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The phenomenology of the dark sector is complicated if the dark sector is charged under a confined
hidden gauge group. In such a kind of model, a dark parton produced at a high-energy collider
showers and hadronizes to a cluster of dark mesons. Dark mesons then decay to visible particles and
produce a jetlike signal, which is called a “dark jet” in this work. Collider signal of a dark jet depend
on the property of dark mesons. For example, a finite lifetime of a dark meson would provide a
displaced vertex or displaced track; thus, one can use these displaced objects to tag a dark jet.
However, if the lifetime of a dark meson is collider negligible (too short to manifest a displaced
vertex), it would be difficult to distinguish a dark jet from standard model QCD jets. In this work, we
propose a new tagging strategy to identify dark jets from QCD backgrounds. This strategy is based on
jet-substructure analysis. We study various jet-substructure variables and find out variables with good
discrimination ability. Our result shows that by combining multiple jet-substructure variables one
could distinguish dark jets from QCD background and thus enhance the sensitivity of the dark sector
search at a collider.
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I. INTRODUCTION

The existence of dark matter (DM) in our Universe has
been confirmed indirectly with its gravitational effects
[1]. Still, we have no idea about the nature of DM as we
have not found DM “directly” with various DM experi-
ments. Especially, weakly interacting massive particles
(WIMPs) as the most popular DM paradigm have been a
subject for various experiments including space indirect
searches, nucleon scattering direct searches, and collider
experiments. However, we have excluded a wide range in
the parameter space of WIMPs from null results in the
above searches [2–8]. In addition to the WIMP paradigm,
another DM scenario called asymmetric DM [9–28],
which is motivated by the coincidence of the abundance
of visible matter and DM as ΩDM ≃ 5ΩB, has attracted
attention. In the asymmetric DM paradigm, DM and its
antiparticle anti–dark matter (aDM) are not produced
equally in the early Universe. Subsequently, annihilation

between DM and aDM eliminates aDM in the Universe,
and the remaining DM particles compose the current
relic density.
To stabilize DM and annihilate aDM efficiently, a hidden

gauge group is generally introduced in an asymmetric DM
model. If some particle charged under this hidden gauge
group can be produced at a collider, then it is possible to
study the dark sector through final-state radiation of hidden
gauge bosons. For example, if DM is charged under a
Uð1Þ0, then energetic DM produced at a collider will radiate
a Uð1Þ0 gauge boson (dark photon γ0). A dark photon
decays back to the standard model (SM) particles through a
kinetic mixing with a SM photon and leads to prompt/long-
lived lepton jets or a narrow jet signal at the collider
[29–31]. If a hidden gauge group in the dark sector is
SUðNdÞ, which causes confinement at a certain scale Λd,
then an energetic dark parton, which is the particle charged
under SUðNdÞ, will shower multiple dark partons then
hadronize to a cluster of dark hadrons (most of them are the
lightest dark meson). Dark hadrons then decay to particles
in the SM, through some portals, and produce a jetlike
signal. In this work, we will call it a “dark jet.”
The property of dark jets depends on the dark sector

setting and the portal between the dark sector and the SM.
Previous phenomenology studies of different kinds of
dark jets can be found in Refs. [32–45]. These studies
generally rely on displaced objects from long-lived dark
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meson decay.1 For example, in Ref. [41], the authors make
the dark meson long lived by introducing a heavy mediator
through which the dark meson decays to a SM quark pair.
Thus, there will be some displaced tracks inside the dark
jet, and one can utilize these displaced tracks to enhance the
collider search ability. Recently, a new dark jet study based
on a flavor structure in the dark quark sector called the
semivisible jet was proposed in Ref. [39]. In their scenario,
a certain amount of missing energy, which comes from
some stable light dark hadrons, is collimated with the dark
jet, and a transverse mass of two leading jets in the final
states becomes useful to discriminate the dark jets pair
signal from SM background.
All these search methods become ineffective if all or

most of the light dark mesons decay to SM particles
promptly because in this case there are no displaced objects
or missing energy inside the dark jet and the dark jet looks
like a SM QCD jet. Inversely, if all or most of the dark
hadrons are collider stable, then there is only missing
energy in the final state. In this work, we will not study this
WIMP-like signal. For illustration, in Fig. 1, we categorize
dark jet signatures according to the lifetime of dark hadrons
and the fraction of invisible particles inside a jet. Here, we
categorize dark jet searches into four categories:

(i) Exotic (I): One can identify a dark jet via displaced
objects (DOs) induced by long-lived dark hadron
decay.

(ii) Exotic (II): Some stable dark hadrons (a dark baryon
and also some dark mesons) occupy a non-negligible
portion of a dark jet, which makes various kinematic
variables useful.

(iii) WIMP-like: Dark hadrons are stable or collider
stable (CS). In this case, the signal is like WIMP.

(iv) SM QCD-like: There are no displaced objects nor
missing energy inside the dark jet, and the dark jet
looks like a SM QCD jet.

To distinguish a “SM QCD-like” dark jet from a SM
QCD background jet, we suggest looking inside a jet and
utilizing various jet-substructure techniques. Because of
recent improvements in quark-gluon jet discrimination with
jet-substructure and corresponding applications in different
new physics searches [46–50], we argue that we are at the
stage of discriminating dark QCD jets from SM QCD jets.
Jet substructure reveals the underlying structure of a QCD-
like model, such as a color factor or confinement scale.
Thus, it is possible for us to discriminate between a jet from
dark QCD and a jet from SM QCD, provided dark QCD is
not the same as SM QCD.
In next section, we briefly introduce our model and

discuss which model setting can cause a “SM QCD-like”

dark jet. Section III is dedicated to a comprehensive study
of various jet-substructure variables and an exhibition
of their discriminant performance. In Sec. IV, we use an
example at the LHC to show the effect of our dark jet tagging
method. Then, we summarize this work in Sec. V. A brief
discussion of theoretical uncertainties from Monte Carlo
simulation will be given in Appendix A. In Appendix B, we
discuss the feasibility of our method. More details of our
benchmark points can be found in Appendix C.

II. BENCHMARK SCENARIOS
FOR DARK QCD MODELS

We introduce a new non-Abelian gauge group SUðNdÞ
which describes dynamics in the dark sector. Several light
dark quarks as fundamental representations of SUðNdÞ are
also required for the constitution of the dark hadron. Here, a
light dark quark means a dark quark which is lighter than
the dark confinement scale Λd. For SUðNdÞ to confine, the
number of light dark quarks flavors nf should be smaller
than 11

2
Nd. At an energy scale much higher than Λd, the

Lagrangian of the dark sector can be written as

Ld ¼ q̄0iði=D −mq0i
Þq0i −

1

4
G0μνG0

μν; ð1Þ

with q0 and G0μν denoting the dark quarks and dark gluon
field strength, respectively. Dμ corresponds to the covariant
derivative of SUðNdÞ, and i is the flavor index of dark
quarks. For minimality, we set the dark quarks to be a SM
singlet. To produce dark partons at collider and decay dark
hadrons, a mediator between the dark sector and SM sector
is required. It could be a bifundamental scalar X which is
charged under both SUðNdÞ and SM SUð3Þ [40],

Lmed ¼ ðDμXÞ†ðDμXÞ −M2
XX

†X þ κijXq̄0iqj þ H:c:; ð2Þ

FIG. 1. We present a diagram to illustrate different kinds of dark
jets from dark QCD in terms of the (x-axis) percentage of stable
(invisible) hadrons in a jet and (y-axis) lifetime of dark mesons.
Here, CS means a lifetime enough to be “collider stable,” and DO
stands for a sizable lifetime to be tagged with “displaced objects.”

1In some scenarios, the lightest dark meson can decay to a
bottom quark pair; thus, b tagging can be utilized. But it requires
dark mesons to be quite heavy. We do not consider this scenario
in this work.

MYEONGHUN PARK and MENGCHAO ZHANG PHYS. REV. D 100, 115009 (2019)

115009-2



or a heavy vector boson Z0 mediator connecting the dark
quark pair and SM quark pair [51]2

Lmed ¼ −
1

4
Z0μνZ0

μν −
1

2
M2

Z0Z0μZ0
μ þ Z0

μðq̄0iγμq0i þ q̄jγμqjÞ:
ð3Þ

Here, qi is a SM quark, and i and j are flavor indices of dark
quarks and SM quarks. To make the dark meson decay
promptly, one can also extend hidden a gauge group from
SUðNdÞ to SUðNdÞ ×Uð1Þ0, with the dark quark also
charged underUð1Þ0 [54]. Thus, the light dark meson could
decay to a γ0 pair immediately, and γ0 decays to SM
particles through kinetic mixing.
The decay of dark hadrons depends on their spin, mass,

and the mediator to the visible sector. Here, we give a
comprehensive analysis of different kinds of dark hadrons
and point out under which model setting the dark jet is SM
QCD-like:

(i) Dark pion πd: Generally, spin-0 dark pions πd are
much lighter than other dark hadrons, and they
form a large part of particles in a dark jet until they
decay. πd decays to a quark pair through a high-
dimensional effective operator. Because of a chiral
flipping suppression, πd tends to decay to a heavy
SM quark pair, and its lifetime is closely related to
the mass of the dark pion mπd . We use a formula
from Ref. [41] to estimate the partial width of πd to a
SM quark pair:

Γðπd → qq̄Þ ¼ 3κ4f2πdm
2
q

32πM4
X

mπd : ð4Þ

Here, κ is the coupling among a mediator X, a SM
quark q, and a dark quark q0. fπd is the decay
constant of the dark pion, mq is the pole mass of the
SM quarks, and MX is the mass of the mediator X.
κ ∼ 1 is a natural choice. And approximately, we
have m2

πdf
2
πd ∼mq0Λ3

d. Thus, if fπd and mπd are
several GeV, and the πd decay channel to the SM
K meson is open, then aMX around several hundred
GeV can cause the proper decay length of πd to be
shorter than 1 mm, i.e., a promptly decaying dark
pion. This range for a mediator mass is still allowed
by previous searches [41]. If the mass of dark pion is
greater than twice the mass of D meson, the
parameter space for promptly decayed dark pion
would be much larger.
Another possibility is the case in which there is an

extra Uð1Þ0 under which the dark quark is charged
[54]. In this case, a dark pion will behave like a SM

pion, and it decays to a dark photon pair promptly.
A dark photon can decay into SM particles through a
kinetic mixing with SM hypercharge Uð1ÞY, where
the kinetic mixing is parametrized by ϵ. With current
limits on the dark photon [55], we find there is still a
huge surviving parameter space that can induce a
prompt dark photon decay. For instance, a 0.4 GeV
dark photon will decay promptly if ϵ≳ 10−5. Thus,
it induces the prompt decay of a dark pion into SM
particles.

In Ref. [39] and a more recent paper [56], the
authors consider a dark meson which is composed
of different flavor dark quarks. In this case, a dark
meson is stable and results in missing energy along
with the dark jet. However, this dark flavor mixing
meson can be unstabilized by introducing some dark
flavor violating portal. For example, the interaction
Lagrangian between two dark quark flavors and a
mediator X can be written as

Lint ¼ κ11q̄01q1X þ κ21q̄02q1X þ H:c: ð5Þ

Here, q1 is a SM quark, and q01 and q02 are two
different flavor dark quarks. By integrating out
the heavy mediator X, one can get an effective
operator as3

Leff ¼
κ11κ

�
21

M2
X

ðq̄01γμq02Þðq̄1γμq1Þ þ H:c: ð6Þ

So, depending on the parameters, the flavor mixing
dark meson πd (q01q̄

0
2 or q

0
2q̄

0
1) could decay promptly

into SM particles through this dark flavor violating
operator.

(ii) Dark rho meson ρd: A dark rho meson is a spin-1
bound state made of dark quarks. Generally, there is
a mass splitting between a dark pion and a dark rho
meson, which depends on the pole mass of dark
quarks, because the mass of mπd and mρd can be
approximated as

m2
πd ∼mq0Λd; m2

ρd ∼ Λ2
d: ð7Þ

Thus, if mq0 ≪ Λd, a dark rho meson will decay
promptly through decay channel ρd → πdπd. If mq0

is comparable with Λd, the mass splitting might not
be enough to allow double dark pion decay. But due
to the spin-1 property of ρd, its decay width will not
be chiral suppressed. Thus, compared with πd, it is
much easier for ρd to decay promptly. Discussion of

2Such a leptophobic Z0 will easily induce the chiral anomaly
[52,53], but this topic is not so related to our present work, so we
ignore the chiral anomaly problem in this work.

3Fiertz transformation is used here. This kind of operator will
not cause flavor-changing neutral currents if we only consider
one SM quark flavor.
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the flavor mixing case is similar to that of a dark
pion, so we do not repeat it here.

(iii) Dark baryon: The lightest dark baryon is stable, and
thus it can be a dark matter candidate. In the SUð3Þd
case, the population ratio of baryons over mesons in
a hadronization process is about 10%, which is
negligible. If Nd > 3, the population ratio of the
baryon will be further suppressed. Only in the
SUð2Þd case, a considerable part of the hadron in
a dark jet consists of stable dark baryons. Thus, in
this work, we choose Nd ¼ 3 and neglect dark
baryons in the dark hadronization process.

(iv) Dark glueball: If all the dark quarks are much
heavier than the confinement scale of SUðNÞd
(mq0 ≫ Λd), the lightest dark hadron will be made
of a dark gluon. Thus, one can call this dark hadron a
dark glueball. As a dark gluon and SM gluon belong
to different gauge groups, the decay of the dark
glueball is loop induced by heavy particles which
have charges of both gauge groups. Thus, the
lifetime of the dark glueball will be quite long.
We will not discuss this scenario in this work.

Based on the above discussion, we only consider dark
mesons πd and ρd in our simulation, and we let all the dark
mesons decay promptly in an event generator. Detailed
benchmark settings are listed in Table I. To cover the
diversity of dark QCD models, we consider different
confinement scales, spectra, and decay channels. Because
of the nonperturbative nature of a QCD-like theory, some of
those parameters need to be given by hand. In Table I,
constituent quark mass m̃q0 is used to estimate the dark
hadron spectrum. And for simplicity, we assume πd and ρd
composed by different flavor dark quarks have identical
mass and decay channels. In the next section, we will show
how one can utilize jet-substructure variables to distinguish
a dark jet from SM QCD jets.

III. JET-SUBSTRUCTURE VARIABLES ANALYSIS

Underlying parameters in a dark sector will affect the
collider phenomenology of a dark jet. The RGE running of

a dark sector gauge coupling αdðμÞ is controlled by these
parameters,

d
d ln μ2

α−1d ðμÞ ¼ 1

12π
ð11Nd − 2nfÞ; ð8Þ

with boundary condition α−1d ðΛdÞ ¼ 0. A comparison in a
running coupling between SM QCD and various dark QCD
models is shown in Fig. 2 (the corresponding dark sector
setting can be found in Table I). Running coupling
determines the parton shower, which happens at a short
distance smaller than 1=Λd. Then, those showered partons
fragment to dark hadrons. Finally, dark hadrons decay
back to SM particles, which are measured by a detector.
Combining these three processes, the detector-level mea-
surements of jet-substructure variables, like jet mass or
track multiplicity for a dark jet, could be quite different
from the expectations for SM QCD jets.
A dark jet originated from a single dark parton can be

considered as a one-prong jet. Thus, jet grooming [58–60]
methods including the mass dropping algorithm or pruning,
which are suitable for reconstructing a boosted heavy
object like a gauge boson (W=Z=H) or top quark, are

TABLE I. Benchmark models we considered in this work. All dark mesons are assumed to decay promptly. We mainly consider
two cases: the high Λd case like A and C and the low Λd case like B and D. Parameters in a dark sector for A and C and B and D are the
same, except the decay channel of a dark pion πd. πd and ρd masses obey following two equations: mπd ¼ 2m̃q0 − 3

4
Ω
m̃2

q0
and

mρd ¼ 2m̃q0 þ 1
4

Ω
m̃2

q0
[57], where Ω is proportional to the binding energy. Thus, mρd can be determined by constituent dark quark masses

m̃q0 and mπd . The ratio of πd to ρd after fragmentation is decided by #πd
#ρd

¼ 1
3
e−

mπd −mρd
Λd . The branching ratios of their decay modes shown

here are all 100%, if we do not give a specific value. Decay modes of a dark photon γ0 with different masses can be found in Ref. [30].

Nd nf Λd (GeV) m̃q0 (GeV) mπd (GeV) mρd (GeV) πd Decay mode ρd Decay mode

A 3 2 15 20 10 50 πd → cc̄ ρd → πdπd
B 3 6 2 2 2 4.67 πd → ss̄ ρd → πdπd
C 3 2 15 20 10 50 πd → γ0γ0 with mγ0 ¼ 4.0 GeV ρd → πdπd
D 3 6 2 2 2 4.67 πd → γ0γ0 with mγ0 ¼ 0.7 GeV ρd → πdπd

FIG. 2. QCD coupling running in the dark sector and SM QCD.
The definition of A (C) and B (D) can be found in Table I. For SM
QCD, we choose nf ¼ 5 as we do not include the effects from a
top quark.
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not expected to be effective in tagging a dark jet. Compared
to two or three-prong jet tagging, one-prong jet tagging
is easier due to a simpler jet structure. Jet-substructure
variables used to tag a one-prong jet roughly fall into two
categories: infrared collinear (IRC) safe ones and IRC
unsafe ones.
An IRC safe variable is not sensitive to soft or collinear

radiations inside the jet; i.e., contributions from extra
radiation to an IRC safe variable are negligible if
radiations are soft or collinear. Thus, an analytical
description of IRC safe variables is possible. We choose

jet mass, two-points energy correlation function CðβÞ
1 [46],

and linear radial geometric moment (girth) [61] as our
IRC safe variables. Analytical descriptions of these IRC
safe variables have been given in the literature; it helps us
to understand our results, which are mainly based on
Monte Carlo simulation.
An IRC unsafe variable, for example, the charged track

multiplicity, is sensitive to soft and collinear radiations.
Besides that, some IRC unsafe variables are also related
to the dark meson decay channel. For those variables, we
will provide Monte Carlo–based results and give some
qualitative arguments.
We choose PYTHIA8 [62] for shower and hadronization

simulation. It has been shown that jet substructures obtained
from PYTHIA8 fits well with real data [63,64]. The Hidden
Valley model [32] implemented in PYTHIA8 can be used to
simulate the dark QCD process, and recently the running of
the dark gauge coupling has been added to PYTHIA8, which
greatly enhances the reliability of dark QCD simulation. We
generate three processes at the LHC, ff̄ → Z0 → q0q̄0,
qg → Zq, and qq̄ → Zg, to study the dark jet, quark jet,
and gluon jet, respectively. For realistic analyses, we
perform analyses at the detector level with DELPHES3
[65]. We use FASTJET [66] to cluster final-state particles
with an anti-kt algorithm [67]. The objects for a jet
clustering are energy deposits in an electric calorimeter,
a hadronic calorimeter, and muons without an isolation
criterion. Muons are also included in our jet clustering
because there can be a fraction of dark jet energy carried by a
muon, depending on the decay channel of a dark pion.4

Examining the discrimination performance of jet-substruc-
ture variables with different choices of jet radius (R), jet
transverse momentum (pT), and jet algorithms can be
interesting. In our study, we choose R ¼ 0.4 as it is a
typical jet radius in the LHC experiment analyses for the
QCD jet, and this choice was studied in the ATLAS light-
quark and gluon jet discrimination [68]. For the choice of jet
transverse momentum pT , we start with the range of pT ∈
ð180 GeV; 220 GeVÞ as this pT range has the minimum

systematic uncertainties [69] and it overlaps with the pT
range in the ATLAS jet discrimination study [68]. We con-
sider a detector geometry of pseudorapidity η ∈ ð−2.5; 2.5Þ.

A. Jet mass

Jet mass, as a simple and intuitive variable which reflects
the underlying structure of a jet, has been studied for
decades [70–75]. Jet mass originates from the virtuality of
the primordial parton of a jet. As we consider the first-order
splitting process, a normalized differential cross section of
virtuality is

1

σ

dσ
dp2

¼ C
2πp2

Z
1−ϵ

ϵ
dz αðzp2ÞPðz; p2Þ; ð9Þ

where σ ¼ R ðdσ=dp2Þdp2 is the integrated jet cross sec-
tion, C is the color factor, p is the 4-momentum of a
primordial parton, and p2 is its virtuality. ϵ is an infrared
cut, z is the energy fraction carried by a radiated parton, and
αðμÞ and Pðz; p2Þ are QCD running coupling and splitting
kernel, respectively. The above fixed-order result is diver-
gent when a jet mass becomes zero, which is in conflict
with experiment data. To get a reasonable distribution, one
needs to resum higher-order corrections. In leading-log
order, the differential cross section becomes

1

σ

dσ
dp2

¼ d
dp2

Sðp2; Q2Þ; ð10Þ

which is a differential to the Sudakov factor Sðp2; Q2Þ:

Sðp2;Q2Þ¼ exp

�
−
Z

Q2

p2

dk2
C

2πk2

Z
1−ϵ

ϵ
dzαðzk2ÞPðz;k2Þ

�
:

ð11Þ

Here, Q is the energy scale of the corresponding hard
process. This leading-order result can roughly reproduce
the shape of the real data distribution from the LHC
experiments. Obviously, this distribution is determined
by running coupling αðμÞ and color factor C. To get an
intuition for jet mass distributions, we approximate
Eqs. (10) and (11) below. With fixing running αðμÞ as
α, Pðz; k2Þ ¼ 1=z, and choosing ϵ ¼ p2=Q2, we obtain the
following approximation:

1

σ0

dσ
dðp2=Q2Þ ≈

Cα
π

Q2

p2
ln
Q2

p2
exp

�
−
Cα
2π

�
ln
Q2

p2

�
2
�
: ð12Þ

As we see in Eq. (12), the peak of a jet mass distribution
moves to the right side as Cα becomes lager. Thus, the
peak of a jet mass distribution for a gluon-initiated jet is
on the right side compared to the peak of a distribution
from a quark-initiated jet, as the color factor for a gluon

4In this case, some dedicated method can be designed to tag a
muon-rich jet. But as we study the behavior of general jet
substructure variables to cover various types of dark jets, we will
not pay special attention to muons in this work.
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CA ¼ 3 is larger than the color factor CF ¼ 4=3 of a quark
as in Fig. 3.
In SM QCD, the only difference between a quark jet

and gluon jet is the color factors CF (for a quark) and CA
(for a gluon). Even so, a dimensionless parameter mJ=pT,
the jet mass divided by its pT , is a good variable used
in quark/gluon jet discrimination. For a dark jet, because
of a quite different running coupling and a possible
different color factor, one could certainly expect a very
different distribution of a jet mass compared to the case
of SM QCD.
With considering subleading contributions, one can

include the effect of a jet size or a hadronization
[72,75]. In our study, we will not go further analytically
but utilize Monte Carlo simulation (PYTHIA8) to get
numerical results. Jet mass distributions from different
models in Table I and SM QCD are shown in Fig. 3.
As the gauge coupling strength of a dark QCD model

A (C) is larger than the gauge coupling strength of
B (D), a jet from model A or C has a larger mass than a
jet from model B or D. Equivalently, a dark QCD
model with a higher confinement scale Λd is easier to
distinguish from SM QCD. We can check discrimina-
tion performance with receiver operating characteristic
(ROC) curves in the right column of Fig. 3. We also
argue that a jet mass is not sensitive to final states
(SM particles from the decay of dark mesons) as jet
mass distributions of A (B) almost overlap the distri-
bution of C (D) in Fig. 3.

B. Two-point energy correlation function CðβÞ
1

Another variable which is useful to probe properties
of a one-prong jet is the two-point energy correlation
function [46]

CðβÞ
1 ¼

X
i<j∈J

zizjðRijÞβ; ð13Þ

with zi ¼ pTi=
P

i∈J pTi being the pT fraction carried by
component i within a jet J and Rij being the distance
between components i and j. As studied in Ref. [46], the

advantage of an infrared collinear safe variable like CðβÞ
1 is

that analytical calculation of them is possible. Here, we
adopt analytical results from Ref. [46] to see the depend-

ence of CðβÞ
1 on the parameters of dark QCD. First, one can

consider the simplest case, which is the fixed leading-order
distribution with treating α as a constant for simplicity:

1

σ

dσ

dCðβÞ
1

¼ 2αC
π

Z
R0

0

dθ
θ

Z
1

0

dz
z
δðzð1 − zÞθβ − CðβÞ

1 Þ: ð14Þ

Here, R0 is the size of a jet, which is the upper limit of a
splitting angle in the shower process. After integrations, we
get

1

σ

dσ

dCðβÞ
1

¼ 2αC

πβCðβÞ
1

ln

0
B@1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4CðβÞ

1 =Rβ
0

q

1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4CðβÞ

1 =Rβ
0

q
1
CA

≡ 2αC

πβCðβÞ
1

LðCðβÞ
1 =Rβ

0Þ: ð15Þ

Similarly to our previous fixed-order calculation for the

distribution of a jet mass, CðβÞ
1 distribution is also divergent

in the soft and collinear regions. With a leading-order
resummation, one obtains

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07
dark jet A
dark jet B
dark jet C
dark jet D
gluon jet
quark jet

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

A
B
C
D

FIG. 3. Left: mass over pT distribution of the dark jet, quark jet, and gluon jet with pT ∈ ð180 GeV; 220 GeVÞ. Right: ROC curve
with mJ=pT used for the separation between a jet from various dark QCD models and a SM gluon-initiated jet.
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1

σ

dσ

dCðβÞ
1

¼ d

dCðβÞ
1

exp

�
−
Z

Rβ
0

CðβÞ
1

dC̃
2αC

πβC̃
LðC̃=Rβ

0Þ
�

¼ 2αC

πβCðβÞ
1

LðCðβÞ
1 =Rβ

0Þ

× exp

�
−
Z

Rβ
0

CðβÞ
1

dC̃
2αC

πβC̃
LðC̃=Rβ

0Þ
�
: ð16Þ

One can notice that the probability in the soft and collinear
region will be suppressed by an exponent. As we have seen

in jet mass distribution, the peak value of dark jet CðβÞ
1

distribution is larger than the peak value of SM QCD jet

CðβÞ
1 distribution, as dark QCD has a larger coupling

compared to SM QCD.
There are two more factors that can enhance the

discriminant power of CðβÞ
1 . First, there is a contribution

from the nonperturbative fragmentation process. This effect
can be estimated by convolving a resummed perturbative
distribution with a so-called shape function [76,77].
The effect of this convolution is shifting the perturbative

distribution of CðβÞ
1 to a higher value, and the shift from this

nonperturbative process is roughly proportional to the
corresponding confinement scale. Thus, the fragmentation

process will further separate CðβÞ
1 distribution of the dark jet

and SM QCD jet due to their different confinement scales.
Second, when the mass of a dark meson is much larger

than SM QCD confinement scale ΛQCD, the decay of dark
mesons inside a jet will strongly affect the distribution

of CðβÞ
1 . This effect can be understood by the following

simple estimation. We consider two nearly collinear dark
mesons inside a dark jet, with energy fractions z1 and z2
and distance θ between these two dark mesons. θ should be
small because we assume these two dark mesons to be
nearly collinear. In this case, contribution from these two

mesons to CðβÞ
1 is z1z2θβ. After both mesons decay to two

SM particles with roughly equal energy, this contribution
changes to

z1z2θβ →
1

4
ðz1 þ z2Þ2

�
mπd

p̄T

�
β

: ð17Þ

Here, mπd is the mass of a dark meson, and pT is the
average transverse momentum of dark mesons inside a dark
jet. As we consider a collinear limit between two dark
mesons, an angular distance between dark meson decay
products is approximated as ðmπd=pTÞ. Thus, the mass of a

dark meson will increase CðβÞ
1 of a dark jet as we consider

β > 0. For a discrimination between a quark-initiated jet
and a gluon-initiated jet, β has been chosen as 0.2 [46,49].
In this paper, we also follow this choice of β ¼ 0.2 to
distinguish a dark jet from a SM QCD jet.

Simulation results are shown in Fig. 4. First, we show

CðβÞ
1 distributions from parton level to detector level on the

top row. Here, parton level CðβÞ
1 means the objects we used

to calculate CðβÞ
1 is the dark parton after the dark shower and

before dark hadronization; meson level CðβÞ
1 comes from

dark mesons after dark hadronization; particle level CðβÞ
1

comes from all the visible SM particles after dark meson

decay; and detector level CðβÞ
1 comes from energy deposits

at the detector. Top left and top right plots are distributions

of CðβÞ
1 for model A and model B, respectively. In the top

left plot, there is a tall spike at CðβÞ
1 ¼ 0 in the parton-level

distribution. This spike comes from a large angle split
where one of daughter partons is located outside the jet
cone. At meson level, through convolution with a shape

function, this spike at CðβÞ
1 ¼ 0 becomes lower, and the

distribution is shifted to a higher value. Together with this
effect, due to the decay of dark mesons, the particle-level

distribution of CðβÞ
1 is pushed farther to the right side.

Finally, the finite resolution of a detector decreasesCðβÞ
1 to a

lower value. For model B, due to a weaker coupling and
lower confinement scale compared to the case of model A,

there is no tall spike of CðβÞ
1 ¼ 0 at parton-level distribution,

and dark meson decay pushes up CðβÞ
1 only a little. In

conclusion, jets from a dark QCD model with a high dark
confinement scale jet are easier to tag over SM QCD jets
compared to the case of a low dark confinement scale.
We also observed that tagging efficiency is not sensitive

to the decay channel of the dark meson as CðβÞ
1 distribution

for A (B) is similar to the distribution of C (D).

C. Linear radial geometric moment

Angularity-style variables including jet broadening or
width have been studied since the Large Electron-Positron
(LEP) collider period [50,78–82]. Here, we choose the
linear radial geometric moment (girth) to study, which is
known as an effective observable in discriminating between
the quark and gluon jet [61]. Girth is defined as

girth ¼
X
i∈J

pTi

PTJ

jrij; ð18Þ

here, ri is the distance between a component i of the jet
and jet axis. Girth is sensitive to the direction of a jet axis

compared to CðβÞ
1 , which does not require a jet axis. Here,

the jet axis is defined as the vector sum of all the
constituents inside a jet.
Girth, as a jet width variable, has been analytically

analyzed in Ref. [76]. Here, we give a brief description, and
readers can check more details in Ref. [76] if they are
interested. At parton level, perturbative calculation shows
that quark/gluon jet discrimination ability mainly relies on
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the color factor ratio CA=CF, this is called Casimir scaling.
For dark jet discrimination, due to a different coupling, the
ratio should be replaced by αSCA=αdCd. Thus, one could
expect a better discrimination power if αd is quite different
than αS. Meson-level distribution, as we described in the
last subsection, can be obtained by convoluting parton-level
distribution with a shape function, which has a mean value
proportional to the confinement scale. So, large Λd=ΛQCD

will separate girth distribution of the dark jet and QCD jet
further. Finally, decay of the heavy dark meson will push up
the girth value of the dark jet.
Our results from simulations are presented in Fig. 5. In

these results, we show the distribution of girth from
model A and model B from parton level to detector level,

as we did for CðβÞ
1 . The relationship between different levels

is as we expected, but the changes are not very much

compared to CðβÞ
1 . This is because CðβÞ

1 is more sensitive to

small angular distribution. And unlike the case of the CðβÞ
1

variable, which needs to have at least two components for
non-zero value, girth has a nonzero value with even one
component.5 Thus, a large angle parton splitting does not
cause a zero-point spike in the distribution of girth as we
can find in Fig. 4. We conclude that the performance of
girth is dependent on the confinement scale of dark QCD as
a dark jet from a higher confinement scale is easier to
distinguish than cases from a low confinement scale. With
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FIG. 4. Top left: CðβÞ
1 distribution of a dark jet with pT ∈ ð180 GeV; 220 GeVÞ at parton level, meson level, final-state particle level,

and detector level for a dark QCD model A (corresponding to a high dark QCD confinement scale). Top right: the same as the top left,
but for dark QCD model B (corresponding to a low dark QCD confinement scale). Bottom left: CðβÞ

1 distribution of different kinds of jets
with pT ∈ ð180 GeV; 220 GeVÞ. Bottom right: Corresponding ROC curves for discrimination between dark QCD jets and a SM QCD
gluon-initiated jet. Here, β is set to 0.2.

5Here, we use the jet axis obtained from detector level to
calculate all girths.
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comparison between model A and C (also model B and D),
we find that girth is not sensitive to the different decay
channels of a dark meson. And the discriminant ability of

girth is a little weaker than the discriminant ability of CðβÞ
1 .

D. Charged track multiplicity

Multiplicity-type variables counting the number of
hadrons or tracks inside a jet turn out to be useful in
discriminating different kinds of one-prong jets. Among
them, charged track multiplicity, due to a high resolution
and a trigger efficiency of a track reconstruction at the
LHC, is the best discriminant variable among various
multiplicity-type variables used in quark and gluon jet

discrimination [61,83,84]. Unlike jet mass or CðβÞ
1 , which

are IRC safe, charged track multiplicity does increase its
value through soft and collinear radiations. Besides that,
it is also closely related to the decay channel of a dark
meson. So, we rely on Monte Carlo simulation results to
show its property.
For gluon and quark jets, charged tracks inside them are

mainly composed of π�, which come from fragmentation
directly. But for a dark jet, dark mesons coming from dark
fragmentation are neutral, and thus tracks inside a dark
jet can only come from dark meson decay. Because of a
very different production mechanism, we expect charged
track multiplicity to be a useful discriminant variable. The
amount of tracks produced through dark meson decay is
very model dependent. For our dark sector setting A, B, C,
and D, the average amounts of tracks produced by a dark
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FIG. 5. Top left: girth distribution of a dark jet with pT ∈ ð180 GeV; 220 GeVÞ at parton level, meson level, final-state particle
level, and detector level for dark QCD model A (corresponding to a high dark sector confinement scale). Top right: Same as the
top left, but for model B (corresponding to a low dark sector confinement scale). Bottom left: girth distribution at detector level
of different kinds of jets with pT ∈ ð180 GeV; 220 GeVÞ. Bottom right: Corresponding ROC curves for discrimination between
dark QCD jets and the SM QCD gluon-initiated jet.
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meson are 4.9, 1.6, 4.4, and 2.8. Dark mesons A and C
produce more tracks than dark mesons B and D. This is
because the decay of charm mesons and the 4.0 GeV dark
photon generally produce multiple tracks.
Figure 6 is our simulation results. To show how the track

multiplicity is affected by the dark meson’s decay channel,
we count the amount of dark mesons, charged particles, and
tracks with pT > 0.5 GeV inside a dark jet, which corre-
spond to meson level, particle level, and detector level,
respectively, in the first row. With an identical dark sector
setting, dark meson multiplicity distributions for model B
and model D are almost the same. But different decay
channels of the dark meson make their track multiplicities
quite different. Thus, compared to the dark jet in model B,
the dark jet in model D is much easier to discriminate from

the QCD jet. In general, track multiplicity is a better
discriminant variable compared with IRC safe variables.

E. Ratio of energy deposits on different calorimeters

To further reflect final states from dark meson’s decay,
we suggest utilizing a variable which has a dependency
on the detector’s response to different final-state particles.
At the LHC, most of the SM particles, except muons and
neutrinos, will be stopped by calorimeters and deposit their
energy on calorimeters. There are two kinds of calorimeters
used in the LHC, an electromagnetic calorimeter (ECAL)
and hadronic calorimeter (HCAL). Different particles
deposit their energy in different calorimeters, as summa-
rized below:
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FIG. 6. Top left: Dark meson multiplicity, charged particle multiplicity, and track multiplicity distribution of the dark jet with
pT ∈ ð180 GeV; 220 GeVÞ and setting B. Top right: Same as the top left, but with setting D. Bottom left: Charged track multiplicity
distribution of different kinds of jets with pT ∈ ð180 GeV; 220 GeVÞ. Bottom right: Corresponding ROC curves for discrimination
between dark QCD jets and the SM QCD gluon-initiated jet.
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(1) e�, γ: deposit energy in the ECAL.
(2) Hadrons: deposit energy in the HCAL. Here,

hadrons mainly refer to long-lived or stable hadrons
like p, n, π�, and K�. Because hadrons like π0

decay to γγ before they reach the HCAL, they thus
deposit energy in the ECAL.

(3) μ�, ν: do not deposit energy in the ECAL or HCAL.
Different kinds of jets might have different particle

compositions, and thus for a certain jet energy, the energy
deposited in ECAL might be different. So, here we define a
variable called the E-ratio:

E-ratio ¼ Energy deposit on ECAL
Jet’s pT

: ð19Þ

The E-ratio is used to reflect how much energy is carried by
e�, γ, and π0 in a jet and thus provides more information in
addition to track multiplicity.
Particle composition of the gluon jet and quark jet are

controlled by a fragmentation process. Quarks produced
in QCD vacuum are mainly u and d. The s quark pair is
produced with a smaller probability. Thus, background
QCD jets are mainly composed of π0, π�, and a small
quantity of kaons. The precise percentage of each kind of
particle is given by the fragmentation function, which needs
to be obtained from data fitting. Because of different charge
and color factors the, E-ratios of a gluon jet and quark jet
are different.6 Our simulation result shows that the E-ratio
of a gluon jet is larger than that of a quark jet.
For dark jets, the dark meson’s decay channel controls

particle composition. The darkmeson inmodel A decays to a
cc̄ pair, and thus most of the energy is carried byD� andD0

after fragmentation. D� and D0 decay before reaching the
calorimeter. Decay modes of D� and D0 are very compli-
cated, and they mainly decay to e, μ, and kaons through
weak interaction. The dark jet A turns out to deposit energy
on the ECAL with a ratio larger than a gluon jet. The dark
meson in model B decays to ss̄, and thus the main energy
carriers are K�, K0

L, and K0
S. K

� and K0
L are long lived and

deposit energy in the HCAL. Short-lived K0
S decays to π0

(π�) with a probability of 30% (70%). In summary, most of
jet energy in model B deposits in the HCAL.
Final decay products of model C are very involved. In

model C, the dark meson decays to a dark photon γ0 pair
with a mass 4.0 GeV. Main decay modes of 4.0 GeV γ0 are
dd̄, uū, ss̄, cc̄, eē, μμ̄, and ττ̄. Thus, after all prompt decay,
decay products of the dark meson are a mixture of π0, π�,
kaons, e, μ, and ν. In all of our models, dark jet C deposits
the most energy in the ECAL. Finally, the dark meson D
decays to a γ0 pair with a mass 0.7 GeV; 0.7 GeV γ0 decays
to eē by a probability of 15%, and other decay products are
μ and π�. So, dark jet D does not deposit much energy in
the ECAL, and its E-ratio is small.
The distribution of the E-ratio is shown in Fig. 7. As we

expected, the E-ratio distributions of models B and D
are small compared with other jets, and the corresponding
ROC curve shows a good discriminant performance, while
for model A and model C, this variable is not so useful.

F. Subjet

Properties of a one-prong jet can also be revealed by
measuring observables associated with smaller subjets
inside it because different kinds of jets have different
energy profiles on a transverse plane. For example, most
of the energy of the quark jet concentrates on a small central
region, while the energy of a gluon jet will spread to a
larger area [61]. Here, we define a subjet by reclustering
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FIG. 7. Left: E-ratio distribution of different kinds of jets with pT ∈ ð180 GeV; 220 GeVÞ. Right: Corresponding ROC curves for
discrimination between dark QCD jets and the SM QCD gluon-initiated jet.

6Actually, because of parton distribution functions, some
quark jets are initiated by an s quark.
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constituents of an original jet with the anti-kt algorithm and
a jet radius R ¼ 0.1. We require the pT of these subjets to
be larger than 5% of the original jet’s pT . Here, we define

fðiÞpT as pT of the ith hardest subjet divided by pT of an
original jet:

fðiÞpT ¼ pT of ith hardest subjet
original jet’s pT

: ð20Þ

Three variables are used here: 1) the number of subjets,

2) the pT fraction carried by the hardest subjet fð1ÞpT , and

3) the pT fraction carried by the second-hardest subjet fð2ÞpT .
Simulation results are shown in Fig. 8. Those dis-

tributions show clear physical meaning. A QCD quark
jet, with a small coupling and color factor, can only

trigger a large angle shower with a quite low probability.
Hence, there is a huge possibility for the quark jet to
concentrate most of its energy in a tiny cone with a
radius smaller than 0.1. Because of a larger color factor,
the QCD gluon jet is a “broad” compared to a “narrow”
quark jet, which means the energy of a gluon jet is
distributed on a larger area and it is more likely to have
more subjets inside the gluon jet. For the dark jets,
through a larger coupling, they become even broader,
and there are more subjets inside it. The pT fraction of
subjets is a natural expectation of such an argument.
Among these three variables, the pT fraction of the

hardest subjet fð1ÞpT shows the best discriminant ability.

Similar to CðβÞ
1 , girth, and the jet mass, this variable is

useful when the dark confinement scale is high.
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FIG. 8. Top left: number of subjets distribution of different kinds of jets with pT ∈ ð180 GeV; 220 GeVÞ. Top right: hardest subjet
pT fraction distribution of different kinds of jets with pT ∈ ð180 GeV; 220 GeVÞ. Bottom left: second-hardest subjet pT fraction
distribution of different kinds of jets with pT ∈ ð180 GeV; 220 GeVÞ. Bottom right: ROC curves given by the hardest subjet pT

fraction fð1ÞpT .
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G. Combine multiple variables

One can estimate the discriminant performance of a
variable by simply counting the area under the ROC curve,
and a bigger area means a better discriminant ability. We
show the best discriminant variable for each model in
Table II. The discriminant performance can be maximized
by combining multiple jet-substructure variables. To start
our multiple variables analysis, we consider a set of
variables consisting of the best discriminant variables:

fCðβÞ
1 ;E-ratio; track multiplicityg.

In principle, a classification can be made by a hyperplane

in fCðβÞ
1 ;E-ratio; track multiplicityg space, but finding such

a hyperplane is often difficult. For illustration, in Fig. 9, we
show sample distribution of different dark jets and the gluon

jet in fCðβÞ
1 ;E-ratio; track multiplicityg space. It can be seen

that the distribution of dark jets is intertwined with the
distribution of the gluon jet, and different dark jets populate
different regions. Because of these complexities, in this
work, we use the boosted decision tree (BDT) [85] in the
TMVA-Toolkit [86] to do multiple variables analysis.

FIG. 9. Variables distribution in fCðβÞ
1 ;E-ratio; track multiplicityg space. Red, green, blue, purple, and gray points are samples of dark

jet A, dark jet B, dark jet C, dark jet A, and the gluon jet, respectively.

TABLE II. Best discriminant variable for different models.

Model A Model B Model C Model D

Best discriminant variable CðβÞ
1 E-ratio CðβÞ

1 Track multiplicity
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The BDT needs to be trained by a sufficient amount of
samples that represent the signal and background character-
istics. For both signal and background samples, we require
their jets pT to be evenly distributed from 100 to 450 GeV
and pseudorapidity η ∈ ð−2.5; 2.5Þ. Our signal sample
contains 100,000 events, with 17%, 34%, 45%, and 4%
of them coming from settings A, B, C, and D, respectively.7

Our background sample contains 30,000 events, and all of
them are gluon jets. The background sample do not include
quark jets because the distributions in previous subsections
indicate that discrimination between the gluon jet and dark
jet should be harder than discrimination between the quark
jet and dark jet. We use 500 decision trees, choose a
minimum in the leaf node as 2.5%, and set a maximum
depth of 3. To avoid overtraining, half of the events are
chosen as test events, and the Kolmogorov-Smirnov test is
required to be larger than 0.01.
After training, the BDT can map an event with a certain

fCðβÞ
1 ;E-ratio; track multiplicityg value, to a BDT score.

A signal-like event tends to get a high BDT score, and a
backgroundlike event tends to get a low BDT score. Thus, a
discrimination can be performed by simply cutting on the
BDT score. In Fig. 10, we show the ROC curve of the dark
jet and gluon jet discrimination obtained by cutting on the
BDT score. As one can expect, dark jet D is the easiest to
distinguish because dark jet D generally produces many
more tracks than a gluon jet. And the difficulties of
distinguishing dark jets A, B, and C from background

are close to each other. For comparison, we also present the
ROC curve for the dark jet vs the quark jet in Fig. 10. It
shows that the BDT trained by the dark jet and gluon jet can
also be used to do discrimination between the dark jet and
quark jet. And as we expect, distinguishing the dark jet
from the quark jet is easier than distinguishing the dark jet
from the gluon jet. The trained BDT we used here is also
workable to other kinds of dark jets. More discussion on
feasibility can be found in Appendix B.
Generally, if we use more variables in the BDT we

might get a better discriminant performance. But if a
variable is strongly correlated with other variables, then
this variable will be redundant and cannot provide more
information about a jet. In our training, we also consider
an extended set of variables which contains eight vari-

ables: {mJ=pT ,C
ðβÞ
1 , girth, track multiplicity, E-ratio,

number of subjets, fð1ÞpT , f
ð2Þ
pT }. But the improvement we

can get by including eight variables is negligible. It
indicates that the main feature of a dark jet is described

by CðβÞ
1 ;E-ratio; and track multiplicity.

The BDT we trained in this section is feasible for
different kinds of dark jets, but it might have lost some
of the characteristics of the samples. Considering more than
one BDT may help to comprehensively show the nature of
the sample. For a discussion of two BDTs, see Appendix C.

IV. EXAMPLE AT LHC

In this section,wepresent bifundamental scalarX search at
the LHCas an example to utilize our dark jet taggingmethod.
AsX is charged under both the SM SUð3Þ and dark SUð3Þ, a
pair of X particles can be produced at the LHC through the
QCDprocess.Once amediatorX is produced, it decays into a
SMquark and a dark quark, which evolves to aQCD jet and a
dark jet, respectively. If the decay length of a dark meson is
around Oð10Þ–Oð100Þ mm, a dark jet will leave displaced
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FIG. 10. ROC curves obtained by cutting on the BDT score. Left: dark jet vs gluon jet ROC curves for all four models, with
pT ∈ ð100 GeV; 450 GeVÞ. Right: dark jet vs quark jet ROC curves for all four models, with pT ∈ ð100 GeV; 450 GeVÞ.

7This sample ratio choice comes from the feasibility require-
ment. We found dark jets A and D are easier to distinguish than
dark jets B and C. Thus, in order to obtain a BDT that is useful to
all kinds of dark jets, we need to increase the proportion of events
from models B and C in the signal sample. After several attempts,
we found that the sample ratio used here gives us a BDT with
good feasibility.
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vertices in the detector. By counting the number of displaced
vertices, one can obtain a robust limit on themass ofmediator
particle X [41,87]. But if the decay length of a dark meson is
shorter than 1 mm, analyses with displaced vertices will lose
sensitivity. In this section, we will show that tagging the dark
jet with jet substructures can be used to enhance a search
sensitivity when dark mesons decay promptly.
We consider the dark sector setting A in Table I as an

benchmark for the LHC study. Our analysis is based on the
search for pair-produced resonances in four-jet final states
on ATLAS [88]. Here, we briefly describe the cut flow used
in the ATLAS report [88]:

(i) Events are required to have at least four jets with
pT > 120 GeV and jηj < 2.4.

(ii) These four jets are paired by minimizing
ΔRmin ¼

P
i¼1;2 jΔRi − 1j, with ΔRi the angular

distance between two jets in a pair.
(iii) Define m̄ as the average of the invariant masses of

this two-jet pair as m̄ ¼ 1
2
ðm1 þm2Þ. Here, m1 and

m2 are the invariant masses of two resonances. We
veto events of large angular separation

ΔRmin > −0.002ðm̄ − 225Þ þ 0.72

for the case of m̄ < 225 GeV. If m̄ ≥ 225 GeV, we
discard events with

ΔRmin > 0.0013ðm̄ − 225Þ þ 0.72: ð21Þ

(iv) Boost the system of these two resonances back to
their center-of-mass frame, and define cos θ� as the
cosine of the angle between one of the resonances
and the beam line in the center-of-mass frame. The
mass asymmetry A is defined as

A ¼ jm1 −m2j
m1 þm2

; ð22Þ

Events are selected by requiring A < 0.05 and
j cos θ�j < 0.3. This cut flow defines the inclusive
signal region selection.

This analysis utilizes kinetic information of final-state
jets, which are pT, η, and ϕ. However, as we have presented
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FIG. 11. BDT score distributions of four leading jets of signal and background (BKG). Events used here are required to have at least
four jets with pT > 120 GeV and jηj < 2.4. The BDT score is normalized to region [−1, þ1]. For the signal process, here we consider
MX ¼ 400 GeV for illustration.
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in Sec. III, one can get more information by looking inside
a jet. If the resonance is the mediator particle X, there will
be dark jets in the final state. So, by tagging dark jets,
search sensitivity can be enhanced. Here, we use the trained
BDTwe obtained in last section to compute BDT scores of
four leading jets in the final state. Thus, the dark jet can be
tagged by cutting on the BDT score. A similar method has
been performed in the supersymmetry study [49].
Backgrounds from SM QCD processes and signal events

from X pair production are generated by PYTHIA8. For
background simulation, we generate more than one billion
events, and the events number after inclusive cut is
normalized to the data observed in the ATLAS report
[88]. The production cross section of the X pair is the
production cross section of the stop pair multiplied by 3
[89] because X is also charged under a dark SUð3Þ gauge
group. In Fig. 11, we show the BDT score distributions of
four leading jets for both background and signal. It can be
seen that the BDT score of our signal is larger than the BDT
score of the QCD background. Thus, we can suppress the
QCD background by cutting on the BDT scores. Here, we

define a jet with a BDT score larger than 0.4838 to be
tagged as dark jet, and we require at least two dark jets in
the final state. In Table III, we list the cut flow for both the
background and signal. After inclusive selection, the back-
ground events number is 3 orders of magnitude larger than
the signal events number. By requiring at least two dark jets
in the final state, we suppress the background by 4 orders of
magnitude, and thus the background and signal become
comparable. Significances are estimated by Sffiffiffiffiffiffiffiffiffiffiffiffi

Bþϵ2B2
p . Here,

S and B are the events numbers of the signal and back-
ground, respectively, and we assume systematic uncertainty
ϵ to be 30% for a conservative estimation.
We give a 95% confidence-level exclusion limit on the

cross section of X pair production in Fig. 12. Theoretical
uncertainty (TU) from dark jet tagging is estimated by
varying renormalization-scale μ in the dark parton shower
process. See Appendix A for a detailed discussion about
theoretical uncertainty. To compare with the search method
without dark jet tagging, in Fig. 12, we also show the up
limit obtained by doing a recast of the ATLAS report [88].
In Ref. [88], after the inclusive cut, several mass windows
are designed to further increase the search sensitivity. For a
certain resonance mass, the average mass mavg is required
to be located in a narrow region around it. However, due to
the strong shower in dark sector, the average mass obtained
by four final-state leading jets distribute in a broad mass
region. Thus, the mass window cut discards too many
signal events and results in a low sensitivity. Figure 12
shows that the exclusion limit from the ATLAS report
recast is weaker than the limit from our dark jet tagging
method.

V. CONCLUSION

The dark sector charged under a confined SUðNdÞ
provides composite states and attractive phenomenologies.
At colliders, such a model can produce jetlike signals
(called a dark jets), some of which may not be tagged by
distinct or exotic signatures including missing energy or the
displaced vertex. In this work, inspired by the success of
quark/gluon jet discrimination, we try to distinguish the
dark jet from the background SM QCD-jet by using

200 300 400 500 600 700 800
0.01
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1

10
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FIG. 12. The 95% C.L. upper limit on the production cross
section of the X pair, with X decays to a SM quark and a dark
quark. The red line is the production cross section of the X pair at
the 13 TeV LHC. The blue dashed line is the up limit obtained by
using the cut flow in the ATLAS report [88]. The black dashed
line is the up limit obtained by using our dark jet tagging method.
The gray band reflects theoretical uncertainty from dark jet
tagging.

TABLE III. The number of signal events and background events after applying the cut. Luminosity is 36.7 fb−1, and the central energy
is 13 TeV. The background events number after inclusive selection has been normalized to the data observed in the ATLAS report.

BKG MX ¼ 300 GeV MX ¼ 500 GeV MX ¼ 700 GeV MX ¼ 900 GeV

Four jets with jηj < 2.4 and pT > 120 GeV 2.46 × 107 70701 21723 5127 1267
ΔRmin selection 3.96 × 106 20998 5946 1631 499.6
A < 0.05 and j cos θ�j < 0.3 154750 2,246 529.7 120.7 30.6
Dark jets ≥ 1 2240 403.0 130.2 41.6 12.3
Dark jets ≥ 2 19.9 30.1 15.3 5.0 1.8
Significance � � � 4.03 2.05 0.68 0.25

8This number is chosen for maximizing the exclusion limit.
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jet-substructure variables. A series of jet-substructure

variables, like the jet mass, CðβÞ
1 , or track multiplicity, is

studied in this work. We use simulated events to exhibit the
discriminant ability of all these jet-substructure variables. A
BDT is trained as a classifier to discriminate the dark jet and
QCD jet. For all of our dark sector settings, we can use this
trained BDT to exclude 99% background gluon jets with
more than 15% signal dark jets reserved or exclude 99%
background quark jets with more than 30% signal dark jets
reserved. A concrete example is used to show that our dark
jet tagging method can enhance the search sensitivity of
models which produce dark jets in the final state.
Theoretical uncertainty from Monte Carlo simulation is
also discussed, which shows that our method is robust
against theoretical uncertainty.
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APPENDIX A: UNCERTAINTY DISCUSSION

The discriminant ability shown in Sec. IV might be quite
sensitive to TU from a Monte Carlo event generator. In
analyses of quark-gluon jet tagging, one can tune parameters
in the Monte Carlo event generator from real data to reduce
systematics and enhance predictability. Generally, one can
simulate a quark jet very well with public event generators.
And for a gluon jet, it is also known that the real distribution
lies in between PYTHIA and HERWIG [90] expectation. More
information can be found in a recent review [76].
But for a dark jet, we cannot estimate systematics as we

do not have the real data of the dark jet. Thus, parameters
in simulating dark QCD hadronization and showering
leaves unfixed systematics in our analyses. On top of this
difficulty, as we do not have various Monte Carlo gen-
erators for dark jet simulation except PYTHIA8, we do not
have a choice to compare different event generators to get
an estimation about uncertainty depending on different
showering and hadronization schemes. Alternatively, we
do some simple estimation in this work. Changing the

renormalization scale in the parton shower process has been
proven to be a good method to estimate theoretical
uncertainty in PYTHIA [91]. So, following this method,
we also rescale the renormalization scale μ in the dark
sector shower process.
For background and signal events simulation, we use

the same setting as we used in Sec. IV. But we simulate
signal events several times with different renormalization
scale μ, varying from 0.5p⊥ to 2.0p⊥. Here, p⊥ is the order
parameter used in the PYTHIA8 shower process, and μ ¼ p⊥
is the default setting in PYTHIA8. So, after utilizing the
trained BDT to do discrimination, we obtain several ROC
curves. Results are shown in Fig. 13. In the region where
the acceptance of the background QCD jet is around 1%,
the acceptance of the signal dark jet changes from 19% to
26%. So, if we want to tag one dark jet in the final state, the
corresponding theoretical uncertainty is about 15%. In
Sec. IV, we want to tag two dark jets in the final state;
thus, the theoretical uncertainty is about 30%.

APPENDIX B: FEASIBILITY DISCUSSION

To further test the feasibility of the BDT trained in
Sec. III, we consider another two benchmark models, E
and F. The detailed setting can be found in Table IV. We
choose these two settings because they have confinement
scales different than setting A and B. In the left plot
of Fig. 14, we present the coupling running of E and F.
It can be seen that the coupling running curves of setting E

TABLE IV. Benchmark models used to show the feasibility of the BDT we trained in Sec. III.

Nd nf Λd (GeV) m̃q0 (GeV) mπd (GeV) mρd (GeV) πd Decay mode ρd Decay mode

E 3 3 8 10 5 25 πd → cc̄ ρd → πdπd
F 3 3 5 6 5 14.33 πd → γ0γ0 with mγ0 ¼ 0.8 GeV ρd → πdπd
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FIG. 13. ROC discriminant curve of dark jet vs SM QCD jet,
with renormalization scale μ varying from 0.5p⊥ to 2.0p⊥. Here,
we use the dark sector, setting A in Table I.
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and F lie between the coupling running curves of setting A
andB. Formodel E andF,we generate 50,000 eventswith jet
pT ranging from 100 to 450 GeV. As we did in Sec. III, we

use the trained BDT to map the value of fCðβÞ
1 ;E-ratio;

track multiplicityg to a BDT score. By cutting on the BDT
score,weobtainROCcurves,which are shown inFig. 14. The
discriminant performance is quite good. For models E and F,
we can exclude 99% background gluon jets with more than
11% signal dark jets reserved or exclude 99% background
quark jets with more than 26% signal dark jets reserved.
Here, we emphasize that we train the BDTwith samples

from benchmark points A, B, C, and D to cover generic

features of the dark jet. More specifically, our BDT
captures a feature of a large coupling by studying
sample A, and it also learns different decay modes from
C. To prepare small coupling scenarios, we provide a
chance of learning with benchmark points B and D for each
case. As we test its performance on different parameter
points (E and F), our method can be applied to a wide range
of parameters in dark QCD physics.

APPENDIX C: DISCRIMINATION BY TWO BDTs

In Sec. III G, we use a mixture of the events from setting
A, B, C, and D as signal sample to train a BDT, and this
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FIG. 14. Left: QCD coupling running in the dark sector and SM QCD. Middle: dark jet vs gluon jet ROC curves for
benchmark points E and F, with pT ∈ ð100 GeV; 450 GeVÞ. Right: dark jet vs quark jet ROC curves for benchmark points E
and F, with pT ∈ ð100 GeV; 450 GeVÞ.
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FIG. 15. Distributions on the “BDT1 score”-“BDT2 score” plane of different kinds of dark jets and background QCD jets.
Distributions in each plot are obtained from 30,000 events.
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BDT shows good feasibility in distinguishing different
kinds of dark jets from QCD background. But such a BDT
might lose some unique characteristics of a certain kind of
dark jets. This problem can be alleviated if we use two
BDTs. In this Appendix, we consider a BDT1, which is
trained by choosing dark jet A as signal sample, and a
BDT2, which is trained by choosing dark jet B as a signal
sample. Thus, for each jet, we will get two BDT scores, and
more information about a jet can be reflected. We cannot
easily obtain a ROC curve by cutting on the BDT scores in
this case. So, instead of presenting a ROC curve, we simply

show the distribution of different kinds of jets on the BDT
scores plane. Figure 15 is our result. It shows that both
gluon and quark jets concentrate on the lower left quarter,
but dark jets can spread to a larger region. Dark jet A and
dark jet D populate more than half of the BDT score plane.
Dark jet B and dark jet C also show distributions which
are different with QCD background. Discrimination in this
case can be performed by some image identification
technique. But a study on utilizing image identification
is beyond the scope of current work, and we stop our
discussion here.
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