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Build DM theories and compare them to data
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Billions of Galaxies and Stars

Surely this is all the Universe is made of
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All of the visible stuff makes up only 

a very small component

We don’t know what 

all this other stuff is

.                          It seems ~ 95% of our Universe is ‘Dark’
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All of the visible stuff makes up only 

a very small component

.                          ~ 5% of our Universe is explained by standard model of particle physics
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Standard Model of Particle Physics

Image: 123rf.com

http://123rf.com
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Standard Model of Particle Physics

Image: blogs.scientificamerican.com

See lectures by Prof. Keaveney
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The complete standard model?

2012 Discovery of the Higgs boson means all particles 
predicted by SM were experimentally verified
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We understand our universe very well 

.                          
The Standard Model is complete
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Until we add Cosmology and Gravity

Have to include General Relativity
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.                          

We know very little 

about this 

We know almost 

nothing 


about this

Including GR tells us Universe is made of larger component 
we don’t understand
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.                          

Accelerated cosmic expansion (dark energy)

<latexit sha1_base64="W48jzz+fVRViZV9L/FNzL3a4Iks="></latexit>

Rµ⌫ � 1

2
Rgµ⌫ + ⇤gµ⌫ =

8⇡G

c4
Tµ⌫

GR permits cosmological constant responsible for cosmic expansion

But observed value is very tiny i.e. 
<latexit sha1_base64="qh2gcVgLSJUf3vRoNRgWvCJMt4g="></latexit>

⇠ 10�3eV ⌧ Mpl

SM cannot explain what dark energy is or why Λ is so small
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.                          

We know very little 

about this 

We know almost 

nothing 


about this

So SM of particle physics is incomplete

GR also tells us there is more matter in the Universe than SM 
can account for, called - Dark Matter
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2. More (modern) evidence of dark matter existence

What galaxies tell us

What clusters of galaxies tell us

What cosmological observations tells us

What we will cover in this lecture

1. Brief History of Dark Matter (early evidence)

Pioneers of dark matter studies
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2. More (modern) evidence of dark matter existence

What galaxies tell us

What clusters of galaxies tell us

What cosmological observations tells us

What we will cover in this lecture

1. Brief History of Dark Matter (early evidence)

Pioneers of dark matter studies

governed 
by 


gravity
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2. What do we (don’t) know about DM?

Properties of dark matter

3. Possible theories of dark matter

Examples from particle physics
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Solar System

Planets rotate around the Sun because of Sun’s gravitational field 

What does gravity tell us about the Solar system?
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Planets closest to Sun move faster
Planets further away from the Sun move slower

Newton’s law of Gravity:

Image: feedly.com

Using this we measure mass of 

Sun: 1.9!1030 kg

Mass of entire solar system: 

2!1030 kg
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Imagine the Sun is invisible

We would still be able to tell that entire solar system has a mass of 

2!1030 kg

Image: universetoday.com
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Early evidence

1884 - Lord Kelvin
Estimated amount of dark matter by calculating 
how fast stars were moving around the center of 

the Milky way

Image: alamy.com

1906 - Henry Poincare

Image: alamy.com

First to call this 
unobserved matter 


‘Dark Matter’
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Early evidence
1933 - Fritz Zwicky 

Calculated that there was ~400x more 

mass than he observed when looking


at Coma cluster of Galaxies

Called unseen matter - “Dunkle Materie”

 (Black Material)

Image: NASA APoD

Coma Cluster
Image: Caltech Archives

GMm

R
=

mv2

2
Virial Theorem:
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Late 1970s - Vera Rubin 

Image: Carnegie Institute for Science

First scientist to measure star speeds 

with very high accuracy

Image: quora.com

mv2

r
=

GMm

r2

v =

r
GM

r

http://quora.com
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F = m a = Newton’s second law  =  Newton’s gravity

In[1]:= Sqrt[2]

Out[1]= 2

v ∝
1

r

Out[2]=
1

r

What do galaxies tell us about DM?
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Image: Carnegie Institute for Science

Formerly Large Synoptic Survey Telescope

Now Vera Rubin Observatory



25

What if Newton’s gravity is wrong?

… or our understanding of it in Galaxies

Modification of Newtonian Dynamics - MOND

Modifying our understanding of newton’s gravity, 

we can fit galactic data

Image: physicsforme.com

http://physicsforme.com
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Lets look at scales larger than galaxies

Gravity can also bend light coming from distant objects

Gravitational Lensing

Light from galaxy is bent by gravitational field of galaxy cluster

Image: cfhtlens.org

http://cfhtlens.org
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Lets look at scales larger than galaxies

We see this Gravitational bending of light (lensing) in our telescopes

Gravitationally lensed object
Image: slate.com
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Lets look at scales larger than galaxies

Again, lets imagine the galaxy cluster is invisible 

Gravitational Lensing

We still see this bending of light
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What do galaxy clusters tell us about DM? 

Image overlay: Hubble & Chandra

Dark Matter


Gravitational

Lens

Visible

Matter

Image: yumpu.com

Image: gfycat.com
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At these scales we cannot modify gravity to fit data and

still be consistent with modification at galaxy scales

Dark Matter ✔︎ MOND + more modification ✕
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What do cosmological observations tell us?

- Immediately after big bang, universe was dense plasma of 
photons & charged particles 

- After rapid initial expansion, it cooled for about 380 000 yrs 

Image: wikipedia.org

Epoch of recombination

http://wikipedia.org
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What do cosmological observations tell us?

- Neutral atoms were formed, photons could move freely since they 
were no longer locked to charged particles 

Image: wikipedia.org

Epoch of recombination

- These free moving photons reach us today 

http://wikipedia.org
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We call these photons Cosmic Microwave Background Radiation

CMB gives us whole picture of our Universe

Image: medium.com

What do cosmological observations tell us?



34Evidence shows dark matter exists at largest scales 

Dark Matter

MOND -

Modification of Gravity 

CMB Power Spectrum - 

gives cosmologists a way to mathematically understand fluctuations 

Image: Sean Carrol

What do cosmological observations tell us?
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We can see and hear CMB photons at home 

- Between stations on older TVs and FM radios
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Matter Power Spectrum

- Baryon density at recombination calculated & measured to 
be

<latexit sha1_base64="JdrhmO3r3Zwc/MacTF7KM7Xc+vw=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEV0OmD53ZFd24s4JthbaWTJq2ocnMkGSEMhQ3/oobF4q49Svc+TemD0FFD1w4Oedecu8JYs6URujDyiwsLi2vZFdza+sbm1v29k5dRYkktEYiHsnrACvKWUhrmmlOr2NJsQg4bQTDs4nfuKVSsSi80qOYtgXuh6zHCNZG6th7rQtB+7iTBuPBTVoYw5ZiAiIHFTp2Hjm+X/aQZ94eQi4qGlL0fd8rQ9dBU+TBHNWO/d7qRiQRNNSEY6WaLop1O8VSM8LpONdKFI0xGeI+bRoaYkFVO52eMIaHRunCXiRNhRpO1e8TKRZKjURgOgXWA/Xbm4h/ec1E97x2ysI40TQks496CYc6gpM8YJdJSjQfGYKJZGZXSAZYYqJNajkTwtel8H9SLzjusVO6LOUrp/M4smAfHIAj4IITUAHnoApqgIA78ACewLN1bz1aL9brrDVjzWd2wQ9Yb58dF5af</latexit>

⌦bh
2 ⇠ 0.02

- This density too small to account for structure formation
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Matter Power Spectrum

- CMB measurements show total matter density must be 
<latexit sha1_base64="swepV3GFkEJNYnxTQFxaW5YYKSY=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvgash0Wp3ZFd24s4JthbaWTJq2ocnMkGSEMhTc+CtuXCji1p9w59+YPgQVPXDhcM693HtPEHOmNEIfVmZhcWl5JbuaW1vf2NzKb+/UVZRIQmsk4pG8DrCinIW0ppnm9DqWFIuA00YwPJv4jVsqFYvCKz2KaVvgfsh6jGBtpE5+r3UhaB93UjEe3KTFMWwpJiCyHdft5AvI9v2yhzwjeAg5yDXE9X3fK0PHRlMUwBzVTv691Y1IImioCcdKNR0U63aKpWaE03GulSgaYzLEfdo0NMSCqnY6/WEMD43Shb1Imgo1nKrfJ1IslBqJwHQKrAfqtzcR//Kaie557ZSFcaJpSGaLegmHOoKTQGCXSUo0HxmCiWTmVkgGWGKiTWw5E8LXp/B/Ui/azrFduiwVKqfzOLJgHxyAI+CAE1AB56AKaoCAO/AAnsCzdW89Wi/W66w1Y81ndsEPWG+frJuW6Q==</latexit>

⌦mh2 ⇠ 0.133

- i.e. there must be some neutral matter accounting for structure 
formation - dark matter 

- DM forms ~80% of total matter in Universe, SM only 20%
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- Einstein’s Gravity tells us that massive objects cause distortion in 
space-time continuum, bending it. 

- Objects get trapped in gravitational potential wells formed as result 

e.g.

Why does dark matter Matter?

Earth forms gravitational potential well for moon

Image: science photo library
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Dark Matter has shaped the universe as we know it!

Spacetime continuum

dark matter

ordinary matter

Visible matter particles get trapped by DM and form Galaxies, clusters, etc.

Why does dark matter Matter?

Image: einstein.stanford.edu

http://einstein.stanford.edu
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Cosmic glue that forms life

Data

Structure Formation

Simulation

Image: theverge.com
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1. Mass  = ??? 

2. Spin = ??? 

3. Decays = ???

4. Interactions = Gravity, ???

5. Elementary = ???

6. …

If it is a particle must be a new particle

It cannot be part of the standard model of particle physics

Inconvenient Truth about dark matter

What do we (don’t) know about DM?
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H

Physics beyond the Standard Model

• The Standard Model of particle 
physics has nothing with the right 
properties to be dark matter:


• Photons, leptons, hadrons, and W 
bosons all shine too brightly.


• Neutrinos are too light.


• Z and Higgs bosons are too short-
lived.


• Dark matter is a manifestation of 
physics beyond the Standard Model.


• We have lots of ideas for what it 
could be.

(Lecture by Prof. Ilic)
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  Mass


  Spin


  Stable?


  Yes


Couplings:


 Gravity


  Weak Interaction?


  Higgs?


  Quarks / Gluons?


  Leptons?


Thermal Relic?


  Yes

Dark Matter Questionnaire

 No

 No



44

We simply have no idea.

- It must be cold (non-relativistic) at the time of structure formation 

- It must be super long-lived or completely stable

- It must be some new state lying beyond the SM 

- It may interact with the SM through some new force 

We DO know: 

Non-EM interacting 

Non-QCD interacting 

What is Dark Matter made of? 

Dark Matter should be described by a 
quantum field corresponding to a 

definite spin, uncharged under U(1)EM 
or SU(3)C.  


(So: no tree-level interactions with 
gluons or photons).



χ decays.

The number of χ’s is conserved.

� ! ��

<latexit sha1_base64="DUEs0HeIJpiPA+tF08ke8g6YQvQ=">AAAB/3icdZDLSsNAFIYnXmu9RQU3bgaL4MaQSEXdFd24rGAv0IQymU6aoZOZMDNRSu3CV3HjQhG3voY738ZJm4KK/jDw851zOGf+MGVUadf9tObmFxaXlksr5dW19Y1Ne2u7qUQmMWlgwYRsh0gRRjlpaKoZaaeSoCRkpBUOLvN665ZIRQW/0cOUBAnqcxpRjLRBXXvXxzGFvqT9WCMpxR08yknXrrjOiZsLuo47MwXxClIBhepd+8PvCZwlhGvMkFIdz011MEJSU8zIuOxniqQID1CfdIzlKCEqGE3uH8MDQ3owEtI8ruGEfp8YoUSpYRKazgTpWP2u5fCvWifT0VkwojzNNOF4uijKGNQC5mHAHpUEazY0BmFJza0Qx0girE1kZRPC7Kfwf9M8dryqc35drdQuijhKYA/sg0PggVNQA1egDhoAg3vwCJ7Bi/VgPVmv1tu0dc4qZnbAD1nvX4bzlc8=</latexit>

SM ! +SM

<latexit sha1_base64="bWpuM112jJovIRtHu9oGd9bUaDE=">AAACB3icdZDLSsNAFIYnXmu9RV0KMlgEQQhJDL3sim7cCBXtBZpQJtNpO3RyYWailNCdG1/FjQtF3PoK7nwbJ72Aiv4w8POdczhzfj9mVEjT/NQWFpeWV1Zza/n1jc2tbX1ntyGihGNSxxGLeMtHgjAakrqkkpFWzAkKfEaa/vA8qzdvCRc0Cm/kKCZegPoh7VGMpEId/SB1eQCvL8fQ5bQ/kIjz6A6ezGlHL5hGpVy0nSI0DdMsWbaVGbvknDrQUiRTAcxU6+gfbjfCSUBCiRkSom2ZsfRSxCXFjIzzbiJIjPAQ9Ulb2RAFRHjp5I4xPFKkC3sRVy+UcEK/T6QoEGIU+KozQHIgftcy+Fetnche2UtpGCeShHi6qJcwKCOYhQK7lBMs2UgZhDlVf4V4gDjCUkWXVyHML4X/m4ZtWI5RuXIK1bNZHDmwDw7BMbBACVTBBaiBOsDgHjyCZ/CiPWhP2qv2Nm1d0GYze+CHtPcvfXyZGw==</latexit>

Z2:
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• One of the mysteries of dark matter is why it is very 
massive but (at least to very good approximation) 
stable.


• This is actually telling us something very important 
about how it can interact with the Standard Model.


• We need a symmetry (at least approximately) to 
prevent dark matter particles from decaying.


• The simplest example is a new kind of parity (a Z2 
discrete symmetry), under which the dark matter 
transforms, but the Standard Model does not.


• This symmetry requires the dark matter to couple in 
pairs to SM fields, and prevents decay processes 
from happening.

Dark Matter Stability
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Dark Matter and the Dark Sector

Visible SectorDark Sector

𝜒 or 𝜒1

𝜒2

𝜒3

𝜒n

…

A’

dark matter

Mediator

A dark sector is a group of related particles, one of 
which is dark matter
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Range of Dark Matter Possibilities is VAST

Ultra-light Sub-GeV WIMPS Ultra Heavy

Proton Mass
~Electron 

Mass ~Xenon Atom

Primordial Blackholes - much 
heavier than Ultra heavy

100 GeV1 GeV1 MeV10-31 GeV 1016 GeV



3.  Dark Matter Candidates 
Although the evidence for dark matter presented in Sec. 2 is overwhelming, the 
constraints on its microscopic properties are weak.  The particle or particles that make up 
the bulk of dark matter must be non-baryonic, cold or warm, and stable or metastable on 
10 Gyr time scales.  Such constraints leave open many possibilities, and there are 
numerous plausible dark matter candidates that have been discussed in the literature.  The 
masses and interaction cross sections of these candidates span many orders of magnitude, 
as shown in Figure 20.  Of the candidate dark matter particles displayed, axions and 
WIMPs are especially well-motivated from a particle physics perspective.  
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Figure 20: The locus of various dark matter candidate particles on a mass versus interaction cross-
section plot35

3.1 Axion 
The axion36 is motivated by the strong CP problem, an unnatural property of the SM.  
The theory of the strong interactions allows a term ��

���� GG ~)32/( 2 , which is explicitly 
CP-violating.  A priori, one would assume �  to be ~1. However, current bounds from the 
electric dipole moment of the neutron impose the tight constraint that .  The 
axion solution to this problem is to make 

1010���
�  a dynamical field, which rolls to a potential 

                                                 
34 Figure courtesy of E.-K. Park. 
36 For a review, see e.g. P. Sikivie, astro-ph/0610440 (2006). 

 59

Dark Matter SAG Report (2007)
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Wide Ranging Parameters
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Searches for dark matter and dark sectors of all 
kinds put limits on different observables.  Without 

some kind of theoretical structure, we can’t 
compare them.


We need to know how they fit together, and 
whether there are ideas out there worth testing by 

a given experiment.
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Dwarf�Limits�from�4�Years�of�FermiͲLAT�Data
Alex�DrlicaͲWagner,�Stanford�Ph.D.�Thesis,�2013Preliminary gy

• Joint�likelihood�analysis�of�
15�dwarf�galaxies
• Four�years�of�FermiͲLAT�data�
included

|10 GeV
included
• Expected�sensitivity�was�
calculated�from�2000�
realistic simulationsrealistic�simulations
• The�green�and�yellow�bands,�
plus�the�dashed�curve,�
indicate�the�simulation�
results

Discrepancies�from�the�MC�
expected�limits�come�from�a�

l b l d
Preliminary!��A�publication�is�in�work,�and�

1.4V global�excess�in�data,�
dominated�by�Segue�1,�Ursa
Major�II,�and�Willman 1.
• Unresolved�background�

some�changes�are�to�be�expected.

TevPA2013 R.P.�Johnson 18

g
sources?

• Hint�of�a�signal?

We Need Theories
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Range of Possible Theories is VAST

Image: ps.uci.edu

http://ps.uci.edu
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Ultra-light Sub-GeV WIMPS Ultra Heavy

Proton Mass
~Electron 

Mass ~Xenon Atom

Weakly Interacting Massive Particle

100 GeV1 GeV1 MeV10-31 GeV 1016 GeV

Most searched for Candidate: WIMP
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Story starts with Hierarchy Problem

Why is the Higgs mass so small?

(Lectures by Prof. N. Ilic)

Higgs boson has 
mass of 125 GeV

One solution is a new theory called Supersymmetry

About 20-30 years ago particle physicists were trying to understand
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Story so far: Supersymmetry

mh  ?

Supersymmetry New Particles

Proton Stability

R-Parity Dark Matter

Missing Mass

AstrophysicsParticle

Physics

Stabilizing mechanism
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Another solution: Extra Dimensions

mh  ?

ED New Particles

Proton Stability

KK-Parity Dark Matter
Stabilizing mechanism

Missing Mass

AstrophysicsParticle

Physics
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Applies to any solution of hierarchy problem

mh  ?

New Theory New Particles

Proton Stability

Stabilizing-Parity Dark Matter

Missing Mass

AstrophysicsParticle

Physics

Stabilizing mechanism
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“Electroweak” 

interactions (W±, Z, h)

DM

DM

SM

SM

SM W/Z

Weak 

Force

“weak-scale” mass 

1 - 10 000 GeV

⌦h2 ⇠ 0.1 pb

h�vi

Weak scale 

annihilation rate

Observed amount of 

dark matter today

‘Relic 

Density’

Explains: Why so much dark matter around

Dark matter annihilation

Solving the Hierarchy problem resulted in a 
perfect class of dark matter candidates called

Weakly-Interacting Massive Particles
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Recap: lecture 1

- We have much astrophysical evidence that dark matter exists

- We do not know what it is, but we know what properties it 
must have and non of the SM particles fit the profile

- We know that: 1. It must be stable

                           2. Non relativistic


           3. Must not interact via SM charges

- Many possibilities of what DM could be

- Very well motivated possibility called WIMP

Next lecture we will talk about how to detect dark matter 
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Questions?


