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–Audience

“What is Dark Matter and why are you going on 
about our faces?” 



Periodic Table – Chemist Periodic Table – Chemist 



Periodic Table – Cosmologist 

Metals

Metals

What % of Universe made up of 
these elements?



only studied 4.6% of the Universe!

95% of the mass is unknown…  

Context: our only Universe



Ninty-Five Percent of the Universe

Pulls things together Pushes things apart

Attractive gravity Repulsive gravity

Dark Energy (����Dark Matter (���)

New particle species? Weight of space?



Astrophysics handbook:
1. Believe Newton
2. […]
3. Make discovery

Apply this to a quick example…



Believing+in++
Newton++
pays+off!+

NB:+John+Adams+had+said+
so+already+a+year+earlier+
but+had+not+been+taken+
much+no>ce+of+by+the+

Bri>sh+Astronomer+Royal!+

23rd Sept 1846: Neptune right where scientists said it would be


The planet Neptune was right where French mathematician Urban Le Verrier predicted it 
would be when German astronomer Johann Gottfried Galle looked for it 



How to measure the mass of a banana?

EarthF = m g

F = k x



How to measure the mass of a GALAXY?

Triangulum galaxy M33 - can 
see with naked eye

F =
mv2

r

Centrifugal:

Newton’s law:

F =
GM1M2

r2M1v2

r
=
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r
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r
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ex. rotation curve in our solar system

In our solar system: v ~ r-1/2

Remove 
pluto



Infer surface mass 
density from dynamics 

of stellar motions. 
 

Spoke  of  “Dark  Matter”  
and  “Invisible  Matter” 

Oort 1932 

Jan Oort 



How to measure the mass of a GALAXY?

• Mass to luminosity ratio:
• Our sun 5000 kg / W
• Zwicky found in Coma cluster 400 

times higher 
• Coined term dark matter
• But few people believed him… until



Individual Galaxies (e.g., M33)

Dark MatterDark Matter

observed

expected from stars

dark
matter

distance

velocity

km/sec

light years
������

��� observed

Vera Rubin 1970s

M33 rotation curve



Sofue & Rubin

Dark Matter
CO – central regions         Optical – disks     HI – outer disk & halo



Q: How do you measure 
the velocity curve of a 

galaxy?



Invisible mass

You need more mass to 
explain rotational curves
→ Dark Matter halo

If ρDM ~ r-2:

mv2

r
= G

m
R r
0 ⇢dV

r2

⇠ G
m

R r
0 r�2r2dr

r2

⇠ G
mr

r2

→ v2 = const

Our location in the Milky Way ρDM ~ 0.3 GeV/cm3



But+the+precession+of+Mercury+is+not+due+to+a+dark+planet+…%
but%because%Newton%is%superseded%by%Einstein+

Inferences of dark matter are not always right 
… it may instead be a change in the dynamics

2+Jan+1860:+�Gentlemen,+I+Give+You+the+
Planet+Vulcan�+French+mathema>cian+Urbain+
Le+Verrier+announces+the+discovery+of+a+new+
planet+between+Mercury+and+the+Sun,+to+
members+of+the+Académie+des+Sciences+in+
Paris+(following+up+on+his+earlier+successful+
predic>on+of+Neptune+in+1856).+

Some+astronomers+even+see++
Vulcan+in+the+evening+sky!+++



Skeptic: What if this isn’t dark matter?

• Modified newtonian gravity

• Black holes

• Rocky planets

• Dwarf (or politically correct: 
light and mass challenged) 
stars

• WIMPzilla

MAssive 
Compact 
Halo Objects

Seemingly endless reasons to believe dark matter is ‚stuff ’



Chandra X-ray Obs, 2006



+
√+

Further evidence comes from observations of 
         gravitational lensing of distant 

                 sources by a foreground cluster … 
                          thus enabling the cluster’s 

                                    gravitational potential 
                                            to be reconstructed

… the mass 
required vastly 
exceeds that in 
the galaxies





Abel 2218 HST

Dark MatterDark Matter







History of our Universe



5 M-Myr

100 Myr 1 M-Myr

today

Kravtsov

Structure FormationStructure Formation



Such numerical simulations provide a pretty good match to the 
observed large-scale structure of galaxies in the universe
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Rotational Curves

Large Scale Structure

Weak Lensing

Anisotropy in CMB

Much Astronomical Evidence for DM

Galaxy Clusters

At all scales (for astronomer)
in the Universe!



The Standard Model of Particle Physics



Three ways to find Particle Dark Matter
DM scattering

annihilation production

DM

DM

DM

DM

DM

 38

SM

SM* SM*

SM SM

SM

*SM = Standard Model 

Three different ways how Dark Matter particles 
may interact with Normal Matter



Three ways to find Particle Dark Matter
DM scattering

annihilation production

DM

DM

DM

DM

DM
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SM

SM* SM

SM SM

SM

FERMI Satellite

ATLAS @ LHC
XENON 

Different Approaches to look 
for Dark Matter!



DM cheat sheet
• If we had a quiz on what the contents of the 

Universe were, we’d fail. 

• Some “stuff” is out there 

• We know it’s why we’re here (holds University 
together) 

• We don’t know what it is or how it interacts with 
other material



Can we measure Dark Matter?



Cool places













Finding faint signals
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Mν = 100 TeV                   Mν = 100 GeV 

Method suggested in 1985 (28 years ago!) by Goodman + Witten 

•  Predict rates between 4 and 1400 events/kg/day for heavy ν. 

  As early as 1987, first significant constraints (exclusion of a heavy ν) with 

ionization Ge and Si detectors: sensitivity to ~ few evts/kg/day 
•  Ge: S. P. Ahlen, et al., Phys. Lett. B 195 (1987) 603 

•  Ge: D. O. Caldwell, et al., Phys. Rev. Lett., 61 (1988) 510 

•  Si: D. O. Caldwell, et al., Phys. Rev. Lett. 65 (1990) 1305 

  To do better, need better rejection of radioactive backgrounds 
•  Competition between techniques: Pulse-shape discrimination in NaI? Phonon+ Ionization 

detectors [Shutt et al, PRL 69 (1992) 3531]? CsI? Liquid Ar? 2-phase Xenon? Bubbles? Etc … 

Historical notes!

July 2013 ISAPP 2013: Direct Dark Matter Searches 

↵ 

DM

Atom

Elastic scattering:

Think billiard balls: want M_WIMP ~ M_atom



Direct-detection concept

Detector

Dark matter 

(Goodman & Witten, PRD 31 3059, 1985)

v = 220 km/s� =
⇢

M�
hvi

Earth



We can detect this bump.

Detector

(Goodman & Witten, PRD 31 3059, 1985)

m� = O(100 GeV)

Dark matter 
v = 220 km/s

Goals: 
1. Low threshold 
2. Low backgrounds 

• rare-event search 
• no beam off 
• 1 event / kg / 

century 
3. Large detector 

ER =
q2

2mN
< 100 keV

� =
⇢

M�
hvi

p ⇠ O(10 MeV)

Ek ⇠ O(100 keV)



Reactor building directly after Chernobyl accident

Full body CT scan

Average in US (excluding Radon gas in air)

Average in US (including Radon gas in air)

Davis Cavern - 4850’ underground

2 108

15

3 105

Effective Radiation Exposure per Hour from Gamma Rays

0.1
0.3

1 10-12

1 10-3

4 10-16

Middle of Water Tank

Middle of Detector

Average in Ramsar, Iran

*1 Gy = 1 J/kg = 100 rad

μGy/hr
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23Thursday, July 18, 13

Detectors can also 
differentiate between WIMPs 

and γ at 99% level



Cosmic rays go kilometers



Cosmic rays go kilometers



Kamioka
Gran Sasso (LNGS)

Frejus (LSM)
SNOLab

SURF

Underground Labs with 
Dark Matter Experiments

WIPP

Boulby

Need at least 1000m rock (~3000 mwe) overburden
Reduces muon rate by ~105



neutrons

Liquid 
xenon

β
ɣ

Environmental 
radioactivity

μ

Cosmic rays



11/29/09 Katsushi Arisaka, UCLA 18

WARP

 57

XENON1T (2015)



ELiquid Xe

Gas Xe

122 
Photomultiplier

Tubes

Anode Grid

Cathode Grid

32Thursday, July 18, 13Gaitskell SLAC Summer School
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Gaitskell SLAC Summer School





Patrick de Perio: Unraveling the Mysteries of the Universe with Ghostly Particles  61







Assembling XENON1T











The underground lab



My experiment: XENON1T




