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

—Audience



Periodic Table — Chemist
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Periodic Table — Cosmologist

What % of Universe made up of
these elements?




Context: our only Universe

Atoms
Dark
4.6% Energy
Dark S
Matter '
23%

only studied 4.6% of the Universe!

95% of the mass is unknown...



. Ninty-Five Percent of the Universe
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Astrophysics handbook:
|. Believe Newton

2. [...]

3. Make discovery

Apply this to a quick example...



2%rd SePt 1846: NePtune right where scientists said it would be

Believing in
Newton
pays off!

FraN

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






Centrifugal:

Newton’s law: r

Triangulum galaxy M33 - can F— G My Mo
see with naked eye M 02 B G M, M, r2
r 12
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orbital velocity [km/s]

eX. rotation curve in our solar system
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fQVenus
;‘Earth
ééMars

" Jupiter

0 10 20 30
distance from Sun [AU]

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




Oort 1932

BULLETIN OF THE ASTRONOMICAL INSTITUTES
OF THE NETHERLANDS. |

1932 August 17 Volume VI

COMMUNICATION FROM THE OBSERVATORY AT LEIDEN.

The force exerted by the stellar systefn in the direction perpendicular to the galactic

plane and some related problems, by 7. /. Oor.

4. From VAN RHIIN's tables in Gronmngen F
""-l §r :

distance from the galactic plane, ¢ No. 38 the density distribution A (s) has been

velocity (wnﬁ“wvwn Prq“ﬂuhcuLu‘ to the -Vﬁhwﬂhiifuw four intervals of visual absolute

-\r;‘]_}.;u._' Ip::m';. n'.[-.l-.ir { I.tf»fr‘ 13 and I’i_;l::r.' 1) i'-::_;;i es 2 & 1d 3 ~:.‘.v-'."

0. log A (3) for A stars and

component of the | LLINDBLAD and PETERSSO
ia (3), p. 253) 5 With the aid of th
Yirection of preceding sections | have

K (z) between :z
. were ﬂ],piv“ l!‘,' SLUCCEsSSIVE
from the sun, el S
were eiminated nrsi

A ubic parsec between . s Igle i ke
Figure 4, K" (s) giving

good acreement between

Infer surface mass
density from dynamics
Y of stellar motions.

Lhick disk thin dis)
e | | ion

Spoke of “Dark Matter”
and “Invisible Matter”




How to measure the mass of a GALAXTY?

e Mass to luminosity ratio:
e Qur sun 5000 kg / W
e Zwicky found in Coma cluster 400
times higher
e Coined term dark matter
e But few people believed him... until
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S5 St o DarkMafter T o
CO - central regions - . Optical—disks  HI — outer disk & halé
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Q: How do you measure
the velocity curve of a
galaxy?



Invisible mass

orbital velocity [km/s]

150

You need more mass to

NGC 6503 explain rotational curves
’QSQOQQ. oc0ofays . 0 §
S L 4 s — Dark Matter halo

If ppm ~ -2
2 " odV
mu _ m J, P
r r2
m Or r—2r2dr
/'"2
mr
~ G—2
i

radius [kpc]

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



Inferences of dark matter are not alwags right
It may instead be a change in the clgnamics

2 Jan 1860: “Gentlemen, | Give You the
Planet Vulcan” French mathematician Urbain
e Verrier announces the discovery of a new
olanet between Mercury and the Sun, to
members of the Académie des Sciences in

Paris (following up on his earlier successful
prediction of Neptune in 1856).

Some astronomers even see
Vulcan in the evening sky!

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



Skeptic:What if this isn’t dark matter?

® Modified newtonian gravity

® Black holes

® Rocky planets u MAssive
® Dwarf (or politically e Compact

light and mass challenged) Halo Objects
stars /

® WIMPzilla

Seemingly endless reasons to believe dark matter is ,stuff’



DARK MATTER IN THE UNIVER!

splitting normal matter and dark matter a

- Another Clear Evidence of Dark Matter - | 1
Ordinary Matter- R L (8./2:1/96) Ve
(NASA’s Chandra X ;.‘ n . -
Observatory) - L s AL
Q p | ’ ' 2 ._E_ 2
: o o s — )
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o B 728 A Cﬁaadra X-ray Obs, 2006



gravitational lensing of distant

sources gagoreﬁroun cluster...
thus ena lingthc cluster’s

gravitational Potentia
to be reconstructed

- Line of
. sSigt

CLUSTER OF
o GALAXIES

GRAVITATIONAL
LENSING:

A Distant Source
Light leaves a young
star-forming blue galaxy near

the edge of the wisible universe

... the mass ) A Lens
Z Of '‘Dark Matter’

I"CCIUil’CCl vas’cly Some of the hight
exceedsthatin  fessestvouhalage
tl»-'c galaxics rounding dark matter, directly in the

line of sight between Earth and the
distant galaxy. The dark matter's gravity
acts like a lens, bending the incoming light

Focal Point:
Earth

Viast of this light 1s

scattered, but some 18

Farth. Obsarvars see n e . Toary Tysen, Greg Kochanskl and
jan Dell"Anlonio
Frank O'Comnell and Jam McManus!

Gravitational Lens
The New Yook Times

Galaxy Cluster 0024+1654 e e aé lax Y.
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Afterglow Light
Pattern
380,000 yrs.

Qua
Fluctuatior

History of our Universe

Dark Energy

Accelerated Expansion

Development of
Galaxies, Planets, etc.

Dark Ages
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years




Structure Formation

Kravtsov



Such numerical simulations Provicle a Prettg goocl match to the
observed large~sca|e structure of galaxies in the universe

Springel, Frenk & White, Nature 440:1137,2006




Much Astronomical Evidence for DM

At all scales (for astronomer)
in the Universe!

expected
from
~ <. _ luminous disk

—

- .-

10

Rotational Curves

SRt

oot T s -7 "Galaxy Clusters




The Standard Model of Particle Physics

FERMIONS | BOSONS

=1.275 GeV/c? =173.07 GeV/c? =126 GeV/c*

- @

"2

1/2 1/2 179

down strange bottom

0.511 MeV/c?

electron Z boson

1/2

<2.2 eVic* <0.17 MeV/c* <15.5 MeV/c* 80.4 GeV/c*

0 D ( 0 +1 W
112 € 1/2 1/2 1

electron muon tau
neutrino neutrino neutrino W boson




Three ways to find Particle Dark Matter

DM scattering DM

) 4

SM* SM*

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

DM SM SM DM

DI\//\":: M SM)::DI\/I

annihilation production

*SM = Standard Model

38



Three ways to find Particle Dark Matter

A

Solenoid

M ors Electromagnetic Calorimeters
. Forward Calorimeters
E ap Toroid

FERMI Satellite

LN
Dl\/;"\A SM ‘5~

annihilation

production

39



DM cheat sheet

e |[f we had a quiz on what the contents of the
Universe were, we'd fall.

e Some “stuff” is out there

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

e \We don’t know what it 1Is or how It interacts with
other material
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Finding faint signals



Historical notes

PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08344
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10? GeV; or strongly interacting particles of masses 1—10" GeV.

Elastic scattering:

Atom
DM

Think billiard balls: want M_WIMP ~ M_atom



Direct-detection concept

Dark matter

¢ = Agx <U> v = 220 km/s




We can detect this bump.

Goals:
<U> 1. Low threshold
2. Low backgrounds
® rare-event search
® NO beam off
e 1event/kg/
century
3. Large detector

o
My

(Goodman & Witten, PRD 31 3059, 1985)



UGy/hr Effective Radiation Exposure per Hour from Gamma Rays

100 __
—9 108 Reactor building directly after Chernobyl accident
10> __310° Full body CT scan
15 Average in Ramsar, Iran
0
10 0.3 Average in US (including Radon gas in air)
— 0.1 Average in US (excluding Radon gas in air)
—1 103 Davis Cavern - 4850’ underground
105
oo |

Middle of Water Tank

Detectors can also

|O-|5

Sl differentiate between VVIMPs
and Y at 99% level

*] Gy = | J/kg = 100 rad

1020




ic rays go kilometers

Cosm




primary cosmic ray

urtyanned balloon
' 30000 m

Concorde
15000 m

CAPRIC
AMS
BESS98
Ryan et al.

EE . Kcihdrsier (1914)
JACEE -~ v{':'
Akeno 9600 m
all-particle Tien Shan :
MSU
CASA-BLANCA

HEGRA
CasaMia
Tibet

Fly Eye
Haverah

10° 108
(GeV / particle)
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Need at least 1000m rock (~3000 mwe) overburden
Reduces muon rate by ~|0°



Cosmic rays

4

neutrons,

4

v
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Environmental

radioactivity
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Laboratori Nazionali del Gran Sasso, Italy

LNGS" 1400 m Rock (3100 w.m.e)




Gas Xe

122

Photomultiplier
Tubes

Anode Grid

Liquid Xe

Gaitskell SLAC Summer School

Vi)

lE

Cathode Grid




top hit pattern:
X-y localization

S2

/
ST

Gaitskell SLAC Summer School

/5%(

e_At: z localization—
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Xe The XENON Collaboration

XENON

Matter Project

currently ~ 100 scientists from 15 institutions
US led and NSF supported since project start in 2002
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Assembling XENON1T
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The underground lab

______ remng

Tolentino

Perugia
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Marsciano Ascoli
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Teramon . Roseto degli Abruzzi

e Terni Leonessa
Narni fomano Montesilvano

oGran Sasso

L'Aguila Chieti, Ortona

Viterbo Riat Francavilla al Mare

< . Eiam rann 1
24 Civita Framignano Lanciano
Castellana Guardiagrele
chia Carsol Vasto
Guidonia Avezzanc Sulmona .* Casoll

Fonte Nuova Termol
Vatican City Rome Capistrello IR
Castel di
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Agnone Larino
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