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Content of the UniverseContent of the Universe



Evidence for Dark Matter
Colliding Galaxy Clusters

Atoms and Atoms and

Light from a Galaxy

GalaxyGalaxy Galaxy

Atoms and 
Dark Matter

Atoms and
Dark Matter



Blue (Dark Matter) is the mass 
as measured by gravitational 
lensing:
Pass through Weakly 
Interacting Particles

Red part from x-ray 
observations
SlowedParticles with 
Standard Model 
InteractionsSimulation without 

Dark Matter
Simulation with 
Dark Matter 
Consistent with DataConsistent with Data

Galaxy Rotation Simulation with and without Dark Matter



Dark Matter Annihilation

Dark Matter

high-energy 
light

Dark Matter

light





• Matter is composed of fermions
– Spin ½ particles
– Leptons

• Electric charge (electroweak interactions)
– Quarks

• Electric & color charge (strong interactions)
• Bosons – mediate forces

The Standard ModelThe Standard Model

• Bosons – mediate forces
– Integer spin particles
– γ – electromagnetic interactions
– Z/W – weak interactions
– Gluon (g) – strong interactions

• Other particles are made up of these 
fundamental particles

• Higgs boson
– massive gauge bosons



Artists Conception of the Big Bang

It all started 14 billion years ago 
with a Big Bang

Bang



The very early Universe (<10-6 s)
Lots of free particles just hanging around…
Universe is so hot that quarks can’t combine 

to make protons/neutrons



Later, Quarks Combine to Form 
Nucleons (10-6 s)

Quark

Proton
Nuclear 
Reaction

qqq  Proton

Quark Quark



A Millionth of a Second after the Big Bang

The quarks have combined to form 
Protons and Neutrons



Create Heavier Nuclei (minutes)
Proton

Deuterium
Nuclear 
Reaction

Proton + Proton  Deuterium



A couple hundred thousand years 
later: Atoms

Proton

Hydrogen
Atom

ElectroMagnetic 
Reaction

Electron

Atom



Wait a Billion Years

After about 
half a billion 

years, because 
of gravity, 

Our galaxy, the Milky Way

of gravity, 
atoms combine 
to form the 

first stars and 
galaxies



After about 
9 billion 
years our 

solar solar 
system and 
the Earth 

form



What does Dark 
Matter have to do with Matter have to do with 
the Big Bang Theory?



The Known Particles
– No known particles have 

the properties of Dark 
Matter 

– Other reasons to believe 
there are new fundamental 
particles to be discoveredparticles to be discovered
– For example, we just 
discovered the Higgs 
Boson

– Maybe Dark Matter is a 
New Particle!



Hypothesis: The Dark Matter in the 
Universe is made up of LOTS of particles

that we haven’t discovered yet!
Best Guess: Huge numbers got created in 
the Early Universe like everything else 

and are still here today!

What IS the Dark Matter?
We don’t know…

Today: Observe 5 times more 
Dark Matter than Atoms (by 

mass) in the Universe



Constructing DM Relic Density

DM

SM particlesDM Self-Annihilation

DM + DM  SM + SM

DM



Constructing DM Relic Density

Quarks

DM particles
Fermion-AntiFermion

annhihilation

SM + SM  DM + DM

Quarks



Universe Cools (less DM) 

DM
SM particlesDM Self-Annihilation

DM + DM  SM + SM

DM

SM
SM particles

SM + SM  DM + DM

SM



Aerial View of the LHC

CMS

27 km in Circumference!

One of the largest and 
the most complex scientific 

instrument ever conceived & 
built by humankind

p
p

Collides high 
energy protons

Two huge detectors

Lake Leman
Geneva Airport 

David Toback, MSC Bethancourt LectureOctober 2014 22

ATLAS

p



More Expensive Dark Matter? 
High Energy Collisions  Dark Matter Particles

LHC  ≈1 ps after the Big Bang
Detector

Proton ProtonProton Proton

Ok… Its more complicated 
than this since Dark Matter 

Particles don’t easily 
interact with detectors…
Nor do we usually produce 

them directly



CMS Sub-Detectors

SUPERCONDUCTING
COIL

IRON YOKE

Total weight : 12,500 t
Overall diameter : 15 m
Overall length : 21.6 m
Magnetic field : 4 Tesla

CALORIMETERS
ECALScintillating PbWO4
Crystals

HCALPlastic scintillator
copper
sandwich

Cathode Strip Chambers
Resistive Plate Chambers

MUON
ENDCAPS

MUON BARREL

Drift Tube
Chambers 

Resistive Plate
Chambers 

HUMAN

Silicon Microstrips
Pixels

TRACKERs

Each layer identifies and enables the 
measurement of the momentum (P) or 
energy (E) of particles produced in a 
collision



Neutrinos and Dark Matter Don’t 
Interact with the Detectors

Neutrino

Dark Matter



Missing Transverse Energy (MET)Missing Transverse Energy (MET)



High Energy Collisions  Standard Model 
Particles

Side View of Detector

Proton Proton

Rotate to end-on ViewDetector End View

Spring 2010
Particles of the Early Universe
David Toback, Texas A&M University
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Px=-10GeV Px=10GeV

SPx=0

Particle momenta measured by detector

Everything 
looks 

balanced 
to me!



High Energy Collisions  Dark Matter 
Particles

Detector

Proton ProtonProton Proton

Unlike the SM Particles 
which usually deposit 
energy, the Dark Matter 
particle doesn’t interact 
with the detector … it 
escapes undetected



High Energy Collisions  Dark Matter 
Particles

Detector End ViewSP=0 GeV
in the x-direction
NO Missing Energy!

Similar to dominant QCD production at LHC

A Dark Matter particle doesn’t interact with the detector

Dark Matter
Particle

Dark Matter 
Particle

No signal 
in the 

detector!





LHC Physics & Event Rates
•At design L = 1034cm-2s-1

– 1 GHz QCD jj events
– 1 kHz W events
– 10 Hz top events
– 1 Hz SM Higgs events
– 1 mHz DM @ 100 GeV

•DM rate 15 orders of 
NO way to trigger on this type of DM

topology since triggering on no/low missing •DM rate 15 orders of 
magnitude smaller than 
QCD dijet production
•Can store ~ 300 Hz
•Select in stages

– Level-1 Triggers
•1 GHz to 100 kHz

– High Level Triggers
•100 kHz to 300 Hz

D5 EFT, M*=2 TeV

topology since triggering on no/low missing 
momentum keeps the trigger rate too high



Heavy 
New 

Particle

Heavy 
New 

Particle

g

q

gP

P

g

P

P

DM

DM

New Physics Model:

BSM

Standard Model:

SPvis does NOT equal 0 GeV
Multiple Jets & Missing Energy now allow
us to distinguish from QCD SM background
Also allows us develop a suitable trigger!gP

gjet

jet DM

DM

“Boosted” DM 
Leave the detector
 Missing Energy
 Multiple Jets

jet

jet

SM DM

DM

No Missing 
Energy



What is Supersymmetry?
Supersymmetry (SUSY) is a theory that 

postulates a symmetry between fermions and 
bosons

Q|Boson> = |Fermion> 
Q|Fermion> = |Boson> 

Minimal Supersymmetric Standard Model (MSSM)

Spring 2010
Particles of the Early Universe
David Toback, Texas A&M University
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Minimal Supersymmetric Standard Model (MSSM)

Quarks  Squarks

Leptons  Sleptons

Gauge Bosons  Gauginos

The gaugino states mix
 Refer to them as 

Charginos and Neutralinos



SUSY can provide a Dark Matter Candidate
If R-Parity is 
conserved then the 
lightest SUSY Particle 
can’t decay and, if 
neutral
Provides an 
excellent dark 
matter candidate

R-parity 
conserved

0~ e

Lives forever
as Dark Matter

excellent dark 
matter candidate

Provides the tie 
between Dark 
Matter, Cosmology 
and Particle 
Physics? 

e~

0
1

~ e

Decays



g

q

gP

P

g

P

P g~

g~

0
1

~

0
1

~

Supersymmetry:

SUSY

Standard Model:

gP
gjet

jet
0

1
~

0
1

~

susy
“Boosted” DM 

Leave the detector
 Missing Energy
 Multiple Jets

jet

jet

SM 


~0
1

~0
1

No Missing 
Energy



Squark and Gluino Searches in Multijet + Met
Example of important production diagrams

Final states are mass dependent
q~g~ MM 

~~ MM  q~g~ M~M ~~ MM 

Multiple final states + Unified Analysis  best coverage
2 jets + MET

q~g~ MM  q~g~ M~M
q~g~ MM 

3 jets + MET 4 jets + MET

 Quarks and gluons are 
identified as “Jets” in our 
detector

 Neutralino gives Missing 
Energy (MET)
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,      Production is dominant SUSY process at LHC (                                  )g~ q~ ggqqgqpp ~~ ,~~ ,~~

DM Signatures DM Signatures at LHCat LHC

DM

g~1 TeV

GeV 450~5.0~)( MjetpT 

TEJets   

DM
0

1
~100 GeVMET  ~



,      Production is dominant SUSY process at LHC (                                  )g~ q~ ggqqgqpp ~~ ,~~ ,~~

DM Signatures DM Signatures at LHCat LHC

DM

g~200 GeV

GeV 50~5.0~)( MjetpT 

TEJets   

DM
0

1
~100 GeVMET  ~

Maintain as low thresholds as 
possible to be as inclusive



















Unified Squark/Gluino Search

HT/HTmiss MT2

Set Cross Section LimitsNo 
evidence 
for new 
physics

As with most CMS results, 
there are comparable ATLAS 
results which I won’t touch on







More limits…

You see Hobbs, I can 
Transmogrify the cross 

section results into limits 
on the Sparticle Masses

HUGE CAVEAT:
Can only probe DM in this type of search
if these new heavier colored particles are

accessible at the LHC
Extremely model dependent  need a more

model independent approach
M(DM) < 1 TeV excluded
when M(gluino) < 1.7 TeV

model independent approach



Particle Physics & Cosmology

pure Bino

pure Wino

pure Higgsino

The identity of dark matter is one of the most
profound questions at the interface of particle physics

and cosmology.51



 LSP has large Wino/Higgsino component

 LSP annihilation cross section is too 
large to fit observed DM relic density

 LSP is mostly Bino

 LSP annihilation cross section is too 
small to fit observed DM relic density

VBF DM  Cosmology

Determining the composition of the LSP for a given mass is 
very important to understand early universe cosmology

Some problems can be solved if the DM is non-
thermal. For thermal DM, some problems can be 

solved by adding coannhilation, resonance effects, etc.

52
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Why 3rd Generation SUSY?
 Cosmological Motivation

 Thermal bino DM scenario
 LSP annihilation is not enough to provide the 

correct cold dark matter relic density

 Near mass degeneracy between bino LSP and 
other SUSY particle (e.g. stau) allows 
coannihilation processes which contribute to 
the determination of the relic densitythe determination of the relic density

 WMAP constrains on the relic density 
constrain M = M(Stau) – M(LSP) < 50 GeV

 Coannihilation of the LSP with e.g. stau
provide the correct DM relic density

 Left/right-handed sfermion mixing 
proportional to mass  of SM partners 
 Stau mass eigenstates lighter than other 

sparticles (“naturalness”)
55

http://arxiv.org/pdf/1205.5842v1.pdf



Opposite-sign Di-tau Search
 OS chargino production

 Baseline Selections
 At least one opposite-sign tau pair             (e+th, m+th, th+th)

 eth: pT(e/th) > 25/25 GeV, |h| < 2.1/2.3

 mth: pT(m/th) > 20/25 GeV, |h| < 2.1/2.3

 thth: pT(th) > 45 GeV, |h| < 2.1

SUS-14-022

56

h h T h

 m(t1t2)>15 GeV & Z-mass veto

 Veto events w/ extra e/m & b’s (in some cases)

 MET > 30 GeV, MT2 > 40 GeV

 min{f(th/jet,MET)} > 1

 Signal Regions
 thth: MT2 > 90 GeV (SR1);                                                            

MT2 < 90 GeV + SmT
th > 250 GeV (SR2)

 eth/mth : MT2 > 90 GeV & mT
th > 200 GeV (SR3/SR4)



Opposite-sign Di-tau Search

 Backgrounds
 Top pair, W+jets, QCD, Z+jets, VV, Higgs

 Estimate of Real Tau Backgrounds
 Ztt: validate good modeling by MC using 

control samples w/ low MT2 & near Z-mass

 Other small BGs taken from simulation

SUS-14-022

57

 Other small BGs taken from simulation

 Estimate of “Fake” Tau Background
 lth: measure fake rate in fake/jet dominated 

control sample (MET < 30 GeV)

 thth: Signal-like “fake” dominated control 
sample using SS non-iso thth is weighted 
using transfer factor to go from non-iso SS to 
isolated OS thth , measured at low MT2/mT



No excess above the SM predictions in any signal region

Opposite-sign Di-tau Search

58



No excess above the SM predictions in any signal region

Opposite-sign Di-tau Search

Fully hadronic ditau is the most sensitive channel

59



 No significant excess above SM predictions in any signal region

Opposite-sign Di-tau Search

SUS-14-022

 M(chargino) up to ~ 420 GeV excluded for massless LSP

 No exclusion on M(chargino) for M < 150 GeV

 Direct stau production remains difficult to probe60



3rd gen & Compressed

No sensitivity in cases with 3rd

gen and compressed spectra
Can be important for cosmology

http://arxiv.org/pdf/1205.5842v1.pdf

61

Tackling these scenarios is a very 
tall tall task at the LHC

http://arxiv.org/pdf/1205.5842v1.pdf



Probing SUSY DM with VBF

0
1

~

0~

0~

0
1

~

0~

~

//hZ

Cold dark matter candidate

0
1

~0
1

~ //hZ

h

f

Forward tagging jets

MET + jj
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Dark Matter Production by VBF

Detector

Proton Proton
jet jet

Proton Proton

Unlike the SM Particles 
which usually deposit 
energy, the Dark Matter 
particle doesn’t interact 
with the detector … it 
escapes undetected



Dark Matter Production by VBF

Detector End View

SP=-200 GeV
in the x-direction

Boosted DM means Missing Energy!
Dijet masses ~ few TeV!

Smoking Gun for Dark Matter
Everything driven by mass of DM and EWK

couplings of DM to the SM particles! 

SM Particle Deposits energy, but the Dark Matter 
particles don’t interact with the detector

Dark Matter
ParticlesPx=-200GeV

couplings of DM to the SM particles! 
 Also allows us develop a suitable trigger

Something 
left the 
detector!

jets



Probing EWK SUSY with VBF
Cold dark matter candidate

h

f

Forward tagging jets

MET + jj + 
leptons

t t

65



Probing DM with VBF

http://arxiv.org/pdf/1210.0964v2.pdf http://arxiv.org/pdf/1304.7779v1.pdf

MET + jjMET + jj + 
leptons

66



VBF SUSY Kinematics

67



First Ever VBF SUSY Search!

SUS-14-005

h

f

Forward tagging jets

t t

68

8 final states considered:  mmjj, emjj, mthjj, ththjj (OS & LS)
m/e channels use a single muon trigger; ththjj channels use a ditau trigger

MET + tt + leptons



First Ever VBF SUSY Search!
Summary of event selection criteria for all channels

69

Perform a fit of the entire Mjj spectrum (shape based search)
SUS-14-005



 As a general rule of thumb, the basic strategy/approach is:

VBF SUSY BG Estimation

Very well understood by 
many non-VBF dilepton

analyses 

Uncharted territory. Do not 
expect the MC to correctly 
model the VBF efficiency

 Main part of the strategy is how to measure the VBF efficiency

 CRs chosen so signal contamination is negligible

 Small BGs taken from MC with single SF and systematics based 
on level of agreement between MC and data Mjj shapes70

analyses model the VBF efficiency

Validate with BG enhanced 
control samples  use MC 

and correct using a SF

Measure the VBF efficiency 
directly from a high purity 

BG enriched sample



VBF SUSY BG Estimation

SUS-14-005

71



VBF SUSY Search Results
Yields in OS Signal Regions Yields in LS Signal Regions

72



VBF SUSY Search Results
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VBF SUSY Search Results
VBF SUSY search nicely 

complements other searches    
for EWK SUSY sector

Sensitivity to compressed  
regions difficult to probe with 

other searchesSUS-14-005

74

SUS-14-005



VBF Dark Matter Search
SUS-14-019

75 First search for direct DM production via VBF! 
Most stringent limits on compressed 

colored sector with 8 TeV data



Conclusions
The LHC has performed a broad and 
deep set of searches for SUSY
– Unfortunately, no sign of new 
physics 

Many Colombian collaborators in this 
room have played a key/lead role!room have played a key/lead role!

If our understanding of Cosmology 
and Particle Physics are correct, a 
major discovery may be just 
around the corner!


