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Introduction: the Large Hadron Collider 
and the ATLAS experiment
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The Large Hadron Collider 
27 km of circumference 

Accelerates and collides protons
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The Large Hadron Collider 
27 km of circumference 

Accelerates and collides protons
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The ATLAS detector 
Records the products of the collision 

We analyse them in search of new phenomena



Who are we? The ATLAS Collaboration
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Only < 1/10 of the ATLAS collaboration shown here

38 countries, ~180 universi2es,  
>1000 students

> 600 peer-reviewed papers  
as of today 



Other LHC experiments in this talk
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Compact Muon Solenoid LHC beauty apparatus



What are the interesting events? 
How to search for new physics at the LHC



The main question for the LHC Run-1
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Among the outstanding ques9ons of the Standard Model:
- How do par2cles get mass?  

- Higgs mechanism? 

https://cds.cern.ch/record/874049

https://cds.cern.ch/record/874049


The main question for the LHC Run-1
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Among the outstanding ques9ons of the Standard Model:
- How do par2cles get mass?  

- Higgs mechanism? 

Run-1

LuminosityPublicResults 

√s = Centre of mass energy  
More energy ⇔ more new massive particles (E=mc2) 

Luminosity = how much data is collected 
More data ⇔ more chances to see rare processes

https://cds.cern.ch/record/874049

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://cds.cern.ch/record/874049


A chart of searches (and discoveries)
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Discovery of the Higgs boson: 
guided by clues from the Standard Model of particle physics

The Higgs boson mass as of May 2015 
arXiv:1503.07589

2011

Image from University of Uppsala

Many searches and measurements during Run-1: 
mapping the Standard Model at 7 and 8 TeV



A chart of searches (and discoveries)
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Discovery of the Higgs boson: 
guided by clues from the Standard Model of particle physics

The Higgs boson mass as of May 2015 
arXiv:1503.07589

2011

Image from University of Uppsala

Many searches and measurements during Run-1: 
mapping the Standard Model at 7 and 8 TeV

Higgs

LHC Run-1 data analysis,  
brought a milestone discovery



A chart of searches (and discoveries)
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Discovery of the Higgs boson: 
guided by clues from the Standard Model of particle physics



Uncharted discoveries in Run 2

?
?
?
? Increase of LHC energy

Increase of reach for new phenomena

Where to look for new physics? 
Everywhere, starting with high masses

q*
quark

gluon

quark

gluon

Example: production rate of excited quarks (q*) 
with mass of 4 TeV would increase  
by 56 times from Run 1 to Run 2
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Where do did we go from here the LHC Run-1?
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- How do par2cles get mass?  
- Higgs mechanism 

- Why is the Higgs boson mass so light? 

- What is the nature of dark maRer? 

(Some) outstanding ques9ons of the Standard Model:

√

LHC operating beyond its design luminosity! 
We have the chance to answer  

these questions with LHC Run-2 data

Run-2
Run-1

LuminosityPublicResults 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults


Uncharted energies at the LHC Run 2
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Image from University of Uppsala

Run-2 leads LHC experiments 
to yet unexplored territories: 

large increase in energy, and in dataset size



Uncharted energies in (ATLAS) Tile (calorimeter)
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Mass of this two-jet event: 7 Tera-electron volt
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Back to basics: proton

gluon

quark

quark

quark
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Protons are made of quarks and gluons
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quarks and gluons collide at the LHC 
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E=mc2

in the collision, new particles can be created
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E=mc2

these new particles are unstable  
and decay back into quarks



snap!

time





a “jet” of partic
les

proton-proton 
collision
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E=mc2

quarks then turn into jets  
jets are observed at LHC experiments

jet

jet

q/g

q/g

jet

jet

q/g

q/g

jet

jet



How would new phenomena manifest?
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E.g. mass of di-jet system 
(~new particle mass)

Background

Signal

New par9cles: resonant excess (bump) over Standard Model background

Number of events 

?
jet

jet

q/g

q/g

q*
quark

gluon



How would new phenomena manifest?
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New interac9ons: more central produc2on with respect to backgrounds

signal: 
more central events

background: 
more forward events

Dag Gillberg, ICHEP 2012

https://indico.cern.ch/event/181298/contributions/309302/attachments/243438/340698/ICHEP_DijetGammajetResonances_ATLAS.pdf


How would new phenomena manifest?
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New interac9ons: more central produc2on with respect to backgrounds

Background

Signal

Jet scattering angle

more central events more forward events

Normalized number of events
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New par9cles and states: larger mul2plicity of objects at high masses

Energy of the system (visible/invisible)

Background

Signal

Number of events 

How would new phenomena manifest?



How would new phenomena manifest?
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These are just examples of distributions 
analysed in ATLAS searches



Dark Matter at the Large Hadron Collider 
and at other experiments

Now we are equipped with the tools to discover…



LHC: the biggest man-made discovery machine 34 34



LHC: the biggest man-made discovery machine 35



LHC: the biggest man-made discovery machine

it is dark

36



it is dark

it has mass
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it is dark

it constitutes 
most of the matter 

in the universe 
(either that, or we need to rethink gravity)

it has mass
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68 %

27 %

5 %

Ordinary Matter
Dark Matter
Dark Energy



LHC: the biggest man-made discovery machineA. Belyaev

many physicists are talking about it
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LHC: the biggest man-made discovery machine

it constitutes 
most of the matter  

in the universe 

 
relic density 

This relic density can be explained with  
a new particle 

- that interacts only weakly with known matter 
- with mass in the range of current experiments 

(Weakly Interacting Massive Particle) 

68 %

27 %

5 %

Ordinary Matter
Dark Matter
Dark Energy

40



LHC: the biggest man-made discovery machine

Under these 
assumptions…

http://abstrusegoose.com/406 
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http://abstrusegoose.com/406


LHC: the biggest man-made discovery machine

…we could discover Dark Matter!

42



Dark Matter in different experiments

Wikipedia/NASA

Complementary experimental strategies 
All looking for small signals  

over large, complex backgrounds

Particle CollidersDirect DetectionIndirect Detection

Ordinary  
particles

Dark 
Matter

43



Indirect Detection: example
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Wikipedia/NASA

Wikipedia/NASA

Fermi Large Area Telescope  
https://www-glast.stanford.edu/

Indirect Detection

J. Feng

44
Also: interesting results from DAMA, AMS

https://arxiv.org/abs/1704.03910 

https://www-glast.stanford.edu/
https://arxiv.org/abs/1704.03910


Direct Detection: examples
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R. Strauss

We don’t know Dark Matter interaction frequency or mass!

Direct Detection

45



Direct Detection: examples
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High Dark Matter mass: LUX Low Dark Matter mass: CRESST

Large volume  
(order: 10s of meters)

Very sensitive, smaller volume  
(order: 10s of centimeters)

http://luxdarkmatter.org 
http://www.cresst.de 
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http://luxdarkmatter.org
http://www.cresst.de


Direct Detection: example results

https://arxiv.org/abs/1705.03380 
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https://arxiv.org/abs/1705.03380


Direct Detection: example results
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hRps://arxiv.org/pdf/1705.06655

https://arxiv.org/abs/1705.03380 
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https://arxiv.org/pdf/1705.06655
https://arxiv.org/abs/1705.03380


Direct Detection: example results
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hRps://arxiv.org/pdf/1705.06655

49

http://iopscience.iop.org/article/10.1088/1742-6596/718/4/042044

https://arxiv.org/pdf/1705.06655
http://iopscience.iop.org/article/10.1088/1742-6596/718/4/042044


Direct Detection: example results

50

hRps://arxiv.org/pdf/1705.06655
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https://arxiv.org/abs/1707.01632 

https://arxiv.org/pdf/1705.06655
https://arxiv.org/abs/1707.01632


Dark Matter mediators at the LHC
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Wikipedia/NASA

If there’s a force there’s a mediator:

Particle Colliders

Can look for both invisible and visible decays of the mediator 
(this talk: case in which the mediator is a new particle, but it can also be a known particle)



Where to start? Dark Matter Working Group
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jet

jet

q/g

q/g

Visible/invisible signatures pf Dark 
Matter

proton-proton 
collision

ATLAS, CMS and theory, within LHC Physics Centre (LPCC)
• Mandate: 

• Define guidelines and recommenda2ons 
for the benchmark models, interpreta2on 
and characterisa2on for broad and 
systemaPc DM searches at the LHC 

• Example: agree on classes of 
benchmark models used for 
experimental searches  

• Example: improve tools available to the 
experiments, such as higher-precision 
calcula2ons of signals/backgrounds 

• Connect with broader DM community 
towards comprehensive understanding of 
viable dark maRer models
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Colliders 
(Effective Field 

Theory)

Colliders 
(Simplified Models)

Dark Matter Forum
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Wikipedia/ Colliders 
(Effective Field 

Theory)

Colliders 
(Simplified Models)

Simplified models as building blocks for 
experimentalists (designing and performing 

searches) and theorists  
(building new theories, reinterpreting searches) 
and as common framework for reinterpretation  

together with complementary experiments

Dark Matter Forum



Searching for Dark Matter (mediators) 
at the Large Hadron Collider



Looking for Dark Matter at the LHC
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WIMPs are invisible to detectors 

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

g𝜒gq



Looking for invisible Dark Matter at the LHC

Signature of Dark Matter:  
missing transverse momentum

A. Korn

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

g𝜒gq

Excess of missing transverse momentum

Invisible WIMPs:  
Initial state radiation 
makes them visible 

57



Latest “monojet” result from ATLAS
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ATLAS-CONF-2017-060 

Signature of Dark Matter:  
missing transverse 

momentum

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

g𝜒gq

Can also use other radiated objects: 
photon, W, Z, Higgs

No signals of Dark Matter

http://To%20be%20added...


Searches for DM mediators
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SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

gq gq

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

g𝜒gq

Look for an inevitable LHC physics process: di-jet resonances 
 

59



Anatomy of a bump-hunt
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SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

gq gq

60

invariant mass

invariant mass

number of events

Most discrepant region

arXiv: highmassdijets

Data-driven background fit

No signals of Dark Matter mediators 
(or other resonances)



Wide mediators: angular distributions

6161

If the mediator is wide,  
a fit is not effective 

→ use dijet scattering angle 
to discriminate signal/background

No signals of Dark Matter mediators



Visible low mass DM mediators: interesting!
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SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

gq gq

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

g𝜒gq
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Signals and backgrounds with jets

Mass of di-jet system 
(~new particle mass)

Background

Signal
A. Signal overwhelmed by background 

if no discriminating power  
poor sensitivity to new physics!  

IImpossible to record all events fully: 
(ATLAS trigger system needed) 

statistical error harms sensitivity!

Number of events 

Main challenge for jet searches: large backgrounds,  
impossible to store all data
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Signals and backgrounds with jets
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Main challenge for jet searches: large backgrounds,  
impossible to store all data

Mass of di-jet system 
(~new particle mass)

Background

Signal

Number of events 

A.Signal overwhelmed by background: 
if no discriminating power  

poor sensitivity to new physics!  

B.IImpossible to record all events fully: 
(ATLAS trigger system needed) 

statistical error harms sensitivity!

64



Data taking in ATLAS
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Event selection  
(trigger)

Object 
reconstruction
and calibration

Data analysis

Computing resources are essential for the full data taking chain

Trigger and data acquisition: select interesting events 

First step: fast hardware selection (Level 1) 
data taking rate: 100 kHz 

Second step: computer farm (High-Level Trigger) 
data taking rate: 1000 Hz

65



Trigger Level Analysis technique (TLA)
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(CMS: Data Scou3ng, LHCb: Turbo Stream)  

Record only necessary informa2on for jet search: jets 
Use informa2on already available to make the decision: trigger jets 

Event size reduced to 5%  
of fully recorded event  

Reduced size -> increase number  
of events that can be recorded



ATLAS Trigger Level Analysis results
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Data-driven background fit

Most discrepant region 
(p-value 0.44)

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

gq gq

ATLAS-CONF-2016-030

No signals of Dark Matter mediators



The full (CMS) picture of mediator searches
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CMS-PAS-EXO-16-046

SM

SM

Med.

DM

DM

SM

SM

Med.

SM

SM

gq gq

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-046/CMS-PAS-EXO-16-046_Figure-aux_001.png


Highlighting complementarity  
of Dark Matter searches



Visible/invisible DM LHC searches
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How to display interpretation of collider search using simplified models

arXiv 1603.04156

Dark Matter Working Group
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Illustrative example

(g = 0.25, g = 1)DMq

Axial Vector mediator, Dirac DM

Searches for DM particles

Visible/invisible DM LHC searches
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Mediator mass [TeV]
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(g = 0.25, g = 1)DMq

Axial Vector mediator, Dirac DM

Searches for DM particles

Visible/invisible DM LHC searches
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Mediator mass [TeV]
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Illustrative example

Dĳet searches for DM mediators

(g = 0.25, g = 1)DMq

Axial Vector mediator, Dirac DM

Searches for DM particles

Collider strength: searches for visible mediator decays

Visible/invisible DM LHC searches
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Mediator mass [TeV]
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Illustrative example

Dĳet searches for DM mediators
Low-mass dĳet searches for DM mediators

(g = 0.25, g = 1)DMq

Axial Vector mediator, Dirac DM

Searches for DM particles

Motivating new searches for visible mediator decays

Visible/invisible DM LHC searches
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However, sensitivity is a coupling-dependent statement
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Illustrative example

Dĳet searches for DM mediators
Low-mass dĳet searches for DM mediators

(g = 0.1, g = 1, g = 0.01)DMq l

Axial Vector mediator, Dirac DM

Searches for DM particles

Visible/invisible DM LHC searches
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Reduce coupling to quarks



ATLAS results on visible/invisible DM searches
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ATLAS results on visible/invisible DM searches
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A (simplified) global picture of DM

How to display collider searches alongside DD/ID

Dark Matter Working Group

78



ATLAS/CMS results, in context
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Note: complementarity between DD/ID and colliders, requires a model

ATLAS-CONF-2017-060 
EXO-16-048 

http://To%20be%20added...
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-048/


Astrophysical probes: complementarity

80

arXiv:1305.1605 

http://arxiv.org/abs/1305.1605


Further complementarity?

81

Galaxy formation

Is the relic density a "guide for the eye” in the 
WIMP paradigm, or more? How should its (precise) 
measurement influence DM searches?

Relic density

Is it possible to introduce different models and 
assump2ons in simula2ons, or are those too fine-
grained to make a difference?

Nature of DM

Could astrophysics help shedding light on the nature 
of DM? Growing interest (also in the direc2on of black 
holes) -> anything colliders can do? 

  

Role of the Higgs
We discovered a new par2cle: what is the role it 
played in the early universe?

http://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg


Conclusions and outlook



Model Signature
∫
L dt[fb−1] Lifetime limit Reference
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RPV χ01 → eeν/eµν/µµν displaced lepton pair 20.3 1504.05162m(g̃) = 1.3 TeV, m(χ01) = 1.0 TeV7-740 mmχ
0
1

lifetime

GGM χ01 → ZG̃ displaced vtx + jets 20.3 1504.05162m(g̃) = 1.1 TeV, m(χ01) = 1.0 TeV6-480 mmχ
0
1

lifetime

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 disappearing track 20.3 1310.3675m(χ±1 ) = 450 GeV0.22-3.0 mχ

±
1

lifetime

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 large pixel dE/dx 18.4 1506.05332m(χ±1 ) = 450 GeV1.31-9.0 mχ

±
1

lifetime

GMSB non-pointing or delayed γ 20.3 1409.5542SPS8 with Λ = 200 TeV0.08-5.4 mχ
0
1

lifetime

Stealth SUSY 2 ID/MS vertices 19.5 1504.03634m(g̃) = 500 GeV0.12-90.6 mS̃ lifetime

Hidden Valley H → πvπv 2 low-EMF trackless jets 20.3 1501.04020m(πv) = 25 GeV0.41-7.57 mπv lifetime

Hidden Valley H → πvπv 2 ID/MS vertices 19.5 1504.03634m(πv) = 25 GeV0.31-25.4 mπv lifetime

FRVZ H → 2γd + X 2 e−, µ−,π−jets 20.3 1409.0746H → 2γd + X , m(γd ) = 400 MeV14-140 mmγd lifetime

FRVZ H → 4γd + X 2 e−, µ−,π−jets 20.3 1409.0746H → 4γd + X , m(γd ) = 400 MeV15-260 mmγd lifetime

Hidden Valley H → πvπv 2 low-EMF trackless jets 20.3 1501.04020m(πv) = 25 GeV0.6-5.0 mπv lifetime

Hidden Valley H → πvπv 2 ID/MS vertices 19.5 1504.03634m(πv) = 25 GeV0.43-18.1 mπv lifetime

FRVZ H → 4γd + X 2 e−, µ−,π−jets 20.3 1409.0746H → 4γd + X , m(γd ) = 400 MeV28-160 mmγd lifetime

Hidden Valley Φ→ πvπv 2 low-EMF trackless jets 20.3 1501.04020σ×BR = 1 pb, m(πv) = 50 GeV0.29-7.9 mπv lifetime

Hidden Valley Φ→ πvπv 2 ID/MS vertices 19.5 1504.03634σ×BR = 1 pb, m(πv) = 50 GeV0.19-31.9 mπv lifetime

Hidden Valley Φ→ πvπv 2 low-EMF trackless jets 20.3 1501.04020σ×BR = 1 pb, m(πv) = 50 GeV0.15-4.1 mπv lifetime

Hidden Valley Φ→ πvπv 2 ID/MS vertices 19.5 1504.03634σ×BR = 1 pb, m(πv) = 50 GeV0.11-18.3 mπv lifetime

HV Z ′(1 TeV)→ qvqv 2 ID/MS vertices 20.3 1504.03634σ×BR = 1 pb, m(πv) = 50 GeV0.1-4.9 mπv lifetime

HV Z ′(2 TeV)→ qvqv 2 ID/MS vertices 20.3 1504.03634σ×BR = 1 pb, m(πv) = 50 GeV0.1-10.1 mπv lifetime

cτ [m]0.01 0.1 1 10 100
√
s = 8 TeV

ATLAS Long-lived Particle Searches* - 95% CL Exclusion
Status: July 2015

ATLAS Preliminary∫
L dt = (18.4 - 20.3) fb−1

√
s = 8 TeV

*Only a selection of the available lifetime limits on new states is shown.
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 Preliminary6.86 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 3.6 n = 6 1512.015308.3 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH ATLAS-CONF-2016-0068.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 3.2 k/MPl = 1.0 ATLAS-CONF-2015-0751.06 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 3.2 k/MPl = 1.0 ATLAS-CONF-2016-017475-785 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 3.2 ATLAS-CONF-2015-0703.4 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 Preliminary1.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 3.2 ATLAS-CONF-2015-0634.07 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 3.2 gV = 1 ATLAS-CONF-2015-0681.6 TeVW′ mass

HVT W ′ →WZ → qqqq model A − 2 J − 3.2 gV = 1 ATLAS-CONF-2015-0731.38-1.6 TeVW′ mass

HVT W ′ →WH → ℓνbb model B 1 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.62 TeVW′ mass

HVT Z ′ → ZH → ννbb model B 0 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.76 TeVZ′ mass
LRSM W ′

R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 3.6 ηLL = −1 1512.0153017.5 TeVΛ
CI qqℓℓ 2 e, µ − − 3.2 ηLL = −1 ATLAS-CONF-2015-07023.1 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, 1-4 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 140 GeV Preliminary1.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 10 GeV Preliminary650 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 Preliminary1.07 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 Preliminary1.03 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 3.6 only u∗ and d∗, Λ = m(q∗) 1512.015305.2 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 3.2 Preliminary2.1 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: March 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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Other

MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 3.2 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2015-062980 GeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1 )<5 GeV To appear610 GeVq̃

q̃q̃, q̃→q(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ (off-Z) 2 jets Yes 20.3 m(χ̃
0
1)=0 GeV 1503.03290820 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 3.2 m(χ̃

0
1)=0 GeV ATLAS-CONF-2015-0621.52 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 2-6 jets Yes 3.3 m(χ̃
0
1)<350 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2015-0761.6 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.38 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-10 jets Yes 3.2 m(χ̃

0
1) =100 GeV 1602.061941.4 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.63 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 cτ(NLSP)<0.1 mm 1507.054931.34 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.37 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 20.3 m(χ̃
0
1)<850 GeV, cτ(NLSP)<0.1 mm, µ>0 1507.054931.3 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290900 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 3.3 m(χ̃

0
1)<800 GeV ATLAS-CONF-2015-0671.78 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 3.3 m(χ̃
0
1)=0 GeV To appear1.76 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.37 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV ATLAS-CONF-2015-066840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 3.2 m(χ̃

0
1)=50 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1602.09058325-540 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7/20.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583117-170 GeVt̃1 200-500 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2016-00790-198 GeVt̃1 205-715 GeVt̃1 745-785 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-245 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-600 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-610 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ̃
0
1)=0 GeV 1506.08616320-620 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-335 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-475 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350355 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029715 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029425 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110270 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332495 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584850 GeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns To appear1.54 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 20.3 λ′311=0.11, λ132/133/233=0.07 1503.044301.7 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086760 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% 1502.05686917 GeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 6-7 jets - 20.3 m(χ̃

0
1)=600 GeV 1502.05686980 GeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.2500880 GeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 20.3 1601.07453320 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: March 2016

ATLAS Preliminary
√
s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.

SUSY

Additional scalars
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χ∼ > 0, m(µ) = 5, β, tan(

1
±
χ∼AMSB 

  (tracker + TOF)-18 TeV, 18.8 fb

) = 800 GeV
1
±
χ∼ > 0, m(µ) = 5, β, tan(

1
±
χ∼AMSB 

  (tracker + TOF)-18 TeV, 18.8 fb

) = 1000 GeVg~cloud model R-hadron, m(

  (stopped particle)-18 TeV, 18.6 fb

) = 200 GeV
1
±
χ∼, m(±π + 

1
0
χ∼ → 

1
±
χ∼, 

1
±
χ∼AMSB 

  (disappearing tracks)-18 TeV, 19.5 fb

) = 500 GeV0
1
χ∼) = 1000 GeV, m(q~RPV SUSY, m(

  (displaced dijets)-18 TeV, 18.5 fb

) = 150 GeV0
1
χ∼) = 1000 GeV, m(q~RPV SUSY, m(

  (displaced dijets)-18 TeV, 18.5 fb

) = 250 GeV
1

0
χ∼, m(γ G~ → 

1
0
χ∼GMSB SPS8, 

  (disp. photon timing)-18 TeV, 19.1 fb

) = 250 GeV
1

0
χ∼, m(γ G~ → 

1
0
χ∼GMSB SPS8, 

  (disp. photon conv.)-18 TeV, 19.7 fb

, m(H) = 125 GeV, m(X) = 20 GeVµµ → XX (10%), X →H 

  (displaced leptons)-18 TeV, 20.5 fb

 ee, m(H) = 125 GeV, m(X) = 20 GeV→ XX (10%), X →H 

  (displaced leptons)-18 TeV, 19.6 fb

) = 420 GeVt~ bl, m(→ t~RPV SUSY, 

  (displaced leptons)-18 TeV, 19.7 fb

CMS long-lived particle searches, lifetime exclusions at 95% CL

CMS Exotica Physics Group Summary – LHCP, 2016!
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Long-lived particles
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ATLAS Summary Plots CMS Summary Plots

A wealth of results…we keep searching!

Experiments analysed only 1% of the planned LHC dataset so far 
…rich program of measurements and searches 

up to 2035!
83

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined


Everything we don’t want to miss 
by thinking of WIMPs only

84

No details in this talk, but many other interesting  
and compelling DM candidates at colliders and beyond

http://en.wikipedia.org/wiki/Streetlight_effect 
Searches for Dark Sector particles 

 (no direct DM/SM interaction)
https://arxiv.org/abs/1407.0017 

http://en.wikipedia.org/wiki/Streetlight_effect
https://arxiv.org/abs/1407.0017


Where to look for DM and new particles?
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Everywhere! 
design model-independent searches for new phenomena 



Looking forward to more searches
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https://cds.cern.ch/record/874049 

DM particle the Higgs 

Dark Matter

https://cds.cern.ch/record/874049
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Thanks for your attention!



List of DMWG topics covered so far
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Winter 2015

Spring 2017 (ongoing)

Spring 2017 (ongoing)

[Dark MaRer Forum] Reach consensus on a common set of benchmark 
models for ATLAS and CMS early Run-2 searchesSummer 2015

Within the framework of the DMF simplified models, present results 
and compare Direct Detec2on (DD) / Indirect Detec2on (ID) / collider 
searches

Winter 2016

Agree on how to present searches for mediators of DM interac2ons in 
visible decays together with searches to DM par2cles, add lepton 
couplings to DMF benchmark models

Develop scalar sector and t-channel benchmark models 

Arrive at a joint esPmaPon of theory uncertainPes for precision DM 
searches at colliders (e.g. mono-jet)

http://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg 

http://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg


Data volumes at the LHC

89

Wikipedia/NASA

 LHC: if everything was recorded… 
 up to 40 million collisions/second (MHz) 
 1-1.5 MB/data per collision 
 40 MHz * 1 MB  =  40 TB/s 
 40 TB/s * 10e+6 s/year = 0.05 ZB/year 

 Facebook:  
 600 TB/day ~ 200 PB/year [Facebook] 

LHC experiments need to: 
1. process all data, fast  

2. select only interesting events

(after selecting interesting events)

https://code.facebook.com/posts/229861827208629/scaling-the-facebook-data-warehouse-to-300-pb/


Overcoming data taking limitations
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Wikipedia/NASA

Bandwidth = Event rate x Event size



Overcoming data taking limitations
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Wikipedia/NASA

Brian Battell, Dark Interactions 2016



Overcoming data taking limitations
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Wikipedia/NASA

Brian Battell, Dark Interactions 2016



Fermi LAT Galactic center DM interpretation
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Wikipedia/NASA


