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Where do did we go from here the LHC Run-1?
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- How do particles get mass?  
- Higgs mechanism 

- Is dark matter a particle that 
interacts with the SM? 

(Some) outstanding questions of the Standard Model:

√

LHC operating beyond its design luminosity 
With LHC Run-2 data we can:  

- detect rare processes  
- use the Higgs as a discovery tool

New: ATL-PHYS-PUB-2018-008

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults 

(see B. Heinemann’ talk today)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-008/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
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Looking for invisible particles at the LHC
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If dark matter particles interact with ordinary particles,  
the LHC can produce them

Caveat: very simplified diagram

proton-proton collision production of DM particles
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Looking for invisible particles at the LHC
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If dark matter particles interact with ordinary particles,  
the LHC can produce them

however, dark  ↔ invisible to the detectors

Caveat: very simplified diagram
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Looking for invisible particles at the LHC
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Rely on visible particles to detect invisible particles 

“Mono-X” searches “Multi-object” searches

Not pictured here but necessary to 
cover all ground for DM @ LHC:  
Long-lived particle searches 
(see Todd Adams’ talk today)
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Looking for invisible particles at the LHC
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Rely on visible particles to detect invisible particles 

visible

1^2P
,

t
> Z X

P X
Invisible

Signature of invisible particles 
(like Dark Matter):  

missing transverse momentum (         )

“Mono-X” searches (example)
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Broad categories of LHC searches
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Generic searches More specific searches

• Good for simple models with sizable cross-sections 
• Fewer assumptions on specific model characteristics

More effective for complex models

• More sensitive to specific models 
• More reliant on model assumptions

DM

DMSM

SM

p, π, … → jets

W, Z → leptons, jets…

This talk:  
only a very small selection of LHC DM searches  

for more results see here: ATLAS and CMS 
and Beate Heinemann’s talk today

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
http://cms-results.web.cern.ch/cms-results/public-results/publications/
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Vector-like mediator

Scalar-like mediator 
and Two Higgs Doublet Model

Benchmarks for LHC DM searches
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Simple models More complex/complete models

Simple DM mediation Supersymmetry

Z/Higgs portals
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Not pictured here but  
very relevant for LHC  

DM searches: dark sectors 
(see e.g. JiJi Fan’s talk) 

Current focus of LHC Dark Matter Working Group 

(Simplified model diagram)
JHEP 03 (2018) 160 

SM mediator Beyond-SM mediator

https://arxiv.org/abs/1801.03957
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Now: LHC Dark Matter Working Group 
http://lpcc.web.cern.ch/content/lhc-dm-wg-wg-dark-matter-searches-lhc 

extending the menu of LHC benchmarks to less simplified models

 
https://arxiv.org/abs/1507.00966

http://lpcc.web.cern.ch/content/lhc-dm-wg-wg-dark-matter-searches-lhc
https://arxiv.org/abs/1507.00966
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https://arxiv.org/abs/1507.00966

Collider complementarity with direct / indirect 
detection needs a theoretical framework

Particle CollidersDirect DetectionIndirect Detection

?

https://arxiv.org/abs/1507.00966
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LHC production of invisible particles
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Production of invisible particles can be common in the SM 

Eur. Phys. J. C 77 (2017) 765  

https://arxiv.org/abs/1707.0326


C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin

LHC production of new invisible particles
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Production of invisible particles can be common in the SM 
use standard candles (Z boson) to search for non-SM production

+

DM

DM

e, μ

e, μ

Eur. Phys. J. C 77 (2017) 765  

https://arxiv.org/abs/1707.0326
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Generic searches for DM: “X+MET”
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ISR (jet, photon, V boson…) + MET signature 
Background normalized using data 

Background shapes need precise theory predictions 
Results interpreted in a variety of models

Phys. Rev. D 97, 092005 (2018)

EPJC 2017 77:829

DM

DM

gq g

SM SM

SM

arXiv:1807.11471

https://arxiv.org/abs/1712.02345
https://arxiv.org/abs/1705.04664
https://arxiv.org/abs/1807.11471
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Dark Matter mediators at the LHC
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If there’s a force there’s a mediator:

Can probe the dark interaction even if DM is inaccessible 
Can look for both invisible and visible decays of the mediator 

Look for an inevitable LHC physics process:  
di-jet (and di-X) resonances - see S. D’Auria’s talk 
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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 for these models: searches for visible mediator decays 

Visible/invisible DM LHC searches
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LHC Dark Matter Working Group 
https://arxiv.org/abs/arXiv:1703.05703

LHC Dark Matter Working Group 
https://arxiv.org/abs/arXiv:1703.05703

https://arxiv.org/abs/1703.05703
https://arxiv.org/abs/1703.05703
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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 for these models: searches for visible mediator decays 

Visible/invisible DM LHC searches
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LHC Dark Matter Working Group 
https://arxiv.org/abs/arXiv:1703.05703

about real-time selection and analysis 
for LHC searches and links to  

data taking challenges in astrophysics

https://arxiv.org/abs/1703.05703
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Visible/invisible DM searches  
(only valid for these specific parameters of leptophobic vector mediators)
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ATLAS DM Summary Plots for ICHEP 2018 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html#ATLAS_DarkMatter_Summary
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Complementarity of DM experiments

Wikipedia/NASA
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Comparisons are possible only in the context of a benchmark 
Essential to fully specify model/parameters  

and be aware of limitations

LHC Dark Matter Working Group 
https://arxiv.org/abs/1603.04156

CMS Dark Matter Summary Plots for ICHEP 2018

https://arxiv.org/abs/1603.04156
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Dark_Matter_Summary_plots
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More complex models: pseudo/scalars
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Compelling searches with increase of LHC dataset involve  
new particles interacting with DM, alongside Higgs boson 

Example: pseudoscalar interacting with DM  
in a Two (2)-Higgs Doublet Model

Search for MET + two b-quarks 
ATLAS / CMS  

No excess observed yet 

LHC dataset sufficient to start 
being sensitive to this kind of processes

CMS PAS EXO-16-050 

LHC Dark Matter Working Group 
Whitepaper in preparation

http://inspirehep.net/record/1680892/


C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin

Highlights of SUSY EW searches

!20

Among other desirable features, SUSY provides a dark matter candidate:  
the stable, lightest supersymmetric particle

Many SUSY production modes: examples of 
low cross-sections from electroweak production that can be probed with LHC data  

and 3rd generation squarks in models yielding relic density
JHEP 03 (2018) 160 ATLAS SUSY Public Results

http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-17-004/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
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Conclusions
• If DM interacts with SM particles,   

 it can be produced and detected at the LHC  

• No excesses in ATLAS/CMS analyzed data so far 
• Constraints on a variety of benchmarks 

• Outlook for LHC DM community (DM Working Group):  
expanding beyond WIMP simplified models:  
• less simplified models (e.g. 2HDM) 
• dark sectors  

•  Only 1% of full LHC dataset analyzed so far 
• Current dataset will be tripled next year 
• Great chance to probe SM-DM interactions and rare processes
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Backup slides
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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 recommenda1ons 
for the benchmark models, interpreta1on 
and characterisa1on for broad and 
systemaUc 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 
calcula1ons of signals/backgrounds 

• Connect with broader DM community 
towards comprehensive understanding of 
viable dark ma@er models
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Dark Matter Working Group

Winter 2015

Spring 2017

Spring 2018

[Dark Ma@er Forum] Reach consensus on a common set of benchmark 
models for ATLAS and CMS early Run-2 searches

Summer 2015

Within the framework of the DMF simplified models, present results 
and compare Direct Detec1on (DD) / Indirect Detec1on (ID) / collider 
searches

Winter 2016 Agree on how to present searches for mediators of DM interac1ons in 
visible decays together with searches to DM par1cles, add lepton 
couplings to DMF benchmark models

Develop scalar sector and colored scalar benchmark models 

Arrive at a joint esUmaUon of theory uncertainUes for precision DM 
searches at colliders (e.g. mono-jet)
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http://arxiv.org/abs/1703.05703

https://arxiv.org/abs/1705.04664

You’re welcome to join and help define DM searches at the LHC!  
http://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg 

mailing lists lhc-dmwg@cern.ch / lhc-dmwg-contributors@cern.ch at h@ps://e-groups.cern.ch

https://arxiv.org/abs/1603.04156 

https://arxiv.org/abs/1507.00966 

?

Current topics Connect dark boson models to exisUng benchmarks and cosmology

In preparation

http://arxiv.org/abs/1703.05703
https://arxiv.org/abs/1705.04664
http://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg
mailto:lhc-dmwg@cern.ch
mailto:lhc-dmwg-contributors@cern.ch
https://e-groups.cern.ch
https://arxiv.org/abs/1603.04156
https://arxiv.org/abs/1507.00966
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Looking for invisible particles at the LHC

Signature of invisible particles 
(like Dark Matter):  

missing transverse momentum (         )
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visible

1^2P
,

t
> Z X

P X
Invisible

CMS-PAS-JME-16-004

Good performance of 
missing transverse 

momentum crucial for 
DM searches 

e.g. reject fake   rrr    

https://cds.cern.ch/record/2205284?ln=en
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The future of the LHC

 

S.Bertolucci, LHC status, LHCP 2015 St Petersburg 

we are here

The exploration of the energy frontier has just started

https://cds.cern.ch/record/1670985?ln=en
https://indico.cern.ch/event/389531/session/3/contribution/0/attachments/1147525/1645751/LHCP2015_SB.pdf
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Turbo/Data scouting/TLA path

Full event 
reconstruction

Trigger event 
reconstructon

Decision

only if trigger passed

In any case

Partial (HLT-only) 
event reconstruction

Special trigger  
analysis stream

Main stream

Analysis with trigger objects

Standard data 
analysisLHCb/ATLAS/CMS:  

~same reconstruction 
software and inputs  
online and offline 
(ALICE: planned upgrade) 

LHCb: buffering data on 
disk allows for precise 
detector alignment 
and calibration 
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Trigger

Keep the event? 

Triggering in LHC experiments



Video: triggering and processing data
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CERN-MOVIE-2013-041-001

https://videos.cern.ch/api/files/483e8626-ee1d-48a7-96e1-95ebb9ac2711/CERN-MOVIE-2013-041-001-2672-kbps-1280x720-audio-128-kbps-stereo.mp4?versionId=fd4a2800-b5ec-44c9-9e8c-284992808ac7


C. Doglioni - 02/28/2018 - Simons Institute “Real-time decision making” program

Why do LHC experiments trigger?
•  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 (day & night) = 0.05 ZB/year 

•  Facebook:  
• 600 TB/day ~ 200 PB/year [Facebook 2014]  
• “There’s always a bigger fish” 
[C. Tull’s talk @ siRTDM18]

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

(this includes calibrating  
and aligning the detectors!) 

2. select only interesting events  
(problem: we don’t yet know what 

interesting means) (after selecting interesting events)

C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin
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Parallels with astrophysics - I

E. Bellm - LSST talk at siRTDM18
C. Fitzpatrick 

The LHC is also a data firehose!

C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin

https://simons.berkeley.edu/talks/eric-bellm-2-26-18
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Parallels with astrophysics - II

LSST/IceCube/AMON… spots interesting event 
Triggers a follow-up with other instruments 
Limited resource: follow-up instrument time 
Cost of not following up: missing information for 
interesting transient 

LHC experiment: spots interesting event 
Triggers the recording of the event for further analysis 
Limited resource: data-taking bandwidth  
(among many others, e.g. computing resources…) 
Cost of not recording: event (or category of events)  
is lost and costs $$$$ to recreate 

C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin
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What is interesting?

 Number of expected events 
= luminosity * cross-section

J. Stirling / C. Fitzpatrick

Problem (to be discussed later): 
what if we aim to discover  

a new rare process 
that looks like one of those  

high-rate backgrounds?

C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin
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Signals vs backgrounds

Main challenge for resonance searches: large backgrounds 
and signal that looks very much like background

Mass of two-object system 
(~new particle mass)

Number of events 
produced by the LHC (log scale) 

Background

Signal

Actual  
recorded 
events

IImpossible to record 
all events in full 
→statistical error 
harms sensitivity!

C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin
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A paradigm change

Asynchronous data analysis 
(all raw data recorded, then analyzed)

“Real-time” data analysis 
(data is reconstructed/analyzed right 

after being recorded, so that only 
final-state objects can be stored, 

if needed) 

- ❌output: large (all detector information) 
- ❌current “interesting” thresholds not sustainable 

at high luminosities 
- ✅allows for offline analysis as refined as possibl

- ✅output: small (only high-level objects) 
- ✅collects more data using less storage 
- ❌requires more “online” computing power 
- ❌can’t go back and re-reconstruct (no info) 

“keep only the science content”  
LCLS-II data flow, talk by A. Perazzo

C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin
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Other ways to get to low masses (beyond +ISR, +VBF):  
prescaled triggers/data parking/delayed stream 

How to record more data for less
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(LHCb: Turbo Stream, CMS: Data Scou:ng, ATLAS: Trigger-Level Analysis (TLA))  

Record only necessary informa1on for jet search: jets 
Use informa1on 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
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CMS Data Scouting: low-mass resonances
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Dark matter leptophobic mediators decaying to dijets:  
very large background, cannot record all data 

→ use trigger objects to discover new resonances with large SM backgrounds 

https://arxiv.org/abs/1806.00843 

https://arxiv.org/abs/1806.00843
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ATLAS TLA: low-mass resonances
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Dark matter leptophobic mediators decaying to dijets:  
very large background, cannot record all data 

→ use trigger objects to discover new resonances with large SM backgrounds 

Phys. Rev. Lett. 121 (2018) 081801
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LHCb turbo stream: dark boson search
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Phys. Rev. Lett. 120, 061801 (2018) 

Dark bosons decaying to dimuons: same principle as dijets  
very large background but good mass resolution online 

→ use trigger objects to discover new resonances with large SM backgrounds 

https://arxiv.org/abs/1710.02867

