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The Plan
• Tell you about this mysterious stuff called dark matter: 

• How we know it exists 
• What it might be 

• Tell you how we’re looking for it. 
• Direct detection 
• Indirect detection 
• Collider searches
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A Small Question:
• What is the Universe made of?
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Hubble Ultradeep Field
NASA/ESA/S. Beckwith(STScI) and The HUDF Team 
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What We See:
• Stars, planets, trees, and so on. 
• Made of protons, neutrons, & electrons 

• We observe them via photons. 

• We see things made of                                           
“Standard Model” particles:  
• Quarks and leptons. 
• Forces mediated by                                                    

“gauge bosons”: 
• Photon, gluon, 

4
“Particle Fever” M. Levinson & D. Kaplan



45

What We Don’t See:
• Everything made up of protons, neutrons, and electrons is 

only 4.6% of the matter-energy in the Universe. 
• Only 10% of that (~0.5% of the total) is in galaxies.
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Stars, Galaxies, etc
All other “baryons”

?
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Two New Things
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“Dark Matter”

“Dark Energy”

• Everything else in the Universe is something Beyond the 
“Standard Model” 
• Really two new things: “Dark Matter” and “Dark Energy”
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So How Do We Know?
• Extraordinary Claims Require Extraordinary Evidence. 
• Four major pieces of evidence: 

• Rotation Curves 
• Cosmic Microwave Background 
• Big Bang Nucleosynthesis 
• “Direct” Images 

• A Fifth Piece: 
• Computer Simulations that match observations

7
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Rotation Curves

8
Grand Spiral Galaxy NGC 1232  
FORS, 8.2-meter VLT Antu, ESO
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Rotation Curves

8
Grand Spiral Galaxy NGC 1232  
FORS, 8.2-meter VLT Antu, ESO



45

Rotation Curves
• Something spinning around a central point must have a 

force pulling inwards to keep it on the curved path. 
• For stars in galaxies, that force is gravity, and proportional 

to the mass between the star and the galactic center
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Spiral Galaxies
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NGC 4565 
B. Hugo and L. Gaul, A. Block,  

NOAO, AURA, NSF
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What Vera Rubin Found
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What Vera Rubin Found
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What Vera Rubin Found

11K.G. Begeman, A.H. Broels, R.H. Sanders. 1991. Mon.Not.RAS 249, 523.
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Galaxy Clusters
• Looking at even bigger structures: Clusters of Galaxies

12

Coma Cluster 
D. Rowe
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Fritz Zwicky
• In 1933, Zwicky measured the                                     

speeds of galaxies in the Coma                                   
Cluster, and the estimated mass                                       
of all the stars & gas. 
• Found he needed ~160 times                                      

more material to explain the                                       
speed of galaxies than available. 

• Modern measurements put this                                         
at ~10 times the mass. 

• Coined the term “Dark Matter”

13

“The Spherical Bastards”
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Run the Clock Backwards
• What happens when we look further away in space? 

• Looking further back in time. 
• Universe expands, so it was hot & dense at early times

14
NASA
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Cosmic Microwave 
Background (CMB)

• Very early, Universe was so hot, electrons could not be 
bound into atomic orbitals. 
• ~370,000 years after the Big Bang, cools enough for 

electrons to be bound 
• The “surface of last scattering” 

15Planck Data
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What is the CMB telling us?
• The patches you see are photons that were slightly hotter 

or colder than the Universe’s average. 
• Because of over- or under-densities in matter. 
• What is the average angular size of these fluctuations?

16
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What is the CMB telling us?
• The patches you see are photons that were slightly hotter 

or colder than the Universe’s average. 
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What is the CMB telling us
• “Stuff” falling into a gravity well heats up, emitting photons 

• Which causes matter to move faster, out of the well 
• Only matter which “feels” photons does this. 
• Fluctuations undergoing their first infall when CMB 

decouples are maximally hot. Fluctuations on their first 
“bounce” are maximally cold. 

• Relative peak heights tells you about amount of 
“normal” matter

17
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What is the CMB telling us
• Dark matter, which doesn’t interact with photons, can fall 

into gravitational wells, making them “deeper” 
• But doesn’t participate in the matter/photon oscillation 
• Relative heights of 1st, 3rd, 5th… peaks tells us there is 

matter that doesn’t interact with light.

18
Planck 
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The Origin of the Elements
• Even earlier than the CMB, Universe was hot enough to 

melt protons & neutrons into their constituent quarks. 
• Nucleons formed as the                                             

Universe cooled. 
• Then combine into heavier                                                                  

atomic nuclei. 
• But neutrons are unstable. So                                                                

only have ~10 minutes to form                                         
elements with neutrons. 

• Fraction of heavy elements                                             
depends delicately on amount                                           
of “regular” matter around.

19

Burles, Nollett & Turner (1999).
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Just Look At It.
• …or we could just look at the dark matter

20
NASA/CXC
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Looking at the Invisible
• Dark matter is matter. Interacts gravitationally.

21
NASA/CXC/M.Weiss)
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Just Look At It.
• Something bending light that doesn’t glow itself.

22— Sean Carroll
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Simulations
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Simulations
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Simulations
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Simulations
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Large Scale Structure
• Compare to what we actually see in the Universe

25
Springel, Frenk, and White Nature 2006
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Small Scale Structure
• If dark matter was fast moving in the early Universe, then 

it would have streamed out of the smallest primordial 
gravitational wells 

• So we would see fewer small scale structures today 
• Dark matter was not “hot” in the early Universe

26
Brooks & Governato (N-Body Shop)

Cold Dark Matter Warm Dark Matter
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So What Do We Know?
• Rotation Curves, CMB, BBN, Bullet Cluster, Simulations 

tell us a consistent story of a component of matter which: 
• Exists today in galaxies & clusters 
• Existed in the early Universe (CMB & BBN) 
• Does not interact via strong nuclear force 
• Does not interact via light (electromagnetism) 
• Does not interact very much with itself. 
• Was slow-moving (non-relativistic) as large-scale 

structure was forming. 
• This is everything we know about dark matter.

27
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So What is it?

28

We Don’t Know
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What Could it be?
• Leading Possibility: 

• A “thermal relic” 
• Go WAY back in                                                               

time. 

• When the average                                                   
temperature was

29
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Thermal Relic
• Universe hot enough that every particle has enough 

energy to create massive new particles in an interaction 

• As Universe cools, thermal bath starts lacking enough 
energy to create heaviest particles 
• Number of heavy particles drops, until the density of 

particles is low enough that two particles don’t often 
find each other to annihilate.

30

quarks, leptons, 
photons, etc New Particles
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Thermal Relic
• Rate of annihilation set by                                               

“size” of the particles. 
• The cross section 

• Larger      means particles                                              
can find each other and                                                
annihilate for longer. 
• Fewer left today. 

• Weird coincidence: 
• Right amount of dark matter                                                 

with weak nuclear force

31

Jungman et al hep-ph/9506380

The Weakly Interacting Massive Particle Miracle
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Beyond WIMPs
• A more general point: 

• Anything that once was in 
thermal equilibrium will 
have a thermal relic. 

• Needs to annihilate away. 
• Example: protons 

• So you would need 
annihilation processes. 
Likely into Standard Model 
particles

32

Jungman et al hep-ph/9506380
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Where to Look
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Direct Detection
• Dark matter is all around us. 
• If a thermal WIMP, one dark                                                

matter particle per coffee cup 
• Moving at ~250 km/s 

• Rarely, a dark matter particle 
will hit a nucleus, and cause it 
to recoil with “significant” 
amounts of energy. 
• Only works if DM is heavy

34

CDMS
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Direct Detection
• For reasonable dark matter-nucleon 

cross sections, might expect 

• Even with ultra-clean detectors, set 
1 mile underground, backgrounds 
are more like 

• So need to work very hard to make 
sure you can reject non-DM 
backgrounds compared to DM

35
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Winds of Dark Matter
• Use the motion of the Earth and the Sun 
• Faster dark matter more likely to kick a nuclei with enough 

energy to overcome detector threshold. 
• Dark matter comes at us faster in Summer than Winter

36

June

December

Solar Motion
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton × yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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Reality Ensues

37

LUX Experiment

LUX

DAMA
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Indirect Detection
• Recall the thermal WIMP story: dark matter annihilates 

until the rate is too small to significantly reduce number 
• But that doesn’t mean it completely stops 
• Look for residual annihilation into something, occurring 

in the Universe today. 
• Need to target the largest masses of dark matter around: 

• Galactic center, dwarf galaxies, clusters of galaxies.

38
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Indirect Detection
• By far the brightest source of dark matter annihilation 

would be the Milky Way Galactic Center. 
• Unfortunately the Galactic Center is a busy place. Lots of 

things creating gamma rays there. 
• More so than most galaxies, actually. 
• Have to look through lots of dust to see it.

39
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Something Weird
• Excess gamma rays from the 

Galactic Center 
• Could be new astrophysical 

processes. 
• This is the safe money bet 

• Could be something new 
• “Goodenough-Hooperon” 

dark matter 
• Need some additional 

evidence to believe it.
40

10

FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

Daylan et al 1402.6703
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Collider Production
• Particle Physicists like to have particles in our labs. 
• We have a really shiny lab:

41CERN
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Collider Production
• Large Hadron Collider accelerates protons up to 6.5 TeV 

• 0.99999999c 
• Two general purpose experiments to look at the explosion 

of subatomic particles from proton-proton collisions.

42

CMS ATLAS
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Looking for Nothing
• How do you look for something that doesn’t interact? 
• Look for the things going the other way. 
• Incredibly difficult, anything that                                              

goes wrong looks like this.

43
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Putting Things Together
• What will convince us that we have seen dark matter? 
• A consistent signal in multiple experiments. 

• The same mass particle interacting in the ‘same’ way 
• Right now all we can do is show how well we aren’t 

seeing dark matter between experiments.

44
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Figure 7: Comparison of CMS 90% CL upper limits on the dark matter-nucleon cross section
versus dark matter mass for the vector operator with CDF [54], SIMPLE [55], CDMS [21],
COUPP [56], Super-K [26] and IceCube [25] and for the axial-vector operator with CDF [54],
XENON100 [18], CoGeNT [19] and CDMS [21, 22]
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function of the number of extra dimensions and the production of Unparticles. These
constraints are an improvement over previous results.
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Where Do We Stand?
• I’ve given you our evidence for dark matter. 

• A hypothesis that faced multiple tests and survived. 

• I’ve described a leading candidate for dark matter. 
• A thermal relic of the post-Big Bang particle soup. 

• I’ve described three of the main ways we look for a large 
class of dark matter particles. 
• And shown two intriguing hints. 
• Still haven’t found anything convincing. Yet.
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