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We don’t know it,
because we don’t see it!

Dark Matter: what is it?

WdB, C. Sander, V. Zhukov, A. Gladyshev, D. Kazakov,
EGRET excess of diffuse Galactic Gamma Rays as 
Tracer of DM, astro-ph/0508617, A&A, 444 (2005) 51 
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Dark Matter: what is it?

Outline:

LECTURE 1+2:        Evidence for Dark Matter from cosmology
Indirect Dark Matter detection

LECTURE 3:     Is DM the SUPERSYMMETRIC Partner of CMB?
Expectations for Direct Dark Matter detection
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The Big Bang
and its energy

Big Bang

Particle physics

Astroparticle physics
Astronomy

Cosmology
13.7 billion years

1 ps

10-34 s

95% of energy 
in universe of 
unknown nature
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Universe is a very active place

During this lecture:

108 stars are created (in 1011 galaxies)
The sun loses by radiation 1010 tons of its weight
The sun radiates 1023 kWh
The earth receives 1014 kWh
This is the equivalent of 1013 Euros
The energy prices are clearly too high
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Our galaxy is here

3 billion light years

(~20%  to “the edge”)

SDSS : ⅓ million galaxies

Doppler shifts give 
galaxy velocities
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The Universe is The Universe is 

(discovered already by Hubble some 80 years ago!)
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A

B

View from galaxy A
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A

B

View from galaxy B
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Hubble’s law in “comoving coordinates”

d

D

D = S(t) d
S(t) = time dependent scale factor
Real coordinates from time-independent comoving
coordinates by multiplication by S(t)

D = S(t) d    (1)
Differentiate⇒
D = S(t) d    (2)
oder
D = v = S(t)/S(t) D 
or v = HD
with H = S(t)/S(t) 

Hubble’s law:
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Hubble diagram from SN Ia data

v

D

D=
v/H
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Evolution of the universe

ΔT / T ∼ Δρ / ρ

Early Universe

Present Universe

The Cosmic screen
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Light from early universe visible
as cosmic microwave background (CMB)

CMB perfect for tracing flatness of universe
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WMAP satellite
(2003)

Bell Labs
(1963)

Observing the 
Microwave Background

COBE satellite
(1992)

Mather and Smooth
Nobel prize 2006

Penzias and Wilson
Nobel prize 1967

2003:WMAP: universe is flat, 
which implies an energy density 
ρcritical=2.10-29 g/cm3
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How do we measure the energy density 
of the universe?

In principle: the bending of light determines the energy density.
In a flat universe the light moves on straight lines,
which corresponds to the critical energy density

In 1919 moon in front of sun (eclipse), so Eddington could observe
positions of stars behind the sun (expeditions to West-Africa 
and Brasil)  According to Newton the angle : δ=0.87 Grad
According to Einstein: δ= 2 x 0.87 Grad
because of additional time dilatation by gravity

Mond

Earth

MoonSunStars

This picture made Einstein famous

Light on straight lines, if average energy zero or universe “FLAT”
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What  is the critical density? (i.e. E=0)

H=R/R

Etot=0 ⇒H2=8πGρcrit/3
ρcrit=3H2/8πG=2.10-29 g/cm3

Define dimensionless density parameter: Ω=ρ/ρcrit=8πG/3H2

Compare with rocket
with U<T, U=T und U>T
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Solution:
pressure small: δ=aebt , i.e. exponential growth of δ

(->gravitational collapse)
pressure large: δ=aeibt , i.e. oscillation of δ (acoustic waves)

Define: δ=Δρ/ρ

From Newton`s F=ma:
δ``+ (pressure-gravity) δ=0

Horizon-crossing: Waves on large scales enter region of causal contact
(= horizon) later, i.e. small scales (large k=2π/λ) start to
grow first or MORE POWER at large k:
P(k)∝kn , n=powerindex  

(n=1 expected from  Inflation, WMAP: n=0.98±0.04!

Why acoustic waves in early universe?

FG

P
F=ma

So not all wavelengths have same amplitude, 
but some wavelengths have more “power”
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CannotCannot follow waves in follow waves in 
timetime. . 

Instead use the waveInstead use the wave’’s s 
spatialspatial appearanceappearance

Evaluate Evaluate spatial power spatial power 
spectrumspectrum, of waves on , of waves on 
the sphere.the sphere.

““frequencyfrequency”” is spherical is spherical 
angular harmonic: angular harmonic: ℓℓ

peak

trough

How to measure power spectra?

WMAP
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The Observed Sound SpectrumThe Observed Sound Spectrum

sky frequency (~180/θ°)

angular wavelength (degrees)
So

un
d 

“L
ou

dn
es

s”

data×
(         model)

Fundamental (λ=acoustic horizon)

harmonics

sound frequency (Hz)
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Quality of sound reveals the nature of an objectQuality of sound reveals the nature of an object

True also for the Universe:True also for the Universe:
•• The sound spectrum reveals many propertiesThe sound spectrum reveals many properties
•• Use computer simulations to match dataUse computer simulations to match data
•• Two examples:  baryon fraction; total densityTwo examples:  baryon fraction; total density

See homepage: Mark Whittle
University of Virginia

Sound as DiagnosticSound as Diagnostic



Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 20

Open : Ω= 0.8

Flat :  Ω= 1.0

Closed:  Ω=1.2

Low pitch High pitch
Long wavelength Short wavelength

Geometry of the 
Universe

©Mark Whittle
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8% atoms

4% atoms

2% atoms

Low pitch High pitch
Long wavelength Short wavelength

Atomic content of the 
Universe

©Mark Whittle
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What frequencies can wewe hear ?
20 – 20,000 waves per second (Hertz)

v. deepv. deep v. highv. high

What’s the Cosmic pitch ??Cosmic pitch ??
1 wave every  20,000 20,000 –– 200,000 yrs !!200,000 yrs !!

Too deep to hear, by about 50 octaves!50 octaves!
©Mark Whittle

Could one really have heard the early universe?
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Because the Universe is so:

UniverseUniverse

40
0,0

00
 lig

ht 
yea

rs

40
0,0

00
 lig

ht 
yea

rs
Pan PipesPan Pipes

Cathedral OrganCathedral Organ
BIGBIG

Why is the primordial sound so deep?

©Mark Whittle
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Acoustic peaks from WMAP
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Position of first acoustic peak determines
curvature of universe
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Model of acoustic waves in early universe

Model of acoustic waves:  

DM determines depth of potential well
Baryons (yellow) fall into well
Photon pressure (spring) drives them out of well

More baryons: more damping, less amplitude, less power
More neutrinos: free streaming reduces depth of well->
less amplitude -> less power
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8% atoms

4% atoms

2% atoms

Low pitch High pitch
Long wavelength Short wavelength

Atomic content of the 
Universe

©Mark Whittle
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How does this compare with the visible matter?

From the relative 
fraction of nuclei
one finds that the 
density of atoms
is only about 4% of 
the critical density.

(in agreement with 
other observations,
like the acoustic 
peaks in the CMB)

What is the other
96% of invisible energy

made off?
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Power spectrum at small scales
sensitive for neutrino masses!

Neutrino mass < 0.23 eV (all ν’s same mass, 95% C.L.)
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Energy content of the Universe

We know the invisible
96% has 2 components:

One with repulsive
gravity –called 
dark energy (73%)-

one with normal gravity, 
called dark matter (23%)

WIMP=Weakly Interacting
Massive Particle 

Ω= ρ/ρcrit 1.0±0.04 ΩM= ρM/ρcrit ΩCDM= ρCDM/ρcrit

ΩΛ= ρΛ/ρcrit =73% Ω= ΩM + ΩCDM + ΩΛ=1
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Questions

1.How can it happen that gravity becomes repulsive?
2.How does one measure acceleration of universe?

(acceleration will determine how much dark energy (DE)
compared with dark matter (DM), since total acceleration
is sum of positive acceleration from DE and negative acc.
from DM)
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Repulsive Gravity if energy density is constant
as expected for vacuum energy
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Energy density components in expanding universe

Time

ρmatter∝R-3 =0.27 ρcrit

ρΛ =const. =0.73ρcrit

ρradiation∝ R-4Energy
density

ρatom=0.04

ρWIMP=0.23

or ΩΛ = ρvacuum/ ρcrit =0.73
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Why is vacuum so empty?

What is vacuum energy?
Vacuumfluctuations
observed in
1)Lamb shift
2)Casimir effect
3)Running coupling 
constants
4)Repulsive gravity

Calculation of vacuum energy
10115 GeV/cm3 in Standard Model
1050 GeV/cm3 in Supersymmetry

Measured vacuum energy: 10-5 GeV/cm3

h

h

h
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First evidence for vacuum energy in universe:
ACCELERATION of universe

Expansion velocity=slope
Acceleration=derivative of slope
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SN1a as tracer of the Universe
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Hubble distance 
(from v=Hr)
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SNIa compared with Porsche rolling up a hill

SNIa data very similar to a dark Porsche 
rolling up a hill and reading speedometer 
regularly, i.e. determining v(t), which can
be used to reconstruct x(t) =∫v(t)dt.
(speed ⇒ distance, for universe Hubble law)
This distance  can be compared later
with distance as determined from the 
luminosity of lamp posts (assuming same 
brightness for all lamp posts)
(luminosity ⇒ distance, if SN1a treated as 
‘standard’ lamp posts)

If the very first lamp posts are further 
away than expected, the conclusion must be 
that the Porsche instead of rolling up the 
hill used its engine, i.e. additional 
acceleration instead of decelaration only.
(universe has additional acceleration (by dark 
energy) instead of decelaration only)
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Combine CMB with SNIa data

SNIa sensitive to
accelleration, i.e.
acc=ΩΛ - (ΩSM+ ΩDM) or
ΩΛ =acc + (ΩSM+ ΩDM)

CMB sensitive to
overall density, i.e.
ΩΛ + ΩSM + ΩDM=1 or
ΩΛ =1 - (ΩSM + ΩDM)

= (ΩSM+ ΩDM)

ΩΛ
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What is Dark Matter?

a) DM is neutral (else electric fields)
b) DM is weakly interacting (else it would clump

in galactic center as baryonic matter
c) DM is massive, since it determines rotation curves

Therefore DM consists of WIMPs
(Weakly Interacting Massive Particles)

WIMPs are neutrinos? No, neutrinos would be “warm”
or “hot” DM, but this is excluded by powerspectrum
of galaxy surveys.

WIMPs MUST BE NEW PARTICLES outside Standard 
Model and NOT PRODUCED AT ACCELERATORS.
(cannot be produced directly with small WIMP-nucleon x-section)
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• 95% of the energy of the  Universe is 
non-baryonic
23% in the form of Cold Dark Matter

• Dark Matter enhanced in Galaxies and Clusters 
of Galaxies but DM widely distributed in halo->
DM must consist of weakly interacting and 
massive particles -> WIMP’s

• Annihilation with <σv>=2.10-26 cm3/s, 
if thermal relic

From CMB + SN1a + surveys

DM halo profile of galaxy
cluster from weak lensing

If it is not dark
It does not matter

What is known about Dark Matter?
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Do we have Dark Matter in our Galaxy?

Rotationcurve
Solarsystem

rotation curve
Milky Way

∝1/√r
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DM density in our Galaxy
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Expansion rate of universe determines  
WIMP annihilation cross section

Thermal equilibrium abundance

Actual abundance

T=M/22C
om

ov
in

g 
nu

m
be

r d
en

si
ty

x=m/T
Jungmann,Kamionkowski, Griest, PR 1995

WMAP -> Ωh2=0.113±0.009 ->
<σv>=2.10-26 cm3/s

DM increases in Galaxies:
≈1 WIMP/coffee cup ≈105 <ρ>.
DMA (∝ρ2) restarts again..

T>>M:    f+f->M+M; M+M->f+f
T<M:      M+M->f+f
T=M/22: M decoupled, stable density
(wenn Annihilationrate ≅ Expansions-
rate, i.e. Γ=<σv>nχ(xfr) ≅ H(xfr) !)

Annihilation into lighter particles, like
quarks and leptons -> π0’s -> Gammas!

Only assumption in this analysis:
WIMP = THERMAL RELIC!
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Observations of the universe
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Spread of tones
~200 Hz range

Single tone
Pure sine wave

A “broad” note sounds quite different from a pure tone
The difference seems greatest for the lowest note.
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Early formation of stars only possible with DM!

time 

Δρ
/ρ

Radiation 
dominated

Matter 
dominated

Post-
recombination

Dark
 matte

r

Bary
ons

Baryons collapse into 
potential wells of DM

50000 yr
z = 3300

380000 yr
z = 1111

Density fluctuations
grow as t2/3so ∝ S(t), 
see Coles+Lucchin,
Cosmology, Origin an
Evol. of Cosm. Struct
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Position of first acoustic peak
Acoustic horizon expected to yield
maximum density contrast, since it
corresponds to  growing of density
fluctuation for maximum time, i.e.
from t=0 to recombination time trec.

Acoustic horizon at recombination time
cs * trec

Observation now (t0 =13.8 109 yr) under
angle θ = cs * trec * (1+z) / c*t0, where
(1+z) represent scale factor of universe
between trec and now, which scales with
inverse of temperatures: 
1+z=Trec/T0= 3000/2.7 =1100
With trec = 3,8 105 yr and acoustic speed
cs=c/√3 for a relativ. plasma:
θ = 0.0175 = 10 (plus (small) ART correct.)

Remind: cs
2 ≡ dp/dρ = c2/3, da p= 1/3 ρc2

Space-time
x

t
Inflation
Decoupling:
T = 3000 K
t = 3.8 105 y

First acoustic peak=
fundamental mode seen 
at 10, second harmonic
at 0.50 third at 0.250,..

Observed now:
T = 2.7 K
t = 13.8 109 y
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Combine CMB with SNIa data

SNIa sensitive to
acceleration, i.e.
acc=ΩΛ - (ΩSM+ ΩDM) or
ΩΛ =acc + (ΩSM+ ΩDM)

CMB sensitive to
overall density, i.e.
ΩΛ + ΩSM + ΩDM=1 or
ΩΛ =1 - (ΩSM + ΩDM)

= (ΩSM+ ΩDM)

ΩΛ
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Present and projected Results from SN1a

SN Ia & Ω0=1 & w=-1: 
Ωm = 0.28 ± 0.05
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IF DM particles are thermal relics from early universe
they can annihilate with cross section as large as 

<σv>=2.10-26 cm3/s
which implies an enormous rate of gamma rays
from π0 decays (produced in quark fragmentation)
(Galaxy=1040 higher rate than  any accelerator)

Expect large fraction of energetic Galactic gamma rays 
to come from DMA in this case.
Remaining ones from pCR+pGAS-> π0+X , π0->2γ

(+some IC+brems)
This means: Galactic gamma rays have 2 components
with a shape KNOWN from the 2 BEST studied reactions
in accelerators: background known from fixed target exp.

DMA known from e+e- annihilation (LEP)

Conclusion sofar
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How do particles annihilate?

~~
e+

e-

q

q

LEP collider:
e+e- annihilation ~~

~~
 γ

 γ

e

e
e

photon annihilation

In CM: Eq=Ee
monoenergetic quarks

from monoenergetic leptons

Quarks fragment into jets,
mostly light mesons:π+,π-,π0
π0 decays 100% into 2 photons

So as many photons as charged particles
from annihilation

On averaged: 37 photons pro annihilation 
into quarks at LEP

Spectral shape VERY WELL MEASURED



Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 53

Example of DM annihilation (SUSY)

Dominant 
χ + χ ⇒ A ⇒ b bbar quark pair
Sum of diagrams should yield
<σv>=2.10-26 cm3/s to get
correct relic density

Quark fragmentation known!
Hence spectra of positrons,
gammas and antiprotons known!
Relative amount of γ,p,e+ known 
as well.

χ

χ

χ

χ

χ

χ

χ

χ

χ

χ

f

f

f

f

f

f

Z

Z

W

W
χ± χ0

f~ A Z

≈37 
gammas
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The dark connection between Canis Major, Monoceros Stream, 
Sagit., gas flaring, the rotation curve and the EGRET excess

From EGRET excess of diffuse 
Galactic gamma rays

• Determination of WIMP mass
• Determination of WIMP halo

(= standard halo + DM ring)

Confirmation:
• Rotation curve
• Canis Major/Monoceros stream
• Sagittarius streams
• Gas flaring     

PREDICTIONS
• for LHC (if SUSY)
• for direct searches
• for solar neutrinos

Ingredients
to this analysis

Gamma ray spectra
for BG + DMAParticle Physics

Cosmology

Astrophysics

23%DM, thermal
history of WIMPs
Annihilation cross section
Tidal disruption of dwarfs

Cosmics
Gamma rays

Astronomers
Rotation curve
Tidal streams
Gas flaring
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R

Sun
disc

Basic principle for indirect dark matter searches

R

Sun

bulge 
disc

From rotation curve:

Forces: mv2/r=GmM/r2

or M/r=const.for v=cons.
and
ρ∝(M/r)/r2

ρ∝1/r2

for flat rotation curve

Expect highest DM density
IN CENTRE OF GALAXY

Divergent for r=0?
NFW profile∝1/r
Isotherm profile const.

IF FLUX AND SHAPE MEASURED IN
ONE DIRECTION, THEN FLUX AND
SHAPE FIXED IN ALL (=180) SKY 
DIRECTIONS!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

R1

THIS IS AN INCREDIBLE CONSTRAINT, LIKE SAYING I VERIFY
THE EXCESS AND WIMP MASS WITH 180 INDEPENDENT MEAS.
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Instrumental parameters:

Energy range: 0.02-30 GeV
Energy resolution: ~20%
Effective area: 1500 cm2

Angular resol.: <0.50

Data taking: 1991-1994

Main results: 
Catalogue of point sources
Excess in diffuse gamma rays

EGRET on CGRO (Compton Gamma Ray Observ.)
Data publicly available from NASA archive
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Two results from EGRET paper

Enhancement in ringlike
structure at 13-16 kpc

Called “Cosmic 
enhancement 

Factor”
Excess
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Galactic coordinates: longitude l and latitude b

long.
lat.

(l,b)=(0,0)=Galactic Centre
(l,b)=(0,90)=North Galactic Pole
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Background + signal describe EGRET data!

Blue: background uncertainty

Background + DMA signal describe EGRET data!

Blue: WIMP mass uncertainty

50 GeV

70

Brems .

ICW
IM

PS

π 0

IC
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No SM

Electrons

No SM

Protons

Quarks 
from
WIMPS

Quarks 
in protons

What about background shape?

Background from nuclear interactions (mainly p+p-> π0 + X -> γ + X
inverse Compton scattering (e-+ γ -> e- + γ)
Bremsstrahlung (e- + N -> e- + γ + N)

Shape of background KNOWN if Cosmic Ray spectra of p and e- known



Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 61

PYTHIA processes:

11 f+f' -> f+f' (QCD)     2370         
12 f+fbar -> f'+fbar'         0               
13 f+fbar -> g + g             0               
28 f+g -> f + g            2130
68 g+g -> g + g            1510
53 g+g -> f + fbar           20             
92 Single diffractive (XB) 1670   
93 Single diffractive (AX) 1600   
94 Double  diffractive       700
95 Low-pT scattering          0
Prompt photon production:
14 f+fbar -> g+γ 0
18 f+fbar -> γ +γ 0
29 f+g -> f +γ 1
115 g+g -> g + γ 0
114 g+g -> γ + γ 0

Contribution from various hadronic processes

2 GeV
4
8

16

32
64

dif
f.
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Energy loss times of electrons and nuclei

Protons diffuse much faster than energy loss time, so 
expect SAME shape everywhere. Indeed observed: outer 
Galaxy can be fitted with same shape as inner Galaxy.  

τ-1 = 1/E dE/dt

τuniv
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Astrophysics solution: Optimize e,p spectra to fit gammas
“Optimized Model” from Strong et al. astro-ph/0406254

Proton and electron spectra
tuned to fit gamma ray data.
B/C need different tuning….

Still no good description of gamma
rays.

Electrons Protons

B/C
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From original paper on Optimized Model 
Strong et al. astro-ph/0406254

100 MeV 150 MeV 300 MeV

500 MeV 1000
MeV

2000
MeV

Problem with conventional models: data at low energy overestimated,
Data at high energy still underestimated (30%). At expense of not 
fitting local CR spectra or assuming very peculiar injection spectra.

longitude
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Analysis of EGRET Data in 6 sky directions

A: inner Galaxy (l=±300, |b|<50)
B: Galactic plane avoiding A
C: Outer Galaxy

D: low latitude (10-200)

E: intermediate lat. (20-600)
F: Galactic poles (60-900)

A: inner Galaxy B: outer disc C: outer Galaxy

D: low latitude E: intermediate lat. F: galactic poles

Total χ2 for all regions :28/36 ⇒ Prob.= 0.8 Excess above background > 10σ.
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Fits for 180 instead of 6 regions
180 regions:
80 in longitude ⇒ 45 bins
4 bins in latitude ⇒ 00<|b|<50

50<|b|<100

100<|b|<200

200<|b|<900 ⇒
4x45=180 bins ⇒
>1400 data points. 
Reduced χ2≈1 with 7% errors
BUT NEEDED IN ADDITION to 
1/r2 profile, substructure
in the form of 2 doughnut-like
rings in the Galactic disc!

ONE RING COINCIDES WITH
ORBIT FROM CANIS MAJOR
DWARF GALAXY which loses
mass along orbit by tidal forces

OTHER RING coincides with H2 ring
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Background scaling factors agree with
expectations of gas- and CR densities 

Background scaling factor = Data between 0.1 and 0.5 GeV/GALPROP
GALPROP  = computer code simulating our galaxy (Moskalenko, Strong)
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x y

z

2002,Newberg et al.  Ibata et al, 
Crane et al.  Yanny et al.

1/r2 profile and rings
determined from inde-
pendent directions

xy

xz

Expected 
Profile

v2∝M/r=cons.
and

ρ∝(M/r)/r2

ρ∝1/r2

for const.
rotation
curve

Divergent for
r=0?

NFW∝1/r
Isotherm const.

Dark Matter distribution

Halo profile

Observed 
Profile

xy

xz

Outer Ring

Inner Ring

bulge

to
ta
lD
M

1/r2 halo
disk

Rotation Curve

Normalize to solar velocity of 220 km/s
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Honma & Sofue (97)
Schneider &Terzian (83)
Brand & Blitz(93)

Rotation curve of Milky Way
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Do other galaxies have bumps in rotation curves?

Sofue & Honma
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The local group of galaxies
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The Milky Way and its 13 satellite galaxies

Canis Major

Tidal force ∝ ∆FG ∝ 1/r3
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Tidal streams of dark matter from CM and Sgt

CM

Sgt

Sun

From David Law, Caltech
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Artistic view of Canis Major Dwarf 
just below Galactic disc
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N-body simulation from Canis-Major dwarf galaxy

prograde retrograde

O
bs

er
ve

d 
st

ar
s

R=13 kpc,φ=-200,ε=0.8

Canis Major (b=-150)
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Δl=550

Vφ=188km/s

Vz=−49km/s
Δb=150

Leading 

Sgt stream

Trailing Sgt stream
Sgt
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Conclusion

Comparing gamma rays above and below Galactic disk
is excellent way to search for tidal streams,
since systematic errors cancel and foreground from
diffuse part of halo should be the same

Result: one finds a clear correlation between excess
of diffuse gamma rays and KNOWN positions
of tidal streams of two nearest satellite galaxies

Summary: all proposed indirect searches see signal:
galactic centre
galactic poles
galactic anticentre
nearest satellite galactic streams



Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 78

Gas flaring in the Milky Way

no ring

with ring

P M W Kalberla, L Dedes, J Kerp and U Haud, 
http://arxiv.org/abs/0704.3925

Gas flaring needs EGRET ring with mass of 2.1010M☉!
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Enhancement of inner (outer) ring 
over 1/r2 profile 6 (8).
Mass in rings 0.3 (3)% of total DM 

Inner Ring coincides with ring of dust and H2 ->
gravitational potential well!

H2

4 kpc coincides with ring of
neutral hydrogen molecules!
H+H->H2 in presence of dust->
grav. potential well at 4-5 kpc.
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Background + signal describe EGRET data!

Blue: background uncertainty

Background + DMA signal describe EGRET data!

Blue: WIMP mass uncertainty
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Excess of Diffuse Gamma Rays has same spectrum in all 
directions  compatible with WIMP mass of 50-100 GeV

Important: if experiment measures gamma rays down to 0.1 GeV, then normalizations of 
DM annihilation and background can both be left free, so one is not sensitive to abso-
lute background estimates, BUT ONLY TO THE SHAPE, which is much better known.

Egret Excess above
extrapolated background
from data below 0.5 GeV

Excess same shape in all regions 
implying same source everywhere

Statistical 
errors only

PS
 fi

xed
 

tar
get

LE
P 
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Tidal streams of dark matter from CM and Sgt

CM

Sgt

Sun

From David Law, Caltech
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Δl=550

Vφ=188km/s

Vz=−49km/s
Δb=150

Leading 

Sgt stream

Trailing Sgt stream
Sgt
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8 physics questions answered 
SIMULTANEOUSLY if WIMP = thermal relic

• Astrophysicists:
What is the origin of “GeV excess” of diffuse 
Galactic Gamma Rays?

• Astronomers:
Why a change of slope in the galactic rotation curve 
at R0  ≈ 11 kpc?
Why ring of stars at 13 kpc?
Why ring of molecular hydrogen at 4 kpc? 
Why S-shape in gas flaring?   

• Cosmologists: How is DM annihilating?A: into quark pairs
How is Cold Dark Matter distributed?

• Particle physicists:
Is DM annihilating as expected in Supersymmetry?

A: DM substructure

A: DM annihilation

A: standard profile +
substructure

A: Cross sections perfectly consistent with mSUGRA 
for light gauginos, heavy squarks/sleptons
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Bergstrom et al. astro-ph/0603632, Abstract:

we investigate the viability of the model using the DarkSUSY
package to compute the gamma-ray and antiproton fluxes. We are 
able to show that their (=WdB et al) model is excluded by a wide 
margin from the measured flux of antiprotons. 

Problem with DarkSUSY (DS):
1) Flux of antiprotons/gamma in DarkSUSY:  O(1) from DMA.

However, O(10-2) from LEP data
Reason: DS has diffusion box with isotropic diffusion ->

DMA fills up box with high density of antiprotons
2) Priors of DARKSUSY.(and other propagation models as well):

a) static galactic magnetic fields are negligible
b) gas is smoothly distributed
c) propagation in halo and disk are the same

ALL priors likely wrong and can change predictions for  DM seaches
by ORDER OF MAGNITUDE (and still ok with all observations!)

Do antiproton data exclude interpretation of EGRET data?
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One propagation model of our Galaxy

GALAXY IS BIG STORAGE TANK FOR ANTIPROTONS IN DARKSUSY and GALPROP
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it is shown that Galactic 
cosmic rays can be 
effectively confined through
magnetic reflection by 
molecular clouds,

Another propagation model  including static magnetic 
fields and  gas clouds and anisotropic diffusion

Integral excess of positrons in bulge because positrons 
are trapped in magnetic mirrors between gas clouds
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Antiprotons B/C ratio

Preliminary results from GALPROP 
with isotropic and anisotropic propagation

Summary: with anisotropic propagation you can send charged particles
whereever you want and still be consistent with B/C and 10Be/9Be
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Summary

>>10σ EGRET excess shows intriguing hint that:

WIMP is thermal relic with expected annihilation into quark pairs

SPATIAL DISTRIBUTION of annihilation signal is signature for DMA
which clearly shows that EGRET excess is tracer of DM by fact that
one can construct rotation curve  and tidal streams from gamma rays.

DM becomes visible by gamma rays from fragmentation
(30-40 gamma rays of few GeV pro annihilation from π0 decays)

Results rather model independent, since only KNOWN spectral shapes of 
signal and background used, NO model dependent calculations of abs.fluxes.
Different shapes or unknown experimental problems may change the gamma 
ray flux and/or WIMP mass, BUT NOT the distribution in the sky.

DM interpretation strongly supported independently by gas flaring 
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What about supersymmetry?

EGRET excess does not say anything about SUSY, 
it only shows that the excess is coming from

the annihilation of 60 GeV MONOENERGETIC quarks!
BUT one can check consistency with SUSY.

E.g. can a WIMP mass of 60 GeV yield an annihilation
cross section as expected from WMAP+cosmology? 
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SUSY07 in Karlsruhe next month
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Introductory lectures

Karlsruhe, July 23-25, 2007
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Fundamental questions of modern physics

Particle physics Cosmology

What is the origin of mass?
Why forces different strength?
Why hydrogen atom neutral?

What is Dark Matter?
What is Dark Energy?
Why no antimatter?
How did galaxies form?

Magic solution: SUPERSYMMETRY
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Motivation of SUSY in  Particle Physics

1.Unification with Gravity
2.Unification of gauge couplings
3.Solution of the hierarchy problem
4.Higgs mechanism by radiative corrections
5.No quadratic divergencies, 

i.e. theory valid to high energies
6.Dark matter in the Universe 
7.Superstrings
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What is SUSY?

Supersymmetry is a Boson-Fermion 
symmetry, which allows to unify all forces
of nature (including gravity).

SUSY can exist in nature ONLY, if there are as many 
bosons as fermions ⇒ Doubling the particle spectrum 
(Waw, Eldorado for experimental particle physicists)

| |      | |Q boson fermion Q fermion boson>= > >= >

 2    3/2   1    1/2   0spin spin spin spin spin→ → → →

{ , } 2 ( )    { , } 2( )

( )  local coordinate transformation. 

ji ijQ Q P P

x

μ μ
α μ ε ε μβ αβδ σ δ δ εσ ε

ε ε

= ⇒ =

=

& & Local translation = 
general relativity !
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We like elegant solutions
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Particle spectrum in SUPERSYMMETRY
Symmetry between

Fermions ↔ Bosons
(Matter particles) (exchange particles)

SUSY masses: 100 - 2000 GeV !

= WIMP

Lightest Supersymmetric Particle (LSP) is stable, heavy and weakly interacting
⇒ excellent Weakly Interacting Massive Particle (WIMP) ⇒ DM candidate!
R-Parity conservation: TWO SUSY particles at each vertex!
LSP mostly photinolike in MSSM ⇒ DM = supersymmetric partner of CMB
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One half is observed! One half is observed! One half is NOT observed! One half is NOT observed! 

SUSY Shadow World
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Grand Unified Theories

Possible evolution of Universe
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Gauge Coupling Unification in SUSY
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Why are gauge couplings running?
Answer: couplings ∝ charges, but bare 

charges shielded by quantum fluctuations

Spation charge distribution of 
electromagnetic charges

(reduced at large distance
because of screening by 

vacuum polarization)

Electric charge
in electron

Colour charge
in protonIn strong interactions: vacuum fluctuations 

from gluons->qq AND gluons->gg
Latter dominates, thus enhancing colour
charge at large distances (antiscreening)

Because of opposite screening effects, opposite 
running of electromagnetic and strong interactions!

At higher energies also SUSY particles in vacuum -> change of running! 

⇒ ⇒

⇒
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Running of Strong Coupling Constant
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Proton decay expected in GUT’s
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R-Parity
Some production diagrams

Proton decay
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Example of  SUSY production and decay chain
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Main SUSY signature: missing energy
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Higgs Mechanism



Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 110

Higgs mechanism in minimal mSUGRA model

Common mass terms at
GUT scales:

m0 for scalars
m1/2 for S=1/2 gauginos

m1,m2 for Higgses

Lightest supersymmetric particle =
Neutralino (very similar to photino,

which is S=1/2 photon)

M2 driven negative by 
loop diagrams, mainly from mtop

It becomes negative at electroweak
Scale for 140<mtop<200 GeV.
BINGO, mtop AFTERWARDS
observed to be 171 ± 3 GeV

So SUSY gives you a relation between Mtop, MGUT and MZ and it works!
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Annihilation cross sections
in m0-m1/2 plane (μ > 0, A0=0)

bb t t

ττ WW

10-24

EGRET
WMAP

Annihilation cross sections can 
be calculated,if masses are 
known (couplings as in SM).
Assume not only gauge coupling
unification at GUT scale, but
also mass unification, i.e. all
spin 0 (spin 1/2) particles have 
masses m0 (m1/2).

For WMAP x-section of 
<σv>≅2.10-26 cm3/s one needs 
for small LSP mass (m1/2 ≈ 175 
GeV) large values of (m0 ≈ 1-2 
Tev) (and large tan β ≈ 50)

mSUGRA: common masses m0 and m1/2 for spin 0 and spin ½ particles
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Gauge unification perfect with SUSY spectrum from EGRET

With SUSY spectrum from EGRET + WMAP data and start values 
of couplings from final LEP data perfect gauge coupling unification!
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SM SUSY

Also b->sγ and g-2 in agreement with SUSY spectrum from EGRET

NO FREE
parameter
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SUSY Mass spectra in mSUGRA
compatible with WMAP AND EGRET

LSP largely Bino ⇒ DM may be 
supersymmetric partner of CMB

Charginos, neutralinos 
and gluinos light
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χ0

χ0

WIMPs elastically scatter off nuclei =>  nuclear recoils
Measure recoil energy spectrum in target 

Direct Detection of WIMPs

Spin independent ∝
Number of nuclei2  
(coherent scattering on all nuclei!)

Spin dependent

Spin dependent and indep.
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Solar neutrinos and direct DM detection

EG
RE

T
SUN

iCECUBE

EGRET?

CDMS

XENON10
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Summary on WIMP searches

Indirect detection: (SPACE EXPERIMENTS)

intriguing hint for signals from DMA for 
60 GeV WIMP from gamma rays

Direct detection: (UNDERGROUND OBSERVATORIES)
expected to observe signal in near future
IF we are not in VOID of clumpy DM halo

Direct production:(ACCELERATORS (LHC 2008-2018)): 
cannot produce WIMPs directly
(too small cross section), BUT IF WIMPs
are Lightest Supersymmetric Particle (LSP) THEN
WIMPs observable in DECAY of SUSY particles

IF EVERY METHOD measures SAME WIMP mass, then PERFECT.
In this case Dark Matter is the supersymmetric partner of the CMB! 
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