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1 Introduction
Although there is a preponderance of evidence from astronomical and cosmological observa-
tions [1–5] for the existence of dark matter (DM), it has not yet been detected in laboratories,
suggesting that its origin may be associated with as-of-yet unobserved physics processes be-
yond the standard model (SM). As experimental searches have excluded a large portion of the
phase space of DM models with weakly interacting massive particles, alternative theoretical
models have been developed with a hidden gauge sector, similar to quantum chromodynam-
ics (QCD), which can result in strongly self-interacting DM particles [6–9]. Dark matter of
this type could interact with SM particles through so-called mediator particles and potentially
be produced at colliders, producing signatures such as semivisible jets [10] or emerging jets
(EJs) [11].

The search described in this paper is motivated by the models proposed in Refs. [11–13]. A
composite dark sector, which has a QCD-like non-Abelian gauge symmetry SU(Ndark

color), where
Ndark

color is the number of dark colors, is added to the SM gauge group. We consider the case where
fermions in the dark sector (dark quarks Qdark) communicate with the SM quarks through a
scalar mediator Xdark, which is charged under both SM QCD and dark QCD and which cou-
ples to a quark and a dark quark via Yukawa interactions with coupling strength καi, where
the subscript α (i) denotes flavors of dark (SM) quarks. The mediator can be pair produced
through gluon splitting at the LHC, similar to the pair production of a single type of squark
in supersymmetry [14]. In fact, the production cross section is the same as for pair production
of right-handed top squarks [15, 16] multiplied by Ndark

color. Each mediator decays into a quark
and a dark quark, as shown in Fig. 1. The dark quarks hadronize into dark hadrons. Of the
dark hadrons, either the lightest dark baryon or dark meson is stable and therefore a good DM
candidate, escaping the detector without leaving a signal. The unstable dark hadrons have life-
times and branching fractions to SM particles that depend on the masses of the dark mesons,
the mediator mass, the coupling strength καi, along with phase-space and spin considerations.
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Figure 1: Feynman diagrams for pair production of dark mediator particles via gluon-gluon
fusion (left) and quark-antiquark annihilation (right), with each mediator decaying to an SM
quark and a dark quark.

The first version of this model that we consider, referred to as “unflavored”, has a simplified
flavor structure in the coupling of the dark sector to SM particles, such that only the Yukawa
coupling to the d quark is non-negligible [11]. Equation (1), taken from Ref. [11], gives the
average decay length of a dark pion in this model:

cτπdark
= 80 mm

(
1
κ4

)(
2 GeV
fπdark

)2(
100 MeV

md

)2(
2 GeV
mπdark

)(mXdark

1 TeV

)4

, (1)
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where κ is the coupling between dark quarks and the SM down quark, fπdark
is the dark pion

decay constant, md is the mass of the SM down quark, and mπdark
is the dark pion mass.

If instead multiple Yukawa couplings καi have non-negligible values, the average decay length
for dark mesons composed of dark quarks of flavor indices α and β is given by Eq. (2) from
Ref. [13]:

cτ
αβ
πdark

=
8πm4

Xdark

Ncmπdark
f 2
πdark∑

i,j
|καiκ

∗
βj|2

(
m2

i + m2
j

)√√√√(1 −
(mi + mj)

2

m2
πdark

)(
1 −

(mi − mj)
2

m2
πdark

) , (2)

where mXdark
is the mediator particle mass, Nc is the SM color factor, and mi, mj are the masses of

the SM quarks with flavor indices i, j, respectively. Within this model, we focus on the “flavor-
aligned” scenario, with three dark quark flavors that couple to the SM down-type quarks (d,
s, b) via a diagonal matrix καi = κ0δαi. Because of spin considerations, dark hadron decays
to heavier SM particles are favored, typically resulting in a large number of b quarks in the
decays when kinematically allowed. We characterize the flavor-aligned model in terms of the
maximum lifetime for any dark pion, cτmax

πdark
. When the lifetimes are long enough to give macro-

scopic decay distances, the resulting signature from either model is two SM jets and two EJs
containing multiple displaced vertices. Alternative dark sector models with short dark hadron
lifetimes can produce “semivisible” jets that each contain a mixture of promptly produced SM
particles and invisible DM particles.

Previous experimental searches for strongly self-interacting DM have been made using proton-
proton (pp) collision data collected at the CERN LHC at

√
s = 13 TeV and corresponding to

about 140 fb−1. This includes a search for semivisible jets by the CMS Collaboration [17], a
search for semivisible jets by the ATLAS Collaboration [18], and a search for dark quarks in
a dijet final state by ATLAS [19]. In addition, a previous search for EJs interpreted with an
unflavored dark sector model was performed by the CMS Collaboration using a data sample
collected in 2016, corresponding to an integrated luminosity of 16.1 fb−1 [20].

In this paper, we present a search for the emerging jet signatures of the unflavored and the
flavor-aligned dark sector models, using the data set collected by the CMS Collaboration
in 2016–2018 using pp collisions at a center-of-mass energy of 13 TeV and corresponding to
138 fb−1. The search strategy first identifies EJs by exploiting their topological differences rela-
tive to SM jets using selection criteria optimized separately for each model. Then, the probabil-
ity for an SM jet to be misidentified as an EJ is measured, and the background is estimated using
control samples in data. The main background comes from SM multijet production where SM
jets are misidentified as EJs.

Compared to the previous analysis [20], we have extended the unflavored EJ model search to
a wider parameter space. This study also includes the first dedicated search for a flavored
dark QCD sector. We have implemented a number of important changes that considerably
increase the sensitivity of the search, including the incorporation of a novel machine learning
(ML) technique, which significantly enhances the EJ identification (tagging) performance. The
tabulated results are provided as a HEPData record [21].

This paper is organized as follows. In Section 2 we give an introduction of the CMS detec-
tor, followed in Section 3 by a detailed description of the simulated data used in this search.
The event reconstruction and triggering algorithms are discussed in Section 4. In Section 5
we present the analysis strategy, two independent EJ tagging methods, and the background
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estimation method. The treatment of uncertainties is detailed in Section 6. The results are
presented in Section 7 and summarized in Section 8.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Located within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity (η) coverage provided by the barrel
and endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid.

The silicon tracker used in 2016 measured charged particles within the range |η| < 2.5. For non-
isolated particles of 1 < pT < 10 GeV and |η| < 1.4, the track resolutions were typically 1.5%
in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact parameter dxy (dz) [22]. At
the start of 2017, a new pixel detector was installed [23]; the upgraded tracker measured parti-
cles up to |η| < 3.0 with typical resolutions of 1.5% in pT and 20–75 µm in dxy for nonisolated
particles of 1 < pT < 10 GeV [24].

Physics events of interest are selected using a two-tiered trigger system. The first level, called
the level-1 trigger, is composed of custom hardware processors and uses information from the
calorimeters and muon detectors to select events at a rate of around 100 kHz within a fixed
latency of about 4 µs [25]. The second level, known as the high-level trigger, consists of a
farm of processors running a version of the full event reconstruction software optimized for
fast processing, and reduces the event rate to around 1 kHz before data storage [26]. A more
detailed description of the CMS detector, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found in Ref. [27].

3 Event simulation
Monte Carlo (MC) events are used to evaluate the signal acceptance, optimize selection criteria,
and test the closure of the background estimation methods.

The signal process is generated using the Hidden Valley module [28, 29] in PYTHIA version
8.240 [30], based on Ref. [11]. In the unflavored scenario, we choose the number of mass de-
generate dark quark flavors to be Ndark

flavor = 7, following Ref. [11]. The running of the dark
coupling constant with Q2, where Q is the momentum transfer, is faster for smaller Ndark

flavor, and
the resulting showers have fewer dark mesons. In the flavor-aligned scenario, Ndark

flavor = 3 is
used, and καi is set to be diagonal, with all diagonal elements having the value κ0. For this
scenario, the PYTHIA Hidden Valley module is modified to produce the different dark hadron
species at the desired occurrence frequencies based on the dark quark flavors. For both cases,
we consider a representation similar to QCD with Ndark

color = 3. The dark quark masses are de-
generate and equal to the confinement scale Λdark. The dark pion mass is set to be half of Λdark,
and the dark ρ meson mass four times the dark pion mass. The natural width of Xdark is set
to 10 GeV, a relatively small value compared to the detector resolution. Under these assump-
tions, the free parameters of the model are limited to the mediator mass mXdark

, the dark pion
mass mπdark

, and the dark pion lifetime cτπdark
. Tables 1 and 2 summarize the signal model pa-

rameters used in this search. The signal cross section, described in Section 1, is computed at
next-to-leading order (NLO), with the resummation of soft gluon emission included at next-to-



4

leading-logarithmic accuracy.

Table 1: Model parameters for the unflavored model.

Model parameter List of values

mXdark
[GeV] 1000, 1200, 1400, 1500, 1600, 1800, 2000, 2200, 2400, 2500

mπdark
[GeV] 10, 20

cτπdark
[mm] 1, 2, 5, 25, 45, 60, 100, 150, 225, 300, 500, 1000

We simulate SM QCD multijet events and γ+jets events using the MADGRAPH5 aMC@NLO

2.6.5 event generator [31] at leading order with the MLM matching procedure [32].

In all cases parton showering and hadronization is performed using PYTHIA8 with the CP5
underlying event tune [33] and the NNPDF3.1 next-to-NLO parton distribution functions
(PDFs) [34]. The response of the CMS detector is modeled using GEANT4 [35], and correc-
tions are applied to the simulated samples to account for the differences in resolutions and
efficiencies between the data and the simulation.

4 Event reconstruction and triggering
A global “particle-flow” (PF) algorithm [36] aims to reconstruct all individual particles in an
event, combining information provided by the tracker, calorimeters, and muon system. The
reconstructed information from the different subsystems is used to build physics objects such
as photons, leptons, jets, and missing transverse momentum [37–39].

Jets are reconstructed from the PF particles using the anti-kT algorithm [40, 41] with a distance
parameter of 0.4. The jet momentum (energy) is calculated as the vectorial (scalar) sum of the
momenta (energies) of all clustered particles. Corrections derived from data and simulation
are applied to the jet energy. Jets that are consistent with the fragmentation of b quarks (b jets)
are identified using the DEEPJET discriminator [42–44]. Both the medium and loose working
points are used; the medium (loose) working point has an 85% (90%) probability of correctly
identifying b jets with pT > 90 GeV and a 1% (10%) probability of misidentifying light-flavor
jets as b jets. The scalar pT sum of all jets within an event (HT) is used to select energetic events.

The pp interaction vertices are reconstructed by clustering tracks on the basis of their z coordi-
nates along the beamline at their points of closest approach to the beam axis using a determin-
istic annealing algorithm [45]. The position of each vertex is estimated with an adaptive vertex
fit [46].

Multiple vertex candidates can be reconstructed because of additional pp interactions in a
bunch crossing (pileup). The primary vertex (PV) is taken to be the vertex corresponding to
the hardest scattering in the event, evaluated using tracking information alone, as described
in Section 9.4.1 of Ref. [47]. The contribution from charged-particle tracks from pileup inter-
actions is reduced by rejecting those associated with other vertices [48]. The PV is required to
be within 15 cm of the CMS detector center in the z direction to ensure optimal reconstruction
efficiency.

The analysis considers data collected using triggers based on jet pT and on HT calculated from
the summed pT of online-reconstructed jets. The trigger used for the data collected in 2016
requires at least one jet with pT > 450 GeV or HT > 900 GeV, while for 2017–2018, the HT
threshold is increased to 1050 GeV and there is no pT requirement. The inclusion of a jet pT
trigger requirement for 2016 was necessary because, in part of the 2016 data taking period, some
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Table 2: Parameters used for the flavor-aligned model. In order to probe a range of lifetimes,
the values of κ0 listed in columns 3–7 are tuned to give the desired cτmax

πdark
values of 5, 25, 45,

100, and 500 mm. In addition, samples were made with fixed κ0 = 1, with a resultant value of
cτmax

πdark
that depends on the other model parameters.

mXdark
[GeV] mπdark

[GeV] κ0 value

1000
6 0.92 0.61 0.53 0.43 0.29

10 0.62 0.42 0.36 0.30 0.20
20 0.37 0.25 0.21 0.18 0.12

1200
6 1.10 0.73 0.63 0.52 0.35

10 0.75 0.50 0.43 0.35 0.24
20 0.45 0.30 0.26 0.21 0.14

1400
6 1.28 0.86 0.74 0.61 0.41

10 0.87 0.58 0.50 0.41 0.28
20 0.52 0.35 0.30 0.25 0.16

1600
6 1.47 0.98 0.85 0.69 0.46

10 1.00 0.67 0.58 0.47 0.32
20 0.59 0.40 0.34 0.28 0.19

1800
6 1.65 1.10 0.95 0.78 0.52

10 1.12 0.75 0.65 0.53 0.36
20 0.67 0.45 0.39 0.32 0.21

2000
6 1.83 1.23 1.06 0.87 0.58

10 1.25 0.84 0.72 0.59 0.40
20 0.74 0.50 0.43 0.35 0.23

2200
6 2.02 1.35 1.16 0.95 0.64

10 1.37 0.92 0.79 0.65 0.43
20 0.82 0.55 0.47 0.39 0.26

2400
6 2.20 1.47 1.27 1.04 0.70

10 1.50 1.00 0.87 0.71 0.47
20 0.89 0.60 0.51 0.42 0.28

2500
6 2.29 1.53 1.32 1.08 0.72

10 1.56 1.04 0.90 0.74 0.49
20 0.93 0.62 0.54 0.44 0.29

jets reaching the saturation energy for the level-1 trigger were mistakenly dropped from the HT
sum, resulting in a significant loss of efficiency. This loss was recovered by including the single-
jet trigger requirement. The HT threshold was increased in 2017 to compensate for the higher
instantaneous luminosity. The efficiencies for an event to pass any of these trigger conditions
in both data and simulation are measured from data sets collected with an independent trigger
that requires a muon with pT > 50 GeV. In both cases, the efficiencies are close to unity above
the signal selection HT thresholds, and the difference between the efficiencies as measured in
simulation and data is applied as a correction to the simulation.
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5 Analysis
The offline analysis selects energetic events with at least four jets. Jets are classified as EJ candi-
dates using information from tracks associated with the jets. An overview of the event selection
strategy is given in Section 5.1. Descriptions of the “candidate” EJ identification criteria (“tag-
ging”) is given in Section 5.2. The algorithms used to optimize the selection criteria to maximize
signal sensitivity, and the resulting event selection requirements are described in Section 5.3.
Section 5.4 describes the procedure used to estimate the background from control regions in
data.

5.1 Event and physics object selection

While some SM hadrons, such as those containing b quarks, have macroscopic decay lengths,
tracks associated with SM jets mainly come from particles produced promptly (close to the col-
lision primary vertex). In EJs, when the lifetime of one or more of the dark mesons is long,
a substantial fraction of the tracks can emerge from displaced vertices. In addition, in the
flavor-aligned scenario, most of the dark pion decay products are b quarks, which results in
displaced tracks even when the dark pion decays immediately. We use as our displacement
measure the dxy (dz), measured from the PV to the point of closest approach on the track tra-
jectory, as this gives better sensitivity than reconstructing individual decay vertices. Jets used
in this analysis are required to have pT > 100 GeV, as we are looking for EJs originating from
a heavy-mediator decay, and |η| < 2, to ensure that they are well contained in the tracker. Jet
candidates are also required to pass a set of quality criteria to reject spurious jets from instru-
mental sources [49]. High-purity tracks, as defined in Ref. [22], with pT > 1 GeV are associated
with jets by requiring the angular separation between the jet direction and the track direction,
∆R =

√
(∆η)2 + (∆ϕ)2 < Rmax, where ∆η is the η separation between the jet and the track,

and ∆ϕ is the separation in the azimuthal direction. We also reject tracks with |dz| > dmax
z to

suppress jets from pileup interactions. The values of Rmax and dmax
z are optimized for each sig-

nal model. If a track can be assigned to multiple jets, it is assigned to the jet with the smallest
∆Rseparation. Jets are required to have at least one associated track so that the jet displacement
measure can be calculated. To suppress events with a poorly reconstructed PV, we require that
at least 10% of associated tracks have a longitudinal displacement from the PV less than 0.01 cm.

Candidate signal events are required to have high HT and at least four jets passing the criteria
above. At least two of these four jets must be tagged as EJs. If more than four jets are found,
the four jets with the largest pT are used. The HT and EJ criteria are optimized for each signal
model.

5.2 EJ tagging

Two EJ tagging strategies are used in this analysis. The first selects candidate EJs via require-
ments on jet-level variables using track displacement measures (“model-agnostic selection”).
The second uses a graph neural network trained on specific signal models to determine an EJ
tagging score (“machine learning or ML-based selection”). The model-agnostic method allows
for a simpler reinterpretation of the results for alternate theoretical models not considered in
this paper, while the ML-based approach achieves the best possible sensitivity for the specific
models studied here.

The model-agnostic EJ tagger uses different input features for the unflavored and flavor-
aligned dark sector models, while the ML-based EJ tagger is trained separately for each class
of model.
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5.2.1 Model-agnostic EJ tagging

For the EJ tagging that targets the unflavored dark-sector models, Rmax = 0.4 is used. The
following variables, which were also used in Ref. [20], are used for the EJ tagging:

•
〈

dxy

〉
: this is the median dxy of tracks associated with a jet.

• α3D: this is defined as

α3D =
∑DN<Dmax

N
ptrack

T

∑ ptrack
T

,

which is the ratio between the scalar pT sum of the associated tracks with a pseudo-
significance DN smaller than the selection value Dmax

N and the scalar pT sum of all
the associated tracks. The pseudo-significance DN is defined as:

DN =

√√√√( dz
0.01 cm

)2

+

(
dxy

σ(dxy)

)2

,

where σ(dxy) is the dxy uncertainty calculated from the covariance matrix of the fitted
track trajectory. The dz significance is based on the PV z resolution.

The distributions of these variables are presented in Fig. 2 for data events and for simulated
signal and multijet background events. The data and simulated events shown require HT >
1200 GeV and at least four jets with pT > 100 GeV and |η| < 2, which is much less restrictive
than the final signal selection requirements.
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Figure 2: Distributions of the jet variables
〈

dxy

〉
(left) and α3D with Dmax

N = 4 (right) used for
the model-agnostic EJ tagging that targets the unflavored dark sector models are shown for
data (points), SM multijet simulation (gray line), and signal jets in simulation (colored lines).
The sums of the entries are normalized to unity.

The flavor-aligned dark-sector model has three different dark meson lifetime ranges: long-lived
dark mesons (up to 50 cm for the κ0 parameters considered in this search), dark mesons with a
b-hadron-like displacement from prompt dark meson decays into b quarks, and dark mesons
that decay promptly into light SM quarks. In addition, since at least one dark quark in the
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flavor-aligned model couples to the b quark, the jets often contain heavy-flavor hadrons, and
the resulting EJ is wider than that of the unflavored model. Because of this, the tagging of EJs in
the flavor-aligned model associates tracks with a jet using a proximity measure of Rmax = 0.8.
The selection for candidate flavor-aligned EJs is based on the following variables:

• n
dxy>dmin

xy
track , the number of tracks with dxy greater than a threshold dmin

xy : this quantity
exploits the tendency of the flavor-aligned dark sector to generate multiple long-
lived SM mesons in the particle shower, resulting in a large number of displaced
tracks.

• Jet girth: this is defined as the pT-weighted ∆Rseparation of tracks from the jet di-
rection:

Jet girth =
∑i pi

T∆R(i, jet)

∑i pi
T

,

where the index i runs over all tracks associated with the jet of interest. This variable
exploits the feature that particles in EJs tend to have a wider angular separation than
SM jets because of the large mass of the dark mesons.

Figure 3 shows the distributions of the tagging variables used in the flavor-aligned analysis for
data, simulated signal, and multijet background events. The data and simulated events follow
the same requirements as those appearing in Fig. 2.

As the jet-track association radius Rmax = 0.8 is larger than the R = 0.4 value used to per-
form jet clustering, jets that have nearby soft jets can be misidentified as EJs. To remove these
candidates, a modified N-subjettiness variable τn is calculated as follows:

1. For each of the four candidate high-pT jets, we consider all jets within ∆R < 0.8 of the
selected jets that have pT > 30 GeV in decreasing order of jet pT. These will be used as
the “subjet” collection to calculate τn. Using this definition, all candidate jets will have at
least one subjet: the candidate jet itself.

2. After determining the subjet collection assigned to each candidate jet, the computation of
τn is then carried out up to the leading n subjets:

τn =
∑i pi

Tmin{∆Rij}
∑i 0.8pi

T
,

similar to the definition of the original N-subjettiness [50]. The index i runs over the
tracks associated with the candidate jet, and j runs from 1 up to n for the subjet collection
assigned to the selected jet.

The requirement that τ2/1 = τ2/τ1 > 0.5 is applied to all EJ candidates and is found to reliably
suppress the misidentification of SM jets with nearby soft jets as EJs.

5.2.2 The ML-based EJ tagging

The ML-based tagger uses a graph neural network (GNN) based on PARTICLENET [51] to di-
rectly incorporate the track information. Two separate GNNs are trained to classify EJs: one
for the unflavored model (uGNN) and the other for the flavor-aligned model (aGNN). Each is
trained using all of the samples from its class of model, weighted equally. A validation data set
is used to monitor potential bias and overtraining. The output of each GNN is a score ranging
from 0 to 1, which is a measure of the probability that the jet is an EJ. Tracks are associated with
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Figure 3: Distributions of the jet variables used for the model-agnostic EJ tagging targeting
flavor-aligned dark sector models for jets obtained in data (points), SM multijet simulation
(gray line), and simulated signal jets (colored lines). The distribution of the number of tracks
with dxy > 10−2.2 cm (jet girth) is shown on the left (right). The sums of the entries are normal-
ized to unity.

a jet using Rmax = 0.8. To maximize the available information for the ML training, the tracks
are not required to satisfy a dmax

z requirement. Each network is trained on all jets originating
from a dark quark in the signal models of interest, and an equal number of jets taken from SM
QCD simulation as the background sample.

The ∆η and ∆ϕ between each track and its associated jet are used as the track coordinate vari-
ables in the jet space. Each track in the jet is represented by a 5-feature vector containing:

• ∆R(track, jet), as particles in EJs tend to have a wider angular separation than in the
SM jets because of the heaviness of the dark mesons.

• ln(ptrack
T /1 GeV), ln(ptrack

T / ∑i pi
T), as the combination of the dark shower and the

decay of the mesons back to the SM sector causes the pT of tracks to be smaller on
average for EJs than for SM jets.

• T(dxy), T(dz). The transformation function T(x) is applied to the track displace-
ment variables, to reduce the range of values input to the GNN while preserving the
variables’ sign and continuity. It is defined as:

T(x) = sign(x) ln
(∣∣∣ x

1 cm

∣∣∣+ 1
)

.

This transformation was found to give comparable or better performance than a
standard scaling.

The impact parameter dxy is the most influential feature. Figure 4 shows the output score dis-
tributions for signal and background, demonstrating good separation. The signal distributions
are similar despite the wide range of dark meson cτ values.
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Figure 4: Distributions of the output score of the uGNN (left) and aGNN (right) for the data
(points with error bars), SM multijet simulation (dark gray line), and signal simulation (colored
lines). The signal distributions in the left (right) plot are generated from the unflavored (flavor-
aligned) model. Bins are chosen to correspond to the jet selection criteria defined in Table 5.
The sums of the entries are normalized to unity.

5.3 Determining the EJ tagging and event selection criteria

An optimization procedure is performed for each signal model to determine the best threshold
on the event HT, jet pT, and the EJ tagging variables by maximizing σopt, defined as:

σopt =
S√

S + B + β2B2
, (3)

where S (B) is the number of simulated signal (background multijet) events passing the selec-
tion thresholds and β is the estimated relative systematic uncertainty in the background, taken
to be 10%. To reduce the number of sets of selection criteria, similar selection sets are grouped,
and a representative set that gives at least 90% of the original best significance value is used
for all the models in the group. Additional selection sets with higher background selection
efficiencies are used to validate the background estimation calculations. Their selection criteria
are detailed in Section 5.4.

The selection criteria used for EJ tagging are shown in Tables 3–5, and those for the event se-
lection in Table 6. For the unflavored model, at cτπdark

= 45 mm, the model-agnostic taggers
yield a maximum signal selection efficiency of ≈40%, while the ML-based taggers yield a max-
imum signal selection efficiency of ≈60%. The signal selection efficiency of the model-agnostic
taggers drops to a few percent for very short-lived (≈1 mm) dark pions, and the efficiency
of both taggers drops to a few percent for very long-lived (≈1000 mm) dark pions. For the
flavor-aligned model, at cτmax

πdark
= 45 mm, the model-agnostic taggers yield a maximum signal

selection efficiency of ≈25%, while the ML-based taggers yield a maximum signal selection
efficiency of ≈40%. This efficiency remains fairly stable along the full maximum lifetime range
for both taggers.
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Table 3: Emerging jet selection criteria for the model-agnostic analysis designed for the unfla-
vored scenario. The validation regions are discussed in Section 5.4. The symbols in parentheses
indicate a minimum (>) or maximum (<) requirement.

Tag name dz [cm] (<)
〈

dxy

〉
[cm] (>) DN (<) α3D (<)

u-tag 1 0.5 10−1.6 4.0 0.25
u-tag 2 1.0 10−1.4 8.0 0.25
u-tag 3 5.0 10−1.2 8.0 0.25
u-tag 4 5.0 10−1.2 12.0 0.15
u-tag 5 5.0 10−1.0 12.0 0.15

validation u-tag 0.5 10−1.6 4.0 0.40

Table 4: Emerging jet selection criteria for the model-agnostic analysis designed for the flavor-
aligned scenario. The validation tag is described in Section 5.4. The symbols in parentheses
indicate a minimum (>) or maximum (<) requirement.

Tag name dz [cm] (<) dmin
xy [cm] n

dxy>dmin
xy

track (>) Jet girth (>)

a-tag 1 0.5 10−2.2 12 0.05
a-tag 2 0.5 10−2.2 12 0.1
a-tag 3 0.5 10−2.3 14 0.0
a-tag 4 0.5 10−2.4 14 0.1

validation a-tag 0.5 10−2.4 12 0.0

5.4 Background estimation

The signal region (SR) for this analysis is constructed from events with two or more tagged EJs.
The main source of background for this analysis is the production of four SM jets, where two
or more of these jets are misidentified as EJs. We estimate the number of SM events passing
the selection criteria in the SR by constructing a control region (CR) with identical event and
jet kinematic requirements, but where exactly one jet is tagged as an EJ. We estimate the frac-
tion of signal events in the CR to be no more than 10−5. The probability of an SM jet being
misidentified as an EJ (mistag rate) is heavily dependent on the underlying jet flavor, as SM jets
containing b hadrons also have displaced tracks. We therefore estimate the misidentification
probability ϵ( f , pT) as a function of the underlying jet flavor f , where f is b for b jets and q for
other jet flavors, and the jet pT.

Table 5: The GNN score range used to identify a jet as an EJ. The uGNN (aGNN) tag indicates
that the tagger uses the output score of the GNN trained on the unflavored (flavor-aligned)
simulated signal samples. The validation tags are described in Section 5.4.

Tag name Score min. Score max.

uGNN tag 1 0.9997 1
uGNN tag 2 0.9998 1
uGNN tag 3 0.9996 1

uGNN validation tag 0.998 0.9995

aGNN tag 1 0.9953 1
aGNN tag 2 0.9993 1
aGNN tag 3 0.9983 1

aGNN validation tag 0.99 0.995
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Table 6: Event selection criteria used for the analysis. The validation selection criteria are de-
scribed in Section 5.4.

Selection set HT [GeV] Jet pT [GeV] (>) EJ tagger

u-set 1 >1600 275 250 250 150 u-tag 1
u-set 2 >1600 200 200 150 150 u-tag 2
u-set 3 >1600 200 150 100 100 u-tag 3
u-set 4 >1500 200 150 100 100 u-tag 4
u-set 5 >1200 200 150 100 100 u-tag 5

u-set validation 1000–1200 100 100 100 100 validation u-tag

a-set 1 >1500 200 150 100 100 a-tag 1
a-set 2 >1800 250 250 200 200 a-tag 2
a-set 3 >1200 275 250 250 200 a-tag 2
a-set 4 >1500 275 250 250 100 a-tag 3
a-set 5 >1800 200 150 100 100 a-tag 4

a-set validation 1000–1200 100 100 100 100 validation a-tag

uGNN set 1 >1350 170 120 120 100 uGNN tag 1
uGNN set 2 >1750 300 260 250 250 uGNN tag 2
uGNN set 3 >1800 240 180 180 100 uGNN tag 3

uGNN validation >1000 100 100 100 100 uGNN validation tag

aGNN set 1 >1300 200 140 120 100 aGNN tag 1
aGNN set 2 >1650 300 250 200 200 aGNN tag 2
aGNN set 3 >1400 270 220 220 120 aGNN tag 3

aGNN validation >1000 100 100 100 100 aGNN validation tag

Assuming that the probability of a jet being misidentified as an EJ is independent of the multi-
plicity and properties of other jets in the event, the number of background events in the SR is
estimated using counts in the CR and the mistag rate according to the following formula:

NSR = ∑
events∈CR

1
2!

(
∑i ϵi ∏j ̸=i(1 − ϵj)

)
+ 1

3!

(
∑i ̸=j ϵiϵj ∏k ̸=i,j(1 − ϵk)

)
+ 1

4!

(
∑i ̸=j ̸=k ϵiϵjϵk

)
∏i(1 − ϵi)

,

(4)
where ϵi is an abbreviation of ϵ( fi, pi

T), the estimated mistag rate of jet i in each event. The
jet indices in the summations and products run over all jets that are not EJ tagged. Because
the underlying flavor of each jet is difficult to determine, we approximate ϵi in Eq.(4) using a
flavor-fraction-averaged misidentification rate ϵavg(pT) and the estimated b jet fraction FCR

b of
all non EJ-tagged jets in the CR:

ϵavg(pT) = FCR
b ϵ(b, pT) +

(
1 − FCR

b

)
ϵ(q, pT). (5)

The value of FCR
b is estimated by fitting the CMS DEEPJET discriminator [42] spectrum of the

non EJ-tagged jets in the CR to two template distributions obtained from SM multijet MC
events. One template contains the discriminator value for jets identified using generator-level
information as containing a b quark, and the complement template is used for the other jets.
The template distributions are varied within the measured uncertainties [43, 44]. The fit is per-
formed for each of the selection criteria listed in Table 6. Figure 5 gives an example of the fit
performance for the “u-set validation” selection criteria, defined in Table 6.
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Figure 5: Template fit of the DEEPJET discriminator used to determine the b jet fraction of
the non-EJ tagged jets for data events that pass the “u-set validation” selection criteria, except
with the requirement on the number of EJ-tagged jets changed from 2 to 1. The lower panel
shows the ratio of the number of jets in the data compared to the sum of the fitted template
distributions.

The evaluation of the mistag rate is performed in a signal-free region (FR) that consists of events
passing a high-pT photon trigger and containing an isolated photon in the ECAL barrel with
pT > 200 GeV. The FR events are required to have either one or two jets passing the jet selection
criteria described in Section 5.1. To obtain the misidentification probability for different jet
flavors, we further divide the FR into a b-enriched region (ER) and a b-depleted region (DR)
by imposing b tagging requirements on an additional jet with pT > 50 GeV and |η| < 2.4
that passes a set of noise-rejection criteria [49]. As a significant fraction of heavy-flavored jets
originate from gluon splitting in this event sample, b tagging requirements on this extra jet
will change the b jet fraction of the selected jets. Events are classified as ER if the additional
jet passes DEEPJET b tagging at the medium working point, and are classified as DR if the
additional jet fails DEEPJET b tagging at the loose working point. Assuming that the ER and
DR have the same mistag probabilities for the selected jets, and the only difference between
these regions is the overall b jet fraction, the misidentification rate for all the selected jets in a
specific region XR, ϵXR(pT), can be expressed as a linear combination of ϵ(b, pT) and ϵ(q, pT):

ϵER(pT) = FER
b (pT)ϵ(b, pT) +

(
1 − FER

b (pT)
)

ϵ(q, pT),

ϵDR(pT) = FDR
b (pT)ϵ(b, pT) +

(
1 − FDR

b (pT)
)

ϵ(q, pT),
(6)

where FXR
b (pT) is the estimated b jet fraction of region XR in bins of jet pT. The b jet fraction

is obtained by fitting the DEEPJET b discriminator distribution to templates obtained using jets
from a simulated γ+jets sample. On average, the selected jets in the ER and DR have b jet
fractions of 15% and 4%, respectively. The linear relation in Eq. (6) can then be inverted to
obtain the mistag rates for different underlying jet flavors ϵ( f , pT), which is used in Eq. (5) to
estimate the misidentification rate of jets in the CR. Figure 6 gives examples of the estimated
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EJ tagger misidentification probabilities for “u-tag 1” and “uGNN tag 1” taggers, defined in
Tables 3 and 5.

Because the Phase 1 upgrade of the pixel detector [23] improved the track reconstruction perfor-
mance, the evaluation of the expected background is performed separately for the pixel Phase
0 geometry (2016) and Phase 1 geometry (2017–2018).
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Figure 6: The EJ tagger misidentification probability for b quark jets (red, orange) and light jets
(light blue, dark blue) as a function of jet pT for the model-agnostic tagger “u-tag 1” (left) and
the ML-based tagger “uGNN tag 1” (right), as defined in Tables 3 and 5, evaluated using data
(red, dark blue) and generator-level flavor information from simulated samples (orange, light
blue) in events containing a high-pT photon. The lower panel shows the pull, defined as the
difference between the mistag rate calculated in simulation and mistag rate measured in data
divided by the uncertainty measured in data.

To validate the background estimation, closure tests are performed in validation regions (VRs)
that use selection criteria that are orthogonal to the SRs. The VRs are defined using signal-like
selection criteria that require at least two jets passing a validation EJ tagger. The observed num-
ber of events in the VR is compared to the number predicted using our background estimation
technique. For the model-agnostic EJ tagging VR, the HT requirement of the validation event
selection is inverted to ensure orthogonality with the SRs and small signal contamination. The
EJ identification requirements for the validation EJ tagger are based on the u-tag 1 and a-tag
1 requirements for unflavored and flavor-aligned models, respectively, with one jet-variable
selection requirement relaxed to further reduce the effect of any small signal contamination.
The VR for the ML-based EJ tagging uses a validation tagger that selects jets with GNN scores
in a region disjoint from the SRs. To further increase the number of events that pass the ML-
based VR, we relax the HT and jet pT requirements. The full list of the selection criteria used
for the VRs is given in Tables 3–6. The signal contamination in these VRs is less than 1% for all
surveyed signal models.

The number of events passing the VR selection criteria with at least two jets passing the valida-
tion jet tag, as well as the predicted number using the estimation described in Eq. (4), is given in
Table 7. No significant deviation between the observed and the estimation results is observed,
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indicating that the background estimation calculation is robust.

Table 7: The observed yield of events in data satisfying the validation selection criteria with
at least two jets passing the corresponding validation tag, and the estimation based on the
misidentification rate calculated using validation events with exactly one jet passing the vali-
dation tagger scaled by the factor given in Eq. (4). The statistical and systematic uncertainties
are reported for the estimated yields.

Selection set Estimation± stat.± syst. Observed yield

u-set validation 1220 +
−

80
80 ± 210 1484

a-set validation 77 +
−

4
4 ± 15 118

uGNN validation 29.3 +
−

7
3

.0

.4 ± 8.2 21

aGNN validation 29.1 +
−

6
2

.1

.6 ± 5.2 37

6 Systematic uncertainties
6.1 Background uncertainties

The main sources of systematic uncertainty in this search arise from the background estimation
method based on control samples in data. The kinematic differences between the SM jets in
the CR photon-triggered data used for the misidentification rate calculation and the SM jets
in the HT-triggered data used in the SR may lead to slightly different misidentification rates.
We estimate the corresponding uncertainties by applying the background prediction method
in Eq. (4) to simulated SM multijets events, using either the mistag rate from the SM multijet
simulation or from the γ+jets simulation. The uncertainty is taken as the difference in the
background predictions obtained with the two mistag rates. There is also an uncertainty in the
flavor composition used in the misidentification rate estimations. This uncertainty is estimated
from simulated background events by comparing the flavor-decomposition estimate described
in Section 5.4 with one derived from generator-level flavor information. Finally, there is the
uncertainty associated with the choice of variables used to parameterize the mistag rate. This
uncertainty is estimated by comparing the estimation results when parameterizing the mistag
rate as a function of jet pT versus track multiplicity, as these are the variables for which the
mistag rate shows the most significant dependence. The selection variables

〈
dxy

〉
and α3D used

in the model-agnostic taggers have an intrinsic dependence on the track multiplicity, making
the mistag rate parameterization uncertainty more pronounced in the model-agnostic method.
These three uncertainty sources are considered to be uncorrelated and summed in quadrature.
The resulting uncertainties are given in Tables 7 and 9.

6.2 Signal uncertainties

Various sources of uncertainty affecting the signal yields are also considered. The integrated
luminosity uncertainties for the 2016, 2017, and 2018 data-taking periods are 1.2, 2.3, and 2.5%,
respectively [52–54]. The trigger efficiency is slightly different in data and simulation. A cor-
rection factor compensates for this difference, and its statistical uncertainty is propagated to
an uncertainty in the signal acceptance. The evaluation of jet energy correction uncertainties
is performed as a function of jet pT and η, propagated to all jet-related kinematic variables,
and then to an uncertainty in the signal acceptance. Uncertainty sources are treated as fully
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correlated across the years for the jet energy scale (JES), and uncorrelated for the jet energy res-
olution (JER). While the pileup distribution in the simulation is reweighted to match the data,
there is a 4.6% uncertainty in the total inelastic cross section [55], which is treated as fully cor-
related across the years. The impact parameter distribution is slightly broader in the data CRs
than in simulation. A smearing function that corrects this is applied to tracks in the simulated
samples, and the resulting changes to the signal acceptances are used to estimate the modeling
uncertainty. The corrected values are also used to recompute the GNN score. The uncertainty
in the acceptance from the uncertainties in the PDFs is evaluated by reweighting events with
different PDF variations [34, 56]. As reconstruction efficiency differences between data and
simulation for displaced tracks are difficult to evaluate, we varied the reconstruction efficiency
for tracks with dxy > 4 cm (approximately the distance to the second layer of the pixel detector)
by 10% and found an ≈1% overall change in signal acceptance. As the measured difference
in reconstruction efficiency in data and MC is expected to be much smaller (on the order of
1–2% [57]), no uncertainty is assigned. The uncertainty from the factorization scale (µF) and
renormalization scale (µR) choices is estimated by independently varying µF and µR by factors
of 2 and 0.5 [58, 59]. A summary of the estimated uncertainties for the various signal model
acceptances is given in Table 8.

Table 8: Mean and standard deviation (std.) of the relative uncertainty calculated on the unfla-
vored and flavor-aligned samples, by source, in percent.

Model-agnostic taggers ML-based taggers

Uncertainty source Unflavored Flavor-aligned Unflavored Flavor-aligned
mean std. mean std. mean std. mean std.

Integrated luminosity 1.8 0.6 1.8 0.6 1.8 0.6 1.8 0.6
Trigger efficiency 0.3 0.1 0.3 0.1 0.3 0.1 0.3 0.1

JES 1.0 1.3 0.8 0.7 1.3 0.9 0.7 0.4
JER 0.3 0.4 0.3 0.3 0.2 0.3 0.2 0.1

Pileup reweighting 1.6 1.4 1.4 1.2 0.9 0.8 1.0 0.9
Track modeling in sim. 0.2 0.3 1.4 1.8 0.3 0.8 0.5 0.6

PDF <0.1 <0.1 <0.1 <0.1 <0.1 < 0.1 <0.1 <0.1
µF, µR <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

7 Results
After the full event selection, the observed and expected event yields corresponding to each
selection set are shown in Table 9. No statistically significant deviation from the SM back-
ground prediction is observed. The observation is used to set upper limits on the various
signal parameter models considered using the CLs criterion [60, 61]. The test statistic is defined
as the likelihood ratio employed in Higgs boson analyses in ATLAS and CMS, as elaborated in
Ref. [62]. Upper limits at the 95% confidence level (CL) on the production cross section in the
2-dimensional plane defined by the signal parameters are shown in Figs. 7 (mπdark

= 10 GeV)
and 8 (mπdark

= 20 GeV) for both the unflavored and the flavor-aligned scenarios, and in Fig. 9
(mπdark

= 6 GeV) for the flavor-aligned scenario. These excluded cross sections are compared to
the theoretical prediction to derive the exclusion regions shown as red and black curves for the
expected and observed 95% CL limit, respectively. The red curves also have an associated red
band to indicate the 68% CL variation on the expected exclusion limit.

In the unflavored coupling model, the key tagging variable for the model-agnostic method is
the mean dxy of the associated tracks in the jet. In the case where the dark pion lifetime is too
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Table 9: The estimated number of events from the background prediction based on control
samples in data and the observed event yields. Statistical and systematic uncertainties in the
estimated background are provided.

Selection set Estimation± stat. ± syst. Observed yield

u-set 1 56 +
−

9
5 ± 20 67

u-set 2 20.0 +
−

4
2

.3

.5 ± 7.0 21

u-set 3 22.9 +
−

7
2

.3

.1 ± 4.9 24

u-set 4 7.9 +
−

2
1

.0

.6 ± 2.2 10

u-set 5 11.3 +
−

2
1

.7

.9 ± 2.0 13

a-set 1 8.8 +
−

2
1

.4

.0 ± 2.0 16

a-set 2 1.67 +
−

0
0

.49

.23 ± 0.38 3

a-set 3 1.97 +
−

0
0

.47

.22 ± 0.37 2

a-set 4 2.30 +
−

0
0

.81

.30 ± 0.39 3

a-set 5 10.2 +
−

2
1

.3

.1 ± 3.4 16

uGNN set 1 15.6 +
−

5
1

.4

.9 ± 3.8 18

uGNN set 2 0.73 +
−

0
0

.44

.16 ± 0.27 0

uGNN set 3 7.6 +
−

3
1

.5

.3 ± 2.3 9

aGNN set 1 45 +
−

18
8 ± 16 59

aGNN set 2 0.30 +
−

0
0

.23

.07 ± 0.18 1

aGNN set 3 3.8 +
−

2
0

.2

.7 ± 2.0 5

short, the displaced tracks from the dark pion decay products will be very similar to prompt
SM tracks. In the opposite case, where the dark pion lifetime is very large, the dark pions in-
creasingly decay outside the tracker. Thus, this search method is less sensitive to these two
cases, giving reduced performance, as shown in the upper-left plots of Figs. 7 and 8. In con-
trast, the GNN method performs well even at low dark pion lifetimes, as the signal acceptance
remains high. However, signal sensitivity is still limited for long dark pion lifetimes, as shown
in the upper-right plots of Figs. 7 and 8.

In the flavor-aligned scenario, the differentiating power for the model-agnostic method comes
mainly from the multiplicity of associated tracks with large displacements. Unlike dxy, the
multiplicity distribution is more uniform for different dark pion lifetimes (as we only consider
cτmax

πdark
above the typical b hadron lifetime) leading to less dependence on cτmax

πdark
as seen in the

lower-left plots of Figs. 7 and 8. Similarly, the GNN is also not sensitive to changes in lifetime,
resulting in a stable signal acceptance across the cτmax

πdark
range. In the flavor-aligned models

where mπdark
= 6 GeV, the dark pions decay predominantly to light SM quarks because of mass

constraints, resulting in fewer displaced tracks in the events. This reduces the selection effi-
ciencies for these signal models, leading to the model-agnostic method having less sensitivity
compared to models with larger mπdark

, as shown in Fig. 9.

The ML-based EJ tagging methods yield more stringent limits on the surveyed models. In the



18

1500 2000 2500
mXdark [GeV]

1

10

102

103

c
da

rk
 [m

m
] 138 fb 1 (13 TeV)CMS

m dark = 10 GeV
unflavored model
Obs. limit (agnostic)
Exp. limit ±1  (agnostic)
CMS 2016 obs.
CMS 2016 exp.

10 2

10 1

100

101

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[fb

]

1500 2000 2500
mXdark [GeV]

1

10

102

103

c
da

rk
 [m

m
] 138 fb 1 (13 TeV)CMS

m dark = 10 GeV
unflavored model

Obs. limit (GNN)
Exp. limit ±1  (GNN)
CMS 2016 obs.
CMS 2016 exp.

10 2

10 1

100

101

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[fb

]
1500 2000 2500

mXdark [GeV]

10

102

c
m

ax da
rk
 [m

m
] 138 fb 1 (13 TeV)CMS

m dark = 10 GeV
flavor-aligned model

Obs. limit (agnostic)
Exp. limit ±1  (agnostic)

10 2

10 1

100

101

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[fb

]

1500 2000 2500
mXdark [GeV]

10

102

c
m

ax da
rk
 [m

m
] 138 fb 1 (13 TeV)CMS

m dark = 10 GeV
flavor-aligned model

Obs. limit (GNN)
Exp. limit ±1  (GNN)

10 2

10 1

100

101

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[fb

]

Figure 7: The 95% CL upper limits on the production cross section for various signal mod-
els in the unflavored scenario (upper plots) and the flavor-aligned scenario (lower plots) with
mπdark

= 10 GeV using the model-agnostic (GNN) EJ tagging method, on the left (right). The
red curve is the expected exclusion limit, with the band representing its 68% CL variation. The
black curve is the observed limit. The dark blue dotted curves in the upper plots are the ex-
pected and observed limits previously obtained by CMS [20].

unflavored model, Xdark masses up to 1900 and 1950 GeV are excluded at 95% CL for mπdark
of 10 and 20 GeV, respectively, closely matching the expected limits. For the flavor-aligned
models, the Xdark mass exclusion at 95% CL increases to 1950, 1850, and 1900 GeV for mπdark

of
6, 10, and 20 GeV, respectively, again matching well the expected limits. Relative to the model-
agnostic tagger, the greatest increase in sensitivity is for the unflavored signal models with
short lifetimes, where the dark showers generate nearly prompt tracks that are difficult to tag
using simple requirements on the track displacement variables.

The GNN-based limits for the flavor-aligned models that utilize the aGNN set 2 selection have a
narrow expected band, as shown in the lower right plots of Figs. 7–8 and the right plot of Fig. 9.
For that selection set, 0.3 background events are predicted, which implies that the most frequent
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Figure 8: The 95% CL upper limits on the production cross section for various signal mod-
els in the unflavored scenario (upper plots) and the flavor-aligned scenario (lower plots) with
mπdark

= 20 GeV using the model-agnostic (GNN) EJ tagging method, on the left (right). The
red curve is the expected exclusion limit, with the band representing its 68% CL variation. The
black curve is the observed limit.

observation will be exactly zero events if the background-only hypothesis is correct. Because
the likelihood function is constructed from Poisson probabilities, this leads to the background-
only test statistic distribution exhibiting discrete, narrow peaks. With a free-floating signal
strength, the test statistic distribution for the signal plus background hypothesis shares similar
features. As a result, only a small change in the signal strength is required to obtain a CLs value
of 0.05 when going from 95 to 68% CL to the expected median of the background expectation.
The resulting expected limit bands in this region are narrow and asymmetrical.
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Figure 9: The 95% CL upper limits on the production cross section for various signal models
in the flavor-aligned scenario with mπdark

= 6 GeV using the model-agnostic (GNN) EJ tagging
method, on the left (right). The red curve is the expected exclusion limit, with the band repre-
senting its 68% CL variation. The black curve is the observed limit.

8 Summary
A search for emerging jet signatures arising from a strongly interacting dark sector produced
in proton-proton collisions has been presented, using data corresponding to an integrated lu-
minosity of 138 fb−1 at

√
s = 13 TeV. The signal model contains a family of dark quarks that

couple to the standard model (SM) quarks via a scalar mediator Xdark. Dark pions (πdark) with
a significant lifetime (cτπdark

) are produced by the hadronization of the dark quarks; these then
decay to SM particles at vertices displaced from the proton-proton interaction point. As the
scalar mediator is assumed to be produced in pairs, and each decays to an SM quark and a dark
quark, the signature of this process is two SM jets plus two jets of particles with constituents
emerging from displaced vertices.

Both unflavored and flavor-aligned couplings between the SM quarks and the dark quarks are
examined in the search. Events are selected using either a traditional cut-based approach or
a graph neural network to identify emerging jets, in combination with other event-level se-
lection criteria. The overall selection requirements are optimized for each coupling scenario
and for different combinations of the mediator particle mass, dark pion mass, and dark pion
lifetime. No excess of events beyond the SM expectations is found, and the observed 95% con-
fidence level exclusion limits agree with the expected limits. For the unflavored model, dark
mediator masses mXdark

< 1950 GeV are excluded for cτπdark
≈ 100 mm and mπdark

= 10 GeV,
while the flavor-aligned model result excludes mXdark

< 1850 GeV at cτmax
πdark

≈ 500 mm for
mπdark

= 10 GeV. This result surpasses the previous search for emerging jets in the unflavored
scenario, increasing the experimental limit of the dark mediator particle by ≈500 GeV to set
the most stringent limits to date, and provides the first direct exclusion of the flavor-aligned
scenario.
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M. Scham28,25 , S. Schnake25 , P. Schütze , C. Schwanenberger24 , D. Selivanova ,
K. Sharko , M. Shchedrolosiev , D. Stafford, F. Vazzoler , A. Ventura Barroso ,
R. Walsh , D. Wang , Q. Wang , Y. Wen , K. Wichmann, L. Wiens25 , C. Wissing ,
Y. Yang , A. Zimermmane Castro Santos

University of Hamburg, Hamburg, Germany
A. Albrecht , S. Albrecht , M. Antonello , S. Bein , L. Benato , S. Bollweg,
M. Bonanomi , P. Connor , K. El Morabit , Y. Fischer , E. Garutti , A. Grohsjean ,
J. Haller , H.R. Jabusch , G. Kasieczka , P. Keicher, R. Klanner , W. Korcari ,
T. Kramer , C.c. Kuo, V. Kutzner , F. Labe , J. Lange , A. Lobanov , C. Matthies ,
L. Moureaux , M. Mrowietz, A. Nigamova , Y. Nissan, A. Paasch , K.J. Pena Rodriguez ,
T. Quadfasel , B. Raciti , M. Rieger , D. Savoiu , J. Schindler , P. Schleper ,
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Basilicatac, Potenza, Italy; Scuola Superiore Meridionale (SSM)d, Napoli, Italy
S. Buontempoa , A. Cagnottaa,b , F. Carnevalia,b, N. Cavalloa,c , F. Fabozzia,c ,
A.O.M. Iorioa,b , L. Listaa,b,50 , P. Paoluccia,29 , B. Rossia , C. Sciaccaa,b
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M. Dittmar, M. Donegà , F. Eble , M. Galli , K. Gedia , F. Glessgen , C. Grab ,
N. Härringer , T.G. Harte, D. Hits , W. Lustermann , A.-M. Lyon , R.A. Manzoni ,
M. Marchegiani , L. Marchese , C. Martin Perez , A. Mascellani58 , F. Nessi-Tedaldi ,
F. Pauss , V. Perovic , S. Pigazzini , C. Reissel , T. Reitenspiess , B. Ristic , F. Riti ,
R. Seidita , J. Steggemann58 , A. Tarabini , D. Valsecchi , R. Wallny
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T.A. Gómez Espinosa , A. Harilal , A. Kallil Tharayil, C. Liu , T. Mudholkar ,
S. Murthy , P. Palit , K. Park, M. Paulini , A. Roberts , A. Sanchez , W. Terrill

University of Colorado Boulder, Boulder, Colorado, USA
J.P. Cumalat , W.T. Ford , A. Hart , A. Hassani , G. Karathanasis , N. Manganelli ,
J. Pearkes , A. Perloff , C. Savard , N. Schonbeck , K. Stenson , K.A. Ulmer ,
S.R. Wagner , N. Zipper , D. Zuolo

Cornell University, Ithaca, New York, USA
J. Alexander , S. Bright-Thonney , X. Chen , D.J. Cranshaw , J. Fan , X. Fan ,
S. Hogan , P. Kotamnives, J. Monroy , M. Oshiro , J.R. Patterson , M. Reid , A. Ryd ,
J. Thom , P. Wittich , R. Zou

Fermi National Accelerator Laboratory, Batavia, Illinois, USA
M. Albrow , M. Alyari , O. Amram , G. Apollinari , A. Apresyan , L.A.T. Bauerdick ,
D. Berry , J. Berryhill , P.C. Bhat , K. Burkett , J.N. Butler , A. Canepa , G.B. Cerati ,
H.W.K. Cheung , F. Chlebana , G. Cummings , J. Dickinson , I. Dutta , V.D. Elvira ,
Y. Feng , J. Freeman , A. Gandrakota , Z. Gecse , L. Gray , D. Green, A. Grummer ,
S. Grünendahl , D. Guerrero , O. Gutsche , R.M. Harris , R. Heller , T.C. Herwig ,
J. Hirschauer , B. Jayatilaka , S. Jindariani , M. Johnson , U. Joshi , T. Klijnsma ,
B. Klima , K.H.M. Kwok , S. Lammel , D. Lincoln , R. Lipton , T. Liu , C. Madrid ,
K. Maeshima , C. Mantilla , D. Mason , P. McBride , P. Merkel , S. Mrenna ,
S. Nahn , J. Ngadiuba , D. Noonan , S. Norberg, V. Papadimitriou , N. Pastika ,
K. Pedro , C. Pena82 , F. Ravera , A. Reinsvold Hall83 , L. Ristori , M. Safdari ,
E. Sexton-Kennedy , N. Smith , A. Soha , L. Spiegel , S. Stoynev , J. Strait ,
L. Taylor , S. Tkaczyk , N.V. Tran , L. Uplegger , E.W. Vaandering , I. Zoi

University of Florida, Gainesville, Florida, USA
C. Aruta , P. Avery , D. Bourilkov , P. Chang , V. Cherepanov , R.D. Field, E. Koenig ,

https://orcid.org/0000-0003-3110-0701
https://orcid.org/0000-0002-5963-0467
https://orcid.org/0000-0003-2695-7719
https://orcid.org/0000-0002-9781-4873
https://orcid.org/0000-0001-8258-5863
https://orcid.org/0000-0001-8664-1949
https://orcid.org/0000-0002-0862-7348
https://orcid.org/0000-0001-8946-655X
https://orcid.org/0000-0003-0658-9146
https://orcid.org/0000-0002-0783-6703
https://orcid.org/0000-0003-3293-5305
https://orcid.org/0000-0003-0175-5731
https://orcid.org/0000-0002-7273-4009
https://orcid.org/0000-0002-5879-6326
https://orcid.org/0000-0003-0505-4908
https://orcid.org/0000-0003-3453-4740
https://orcid.org/0009-0009-5683-4614
https://orcid.org/0000-0002-0922-9587
https://orcid.org/0000-0003-0262-3132
https://orcid.org/0000-0001-6834-1176
https://orcid.org/0000-0002-5076-7096
https://orcid.org/0000-0002-5621-7706
https://orcid.org/0000-0002-2155-8260
https://orcid.org/0000-0003-2445-1060
https://orcid.org/0000-0002-1386-0232
https://orcid.org/0009-0000-4634-0797
https://orcid.org/0000-0002-0156-1251
https://orcid.org/0000-0002-8200-9425
https://orcid.org/0000-0003-2533-3402
https://orcid.org/0000-0003-3122-0594
https://orcid.org/0000-0003-3303-6301
https://orcid.org/0000-0003-2902-5597
https://orcid.org/0000-0003-2076-5126
https://orcid.org/0000-0003-1736-8795
https://orcid.org/0000-0001-8800-0045
https://orcid.org/0000-0002-2270-0492
https://orcid.org/0000-0001-5912-6124
https://orcid.org/0000-0003-4112-7457
https://orcid.org/0000-0002-6108-4004
https://orcid.org/0000-0002-0518-3286
https://orcid.org/0000-0003-0636-1846
https://orcid.org/0000-0002-8978-8177
https://orcid.org/0000-0001-8727-8811
https://orcid.org/0000-0002-3955-4399
https://orcid.org/0000-0001-9850-2030
https://orcid.org/0000-0002-2072-6082
https://orcid.org/0000-0002-3895-717X
https://orcid.org/0000-0002-6890-7624
https://orcid.org/0000-0002-9838-8327
https://orcid.org/0000-0002-5189-146X
https://orcid.org/0000-0001-6467-9970
https://orcid.org/0000-0002-1557-4424
https://orcid.org/0000-0003-2328-677X
https://orcid.org/0000-0001-9800-7822
https://orcid.org/0000-0002-8752-1946
https://orcid.org/0000-0002-4965-0747
https://orcid.org/0000-0002-0959-9211
https://orcid.org/0000-0001-7887-1728
https://orcid.org/0000-0002-0128-0871
https://orcid.org/0009-0002-8988-9987
https://orcid.org/0000-0003-0964-1480
https://orcid.org/0000-0001-8172-7081
https://orcid.org/0000-0002-9705-101X
https://orcid.org/0000-0002-0117-7196
https://orcid.org/0000-0003-2509-5731
https://orcid.org/0000-0003-3091-7461
https://orcid.org/0000-0003-0843-1641
https://orcid.org/0000-0002-9740-1622
https://orcid.org/0000-0001-5537-4518
https://orcid.org/0000-0001-8145-6322
https://orcid.org/0000-0001-5958-829X
https://orcid.org/0000-0001-5822-3731
https://orcid.org/0000-0002-9443-7769
https://orcid.org/0000-0001-9625-1987
https://orcid.org/0000-0002-3100-7294
https://orcid.org/0000-0002-9352-8140
https://orcid.org/0000-0002-1277-9168
https://orcid.org/0000-0002-1948-029X
https://orcid.org/0000-0002-6714-5787
https://orcid.org/0000-0002-5139-0550
https://orcid.org/0000-0002-5431-6989
https://orcid.org/0000-0002-2078-8419
https://orcid.org/0000-0002-6032-5857
https://orcid.org/0000-0001-8703-6943
https://orcid.org/0000-0003-2349-6582
https://orcid.org/0009-0008-4322-7682
https://orcid.org/0000-0001-5115-5828
https://orcid.org/0000-0002-3398-4531
https://orcid.org/0000-0002-5205-4065
https://orcid.org/0000-0001-5230-0396
https://orcid.org/0009-0000-7507-0570
https://orcid.org/0009-0008-3430-7269
https://orcid.org/0000-0003-4888-205X
https://orcid.org/0000-0001-6875-9177
https://orcid.org/0000-0002-9269-5772
https://orcid.org/0000-0002-4805-8020
https://orcid.org/0000-0003-3072-1020
https://orcid.org/0000-0002-2046-342X
https://orcid.org/0000-0003-1889-7824
https://orcid.org/0000-0002-8157-1328
https://orcid.org/0000-0002-7498-2129
https://orcid.org/0009-0003-3728-9960
https://orcid.org/0000-0003-2067-0127
https://orcid.org/0000-0003-3657-2281
https://orcid.org/0000-0002-7394-4710
https://orcid.org/0000-0002-2200-7516
https://orcid.org/0000-0002-3815-3649
https://orcid.org/0000-0001-7706-1416
https://orcid.org/0000-0001-5849-1912
https://orcid.org/0000-0002-4870-8468
https://orcid.org/0000-0002-7401-2181
https://orcid.org/0000-0002-0542-1264
https://orcid.org/0000-0001-7329-4925
https://orcid.org/0000-0001-9268-3360
https://orcid.org/0000-0002-3765-3123
https://orcid.org/0000-0002-5212-5396
https://orcid.org/0000-0002-6186-0130
https://orcid.org/0000-0002-7170-9012
https://orcid.org/0000-0002-5383-8320
https://orcid.org/0000-0002-8124-3033
https://orcid.org/0000-0003-3370-9246
https://orcid.org/0000-0002-2284-4744
https://orcid.org/0000-0002-0745-8618
https://orcid.org/0000-0003-4045-3998
https://orcid.org/0000-0003-3548-0262
https://orcid.org/0000-0001-6389-9357
https://orcid.org/0000-0002-8762-8559
https://orcid.org/0000-0002-8045-7806
https://orcid.org/0000-0001-5450-5328
https://orcid.org/0000-0003-0953-4503
https://orcid.org/0000-0003-4446-4395
https://orcid.org/0000-0003-2812-338X
https://orcid.org/0000-0002-3415-5671
https://orcid.org/0000-0003-4860-3233
https://orcid.org/0009-0009-6561-3418
https://orcid.org/0000-0002-6408-4288
https://orcid.org/0000-0003-2752-1183
https://orcid.org/0000-0002-4857-0294
https://orcid.org/0000-0001-5552-5400
https://orcid.org/0000-0002-8015-9622
https://orcid.org/0000-0003-1461-3425
https://orcid.org/0000-0002-7368-6723
https://orcid.org/0000-0002-4280-6382
https://orcid.org/0000-0002-8244-0805
https://orcid.org/0000-0001-7912-5612
https://orcid.org/0009-0000-7046-6533
https://orcid.org/0000-0001-7757-8458
https://orcid.org/0000-0001-8375-0760
https://orcid.org/0000-0003-1675-6040
https://orcid.org/0000-0002-3691-7625
https://orcid.org/0000-0002-8693-6146
https://orcid.org/0000-0003-0027-635X
https://orcid.org/0000-0002-0599-7407
https://orcid.org/0000-0002-6665-7289
https://orcid.org/0009-0007-6522-5605
https://orcid.org/0000-0003-3301-2246
https://orcid.org/0009-0000-2822-897X
https://orcid.org/0000-0002-0177-5903
https://orcid.org/0000-0002-0074-5390
https://orcid.org/0000-0001-6159-7750
https://orcid.org/0000-0003-4727-5442
https://orcid.org/0000-0001-8731-160X
https://orcid.org/0000-0002-8949-0178
https://orcid.org/0000-0002-0055-2935
https://orcid.org/0000-0002-3932-3769
https://orcid.org/0000-0002-0690-7186
https://orcid.org/0009-0006-0993-6245
https://orcid.org/0000-0003-2260-9151
https://orcid.org/0000-0002-4500-7930
https://orcid.org/0000-0003-3632-0287
https://orcid.org/0000-0003-1653-8553
https://orcid.org/0000-0003-1950-2492
https://orcid.org/0000-0001-8323-7318
https://orcid.org/0000-0001-9171-1980
https://orcid.org/0000-0002-0324-3054
https://orcid.org/0000-0002-5968-1192
https://orcid.org/0000-0001-9672-1328
https://orcid.org/0000-0003-4563-7702
https://orcid.org/0000-0002-7233-8348
https://orcid.org/0000-0002-6584-2538
https://orcid.org/0000-0001-7642-5185
https://orcid.org/0000-0002-8440-6854
https://orcid.org/0000-0002-9202-803X
https://orcid.org/0000-0003-3207-6950
https://orcid.org/0000-0002-5738-9446
https://orcid.org/0000-0001-9524-3264
https://orcid.org/0000-0003-0609-627X
https://orcid.org/0000-0003-0260-4935
https://orcid.org/0000-0002-2095-6320
https://orcid.org/0000-0002-6748-4850
https://orcid.org/0000-0002-0884-7922


40

M. Kolosova , J. Konigsberg , A. Korytov , K. Matchev , N. Menendez , G. Mit-
selmakher , K. Mohrman , A. Muthirakalayil Madhu , N. Rawal , S. Rosenzweig ,
Y. Takahashi , J. Wang

Florida State University, Tallahassee, Florida, USA
T. Adams , A. Al Kadhim , A. Askew , S. Bower , R. Habibullah , V. Hagopian ,
R. Hashmi , R.S. Kim , S. Kim , T. Kolberg , G. Martinez, H. Prosper , P.R. Prova,
M. Wulansatiti , R. Yohay , J. Zhang

Florida Institute of Technology, Melbourne, Florida, USA
B. Alsufyani, M.M. Baarmand , S. Butalla , S. Das , T. Elkafrawy84 , M. Hohlmann ,
M. Rahmani, E. Yanes

University of Illinois Chicago, Chicago, USA, Chicago, USA
M.R. Adams , A. Baty , C. Bennett, R. Cavanaugh , R. Escobar Franco , O. Ev-
dokimov , C.E. Gerber , M. Hawksworth, A. Hingrajiya, D.J. Hofman , J.h. Lee ,
D. S. Lemos , A.H. Merrit , C. Mills , S. Nanda , G. Oh , B. Ozek , D. Pilipovic ,
R. Pradhan , E. Prifti, T. Roy , S. Rudrabhatla , M.B. Tonjes , N. Varelas ,
M.A. Wadud , Z. Ye , J. Yoo

The University of Iowa, Iowa City, Iowa, USA
M. Alhusseini , D. Blend, K. Dilsiz85 , L. Emediato , G. Karaman , O.K. Köseyan ,
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29Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland
30Also at Institute of Physics, University of Debrecen, Debrecen, Hungary
31Also at Institute of Nuclear Research ATOMKI, Debrecen, Hungary
32Now at Universitatea Babes-Bolyai - Facultatea de Fizica, Cluj-Napoca, Romania
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