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Outline

e The general picture: Searches for Dark Matter (DM)
e Colliders and DM

e The role of models

e “UV complete” models

e Simplified mode
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Planck (2013+2015)

visible matter 4 83%

dark matter 25 .85%

Gravitatjonal Lensing

dark energy 69,32%



The Dark Matter Questionnaire

Mass
Spin
Stable!?
Yes No
Couplings:
v Gravity

Weak Interaction?

Higgs!?

Quarks / Gluons!?

Leptons!?
Thermal Relic?

Yes No
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Mediators/Portals

(a) Direct Detection (b) Indirect Detection (¢) Collider Detection

sm neutral

Dark Matter

Renormalizable
example




Dark Matter Candidates

Basic requirements
e Sufficiently long lived (may or may not eventually decay)

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

Perhaps additionally




Why Colliders

1
(o)

=  (ov) ~1pb

Thermal Relics i () ~

Typical weak scale cross section, accessible at current colliders!




e Direct/indirect DM searches bring in additional uncertainties,

for example, of astrophysical nature.

e Collider experiments are “cleaner”

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

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




Models and DM Searches




"Full-fledged” Models

Often motivated by reasons other than Dark Matter...

Guided by other considerations, such as

e Addressing guestions left open by the SM of Particle Physics




“FuH—ﬂeged” Modaels

SUSY

(as in the Minimal Supersymmetric SM)

------
-

. or the “bosonic version’

UED

(Universal XDim)

ASYAUAS e




"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




"Full-fledged” Models

Still, may learn that special situations might be required...



A more practica_l approach




Simplified Models

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



Simplitied Models

Colliders are primary “mediator discovery” machines

== Tighter constraints on mediator mass than DM mass

Classes of mediators:

e Known mediators, e.g. "Higgs Portal”




One More Simplification”




Fffective Theories

It the mediators are heavier than the relevant energies, may
integrate them out and analyze the physics in an ettective theory

1
A2 YYVYV

I ApmAsm

A2 M2

med

Details of operator(s) reflect the properties of underlying interaction



Fffective Theories

Name Operator

scalar XXqq

pseudo-scalar )275 Xc_775 q



https://arxiv.org/abs/1008.1783

Fffective 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 A

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 ApmAswm
A2 M2

med

For couplings of order one: A\ ~ Meq Analysis is not self-consistent!

Butif  Apym L4d  canhave A < Mpmeq

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



Nature may be significantly more
complex than naively imagined...




Hidden Valleys

Particles from
Supersymmetry

|
Pa{'r,t_icle_’s‘ from
the Standard
Model

e —— e
- e
]
© ( v
E # / (&)
T ( E
T
Q.

Visible sector Dark sector

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

Supersymmetry

Theories of
Dark Matter

Little Higgs

QCD Axions
Axion-like Particles
Littlest Higgs




Less complete

Dipole
Interactions
“Sketches of models”

More
complete

Dark Matter
Effective Field Theories

Dark
Photon

Minimal
Supersymmetric
Standard Model

Simplified
Dark Matter
Models

Contact
Interactions

Complete
Dark Matter
Models

Higgs
Portal

Universal
Extra
Dimensions

Little

Higgs
LHC DMWG




Collider DM Search
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(Transverse) Missing Energy

Hard collision between partons: longitudinal momentum unknown

Look for momentum imbalance in transverse plane

ET:_ZE?F
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Dark Matter Searches at the LHC

Two broad categories:

e Dark Matter Particle appears in the final state

e Dark Matter Particle does not appear in the final state




Seeing the Invisible?

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

Initial State Radiation (ISR)

® Jets
e Photons

¢ \\W//Z Gauge Bosons
q * Higgs

monojet +MET Used to tag the event as “interesting”

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

“Mono-X Searches”



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 Q:T

==  Classic Mono-X configuration

e Traditional ET + anything (SUSY-like) searches




Mono-X Searches
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-051/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-039/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-050/index.html

DI-X Searches
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-20/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-049/index.html
https://arxiv.org/abs/1611.03568

Connecting to Other Searches

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 estlished

dvdlldblc, PIUs LHeoretiCdl COrsideldliofns



Comparison to Direct Detection
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Comparison to Direct Detection

Most sensitivity at the LHC from Mono-Jet Searches

Spin-Independent Spin-Dependent
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-048/index.html
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/

A Comparison to Indirect Detection
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-048/index.html

A Comparison: Examples

Axial-Vector:

T M. w— T

3 Vector:

S _

£ 1 goMZ, XV Y° X

= gpomZ, XV x . |

=00 . . - Direct detection and colliders

g g Direct d.etectlon more sensitive about equally sensitive in

%) than colliders except at very low different regions of parameter
dark matter masses. space.

= Scalar

Pseudo-Scalar:



Colliders vs Direct/Indirect Detection

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

® | ess sensitive in the intermediate and high mass region

Note: still important since independent of astrophysics

e 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.




Invisible Higgs Decays

Assumption: £ ATLAS
e Single new particle (DM) § | :p: Eggnz’
e A SM singlet, coupled to H §
e Mediator for the WIMP- §
nucleon interaction é
e mpm < My /2 g oF (4 invisbe <0.09 41005 OL

From ATLAS: arXiv: 1508.07869 WIMP mass [GeV]



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

What about very Light Mediators”

Direct DM Searches efficient above above multi-GeV region:

Energy Transter I__]ilmDM vy CI0 % mpy CkdAV (threshold)

Collider Searches can extend this down to ~ 1 GeV.

Below that, large (QCD) backgrounds bury the signal




Example: Dark Photons

See e.q. 1608.08632
Interactions induced through kinetic mixing with the hypercharge gauge boson:

1 1
== ZFQWFEV + 5 map AEA@ At B-factories

1 v L]
—|—§€B'u F,uV

Beam Dump Experiments

90% CL exclusion regions on [m(A’), 2]

Search for Dark Photons - ' B LHCD prompt-like

L HCb Collaboration LK BaBar
B KLOE
1710.0286/


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

Example: Dark Photons

il &= KonA'

- /E787, E949

S

Improved

Belle 11
Converted

Yo, (D)

S 00 eoe e @
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Standard

Belle 11
Low-E,




Example: Dark Photons

And at high-energy (future) colliders:

Red: pp=>Zp->*~
Blue: h»ZZp->4¢

Solid: LHCS8, 20/fb
Dashed: LHC14, 3000/fb
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Curtin et. al. 1412.0018


https://arxiv.org/pdf/1412.0018.pdf

Further Topics of Interest

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

e SUSY searches
e Super-weakly interacting DM (e.g. gravitinos)

O olg MO Yo o\ADE] ectors




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 DM Searches)  (Summary Plots)



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

