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Overview

• DM Overview 

• Collider DM Searches 

• Searches for the Mediator 

• Other Type of Collider Searches 

• Outlook 

• Conclusion
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Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60
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• Dark Matter (DM) one of the greatest 
puzzles in physics 

• Many independent observations only 
gravitationally 

• Weakly interacting massive particle 
(WIMP) 

• It is the one theory that can 
successfully simulate and 
reproduce the universe on all 
scales:  

• Galaxy rotation curves 

• Galaxy clustering  

• Cluster collision 

• Large-scale structures 

• CMB fluctuations 

• Gravitational lensing 

3

Why to look for DM?

• Global fit of cosmological parameters, ΛCDM: 
→ ΩΛ≈ 0.68,  ΩDM ≈ 0.27, Ωb≈ 0.05

expected

observed

Ve
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Distance
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• Unambiguous evidence for 
new physics 

• How to reap the reward?

• GRAV. INTERACTING  
• NOT SHORT-LIVED  

• NOT HOT 

• NOT BARYONIC 
REWARDS: 2.6 MILLION SEK 
WANTED COLD OR WARM(-ISH)

What is DM?
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How do we detect it?
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• Detection is to interact using known particles in the 
detector or by production 

• We can determine and study all possible interactions 
6

DM Detection

SM

SM

?
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SM

SM
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IndirectAnnihilation

DM Detection



Björn Penning ● DM Lectures ● Future
time

SM

SM

SMSM

8

DM Detection

Indirect

Direct

Annihilation

Recoil
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Indirect
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Annihilation

Recoil

Production

DM Detection
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DM Detection

Earth

SM

SM
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• Searching for DM annihilation or 
decay in the cosmos 

• Various types of telescopes: 

• Space-Based 

• Ground based 

• Various types of possible signals 

• γ-rays, neutrinos, cosmic 
rays, anit-matter 

• Wide field, interesting excesses 
observed.  

• Discussed in 2nd lecture.

12

Indirect Searches
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• DM relic density predicts DM 
candidates accessible at 
collider experiments

• Only type of experiment that 
possibly can create DM in the 
laboratory

• Independent systematic 
uncertainties and performance 
compared to other searches 

• DM has to be kinematically 
accessible: ~1-1000GeV

Collider DM Detection
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Direct Searches

• Look for DM as our solar system 
passes through the galactic halo

-  v~10-3 c 

- Kinetic energy ~ 100 keV

- Local density ~0.3 GeV/cm3; 
~5 x 10−23 g/cm3 

• Roughly 1 interaction per kg per year 

• Detected by recoils off ultra -sensitive 
detectors placed deep underground 

• Very stringent cleanliness and 
background rejection requirements 

• Variety of detection methods and   
targets

• Third lecture of this course

DM
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Collider Dark Matter Searches
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2011/12 Design
Energy 7 / 8TeV 13-14 TeV

Bunch Spacing 50ns 25(50)ns 
Luminosity 3.6/8x1033 

cm-2s-1
1034 cm-2s-1

Pile-Up ~20/40 ~50(100)

The LHC
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Data [unit fb-1]

• published: 12 fb-1

• recorded:  40 fb-1

• your PhD: 150-300 fb-1

The LHC
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Collider Detectors

• Modern ‘all purpose’ 
detectors comprised of 
many sub-detectors

• Similar design, but 
ATLAS/CMS put 
different emphasis 
on e.g. trigger 
system, calorimeter, 
magnetic field etc

ATLAS

CMS
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Collider Detectors
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Theory Landscape

• How to search for DM at collider:

- Decay of known particles to DM:  
Z→xx, H→xx etc

- Direct production: XX+SM

- Associated production with heavier new 
particle (E): X+E, E→X+SM

- Heavy exotics pair production: E+E ; 
E→X+SM

- Exotic resonant decay: E→XX

- Heavy metastable exotic E→X, no decay 
in detector

q

q

M (g,γ, W/Z, q..)

SM

SM

E

E
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Theory Landscape

q

q

M (g,γ, W/Z, q..)

Effective Field Theory

SUSY
Extra Dimensions
Little Higgs..

Dark Sectors

less model 
dependent

SM

SM

E

E

• How to search for DM at collider:

- Decay of known particles to DM
Z→

- Direct production

- Associated production with heavier new 
particle (E):

- Heavy exotics pair production
E→

- Exotic resonant decay

- Heavy metastable exotic
in detector

more model 
dependent



Björn Penning ● DM Lectures ● Future 26

Mono-X

• Run I primarily employed EFT searches 
leading to the mono-’X’  collider signature  

• Recoiling SM object balanced with ETmiss  

(momentum conservation) 

WIMPs at Colliders

X

X

q

q
_

Time

q
_

q X

X
Time

gluon(jet)/photon/Z
q X

X

⟿
q
_

Time

⟿
X 

X

p p
_

Visible

Invisible pp→Monojet+Missing Energy 
_

Goodman, Ibe, Rajaraman, Shepherd, Tait, HBY (2010) PRD, PLB, NPB

p p

• In Run II using mostly simplified models, consider 
kinematics from mediators between SM and DM 
sector

• DM particle is a Dirac fermion χ

• Minimal set of parameters: 
mMed, mχ, gSM, gDM, ΓMed 

spin-dependentspin-independent
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p

p

DM Detection
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• Protons collide

• DM produced will escape the detector and recoil from the visible state 

• Signature explores wide range of interactions and final states particles

p

p

DM Detection
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• Protons collide and produce almost always visible particle 

• DM produced will escape the detector and recoil from the visible state 

• Signature explores wide range of interactions and final states particles

j/ɣ

p

p

DM Detection
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• Protons collide and produce almost always visible particle 

• DM escapes the detector and recoil from the visible state 

• Signature explores wide range of interactions and final states particles

j/ɣ

DM DM

p

p

~180°

DM Detection
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• Protons collide and produce almost always visible particle 

• DM escapes the detector and recoil from the visible state 

• Signature explores wide range of interactions and final states particles

j/ɣHiggstop 

DM DM

p

p

DM Detection
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• Colliding protons have no transverse momentum → vectorial sum must vanish  
→ non-vanishing (e.g. missing) transverse momentum indicates invisible particle escaping

• ‘Missing Energy’  most powerful variable in search for new physics

• Different DM candidates couple with different strengths to different visible particles

DM

DM,  
neutrinos

hadrons, leptons

DM Detection
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Example Selection

• ETmiss trigger 

• Monojet: 

• ETmiss , pT(γ) > 120, 220, 350, 
500 GeV etc. 

• 1 or 2 jets (anti-kT, R=0.4, 
pT>30 GeV) 

• |∆φ( ETmiss,j2)|>0.5 

• Monophoton: 

• ETmiss , pT(γ)>150 GeV,  

• Njet < 2 (anti-kT, R=0.4, pT>30 
GeV)  

• Δφ (γ, ETmiss) >0.4,  

• Δφ (jet, ETmiss) >0.4

Jet

ETmiss
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Backgrounds

Z/γ* 𝓵±/v

𝓵∓/v

Two leptons or neutrino 
Irreducible background

Z+
je

ts
/γ
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Backgrounds
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Backgrounds
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Backgrounds
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Backgrounds
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Searching for the Mediator
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• Decay of known particles to DM:  
Z→xx, H→xx,…

- Higgs ‘natural’ messenger to dark world

Χ

Χ

q

q

q

q

• Precision measurements might 
reveal structure of DM interactions 

- CP Structure of DM impacts 
angular variables or m(tt) 
spectrum

H
current 

precision:~20%

Precision Measurements
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• Most famous example: Higgs portal DM 

• Upper limits on σ x BR(H→inv) as function of mH

• Inv. BR of ~20% (10%) may be excluded with 300 fb-1 (3000 fb-1) 

BR(H → inv) < 0.36 (0.30) obs (exp)
@mH = 125 GeV. 

Limits for scalar (fermion) DM: 
~ 10-41 (10-45)cm2

5
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FIG. 3. Upper limits on �ZH ⇥ BR(H ! inv.) at 95%
CL for a Higgs boson with 110 < mH < 400 GeV, for the
combined 7 and 8 TeV data. The full and dashed lines show
the observed and expected limits, respectively.

didate is considered and is either a scalar, a vector or a
Majorana fermion. The Higgs–nucleon coupling is taken
as 0.33+0.30

�0.07 [65], the uncertainty of which is expressed
by the bands in the figure. Spin-independent results
from direct-search experiments are also shown [66–73].
These results do not depend on the assumptions of the
Higgs-portal scenario. Within the constraints of such
a scenario however, the results presented in this Letter
provide the strongest available limits for low-mass DM
candidates. There is no sensitivity to these models once
the mass of the DM candidate exceeds mH/2. A search
by the ATLAS experiment for DM in more generic mod-
els, also using the dilepton + large Emiss

T final state, is
presented in Ref. [74].
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• Monojet and dijet searches 
complementary, probing high and low 
gSM/gZ’ respectively.

• Consider leptophobic Z’ 

• Dijet mass spectrum predicted from 
QCD as smooth and steeply falling

• Very sensitive to new physics coupling 
to quarks or gluons

• Triggering on events with HT>800 GeV 
or pT(j1)>500 GeV

• Use region with m(jj)>1.1 TeV for 
search

Dijet Searches
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Recent Results
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Results
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Vector Mediator, Dirac DM
gq=0.25, gDM=1.0
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mDM-mX plane
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Other Searches

• DM may be part of extended SUSY sector at 
TeV scale where each known particle has a 
supersymmetric partner 

• Often the neutralino is the DM candidate (LSP) 

• Results interpreted in cMSSM, pMSSM and 
simplified models, no excess yet

• Many other searches can be interpreted as 
DM 

• For example Large Extra Dimension or 
Mini/Quantum Black Holes (MBH) 

• Typically searching for 
large energies and activities
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Future Developments

• Many other searches with heavy quarks, 
boosted objects, leptons, sub-structure etc

• ‘Easy’ s-channel type models quite mature

• Approaching energy constrained regime

• Many not yet probed natural models

- VBF, jet-substructure, t-channel, long-lived 
particles,….

- Well connected to existing efforts  
(H→ inv, VBF, jet substructure)

- Connected to other DM searches (e.g. DD 
mostly scalar, ID mostly pseudo-scalar)

• Quite some of these models tend to populate 
the bulk of distributions → not easy

• Trigger crucial for hadronic searches

- Newly updated trigger allows for novel 
algorithms (jet-substructure, forward jets 
etc) and prepare for HL-LHC

new topologies 

topologies

Precision 
measurements 

New models

New methods

��������	

������������� �

�����	��	������%

� !�	'"�	���	��	��
�%���	�%�����
���	�%���	����'�%����

��%��	��:�����'�B&���������(���	���C�)&�(�*

� !��+����������"�	���	��	���	��'���'�'�����������+9�)&�(+����'*�
��'�����D����������	�)�

���������������	%�����*

R FTK

FTK 



Björn Penning ● DM Lectures ● Future 54

• The LHC is an important tool to search for DM

• Aim to leave no (collider-based) stone unturned 

- Using effective theories and simplified 
models to explore new frontiers

- Extending DM searches to unexplored low 
mass region

• First set of Run 2 results available - no signs of 
an excess yet

• Prepared new analyses and advanced 
simplified models for HL-LHC

• Will double sensitivity for masses/couplings and 
probe EWK/Higgs portal DM in the near future

• Great chance of discovery or severely constrain 
the nature of DM

Summary
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Backup
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• Hot Universe: DM is created and 
annihilates at equal rates

• Cooling Univ: creation suppressed, 
annihilation continues  

• Hubble expansion: number density 
becomes small, annihilation ceases

• A thermally produced GeV-TeV 
scale particle has an abundance 
similar to the measured DM density 
of dark matter

• Motivates EW origin of DM  
(within O(few))

WIMP Miracle: Qualitatively

1
2

3
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Results


