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Abstract A search is presented for emerging jets using
140 fb~! of proton—proton collision data at \/s = 13 TeV,
collected by the ATLAS experiment between 2015 and 2018.
The search looks for the existence of a dark sector with sym-
metries similar to those in quantum chromodynamics. This
dark sector is populated with dark quarks, which undergo
showering similar to quarks in the Standard Model, leading
to a high multiplicity of long-lived dark hadrons within a
dark jet. These dark hadrons subsequently decay to Standard
Model particles via a new heavy scalar mediating particle ¢.
This results in jets which contain multiple displaced vertices,
known as emerging jets. This analysis targets four-jet topolo-
gies, with two emerging jets and two Standard Model jets,
resulting from the decay of pair-produced scalar mediators.
No significant excess above the Standard Model background
is observed. For dark pion proper decay lengths of 20 mm,
mediator masses are excluded between 1 and 2 TeV assuming
a dark pion mass of 20 GeV.
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1 Introduction

Although there is a vast body of evidence for the existence of
Dark Matter (DM) [1-3], its nature is one of the major unan-
swered questions in fundamental physics. Many theoretical
models of particle DM have been proposed, each with corre-
sponding interactions with the Standard Model (SM). How-
ever, after years of searching, no experiment has yet provided
evidence of the particle nature of DM [4-12]. This drought
of experimental confirmations has prompted the search for
more exotic models of DM, including the existence of a dark
sector (DS). The DS is an extension of the SM which con-
tains new particles that are uncharged under the symmetries
of the SM, instead having interactions governed by a new
confining DS gauge group [13-15]. Although the DS and
SM cannot communicate directly, interactions between DS
and SM particles can be mediated by new particles that are
charged under both SM and DS symmetries.

Several models propose new DS interactions which resem-
ble quantum chromodynamics (QCD) in the SM, colloqui-
ally known as dark QCD [16-18]. These DS models contain
quark-like particles, with Ny flavours and N, colours, which
transform under a non-Abelian gauge group SU(N,). This
new interaction is characterized by a confining scale (Ag)
below which dark quarks (Q,) hadronize, analogously to
QCD, to form dark baryons and mesons. The lightest dark
baryon could be stable, providing a DM candidate which con-
forms to the astrophysical evidence, while the lightest dark
mesons, dark pions (g), would be unstable and decay to into
SM particles via an exchange of a virtual mediator particle.
Depending on the lifetimes of the dark pions, the resulting
decay topology can differ greatly, giving rise to three gen-
eral categories of detector signatures in collider experiments:
prompt dark jets [19], semi-visible jets [20], and emerging
jets (EJs) [21]. In each case there is some component of the
DS which is unstable, and therefore decays back to the SM,
and so dark QCD signatures are characterized by a double
shower and hadronization, once in the DS and once in the
SM which gives rise to wider jets with higher charged-track
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multiplicities. For the case of dark jets, where all the dark
hadrons decay promptly back to SM particles, these features
allow them to be differentiated from SM hadronic jets. In the
case of semi-visible jets, however, some of the dark hadrons
decay promptly, while others are stable, and therefore carry
missing transverse energy (E%“iss) which goes undetected;
this results in E%“iss aligned with the hadronic jet which can
be used to distinguish semi-visible jets from SM jets. Finally,
in the case of EJs, all of the dark hadrons are unstable, but are
also long-lived, and therefore they decay within the detector
volume but displaced from the initial collision, giving rise to
multiple displaced vertices (DVs) contained in the jet cone.
Due to the exponential distribution of the m; decay times,
these DVs occur at varying radial distances, giving rise to
the emerging quality of the EJ.

Using the proton—proton (pp) collisions of the LHC, both
ATLAS and CMS collaborations have carried out dedicated
searches for different dark-QCD scenarios, characterized
by various production modes and decay topologies. Both
ATLAS and CMS have searched for semi-visible jets in Run
2 data[22-24]. ATLAS has set limits on a search for promptly
decaying dark hadrons from the resonant production of dark
jets [25]. In Run 1, ATLAS performed a search for hadronic
decays of long-lived particles which give a displaced jet sig-
nature [26]. In Run 2, CMS performed two searches specif-
ically targeting EJ signatures by looking for pair-produced,
bifundamental,' scalar mediators (¢) resulting in a four-jet
topology [27,28]. In Run 3 ATLAS produced a search for EJs
that focused on the resonant production of a vector mediator
(Z’) resulting in a two-jet topology [29]. The Run 3 analy-
sis also included an interpretation using f—channel produc-
tion of the bifundamental scalar mediator with two, three,
or four jets in the final state, which causes the production
cross-section to be dependent on the Yukawa coupling of the
mediator. For dark pions with proper decay length of 10 mm
and mass of 10 GeV, the CMS search produced limits which
excluded scalar mediator masses up to 1.95 TeV, and the
ATLAS search produced limits which excluded vector medi-
ator masses up to 2.55 TeV.

This search looks for pair-produced dark scalar media-
tors in pp collisions at /s = 13 TeV. The two production
modes considered are gg annihilation (shown in Fig. 1) and
gluon—gluon fusion. These production modes are expected
to dominate over #—channel production used in the Run 3
search [21]. Both modes proceed via a virtual gluon which
produces a pair of dark mediators (¢ 7). Each dark mediator
immediately decays into a dark quark and a SM quark, both of
which hadronize in their corresponding sectors, resulting in

! Bifundamental means that it is charged under both the symmetries
of Dark QCD and Standard Model QCD as SU(3)gcp = 3 and
SU(N¢)park = N.. Note that the bifundamental scalar is labeled X4
in Ref. [21] and Xk in Ref. [27,28].
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Fig. 1 Feynman diagram of the pair-production of dark scalar medi-
ators, ¢, via quark—antiquark annihilation. The resulting four jets are
shown as cones for illustrative purposes. Dashed lines within the cones
represent the trajectories of dark pions, solid lines within the cones
represent the trajectories of SM particles

a SM jet and an EJ. The final topology is a four jet final state,
with two emerging jets and two SM jets. The Yukawa cou-
pling (x) is assumed to be sufficiently small, that diagrams
proportional to k* are ignored.

Anunflavoured model (similar to the most-minimal model
in Ref. [30]) is considered, where the Yukawa coupling
between the dark mediator and the SM quark is only non-
zero for SM down quarks,” giving only light SM jets in the
final state. The choice of ¢ coupling only to SM down quarks
or SM up quarks is arbitrary in the unflavoured model, as both
will give only light SM jets in the final state; the down-type
coupling is chosen following Ref. [21]. The Run 3 search con-
sidered a flavour-aligned model of the bifundamental scalar,
where the scalar mediator can couple to any down-type stan-
dard model quark. This allows for heavy-flavour jets in the
final state when kinematically allowed.

A two-stage machine learning (ML) based classifier is
used to separate EJ-like events from the dominant QCD mul-
tijet background. The contribution from this background is
estimated using a data-driven approach based on the ABCD
method. Other background processes, such as top quark pair-
production, were considered, but their contributions are sup-
pressed to a negligible level by analysis preselections.

The paper is structured in the following way: Sect. 2 gives
adescription of the Run 2 configuration of the ATLAS detec-
tor, while Sect. 3 gives an overview of the collected dataset,
and the simulated samples produced for this analysis. Sec-
tions 4 and 5 detail how the various physics objects are recon-
structed, and how events are selected for the analysis. The
ML classifier is described in Sect. 6. Then, Sect. 7 outlines

2 Inaddition to SU (3)ocp = 3 charge, the mediatorhas SM U (1) = %
charge, since it couples to down quarks.
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the background estimation method and Sect. 8 documents the
systematic uncertainties. Finally, the results of the analysis
are presented in Sect. 9 with conclusions given in Sect. 10.

2 ATLAS detector

The ATLAS detector [31] at the LHC covers nearly the entire
solid angle around the collision point.3 It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing 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 |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measure-
ments per track, the first hit generally being in the insertable
B-layer (IBL) installed before Run 2 [32,33]. It is followed
by the SemiConductor Tracker (SCT), which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
[n] = 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 correspond-
ing to transition radiation.

The calorimeter system covers the pseudorapidity range
In| < 4.9. Within the region || < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering || < 1.8 to cor-
rect 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
In] < 1.7, and two copper/LAr hadronic endcap calorime-
ters. The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements, respec-
tively.

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of

3 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, ¢)
are used in the transverse plane, ¢ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle 6

as n = —Intan(@/2) and is equal to the rapidity y = %ln (gfﬁ) in

the relativistic limit. Angular distance is measured in units of AR =

V(AY)? + (Ag)2.

the toroids ranges between 2.0 and 6.0 Tm across most of
the detector. Three layers of precision chambers, each con-
sisting of layers of monitored drift tubes, cover the region
In| < 2.7, complemented by cathode-strip chambers in the
forward region, where the background is highest. The muon
trigger system covers the range |n| < 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 [34]
detector that records Cherenkov light produced in the quartz
windows of photomultipliers located close to the beampipe.

Events were 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 [35]. The first-level trigger accepted events from
the 40 MHz bunch crossings at a rate close to 100 kHz, which
the high-level trigger further reduced in order to record com-
plete events to disk at about 1.25 kHz.

A software suite [36] 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 events

This analysis uses 140 fb~! of pp collision data collected
at /s = 13 TeV by the ATLAS experiment between the
years of 2015 and 2018, corresponding to Run 2 of the LHC.
The dataset contains only those events recorded during sta-
ble beam conditions, with all detector subsystems operat-
ing properly. Standard data-quality requirements are used to
ensure reliable reconstruction of the physics objects [37].

Monte Carlo (MC) simulation events, generated with
PYTHIA 8.230 [38], are used to optimise the analysis strat-
egy, evaluate the signal efficiency, and test the back-
ground estimation methods. Matrix element generation of
the hard scattering process and subsequent showering uses
the NNPDF2.3L0 [39] parton distribution function (PDF)
set, with the A14 set of tuned parameters [40]. Pile-up, the
effect of multiple interactions in the same and neighbour-
ing bunch crossings, is modelled by combining the results
of the simulated hard-scattering event with simulated inelas-
tic pp events generated with PYTHIA 8.186 [41] and the A3
set of tuned parameters [42]. The interaction of the collision
products with the ATLAS detector, and subsequent detector
response [36], are modelled by passing MC events through
a detailed map of the detector material implemented into
GEANT4 [43]. MC events then are reconstructed using the
same algorithms applied to the data.

@ Springer
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3.1 Signal simulation

Samples of pp — ¢'¢p — 0,904q are produced at
leading-order (LO) using the Hidden Valley [44] implemen-
tation in PYTHIA 8.230, which handles the showering and
hadronization of the dark quarks within the DS. Media-
tor masses ranging from 1 TeV to 2.2 TeV are used, with
the corresponding pair-production cross-sections estimated
using calculations from Supersymmetry, where stop—antistop
pairs are used as a proxy for the dark mediators. The cross-
sections are calculated at approximate next-to-next leading-
order and next-to-next leading-logarithm (NNLOapprox +
NNLL) using NNLL- FAST [45,46]. Cross-section values are
multiplied by a factor of N, for the N. = 3 model this gives
values in the range from 20.5 fb at My = 1 TeV to 0.015 b
at My = 2.2 TeV. Theoretical uncertainties corresponding
to parton distribution functions, QCD scale, and resumma-
tion of Coulomb corrections are also produced using NNLL-
FAST for each mediator mass.

Benchmark signal models are produced with N, =
3, Ny =7, following Ref. [21] to ensure a QCD-like DS.
For a given N, there are a range of values for Nz, such that
the running of the dark strong coupling («y) is still asymp-
totically free, Ny = 7 is the centre of that range.

The dark confinement scale is used to set the masses of
the DS particles with the following scheme: Ay = mg, =
2my, = m% This forces the heavier dark mesons such as
the dark rho to decay into dark pions (pg — mymy), which
occurs within the DS and therefore proceeds quickly. The
subsequent dark pion decay to SM down quarks (7t — dd)
proceeds via t-channel exchange of a dark mediator. The
decay is slow due to the large mass difference between the ¢
and 7, giving rise to the macroscopic lifetimes of the dark
pions. The production of dark baryons, which are suppressed
by a factor of 1/ NC2 [20], or dark mesons other than the py
and 7, is not considered.

Three choices of A, are used, corresponding to m, val-
ues of 5,10, and 20 GeV. These values ensure that the
decay of the dark pion into jets is valid, since lower mass
74 would decay to distinct hadronic final states [47,48]. For
dark pion masses much larger than O(10) GeV, the reduced
phase space for dark pion production leads to a more dif-
fuse spray of few dark pions giving a displaced jet signature,
while this analysis targets the emerging jets signature with a
collimated spray of many dark pions.

The dark pion lifetime (cty,), as a function of the other
phenomenological parameters of the model, is given by [21]:

or — 80 mm (ZJCCI}TjV)Z(IOE)n;\[AeV>2<2 GeV>(11¥;>V)4

ey

4 My,
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Table 1 Signal model parameters used to give the model grid for the
analysis

My [TeV] 1.0,14,1.6,1.8,2.0,2.2
my, [GeV] 5,10, 20
CTy, [mm] 1,2,5, 20,75, 150, 300, 500, 1000

where « is the Yukawa coupling between the dark mediator
and the quarks, f, is the dark pion decay constant (analo-
gous to the pion decay constant in the SM), and mgM is the
mass of the SM quark which the mediator couples to (in this
case the SM down quark). A consistent set of dark pion life-
times can be set for each choice of My or m, by varying the
Yukawa coupling. Samples are produced for proper decay
lengths between 1 mm and 1000 mm, such that the majority
of the dark pions decay within the tracking detectors. Table 1
gives a summary of the model parameters used in the signal
MC samples for this analysis.

3.2 Background simulation

While the background estimation strategy described in
Sect. 7 is fully data-driven, background MC samples are pro-
duced to optimise the analysis methodology.

The multijet QCD background [49] was generated using
PyTHIA 8.230 with dijet production matrix elements calcu-
lated at LO. The NNPDF2.3L.0 PDF set is used for matrix ele-
ment generation, showering, and multi-parton interactions,
with the A14 set of parameters.

Samples of 17 events were used to determine their contri-
bution to the background. These were produced at next-to-
leading-order (NLO) with POWHEG BoOX V2 [50-52] using
hdamp = 1.5 m, [53], then interfaced with PYTHIA 8.230 for
parton showering and hadronization. The decays of hadrons
containing b and ¢ quarks common in 77 decays are performed
by EVTGEN 1.6.0 [54]. The contribution of ¢7 events was less
than 0.1% in the search region after the analysis selections
(described in Sect. 5), and therefore are not considered in the
background estimate.

4 Event reconstruction

The standard ATLAS track reconstruction in Run 2 uses a
combinatorial Kalman filter [55] to create tracks from energy
deposits in the ID. It is optimised for reconstructing tracks
from prompt charged particles with pt > 500 MeV and
transverse impact parameters (dp) less than 10 mm, but is
largely insensitive to tracks which are displaced from the
interaction point (IP) as a result of the decay of neutral long-
lived particles. In order to increase the tracking acceptance
to displaced signatures, a secondary reconstruction for large
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impact parameter tracks is performed on hits in the ID not
associated with tracks from the standard track reconstruction.
This dedicated Large Radius Tracking (LRT) [56] greatly
relaxes the impact parameter selection to |dp| < 300 mm,
with a stricter momentum requirement of pt > 900
MeV.

Events are required to have a primary vertex, associated
to the hard scatter interaction, which must have at least two
tracks associated with it [57]. Because there may be several
interaction vertices within the event, the primary interaction
vertex is selected as the one with the largest > p% of all
associated standard tracks.

Secondary displaced vertices (DVs) are reconstructed
using a dedicated algorithm seeded with tracks from both
the standard and LRT track collections [58]. In order to
mitigate the contribution of background DVs from SM pro-
cesses, material interactions, and fakes, a series of analysis-
specific requirements were defined which apply successive
selections to the DVs. These aim to reject background DVs
while maintaining high efficiency of selecting signal DVs.
The first selections are on the radial and longitudinal posi-
tion of the DV, restricting DVs to where the LRT track-
ing is efficient, rpy < 300 mm and |zpy| < 300 mm.
Next, to reduce the contribution from long-lived neutral
kaons (Kg), the DVs are required to have mpy > 0.7 GeV,
where the mass is computed as the invariant mass of the
sum of the four-momenta of all tracks associated to the DV,
where each track is assumed to be from a SM charged pion.
The effect of random track crossings being reconstructed as
DVs is limited by applying requirements on the minimum
of the impact parameters of all tracks matched to the DV
(min |dy| < 10 mm, min |zg| < 100 mm), and the transverse
momenta ( pTDV > 2.5 GeV) of the reconstructed DVs. Selec-
tions on the associated uncertainties of the impact param-
eters (04, < 0.25 mm, oz, < 2.25 mm) help to remove
DVs reconstructed from LRT fakes. Finally, a map of the
ID material obtained with Run 2 data [59] is used to veto
DVs which are located in regions of known detector mate-
rial.

Jets are reconstructed using energy deposits in the calorime-
ters. Topological clusters [60,61] are reconstructed into jets
using the anti-k; algorithm using a distance parameter of
R = 0.4, and are calibrated at the electromagnetic scale. In
order to be counted in the jet collection, jets are required to
have pt > 50 GeV and |n| < 2.7.

Additionally, jets containing b-hadrons (b-jets) are tagged
using the DL 1r algorithm [62], passing the 85% efficiency
working point, and are used to estimate the contribution
of heavy-flavour within the multijet QCD background. In
order to keep jets with associated displaced tracks, which are
expected with the emerging jets topology, no attempt is made
to match jets to the primary vertex.

5 Event selection

Events are selected using an unprescaled trigger which
requires at least 4 jets with a pr threshold of 120 GeV [63].
The trigger has a Level 1 requirement of three jets that each
deposit at least 50 GeV of transverse energy, within a region
of 0.8 x 0.8 in n — ¢ space [64,65] in the calorimeters.
As described above, the analysis uses a set of reconstruc-
tion techniques which were non-standard and computation-
ally expensive in Run 2. Thus, this special reconstruction
was only run on events which passed the baseline topol-
ogy requirements of at least four jets, each with transverse
momentum pt > 120 GeV and || < 2.4. Events matching
this topology are selected using jets before calibration, which
is applied after reconstruction.

A dedicated emerging jets trigger was implemented in Run
3, which allowed for the analysis in Ref. [29] to increase their
sensitivities to lower jet multiplicity topologies. However, in
Run 2, only the 4-jet trigger provided sufficient background
rejection to allow for sensitivity to the emerging jets models.

Requirements are imposed on the four highest pt jets
within the event to ensure an emerging jet-like topology. The
scalar sum pr of these jets (Hr) is required to be greater than
1 TeV. Atleast one of the four highest pr jets is also required
to have a well-defined prompt track fraction (PTF):

1 do. i
= 2 (m,i %) <3>. 2

O
T ietracks do.i

PTF =

For jets within |n| < 2, the PTF is computed if at least one
standard track with p%raCk > 2 GeV can be matched within
AR < 0.4, even if it does not meet the promptness criterion
of the dj significance.

Finally, events are required to have at least one displaced
vertex, passing all the selections defined above, which is
matched to a reconstructed jet, to ensure the event meets the
key criterion of emerging jets. This jet-matching for DVs is
done using aloosened angular distance criterionof AR < 0.6
between the DV position and the jet axis. This looser selection
is used to account for the potential of jet-splitting within the
EJs, where certain combinations of model parameters result
in more diffuse sprays of high energy dark pions, which can
potentially be reconstructed as individual jets, rather than a
single emerging jet. This effect both inflates the jet multi-
plicity (Nje;) of the event and decreases the displaced vertex
multiplicity of the reconstructed jets.

6 Machine learning classifier

The analysis uses a two-stage ML approach using boosted
decision trees (BDTs) implemented with the Toolkit for Mul-

@ Springer
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Table 2 List of variables used

in training for the jet-level Observable

Description

boosted decision tree E
Jet

Mjyet = \/(Z, Ei)2 - (Zz ﬁi)z
Wiet = > PT.iAR;
Pr

Met

Jet energy, measured directly from calorimeter deposits

Jet mass, invariant mass from the sum of topological clusters

Jet width, pr-weighted angular spread of topological clusters

Jet pseudorapidity

Table 3 List of variables used Observable

Description

in training for the event-level
boosted decision tree

Rig*

Hy = Z;‘-:l PT.j
minPTF

Niyet

St

BDT response of the four highest pr jets, individually
Scalar sum of the four highest pr jet transverse momenta
The minimum PTF value in the four highest pr jets
Reconstructed jet multiplicity

Transverse sphericity

tivariate Analysis (TMVA) [66]. The first step trains a BDT
on jet-level information to select EJ candidates, while the
second step uses a BDT trained on event-level information,
including the BDT scores of the four highest pr jets, to sep-
arate EJ signal events from SM multijet background. A cut-
based version of the analysis, which is not optimized to the
same degree as the ML strategy, is described in Appendix A
and included in HEPData to aid with reinterpretation of the
results.

In order to avoid biasing the results, both signal and back-
ground events which pass the selections defined in Sect. 5 are
separated into two equal sets. The first set is used only for
training both stages of the BDT and the second is used for
testing. While the two sets are statistically independent, their
BDT response distributions are consistent within the MC
statistical uncertainties, showing the classifier is not over-
trained. Both the jet- and event-level BDTs are trained on all
of the signal MC samples mixed together, with background
events sampled equally from across the full pr spectrum of
the multijet MC. The full training set comprises over 9 mil-
lion events.

The jet-level BDT is trained on each of the four high-
est pr jets in the event, using the jet-level observables
given in Table 2. After training, the individual jet-level BDT
responses (Rje;) of the four highest pr jets are used as inputs
to the event-level BDT.

In addition to the four highest pt jet BDT responses, the
event-level BDT takes several observables which are used to
help separate signal and background. The full list is summa-
rized in Table 3. One of the observables, transverse spheric-
ity (ST), is an isotropy measure [67], which characterizes the
shape of the event. Background events, for which the major-
ity of the event activity is concentrated in the two highest
pr jets (often balanced in the transverse plane), are expected
to have values of St close to 0. On the other hand, signal

@ Springer

events tend to have a larger multiplicity of jets arranged more
isotropically, leading to transverse sphericity values closer to
1.

Figure 2 shows the event-level BDT response observable
(R) evaluated on background MC and a selection of signal
models. In general, models which present as less SM-like are
better separated from multijet background. For this reason,
higher My models tend to higher BDT responses, but the sen-
sitivity becomes limited by the reduced cross-sections. With
respect to the dark pion lifetime, only models with very small
cTy, are difficult to separate from the background, however
sensitivity is also lost for very long lifetimes since more of
the 74 decay outside of the tracker acceptance to reconstruct
a displaced vertex, so the higher BDT responses are seen in
intermediate lifetime models. The BDT is largely insensitive
to my,, with the 10 and 20 GeV models being only slightly
better separated than the 5 GeV models.

An additional selection of R > — 0.2 is applied to improve
the background estimation discussed in Sect. 7. This require-
ment removes mainly background events, with at most 0.1%
impact on the signal efficiency.

7 Background estimation

The dominant background for this analysis is QCD multijet
production. However, these processes are difficult to prop-
erly model in simulation, thus the background estimate is
produced using a data driven technique modified from the
ABCD method.

The ABCD method employs a 2D parameter space divided
into four regions (labelled A, B, C, and D) by applying selec-
tion criteria on each of the two variables. If the background
distributions of these variables are independent, the ratios of
expected background yields are related by: %—;} = %—g If the
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Fig. 2 Normalized event-level BDT response distribution for the QCD
multijet background, with three selected signal samples for comparison

plane is designed such that the background primarily pop-
ulates regions B, C, and D (labelled control regions, CRs),
while the signal is concentrated in region A (labelled signal
region, SR), the background yield in the SR can be estimated
as:

Nc

Nys =N, — 3
A BXND 3)

When performing the final statistical analysis, any signal
contamination in the CRs is accounted for using a simulta-
neous fit, as described in Sect. 9.

The ABCD plane is defined using the event-level BDT
response and the number of jet-matched displaced vertices
in the event (Npv). The distributions of events in the ABCD
plane are shown for data and an example signal model in
Fig. 3. The SR is defined by R > 0.2 and Npy > 2. Control
regions B and C are defined by inverting one of the two selec-
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Fig. 3 Distributions of events in the ABCD plane for (left) Run 2 data
and (right) an example signal model with parameters: m,, = 20 GeV,
My = 1.8 TeV, and ct, = 20 mm. The signal events are scaled to the

tions, and region D is defined by inverting both selections. For
signal models with My = 1.6 TeV and m,, = 10 GeV, the
full set of SR selections have efficiencies which vary between
1.4% for cty;, = 1000 mm and 72% for c¢t;, = 20 mm.

To account for non-negligible correlations between the
two variables, CRs C and D are subdivided and the ratio
x—; is calculated in each subdivision. This is then fit with
a two-parameter linear function which can be extrapolated
into the SR. This function then replaces the ratio in Eq. 3, to
become:

Ng = (po-Rp+ p1) x Np 4

where pg and p; are the slope and y-intercept of the linear
function, respectively, and Rp is the event-weighted mean
BDT response value within region B. The statistical uncer-
tainty on the background estimation is a combination of the
propagated statistical uncertainties from the fit parameters
and the statistical uncertainty from the counts in region B.
This corresponds to an uncertainty of 5% on the final back-
ground estimate.

In order to validate the background estimation method,
two validation regions (VRs) are constructed. The Low-
Ht VR is defined by inverting the Ht requirement used
in the event selection to be Ht < 1 TeV, while keeping
the other selections in place. This allowed for the construc-
tion of another ABCD plane using a background enriched
region where data could be analysed without biasing the
method. The Low-Ht VR is further restricted to be between
775 GeV < Ht < 1000 GeV to ensure good modelling,
which rapidly deteriorates at lower Ht values. Since the Ht
requirement is inverted, signal contamination in the Low- Hy
VR is below 0.001% for all signal models.

2 ATLAS Simulation
[fs =13 TeV, 140 fb" ]

F M, =1.8TeV
20[—m., =20 GeV
[ ot = 20 mm

NDV

Events /0.01 X 1

P
0.8
BDT Response

pair-production cross-section for pp — ¢7¢ at My = 1.8 TeV, and
normalized to the integrated luminosity of the dataset
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Fig. 4 Schematic diagram of the Shifted-ABCD VR constructed in
CRs C and D. The four new regions are shown in red, and labeled A’,
B’, C’, and D’. The actual ABCD plane regions are shown in black for
comparison

Table 4 Predicted and observed counts in the A’ regions of the Low-
Hrt VR and the Shifted-ABCD VR, using the modified ABCD method.
Quoted uncertainties are statistical only

Region Low-Ht VR Shifted-ABCD VR
Predicted Counts 25+3 21548
Observed Counts 24 209

The second VR is constructed using CRs C and D from the
ABCD plane, which have the largest contribution of back-
ground events, and the smallest signal contamination. The
Shifted-ABCD VR, shown in Fig. 4, is defined with an addi-
tional selection on the BDT response, along with the same
selection on Npy used in the actual ABCD plane, to define
four new regions. The pseudo-signal region A’ is defined
for 0.15 < R < 0.2 and Npy > 2, with the corresponding
primed CRs defined by inverting one or both of the selections.
Since it is much closer to the actual SR, signal contamina-
tion is slightly higher in region A’ than in the Low-Ht VR,
however, all models still contribute less than 10% of the total
MC event yield.

The predicted and observed counts in the SRs of both the
Low-Ht VR and the Shifted-ABCD VR are given in Table 4.
The modified ABCD method is shown to predict background
contributions which agree with the observed yields within
their respective uncertainties. The per-bin closure in both
validation regions was also measured to be within 1o for all
bins.

The relative difference of 3% between the predicted and
observed background yields in region A’ of the Shifted-
ABCD VR is used as a systematic uncertainty for potential
non-closure of the modifed ABCD method in the actual SR.
Both the statistical uncertainty and the systematic uncertainty
on the background estimation method are included separately
in the statistical analysis (discussed in Sect. 9).

The closure of the modified ABCD method was also tested
using QCD multijet simulation. Good agreement of the pre-
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dicted and observed event yields in the SR was found, with
per-bin closure within 2o for all bins in the signal region.
This closure held both inclusively, and when tested on heavy-
flavour QCD production by selecting events where at least
one of the four highest pr jets is b-tagged using either the
DLI1r classifier or truth-level information.

8 Signal systematic uncertainties

Experimental uncertainties relating to instrumentation or
reconstruction are assigned to the modelling of simulated
signal samples. These systematic uncertainties include con-
tributions from jets, tracks and displaced vertices, luminos-
ity, as well as a dedicated uncertainty for the prompt track
fraction.

The systematic associated with jets has contributions from
the jet energy scale (JES), jet energy resolution (JER) [68],
and jet mass scale (JMS) [69]. Jets are varied within the
uncertainties for each of these contributions and the effects
are propagated to the final signal yield. The resulting uncer-
tainty depends primarily on the mediator mass of the sig-
nal sample, with dark pion lifetime having a larger effect at
smaller mediator masses. The combined systematic varies
between 1% for My = 2.2 TeV and 13% for My = 1 TeV.

Uncertainties from tracks and displaced vertices are
derived from a combination of sources to account for both
the standard and large-radius tracks. The uncertainty from
LRT is derived from comparisons of events consistent with
Kg — 7wt~ between simulation and data, and follows
a prescription defined in Ref. [70]. To assess the impact,
the track collection is varied according to these differences,
summed in quadrature with the 1.7% systematic uncertainty
associated with standard tracking [71], and then vertex recon-
struction is repeated using the altered set of tracks. These
changes are eventually propagated to track and DV observ-
ables, in particular Npy, which gives the dominant source of
uncertainty. In this case, the dark pion lifetime has the biggest
impact on the size of the uncertainty, which varies between
0.5% for ct7;, = 2 mm and 39% for ct, = 1000 mm. The
mediator mass also has an impact on the systematic uncer-
tainty, since lower M, result in lower multiplicities of dark
pions.

The dedicated systematic uncertainty to cover the mod-
elling of PTF is determined by comparing the distribution
of minPTF in data and background MC using the Low-Ht
VR region. Per-event weights are created based on the dif-
ferences, which are then used to reweight the signal samples.
The final uncertainty is taken as the difference in the signal
yield and varies between 1% and 12%, where the combina-
tion of lower My and cty, result in larger uncertainties.

Pile-up conditions during different data-taking periods are
modelled by reweighting simulated events, such that the aver-
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Table 5 Predicted number of background events, including statistical
and systematic uncertainties, and observed event yield in the SR

Event Yield in the SR
Prediction 112 £ 6 (stat.) = 4 (syst.)
Observed yield 103

age number of interactions per bunch crossing matches the
observed distribution in data. These contributions depend on
the inelastic pp cross-section, so the difference between pre-
dicted and measured values [72] are propagated as a sys-
tematic variation to reweighted events. The pile-up uncer-
tainty varies between 0.3% for My = 1 TeV and 5% for
My =2TeV.

Signal MC events are scaled to the integrated luminosity
of the dataset, and are therefore subject to the uncertainty
associated with the measurement of the total luminosity. For
the full Run 2 dataset, the uncertainty is 0.8% [73], obtained
using the LUCID-2 detector [34].

Theoretical uncertainties relating to the production of the
dark mediators are applied to the theoretical cross-sections
used for limit-setting in Sect. 9. These uncertainties are pro-
duced using NNLL- FAST [45,46] along with the correspond-
ing cross-sections, and are roughly proportional to the medi-
ator mass. Values range from 11% at My = 1 TeV to 27%
for My =2 TeV.

The dominant source of uncertainty varies between the
different signal models, but in most cases the tracking and
vertexing systematic is the leading contribution.

9 Results

The predicted background yield in the SR, determined from
the extrapolated fit of the modified ABCD method (described
in Sect. 7), and corresponding observed yield is given in
Table 5. No excess above the data-driven background esti-
mate is observed.

In the absence of excess data events, a hypothesis test is
performed using a simultaneous likelihood fit which incorpo-
rates the methodology of the modified ABCD method, and
accounts for any signal leakage into the CRs. Signal and
background systematic uncertainties are included in the fit
as Gaussian nuisance parameters.

The likelihood fit is constructed with the product of Pois-
son probabilities of observing the event yield in each region
i € {A, B, C, D} of the ABCD plane, subdivided into j bins
across the BDT response (Nl9}’s) in order to perform the lin-
ear fit across regions C and D, which is then extrapolated
into the regions A and B. The CRs C and D are divided into
8 bins across the BDT response, while the SR and CR B are
divided into 4-5 bins, where the number of bins is adjusted
to ensure there are sufficient data events in each bin of region

9 10° O L R S S E
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= o« ! 3

102 = . E

- L :

10~ i_"_! AT LT =

E — H - E

1 " H ] =

Bl | S B W ‘ I B

-0.2 0 0.2 0.4 0.6 0.8 1

Fig. 5 Comparison of the data with Npy > 1 and the estimated back-
ground in the SR using the modified ABCD method. The division
between the SR and CR is shown by the vertical dashed line. In the
final fit, the bins with R > 0.4 are combined into a single bin. Three
selected signal samples are included for comparison

B. The expected number of events in a given bin of region A
(N}:JTF) is then given by:

NP = (po- Rj+ p1) x Nyg¥ + - Ny )
where po and p; are again the slope and y-intercept, respec-
tively, of the linear fit extracted from the subdivided regions
C and D. R; is the event weighted mean value of the BDT
response within the j bin of region B. The signal strength
parameter, (4, is fit simultaneously across the entire ABCD
plane, and Nil’% is the expected signal contribution in each
bin of A, taken from signal MC. The agreement between the
extrapolated background estimate, as determined by the like-
lihood fit, and the observed data in the SR is shown in Fig. 5.
Only data and MC from the SR and region C are shown, since
events are required to have Npy > 1.
The full likelihood function is given by:

Loy =TT (TTPOEPING o piow))

ie{A,B,C,D} jei

x(G(o®, o%210,1)) x [ G(ax, owl0. 1)
k=1

(6)

where P represents the Poisson probabilities, and G are the
Gaussian constraints on the systematic uncertainties, with «
and o the mean and standard deviations, respectively. The
set of free parameters, other than the signal strength, is given
by 6 = {po, p1, N,EXP, Nf;“?, %, ).
o T

The four signal systematic uncertainties (jet, track and ver-
tex, pile-up, and PTF) are combined, but kept decorrelated
across the four ABCD regions; the standard deviation of the
Gaussian constraint (o 518) is set to the same value across the

@ Springer



Eur. Phys. J. C (2026) 86:808

808 Page 10 of 32
Aaan . — R
| ATLAS — Observed B
Vs =13 TeV, 140 fb”"
10 m, =20Gev Expected +1c 4
F M,=16TeV o, = 0.426 + 0.077 fb 3

95% CL on o(pp — ¢¢) [fb]

1 JJIHI‘

107 =

Covvl . | | L]

1 10 10? 2

Dark Pion Lifetime (ct, ) [mm]

3
(a)

ol nasy — R RRRE . 4

= E ATLAS - m, =20 GeV E

? [ Vs=13Tev,140f0" oo m, =10 GeV A

o [ M=14Tev m,, =5 GeV ]
(=%

e 64 =142+0221b

c 10 3

M = A

(@] r .

2 i

0 C S
(2]

1 —

10" -

ool oo

1 10°

m]

(©)
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The upper plots show the expected and observed limits on o (pp —
¢T ) for mz, = 20 GeV: (a) using My = 1.6 TeV and (b) using
¢Ty, = 20 mm. The lower plots show a comparison of the observed

four regions (set by the combined systematic uncertainty),
but the mean («52) is allowed to float independently in
each region. This allows for different systematic uncertainty
values in each region of the ABCD plane. The three other
systematic uncertainties, one for the luminosity uncertainty,
and two for the background estimate uncertainty (which are
applied only toregion A), are included as individual nuisance
parameters. In these cases, the Gaussian terms are correlated
across the full ABCD plane giving only a single value for the
mean of each term, while the standard deviations are set by
the corresponding systematic uncertainties.

The test statistic is defined using the profile likelihood ratio
whose probability distribution is determined with the asymp-
totic approximation [74], and which gives a signal strength
thatis strictly positive. The likelihood implementation is han-
dled by the xRooFit package.
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limits for all three dark pion masses: (¢) using My = 1.4 TeV, and (d)
using ct;, = 1 mm. The mediator mass-dependent theoretical cross-
section is given with the band corresponding to the uncertainty from
NNLL- FAST

Upper limits at the 95% confidence level (CL) are set on
the pair-production cross-section for each signal hypothesis
using the CLg method [75]. Figure 6 shows the upper limit on
o(pp — ¢ ¢) at 95% confidence level as either a function
of ¢ty, or My. In general, for a given combination of My
and cty,, the sensitivity improves slightly with increasing
mgy,, as can be seen in Figs. 6c, d. The limits are strictest for
intermediate dark pion lifetimes in the range 2 mm < c7,, <
100 mm, but sensitivity decreases for ct;, > 100 mm due
to the reduction in tracking and vertexing efficiency at large
radii. Similarly, the limits weaken for ¢7;, < 2 mm due to
the strict requirements on reconstructed DVs, and dark pions
producing jets with larger prompt track fractions. This results
in more Standard Model-like minPTF distributions, which is
the strongest variable in the event-level BDT. The limits have
only a weak dependence on My, getting stronger at higher
mediator masses.
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Exclusion contours based on the expected and observed
limits on o (pp — ¢'¢) as a function of My and ct,, are
shown for m,, = 5, 10 and 20 GeV in Figs. 7a—c, respec-
tively. Figure 7d gives a comparison of the exclusion contours
based on the observed limits for the three dark pion masses.
For models with ¢, = 20 mm, the production cross-section
is excluded for ¢ masses up to My = 1.95 TeV, 1.99 TeV,
and 2.00 TeV for my, =5, 10, 20 GeV, respectively. For
My = 1 TeV, dark pion lifetimes up to about 880 mm are
excluded for m,, = 10,20 GeV and up to about 530 mm
for my, = 5 GeV. The cutoff in the exclusion contours at
My > 2 TeV is due to the rapidly falling theoretical cross
sections, which become inaccessible with the current dataset.

This analysis is able to probe cross-sections that are a
factor of two smaller than those in the four jet topology of
the bifundamental scalar interpretation in the ATLAS Run 3
search [29], which is more optimised for the Z’ scenario.

Figure 8 shows the comparison between the results of
this analysis, with those from the corresponding CMS
search [28]. CMS included two methods of tagging emerging
jets: a model agnostic version based on track displacement
variables, and an ML-based Graph Neural Network (GNN)
tagger. The GNN sets stricter limits at very low and very
high proper lifetimes, while this search is more sensitive for
intermediate lifetimes (2 — 300 mm).

10 Conclusion

This paper presents a search for emerging jets, a detector
signature arising from a strongly self-interacting dark sec-
tor, using 140 fb~! of data from proton—proton collisions at
/s = 13 TeV, collected by the ATLAS detector at the LHC
between 2015 and 2018. The search uses a two-stage boosted
decision tree: the first trained on jet-level variables, and the
second using event-level observables to select emerging-jet-
like events from a wide model space. The Standard Model
background is estimated using a fully data-driven approach.
No excess above this estimate is observed.

Upper limits on the pair-production cross-section of heavy
scalar mediators are set at the 95% confidence level. Medi-
ator masses up to 2 TeV are excluded for dark pions with
proper decay lengths of 20 mm and a dark pion mass of
20 GeV. This search complements the larger experimental
efforts of the ATLAS collaboration looking for dark QCD,
and is competitive with the recent results from both CMS and
ATLAS, in some cases setting the strictest limits to date on
the pair-production of a new scalar mediator.
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A Cut-Based analysis

A cut-based version of the analysis was performed, but not
optimized to the same degree as the BDT-based analysis. As
such, it does not achieve the same sensitivity as the BDT,
but it does provide results which are easier for theorists to
reinterpret.

The analysis requires the same event selections as
described in Sect. 5, and only differs in the choice of vari-
ables used in the ABCD plane for the background estimation.
Instead of using the BDT response, the cut-based analysis
uses the minimum prompt track fraction of the four highest
pr jets (minPTF), which is one of the best separating vari-
ables used in the BDT training. A comparison of the minPTF
between Data and three example signal samples is shown in
Fig. 9.
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Fig. 9 Normalized minPTF distribution in data, with three selected
signal samples for comparison
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Fig. 10 Distribution of data events in the ABCD plane defined for the
Cut-Based analysis, using the minimum prompt track fraction (minPTF)
of the four highest pr jets on the x-axis, and the displaced vertex mul-
tiplicity on the y-axis. The cuts used to define the four regions are at
minPTF = 0.03 and Npy = 2. The four regions are labeled accordingly

Table 6 Predicted number of background events, including statistical
and systematic uncertainties, and observed event yield in the Cut-Based
SR

Cut-based analysis: event yield in the SR

Prediction 227 £ 10 (stat.) £ 1 (syst.)

Observed Yield 219

The ABCD plane is constructed using minPTF and the
number of jet-matched displaced vertices in the event (Npv).
The cuts used to define the signal region are minPTF < 0.03
and Npy > 2. In order to aid the background estimation
method, which is the same as described in Sect. 7, minPTF
is restricted to the region less than 0.3. The distribution of
data events within the ABCD plane are shown in Fig. 10.
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three dark pion masses

An extrapolated linear fit based on the modified ABCD
method was used to produce a prediction of the background
contribution in the SR. The predicted and observed yield
in region A are given in Table 6. No excess above the SM
background prediction is observed

Using the same statistical machinery as described in
Sect. 9, limits at the 95% confidence level are produced for
the Cut-Based analysis. Exclusion contours as a function of
My and cty, are shown for m;, = 5,10 and 20 GeV in
Fig. 11a—c respectively. A comparison of the observed limits
for all three dark pion masses is shown in Fig. 11d

@ Springer

The Cut-Based analysis excludes a much smaller region
of phase-space as compared to the BDT-based analysis,
which speaks to the enhanced separating power that the BDT
response has over any of the individual training variables.
Comparisons between the Cut-Based and BDT-based anal-
yses are shown in Fig. 12 for each of the dark pion masses
individually.
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