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@ Dark Matter Evidence
o Galaxy Rotation Curve

© Particle Dark Matter

© Dark Matter Detection
@ Direct detection
@ Indirect detection
@ Collider detection



The Standard Model of Particle Physics: Visible Matter

[Fermilab Visual Media]
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Evidence for sun: planets Rotation Curve
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Evidence for sun: planets Rotation Curve
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Evidence for sun: planets Rotation Curve
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Dark Matter Evidence
Galaxy Rotation Curve

M33 (Triangulum) Galaxy Rotation Curv
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[Image: Mario De Leo, Wikipedia]
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Dark Matter Evidence
Galaxy Rotation Curve

M33 (Triangulum) Galaxy Rotation Curve

Observations
from starlight .
ati from

cm hydrogen

Velocity
(km s-1)

Expected from
the visible disk

20,000 30,000 40,000

Distance (light years)

[Image: Mario De Leo, Wikipedia]

me — MO - M(r) = 4 Jodr'r?p(r) = v= GM(r)

r r2 r

%

Shrihari Gopalakrishna Dark Matter



Dark Matter Evidence
Galaxy Rotation Curve

M33 (Triangulum) Galaxy Rotation Curve
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Eg: v — constant for p(r) — 1/r? (dark matter!)
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Dark Matter Evidence
Galaxy Rotation Curve

Structure formation

e 2dF, SDSS, BOSS, DES
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Dark Matter Evidence

Galaxy Rotation Curve

Supernova Cosmology Project

Perlmutter, ef al. (1998) oo Perlmutter, Physics Today (2003)
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Dark Matter Evidence
Particle Dark Matter Galaxy Rotation Curve
Dark Matter Detectio

Cosmology < (Particle) Physics

HISTORY OF THE UNIVERSE A

Dark energy
accelerated
expansion

Cosmie Microwave Steycture

Background radiation  formation
Accelerators || is visible

t= Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10~10 joules)
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Dark Matter Evidence
Galaxy Rotation Curve

Cosmic Microwave Background (CMB)

o COBE, WMAP, Planck w| @ Curvature
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Dark Matter Evidence
Galaxy Rotation Curve

Big-Bang Neucleosynthesis (BBN)
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Dark Matter Evidence

Galaxy Rotation Curve

Inference

Union2.1 SN Ia

Systematics

Free Hydrogen
A Hetism:
4
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Dark Matter Evidence

Galaxy Rotation Curve

Inference

Union2.1 SN fa
Compilation
with SN
Systematics

Free Hydrogen
A Hetism:
4

Q

@ Flat on large scales

@ Expansion is Accelerating

@ 95% is unknown dark matter + dark energy
@ What is it??

Dark Matter




Dark Matter Evidence

Galaxy Rotation Curve

Inference

Union2.1 SN fa
Compilation
with SN
Systematics

Free Hydrogen
A Hetism:
4

Dk Enargy:
QO To%

@ Flat on large scales

@ Expansion is Accelerating

@ 95% is unknown dark matter + dark energy
@ What is it??

The DARK SIDE rules!
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Particle Dark Matter

What is the dark matter?

e Dark Matter (DM)

@ Astrophysical objects? (Disfavoured)
@ MAssive Compact Halo Objects (MACHO) or Black Holes or . ..

o Particle dark matter? (Favored)
@ Hot or Warm or Cold Dark Matter (CDM)

@ Requirements for particle DM

e Must be long lived (stable?)
o Must be neutral charge

@ Can we detect DM in some experiment?
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Particle Dark Matter

What is the dark matter?

e Dark Matter (DM)

@ Astrophysical objects? (Disfavoured)
@ MAssive Compact Halo Objects (MACHO) or Black Holes or . ..

o Particle dark matter? (Favored)
@ Hot or Warm or Cold Dark Matter (CDM)

@ Requirements for particle DM

e Must be long lived (stable?)
o Must be neutral charge

@ Can we detect DM in some experiment?
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Dark Matter Detection

Dark Matter Detection

@ Direct Detection
o DM directly intereacts with a detector

@ Indirect Detection
o Look for indirect emmissions from DM

@ Collider Detection

o DM escapes as missing momentum at colliders
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Direct detection

Dark Matter Detection

o DAMA, Gran Sasso, Italy. Detection claimed!!

A .
Nal scintillators
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Direct detection

Dark Matter Detection

@ Cryogenic Dark Matter Search (CDMS), Soudan Mine, USA

Ge detector
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Direct detection
Indirect «
Dark Matter Detection Collider det

XENON 100 Detector

_—

Cosmic radiation bombards our
planet constantly. Rock shields
the experiment from many of

 these particles,

Weakly Interacting Massive Particl
(WIMPS) can pass through the Earth
reach the Xenon100 detector.

_,"® :

The elections mave fro
Jiquid togas, creating
another flash oflight the
photomultipliers can
detect. The relative
brightness of the two.
flashes reveals the type of
particle thaticaused the
signal.

An electric field draws the:

free electrons to the
anode at the top of the
tank.
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Positron Fraction

Dark Matter Detection

Dir ction
Indirect detection
lider d
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Direct det

ction

Indirect detection
Dark Matter Detection Collide

letection

Fermi LAT ~

Counts /2.25 °2
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Dark Matter Detection Collider detection

DM at Colliders |

e CERN Large Hadron Collider (LHC): ATLAS, CMS
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Dark Matter Detection Collider detection

DM at Colliders |

e CERN Large Hadron Collider (LHC): ATLAS, CMS
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C
|
Dark Matter Detection Collider detection

Summary

@ Strong evidence for Dark Matter
o But what is it?
@ Many Candidates

o Vigorous search underway - Direct, Indirect, Collider
o Exciting times! We might discover DM particle soon
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Backup Slides

Backup Slides
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Gravitational Lensing

Galaxy Cluster Abell 2218
Hubble Space Telescope » WFPC2

HASA, A Fruchtor and the ERO Toam (5T5cl, ST-ECE) » STScPRO00.03
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The expanding universe

30000 Y

@ Vesto Slipher : measured Red-shift (Doppler shift) of
galaxies (1917) z = 2ebs=Xemit

emit

@ Georges Lemaitre : Universe is expanding (1927)
@ Edwin Hubble

10000 P q
vV = Ho d (Hp : Hubble constant) (1929)
Ho = 67.8 £ 0.9 km s~ Mpc 1 [Planck 2015]
_ . o L L L L
@ z= laa in FLRW cosmology 0 100 200 300 400 500

Distance [Mpc]

[Riess, Press and Kirshner (1996)]
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The Standard Model (SM) of Particle Physics

matter constituents
FERMIONS spin = 172, 372, 572, ... BOSONS fs%rii\e:cgrqe‘rzs,
Leptons spin=1/2 Unified Electroweak spin = 1 Strong (color)  spin
prox

Apy N
Vi Name Mass Electric Name Mass Electric

GeV/c? | charge GeV/c2 | charge

Vo ese (0-0.13)x10-° , . - g
. gluon

0 0
€ electon 0000511

Lall B, spin =0
Yoo madde +1(0.009-0.13)x10-9 iggs Boson oi
+ Mass Electric
) meon 0.106 w Namo | Mose, | Eleiic

i W bosons

Yy heatiest, | (0.04-0.14)x10-° 20

T tau 1.777 Z boson

91.188 H 126 0

Woak Electromagnetic
Interaction, Interaction Interaction
Etoctowoak)

Flavor Eloctrc Chargo ol Charge
Quarks,Loptons | Electricall Charged__|_ Quarks, Glons
g v Gluons

08 1 2

- 1 0

[particleadventure.org]

Units: Mass & Energy in GeV ~ (E=mc? setc=1) (1GeV =10%eV)
<4
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