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Anomalies in astrophysics
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FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [14], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed between the

dotted lines, i.e., for rigidities 5GV  R  10TV. The grey bands around the best fit indicate the 1 and 2�
uncertainty, respectively. The dashed black line (labeled “�� = 0 MV”) shows the best fit without correction for

solar modulation. The solid red line shows the best fit DM contribution. We also show, for comparison, the
contribution from astrophysical tertiary antiprotons denoted by the dot-dashed line.

not reduce the evidence for a DM matter component in
the antiproton flux, and modifies only slightly the pre-
ferred ranges of DM mass and annihilation cross-section,

FIG. 2: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [40] (Tan & Ng), [41] (di Mauro
et al.), and [42] (Kachelriess et al.). For comparison, we
also show the best fit region of the DM interpretation of

the Galactic center gamma-ray excess [38], and the
thermal value of the annihilation cross-section,

h�vi ⇡ 3⇥ 10
�26 cm3s�1.

see FIG. 2. This represents an important test, since the
cross-sections used are quite different in nature. While
those of [40, 41] are based on a phenomenological param-
eterization of the available cross-section data, the cross
section of [42] is based on a physical model implemented
through Monte Carlo generators. While this check does
not exhaust the range of possible systematics related to
the antiproton cross-section, a more robust assessment
of this issue requires more accurate and comprehensive
experimental antiproton cross-section measurements.

From TABLE I we note that including a DM compo-
nent induces a shift in some of the propagation param-
eters. In particular the slope of the diffusion coefficient,
�, changes by about 30% from a value of � ⇡ 0.36 with-
out DM to � ⇡ 0.25 when DM is included. This stresses
the importance of fitting at the same time DM and CR
background. The changes induced by a DM component
in the other CR propagation parameters are less than
about 10%. More details are reported in the supplemen-
tary material.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =

1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux. This can be understood
from the residuals for this case, which are very similar to
the ones shown in the right panel of FIG. 1. Clearly, the
excess feature at R ⇡ 18GV, responsible for the DM pref-
erence in the default case, still remains. The reason why

Cuoco, MK, Korsmeier, PRL 118 (2017) 191102 
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Anomalies in astrophysics: systematic uncertainties 

Reimitz, Plehn, Richardson + HERWIG, in prep.
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Global analyses

Butter, Plehn et al., PRD93 (2016) 015011

Bechtle, …, MK et al., Eur.Phys.J. C76 (2016) no.2, 96 
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Global analyses

Butter, Plehn et al., PRD93 (2016) 015011

Athron, …, Kahlhoefer et al., Eur. Phys. J. C 77, 568 (2017)

Bechtle, …, MK et al., Eur.Phys.J. C76 (2016) no.2, 96 



!8

From supersymmetry to simplified models

Arina, …, MK et al., JHEP 1611 (2016) 111
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Dark matter simplified models

Backovic, MK et al., Eur.Phys.J. C75 (2015) 0, 482 MK, Kulesza, Mück, Schürmann, arXiv:1903.06417, P3H-19-004
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Figure 4. Axial+Vector(SM)–Axial(DM): Parameter space forbidden by constraints from dilepton
resonance searches (green, dashed) and electroweak precision observables (blue, dotted) in the
mDM � mZ0 plane for four di↵erent sets of couplings. We also show the regions excluded by DM
overproduction (red), direct detection bounds (purple, dot-dashed) and the parameter space where
perturbative unitarity is violated (grey). For the relic density calculation we have assumed that the
mass of the hidden sector Higgs saturates the unitarity bound.

the unitarity bound and setting the mixing with the SM Higgs to zero.9 In the regions

shaded in red (to the right/above the solid curve) there is overproduction of DM. In this

region additional annihilation channels are required to avoid overclosure of the Universe,

since the interactions provided by the Z 0 are insu�cient to keep DM in thermal equilibrium

long enough. Such additional interactions could be obtained for instance from the scalar

mixing discussed in section 6. Conversely, to the left/below the red solid curve the model

9Note that since ⇠ can be large in some regions of parameter space, it is not a good approximation to

expand the annihilation cross section in ⇠. We therefore use the exact expression for the mixing between

the neutral gauge bosons in terms of ✏ and �m2 as derived in the appendix.

– 14 –

Simplified models may be theoretically inconsistent 

Violation of unitary

!11

Kahlhoefer, Schmidt-Hoberg, Schwetz, Vogl, JHEP 1602 (2016) 016 
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mDM � mZ0 plane for four di↵erent sets of couplings. We also show the regions excluded by DM
overproduction (red), direct detection bounds (purple, dot-dashed) and the parameter space where
perturbative unitarity is violated (grey). For the relic density calculation we have assumed that the
mass of the hidden sector Higgs saturates the unitarity bound.
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region additional annihilation channels are required to avoid overclosure of the Universe,

since the interactions provided by the Z 0 are insu�cient to keep DM in thermal equilibrium

long enough. Such additional interactions could be obtained for instance from the scalar

mixing discussed in section 6. Conversely, to the left/below the red solid curve the model

9Note that since ⇠ can be large in some regions of parameter space, it is not a good approximation to

expand the annihilation cross section in ⇠. We therefore use the exact expression for the mixing between
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Simplified models may be theoretically inconsistent 

• gauge invariant;

• unitary;

• free of gauge anomalies.  

Consistent models have to be 

Violation of unitary

!11

Kahlhoefer, Schmidt-Hoberg, Schwetz, Vogl, JHEP 1602 (2016) 016 
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We will focus on three dark sector scenarios: 
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. 

Need to extend simplified models ➞ dark sectors

!12
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Feebly interacting 

dark matter 

1 10 100

10
�15

10
�12

10
�9

Y

x = m/T

Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2

Relic density through freeze-in

Search for long-lived particles 
and displaced decays

Outline
• A tour of the CMS LLP analyses 

•Displaced leptons
•Displaced jets
•Displaced photons
•Disappearing tracks
•Stopped particles
•Heavy charged particles
•Fractional charged particles

•Next analyses in line…
•Towards SMS for LLPs
•Summary/Outlook

Most results still 
on 8  TeV data

Some new results on 
13 TeV data

De Roeck

Hall, Jedamzik, March-Russell, West  arXiv:0911.1120 [hep-ph]

Novel LHC signatures for dark matter 

https://arxiv.org/abs/0911.1120
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Strongly interacting

dark matter 

Novel collider signatures, such as 
semi-visible jets, anomalous 

underlying events,… 

The SIMP Miracle
====================================================================25% of the authors prefer the title: ‘SIMP Dark Matter’. They are uncomfortable with the term ‘miracle’ in this scenario. Damn democracy!==================================================================.

Yonit Hochberg1,2,⇤ Eric Kuflik3,† Tomer Volansky3,‡ and Jay G. Wacker4§
1
Ernest Orlando Lawrence Berkeley National Laboratory,

University of California, Berkeley, CA 94720, USA
2
Department of Physics, University of California, Berkeley, CA 94720, USA

3
Department of Physics, Tel Aviv University, Tel Aviv, Israel and

4
SLAC National Accelerator Laboratory, Stanford University, Menlo Park, CA 94025 USA

We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

mDM ⇠ ↵ann (TeqMPl)
1/2

⇠ TeV , (1)

where ↵ann is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵ann ' 1/30 above, Teq is the matter-radiation
equality temperature and MPl is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵ann ' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

mDM ⇠ ↵e↵

�
T

2
eqMPl

�1/3
⇠ 100 MeV , (2)

where ↵e↵ is the e↵ective strength of the self-interaction
of the DM which we take as ↵e↵ ' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z2 symmetry, leads to DM in the keV

↵e↵ ' 1 ↵e↵ ' 1

SMDM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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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.
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Schwaller, Stolarski, Weiler, arXiv:1502.05409 [hep-ph]

Hochberg, Kuflik, Volansky, Wacker, arXiv:1402.5143 [hep-ph]

Novel LHC signatures for dark matter 

Relic density set by dark sector 

https://arxiv.org/abs/1502.05409
https://arxiv.org/abs/1402.5143
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Bernreuther, Kahlhoefer, MK, Tunney, in prep.

SM ⊗ U(1)mediator ⊗ SU(3)dark
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𝛑±, 𝛑0, 𝛒±, 𝛒0: dark mesons with mass of O(GeV)


Z’: vector mediator with mass of O(100-1000 GeV)

Particle content
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Relic density 

Particle content

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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SM ⊗ U(1)mediator ⊗ SU(3)dark

𝛑±, 𝛑0, 𝛒±, 𝛒0: dark mesons with mass of O(GeV)


Z’: vector mediator with mass of O(100-1000 GeV)

Dijet-resonance searches

Particle content

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.

3

p

p
Z’

SM

SM

Setting ed = 0.4 reduces BR(Z’ → SM) to 
less than 20% and thus the sensitivity of 

dijet-resonance searches. 
ed ed

Bernreuther, Kahlhoefer, MK, Tunney, in prep.
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Strongly interacting dark matter: LHC phenomenology 

Bernreuther, Kahlhoefer, MK, Tunney, in prep.
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Strongly interacting dark matter: LHC phenomenology 
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Signature as in “Hidden Valley” models (Strassler, Zurek)
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3

q

Invisible fraction

. . .. . .

⌘d

FIG. 1: The anatomy of a dark sector parton shower. Unstable dark hadrons (green dashed) decay
to Standard Model quarks, q (solid blue). If all the dark hadrons are unstable, then the jet is easily
mistaken for an ordinary QCD jet (left panel). However, some fraction of the dark hadrons, ⌘d, can
be collider stable (pink dotted). If both stable and unstable hadrons are produced in a collision,
the end result is a semi-visible jet (middle panel). In this case, the missing energy can be aligned
along the direction of one of the jets. If all the dark hadrons are stable, then only missing energy
is inferred (right panel). The LHC search strategy depends on the invisible fraction of the jet.

illustrates a range of allowed final states that can result, depending on the detailed particle

content and parameter choices of the dark sector. In the left-most diagram, all the hadrons

are unstable and decay to light quarks. The result looks very much like an ordinary QCD

jet, although di↵erences exist at the substructure level. In the right-most diagram, all the

dark hadrons are collider stable1 and do not result in any direct visible signatures—in fact,

these would be nearly indistinguishable from WIMP signatures, as we emphasize below. The

central diagram illustrates what happens when some fraction of the dark hadrons decay to

quarks. The result is a cluster of visible hadronic states that would be constructed as a jet,

albeit an unusual one. Because this jet has dark hadrons interspersed throughout, we refer

to it as a ‘semi-visible’ jet [50]. Figure 1 illustrates the case for hadronic decay modes, but

the same holds for any decay scenario. One can, for example, consider dark hadron decays

to heavy quarks, leptons, or photons.

In the following, we present a search program for strongly interacting dark sectors that

yield semi-visible jets. We will see that semi-visible jets generally lead to a new collider

signal topology where the total momentum of the DM is correlated with the momentum

of the visible states. In Sec. II, we introduce a simplified parametrization that covers the

phase space realized by these theories. Motivated by the standard LHC WIMP searches

(referred to as ‘mono-X’ searches, where X can be a jet(s), a weak gauge boson, etc.), we

focus on several di↵erent production channels. To begin, we remain agnostic about the

new states that connect the dark sector to the Standard Model and rely on an e↵ective

1 The DM candidate proposed here is not necessarily assumed to constitute all of the observed relic density.

𝛑

2

FIG. 1: (left) The distribution of transverse missing energy �ET for the QCD background (solid blue), as well as the semi-visible
jet (dashed red) and WIMP (dotted green) examples. (right) The distribution of �� ⌘ min {��j1�ET ,��j2�ET }, where j1,2 are
the two hardest jets.

removed. This comes at the expense of an unsuppressed
QCD multijet background, which must be eliminated us-
ing other techniques. In this Letter, we focus on the case
where the dark sector is accessed via a heavy resonance.
In such scenarios, one can take advantage of structure
in the transverse mass—calculated using the final-state
jets and �ET—to distinguish the signal from QCD. The
strategy employed is similar to others proposed for semi-
visible Higgs decays [38].

We now introduce an example Hidden Valley [7] model
that will enable us to analyze the LHC sensitivity for
semi-visible jets. This model is presented for illustra-
tion and concreteness; semi-visible jets will be among
the LHC signatures for a vast class of dark-sector theo-
ries. The messenger sector is described by a simple phe-
nomenological model for a TeV-scale U(1)0 gauge boson.
The new leptophobic Z

0 gauge boson couples to the SM
baryon current Jµ

SM:

L � �
1

4
Z

0µ⌫
Z

0
µ⌫ �

1

2
M

2
Z0 Z

0
µ Z

0µ
� g

SM
Z0 Z

0
µ J

µ
SM. (1)

Note that the Z
0 is treated as a Stueckelberg field—

the Higgs sector has been neglected as it is not relevant
for the LHC phenomenology discussed below; the addi-
tional matter needed to render the U(1) of baryon num-
ber anomaly free is also ignored.

The dark sector is an SU(2)d gauge theory with cou-
pling ↵d and two fermionic quark flavors �i = �1,2 with
masses Mi. The dark quark coupling to the Z

0 is g
d
Z0 .

In general, the couplings gdZ0 and g
SM
Z0 do not have to be

comparable; we focus on the case where g
d
Z0 is large so

that the Z
0 decays frequently to the dark sector.

The SU(2)d confines at a scale ⇤d ⌧ MZ0 . A QCD-like
dark shower occurs when M

2
i ⇠ ⇤2

d so that many dark
gluons and quarks are produced, which subsequently
hadronize. Some of these dark hadrons are stable, while
others decay back to the SM via an o↵-shell Z 0. The
detailed spectrum of the dark hadrons depends on non-

perturbative physics. Nonetheless, some properties of
the low-energy states can be inferred from symmetry
arguments. There are two accidental symmetries: a
dark-isospin number U(1)1�2 and a dark-baryon num-
ber U(1)1+2, where “1” and “2” refer to the �i flavor
index. For example, the mesons �†

1�1 and �†
2�2 are not

charged under either of these symmetries, and are thus
unstable. The other mesons (�1�

†
2, �

†
1�2) and baryons

(�1�2, �
†
1�

†
2) are charged under U(1)1�2 and U(1)1+2,

respectively, and are stable.

The spin of the dark mesons is also important. Sim-
ilar to the ⌘b (⌘c) and ⌥ (J/ ) of the bottom (charm)
system, the pseudoscalar and vector mesons should be
degenerate. By naive degree-of-freedom counting, the
vector mesons are produced roughly three times as often
as the pseudoscalar mesons [29]. This impacts the phe-
nomenology as the pseudoscalar decay is suppressed by
a mass insertion, unlike the vector case. Therefore, the
pseudoscalar decays are dominated by b-quarks and are,
in general, more displaced than the vector decays. The
search strategy discussed below does not rely on b-tags or
displaced tracks; it may be possible to take advantage of
the pseudoscalar meson decays with a more sophisticated
analysis.

Despite the myriad of possibilities for the dark sector,
only certain parameters have a direct impact on the jet
observables and missing transverse energy. The strength
of the dark shower, parametrized by ↵d, plays a critical
role. The coupling ↵d controls how many dark hadrons
are emitted in the shower as well as their pT distribu-
tions, which has a direct and measurable impact on the
jet observables. In addition, the mass scale of the dark
quarks a↵ects the jet masses.

The number of dark-matter particles produced in the
shower impacts �~ET . This e↵ect can be parametrized as

rinv ⌘

⌧
# of stable hadrons

# of hadrons

�
. (2)

Strongly interacting dark matter: LHC phenomenology 
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Strongly interacting dark matter: LHC phenomenology 

Need to optimise and re-design LHC searches 

• optimise Δ𝛷-cut


• re-interpret long-lived particle searches


• improve S/B through ML-techniques 

(c.f. Heimel, Kasieczka, Plehn, Thompson, SciPost Phys. 6, 030 (2019))  

Bernreuther, Kahlhoefer, MK, Tunney, in prep.



Dark sectors lead to novel & subtle LHC signatures! 
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We will focus on three dark sector scenarios: 

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

 Feebly-Interacting Massive Particles (FIMPs), 

and explore 
models, phenomenology and interpretation.

Dark sectors lead to novel & subtle LHC signatures! 
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Dark sectors lead to novel & subtle LHC signatures! 

We benefit from 
• accurate predictions for signal and 

SM background distributions (B1b, 
B1d)


• BSM searches in Higgs and top 
physics (A2a, A3a, B2b) 


• BSM searches in flavour physics 
(C1a, C3a, C3b) 
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Thank you


