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• allow to connect collider 
physics, indirect searches, 

as well as astroparticle 
physics and cosmology; 


• predict new experimental 
signatures. 

Models of new physics



A voyage into dark sectors
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Why dark sectors? 
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• Consistent dark matter models may require a 
non-minimal structure.


• Given the complexity of the Standard Model, it is 
plausible that the dark sector is complex, too. 


• Dark sectors often predict a novel cosmology and 
collider phenomenology.



Which dark sectors?
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Take inspiration from the Standard Model and consider 

• Weakly-Interacting Massive Particles (WIMPs),  
• Strongly-Interacting Massive Particles (SIMPs) and

•  Feebly-Interacting Massive Particles (FIMPs), 


which exhibit features known from the weak, strong and 
electromagnetic interactions, respectively. 



How to explore dark sectors?
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Require a consistent cosmology, with the correct relic 

abundance, and explore the collider phenomenology. 


This involves the 

• re-interpretation of existing BSM searches; 
• design of novel search strategies; 
• use of advanced analysis techniques,  

such as machine learning.  



Outline
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• A strongly interacting dark sector 

• The relic density and direct detection bounds 

• Dark sectors at the LHC: 
Missing energy searches

Semi-visible jets


• Outlook: 
Displaced vertices

Machine learning
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A strongly interacting dark sector

We consider a dark sector with a SU(3) dark gauge group:  

showers, which o↵er great potential to explore the model in more detail, and point out

the relevance of searches for displaced vertices [33]. At the same time, significant e↵orts

are being made to develop new direct detection strategies for low-mass DM, which will

substantially improve the sensitivity to light dark sectors [34].

This paper is structured as follows. In section 2 we present the model that we consider

and derive the corresponding chiral Lagrangian. A particular emphasis is placed on the

discussion of meson stability. A broad overview of the phenomenology of the model is then

given in section 3. We calculate the lifetime of the unstable particles, the relic density and

direct detection constraints. Finally, section 4 takes a closer look at various LHC searches.

We first consider existing constraints from searches with visible and invisible final states

and then discuss the potential of dedicated searches for the specific signatures of our model.

Our conclusions are presented in section 5.

2 Dark sector model set-up

We consider a dark sector consisting of Nf flavours of dark quarks qd = (qd,i) with i =

1 . . . Nf , which are in the fundamental representation of a dark SU(Nd) gauge group. The

corresponding Lagrangian is given by

L = �
1

4
F

a
µ⌫F

µ⌫a + qdi /Dqd � qdMqqd , (2.1)

where Mq denotes the dark quark mass matrix. In order to have a theory that resembles

QCD, we assume Nd = 3. For reasons that will become clear below, we furthermore restrict

ourselves to the case Nf = 2.

The dark sector described by eq. (2.1) is completely secluded from the SM. Such

secluded dark sectors can have a viable cosmology, for example in models with asymmetric

reheating [35, 36], but make few testable predictions. We therefore focus on the case

that there is an additional interaction between the two sectors, which establishes thermal

equilibrium in the early Universe and allows for the exchange of entropy. We assume that

these interactions arise from an additional U(1)0 gauge group under which both dark quarks

and SM quarks are charged. The U(1)0 is broken such that the corresponding Z
0 gauge

boson acquires a mass mZ0 . The two dark quarks are taken to have opposite charges under

the U(1)0 such that the interactions with the Z
0 can be written as

L � �edZ
0
µ

�
qd,1�

µ
qd,1 � qd,2�

µ
qd,2

�
= �edZ

0
µ qdQ�

µ
qd , (2.2)

where ed denotes the product of the U(1)0 gauge coupling and the charge of the dark quarks

and Q = diag(1,�1) is the dark quark charge matrix. The assignment of the U(1)0 charge

Q is of relevance to the stability of dark mesons, as discussed in detail below. On the SM

side, we consider a universal coupling of the Z
0 to all SM quarks:

L � �Z
0
µ gq

X

qSM

qSM�
µ
qSM . (2.3)

– 3 –

and Nf = 2 flavours of dark quarks. 
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A strongly interacting dark sector

SU(3)dark ⊗ U(1)mediator ⊗ SM 

2 flavours of dark quarks qd
Z’ mediator with mass of O(TeV), 


with coupling to qd and qSM  

Confinement at scale Λd 

Dark mesons: 𝛑±, 𝛑0, 𝛒±, 𝛒0


with mass of O(GeV)
Z’ 𝛑+𝛑-,  Z’𝛒+𝛒- couplings; 


Z’-𝛒0 mixing
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A strongly interacting dark sector

SU(3)dark ⊗ U(1)mediator ⊗ SM 

2 flavours of dark quarks qd
Z’ mediator with mass of O(TeV), 


with coupling to qd and qSM  

Confinement at scale Λd 

Dark mesons: 𝛑±, 𝛑0, 𝛒±, 𝛒0


with mass of O(GeV)
Z’ 𝛑+𝛑-,  Z’𝛒+𝛒- couplings; 


Z’-𝛒0 mixing

Sector Particles Parameters

SU(3) qd,i (i = 1, 2), Ad (dark gluon) mq, ⇤d

Chiral EFT ⇡
±, ⇡0, ⇢±, ⇢0 m⇡, m⇢, g

U(1)0 Z
0

mZ0 , ed, gq

Table 1. Overview of independent parameters in the model.

It is furthermore helpful to define the vector meson field strength

Vµ⌫ = @µV⌫ � @⌫Vµ � ig [Vµ, V⌫ ] , (2.9)

where g is the pion-vector-meson coupling strength. The so-called KSRF relation [38, 39],

which relates properties of the ⇢ meson to the pion decay constant, implies [16]

g ⇡
m⇢

p
2f⇡

, (2.10)

which we use to express f⇡ in terms of m⇢ and g. The detailed expressions for the interac-

tions between the pseudoscalar and vector mesons can again be found in appendix A.

The interactions between the Z
0 and the charged vector mesons arise from the term

L � �
ed

gZ0V
Z

0
µ⌫Tr (QV

µ⌫) , (2.11)

which induces in particular the ⇢
+
⇢
�
Z

0 vertex [37]. For this vertex to have the correct

normalisation consistent with the charge ±2ed of ⇢± requires that gZ0V = g, i.e. the pion-

vector-meson coupling strength defined above. Furthermore, the term (2.11) gives rise

to mixing between the Z
0 and the ⇢

0. This mixing is of central importance for the phe-

nomenology of our model, as it induces small couplings between the ⇢
0 and SM quarks,

which render the ⇢
0 unstable (see appendix A). A detailed calculation of the resulting ⇢

0

lifetime will be provided in section 3.1.

To summarise, in the perturbative regime our model can be completely characterised

by the five parameters mq, ⇤d, mZ0 , ed and gq. In the confinement regime, the first two

parameters are replaced by the three e↵ective parameters m⇡, m⇢ and g. An overview of

all particles in the dark sector and the corresponding parameters is given in Tab. 1.

Before exploring the phenomenology of our model in detail, let us briefly discuss how

our model di↵ers from similar scenarios with three flavours, as considered for example

in [40]. First of all, for Nf = 3, the Chiral EFT Lagrangian includes the Wess-Zumino-

Witten (WZW) term [41, 42]

2Nd

15⇡2f5
⇡
✏
µ⌫⇢�Tr (⇡@µ⇡@⌫⇡@⇢⇡@�⇡) , (2.12)

which induces the 3⇡ ! 2⇡ annihilations crucial to the SIMP mechanism [40]. For Nf = 2

this term vanishes due to its antisymmetry under pion exchange, so that we need to consider

alternative mechanisms for obtaining the DM relic abundance (see section 3.2). Further

– 5 –

(See also Berlin et al., Phys. Rev. D97 (2018), no. 5 055033)
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A strongly interacting dark sector

• The conserved U(1)’ charge implies that the 𝛑± mesons are 
stable; they are thus viable dark matter candidates. 


• Decays of the neutral pion 𝛑0 are strongly constrained by 
cosmology (CMB, BBN, ΩDM); the 𝛑0 can be stabilised by 
a discrete symmetry if Nf = 2 and Q = (1, -1).


• The 𝛒± are effectively stable if m𝛒 < 2 m𝛑. 


• The Z’-𝛒0 mixing induces 𝛒0 decays into SM quarks: 

Dark meson stability

Charged pions stable
fi0 generically unstable

æ extremely dangerous in early universe (CMB, BBN, relic density, . . . )
æ stabilised by Gd -parity if NF even and Q Ã diag(1, ≠1)

fl± e�ectively stable if mfl < 2mfi (tiny three-body decay width)

fl0-Z Õ mixing induces fl0 decays to qSMq̄SM

æ c·fl0 ¥ 3.2 mm ◊

1
gq

0.01

2≠2 1
ed
0.4

2≠2 1
mfl

5 GeV
2≠5 1

mZ Õ

1 TeV
24

Elias Bernreuther (RWTH Aachen) SIMPs 25 June 2019 4 / 17
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• A strongly interacting dark sector


• The relic density and direct detection bounds 

• Dark sectors at the LHC:

Missing energy searches

Semi-visible jets


• Outlook:

Displaced vertices

Machine learning
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Relic density 

where B0 is a dimensionless constant. If all dark quark masses are the same, i.e.
Mq = mq1Nf

, one finds

f
2

⇡B0

2
Tr
�
MqU

†�+ h.c. = m
2

⇡Tr
�
⇡
2
�
+

m
2

⇡

3f 2
⇡

Tr
�
⇡
4
�
+O

✓
⇡
6

f 4
⇡

◆
(7)

with m
2

⇡ = 2B0mq.
The terms in (5) and (7) give rise to ⇡⇡ ! ⇡⇡ scattering as shown in the left

diagram of Fig. 1.
For Nf � 3, the Chiral EFT Lagrangian includes the Wess-Zumino-Witten (WZW)

term [2, 3, 4]

2Nd

15⇡2f 5
⇡

✏
µ⌫⇢�Tr (⇡@µ⇡@⌫⇡@⇢⇡@�⇡) , (8)

which cannot be expressed through U and its derivatives, but nonetheless preserves
SU(Nf ). The WZW term (8) induces 3⇡ ! 2⇡ annihilations crucial to the freeze-
out of SIMP models with decoupled vector mesons and very small coupling to the
SM. However, for Nf = 2, this term vanishes due to its antisymmetry under pion
exchange.

The vector mesons can be parametrized as [1, 5]

Vµ = V
0

µ T
0 + V

a
µ T

a =
1
p
2

 
⇢0µp
2
+ !µp

2
⇢
+

µ

⇢
�
µ �

⇢0µp
2
+ !µp

2

!
, (9)

with T
0 = 1

2
1. The kinetic term is written in terms of the vector meson field strength

Vµ⌫ = @µV⌫ � @⌫Vµ � ig [Vµ, V⌫ ] (10)

as

�
1

4
Tr (Vµ⌫V

µ⌫) . (11)

The coupling between vector and scalar mesons can be described in the form of a
covariant derivative [5]

Dµ⇡ � ig [⇡, Vµ] , (12)

⇡

⇡

⇡

⇡

⇡

⇡

V

Figure 1: Diagrams for leading interactions within the hidden sector. Shown are 2 !

2 scalar meson contact interactions and interactions with vector mesons.
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𝛑

𝛑

𝛒

𝛒

Z’

Z’

SM

SM

The dominant freeze-out process is 𝛑𝛑 ➞ 𝛒𝛒 and is set by dark sector 
parameters: g, m𝛑, m𝛒.

(Note: the 𝛒 mesons are expected to be heavier than the 𝛑 mesons, and 
hence these processes are allowed only at finite temperature.)   

Freeze-out

fld in equilibrium in early Universe if �fl0 > H

fid-fld decoupling sets DM relic density
Dominant freeze-out process: fidfid æ fldfld
(forbidden DM, D’Agnolo et al., 1505.07107)

fid

fid

fl0

d

fl0

d SM

SM

‡fifiæflfl Ã
g

2

m2
fi

e
≠2�xf

� = mfl ≠ mfi

mfi
≥ 0.2 - 0.5

Relic density can be easily produced by adjusting mfl/mfi.

Elias Bernreuther (RWTH Aachen) Strongly interacting dark sectors 26 September 2019 5 / 16

Example: mπ = 4 GeV, mρ = 5 GeV, and g = 1 yields ΩDMh ≈ 0.1.
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Direct detection

The exchange of 𝛒0 mesons leads to a spin-independent DM-nucleon 
scattering cross section:

𝛒

equilibrium, (inverse) decays should be at least as e�cient as the conversion between dark

rhos and pions until the point when the dark pions freeze out. This requires that

n
eq
⇢ �⇢0 > (neq

⇡ )2h�⇡⇡!⇢⇢vi > n
eq
⇡ H , (3.12)

before dark pion freeze-out, and hence

n
eq
⇢

n
eq
⇡
�⇢0 & H . (3.13)

Hence, requiring that rho decays not be a limiting factor for pion freeze-out yields the lower

bound (3.13) on �⇢0 , which is more stringent than the simple requirement of thermalisation

in eq. (3.5).

3.3 Constraints from direct detection experiments

At low energies dark rho exchange induces an e↵ective coupling of ⇡
± to SM nucleons

N = p, n, given by

ON =
6 ed gq
m

2
Z0

⇥
⇡
+
�
@µ⇡

��
�

�
@µ⇡

+
�
⇡
�⇤

N�
µ
N , (3.14)

which turns out to depend on mZ0 rather than m⇢ because of the way in which the in-

teractions arise from ⇢–Z 0 mixing (see appendix A). This e↵ective interaction gives rise to

spin-independent scattering with cross section given by

�
SI
N =

36 e2d g
2
q µ

2
⇡N

⇡m
4
Z0

, (3.15)

where µ⇡N = m⇡ mN/(m⇡ +mN ) is the reduced mass.

Since we have assumed universal quark couplings, the DM-nucleus cross section receives

a coherent enhancement proportional to the square of the mass number A. We can therefore

directly compare our model predictions for �SI
N to published exclusion limits and obtain a

bound on the e↵ective coupling ed gq/m
2
Z0 as a function of m⇡. However, it is important to

account for the fact that neutral pions do not couple to SM quarks at tree-level. Thus, for

the purpose of direct detection the e↵ective local DM density is reduced by a factor 2/3,

which can be captured by an appropriate rescaling of published exclusion limits.

For the mass range 1GeV . m⇡ . 10GeV that we will be interested in, relevant con-

straints arise from a number of di↵erent direct detection experiments, namely CRESST-

III [47], CDMSLite [48], DarkSide-50 [49], PICO-60 [50], PandaX [51] and XENON1T [52].

Rather than simply considering each experimental result separately, we use DDCalc

2.0 [53] to perform a statistical combination of all experimental results. However, as ex-

plained in detail in appendix B, we do not include the DarkSide-50 analysis, which relies

on an overly optimistic extrapolation of the ionisation yield to low energies. In addition,

we separately consider sensitivity projections for the SuperCDMS experiment [54], which

should provide substantial improvements for small DM masses.

The resulting constraints on the parameter space are shown in figure 2. While the

direct detection constraints depend only on the parameters that are being varied explicitly,

– 10 –
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Dark sectors at the LHC
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Novel signature: Z’ production with decays into dark quarks, followed by 
fragmentation and hadronisation in the dark sector

• Z’ decays produce a dark 
shower with O(10) dark 

mesons.


• About 75% of the dark 
mesons are stable and 

escape detection. 


• The 𝛒0 mesons decay into 
SM quarks and produce 

QCD showers.

→ semi-visible jets (cf Hidden Valley models, Strassler & Zurek, Phys.Lett. B651 (2007) 374-379) 
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Recasting existing di-jet resonance, SUSY and mono-jet searches:

ATLAS di-jet (ATLAS-CONF-2019 007)

ATLAS mono-jet (JHEP 01 (2018) 126)
CMS SUSY (PRD96 (2017) 032003)
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Prospective searches for semi-visible jets:

The missing energy is often aligned with QCD jets. Hence search for events with small  
angular distance  

Figure 3. Schematic illustration of a dark shower from the decay of a Z
0 produced in association

with a gluon.

substantially larger than the estimate given in eq. (3.4). In the following, we will assume

that for �c⌧ < 1mm the rho meson decays can be treated as prompt, such that conventional

experimental strategies apply. However, since both the boost factor and the actual distance

travelled before the decay are subject to large fluctuations, displaced vertices may be

observable even for smaller decay lengths.

The average relative multiplicity of the di↵erent mesons depends on their respective

number of degrees of freedom. Spin-1 ⇢ mesons are three times as abundant as spin-0 ⇡

mesons and charged ⇢
± and ⇡

± mesons are twice as abundant as their neutral partners.

It follows that we expect on average 25% of a dark shower to consist of ⇢0 mesons, which

subsequently decay into SM hadrons, while the remaining 75% are stable mesons that

escape from the detector unseen. A dark shower will hence lead to a semi-visible jet [22, 23]

with an average fraction of invisible energy of rinv = 0.75.

Such semi-visible jets give rise to a range of interesting experimental signatures. If

the Z
0 is produced in isolation, i.e. without additional energetic SM particles from initial

state radiation (ISR), the two semi-visible jets will be back-to-back. Defining the minimum

angular separation in the azimuthal plane between the missing energy vector /ET and any

of the leading jets

�� = min
j

��(j, /ET ) , (4.4)

such events are expected to have small ��, as the missing energy is aligned with one of the

dark showers. Ordinary ”mono-jet“ searches (i.e. searches for energetic jets in association

with missing energy) will reject such events because of prohibitive QCD backgrounds from

misreconstructed jets [59, 60]. Traditional searches for di-jet resonances are also expected

to be insensitive to these kinds of events, since the visible jets only carry a fraction of the

energy of the dark shower and hence their invariant mass does not peak at the mass of the

Z
0.

However, given the relatively large value of rinv, there is a non-negligible probability

for a dark shower to remain entirely invisible. In this case, the Z
0 decay would lead to a

– 13 –

(Cohen et al., PRL115 (2017) 171804, JHEP11 (2017) 196)
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(Cohen et al., PRL115 (2017) 171804, JHEP11 (2017) 196)

Invert the standard mono-jet 
cut, Δ𝜙 < 4, and search for 
features in the transverse 

mass MT. 


Results are shown for 
different assumptions on the 

systematic background 
uncertainty.  
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3m

1m

Figure 1: A schematic depiction of pair production of dark quarks forming two emerging jets.
Shown is an x � y cross section of a detector with the beam pipe going into the page. The
approximate radii of the tracker and calorimeter are also shown. The dark mesons are represented
by dashed lines because they do not interact with the detector. After traveling some distance,
each individual dark pion decays into Standard Model particles, creating a small jet represented
by solid colored lines. Because of the exponential decay, each set of SM particles originates a
di↵erent distance from the interaction point, so the jet slowly emerges into the detector.

3

Schwaller, Stolarski, Weiler, arXiv:1502.05409 [hep-ph]

Displaced vertices

For small gq, the 𝛒0 decay length is of O(mm); we thus expect jets originating from 
displaced vertices. 

Many searches for long lived SUSY 
particles (e.g. ATLAS, PRD 97 (2018) 
052012) require a large vertex mass 
and track multiplicity to suppress 

instrumental backgrounds. 

These searches are optimised for 
heavy long-lived particles and are not 

sensitive to our scenario. 

https://arxiv.org/abs/1502.05409
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Machine learning

Figure 1: The schematic diagram of an autoencoder. The input is mapped into a low(er) dimensional
representation, in this case 6-dim, and then decoded.

threshold.

For concreteness, we will focus in this work on distinguishing “fat” QCD jets from

other types of heavier, boosted resonances decaying to jets. Building on previous work

on top tagging [12], we will concentrate on machine learning algorithms that take jet

images as inputs. For signal, we will consider all-hadronic top jets, as well as 400 GeV

gluinos decaying to 3 jets via RPV. Obviously, this is not meant to be an exhaustive

study of all possible backgrounds and signals and methods but is just meant to be a

proof of concept. The idea of autoencoders for anomaly detection is fully general and not

limited to these signals. We will comment on other forms of inputs in section 5. Moreover

there are many other anomaly detection techniques that are not based on autoencoder

and/or on reconstruction (loss) which are worth exploring in future work. At the same

time autoencoders have been recently used in other high energy physics applications:

in parton shower simulation [28], for feature selection of a supervised classification [30],

and for automated detection of detector aberrations in CMS [31].

We will explore various architectures for the autoencoder, from simple dense neural

networks to convolutional neural networks (CNNs), as well as a shallow linear represen-

tation in the form of Principal Component Analysis (PCA). We will see that while they

are all e↵ective at improving S/B by factors of ⇠ 10 or more, they have important dif-

ferences. The reconstruction errors of the dense and PCA autoencoders correlate more

highly with jet mass, leading to greater S/B improvement for the 400 GeV gluinos com-

pared to the CNN autoencoder. While this may seem better at first glance, we discuss

how one might want to use an autoencoder that is decorrelated with jet mass, in order

to obtain data-driven side-band estimates of the QCD background and perform a bump

hunt in jet mass. Indeed, we show how cutting on the reconstruction error of the CNN

autoencoder results in stable jet mass distributions, and we show how this can be used

to improve S/B by a factor of ⇠ 6 in a jet mass bump hunt for the 400 GeV gluino

2

Searches for missing transverse energy and features in the transverse mass 
distribution do not use information on the jet-substructure. 

Is it possible to use neural networks, such as autoencoders, for classifying jet 
images into QCD (background) and dark showers?

See Heimel et al., SciPost Phys. 6 (2019) no.3, 030 and Farina et al. arXiv:1808.08992 [hep-ph] 

http://arxiv.org/abs/arXiv:1808.08992
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Machine learning

Autoencoders are efficient in classifying jet images into QCD and top-quark jets:

QCD Top

with Thorben Finke and Alexander Mück
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Machine learning

Autoencoders may be less efficient in discriminating QCD jets from dark showers:

QCD Top

with Thorben Finke and Alexander Mück

Dark shower
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Exploring BSM physics at the LHC requires a variety of 
theoretical approaches, including 

• the re-interpretation of Standard Model precision measurements;


• more model-independent searches for BSM effects, using e.g. 
effective field theories or machine learning; 


• and searches for novel or subtle signatures, motivated by explicit 
new physics models, such as strongly interacting dark sectors.
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Strongly interacting dark sector models, with a simple Z’ portal 
to the SM, are cosmologically viable and produce interesting 

LHC phenomenology:

• Cosmological and astrophysical constraints, and the re-
interpretation of current BSM searches at the LHC leave a large 
model parameter space with interesting LHC signatures.


• Searches for displaced vertices will allow to probe the model for 
smaller couplings.


• Machine learning techniques may help to discriminate dark 
showers and SM background from QCD jets. 



Thank you


