precision electroweak or Higgs coupling measurements, while
the Higgs interactions break the dark sector global symmetry and thus allow dark mesons
to decay into pure SM states [4]. This search focuses on the low-energy effective theories
developed in ref. [5], which incorporate the leading interactions between dark mesons of a
strongly-coupled SU(2) dark flavor symmetry preserving dark sector and the SM. These
models contain a stable dark scalar baryon which could account for the stable dark matter
observed in cosmological measurements [3].

The simplified model targeted in this search contains only the two phenomenologically
relevant sets of dark mesons: a lighter pseudoscalar triplet of dark pions, πD, and an additional
triplet of dark rho vector mesons, ρD, which are both expected at a scale around or slightly
above the electroweak scale. Following standard theoretical assumptions, the triplets are
completely mass-degenerate and the dark sector can be fully described by three parameters:
the mass of the dark pions mπD

, the mass of the dark rho mesons mρD
, and the number of

dark colors ND. Since the phenomenological consequences remain unchanged for values of
ND that are not excessively large, ND is fixed to ND = 4 throughout this search following
the typical choice made for Stealth Dark Matter [3].

Contrary to QCD, the vector-like nature of the dark sector allows to either gauge the
full SU(2)L weak interaction symmetry group or just the underlying U(1) group, which leads
to two distinct models of kinetic mixing of dark mesons with the SM, SU(2)L and SU(2)R.
The phenomenological consequences manifest themselves in the allowed decay channels and
production cross-sections of dark pions, where the SU(2)L models result in considerably
larger cross sections than the SU(2)R models. Dark pions are always pair-produced either via
Drell-Yan-type processes or resonantly via kinetic mixing of SM electroweak gauge bosons
with the ρD that then subsequently decays into a pair of dark pions, as shown in figure 1.
The kinetic mixing parameter ϵ depends on the number of dark colors as shown in figure 1(a)
(see also ref. [4]). Throughout nearly all of the parameter space investigated in this search,
the resonant production dominates the production of dark pions. Once the choice of ND = 4

is made, the production cross-section depends trivially on the ratio of the dark pion and dark
rho-meson masses, for which the symbol ηD = mπD

/mρD
is used, equivalent to the η defined

in ref. [4]. For gaugephobic SU(2)L models, a given dark pion mass and ηD-parameter fully
specify the model, including the dark pion decay branching fractions.

This search considers only models with ηD < 0.5 where the decay ρ±,0
D → π±

Dπ0,∓
D has a

branching fraction of nearly 1.0, while for models with ηD > 0.5 this decay is kinematically
forbidden and the dark rho meson can only decay to pairs of leptons or quarks. Previous
searches for resonances in the dilepton spectrum both in ATLAS [6] and CMS [7] have
placed strong constraints on such models [4]. The bounds for models with ηD < 0.5 are
considerably weaker [2]. This is the first search in any collider experiment optimized for
this specific type of model.
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Figure 1. Examples of leading Feynman diagrams of dark pion pair production. The diagram in (a)
shows resonant production via kinetic mixing with the W -field resulting in either a neutral or charged
dark rho meson, a mixing with the B-field that can only result in a neutral dark rho meson is also
possible, (b) shows Drell-Yan-type pair production of dark pions, and (c) shows an illustrative diagram
of the dark pion decay into a top and a bottom quark for dark pion production.
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Figure 2. Pair-production cross-sections for dark pions as a function of dark pion mass for four
different values of ηD in (a) an SU(2)L model and (b) an SU(2)R model. The dashed colored lines
indicate the contribution of the resonant production mode to the total dark pion production cross-
section.

Figure 2 shows the pair-production cross-sections for dark pions in SU(2)L and SU(2)R

models. The contribution of resonant production to the total production cross-section is
indicated by the dashed lines. A variety of different decay channels are open to dark pions in
the available parameter space. The most relevant channels and their branching fractions are
shown in figure 3. For gaugephobic models the decay to top and bottom quarks dominates
at high masses, while decays to bottom and charm quarks, τ -leptons and gauge bosons are
relevant at lower dark pion masses.

This search is the result of the analysis of 140 fb−1 of proton-proton (pp) collisions
collected by the ATLAS detector during Run 2 of the Large Hadron Collider (LHC). Since
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Figure 3. Branching fractions of the available decays of dark pions from gaugephobic SU(2)L and
SU(2)R models are shown for (a) neutral dark pions and (b) positively charged dark pions. Channels
with small branching fractions are suppressed for clarity.

the dark pions are pair-produced in the model considered, the experimental signatures are
either three top quarks and one bottom quark (tttb) or two top quarks and two bottom
quarks (ttbb).1 About one third of dark pions in the SU(2)L models are neutral, resulting in
the tttb event signature being twice as likely as the ttbb signature. These processes can give
rise to several different final states depending on the hadronic or semileptonic decay mode of
each of the top quarks. The search is performed in the all-hadronic channel, targeting fully
hadronic top quark decays where the signal results in eight to ten jets of which at least four
originate from bottom quarks, and in the one-lepton channel, corresponding to final states
with exactly one electron or muon in addition to up to four jets from b-quarks.

The results are interpreted as limits on the production cross-section of dark pion pairs
as a function of mπD

and ηD.

2 ATLAS detector

The ATLAS detector [8] at the LHC covers nearly the entire solid angle around the collision
point.2 It consists of an inner tracking detector surrounded by a thin superconducting

1The label “tttb” is used to indicate both tt̄tb̄ as well as its charge conjugate, tt̄t̄b; whereas “ttbb” refers

to tt̄bb̄.
2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the

center of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the center 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) and is equal to the rapidity y = 1
2

ln
(

E+pzc

E−pzc

)

in the relativistic limit. Angular distance is

measured in units of ∆R ≡

√

(∆y)2 + (∆φ)2.
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solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [9, 10]. It is followed
by the SemiConductor Tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to |η| = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |η| < 4.9. Within the region
|η| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
|η| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |η| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimized for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the supercon-
ducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0 and
6.0 T m across most of the detector. Three layers of precision chambers, each consisting of
layers of monitored drift tubes, cover the region |η| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |η| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID–2 [11] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [12].
The first-level trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to record complete events to disk at
about 1 kHz.

A software suite [13] 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

This analysis is performed using data from pp collisions with
√

s = 13 TeV recorded by the
ATLAS detector in 2015–2018. Only events for which all relevant subsystems were operational
are considered. The data correspond to an integrated luminosity of 140.1 ± 1.2 fb−1 [14].
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Monte Carlo (MC) simulated event samples are used for the estimate of background from
SM processes and to model the targeted signal models. The details of the event generation
are provided in sections 3.1 and 3.2 for signal and background samples, respectively. The
generation of all simulated event samples includes the effect of multiple pp interactions per
bunch crossing, as well as changes in detector response due to interactions in bunch crossings
before or after the one containing the hard interaction, modeled by overlaying simulated
inelastic events on the physics event. These two effects are referred to as pileup. The simulated
event samples are processed with the Geant4-based ATLAS detector simulation [15, 16].
All samples are weighted to match the pileup distribution observed in data and are processed
with the same reconstruction algorithms as data.

3.1 Signal samples

Signal samples are generated in a grid over a two-dimensional space, varying the dark pion mass
mπD

between 300–1200 GeV and the ηD-parameter between 0.15–0.45. The matrix element
calculation for the pair production of dark pions is performed at next-to-leading order (NLO)
in QCD based on the model described in ref. [4] using MadGraph5_aMC@NLO v2.4.3 [17]
interfaced with Pythia8.212 [18] for the modeling of parton showering, hadronization and un-
derlying event using the A14 set of tuned parameters (“tune”) [19] and the NNPDF2.3lo [20]
set of parton distribution functions (PDF).

The decays of bottom and charm hadrons are simulated using the EvtGen v1.6.0
program [21]. An additional set of signal samples, with parameter values near the expected
exclusion contour of the all-hadronic channel, is generated at NLO in QCD using Mad-

Graph5_aMC@NLO v2.9.9 [17] interfaced with Pythia8.306 [22] using the A14 tune
and NNPDF2.3lo PDF set. Kinematic distributions match in both setups. All signal
cross-sections are extracted from MadGraph5_aMC@NLO v2.9.9. The number of dark
colors ND is set to 4 for all signal points. The dark pion decays are simulated using the
narrow width approximation and contain all possible decay channels from figure 3.

3.2 Background samples

The dominant SM background process in the all-hadronic channel is multijet production. This
background is estimated with data-driven methods while MC simulation is used to estimate
the remaining SM processes. The background in the one-lepton channel is estimated from
MC simulations and is dominated by top quark pair-production (tt̄), often in association with
heavy-flavor quarks (tt̄+HF). Other important backgrounds are the production of a vector
boson in association with jets (V + jets) and single top-quark production (single top) which
is dominated by the associated production of a top quark with a W boson but also contains
single top-quark production in the s- and t-channels. Smaller background contributions
stem from tt̄ produced in association with additional bosons or quarks (tt̄tt̄, tt̄V , tt̄H, and
other tt̄+X) and multiboson production. The configurations used to produce the background
samples are described below and are summarized in table 1. For all background samples,
except those generated with Sherpa, the EvtGen v.1.6.0 or v1.7.0 program is used to
simulate the decays of bottom and charm hadrons.
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Process Generator PDF Showering Tune Cross section

tt̄ PowhegBox v2 NNPDF3.0nlo Pythia8 A14 NNLO+NNLL

tt̄bb̄ Powheg Box Res NNPDF3.0nlo Pythia8 A14 NLO

V + jets Sherpa v2.2.11 NNPDF3.0nnlo Sherpa Def. NLO

Single top PowhegBox v2 NNPDF3.0nlo Pythia8 A14 NLO+NNLL

tt̄tt̄ MadGraph5_aMC@NLO v2.4.3 NNPDF3.1nlo Pythia8 A14 NLO

tt̄V MadGraph5_aMC@NLO v2.3.3 NNPDF3.0nlo Pythia8 A14 NLO

tt̄H PowhegBox v2 NNPDF3.0nlo Pythia8 A14 NLO

Other tt̄+X MadGraph5_aMC@NLO NNPDF2.3lo Pythia8 A14 NLO

Multiboson Sherpa v2.2.1/v2.2.2 NNPDF3.0nnlo Sherpa Def. NLO

Table 1. Overview of the configuration of all nominal background samples used in the analysis;
details and definitions are provided in the text.

3.2.1 tt̄ background

The production of tt̄ events is modeled using the PowhegBox v2 [23–26] generator that
provides matrix elements at NLO in QCD with the NNPDF3.0nlo [27, 28] set PDFs and
the hdamp parameter, which controls the matching in Powheg and effectively regulates the
high-pT radiation against which the tt̄ system recoils, set to 1.5 mtop [29]. The functional

form of the renormalization and factorization scales are set to the default scale
√

m2
top + p2

T.
The events are interfaced with Pythia8.230 for the parton shower and hadronization, using
the A14 set of tuned parameters and the NNPDF2.3lo PDF set. The tt̄ sample is normalized
to the cross section prediction at next-to-next-to-leading order (NNLO) in QCD including
the resummation of next-to-next-to-leading-logarithmic (NNLL) soft-gluon terms calculated
using Top++2.0 [30–36]. For pp collisions at a center-of-mass energy of

√
s = 13 TeV,

this cross section corresponds to σ(tt̄)NNLO+NNLL = 832 ± 51 pb using a top-quark mass
of mtop = 172.5 GeV.

The inclusive tt̄ sample described above is complemented by a dedicated sample in which
a pair of top quarks is produced in association with two b-quarks. Events are simulated
with the Powheg Box Res [37] generator and OpenLoops 1 [38–40], using a pre-release
of the implementation of this process in Powheg Box Res provided by the authors [41],
with the NNPDF3.0nlo PDF set. It is interfaced with Pythia8.240, using the A14 set of
tuned parameters and the NNPDF2.3lo PDF set. The four-flavor scheme is used with the
b-quark mass set to 4.95 GeV. The factorization scale and hdamp parameter are both set to

0.5 × Σi=t,t̄,b,b̄,jmT,i, and the renormalization scale is set to 4

√

mT(t) · mT(t̄) · mT(b) · mT(b̄).
This tt̄bb̄ sample is used in the one-lepton channel where the dominant background comes from
tt̄ production, whereas the multijet-dominated all-hadronic channel relies on the five-flavor
scheme inclusive sample alone.

Previous studies have seen improved agreement between data and prediction in tt̄ events,
particularly for the top-quark pT distribution, when comparing with NNLO calculations [42].
Top-quark pair differential calculations at NNLO QCD accuracy including electroweak (EW)
corrections have become available [43]. Hence, a small improvement to the modeling is
incorporated by correcting the tt̄ and the tt̄bb̄ samples to match their top/antitop-quark
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pT and the top-quark mass distribution to the accuracy predicted at NNLO in QCD and
NLO in EW.

Events in the tt̄ and tt̄bb̄ samples are classified according to the flavor of the particle jets
not originating from the top quark. The particle jets are reconstructed from the simulated
stable particles using the anti-kt algorithm [44, 45] with a radius parameter R = 0.4, and are
required to have pT > 15 GeV and |η| < 2.5. Events are labeled as tt̄+ ≥ 1b if at least one
particle jet is matched within ∆R < 0.4 to b-hadrons with pT > 5 GeV that do not arise from
the decay of top quarks. In the remaining events, if at least one particle jet is matched within
∆R < 0.4 to additional c-hadrons with pT > 5 GeV, the events are classified as tt̄+ ≥ 1c.
All other events are labeled as tt̄ + light. The tt̄bb̄ sample is used for the tt̄+ ≥ 1b category
meaning that all tt̄ + light and tt̄+ ≥ 1c events are rejected from this sample. Likewise, only
the tt̄ + light and tt̄+ ≥ 1c events are retained from the inclusive tt̄ sample.

3.2.2 Other backgrounds

The production of V + jets is simulated with the Sherpa v2.2.11 [46] generator using NLO
matrix elements for up to two partons, and leading-order (LO) matrix elements for up to five
partons calculated with the Comix [47] and OpenLoops 1 libraries. They are matched with
the Sherpa parton shower [48] using the MEPS@NLO prescription [49–52] and the set of
tuned parameters developed by the Sherpa authors. The Hessian NNPDF3.0nnlo PDF
set is used and the samples are normalized to a prediction that is NNLO in QCD [53].

The associated production of a top quark with a W bosons (tW ) is modeled using the
PowhegBox v2 [24–26, 54] generator at NLO in QCD using the five-flavor scheme and the
NNPDF3.0nlo PDF set. The diagram removal scheme [55] is used to remove interference
and overlap with tt̄ production. The related uncertainty is estimated by comparing with
an alternative sample generated using the diagram subtraction scheme [29, 55]. Single top-
quark t-channel production is modeled using the PowhegBox v2 [24–26, 56] generator at
NLO in QCD using the four-flavor scheme and the corresponding NNPDF3.0nlo PDF set.
Single top-quark s-channel production is modeled using the PowhegBox v2 [24–26, 57]
generator at NLO in QCD in the five-flavor scheme with the NNPDF3.0nlo PDF set. All
single top-quark events are processed through Pythia8.230 using the A14 tune and the
NNPDF2.3lo PDF set.

The production of tt̄tt̄ events is modeled using the MadGraph5_aMC@NLO v2.4.3
generator which provides matrix elements at NLO in QCD with the NNPDF3.1nlo [27]
PDF set. The functional form of the renormalization and factorization scales is set to
0.25 ×∑

i

√

m2
i + p2

T,i, where the sum runs over all the particles generated from the matrix
element calculation, following ref. [58]. Top quarks are decayed at LO using MadSpin [59, 60]
to preserve all spin correlations. The events are interfaced with Pythia8.230 for the parton
shower and hadronization, using the A14 set of tuned parameters and the NNPDF2.3lo

PDF set.

The production of tt̄V events is modeled using the MadGraph5_aMC@NLO v2.3.3
generator at NLO in QCD with the NNPDF3.0nlo PDF set. The events are interfaced
to Pythia8.210 using the A14 tune and the NNPDF2.3lo PDF set.
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The production of tt̄H events is modeled using the PowhegBox v2 [23–26, 61] generator
at NLO in QCD with the NNPDF3.0nlo PDF set. The events are interfaced to Pythia8.230
using the A14 tune and the NNPDF2.3lo PDF set.

Further rare top-quark-pair backgrounds ttt, tt̄ZZ, tt̄WW , tt̄WZ, tt̄WH and tt̄HH are
all produced using the NLO in QCD MadGraph5_aMC@NLO generator interfaced with
Pythia8 using the A14 set of tuned parameters and scaled to NLO cross sections [62].

Samples of diboson final states (V V ) are simulated with the Sherpa v2.2.1 or v2.2.2 [46]
generator depending on the process, including off-shell effects and Higgs-boson contributions,
where appropriate. Semileptonic final states, where one boson decays leptonically and the
other hadronically, are generated using matrix elements at NLO accuracy in QCD for up
to one additional parton and at LO accuracy for up to three additional parton emissions.
Samples for the loop-induced processes gg → V V are generated using LO-accurate matrix
elements for up to one additional parton emission. The matrix element calculations are
matched and merged with the Sherpa parton shower based on Catani-Seymour dipole
factorization [47, 48] using the MEPS@NLO prescription. The virtual QCD corrections are
provided by the OpenLoops 1 library. The NNPDF3.0nnlo PDF set is used, along with
the dedicated set of tuned parton-shower parameters developed by the Sherpa authors.

4 Object and event selections

For each event, interaction vertices are reconstructed from ID charged particle tracks, where
the tracks are required to have transverse momenta (pT) greater than 500 MeV [63]. Candidates
for the primary vertex are required to have at least two associated tracks. If multiple vertices
are reconstructed, the vertex with the largest sum of the squares of the transverse momenta
of associated tracks is taken as the primary vertex. Events that fail the primary vertex
reconstruction are rejected.

Electrons are reconstructed from energy deposits in the electromagnetic calorimeter
that are matched to charged-particle tracks in the ID [64]. They are identified using a
likelihood-based (LH) identification which employs calorimeter and tracking information to
discriminate between electrons and jets and that combines this likelihood and the likelihood of
it originating from background processes into a single discriminant. Only electron candidates
with pT > 10 GeV within |η| < 1.37 or 1.52 < |η| < 2.47 are considered. Electrons are
required to be well isolated using criteria based on the properties of the topological clusters
in the calorimeter and of ID tracks around the reconstructed electron. Further requirements
of |z0 sin θ| < 0.5 mm and |d0|/σ(d0) < 5 are placed on the longitudinal and transverse
impact parameters to select electrons originating from the primary vertex. Electrons are
further categorized as “baseline” or “signal”. For the all-hadronic channel, baseline electrons
are identified by the LooseAndBLayer likelihood-based identification working point and are
required to fulfill the Loose isolation criteria [64, 65]. Events containing a baseline electron
candidate satisfying these baseline criteria are rejected. For the one-lepton channel, baseline
electrons are identified with the Medium working point [64] and are not subject to any isolation
requirement. Signal electrons are identified by the Tight working point and are subject to
the Tight track-based isolation criteria [64]. The pT-requirement of the signal electrons is
increased to pT > 28 GeV. Signal electrons constitute a subset of the baseline electrons.
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Muon candidates are reconstructed by combining tracks in the MS with tracks in the ID
and are subject to cut-based identification criteria which are based on the numbers of hits
in the different ID and MS subsystems, and on the significance of the charge-to-momentum
ratio q/p [66]. All muon candidates are required to be within the acceptance region of
the ID at |η| < 2.5 and to have pT > 10 GeV. Muons are required to satisfy isolation
requirements based on the properties of ID tracks around the reconstructed muon [66].
Similarly to electrons, requirements on the longitudinal and transverse impact parameters,
|z0 sin θ| < 0.5 mm and |d0|/σ(d0) < 3, are also applied. Baseline muons are identified in
the all-hadronic channel by the Loose quality working point and are required to fulfill the
Loose isolation criteria [66]. Events containing a muon candidate satisfying these baseline
criteria are rejected. In the one-lepton channel, baseline muons are identified by the Medium

quality working point [66] and are not subject to any isolation criteria. For the selection
of signal muons the Medium quality working point is applied and the muon candidates are
required to fulfill the Tight isolation criteria based on the pvarcone30

T variable defined in ref. [66]
and have pT > 28 GeV. Signal muons constitute a subset of the baseline muons. Events
are selected for the one-lepton channel if they contain exactly one signal and no additional
baseline leptons (electrons or muons).

Jet candidates are reconstructed using a particle-flow reconstruction algorithm [67]
combining charged particle tracks from the ID and three-dimensional topological energy
clusters [68] in the calorimeter. Jets are reconstructed using the anti-kt algorithm [44]
implemented in the FastJet package [45] with a fixed radius parameter R = 0.4 using charged
constituents associated with the primary vertex and neutral particle flow objects as inputs.
In order to minimize the contribution from pileup jets, a requirement on the jet-vertex
tagger [69] is made for jets with pT below 60 GeV.

Slight differences in the efficiency of the association of jets to vertices in data and
simulation are addressed by applying scale factors to simulation. Jet energy scale corrections,
derived from MC simulation, are used to calibrate the average energies of jet candidates to
the scale of their constituent particles [70]. Remaining differences between data and simulated
events are evaluated and corrected for using in situ techniques, which exploit the transverse
momentum balance between a jet and a reference object such as a photon, Z boson, or
multijet system in data. After these calibrations, all jets in the event with pT > 20 GeV must
satisfy a set of loose jet-quality requirements [71] designed to reject jets originating from
sporadic bursts of detector noise, large coherent noise or isolated pathological cells in the
calorimeter system, hardware issues, beam-induced background or cosmic-ray muons [72]. In
the one-lepton channel, the jets are required to satisfy |η| < 2.5, while in the all-hadronic
channel, they are required to satisfy |η| < 2.8 to match the η range of the HT trigger. If
these jet requirements are not met, the jet is discarded.

Jets are tagged as containing a b-hadron (b-tagged) by a deep neural network algorithm
trained on a simulated hybrid sample composed of tt̄ and Z ′ → tt̄ events [73, 74] at a
working point corresponding to a 77% b-jet efficiency, as measured on an inclusive tt̄ sample.
This working point has a rejection factor of 5 and 170 on charm and light-flavored jets,
respectively. Flavor-tagging efficiency differences between data and simulation are corrected
by a reweighting procedure detailed in refs. [75–77].
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To resolve any reconstruction ambiguities between electrons, muons and jets, an overlap
removal procedure is applied in a prioritized sequence, based on baseline leptons and jets,
as follows. First, if a electron shares the same ID track with another electron, the electron
with lower pT is discarded, and then any electron sharing the same ID track with a muon is
rejected. Next, jets are rejected if they lie within ∆R = 0.2 of an electron. Similarly, jets
within ∆R = 0.2 of a muon are rejected if the jet has fewer than three associated tracks
or if the muon is matched to the jet through ghost association [44]. Finally, electrons that
are close to a remaining jet are discarded if their distance from the jet is ∆R < 0.4, while
for muons the distance is ∆R < min(0.4, 0.04 + 10 GeV/pT).

Large-R jets are reclustered from the calibrated R = 0.4 jets described above using the
anti-kt algorithm with a fixed radius parameter of R = 1.2 [78]. The large-R jets aim to
fully contain the dark pion decay products and the R parameter is optimized for the dark
pion mass range of the targeted signal points. For the one-lepton channel the signal lepton
is added to the R = 0.4 jet collection before the reclustering, which then proceeds in the
same way as in the all-hadronic channel. After reclustering, the large-R jet containing the
lepton is referred to as J lep and the leading fully hadronic large-R jet Jhad. Both large-R jets
originate from the same reclustering procedure, ensuring there is no overlap between the two.

Events are selected for the all-hadronic channel using triggers on HT, defined as the scalar
sum of the transverse momenta of all the reconstructed jets in the event with |ηjet| < 2.8 [79].
The HT-trigger threshold was 850 GeV in 2015 and the first half of 2016, and was increased
to 1000 GeV in the latter half of 2016 for the remainder of Run 2. Since the trigger decision
is based on HT computed from trigger-level jet momenta (which lack a detailed calibration),
the triggers show a slow onset behavior with respect to HT computed from jet momenta
of fully calibrated jets. A requirement of HT > 1150 GeV ensures that the trigger is fully
efficient to minimize systematic uncertainties resulting from imprecise modeling of the onset
behavior in simulation. The HT variable computed from fully calibrated jets is used for
the remainder of this search.

Events are selected for the one-lepton channel using a combination of single-lepton
triggers [80–83]. The single-lepton triggers require the presence of a muon or an electron
with pT higher than a certain threshold and, in some cases, impose identification and lepton-
isolation requirements. The lowest pT threshold was 24 (20) GeV for electrons (muons) during
the 2015 data-taking period and 26 GeV for both electrons and muons in the data-taking
periods from 2016 to 2018. The efficiencies of the single-lepton triggers range between 20%

and 50% in the simulated signal samples. To account for small differences in the single-lepton
trigger efficiency between data and simulation, all triggered simulated events receive an
event weight to match data.

The analysis strategy relies on the reconstruction of each dark pion using a large-R
jet. In the all-hadronic channel, events are required to have six or more R = 0.4 jets with
pT > 25 GeV, in addition to the HT > 1150 GeV requirement and the lepton veto. At least
three jets within the ID acceptance (|η| < 2.5) must be b-tagged. At least two large-R jets
with jet mass mjet,R=1.2 > 190 GeV are required in all events. Events for the one-lepton
channel are required to have at least five jets, out of which at least three have to be b-tagged,
and to have HT > 300 GeV. Here the HT is defined similar to the all-hadronic channel,
however only jets with |ηjet| < 2.5 are considered. Events passing all selection requirements
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Variable All-hadronic channel One-lepton channel

Nlep(baseline) 0 1

Nlep(signal) — 1

Njets(R = 0.4) ≥ 6 ≥ 5

Njets(R = 1.2) ≥ 2 —

Nb-jets ≥ 3 ≥ 3

HT ≥ 1150 GeV ≥ 300 GeV

Table 2. Summary of the preselection criteria for the all-hadronic and one-lepton channels, in terms
of the number of baseline and signal leptons, R = 0.4 and R = 1.2 jets, number of b-jets, and HT. The
definitions of the physics objects for the two channels are given in the text. Signal leptons constitute
a subset of the baseline leptons.

listed here are considered preselected for the analysis. The preselection requirements are
summarized for both the analysis channels in table 2.

5 Analysis strategy

Preselected events are separated into signal, control, and validation regions based on the
properties of the large-R and small-R jets in the event, as well as the signal lepton for the
one-lepton channel. Signal regions (SRs) are signal-enriched regions while the control regions
(CRs) are used to estimate the SM background contributions. The validation regions (VRs)
are used to validate the background estimation methods. The analysis strategies for the
all-hadronic and one-lepton channels are detailed below.

5.1 All-hadronic channel

In the all-hadronic channel, the leading two large-R jets define the overall SR, where the
leading large-R jet satisfies mjet,R=1.2 > 300 GeV and the sub-leading large-R jet satisfies
mjet,R=1.2 > 250 GeV as shown in figure 4 for distributions after preselection. To suppress
multijet events containing, for example, gluon to bb̄ splitting, a selection on mbb/pT,bb, defined
as the ratio of the mass to the transverse momentum of the pair of b-tagged jets closest to
the center of the large-R jet, is applied to both large-R jets. In signal events mbb/pT,bb is
expected to take on larger values than in background events, thus a cut of mbb/pT,bb > 0.25 is
required. Further, both large-R jets must satisfy a bbi tag, where the ∆R between the leading
(i = 1) or sub-leading (i = 2) large-R jet and the second closest b-tagged jet, defined as
∆R (j, b2), is less than 1.0 and thus both b-tagged jets are well contained within the volume
of the large-R jet. This variable is designed to suppress tt̄ events where the second closest
b-jet arises from the other top quark in the event and can thus have a large ∆R with the
large-R jet. In signal, on the other hand, the decay products of the dark pion always include
two b-quarks no matter whether the tttb or ttbb final state is considered and the ∆R therefore
tends to be small. The overall SR is then subdivided into nine separate bins in the leading
versus sub-leading large-R jet mass plane. A large-R jet is considered πD,i tagged if its mass
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Figure 4. Mass of the (a) leading and (b) sub-leading large-R jet for all simulated backgrounds
overlaid with three example distributions for various signal points after preselection in the all-hadronic
channel. Also shown is a simplified data-driven estimate of the multijet background which was created
by taking the event yields for data and subtracting all simulated backgrounds from it. Statistical
uncertainties stemming from MC are indicated by the shaded region. The SR is to the right of the
vertical line in both the subfigures. Individual SR bins select sub-regions of leading and sub-leading
large-R jet mass for improved background discrimination. The last bin contains the overflow.

Tag Variable Tag selection Anti-tag selection

Both large-R jets mbb/pT,bb > 0.25 > 0.25

Leading large-R jet bb1 ∆R (j, b2) < 1.0 ≥ 1.0

Sub-leading large-R jet bb2 ∆R (j, b2) < 1.0 ≥ 1.0

Leading large-R jet πD,1 mjet,R=1.2

[300–325 GeV,
≤ 300 GeV325–400 GeV,

> 400 GeV]

Sub-leading large-R jet πD,2 mjet,R=1.2

[250–300 GeV,
≤ 250 GeV300–350 GeV,

> 350 GeV]

Table 3. Summary of selection criteria for the SR (“Tag selection”). Nine bins are defined in the
leading large-R jet vs. sub-leading large-R jet mass plane. The inverted selection (“Anti-tag selection”)
is also defined for use in the data-driven multijet extrapolation described in section 6.1.

falls into one of the nine mass bins. The SR requires both large-R jets to satisfy both tagging
selections (i.e. both jets must be bbi and πD,i tagged). The events where the two leading
large-R jets satisfy only one or two out of the four possible tags form the CRs used for the
data-driven multijet extrapolation; events that satisfy three tags allow for a validation of the
method and thus form the VRs. The SR selection criteria are summarized in table 3.
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Figure 5. Normalized distributions of (a) ∆R(ℓ, b2) and (b) mbb,min∆R for all simulated backgrounds
with two example signal distributions overlaid after the one-lepton channel preselection. Statistical
uncertainties stemming from MC are indicated by a shaded region, but are not visible on the scale of
the y-axis. The vertical dashed lines indicate the selection requirements applied to events in the SR,
CR and VR, as indicated by the labels.

5.2 One-lepton channel

Events satisfying the preselection requirements for the one-lepton channel are categorized
into SRs, CRs and VRs based on two kinematic variables defined in terms of the properties
of the small-R and large-R jets. The first variable, ∆R(ℓ, b2), is defined as the angle between
the lepton in the event and the second closest b-jet to this lepton and aims to suppress tt̄

background similar to ∆R (j, b2) in the all-hadronic channel. The kinematics of the second
b-jet as distinguishing characteristic of signal events is also utilized for the second variable,
mbb,min∆R, defined as the invariant mass of the two b-jets in the event that are closest to
each other. This is effective for discriminating high dark pion mass signal points against
background in which the two b-quarks closest to each other come e.g. from gluon splitting.
The distributions of these variables in signal and background MC simulations are shown
in figure 5 for preselected events.

The SR is defined by requiring ∆R(ℓ, b2) < 2.7 and mbb,min∆R > 100 GeV. A CR
for the tt̄ +HF background is defined by the requirements 2.7 < ∆R(ℓ, b2) < 3.5, and
40 GeV < mbb,min∆R < 100 GeV, thus ensuring orthogonality to the SR. This region is used to
correct for mismodeling in tt̄ +HF events and has a background composition similar to that
in the SR. Typical signal contamination in the CR, from signal points that are not already
excluded through re-interpretation of other collider searches [2], is below 1%. The tt̄ +HF
background estimate is validated in a VR defined by the requirements 2.7 < ∆R(ℓ, b2) < 3.5,
and mbb,min∆R > 100 GeV, making it orthogonal to both the SR and the CR while also
exhibiting a background composition similar to that of the SR and CR.

The statistical analysis in the one-lepton channel relies on a profile-likelihood fit to
the distribution of the sum of the masses of the reclustered jets, described in section 4,
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Figure 6. Normalized distributions of mJhad + mJlep for all simulated backgrounds overlaid with two
example distributions for various signal points after the one-lepton channel preselection. Statistical
uncertainties stemming from MC are indicated by a shaded region, but are not visible on the scale of
the y-axis.

mJhad + mJlep . This discriminating variable is shown in figure 6 for preselected events. For
the fit, all events are further classified into regions split into bins based on the number of jets
and b-jets in the event. Six bins are defined labeled XR_5j3b, XR_5j4b, XR_6j3b, XR_6j4b,
XR_7j3b and XR_7j4b, where the number before the ‘j’ indicates the number of jets, the
number before the ‘b’ the number of b-jets and ‘X’ can take on the values ‘S’ for an SR, ‘C’
for a CR and ‘V’ for a VR bin. In all cases, the highest jet or b-jet multiplicity is inclusive,
e.g. the region CR_7j4b is a CR that contains events with ≥ 7 jets and ≥ 4 b-jets.

6 Background estimate

6.1 All-hadronic channel

The dominant background for the analysis in the all-hadronic channel originates from multijet
events and constitutes about 75%–85% of the total background in each SR bin. A data-driven
method is used to estimate this background, while MC simulation is used to account for the
remaining sub-dominant SM processes as described in section 3. Typical ABCD multijet
extrapolations are based on two discriminating variables. Here, however, an extended ABCD
method is employed that relies on four instead of two discriminating variables, which allows
the correction of correlations between pairs of discriminating variables and provide validation
regions close to the SR selection.

The multijet background is estimated by extrapolating from regions with small leading
and sub-leading mjet,R=1.2 and large ∆R (j, b2) to SR bins with large leading and sub-leading
mjet,R=1.2 and small ∆R (j, b2). The method is similar to the one detailed in ref. [84]. To
this end, two additional anti-tags denoted by a slashed tag label (with orthogonal selections
to the already described bbi and πD,i tags) are defined. The tag ✚✚bbi inverts the bbi selection,
while

✟
✟✟πD,i places upper requirements on the large-R jet mass, as summarized in table 3. The

combinations of possible tags and anti-tags in an event result in 16 separate regions shown
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Figure 7. Region labels for the 16 regions used in the data-driven multijet estimate in the all-hadronic
channel. Region S labels the SR, regions B, C, E and I are used for the ABCD extrapolation, regions
D, F , G, H, J and O are used to compute correlation correction factors, and regions K, L, M and N

are validation regions. The background estimate is performed independently for all nine SR bins.

in figure 7. The extended ABCD method extrapolates from regions with one tag to each
of the nine SR bins. Two-tag regions are used to determine correlation correction factors
and three-tag regions are used for validation of the multijet estimate.

The concept of the extended ABCD method is detailed here by explicitly stating the
computations for one VR, however, analogous derivations have to be carried out for all
SRs and VRs. Considering only region K in figure 7, a 2-variable ABCD estimate for this
region would be computed in the standard way through K̂ = J ·D

B
, where J , D and B are

the number of data events minus the number of simulated events in the respective regions.
If πD,1 and πD,2 are uncorrelated, K̂ would be a valid estimate. However, if πD,1 and πD,2

are correlated, then K̂ needs to be corrected by a correlation factor (k-factor). As long as
there is no significant additional three-tag correlation with the bb2 tag, this correlation factor,
kπD,1,πD,2 , can be measured from F ·A

C·E
since K·B

J ·D
= F ·A

C·E
. Thus,

K̂ =
J · D

B
· F · A

C · E
=

J · D

B
· kπD,1,πD,2 . (6.1)

One can also consider the estimate of region K using a three-variable ABCD estimate
computed with two correlation correction factors:

K̂ =
J · C

A
· kπD,1,πD,2 · kπD,1,bb2 , (6.2)

where kπD,1,bb2 = D·A
B·C

. Substituting this correlation factor into eq. (6.2) yields once again
eq. (6.1). All other k-factors can be defined according to the same principle as kπD,1,πD,2

and kπD,1,bb2 .
The final multijet background estimate requires a four-variable ABCD estimate Ŝ′ that

is computed from data minus event counts from MC simulated backgrounds in the regions B,
C, E, and I where exactly one tag is applied and region A with no applied tags according to

Ŝ′ =
B · C · E · I

A3
. (6.3)

This estimate is then multiplied by six k-factors to correct for correlations between tags,

Ŝ = Ŝ′ · kπD,1,bb1 · kπD,2,bb2 · kπD,1,bb2 · kπD,2,bb1 · kπD,1,πD,2 · kbb1,bb2 . (6.4)

If the selection criteria defined by these tags are independent from each other then the
expectation value of the corresponding k-factor will be 1. Correlation factors around 1.5
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Figure 8. The four all-hadronic channel validation regions K, L, M and N from figure 7 for
each of the nine SR mass bins with the following naming convention: the leading large-R jet lower
mass boundary in GeV is followed by the sub-leading large-R jet lower mass boundary. The shaded
region indicates the uncertainty on the background estimate in each bin that includes the statistical
uncertainties from the limited sample sizes in data and simulation as well as a multijet non-closure
systematic uncertainty, as detailed in section 7.

are observed between the πD,1 and bb1 tags as well as the πD,2 and bb2 tags. The bb1 and
bb2 tags are highly correlated with a k-factor of 0.1 due to the preselection requirement of
three b-tagged jets. This could be mitigated by requiring four b-tagged jets, however, this
would result in low statistics and high signal contamination for the four-variable ABCD
extrapolation regions.

Typical signal contaminations in the extrapolation regions are less than 5% and small
compared to the uncertainty applied to the multijet background discussed in section 7. The
method is validated through the closure of the estimate in the four 3-tag validation regions K,
L, M and N . Figure 8 compares data to estimated background yields for each validation region
in each bin of the SR. If significant 3-tag correlations occurred, a discrepancy between multijet
estimate and data yields should be visible in the validation regions. However, all data yields
are compatible with the background estimate within the uncertainty bands for all validation
regions. The uncertainty includes a non-closure systematic uncertainty, which by design
covers non-linear correlations and the impact of multijet estimation regions with low statistics.
It ranges between 33% and 57% and is derived and discussed in section 7. The procedure
was further validated by performing signal injection tests as well as stability tests over time,
under variation of the selection criteria and with scaled simulated background contributions.
In all cases the resulting background estimates where stable and thus consistent with the
nominal estimate.

6.2 One-lepton channel

The background in the one-lepton channel is estimated from MC simulations using the
samples described in section 3 and is dominated by tt̄ production in association with light-
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flavor or heavy-flavor quarks. This background is estimated by using the inclusive tt̄ sample
complemented by the dedicated tt̄bb̄ sample, with events categorized into tt̄+ ≥ 1b, tt̄+ ≥ 1c

and tt̄ + light as described in section 3. The tt̄ +HF background that populates the SR is
known from previous studies to be underestimated by the current MC predictions [85]. This
mismodeling is corrected by keeping the normalization of these backgrounds unconstrained
in the profile-likelihood fit to the mJhad + mJlep distribution. To this end, the tt̄+ ≥ 1c and
tt̄ + light contributions are combined and two normalization factors are fit depending on
whether in addition to tt̄ any b-quarks are present in the event. In this categorization, the
combination of the tt̄+ ≥ 1c and tt̄ + light backgrounds is referred to as tt̄ + 0b. The resulting
background estimates for the SR, CR and VR are presented in section 8.2.

7 Systematic uncertainties

The predicted signal and background event yields in the SR bins are affected by various
sources of systematic uncertainties stemming from instrumentation, the data-driven multijet
estimation and theoretical considerations. For the all-hadronic channel, the total uncertainty
is dominated by the uncertainty on the multijet background estimate. In the one-lepton
channel, the theoretical sources of uncertainty on the background modeling dominate the
total uncertainty.

7.1 Experimental uncertainties

The uncertainty in the combined 2015–2018 integrated luminosity is 0.83% [14], obtained
using the LUCID-2 detector [11] for the primary luminosity measurements, complemented
by measurements using the ID and calorimeters. A systematic variation that might be
introduced by the reweighting of simulated samples to match the pileup profile observed
in data is estimated by varying the scale factor applied to the pileup distributions. The
onset of the HT trigger used in the all-hadronic channel was studied and potential effects of
mismodeling were evaluated. All three of these uncertainties were found to have a negligible
impact on the analysis (< 1% in the all-hadronic channel, and ranking from < 1% to a few
percent depending on the signal in the one-lepton channel).

Slight performance differences between data and simulation in lepton reconstruction,
identification and isolation are corrected by the application of scale factors that are estimated
from tag-and-probe experiments in data and simulation [64, 66]. The impact of lepton
momentum scale corrections is evaluated by ±1σ scale variations. For resolution uncertainties
the lepton energy or momentum is smeared. In total seven (twelve) separate variations
for electrons (muons) are considered. The impact of lepton uncertainties is less than 1%

in both channels.
The determination of the jet energy scale and resolution is done by combining information

from collision data, test beam data and simulation as described in ref. [70]. Effects from
jet flavor composition, single-particle response and pileup are considered. In the one-lepton
channel, 29 parameters are evaluated for scale variations, while 13 parameters are evaluated
for jet pT resolution systematic uncertainties. In the all-hadronic channel the variations are
simplified since the data-driven background estimation method largely compensates yield
changes by different systematic variations and causes most of the systematic uncertainties to be
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negligibly small. As such, 23 parameters arise from scale variations, while for jet pT resolution
systematic uncertainties 8 parameters are evaluated. The impact of these uncertainties on
the final result is small, ranging between < 1% to about 4% in the all-hadronic channel,
and remaining < 10% in the one-lepton channel.

Uncertainties on the corrections of b-tagging efficiency differences between data and
simulation are derived from dedicated flavor-enriched subsets of the data [75]. Also considered
are uncertainties due to the mis-tagging of c-jets [77] and light-flavor jets [76]. Additionally,
variations to extrapolate the measured uncertainties to the high-pT region are considered
for both channels [86]. The impact of flavor-tagging systematic uncertainties is less than
1% on the final result in the all-hadronic channel, while a larger contribution is observed
in the one-lepton channel, reaching values of the order of 10%.

7.2 Modeling uncertainties in background simulations

For the all-hadronic channel, uncertainties in modeling of the tt̄ background are included.
For the one-lepton channel, uncertainties in modeling the tt̄, tt̄bb̄, and single top-quark
backgrounds are included. All other simulated backgrounds are negligible in both channels
and no systematic uncertainties are assigned to them. For the single top-quark background,
a 30% normalization uncertainty is applied [87] with an impact ranging between < 1% and a
few percent. Details on the tt̄ and tt̄bb̄ uncertainties are described below.

7.2.1 tt̄ uncertainties

Several uncertainties in the theoretical modeling of the tt̄ background samples are considered.
In the one-lepton channel the tt̄ theory systematic uncertainties apply only on the tt̄ + light
and tt̄+ ≥ 1c background components as they are estimated from the five-flavor scheme tt̄

sample, while the tt̄+ ≥ 1b background has dedicated systematic uncertainties.
Missing higher order contributions in perturbative expansion of the tt̄ production cross-

section are estimated by adding in quadrature contributions from renormalization and
factorization scale variations, which are obtained by independently varying the parameters µR

and µF by a factor 0.5 and 2.0 and taking the envelope. Uncertainties on the choice of PDF
set used for event simulation are estimated by using the PDF4LHC and NNPDF error sets
following the PDF4LHC prescription [88] and taking the envelope. The initial-state radiation
(ISR) modeling is estimated by variations of the strong coupling constant αS through the
Var3c tune variation. The amount of final-state radiation (FSR) in an event is estimated
by varying the factorization scale by factors 0.5 and 2.0 inside Pythia8. To assess the
uncertainty in the matching of NLO matrix elements to the parton shower, the nominal
sample is compared to an alternative sample obtained setting the pthard Pythia8 parameter
to 1 (the default is 0). This parameter regulates the definition of the vetoed region of the
showering, important to avoid holes and overlaps in the phase space filled by Powheg and
Pythia8. This recommendation follows the description included in ref. [89]. The alternative
sample was produced using Powheg interfaced with Pythia8.306 using the NNPDF2.3lo

PDF set and the A14 set of tuned parameters. The impacts of using a different parton
shower and hadronization model were evaluated by comparing the nominal tt̄ sample with
another event sample produced with the PowhegBox v2 generator. For the parton shower
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variation the NNPDF3.0nlo PDF set was used, while events in the sample used to estimate
the impact of the hadronization model were interfaced with Herwig 7.04 [90, 91], using
the H7UE set of tuned parameters [91] and the MMHT2014lo PDF set [92]. The impact
of a variation of the hdamp parameter is assessed by comparing the nominal samples to an
alternative set of samples for which hdamp is set to 3mtop.

All alternative samples used to derive the systematic uncertainties are corrected to
match the NNLO in QCD and NLO in EW predictions of the top/antitop-quark pT and
the top-quark mass distribution using the procedure outlined in section 3.2.1. A systematic
uncertainty associated with this reweighting itself is derived from the maximum and minimum
7-point scale variations, independently for the top/antitop-quark pT and the top-quark mass.
The variations are taken into account in the final statistical fit by including them as scale
variations on the tt̄ background.

To avoid over-constraining the tt̄ modeling nuisance parameters in the one-lepton channel,
the theoretical systematic uncertainties are treated as uncorrelated among tt̄ + light and
tt̄+ ≥ 1c, jet and b-jet multiplicity bins, and between their shape and acceptance components.

The impact of tt̄ modeling uncertainties on the final result is found to range between
< 1% and 10%.

7.2.2 tt̄bb̄ uncertainties

Theory uncertainties on the tt̄bb̄ sample are only applied to the tt̄+ ≥ 1b component in the
one-lepton channel, as all other tt̄ components are estimated from the bulk tt̄ sample.

The scale, PDF, ISR, and FSR uncertainties for the tt̄bb̄ sample are derived in the same
way as the bulk tt̄ sample. The impacts of using a different parton shower and hadronization
model are evaluated by comparing the nominal tt̄ sample to another sample produced with
the PowhegBox v2 generator. For the parton shower variation the NNPDF3.0nlo PDF
set was used, while events in the sample estimating the impact of the hadronization model
were interfaced with Herwig 7.1, using the H7.1-Default set of tuned parameters and
the MMHT2014lo PDF set [92].

The matching uncertainty is evaluated by comparing the nominal sample with an
alternative sample obtained by setting the pthard Pythia8 parameter to 1. The alternative
sample was produced using Powheg interfaced with Pythia8.307 using the NNPDF2.3lo

PDF set and the A14 set of tuned parameters.
The tt̄bb̄ uncertainty nuisance parameters are treated as uncorrelated between the different

regions of jet and b-jet multiplicities and are further split up into their shape and acceptance
components to avoid over-constraining them in the fit. They constitute the dominant
systematic contribution in the one-lepton channel, with an impact on the final results ranging
from 1% to about 30%.

7.3 Data-driven background estimation uncertainties

In the all-hadronic channel, the dominant systematic uncertainty originates from the multijet
estimation method. Deviations of the ratio between data and SM estimate from unity in the
VRs, denoted by kV R = (data − MC)/multijet, are used to estimate a non-closure systematic
uncertainty. These k-factors are a measure of the remaining correlations between 3-tags in the
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multijet estimation method and are expected to be close to unity. The statistical uncertainties
on the k-factors σkV R

are added in quadrature so that the final multijet uncertainty is
calculated according to:

σABCD =

√

√

√

√

(

1 −
∏

V R

kV R

)2

+
∑

V R

σ2
kV R

, (7.1)

where the first term under the square root describes the non-closure component of the
systematic uncertainty calculated from the k-factors and the second term the statistical
uncertainty summed up in quadrature over all four VRs. The statistical component dominates
in most regions and is driven by region H in figure 7 which has the lowest number of events.
The computation is done separately for each bin of the SR producing values ranging from
33% to 57%. The uncertainty in each SR mass bin is treated as fully uncorrelated with the
other SR mass bins thus yielding a conservative estimate.

8 Statistical analysis and results

Signal hypotheses are evaluated against the data by performing profile-likelihood fits in
each analysis channel. The set of nuisance parameters θ that corresponds to the systematic
uncertainties is scaled in such a fashion that, before the fit, all individual uncertainties j

have θj = 0. In addition, the uncertainties of these nuisance parameters σ are scaled to
fulfill σj = 1 before fitting. Defining γ as the set of statistical uncertainties with γi the
uncertainty on the number of predicted events of a specific bin i, the set is scaled to be a
factor around 1. The profile-likelihood fit is then performed by minimizing the quantity
q(µ) = −2 log L, where the likelihood L is defined as

L(µ, θ|S, B, N) =
∏

i∈bins

P (Ni|µSi + Bi) × P (Si + Bi|γi)
∏

j∈syst.

G (θj , σj) (8.1)

with N being the number of data events, S the predicted number of signal events and B

the expected number of background events. Statistical and systematic uncertainties are
taken to be Poissonian (P) and Gaussian (G) distributed parameters, respectively. The
fit is evaluated using the RooFit [93] package with the minimization conducted with the
Minuit2 package [94], which yields the optimal values for µ and the set of parameters θi,
γi and σi in a signal plus background fit.

8.1 All-hadronic channel

The fit in the all-hadronic channel is performed over all nine SR bins simultaneously. Since
the multijet estimate constrains background to the data, most systematic uncertainties (other
than from the multijet estimate) have limited impact on the final result and all systematic
uncertainties below 1% are ignored. Surviving uncertainties are kept as nuisance parameters in
the fit. Because simulated backgrounds constitute less than 20% of the total SM background
in the SR, no CRs are used to scale the simulated estimates.

Figure 9 shows the distributions in all SR bins after fitting. No significant pulls or
constraints are observed for the fitted nuisance parameters. The results are also summarized
in table 4. As can be seen the data are very well described by the background-only hypothesis
with no significant excess of events above the SM prediction.
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SR300_250 SR300_300 SR300_350

V+jets < 0.01 1.97 ±0.89 0.28 ±0.06

Single top 0.12 ±0.07 0.00 ±0.03 < 0.01

tt̄ + X 0.30 ±0.04 0.21 ±0.09 0.17 ±0.04

tt̄ 2.9 ±1.9 1.6 ±1.1 1.78 ±0.76

Multijet 16.5 ±4.3 10.5 ±3.6 11.1 ±3.1

Total SM 19.8 ±4.0 14.2 ±3.3 13.4 ±2.9

Data 20 14 16

SR325_250 SR325_300 SR325_350

V+jets 0.74 ±0.64 0.12 ±0.18 0.19 ±0.16

Single top 0.36 ±0.06 0.12 ±0.13 0.27 ±0.15

tt̄ + X 0.35 ±0.06 0.44 ±0.11 0.50 ±0.07

tt̄ 6.4 ±3.6 4.0 ±2.0 4.4 ±2.1

Multijet 33.4 ±6.7 23.3 ±5.2 18.1 ±5.0

Total SM 41.2 ±5.6 28.0 ±4.8 23.5 ±4.6

Data 41 28 23

SR400_250 SR400_300 SR400_350

V+jets 0.71 ±0.55 < 0.01 1.19 ±0.30

Single top < 0.01 0.47 ±0.08 0.11 ±0.02

tt̄ + X 0.34 ±0.07 0.40 ±0.07 0.73 ±0.10

tt̄ 3.7 ±1.8 3.1 ±2.5 6.1 ±3.9

Multijet 20.2 ±5.3 14.7 ±4.6 28 ±12

Total SM 25.0 ±4.8 18.6 ±4.0 36 ±11

Data 27 20 45

Table 4. Observed and predicted event yields after the fit under the background-only hypothesis
in all nine all-hadronic SR mass bins. The name of each column corresponds to the SR bins: the
leading large-R jet lower mass boundary in GeV is followed by the sub-leading large-R jet lower mass
boundary; the same convention is used in figure 9. The quoted uncertainties contain statistical and
systematic components. The total post-fit uncertainty can be smaller than the sum in quadrature of
the different components due to correlations resulting from the fit to data.

– 22 –



J
H
E
P
0
9
(
2
0
2
4
)
0
0
5

SR300_250

SR300_300

SR300_350

SR325_250

SR325_300

SR325_350

SR400_250

SR400_300

SR400_350

0.5

1.0

1.5
D

a
ta

 /
 B

k
g
 

10

20

30

40

50

60

70

80

90

100

E
v
e
n
ts

Data Multijet

tt Other MC

Uncert.

=500 GeV
D

π
=0.25, m

D
η, 

L
SU(2)

-1 = 13 TeV, 140 fbs

All-hadronic channel, Post-Fit

ATLAS

0

Figure 9. Comparison of the events yields in data and the background prediction after the fit under
the background-only hypothesis in all bins of the all-hadronic SR. The dashed line is stacked onto
the SM background and shows an example SU(2)L signal with ηD = 0.25 and mπD

= 500 GeV. The
uncertainty bands contain all statistical and systematic uncertainties. The horizontal axis labels reflect
the different SR bins, with the first number indicating the lower boundary of the leading large-R jet
mass bin and the second number the lower boundary of the sub-leading large-R jet mass bin.

8.2 One-lepton channel

In the one-lepton channel, a profile-likelihood fit is performed to the binned mJhad + mJlep

spectrum in the six SRs and the six CRs defined based on jet and b-jet multiplicity require-
ments, simultaneously. As already indicated in section 6.2, two independent normalization
factors are used for the tt̄ background depending on whether in addition to tt̄ any b-quarks
are present in the event. These two normalization factors are denoted by k(tt̄+ ≥ 1b) and
k(tt̄ + 0b). To avoid over-constraining the background modeling nuisance parameters, the
theoretical systematic uncertainties are treated as uncorrelated among different tt̄ flavors, jet
and b-jet multiplicity bins, and between their shape and acceptance components.

The event yields for all SRs, CRs and VRs are shown after a fit to the data under the
background-only hypothesis in figure 10. The corresponding distributions of mJhad + mJlep are
shown in figure 11 for all jet and b-jet multiplicity bins of the SR. The SM background estimate
is in good agreement with data after the background-only fit. The post-fit normalization factors
for the tt̄ background components are k(tt̄ + 0b) = 0.92+0.09

−0.08 and k(tt̄+ ≥ 1b) = 1.60+0.19
−0.17.

No pulls greater than 1σ are observed for the fitted nuisance parameters, with only some
constraints in the nuisance parameters describing the theoretical modeling. Data and post-fit
background event yields are shown in table 5. Good agreement between the background
prediction and data is observed in all regions.

9 Interpretation

The results are used to set 95% confidence level (CL) upper limits on the dark pion pair
production cross-sections following the CLS technique [95]. Upper limits on the dark pion
production cross-sections are shown in figure 12 for four slices of ηD. The impacts of the
different systematic uncertainties, described in section 7, on the signal strength, defined as
the signal cross-section normalized to the theoretical prediction, of two benchmark signals are
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Figure 10. Comparison of the events yields in data and the background prediction in the SRs, CRs,
and VRs in the one-lepton channel, after the fit to data in all CRs and SRs under the background-only
hypothesis. The uncertainty bands contain all statistical and systematic uncertainties. Two example
SU(2)L signal points are overlaid in the SRs.

summarized in table 6: the analysis is limited by the systematic uncertainty, with dominant
contribution from the theoretical sources of uncertainty on the background modeling.

Using the predicted dark pion pair production cross-sections, the limits can be translated
into limits on dark pion masses in the two-dimensional ηD–mπD

plane. The exclusion contour
obtained from the all-hadronic channel for the SU(2)L model is shown in figure 13(a). No
dark pion masses can be excluded for ηD = 0.15. For ηD = 0.25 the exclusion covers the mass
range 280 GeV < mπD

< 520 GeV (expected 280 GeV < mπD
< 540 GeV), while for ηD = 0.35,

dark pions with masses mπD
< 430 GeV are excluded (expected mπD

< 450 GeV). The
exclusion contour obtained from the one-lepton channel for SU(2)L is shown in figure 13(b)
and is observed to fully cover the all-hadronic limit and significantly extend the probed
phase space for this dark meson model. Since the all-hadronic limit is completely contained
within the one-lepton limit, there is no expected gain from a combination of the two channels.
Dark pion masses with mπD

< 940 GeV can be excluded for ηD = 0.45, mπD
< 720 GeV are

excluded for ηD = 0.35 and for ηD = 0.25 the mass region mπD
< 740 GeV is excluded. The

results significantly extend the phase space previously excluded through re-interpretation
of other collider searches [2]. In the SU(2)R model, cross sections are significantly smaller
than for SU(2)L and therefore none of the channels have sensitivity to this model with
the current data sample.

10 Conclusion

Results from a search for dark mesons originating from strongly-coupled, SU(2) dark flavor
symmetry conserving models and decaying to top and bottom quarks are reported. The
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(f)

Figure 11. Distributions of mJhad + mJlep in (a) SR_5j3b, (b) SR_5j4b, (c) SR_6j3b, (d) SR_6j4b,
(e) SR_7j3b, and (f) SR_7j4b, after the fit to data in all CRs and SRs under the background-only
hypothesis. Two example SU(2)L signal point with ηD = 0.25 and mπD

= 400 GeV is stacked on
top of the background. The uncertainty bands contain all statistical and systematic uncertainties.
The dashed line in the ratio panel shows the ratio of signal plus background event yields over just
background event yields.
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SR_5j3b SR_5j4b SR_6j3b

tt̄+ ≥ 1b 12400 ± 2600 1150 ± 180 9400 ± 1800

tt̄+ ≥ 1c 5900 ± 500 230 ± 40 5400 ± 600

tt̄ + light 23100 ± 1900 270 ±70 14300 ± 1200

Single top 1800 ± 500 59 ± 18 1080 ± 330

V+jets 274 ± 30 10.2 ± 1.5 192 ± 22

Other MC 416 ± 15 61 ± 4 465 ± 17

Total SM 10500 ± 100 402 ± 20 8430 ± 110

Data 10462 403 8438

SR_6j4b SR_7j3b SR_7j4b

tt̄+ ≥ 1b 1210 ± 120 9900 ± 2500 1900 ± 400

tt̄+ ≥ 1c 247 ± 45 5400 ± 800 350 ± 90

tt̄ + light 220 ± 50 8500 ± 1500 180 ± 50

Single top 59 ± 18 710 ± 220 66 ± 21

V+jets 7.7 ± 1.2 170 ± 20 14.9 ± 1.9

Other MC 99 ± 6 620 ± 40 187 ± 14

Total SM 477 ± 22 6600 ± 120 640 ± 40

Data 465 6598 641

Table 5. Observed and predicted event yields after the fit under the background-only hypothesis
in the six SR bins in the one-lepton channel. The name of each column corresponds to the bins
described in section 5.2, identified with the number of jets followed by the number of b-jets. The
quoted uncertainties contain statistical and systematic components. The total post-fit uncertainty can
be smaller than the sum in quadrature of the different components due to correlations resulting from
the fit to data.

analysis is based on the full Run 2 data sample of proton-proton collisions at
√

s = 13 TeV

recorded by the ATLAS detector at the LHC, corresponding to an integrated luminosity of
140 fb−1. The search is performed in the all-hadronic channel, where the event signature
results in eight to ten jets of which at least four originate from bottom quarks, and in the
one-lepton channel, corresponding to final states with one electron or muon in addition to
jets. In the all-hadronic channel, a data-driven technique is used to estimate the predominant
multijet background. In the one-lepton channel, the dominant background comes from tt̄

production and is estimated from MC simulations.
No excess above the SM background expectation is observed. The strongest exclusion

limits are obtained from the one-lepton channel. For SU(2)L signals with mπD
/mρD

= 0.45,
dark pions with masses mπD

< 940 GeV are excluded, while for mπD
/mρD

= 0.25 the
exclusion covers the mass range mπD

< 740 GeV. These results constitute the first direct
collider constraints on this type of model, and significantly extend the phase space previously
excluded through re-interpretation of other collider searches.
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SU(2)L, ηD = 0.25, SU(2)L, ηD = 0.35,

Category mπD
= 400 GeV mπD

= 700 GeV

Luminosity 0.03 0.05

Pileup 0.05 0.09

Flavor tagging 0.28 0.26

Leptons 0.01 0.04

Jets 0.08 0.14

tt̄+ ≥ 1b 0.26 0.53

tt̄+ ≥ 1c 0.12 0.18

tt̄ + light 0.13 0.17

Top pT NNLO reweighting 0.08 0.09

Single top 0.06 0.06

Statistical 0.28 0.24

Instrumental 0.30 0.30

Theory 0.38 0.63

Table 6. Impact of different categories of systematic uncertainty in the one-lepton channel, for two
signal benchmarks, relative to the total uncertainty on the fitted signal strength. For each category,
the fit is repeated with the corresponding group of nuisance parameters fixed to their best-fit values
and the impact for each category is evaluated as the quadrature difference between the signal strength
uncertainty in the new fit and in the nominal one, divided by the uncertainty in the nominal fit.
The contribution from the statistical uncertainty and the systematic one, further separated into the
global instrumental and theoretical uncertainties, are shown. The total systematic uncertainty is
different from the sum in quadrature of the different groups due to the correlations among the nuisance
parameters in the fit.
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Figure 12. Observed (solid line) and expected (dashed line) limits on the dark pion production
cross-section as a function of dark pion mass using the CLS method for all SU(2)L models in four
slices of ηD: (a) ηD = 0.45, (b) ηD = 0.35, (c) ηD = 0.25, and (d) ηD = 0.15. The surrounding shaded
bands correspond to one and two standard deviations around the expected limit. The overlaid theory
line shows the theoretical dark pion cross-section prediction [4].
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Figure 13. Observed (solid line) and expected (dashed line) exclusion contours at 95% CL in
the ηD–mπD

plane for SU(2)L signal models in the (a) all-hadronic and (b) one-lepton channel.
Masses that are within the contours are excluded, as indicated by the hatched area. An uncertainty
band corresponding to the ±1σ variation on the expected limit is also indicated. The shaded area
in (a) and the innermost shaded area in (b) indicates the phase space previously excluded through
re-interpretation of other collider searches presented in ref. [2]. The outermost shaded area in (b)
indicates the phase space excluded by the analysis in the all-hadronic channel and is identical to the
observed limit shown in (a).
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