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Dark Matter: complementary searches?   
                                        This seminar: 
After the discovery of the Higgs particle @ the LHC: 
Dark matter is the next important physics problems to tackle for the LHC 

The search is complementary to other experimental techniques used.    
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•   Introduction: Dark Matter  
   and the WIMP miracle 
•  The LHC & Experiments 
•  The Higgs and dark matter  
•  Supersymmetry searches  
•  Generic searches via missing  
  ET, including mono-jets, top,  
  photons, leptons… 
•  New: mono-Higgs production 
•  Summary 
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F. Zwicky 1898-1974 

Dark Matter: The Next Challenge 
Astronomers found 
that most of the 
matter in the Universe 
must be invisible Dark 
Matter  

‘Supersymmetric’ particles ? 

Vera Rubin ~ 1970 



Evidence Piling-up 



Evidence Piling-up 



The Universe, Then and Now 



Particle Dark Matter? 

The observed density of dark matter is of the magnitude expected for a  
thermal relic weakly-interacting massive (~10-100 GeV) particle (WIMP). 



Particle Dark Matter? 

From D. Hooper 



No Lack of Theoretical Ideas… 



WIMPs 



Dark Matter @ LHC? 
Search for WIMP candidates in events with Missing Transverse Momentum 
EG: SUSY searches, monojet and mono-photon Searches, W’ searches…  

+ CAST experiment, searching for axion DM 

arXiv:1305.1605 



Dark Matter: Indirect Detection 



Indirect Detection Experiments 



Indirect Detection 
Some scientists are believers!! arXiv:1402.6703v1 

Using gamma-ray data from the FERMI satellite 
DM annihilation into b anti-b quarks? 

Also the 3.5 KeV line: light axion-like particle annihilation? 



Dark Matter: Direct Detection 



Direct Detection: Examples 



Direct Searches for Dark Matter 

State of the art today: 
Driven by the results of  
the LUX experiment 

Intensive campaign of  
direct detection  
experiments since more  
than ~20 years 

No (real) sign so far… 



The LUX Experiment 

One has always to be careful with the press… 

☺ 



The LHC 



       27 km ring 
100 meter underground 

LHC operation is now stopped  
for 2 years, and the machine 
is being prepared for running 
at 13-14 TeV from 2015 onwards 

8 TeV 

7 TeV 

 Primary physics targets 
• Origin of mass 
• Nature of Dark Matter 
• Understanding space time 
• Matter versus antimatter 
• Primordial plasma (PbPb) 



 4th of July 2012…  



The Higgs Hunters @ the LHC 

The ATLAS experiment 

The CMS experiment 

These experiments are likely to 
become DARK MATTER HUNTERS 
in 2015 and beyond… 

LHC: pp collisions  
at 7/8 TeV 



Evidence for a Higgs (2013) 

The particle is  
clearly still with  
us, now with a  
significance  
of >10σ !! 
in both CMS  
and ATLAS 

It has a mass 
of about  
126 GeV 

We now enter the phase of measuring the properties of the new particle   

H→γγ 

H→ZZ 

H→ZZ 

All channels 



A Higgs… 

Stockholm Nobel Symposium 
May 2013 

Note: the LHC is a Higgs Factory:   1 Million Higgses already produced 
                                                  15 Higgses/second with present lumi. 



What is Next? 

Need for precision measurements with ~100x the present statistics 
LHC upgrade !  Experiment upgrades!!  (Other machines?) 

The work is not over yet: Many questions still remain unanswered: 
!Is it THE Standard Model Higgs boson or a messenger of New Physics ?   
!How can we explain a Higgs mass ~ 126 GeV? What stabelizes the mass? 
!What explains the mass pattern of the particles that we observe?   
!What is Dark Matter and Dark energy? Supersymmetry at higher masses?? 
!Where is the antimatter in the Universe? How did it disappear??   



Dark Matter and the Higgs 

“higgs portal models” 
Eg: arXiv:1205.3169 



Invisible Higgs Decay Channel  

!Possible decay of the Higgs in Dark Matter  
  particles (if M<MH/2)  
!Different searches: 
  -Direct search 
    Look for the invisible decay channels 
  -Indirect search 
    Make a global fit of all production and  
    decays (and some modest assumptions) 



Invisible Higgs Decay Channel  
Search for Invisible Higgs decays in the ZH process 
          Z+H " 2 leptons + missing ET 
Possible decay in Dark Matter particles (if M<MH/2)  

!No evidence for invisible decays found so far 

Spin independent σ  

arXiv:1205.3169 

CMS-PAS-HIG-13-018 



!VBF associated Higgs production 
!Special VBF+MET L1&HL triggers & big effort to reduce QCD BG 
!Z(νν)+Jets background predicted using Z(µµ) 

95% CL upper limit on BF(invisible)  
= 69% (53% expected) 

CMS-HIG-13-013 

Invisible Higgs Decay Channel  



Invisible Higgs Decay Channel  
Search for Invisible Higgs decays in the ZH process 
          Z+H " 2 b quarks + missing ET 
Similar to the process Z+H with H "bb and Z"νν   

!No evidence for invisible decays found so far 

CMS-PAS-HIG-13-028 

95% CL upper limit on BF(invisible)  
= 1.82 (1.99 expected) 



Invisible Higgs Decay Channel  
Search for invisible Higgs decays in the processes 
          Z+H " 2 leptons + missing ET 

           VBF H " 2 jets + missing ET 
Possible decay in Dark Matter particles (if M<MH/2)  

!No evidence for invisible 
decays found so far 
!More channels & data  
coming up… 

ATLAS :arXiv:1402.3244 

<54%(46% exp) at 95% CL. 

CMS-PAS-HIG-13-013/018    

VBF+ZH 
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Higgs Portal to Dark Matter 

Includes results from a fit of the visible+invisible cross sections results    



Searches for Supersymmetry 

Supersymmetry was not “invented” to solve the dark matter 
problem, but can provide a great solution  



Beyond the Higgs Boson  

Picture from Marusa Bradac 

Supersymmetry: a new symmetry in Nature?  

SUSY particle production at the LHC 

Candidate particles for Dark Matter 
⇒ Produce Dark Matter in the lab 



!Events with five jets of particles and large missing energy 
  which could come from a possible dark matter particle 
!But a few events is not enough too prove we have something new 
  No visible excess has been building up with time…  

…Some Interesting Collisions… 
…already in 2010… 



SUSY Searches: No signal yet to date… 

CMS-SUS-11-015 

!So far NO clear signal of  
 supersymmetric particles  
 has been found 

!We can exclude regions 
 where the new particles 
 could exist. 

!Searches will continue for  
 the higher energy in 2015 

Plenty of searches ongoing: with jets, leptons, photons, W/Z, 
top, Higgs, with and without large missing transverse energy 
Also special searches for contrived model regions      

excluded 

allowed  



Searches for SUSY 

*similar results obtained by CMS 



 Typical Lightest SUSY particle limits… 

Various limits on sparticles: 
No ‘light’ Lightest SUSY Particle (LSP) 
so far 

But could hide in contrived scenarios 



…Theory interpretation… 

Problem: the SUSY space is vast 
Simplifying assuptions are always needed 
Example from Moriond EWK (last week): 



Dark Matter SUSY space Left? 
arXiv:1311.7641 

!Use the pMSSM SUSY model 
(19 parameters)  
!Use all the ATLAS SUSY Data 
+ mono-jet searches + LUX 
DM results 

!Check what fraction of 
pMSSM solutions that is 
excluded. 
No real full systematic study 
of the SUSY space yet 

60-80% of the solutions  
excluded as function 
of the neutralino mass 



Constrained SUSY Models 
O Buchmuller, … ADR, Ellis... et al: arXiv:08084128 

Region allowed in the CMSSM 
includes constraints of the Run-I LHC searches (SUSY)  
and precision data, g-2, cold dark matter constraints… 

Study of the allowed DM 
space in CMSSM model 



Constrained SUSY Models 

Region allowed in the CMSSM 
includes constraints of the Run-I LHC searches (SUSY)  
and precision data, g-2, cold dark matter constraints… 

Study of the allowed DM 
space in CMSSM model 

1 and 2 sigma contours 

O Buchmuller, … ADR, Ellis... et al: arXiv:13125250 



General Searches for Dark Matter 



The Other Dark Matter Connection 
Searches for mono-jets and mono-photons can be used to search for  
Dark Matter (DM) 

Use effective theory 
to relate 
measurements to 
Dark Matter studies 



Dark Matter Production at the LHC 



Mono-Jet Event 



Mono-Jet Event 



Dark Matter Searches 
Convert experimental search results  
into limits on DM quantities 
Two ways:   

Types of interactions chosen 
in the studies by ATLAS 

Discussions on the region of validity ongoing… 

Popular in SUSY 



Data Interpretation 



The Search for Mono-jets 



Search for Mono-jets 



The Search for Mono-jets 



Results from Monojets 



The Search for Mono-jets 



The Search for Mono-Photons 
First “Mono-study” to be interpreted DM limits at the LHC 
UC-Davis strongly involved  



 The Search for Mono-Photons 

UC-Davis involved!  



The Search for Mono-W’s 

Allows to test if DM couplings to down type and up type quarks is the same  

Leptonic channel 



The Search for Mono-W’s 



The Search for Mono-W/Z’s 
Hadronic channel 



The Search for Mono-W/Z’s 



The Search for Mono-Z’s 



The Search for Mono-Z’s 



The Search for Mono-Top Quarks 



The Search for Mono-Top Quarks 



The Search for Mono-Higgs Next? 

The next mono-object to study? 
No ISR, but coupling to the DM directly 

Result: 
For 14 TeV? 

Effective theories 

Simplified models 



•  Dark Matter is an important open point in fundamental 
physics right now and the LHC data can contribute to 
the quest.    

•  The Higgs particle may couple to DM or may even 
decay into it. Invisible decays and deviations from SM 
Higgs couplings are explored 

•  Supersymmetry scenarios with RP-conservation can 
have a natural DM candidate. Discovery of 
supersymmetry will have important impact on DM   

•  Generic searches for DM in analyses dealing with 
missing ET: typically mono-object searches 

•  So far exclusion limits only, but maybe soon: 

Summary 



Higher LHC Energies 



Higher LHC Energies 



Data Interpretation 



Data Interpretation 



Data Interpretation 





Data interpretation 



Data Interpretation 





76 The Dark Matter Connection 

Competitive if DM-u quark coupling different from DM-d quark coupling 

Results for direct searches and collider searches for Dark Matter 
-> Spin dependent and spin independent cross sections of Dark Matter  
    with ordinary matter  (W/Z + MET searches)   



Data interpretation 



The Mono-x Signature 



Dark Matter: Started a Long Time Ago 



Galactic Rotation 



Particle Dark Matter? 

WIMP= Weakly Interacting Dark Matter   (M. Turner) 

The observed density of dark matter is of the magnitude expected for a  
thermal relic weakly-interacting massive (~100 GeV) particle (WIMP). 



WIMPs 



Effective Field Operators 



Supersymmetry? New Physics? 
H. Murayama 


