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Evidence for DM

Gravitational Lensing

Bullet Cluster

LSS

Rotation Curves

CMB



The Dark Matter Questionnaire
  Mass

  Spin

  Stable?

  Yes

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

Thermal Relic?

  Yes  No

 No



Complementarity



Complementarity

Basic caveats:

• “SM” may refer to different particles

• “DM” may also refer to different particles!

In actuality:

Correlations may or 
may not be observable

Still: having access to different aspects is a very attractive program!



Mediators/Portals

SM

SM

Renormalizable
example



Dark Matter Candidates

• Sufficiently long lived (may or may not eventually decay)

• Sufficiently weakly interacting, e.g. no electric or color charges

• Couplings and mass constrained by relic density considerations

Perhaps additionally

(but this is subject to cosmological assumptions, for example)

Basic requirements



Thermal Relics ⌦ ⇠ 1

h�vi
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Typical weak scale cross section, accessible at current colliders!

Why Colliders

Possibility to produce DM and observe properties in a controlled, 
well-understood environment.

But no guarantees:

• DM may lie beyond reach in mass (both high or low)

• DM may interact too weakly (e.g. axions)



• Direct/indirect DM searches bring in additional uncertainties,
for example, of astrophysical nature.

• Collider experiments are “cleaner" 

• However, DM sector may not be within the collider reach

• Cannot tell if signal from DM (may decay outside the detector)

In a collider environment, the “DM particle” may or may not be what 
is out there filling the universe. But for simplicity we will still refer to it as

“DM particle”



Models and DM Searches



“Full-fledged” Models
Often motivated by reasons other than Dark Matter…

Guided by other considerations, such as

• Addressing questions left open by the SM of Particle Physics

• Implementations of elegant theoretical ideas

• Explorations of possible worlds…
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“Full-fledged” Models
Can be fairly complicated (as is the SM!)

Large number of unknown parameters…

Not all of those are relevant in the context of a specific question,  
such as the study of the DM phenomenology

Nevertheless can still be very complicated to analyze

benchmarks, or brute force scans

For presentation of experimental results, drastic reduction of the 
parameter space necessary… often not well motivated.



“Full-fledged” Models

Still, may learn that special situations might be required…



A more practical approach



Simplified Models
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Figure 1. The left diagram shows a contributing diagram for mono-jet production with an (axial)
vector mediator at a hadron collider. The process is characterised by Mmed, mDM, gDM and gq,
which are the mediator and dark matter masses, and the mediator couplings to dark matter and
quarks respectively. The right diagram shows the corresponding scattering process relevant for
direct detection, which is characterised by the same four parameters.

phenomenology of the vector and axial-vector mediators is similar, at direct detection

experiments they are very di↵erent. In the non-relativistic limit the vector interaction

gives a spin-independent interaction that is coherently enhanced by the number of nucleons,

while the axial-vector interaction gives a spin-dependent signal which is not. In principle,

it is also possible to have mixed vector and axial-vector couplings (so that e.g. the quarks

have vector couplings while the dark matter has axial-vector couplings). However, the

mixed interaction leads to a velocity-squared (where v
DM

' 10�3) suppressed rate at

direct detection experiments [57]. As we are particularly interested in the complementarity

between hadron collider and direct detection searches for dark matter, we do not consider

this case where direct detection experiments have dramatically reduced sensitivity.

As both hadron collider and direct detection searches for dark matter primarily probe

the interactions of dark matter with quarks, we set the mediator interactions with leptons

to zero; the lepton couplings play no role (at tree level) in the phenomenology in either

hadron collider and direct detection searches [58, 59]. While setting the mediator couplings

to leptons to zero often introduces anomalies into the theory [60], this does not have to

be the case [45, 61, 62]. If leptonic mediator couplings are introduced, di-lepton resonance

searches will provide further constraints on the space of MSDM models.

As has been discussed in the literature [11, 12, 32], the mediator width �
med

plays an

important role in mono-jet searches. In our MSDM models, we calculate the width from

the four free parameters in the simplified model. We assume that no additional visible or

invisible decays contribute to �
med

so that the total width is

�
med

⌘ �(Z 0 ! �̄�)⇥ (M
med

� 2m
DM

) +
X

q

�(Z 0 ! q̄q)⇥ (M
med

� 2mq) (2.3)

– 4 –

Keep only the relevant (few) degrees of freedom

Manageable number of parameters, treated in a theoretically 
consistent manner (a well-defined field theory)

A reasonably good way to present the experimental information

See "Simplified Models for DM Searches at the LHC" (2015) LHC DM Working Group



Simplified Models
Colliders are primary “mediator discovery” machines

qq

χ̃0

1

χ̃0

1

q

j

q̃

q̃

p

p

Often SUSY notation used more generically

Tighter constraints on mediator mass than DM mass

Classes of mediators:

• Known mediators, e.g. “Higgs Portal” 

• Exotic mediators, e.g. “SUSY” like models 



One More Simplification?



Effective Theories
If the mediators are heavier than the relevant energies, may 
integrate them out and analyze the physics in an effective theory
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Details of operator(s) reflect the properties of underlying interaction

1

⇤2
=

�DM�SM

M2
med
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Name Operator

scalar �̄�q̄q

pseudo-scalar �̄�5�q̄�5q

vector �̄�µ�q̄�µq

axial-vector �̄�µ�5�q̄�µ�5q

tensor �̄�Gµ⌫Gµ⌫
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see Goodman et. al. (1008.1783 ) for more

Effective Theories

https://arxiv.org/abs/1008.1783


Effective Theories
Such effective contact terms usually well-justified (for given models) 

in low-energy environments, such as in direct/indirect signals

They have also been used at the LHC, to derive bounds on ⇤
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Not surprisingly, the bounds are of the same order as the available 
energies, i.e. 100 GeV to TeV

Note that the effective scale depends on a single combination of couplings and mass

1

⇤2
=

�DM�SM

M2
med
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For couplings of order one: ⇤ ⇠ Mmed
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Analysis is not self-consistent!

Simplified model approach may not work for such “strong coupling” scenarios!

�DM ⇠ 4⇡
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can have ⇤ ⌧ Mmed
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But if



Nature may be significantly more 
complex than naively imagined…



Hidden Valleys

Echoes of a Hidden Valley at Hadron Colliders (Strassler & Zurek)

A Theory of Dark Matter (Arkani-Hamed et.al.)

https://arxiv.org/pdf/hep-ph/0604261.pdf
https://arxiv.org/abs/0810.0713
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LHC DMWG



Collider DM Search 
Strategies



(Transverse) Missing Energy

~/ET = �
X

i

~Ei
T
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Transverse plane

Hard collision between partons: longitudinal momentum unknown

Look for momentum imbalance in transverse plane



Dark Matter Searches at the LHC

Two broad categories:

• Dark Matter Particle appears in the final state

• Dark Matter Particle does not appear in the final state

Searches for the mediator



Seeing the Invisible?

Initial State Radiation (ISR)

• Jets

• Photons

• W/Z Gauge Bosons

• Higgs

Used to tag the event as “interesting"

Mono-X Searches, but can also look at higher-multiplicities

“Mono-X Searches”

If only DM is produced, we won’t know!



Types of Searches

• When the DM particle is light compared to the mediator, it will be 
   highly boosted, and the X back-to-back to the ~/ET
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Classic Mono-X configuration

• Traditional ~/ET
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+ anything (SUSY-like) searches

• Searches for resonances, such as dijets, can be recast as  
   searches for the mediator



Mono-X Searches
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Di-X Searches
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Connecting to Other Searches
One would like to translate the findings in one type of search, i.e. 

direct, indirect or collider, in a way that can usefully inform the others

Doing this in a generic, model-independent way seems unfeasible:

The relevant issues at play in these search strategies are not the same

But within a given model, better-defined connections can be established

Need to be aware of the model-dependence when making statements 
about the implications of a search on another…

Expect that establishing a final picture will require all the information 
available, plus theoretical considerations



Comparison to Direct Detection
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Comparison to Direct Detection

DM Mass [GeV]
1 10 210 310

]2
 (D

M
-p

ro
to

n)
 [c

m
SD

σ

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10
Preliminary July 2018ATLAS 

 = 1
DM

 = 0.1, g
l

 = 0.1, gqg
Axial-vector mediator, Dirac DM

ATLAS limits at 95% CL, direct detection limits at 90% CL

Dilepton

JHEP 10 (2017) 182
-1 = 13 TeV, 36.1 fbs

Dilepton

Dijet

Dijet

Phys. Rev. D 96, 052004 (2017)

-1 = 13 TeV, 37.0 fbsDijet 

arXiv:1804.03496

-1 = 13 TeV, 29.3 fbsDijet TLA 

+Xmiss
TE

+Xmiss
TE

Eur. Phys. J. C 77 (2017) 393

-1 = 13 TeV, 36.1 fbs γ+miss
TE

JHEP 1801 (2018) 126

-1 = 13 TeV, 36.1 fbs+jet miss
TE

8F3PICO-60 C

Phys. Rev. Lett. 118, 251301 (2017)
8F3PICO-60 C

DM Mass [GeV]
1 10 210 310

]2
 (D

M
-n

uc
le

on
) [

cm
SI

σ

48−10

47−10

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10
Preliminary July 2018ATLAS 

 = 1
DM

 = 0, g
l

 = 0.25, gqg
Vector mediator, Dirac DM

ATLAS limits at 95% CL, direct detection limits at 90% CL

Dijet

Dijet

Phys. Rev. D 96, 052004 (2017)

-1 = 13 TeV, 37.0 fbsDijet 

arXiv:1804.03496

-1 = 13 TeV, 29.3 fbsDijet TLA 

 ATLAS-CONF-2016-070

-1 = 13 TeV, 15.5 fbsDijet + ISR 

+Xmiss
TE +Xmiss

TE
Eur. Phys. J. C 77 (2017) 393

-1 = 13 TeV, 36.1 fbs γ+miss
TE

JHEP 1801 (2018) 126

-1 = 13 TeV, 36.1 fbs+jet miss
TE

PLB 776 (2017) 318

-1 = 13 TeV, 36.1 fbs+Z(ll) miss
TE

ATLAS-CONF-2018-005

-1 = 13 TeV, 36.1 fbs+V(had) miss
TE

CRESST III

arXiv:1711.07692
CRESST III

XENON1T arXiv:1805.12562
XENON1T

PandaX

Phys. Rev. Lett. 117, 121303 (2016)
PandaX

DarkSide

arXiv:1802.06994
DarkSide

LUX

Phys. Rev. Lett. 116, 161302 (2016)
Phys. Rev. Lett. 118, 021303 (2017)
LUX

For more ATLAS plots…

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/


A Comparison to Indirect Detection
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A Comparison: Examples



Colliders vs Direct/Indirect Detection

• More sensitive in the small mass region (one to several GeV)

• Less sensitive in the intermediate and high mass region

Note: still important since independent of astrophysics

• Direct detection depends also strongly on the structure of
interactions (spin-dependent vs spin-independent), which gives
an edge to the collider interpretation in the spin-dependent case.

• Also strong dependence on detector technology in direct searches

• Indirect detection depends on astrophysics, as well as on
annihilation channels

Back to the complementarity concept!



Invisible Higgs Decays
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From ATLAS: arXiv: 1508.07869

Assumption:

• Single new particle (DM)

• Mediator for the WIMP-
nucleon interaction

• A SM singlet, coupled to H

mDM < mH/2
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•

https://arxiv.org/pdf/1508.07869.pdf


What about very Light Mediators?

Direct DM Searches efficient above above multi-GeV region:

Energy Transfer (threshold)⇠ 1

2
mDM v2DM ⇠ 10�6 mDM ⇠ keV
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Collider Searches can extend this down to ~ 1 GeV.

Below that, large (QCD) backgrounds bury the signal

Viable options that can go down to the MeV region:

• LHCb
• B-factories, such as BaBar and Belle-II
• Beam Dump experiments e+e�
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1710.02867

Search for Dark Photons
LHCb Collaboration

Example: Dark Photons
See e.g. 1608.08632

At B-factories

DP    �
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Interactions induced through kinetic mixing with the hypercharge gauge boson:

2

MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon). Such models readily
account for the stability of dark matter and its observed
relic density, are compatible with observations, and have
important implications beyond the dark matter itself. In
these scenarios, high energy accelerator probes of sub-
GeV dark matter are as ine↵ective as direct detection
searches, because the missing energy in dark matter pair
production is peaked well below the Z ! ⌫⌫̄ background
and is invisible over QCD backgrounds[? ? ].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [? ], rare kaon decays [? ], precision (g � 2) mea-
surements of the electron and muon [? ], neutrino ex-
periments [? ], supernova cooling, and high-background
analyses of electron recoils in direct detection [? ]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimisitic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)

µ

anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged parti-
cles. This includes a swath of light force carrier parame-
ters motivated by the (g�2)

µ

anomaly, extending beyond
the reach of proposed neutrino-factory searches and Belle
II projections (see Figure 3). The setup requires a small
1 m3-scale detector volume tens of meters downstream
of the beam dump for a high-intensity multi-GeV elec-
tron beam (for example, behind the Je↵erson Lab Hall A
or C dumps or a linear collider beam dump), and could
run parasitically at existing facilities. All of the above-
mentioned light particles (referred to hereafter as “�”)
can be pair-produced radiatively in electron-nucleus col-
lisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[53] will produce 100µA beams at 12 GeV. Even a simple
meter-scale instrument capable of detecting quasi-elastic
nucleon scattering, but without cosmic background re-
jection, positioned roughly 20 meters downstream of the

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory �+ invisible searches [50], with
better sensitivity in the MeV�GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic

Beam Dump Experiments

L = �1

4
F 0 µ⌫F 0

µ⌫ +
1

2
m2

DP A0
µA

0 µ
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✏Bµ⌫F 0

µ⌫
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https://arxiv.org/pdf/1608.08632.pdf


Example: Dark Photons
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Example: Dark Photons
And at high-energy (future) colliders:
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Further Topics of Interest

We barely (or did not) mention a number of topics the students may  
want to check out

• SUSY searches

• Searches for exotic physics motivated by Dark Sectors

• Long-lived particle searches

• Super-weakly interacting DM (e.g. gravitinos)

• Axion Searches (different techniques from colliders)



Some References
Most of the DM searches at the LHC have been carried out by the  
ATLAS and CMS collaborations

ATLAS Exotica (you can filter by “Dark Matter” and “Dark Sector”)

CMS Exotica (Summary Plots)

Check also the Particle Data Group: Dark Matter Review

(DM Searches)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html
https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsEXO/DM-summary-plots-Jul17.pdf
http://pdg.lbl.gov/2018/reviews/contents_sports.html
http://pdg.lbl.gov/2018/reviews/rpp2018-rev-dark-matter.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/DM.html

