Dark Matter: what is it?

We don't know it,
because we don't see itl
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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 History of the Universe
| and its energy

Cosmology

95% of energy
in universe of
unknown nature

Astroparticle physics
Astronomy

Particle physics

Big Bang —
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Universe is a very active place

During this lecture:

103 stars are created (in 10!! galaxies)
The sun loses by radiation 10'° tons of its weight

The sun radiates 10>* KWh

The earth receives 104 kWh

This is the equivalent of 10'* Euros
The energy prices are clearly too high
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Doppler shifts give
galaxy velocities

Our galaxy 1s here
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The Universe Is

EXPANDING

(discovered already by Hubble some 80 years agol)
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View from galaxy A

&)
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Hubble’s law 1n “comoving coordinates™

Hubble's law:

D=St)d (1)
].)iffe.rentiate:>
D=S(t)d (2)

Oder

D V= S(t)/S(t) D
or v= HD.
with H = S(t)/S(t)

D=S(t)d

S(t) = time dependent scale factor

Real coordinates from time-independent comoving
coordinates by multiplication by S(t)

Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 9



Hubble diagram from SN Ia data

Limiverse accelerating now
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B Evolution of the universe

Early Universe
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B0 T
: LN a9
[ e ; d
g { 3= T
2l g '} 2 W /

\
tiny fraction =
of a second
The Cosmic screen /0
80,000

years

Present Universe
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Light from early universe visible
as cosmic microwave background (CMB)

Big Bang

Sl i lpgfleefe

Radiation = Matte
Energy

|| (MB 4

‘-J., 000¥™ ) st Scattering 2974
B 10 yrs Reionization Al

=

We can only see
the surface of the
PRESENT cloud where light
13.7 Billion Years was last scattered
after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter” is analogous to the

CMB perfect for tracing flatness of universe
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Observing the
Microwave Background

o .a’rher' and Smoo’rl
Nobel pr'lze 2006

WMAP satelhte

........
g

(2003)
B 2003:WMAP: universe is flat,
S which implies an energy density

% pcr‘iﬂcaI:2° 10-?? 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

N_\;gn O

scheinbare

Sternbilder

Earth

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 : 0=0.87 Grad
According to Einstein: 0= 2 x 0.87 Grad

because of additional time dilatation by gravity

Light on straight lines, if average energy zero or universe "FLAT"
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E.,~=0 =>H>=8aGp_ /3
Peri—3H*/8n1G=2.10-*° g/cm’

Qp < 1

flat univ.

Qo =1 u_

Compare with rocket
closed univ. ° with U<T, U=T und U>T

by measuring angular size of
acoustic horizon at decoupling
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Define: o=Ap/p

From Newton's F=ma:
0 + (pressure-gravity) 6=0

Solution:
pressure small: 6=aebt, i.e. exponential growth o

(->gravitational collapse)
pressure large: 6=ae't, i.e. oscillation of 5 (acoustic waves)

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

P(K)ock™ , n=powerindex

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

So not all wavelengths have same amplitude,
but some wavelengths have more "power”
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Cannot follow waves 1n
time.

Instead use the wave’s
. =
spatial appearance 1 10 100 1000

Evaluate spatial power
spectrum, of waves on
the sphere.

- —
1 10 100 1000

“frequency” is spherical

>
1 10 100 10001
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The Observed Sound Spectrum
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Sound as Diagnostic

Quality of sound reveals the nature of an object

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

See homepage: Mark Whittle
University of Virginia

Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 19



Microwave Background Fower Spectrum
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7.2

Relatwe Ampitiude
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Microwave Background FPower Spectrum

Atomic content of the
Universe
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Could one really have heard the early universe?

What frequencies can we hear ?

20 — 20,000 waves per second (Hertz)
\_Y_} \ J

Y
v.deep v. high

What’s the Cosmic pitch 77
1 wave every 20,000 — 200,000 yrs !!

Too deep to hear, by about 50 octaves!
©Mark Whittle
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Why is the primordial sound so deep?

Because the Universe 1s so: BIG
Cathedral Organ

Universe

Pan Pipes

©Mark Whittle
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Acoustic peaks from WMAP
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Density fluctuations (DF) develop as acoustic waves: contraction by gravity counter-
acted by pressure. They grew coherently and can be observed under angles below |~
as temperature fluctuations in the CMB -> opening angle and peaks sensitive to all
parameters, like flatness (!, ., expansion rate (] , {},...
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Position of first acoustic peak determines
curvature of universe

.F

a If universe is closed, b If universe is flat, ¢ If universe is open,
“hot spots” appear “hot spots” appear “hot spots” appear
larger than actual size actual size smaller than actual size
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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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How does this compare with the visible matter?
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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?

28



Power spectrum at small scales
sensitive for neutrino masses!
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Neutrino mass < (0.23 eV (all v’s same mass, 95% C.L.)
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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

Q= p/p i 1.0£0.04 § Q= pri/Peric | 2com™ Pepm! Perit

O=Q, + Qpy + =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)

Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 31



Repulsive Gravity if energy density is constant
as expected for vacuum energy

A simple example:

1. R2_ GmM
E-t._j.t — EIIIR i

Differentiate with respect to t and use Em,- = (J,
M = 27R3p:

4G

RR —

20RR + R*| =0

Two solutions for acceleration R.:
R = = :_;LTI;JR, if P = (RH hot universe

B " reheanng
R= _'Q.TLTIJR~ it p = const.
Solution 2 =|INFLATION |, since R = ce ™"/~

with 7 = /3/87 Gp = 107" 5 at GUT ener-
gies =

Radius of Universe doubles every

rln2 =3 .107%7 s after phase transition!

inflation
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Energy density components in expanding universe

Energy

density \

pa‘rom:O'O4
Pmatter<R™ =0.27 pcr'i'r<

Pwmp=0.23

. g

pp =const. =0.73p .
or ﬂ/\ = pvacuum/ Pcrit =0.73

Time
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Vacuumfluctuations

e Ry, observed in
Y 1)Lamb shift
. 2)Casimir effect

3)Running coupling
constants
g 4)Repulsive gravity

Calculation of vacuum energy
10115 GeV/cm3 in Standard Model
10°° GeV/cm3 in Supersymmetry

Measured vacuum energy: 10-5 GeV/cm3

Why Is vacuum so empty?
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First evidence for vacuum energy in universe:
ACCELERATION of universe

Expansion velocity=slope
Acceleration=derivative of slope

Supernovas
dimmed DY

rarthest
supernova

Expansion of universe

Big 10 billion
Bang years a2g0

Time
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Expansion History of the Universe
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SN1a as tracer of the Universe

Ferlmmier, ef ml (1998

>
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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) =Jv(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 SN1la 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)

Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 38



Combine CMB with SNIa data

MO Big Bang _SNe la (LBL)

HI-Z SN Team SNIa sensitive to
accelleration, i.e.
acc=C2, - (QgyT Qo) 0
Q, =acc + (Qsy+ Qpp)

CMB Peak Position CMB sensitive to
Expand Forever overall density, i.e.

Recollapse
Q, =1 - (Qsp + Qpm)

im de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 39



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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What is known about Dark Matter?

From CMB + SN1a + surveys

- 95% of the energy of the Universe is oa";ggefgy
non-baryonic -
23% in the form of Cold Dark Matter Bo ¢ o
[Matt=" >
- Dark Matter enhanced in Galaxies and Clusters If it is not dark

of Galaxies but DM widely distributed in halo-> It does not matter

DM must consist of weakly interacting and
massive particles -> WIMP's

*  Annihilation with <ov>=2.10-2¢ cm3/s, Xad 7
if thermal relic e @

DM halo profile of galaxy
cluster from weak lensing
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Do we have Dark Matter in our Galaxy?
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DM density in our Galaxy

Dark, since we do not see it
Non-baryonic, else it would interact and cluster like the visible matter

Need: WIMPS (Weakly Interacting Massive Farticles}l
|Candidate: Neutralinos predicted by Supersymmetryl

Local Density: on average 1 neutralino/ coffee cup (may be clustering)

2

mv2 /r = GmM/r? v

P=

it .2 ¢
3 ! On
M ilky Way Y 3
A M=4i'tr3p /3 P=2.10 g/cm X
IR O =100GeV/100 cm

~10°

Iju‘::rit
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Expansion rate of universe determines

WIMP annihilation cross section

Thermal equilibrium abundance T>>M: f"'f_'_’M"'N\_i M+M->F+f
. T<M: M+M->Ff+f
Actual abundance

T=M/22: M decoupled, stable density

: S (wenn Annihilationrate = Expansions-

i 1 rate, i.e. I'=<ovony(xs) = H(x) D)
10 fO) &

10+ & 3

m-*::‘g lncraﬂ.sing LoV : WMAP -> Qh2=0.113i0.009 ->
oS ' 1 <ov>=2.10-26 cm3/s
lﬂ"'_m R e e e e —— :!

o :g \l( : [l DM increases in Galaxies:

. rg-, M 1 [l =<1 WIMP/coffee cup =10° <p>.

p S : ¢ 1l DMA (xcp?) restarts again..

I ;

::::so T=M/22 1 Annihilation into lighter particles, like
,Q_..E) \ 7 quarks and leptons -> ny's -> Gammas!

st i 41 x=m,-|-w"“““ Only assumption in this analysis:
WIMP = THERMAL RELIC!

Jungmann,Kamionkowski, Griest, PR 1995
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B Observations of the universe
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7.2

Relatitve Amplitude
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A “broad” note sounds quite different from a pure tone
The difference seems greatest for the lowest note.
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Density fluctuations
grow as t¥3so oc S(t),
see Coles+Lucchin,
Cos gy, Origin a
ok"of Cosm. Struc

|

- Matter
Rad1?1t10n dominated
dominated

Post-
recombination

\g Baryons collapse into
< potential wells of DM
>
time
50000 yr 380000 yr
7z =3300 z=1111
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Position of first acoustic peak

Si)ace-time

——=====-="X Inflation

U | sreptepteante Decoupling:
T=3000 K
t=3.810°y

\ Observed now:
s T=2.7TK
t=13.810°y

First acoustic peak=
fundamental mode seen

at 19, second harmonic
at 0.5° third at 0.259,.. Remind: ¢ ? = dp/dp = ¢?/3, da p=1/3 pc?
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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
¢, * trec

Observation now (t,=13.8 10° yr) under

angle 0 = ¢, * t. . * (1tz) / c*t, 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 10° yr and acoustic speed
cs=c/\/3 for a relativ. plasma:

0=10.0175 =1° (plus (small) ART correct.)



Combine CMB with SNIa data

MO Big Bang _SNe la (LBL)

HI-Z SN Team SNIa sensitive to
acceleration, i.e.
acc=C2, - (QgyT Qo) 0
Q, =acc + (Qsy+ Qpp)

CMB Peak Position CMB sensitive to
Expand Forever overall density, i.e.

Recollapse
Q, =1 - (Qsp + Qpm)
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Target Uncertainty
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SN la & Q,=1 & w=-1:
Q =0.28£0.05

Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 50



Conclusion sofar

IF DM particles are thermal relics from early universe

they can annihilate with cross section as large as
<ov>=2.10-26 cm3/s

which implies an enormous rate of gamma rays

from m, decays (produced in quark fragmentation)

(Galaxy=10%0 higher rate than any accelerator)

Expect large fraction of energetic Galactic gamma rays
to come from DMA in this case.
Remaining ones from pcp+Pgas=-> Mo+X , mg->2y
(+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)
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LEP collider:
e+e- annihilation

In CM: Eq=Ee
monoenergetic quarks
from monoenergetic leptons

Quarks fragment into jets,
mostly light mesons:w+,w-,n0
n0 decays 100% into 2 photons
So as many photons as charged particles
from annihilation
On averaged: 37 photons pro annihilation
info quarks at LEP
Spectral shape VERY WELL MEASURED
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Example of DM annihilation (SUSY)

tan S-m g m 2

Ty =TT —_ g [ X AT . -

oc T X — e (ﬂu) NiN3g o~ m:-mlﬁ"i;ﬂ,
1‘]’]‘_2-

LTS v my
! tan 'Lj ’ m'fd — tan /3

x l+|:m_(._'.,.f'm-,~]|2—{mn-l.-'fn_l;l'—’

) i
L?n}t!'.'-. ﬂ’?.u-':l And {'nt‘x,:: ?Tl.zjl

Dominant Quark fragmentation known!

x + x = A = b bbar quark pair Hence spectra of positrons,
Sum of diagrams should yield gammas and antiprotons known!
<ov>=2.10-26 cm3/s to get Relative amount of y,p,e+ known

correct relic density as well.
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The dark connection between Canis Major, Monoceros Stream, [fwso
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

Rotation curve

Tidal streams

I Gas flaring

Astrophysics Baaslils
Gamma rays
I 237%DM, thermal
history of WIMPs
(@B LT M Annihilation cross section

Tidal disruption of dwarf

Particle Physics ?:F g\g :ag,\:';ecm

Wim de Boer, Karlsruhe 3rd Joint ILIAS-CERN-DESY Axion-WIMPs-workshop,Patras,June 2007 54



From rotation curve:

Forces: mv2/r=6mM/r?
or M/r=const.for v=cons.
and

poc(M/ l")/ 2

pocl/r2

for flat rotation curve

Expect highest DM density
IN CENTRE OF GALAXY

IF FLUX AND SHAPE MEASURED IN
Divergent for r=0? ONE DIRECTION, THEN FLUX AND
NFW profilex1/r SHAPE FIXED IN ALL (=180) SKY
Isotherm profile const.

THIS IS AN INCREDIBLE CONSTRAINT, LIKE SAYING I VERIFY
THE EXCESS AND WIMP MASS WITH 180 INDEPENDENT MEAS.
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EGRET on CGRO (Compton Gamma Ray Observ.)
Data publicly available from NASA archive

Energetic Gamma Ray Experiment Instrumental parameters:
_ Telescope (EGRET)

Energy range: 0.02-30 GeV
Energy resolution: ~20%
Effective area: 1500 cm?
Angular resol.: <0.5°

Data taking: 1991-1994

Main results:

Catalogue of point sources

Excess in diffuse gamma rays

EGRET OBSERVATIONS OF THE DIFFUSE GAMMA-RAY EMISSION FROM THE
GALACTIC PLANE

S. D. HunTER,'! D. L. BErTsCcH,' J. R. CaTELLL, "> T. M. DamE.” S. W. Diger,* B. L. DinGgus, 7
J. A. Esposito.''” C. E. FicaTeL.,'! R. C. HaArTMAN,'! G. KAanNBACH.” D. A. KrNrrren,” Y. C. Limn,®
H. A. MAYER-HASSELWANDER.,” P. F. MicHELsoON,® C. voN MonNTIGNY,""? R. MUKHERJEE, ' "7

P. L. NorLan.® E. ScHNEID,'” P. SREEKUMAR.""® P. THADDEUS,” AND D. J. THOMPsSON'
Received 1995 June 13 accepted 1996 December 5

However, above about 1 GeV the integral intensity predicted by the model is about 60% less than the
observed intensity. Although the explanation of this excess is unclear, uncertainties in the neutral pion
nroduction function or variations in the cosmic-ray spectrum with Galactic radius may partially account
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Two results from EGRET paper

Galactic Radius [kpc]
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Horth Galactic

Fol=

|I !
- .
ICelestrizal

body

Sagittariu=s

(1,b)=(0,0)=6Galactic Centre
(I,b)=(0,90)=North Galactic Pole
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Background + signal describe EGRET datal

Dark Matter

Fion decay
Inverse Compton
Bremsstrahlung
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o
=
O
=
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=
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41 ]
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= 1"||:|] 'r
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background
Bl signal
L% bg uncertainty
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Blue: background uncertainty
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Inverse Compton
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Blue: WIMP mass uncertainty
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What about background shape?

—
o

BESS00
GalProp (IS)
GalProp (SM)
$ = 550 MeV

HEATS4
CAPRICE®S4
Kobayashi99
AMSO1
GalProp (IS)
GalProp (SM)

® = 600 MeV
Quarks

from
WIMPS

—_
O

pflu:u("‘E2 [cm'2'GeV'1 s'1sr'1]

Quqi"ks
Electrons | in protons

10 & ] 1

Background from nuclear interactions (mainly p+p-> % + X -> y + X
inverse Compton scattering (e-+ vy -> e- + y)
Bremsstrahlung (e- + N -> e- + y + N)

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

2370
o)

0]
2130

11 f+f' -> f+f' (QCD)
12 f+fbar -> f'+fbar'
13 f+fbar -> g + g

28 f-l-g ->f + g

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 o)
Prompt photon production:
14 f+fbar -> g+y

18 f+fbar -> y +y

29 f+g -> f +y

115g+g -> g + v

114 g+g ->y +y

OO0 OO
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— all processes
different p momenta
— diffractive processes
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Energy loss times of electrons and nuclei

t1 = 1/E dE/dt

ID'I?

ol

IC, Synchrotron 010

109

Time scales, year

108
ELECTRONS

1 1 1 1 1 'IEI'?"" R 1 1 1 1
101 10° 10° 104 10° 101 102 103 104 107

Kinetic energy, MeV [ipetic €nersy per nucleon, MeV
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.
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Astrophysics solution: Optimize e,p spectra to fit gammas
"Optimized Model” from Strong et al. astro-ph/0406254

* 2 2 S
. E [cm~GeVs 'sr ]

0
— —
Qo o

0.3

0.2

0.1

0

P o o o

w

Electrons

AV}

I IIIIIII| I IIIIIII| I Fklllll| T TTIT

LLiaa

R

1 10 10° 10°
E [GeV]

ANy

-2 -1 2 3
10 ~ 10 1 10 10~ 10
E [GeV]

"*..1'I T

¢p*E2 [f:,m'z(.%f-:t\.»’1 s'1sr'1]

10" 1 10 10° 10°
E [GeV]
Proton and electron spectra
tuned to fit gamma ray data.
B/C need different tuning....

w

Still no good description of gamma
rays.
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From original paper on Optimized Model
Strong et al. astro-ph/0406254

150 - 205 Me'v
Blcbe D5, Gl

150 MeV

ity, em st s
-3 o

em” sr' 8!
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¥

intensit
intensit

L 0 ] e ————— ——— — — — — ——— —— __n_n_n_n_n_n. T T 11— 111}
P e s R ] in U o i 58 e W W F 36 B B NS Na S BE R W

Galactic longitude Galactic longitude
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-
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1
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=
b N
TTT[TT T[T

intensity, em’_sr”
s

|ntgn5|t

T E R E EEE LR E ]

Galactic longitude Galactic longitude Ion - iTud?hcﬁn longitude

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.
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Analysis of EGRET Data in 6 sky directions

Crark Mattsr = EGRET

Pian decay backgrownd

Inverse Compton I signsd

Eremsstrahlung E’d axtragalactic

. :-' 3.5/8
A: inner Galaxy :° (bg ony}: 178.87

1 K background
1 == |t:-g<:-nh.l| 1-1.7-"::-? Il signal
R extragalactc

C: outer Galaxy

E background
o ..' |I:rg{-nhl| 1506'7-" Il signal
] extragealactic
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B: outer disc
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: inner Galaxy (I1=£30°, |b|<5°) | D: low latitude (10-209
Galactic plane avoiding A intermediate lat. (20-60°)
Outer Galaxy Galactic poles (60-90°)
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Fits for 180 instead of 6 regions

180 regions:

e lang -180° .. 172 background I 80 in longitude = 45 bins

T lat 0 ..5% comninen gignal 4 bins in latitude = 0°<|b|<5°

- _  bges 59« |b| <100
£ 4 = EGRET by -EI'!.',I 109¢ || <200

} — E.‘-,:gcd bq 200< lbl <9OO _
] 4x45=180 bins =

x >1400 data points.

= Reduced y2~1 with 7% errors
0 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
................. e s, mass qlong orbit by tidal forces

E [Gel]] OTHER RING coincides with H, ring
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Background scaling factors agree with
expectations of gas- and CR densities

-1
0.9
0.8

i L. N 0.7
IO-6
| i | | | i | | | i | | i | | | i | | | 1 i 1 | 1 1 i 1 0.5

-150 -100 -50 0 50 100 150
long

bg scaling factor

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

Expected Observed w 1+ CO — total — dm

Profile Profile £ * Hi luminous disk halo
HI, HIl == bulge = inner ring

outer ring

Rotation Curve
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Do other galaxies have bumps in rotation curves?

Rotation Curves of Galaxies

A et
Ii.ll ; £ N

100 m"“’
.-f:f”
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The local group of galaxies
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The Milky Way and its 13 satellite galaxies
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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

i Newherg et el (2003) = Focha—Pinto =t =
A Thata et al. (2003) + Crene et &l (2003)

Observed stars

~— Canis Major':

- prograde | retrograde

-20 0
Alkpc
A comprehensive model for the Monoceros tidal stream

J. Penarrubia!, D. Martinez-Delgado!, H.W. Rix!, M.A Gémez-Flechoso?®, J. Munn®, H.
Newberg?, E.F. Bell', B. Yanny®, D. Zucker!, E. K. Grebel®
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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
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Gas flaring in the Milky Way

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

no ring

%)
o
=
=
=
I
o
§=
L]
s

with ring

Gas flaring needs EGRET ring with mass of 2.1010M.!
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Inner Ring coincides with ring of dust and H, ->
gravitational potential welll

raodel 04-0006 15

z = 0.0 kpe |

g
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4 kpc coincides with ring of
neutral hydrogen molecules!
H+H->H, in presence of dust->
grav. potential well at 4-5 kpc.

Enhancement of inner (outer) ring
over 1/r? profile 6 (8).
Mass in rings 0.3 (3)% of total DM
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Background + signal describe EGRET datal

Dark Matter

Fion decay
Inverse Compton
Bremsstrahlung
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Excess of Diffuse Gamma Rays has same spectrum in all
directions compatible with WIMP mass of 50-100 GeV

Egret Excess above
— extrapolated background —
from data below 0.5 GeV

A « EGRET
1 8957 [ background
¥ (bgonly): 111.3/8 NN signal

—
=]

e 5"5r"]

(flux-bg) [GeV o 5'15r'1]
flux [GeV ¢

r?i

Statistical
errors only
1

E [GeV]
Excess same shape in all regions
implying same source everywhere

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.
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From David Law, Caltech
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EGRET excess (arb. units)
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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? 4. pm annihilation
- Astronomers:

Whﬁ a change of slope in the galactic rotation curve
at R, # 11 kpc? A: DM substructure

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 guar‘k pairs

How is Cold Dark Matter distributed?4: sfandard profile
substructure

+

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

A: Cross sections perfectly consistent with mSUGRA
for light gauginos, heavy squarks/sleptons
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Do antiproton data exclude interpretation of EGRET data?
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!)
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One propagation model of our Galaxy

GALAXY IS BI6 STORAGE TANK FOR ANTIPROTONS IN DARKSUSY and GALPROP
Primary particles by supernovae explosions, pulsars, ...
Secondary particles nuclear interactions.

Diffusion parameters determined from sec./prim. ratios, e.g. B/C ratio

Halo size determined from radioactive isotopes, e.g 0 Re ;’gBr: ratio
(7(1°Be) = 1.6 - 10° yr)
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Another propagation model including static magnetic
fields and gas clouds and anisotropic diffusion

CONFINEMENT AND ISOTROPIZATION OF GALACTIC COSMIC RAYS BY MOLECULAR-CLOUD
MAGNETIC MIRRORS WHEN TURBULENT SCATTERING IS WEAK
BEnTamMiN D. G, CHANDRAN

Department of Physics and Astronomy, University of lowa, 203 Van Allen Hall, lowa City, LA 52242 ; benjamin-chandran{@ niowa.edun
Received 1998 June 25 ; accepted 1999 August 6

it is shown that Galactic -
cosmic rays can be clond complesces
effectively confined through
magnetic reflection by A TN

molecular clouds, trapped

COSMIC 1Ay

Integral excess of positrons in bulge because positrons
are trapped in magnetic mirrors between gas clouds
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Preliminary results from GALPROP
with isotropic and anisotropic propagation

Antiprotons B/C ratio
ISOTROPIC AND ANISOTROPIC PROPAGATION \ ‘ ISOTROPIC AND ANISOTROPIC PROPAGATION

Antiprotons %-fraclion

I |SOTROPIC Propagation S 'SOTROPIC Propagation

ANISOTROPIC Propagation

ANISOTROPIC Propagation

2gris1GeV

F(E), m

| | I\II\II‘ 0'051__ 1 \IIIIH| | IIIHII| | \I\IIII| | IIIIIII‘ | I\IIIII| L LI |

102 10° 10° 102 10" 1 10 102 10°
E/nucleon, GeV energy/nucleon, GeV

Summary: with anisotropic propagation you can send charged particles
whereever you want and still be consistent with B/C and 1°Be/°Be
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Summary

>>100 EGRET excess shows intriguing hint that:

WIMP is thermal relic with expected annihilation into quark pairs

DM becomes visible by gamma rays from fragmentation
(30-40 gamma rays of few GeV pro annihilation from =, 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.

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 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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Introductory lectures

Basics of Supersymmetry - 0.1 Kazakov (Dubna)

Basics of Higgs Physics - 5. Heinemeyer (Santander)

Basics of Physics at the LHC - H.A. Baer [Tallahassee)

Basics of Direct Dark Matter Searches - 1 Jochum [Tubingen)
Basics of Indirect Dark Matter Searches - . de Boer (Karisruhe)
Basics of Cosmology - £ W. Kolb (Fermilab)

From Symmetry to Supersymmetry - 7 Wess ‘Munich)

The Universe is a Strange Flace - £ Wilczex (MIT)

Karlsruhe, July 23-25, 2007
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Program for SUSY2007, Karlsruhe, July 26 - August 1, 2007.

Thursday, 26.7.2007

0:00-9:15

0:15-10:00

Welcome

Supersymmetry, from its Beginning to its
Deformation

Detlef Loehe (Prorector Univ. Karl-

srithe

Julius Wess (MPI, Munich)

10:00-10:30

break

10:30-11:15
11:15-12:00

Status of Cosmology
Anticipating a New Golden Age

Edward Kolb (Univ. of Chicago)

Frank Wilezek (MIT)

Friday, 27.7.2007

0:00-9:30
0:30-10:00
10:00-10:30

Status of the LHC
SUSY at the LHC (Theory)
Higgs at the LHC (Theory)

Lyn Evans, CERN
Bhaskar Dutta, Texas A&M Univ.
Abdelhak Djonadi, Univ. Paris-sud

10:30-11:00

break

11:00-11:30
11:30-12:00
12:00-12:30

SUSY at the LHC (Experimental)
Higgs at the LHC (Experimental)
SM Backgrounds to SUSY Searches

Maria Spiropulu (CERN)
Karl Jakobs (Fretburg Univ.)

Michelangelo Mangano (CERN)
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Tuesday, 31.7.2007

G:00-9:30
0:30-10:00
10:00-10:30

Strings and Particle Physics
Strings and Cosmology
Colliders and Cosmology

Hans-Peter Nilles (Bonn Univ. )
Andrei Linde (Stanford Univ. )
Keith Olive (Univ, of Min-
nesota

10:30-11:00

hreak

11:00-11:30

11:30-12:00

12:00-12:30

Inflation and Unification
Present and Future of Neutrino Masses
SUSY and Seesaw

Wednesday, 1.8.2007

Qaisar Shafi (Bartol Research
[nst.
Guido
srihe)

Drexlin  (KIT, Karl-
Antonio Masiero (Univ.  of

Padua)

G:00-9:30

0:30-10:00
10:00-10:30

DM Candidates

Direct DM Searches
[ndirect DM Searches

Frank Daniel Stetfen (MPI Mu-
nich|

Laura Bandis (RWTH Aachen)
Dan Hooper (Fermilab)

10:30-11:00

hreak

11:00-11:45
11:45-13:00

Fxctra Dimensions

Outlook

Lisa Randall (Harvard Univ.)
John Ellis (CERN)
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Particle physics

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

Mystesry

Fundamental questions of modern physics ‘

Cosmology

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 >

spin2 — spin3/2 — spin1 — spin 1/2 — spin 0

{Q;,@;} =26"(c") 4P, = {6, 5.} =2(¢0"€)P, M Local translation =
& =&(X) local coordinate transformation. general relativity !
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“Whatever happened to elegant solutions?”
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Particle spectrum in SUPERSYMMETRY

Symmetry between

Fermions <& Bosons
(Matter particles) (exchange particles)

Standardparticle Superpartner

Leptons (e, v,, ...) Sleptons (e, ¥,
Quarks (u, d, . ) Squarks (U, d4°

&luons Gluino=
Wt Wino
AL Zino
Photon (v) Photine () = WIMP

Higgs Higgsino 1/2

Graviton Eravitino 3/2

SUSY masses: 100 - 2000 GeV !

Lightest Supersymmetric Particle (LSP) is stable, heavy and weakly interacting
= excellent Weakly Interacting Massive Particle (WIMP) = DM candidatel!
R-Parity conservation: TWO SUSY particles at each vertex!

LSP mostly photinolike in MSSM = DM = supersymmetric partner of CMB
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SUSY Shadow World

49

One half 1s observed! One half 1s NOT observed!

- Supew, mrnetric

L "shadow" particl j
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Grand Unified Theories

The smallest symmetry group: SU(5) O (SU(3)¢ @ SU(2), @ U(1))

f TP, W

Quarks and Leptons in 5- and 10-plets:

0 +uf —u®

—uf 0+ t.rg
— ug ()

+u, Fuy

+ {f-?. -|-{Trb
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Gauge Coupling Unification in SUSY

1
_._._,.-"'

/o
.
s
.fj;./
/
vd

'\\

-

0

L

=

5

10

15

10, .
log Q

U. Amaldi, W. de Boer, H. Flrstenau, PL B260(1991)
a1, (v, vy coupling constants of electromagnetic —, weak—, and strong interactions

1/cy o log Q2 due to radiative corrections (LO)
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Why are gauge couplings running?

Answer: couplings « charges, but bare

charges shielded by quantum fluctuations REEUlE Chaf‘ge
in elec‘rron

S & Spation charge distribution of
W, o, W . electromagnetic charges
S O s (reduced at large distance .
O O because of screening by

Vacuum Polarization vacuum Po |GI"IZGTIOH)

Colour char'ge

In strong interactions: vacuum fluctuations in P"°*°"
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

AMY
JADE
MARKII
TAS50
VENUS

3-jet fraction / %

LEP

— QCD, tr (my;)=0.118

3-jet fraction o< ay

5.4 _I_II; 111 E 80 100 120_{_5;460&?159

From: T. Hebbe ker, Phys. Rep. 217(1992)
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X,Y bosons with charge £4/3 and 41 /3 can induce transitions
between quarks and leptons, thus leading to B- and L-violation!

e’ Ve

Experimental limit:

™ > 5.5-10%2 yrs =

‘Fulﬁlled by MSSM, NOT SM! I
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R-Parity

© Some production diagrams
@”'\ ®_’.\ : e
® ®

|ALLOWED— B,L Violati0n| |FOFIBIDDEN: ang. mom.|

|So|uti0n: R-Parity Conservation! (multipl. quantum nr.)|

_ {_1\3B+L+25 _ [ +1 for SM particles
R.H =(=1) _ { —1 for SUSY particles

\

| Experimental consequences of
< LSPis stable and weakly interacting | R-Parity:

Pair Production!
IZ SIGNATURES!

Proton decay

|
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Example of SUSY production and decay chain

Gluino/squark production event topology
allowing sparticle mass reconstruction

3 isolated leptons
+ 2 b-jets
+ 4 jets

+ E{I"IISS

Such cascade decays allow to reconstruct
sleptons, neutralinos, squarks, gluinos...
in favorable cases with %level mass
resolutions
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Main SUSY signature: missing energy

Inclusive £7¢ " + Ei”“';'S final states

maLGRA paramelers
m,= 200 Gev, m,, = 150 GeV,
tgB=2 A =0, p<0

E“;‘“ ~ 10C GeV

£
Py

SUSY + SM Ly =103 pb?

||I| | 'Z}HEG{]\M‘I
|| |||||:lI [

Events / 2GeV

-
=
=
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Higgs Mechanism

Potential for complex Higgs field ® (“borrowed” from superconductivity, (Ginzburg,
Landau)): V(®) = f;;E(I)'i'(I) 41 /“\f‘I’T (I)}Q

Groundstate has |®| = \/—,11.2/(2,\) £ 0for 2 <0

Particles interact with non-zero vacuum expectation value of Higgs field (v.e.v):
heavy mass means large (Yukawa) coupling constant between Higgs field and particle
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masses [Ge
no B
o o
o o

1000 |

800 |-

600

400 -~

200 -

Higgs mechanism in minimal mSUGRA model

Common mass terms at

; My o 7Y GUT scales:
et o m, for scalars
b7 7 i m,,, for S=1/2 gauginos
R m,,m, for Higgses
bl J[r ‘ R _
w | Lightest supersymmetric particle =
BN | 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.

1125

0 25 5 7.5 10125 15 17.5 20 BINGO, mtop AFTERWARDS
log,,(Q/GeV) 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 ki

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 e o
spin O (spin 1/2) particles have -
masses mO (m1/2).

')
| =

[ ) ro
| |-HH|||- H_I\I\Hl_ ﬁ!ll”l‘- ’F’F_IHIH_

For WMAP x-section of
<ov>=2.10-26 cm3/s one needs
for small LSP mass (m1/2 = 175 4
GeV) large values of (mO = 1-2 i < 2

400 400
600 600
m,, [(}evj 800 m, [Gey 8

Tev) (and large tan p = 50) M L v S

mSUGRA: common masses mO and m1/2 for spin O and spin 3 particles
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Gauge unification perfect with SUSY spectrum from EGRET

NO FREE
parameter

Fiirstenau, PLB 260 1991

m\
O
o
]
£
<
£
o
S
Y=
Q
-
(®]
©
[«
>

10 15 10 15
log, ,(Q/GeV) log,,(Q/GeV)
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SUSY Mass spectira in mSUGRA
compatible with WMAP AND EGRET

~

w
o
o

<

~

[\")
)
o

Mass [GeV]
B2 W2 N2 =2

<

mass

800F

600F

— 0 400

200

ino iggsino (u 0
- = 0 2 4 6 8 10 12 14 16 18
wino iggsino (d)

02 04 06 08 12 l0g,,(Q/GeV)

fraction

LSP largely Bino = DM may be Charginos, neutralinos
supersymmetric partner of CMB and gluinos light
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Direct Detection of WIMPs

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

Spin independent o«

Number of nuclei?
(coherent scattering on all nucleil)

Spin dependent
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Solar neutrinos and direct DM detection
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Summary on WIMP searches

Indirect detection: (SPACE EXPERIMENTYS)

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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