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I. Why Dark Matter?
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Matter inhomogeneities are small on large scales

A= |dp/p| << 1
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Evolution of inhomogeneities
(Jeans Instability)

A+22A + (V22 — 4xGp)A = 0
a

]

pressure vs gravity
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CMBR temperature anisotropies

A~ 3T/T = 0(10?)



The (cold) dark matter scenario
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IT. How much Dark Matter ?



The Concordance Model

Dark Energy 70,00%

Baryons 5,007

Dark Matter 25,00%



The rotational curve of spiral galaxies (Vera Rubin, 80")

v ® ~G M(R)/R

'

radial

Contribution of
a Halo of Dark Matter

0 5 1 1.5 2 Contribution of
R /Ropt Ordinary Matter
(bulge + disk)

= 20kpc (for Milky Way)

optical

(Picture is a compilation of 1000 rotation curves, Persic et al, 99)



Abundance of Dark Matter in the Milky Way?

A bold model: cored isothermal spherical halo of dark matter

p(r) =p,(@*+r *)/(a*+r*) —» v * =v_*(1-a/ratan(r/a))

To be fitted to observed
velocity curve

Infered local abundance

p,~0.1-2GeV/cm?

Fiducial density is p = 0.3 GeV/cm’






Simulation from the Via Lactea project (Dark
matter only)

(Diemand et al)
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Thin, thick and dark discs in ACDM

J. I. Read*!, G. Lake!, O. Agertz' & Victor P. Debattista’

Vinstitute of Theoretical Physics, University of Zirich, Winterthurerstrasse 190, 8057 Ziirich, Switzerland.
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Impact of gas/star disk on dark matter halo -> dark disk

1/2<p /p, <2

disk halo



ITT. Which Dark Matter ?



&

Hot Dark Matter

Cold Dark Matter

First large structures, First gal axi es

then smaller ones

Then cl usters of
Not the neutrinos of the gal axi es, etc...

Standard Model

Moreover, they are too light



A stable, Weakly Interacting Massive Particle (or WIMP) ?

DM + DM <-> Known Particles

Freeze-out when
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Stability from Symmetry

U(1) symmetry: Y —>e®V¥

e.g. Proton stability = baryon number
conservation

Z, symmetry: Y—-Y

e.g. R-parity in Supersymmetric
extensions of the Standard Model

Others: eg. ¥ —> \PJ. +¥Y  withijkinan SU(2)



An Electroweak Connection ?

| susY |
2 - / -N\ ~ A2 2
oM Higgs g 2 + vy M Higgs « M Planck
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The Brout-Englert-Higgs portal

Dark Sector B Higgs > Visible Sector
Sector

—_> - Ll}
Inert Higgs Inert Higgs

Easy way to prevent FCNC



WIMP Dark Matter Archetypes

Spin 0 Spin 3 Spin 1
The Inert Doublet The Neutralino The Kaluza Klein photon
— — =—————~

a. Deoric. b. lenic. ¢. Corinthian.



IV. Dark Matter and the
defeat of Antimatter



Positron fraction in Cosmic Rays
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PAMELA, a Payload for Antimatter Matter Exploration
and Light-nuclei Astrophysics

: i ; Command / Measurement
Wernier engine installation antenna

Solar battery

Coordinate /time
synchronization antenna

Accessories module

Pamela Research
Hardware

pressurzed container

Research

Instrument module ~.._ hardware module

Instrument
pressurized container Cocler
Star tracker :
M Optronic equiprment
VRL (high rate datalink)
antenna
Command / Measurement Infrared local
antenna i vartical reference

A picture of Pamela



Pamela results (released October 28 2008)
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Positron fraction
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Antiproton flux from PAMELA
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An excess of cosmic ray electrons at energies of
300-800 GeV
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Figure 3 | ATIC results showing agreement with previous data at lower
energy and with the imaging calorimeter PPB-BETS at higher energy. The
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V. Dark Matter Seen ?



Nucleus /7
DM from in o E
the Halo detector Recoil
Vv
6o— @
Bolometer (CDMS,...)

A Tonization (XENON,...)
Scintillation (DAMA,...)

Phase transition (COUPP,...)



Nucleus
in 0/ E
Neutron detector Recoil
Vv
o— @
Bolometer (CDMS,...)

A Tonization (XENON,...)
Scintillation (DAMA,...)

Phase transition (COUPP,...)



The Chicagoland Observatory for Underground
Particle Physics, or COUPP

neutron-like DM-like



Expect Annual Modulation of the Dark Matter Flux

EARLY DECEMBER

v ~ 30 km/s

EARLY JUNE
N\ Ve ™ 230 km/s

= mean velocity of the
Sun w.r.t. DM halo (?)



Residuals (cpd/kg/keV)
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The Trouble with DAMA
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DM

A light scalar WIMP through the Higgs Portal ?
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A multi-prong search



An (almost) invisible Higgs @ the LHC ?

L >Z+h
L~ pm + DM

lepton-antilepton pair + missing energy



Neutrinos from DM captured by the Sun

DAMA(pink) Xenon CDMS

Muon flux (per
year, per km?)

4

Super-K
(blue line)

125

WMAP
(black
lines)

mi,| GeV |

S.Andreas, Q.Swillens,
M.T. arXiv:0901.1750
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Gammas rays from the Galactic centre

S.Andreas, Th. Hambye,
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A large anti-deuteron flux

Spallation production small, and spectrum falling of f at low
energies: low background

> good probe of dark matter
annihilation

An 8 GeV candidate, 0.3 GeV/cm local density, FRW distribution,
gives

® =9107 (6eV/nucleon s sr m?)'at T=0.25 GeV/n
(expected sensitivity of AMS-02 is

® =45107 (6eV/nucleon s sr m®)'at T=0.25 GeV/n



Conclusions ?
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QCD
Dynamics
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Mass, . x Density,

baryon

Baryogenesis (CP & B violation)

. = 0(1)
AAassdar‘k matter X DenSITydark matter
4 \ Freeze-Out
EW Scale but really could be anything
but could be anything else

else
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Visible X-ray Gravitational lensing

1E0657-56

weak lensing mass contours (Clowe in prep.)

Chandra 0.5 Msec image

Galaxies Intergalactic Hot Gas Total Mass
| | | -
et ™ 10" M M s ™ 10" M M _ ~ 10% M
Visible Baryons Missing Baryons
Baryons
All Baryons * *

Dark Matter

* consistent with primordial nucleosynthesis



Abundance of Dark Matter in the Milky Way?

Bold model: a cored isothermal spherical halo of dark matter

p(r) =p,(@* +r *)/(a* + W} =w* (1-a/ratan(r/a))

To be fitted to observed

velocity curve

p, (1)
10.00F"
5.00F

Infered local abundance

1.00¢
0.50F

p,=0.3 GeV/cm® -

010
0.05F
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I. Why Dark Matter?
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Matter inhomogeneities are small on large scales

A= |8p/p| << 1
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Evolution of inhomogeneities
(Jeans Instability)

A+2%A 1 (v2k* — 4nGp)A =0

DRI

pressure vs gravity



Only baryonic matter
A scenario

no pressure,
gravitational
collapse

10°3 radiation
pressure

last scattering today

time



CMBR ftemperature anisotropies

A % 3T/T = O(109)



The (cold) dark matter scenario
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IT. How much Dark Matter ?
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The Concordance Model

Dark Energy 70,00%

Dark Matter 25,00%
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The rotational curve of spiral galaxies (Vera Rubin, 80")

v?~6MR)/R

radial

Contribution of
a Halo of Dark Matter

o

5 1 1.5 2 Contribution of
R /Ropt Ordinary Matter

= 20kpc (for Milky Way) (bulge + disk)

optical
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(Picture is a compilation of 1000 rotation curves, Persic et al, 99)



Abundance of Dark Matter in the Milky Way?

A bold model: cored isothermal spherical halo of dark matter

p(r) =p,(@*+r *)(a*+r®) —» v ? =v_?(1-a/ratan(r/a))

To be fitted to observed
velocity curve

Infered local abundance

p,~ 0.1-2 GeV/em?

Fiducial density is p = 0.3 GeV/cm?
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Simulation from the Via Lactea project (Dark
matter only) 15

(Diemand et al)
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Thin, thick and dark discs in ACDM

J. I Read*!, G. Lake', O. Agertz' & Victor P. Debattista®

Unstitute of Theoretical Physics, University of Zirich, Winterthurerstrasse 190, 8057 Ziirich, Switzerland.
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Impact of gas/star disk on dark matter halo -> dark disk

1/2<p /p, <2

disk
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ITT. Which Dark Matter ?
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Hot Dark Matter

First large structures,
then smaller ones

Not the neutrinos of the
Standard Model

Moreover, they are too light

Cold Dark Matter

Fi rst gal axi es

Then cl usters of
gal axies, etc...
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A stable, Weakly Interacting Massive Particle (or WIMP) ?

DM + DM <-> Known Particles

Freeze-out when
Int. rate ~ Exp. rate

~ 2
«ov>n TFO /m

Relic abundance
N ™ 1/<o v>

Planck

WMAP requires
<ov>~1pb
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Stability from Symmetry

U(1) symmetry: Y —>e?¥

e.g. Proton stability = baryon number
conservation

Z, symmetry: Y— -y

e.g. R-parity in Supersymmetric
extensions of the Standard Model

Others: eg. ¥ — \Pj +¥  withijkinan SU(2)
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An Electroweak Connection ?

SUsY

/ —
3 M? ) = + —_— | ~ A2 2
Higgs \ ] M Higgs « M Planck

R-parity: W¥_ —> V¥ v —-Y

SM susy susy

Extra Dimensions

—_— ® 1R KK-parity: V..~ Y.
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The Brout-Englert-Higgs portal

e.g. The Inert Doublet Model

Higgs Higgs

Dark Sector B Higgs | == Visible Sector
Sector

— -y
Inert Higgs Inert Higgs

Easy way to prevent FCNC
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WIMP Dark Matter Archetypes

Spin 0 Spin 3 Spin1
The Inert Doublet The Neutralino The Kaluza Klein photon

a. Deoric. b. loriic. ¢. Corinthian.
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IV. Dark Matter and the
defeat of Antimatter
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Positron fraction in Cosmic Rays
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PAMELA, a Payload for Antimatter Matter Exploration
and Light-nuclei Astrophysics

: Zronn A Command / Measurement
Wernier engine installation antenna

Solar battery

Coordinate / time
synchrenization antenna

Accessories module
Pamela Research
Hardware

pressunized container

Research
hardware module

Instrument module
Instrument 5
pressurized container

Star tracker

™~ Optronic equiprent

WRL (high rate datalink)
antenna /
ommand / easarement Infrared local
vartical raference

antenna

A picture of Pamela
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Pamela results (released October 28 2008)
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Positron fraction
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Antiproton flux from PAMELA
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An excess of cosmic ray electrons at energies of
300-800 GeV
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Figure 3 | ATIC results showing agreement with previous data at lower
energy and with the imaging calorimeter PPB-BETS at higher energy. The
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Annihilation of DM with M, =1TeVinto p* g
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N.B. : need to increase the rate by a factor of 10°...
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dN /dE_ « E_* exp(-E /6006GeV)
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V.Dark Matter Seen ?
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Nucleus /7
DM from in O E
the Halo detector Recoil
Y
o—— @
Bolometer (CDMS,...)
A Tonization (XENON,...)

Scintillation (DAMA,...)

Phase transition (COUPP,...)
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Nucleus

7
| n ® E.
eutron detector Recoil

v
o—= @

Bolometer (CDMS,...)
‘\ Tonization (XENON,...)
Scintillation (DAMA,...)

Phase transition (COUPP,...)
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The Chicagoland Observatory for Underground
Particle Physics, or COUPP

neutron-like DM-like
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Expect Annual Modulation of the Dark Matter Flux

EARLY DECEMBER

v ~ 30 km/s
EARLY JUNE

N\ Ve ™ 230 km/s

= mean velocity of the
Sun w.r.t. DM halo (?)
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Residuals (cpd/kg/keV)

ROM2F/2008/07

April 2008

First results from DAMA /LIBRA and the combined
results with DAMA /Nal
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o, (em?)

1038
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10—42

The Trouble with DAMA

quenched cnly
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DM

A light scalar WIMP through the Higgs Portal ?

—r
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7 8 9
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A multi-prong search
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An (almost) invisible Higgs @ the LHC ?

w22 ->Z+h
L~ om+DMm

lepton-antilepton pair + missing energy
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Neutrinos from DM captured by the Sun

DAMA(pink) Xenon CDMS

Muon flux (per
year, per km?)
Super-K

(blue line)

WMAP
(black
lines)

S.Andreas, Q.Swillens,
M.T. arXiv:0901.1780



E2*¢ [em2s ' GeV' ]

Gammas rays from the Galactic centre
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Positrons and antiprotons excess in cosmic rays
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A large anti-deuteron flux
Spallation production small, and spectrum falling off at low
energies: low background

— good probe of dark matter
annihilation

An 8 GeV candidate, 0.3 GeV/cm local density, FRW distribution,

gives
® -9107 (6eV/nucleon s sr m?)*at T=0.25 GeV/n
(expected sensitivity of AMS-02 is

® -45107 (6eV/nucleon s sr m?)'at T=0.25 GeV/n
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Conclusions ?
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Massbaryon X Densﬁrybaryon

Mass X Density,

dark matter

R
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QCD

Dynamics Baryogenesis (CP & B violation)

A

\ y

Massbar‘yon X Dens ! Tybaryon

. =0(1)
Massdark matter X Densrrydcu"k matter
/ \ Freeze-Out
EW Scale but really could be anything
but could be anything else

else
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Densh‘ybaryon

Dens ! Tydark matter

=0(1)?
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- ) —> -
Cowsik-McLelland bound Lee-Weinberg bound Grigst-
Kanpionkowski bound
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Visible X-ray Gravitational lensing

1E0657-56

Chandra 0.5 Msec image

Galaxies Intergalactic Hot Gas Total Mass
i i i >
sibre ™ 10t M, M., o~ 10° M, M~ 10 M,
Visible Baryons Missing Baryons
Baryons
All Baryons * *

Dark Matter

60
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Abundance of Dark Matter in the Milky Way?

Bold model: a cored isothermal spherical halo of dark matter

p(r) =p,(@* +r *)/(a* + Y =* (1-a/ratan(r/a))

To be fitted to observed

velocity curve
p,(r)
10,004
5.00

Infered local abundance
1.00
0.50
p,=0.3 GeV/cm’ -
010
0.05
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1] I'; v 1‘[] 1‘5 2‘[] 2‘5 3‘[] 35
r (kpc)

r,= 8 kpc (Sun's position)
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