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Abstract

We investigate the consequences of models where dark sector quarks could be produced at the
LHC, which subsequently undergo a dark parton shower, generating jets of dark hadrons that
ultimately decay back to Standard Model hadrons. This yields collider objects that can be nearly
indistinguishable from Standard Model jets, motivating the reliance on substructure observables to
tease out the signal. However, substructure predictions are sensitive to the details of the incalculable
dark hadronization. We show that the Lund jet plane provides a very effective tool for designing
observables that are resilient against the unknown impact of dark hadronization on the substructure
properties of dark sector jets.

I. INTRODUCTION

Although there is overwhelming evidence for the exis-

tence of dark matter, we do not yet know the detailed

properties of this beyond-the-Standard-Model state(s).

One minimal assumption is that it is an additional

weakly interacting state. However, given the complexi-

ties of the Standard Model itself, one should be open to

the possibility that the dark matter is one or more sta-

ble particles that emerge from a dark sector with non-

trivial dynamics. In this letter, we consider the case

where the dark sector involves a new confining force

that binds a set of dark quarks into dark hadrons, in

close analogy with quantum chromodynamics (QCD).

In a wide class of models, some of these dark hadrons

could be stable, and could therefore provide viable dark

matter candidates. We also expect the relic density of

the dark matter to be generated by some non-trivial cou-

plings to the Standard Model bath in the early universe.

This motivates studying models where the dark sector

is connected to the Standard Model by a so-called por-

tal interaction. This paradigm has received tremendous

attention in recent years; our interest here is exploring

the implications for Large Hadron Collider (LHC) phe-

nomenology, e.g. see the Snowmass study [1].

Models with QCD-like strong dynamics in the dark

sector connected to the Standard Model by a portal can

result in a wide range of signatures at the LHC. Fol-

lowing the pioneering papers on Hidden Valleys [2–4], a

number of other classes of signatures have been identi-

fied, e.g. lepton jets [5–11], emerging jets [12–14], semi-

visible jets [15–20], and soft bombs [21, 22]. The prop-

erties of the dark sector can be parameterized by combi-

nation of physically meaningful choices: a confinement

scale ΛD, the number of dark colors nC , and the num-

ber of dark quark flavors nF . In order to make predic-

tions for the LHC, one must also model dark hadroniza-

tion, which introduces a number of additional model

parameters. Finally, one must specify the portal, which

could utilize a new coupling to a Standard Model opera-

tor [23–25], or rely on the introduction of a new physics

mediator [14, 16, 26–41]. For simplicity, we will model

the production of dark quarks using a contact operator

in the studies presented below [42–44].

ATLAS and CMS have recently performed searches

for models that involve dark showers [13, 45, 46], and

there have been a number of proposals for how to extend

the reach of these searches using jet substructure [47–

50]. However, many of these observables are highly sen-

sitive to poorly-understood effects, particularly the dark

sector hadronization, see [51] for a study that character-

ized the size of theory errors for one class of substruc-

ture observables. These effects are not easily parame-

terized, and there are large uncertainties associated to

their modeling. Searches designed for a single choice

of hadronization modeling may lose a lot of sensitivity

with other plausible hadronization options. Even worse

than losing sensitivity, the limits may not even apply to

the true prediction of the theory, depending on how the

signal has been parameterized. Approaches to mitigate

this issue are clearly of great value.

There are many jet substructure observables that are

well known to be sensitive to the non-perturbative dy-

namics of confinement. For example, one can simply

count the number of constituents in a jet: this observ-

able depends significantly on the model for fragmenta-

tion and hadronization. Such modeling can be tuned

against data for the Standard Model, but this is not

(yet) possible for a dark sector. In contrast, we will

demonstrate that the Lund jet plane (LJP) provides a

very useful tool to accomplish the goal of minimizing the
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sensitivity to the underlying hadronization model, while

simultaneously providing a powerful discriminator. The

LJP provides an intuitive way of factorizing different

physical effects in QCD [52], extending the concept of

the Lund diagrams [53] to an experimentally viable ob-

servable. As described in detail below, the LJP is con-

structed to separate the parton shower contribution to

the jet from the hadronization effects. Measurements of

the LJP have demonstrated the experimental power of

the LJP to explore perturbative and non-perturbative

QCD effects [54, 55], and it has also been proposed as a

tagger for identifying different types of jets [56–59]. In

this paper, we explore how these same insights can be

used to design interpretable observables to tag dark sec-

tor jets, as well as to study the modeling of dark showers

across different simulation platforms.

The rest of this letter is organized as follows. First, we

describe the details of the simulation and the algorithm

for calculating the LJP in Sec. II. We then apply this to

a variety of dark sector scenarios in Sec. III. We explore

the resilience against variation in the hadronization pa-

rameters in Sec. IV. Finally, we provide conclusions and

future directions in Sec. V.

II. TOOLS

In this section, we explain the details of the simula-

tions including our benchmark parameter choices, and

the computation of the LJP. The dark sector simula-

tion is performed using the Hidden Valley Pythia mod-

ule [60, 61]. Our benchmark parameter point is as fol-

lows: number of colors nC = 3, number of dark quark

flavors nF = 3, dark confinement scale ΛD = 5 GeV,

dark quark mass mQD
= 2.5 GeV, dark pion mass

mπD
= 5 GeV, dark rho mass mρD = 5 GeV. For the

hadronization and fragmentation parameters, we take

the default choices (see the Hidden Valley section of the

Pythia manual) aL = 0.3, bm2
QD

= 0.8, rQD
= 1, and

fraction of ρD = 0.75. Other benchmark points are pro-

vided in Table I.

Proton-proton collisions are simulated at
√
s =

13 TeV. We pair produce dark quarks through a con-

tact operator portal connecting them to the Standard

Model quarks. We stop the simulation at five different

stages: (1) we produce the dark sector partons and sim-

ulate their subsequent parton shower, so the final state

at this stage are dark sector partons; (2) we hadronize

the dark sector partons into dark hadrons; (3) we de-

cay the dark hadrons into Standard Model partons; (4)

we shower the Standard Model partons that were pro-

duced in the decay, generating a final state with many

Standard Model partons; (5) we hadronize the Standard

Model final state. Isolating these different stages allows

us to explore the impact of each effect on the structure

of the LJP.1

At each stage of the simulation, large-radius (R =

1.0) anti-kt jets [62] are clustered from the partons or

hadrons using Fastjet [63, 64]. Jets are required to have

pt > 1000 GeV. Given the set of jets that are simulated

at a given stage, we then compute the associated LJP.

To reconstruct the primary LJP, each reconstructed jet

is reclustered using the Cambridge/Aachen (C/A) algo-

rithm [65, 66]. The final clustering step of this C/A jet

is undone, resulting in two pseudojets, and the lower-

pt pseudojet is assumed to be an emission off of the full

jet. Then, the higher-pt pseudojet is considered to be

the core of the remaining jet, and the declustering pro-

ceeds with this pseudojet. In this case, we compute the

transverse momentum of emission with respect to the

core (kt), and the angular distance between the emis-

sion and the core (∆R =
√

∆η2 + ∆φ2). This process

continues until the declustering reaches the end of the

clustering procedure. The results of this declustering

can then be plotted, with each emission from the core

contributing one point on the LJP. In general, each jet

will have several emissions, and when normalized to the

number of jets, the integral of the LJP corresponds to

the average number of total emissions across all jets.

III. RESULTS

As was explained in the original paper on the LJP [52],

the LJP separates into a region that is dominated by the

perturbative evolution of the parton shower and a non-

perturbative regime that is dominated by hadronization

effects. In the perturbative region, the leading log pre-

diction for the density is that

leading log density ∝ 2αD(kt)CF
π

, (1)

where αD is the running dark gauge coupling, and

CF = N2−1
2N for an SU(N) gauge group. This results

in increased emissions at low kt due to the running of

αD. Higher values of ΛD will therefore result an in-

creasingly smaller portion of the LJP being insensitive

to non-perturbative effects. To illustrate the dark sec-

tor LJP, we first consider the LJP after the dark parton

shower, but before hadronization and subsequent decays

to Standard Model particles. The LJP after the dark

shower is compared to the naive prediction for the LJP

based on Eq. (1) in Fig. 1. In general, this prediction

provides a good description of the behavior of the LJP

for kt & ΛD.

1 Note that we assume all of the dark hadrons are unstable. In-
cluding some fraction of stable dark matter candidates thereby
producing a “semi-visible jet” would not change any of our con-
clusions as long as a substantial number of Standard Model
hadrons appear in the final state.
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Unlike in the case of the Standard Model, the dark

sector can involve widely separated scales since the dark

hadron masses and the dark confinement scale are free

parameters. This can lead to additional structures in

the LJP, which has the largest non-trivial impact at the

dark sector decay stage. Note that for our main bench-

mark example, the dark sector masses are taken to be

of order ΛD, so these two effects lie on top of each other

in the LJP. Examples where these scales are not equal

are provided in the supplemental material. The effects

of the remaining stages of event generation are shown

in Fig. 2, which provides the LJP, as well as the ratio

of LJP between successive stages of the event genera-

tion. The LJP is normalized to the number of jets, such

that the integral of the plane provides the average num-

ber of emissions per jet. Just as in the Standard Model

LJP, we expect hadronization effects to be important

for regions around the ΛD scales. For the choices of pa-

rameters here, the Standard Model particles produced

from the decays of the dark sector hadrons have rela-

tively low pt, due to the relatively low mass of the dark

hadrons. Therefore, the Standard Model parton shower

has very little impact on the LJP, since they are already

near the scale at which they will hadronize.
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FIG. 1: The LJP from dark sector quark pair production
events after (top) the dark parton shower, and (middle) using
the leading log prediction, and (bottom) the ratio of these.
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FIG. 2: The left column provides the LJP for the following
stages: (top) dark sector hadronization, (second) dark sector
decay, (third) Standard Model shower, and (bottom) Stan-
dard Model hadronization. The right column provides the
ratio of the LJP for the following: (top) the dark shower to
the dark hadron, (second) dark hadron to dark hadron de-
cay, (third) dark hadron decay to Standard Model shower,
and (bottom) the Standard Model shower to Standard Model
hadron.

As demonstrated above, the behavior of the LJP

for dark parton showers can be predicted at lead-

ing logarithmic accuracy, and improvements to parton

shower models will enable more accurate predictions for

the dark shower behavior. However, hadronization ef-

fects remain largely unconstrained, and any predictions

are heavily reliant on specific models of these effects.

For the Standard Model, hadronization parameters are

tuned using data, but this is not possible for dark show-

ers, nor is it obvious that the parameters used for the

Standard Model are applicable to a generic dark sec-

tor. This poses significant challenges for any analysis

sensitive to hadronization.

To study the impact of hadronization on different sub-

structure observables, we produced three different MC

samples with different configurations of the hadroniza-

tion parameters. In the default setting, the hadroniza-

tion settings are chosen to match the Monash tune [67].

Then, each parameter is allowed to vary within the

range allowed by the Monash tune, and the values
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FIG. 3: The LJP computed for the final state Standard
Model hadrons for three different dark hadronization choices.

are chosen to minimize and maximize the number of

hadrons produced. The specific parameters are given in

Table I in the supplemental material.

The results of this study are presented in Fig. 3, which

compares the LJP after the dark hadronization stage us-

ing the hadronization parameters tuned to produce the

fewest hadrons, the default option used in the rest of

these studies, and the parameters that yield the most

hadrons. These choices result in significant differences

in the LJP near ΛD, where non-perturbative effects are

expected to be large. In the more perturbative region,

the behavior of all three models is similar, since this is

the region governed by the dark parton shower. This il-

lustrates the importance of factorization, which enables

the hadronization effects to be isolated to a particular

region of the LJP, instead of impacting the entire dis-

tribution. We conclude that the LJP provides a quan-

titative tool to isolate the unknown physics associated

with dark sector hadronization.

IV. RESILIENCE

The ultimate goal is to apply these tools to search for

the signatures of dark sector showers at the LHC. To

demonstrate that the LJP provides a useful tool, we will

evaluate two different metrics: the background rejection

and the resilience against non-perturbative effects. For

a specific cut on an generic observable, the background

rejection can be quantified as

p =
εD√
εQCD

, (2)

where εD is the dark sector jet efficiency, and εQCD is

the efficiency for Standard Model jets. In both cases,

these are determined after Standard Model hadroniza-

tion. The resilience against non-perturbative effects, ζ,

can be quantified using the impact of the hadronization

on the tagger performance. In particular, we define

ζ =

(
∆εD
〈εD〉

)2

, (3)

where ∆ε = ε − ε′ and 〈ε〉 = (ε + ε′)/2, For these stud-

ies, ε is determined using the default hadronization pa-

rameters, while ε′ is determined using the hadroniza-

tion parameters that produce the maximum number of

hadrons.

As a simple example of the impact of hadronization

modeling on the regions of the LJP that we are sensitive

to, we consider the resilience of a tagger that counts that

number of emissions in the primary LJP above a certain

kt cut, as well as a comparison to three other observ-

ables: the jet energy sharing Dpt =
√∑

i p
2
T,i/

∑
i pT,i,

the number of jet constituents Nconstit, and the jet mass.

While it is possible to create more sensitive observables

that make use of the 2-dimensional plane, the number

of emissions provides a good proxy for the overall be-

havior, and the kt cut provides a proxy for controlling

the amount of hadronization effects that are included.

The results of this study are shown in Fig. 4. In gen-

eral, for a given tagger performance, the LJP provides

better resilience than the other observables. Even for

choices which reduce the sensitivity, this comes with the

benefit of greater interpretability. Even if the hadroniza-

tion modeling is incorrect, this observable can still be

used to set robust limits on dark sector models. With

observables like the number of constituents, where the

tagging performance is greatly impacted by the specific

hadronization parameter choices, any results would be

difficult to interpret generically for hadronization varia-

tions, even with the same nC , nF , and ΛD parameters.

V. CONCLUSIONS AND OUTLOOK

In this letter, we have proposed applying the Lund jet

plane (LJP) as a tool for dark sector searches at the

LHC. One of the key benefits of the LJP is that it iso-

lates the non-perturbative effects of hadronization. The

effects of dark sector hadronization on jet substructure

observables are in principle incalculable, and one must
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criminator without introducing too much sensitivity to the
underlying hadronization uncertainty.

appeal to phenomenological models. By cutting away

the region of the LJP that is most sensitive to hadroniza-

tion, one can perform robust searches for these models

including the effects of substructure.

While this letter provides compelling evidence for this

application of the LJP, there are many future direc-

tions to explore. In this study, we decayed all the dark

hadrons to the Standard Model. But the general expec-

tation is that some fraction of the dark hadrons would

be stable. It would be interesting to study the inter-

play of the LJP efficiency in the presence of stable dark

matter candidates. It would also be useful to test the

efficacy of the LJP as a tool in the context of more real-

istic searches, involving constraints from other searches

and so on. Additionally, models with a seperation of

scales between the dark hadronization scale and the

dark meson masses can lead to new features in the LJP

(see Fig. 6 in the supplemental material) that could be

exploited when designing searches. Another important

role for the LJP is to compare the predictions of different

dark sector simulations, as a way to quantify the vari-

ations among their predictions. This could in principle

be utilized to make these simulation tools more robust.

It would also be very interesting to apply machine learn-

ing tools to the LJP (see e.g. [59]), which would allow

to maximize the information contained in the LJP in a

search for new physics. Developing robust searches for

dark sector showers is of paramount importance, and

this letter shows that the LJP provides an ideal tool for

this task.
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SUPPLEMENTAL MATERIAL

A. BENCHMARK POINTS

nC nF ΛD mQD mπD mρD aL bm2
QD

rQD fraction ρD

primary benchmark 3 3 5 GeV 2.5 GeV 5 GeV 5 GeV 0.3 0.8 1 default (= 0.75)

large hadronization 3 3 5 GeV 2.5 GeV 5 GeV 5 GeV 2 0.2 2 default

small hadronization 3 3 5 GeV 2.5 GeV 5 GeV 5 GeV 0 2 0 default

snowmass benchmark 3 2 6.5 GeV 0.5 GeV 10 GeV 20 GeV 0.3 0.8 1 default

dark QCD scale ΛD 3 3 50 GeV 2.5 GeV 5 GeV 5 GeV 0.3 0.8 1 default

TABLE I: Dark sector parameters for the benchmark points used.

B. PERFORMANCE WITH THE SNOWMASS BENCHMARK

The Snowmass whitepaper on dark showers [1] proposed a variety of benchmark models. These models incorporate
input from lattice simulation to motivate a set of parameterized models of the dark hadron spectra. They addi-
tionally incorporate decays among the dark hadrons. Since the parameters of this model are slightly different than
the baseline chosen for our simple benchmark, it is useful to check that the same conclusions apply to this model.
The LJP for each stage is shown in Fig. 5. As expected, the same features are seen as compared to the benchmark
provided in the main text.
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FIG. 5: The left column provides the LJP for the following stages: (top) dark sector shower, (second) dark sector hadroniza-
tion, (third) dark sector decay, (fourth) Standard Model shower, and (bottom) Standard Model hadronization. The right
column provides the ratio of the LJP for the following:(top) the dark shower to the dark hadron, (second) dark hadron
to dark hadron decay, (third) dark hadron decay to Standard Model shower, and (bottom) the Standard Model shower to
Standard Model hadron.
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C. IMPACT OF ΛD

There are several free parameters in the dark showers model. Each of which results in various changes to the LJP.
One particularly interesting parameter to consider is ΛD, which impacts the scale where the dark shower stops and
hadronization occurs. The LJP after the dark shower is shown for ΛD = 50 GeV in Fig. 6, which illustrates that
the shower stops at much higher values of kt, as expected. This higher value of ΛD results in new features in the
LJP that were masked for lower values of ΛD. With the large gap between the meson mass and ΛD, a second
band appears in the DS hadronization stage. These features deserve further exploration. It would be interesting to
develop analytic tools to calculate the LJP for models with this wide separation of scales. From a phenomenological
perspective, it would be very interesting to design searches that take advantage of these features (or are explicitly
agnostic to them), perhaps even using machine learning.
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FIG. 6: The left column provides the LJP for the following stages: (top) dark sector parton, (second) dark sector hadroniza-
tion, (third) dark sector decay, (fourth) Standard Model shower, and (bottom) Standard Model hadronization. The right
column provides the ratio of the LJP for the following:(top) the dark shower to the dark hadron, (second) dark hadron
to dark hadron decay, (third) dark hadron decay to Standard Model shower, and (bottom) the Standard Model shower to
Standard Model hadron.
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