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Preliminary lecture programme:

1. The particle universe: introduction, cosmological
parameters 
2. Basic cross sections for neutrinos and gamma-rays; 
IceCube
3. Density of relic particles from the early Universe
4. Dark matter: Direct and indirect detection methods; 
the galactic centre & other promising DM sources
5. Neutrinos and antimatter from dark matter, 
Sommerfeld enhancement. 
6. Particular dark matter candidates (WIMPS, Kaluza-
Klein particles, sterile neutrinos,…) 
7. Supersymmetric dark matter, DarkSUSY.
8. Diffuse extragalactic gamma-rays, Primordial black 
holes, Hawking radiation
9. Gravitational waves



Good particle physics candidates for Cold Dark Matter:

Independent motivation from particle physics; detectable by 
other means than through gravity only

• Axions (introduced to solve strong CP problem)

• Weakly Interacting Massive Particles (WIMPs, 
3 GeV < mX < 50 TeV), thermal relics from Big Bang: 

Supersymmetric neutralino
Axino, gravitino
Kaluza-Klein states
Extended Higgs sector
Heavy neutrino-like particles
Mirror particles
”Little Higgs”
plus hundreds more in literature…

• Non-thermal (maybe superheavy) relics, which may
decay to give lighter DM candidates

• Of course, we may get surprises (see later)…

”The WIMP 
miracle”: For 
typical gauge 
couplings and 
masses of order  
the electroweak
scale, wimph
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The ”WIMP miracle”

J. Feng & al, ILC report 2005

Equilibirium curve
in early universe

Here number
density
becomes too
small to 
maintain
chemical
equilibrium, 
”freeze-out” 

The mass range for SUSY WIMPs is 
roughly 10 GeV to a few TeV



Methods of WIMP Dark Matter detection:

• Discovery at accelerators (Fermilab, LHC, 
ILC…).

• Direct detection of halo particles in 
terrestrial detectors.

• Indirect detection of neutrinos, gamma rays
& other e.m. waves,  antiprotons, 
antideuterons, positrons in ground- or space-
based experiments.

• For a convincing determination of the 
identity of dark matter,  plausibly need
detection by at least two different methods.

Indirect detection
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The Milky Way halo in gamma-rays as measured by 
EGRET (D.Dixon et al, 1997)
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Direct
detection

Annihilation rate 
enhanced for 
clumpy halo; near
galactic centre
and in subhalos

CERN CMS



CERN’s LHC ATLAS detector. LHC has finally turned on (at half
the nominal energy) .



May 2013

LHC  Reveals Dark Matter Particle

The dream we all hope
will come true…



Direct detection
limits, steady
progress – soon
deploy new 
generation of 
detectors

Xenon 10

New CDMS result, 2009

(they observe two
”unexplained” events…)

Caution: Where does DAMA fit in?



Drukier, Freese, Spergel, 1986



DAMA/LIBRA: Annual
modulation of unknown
cause. Consistent with 
dark matter signal 
(but not confirmed by 
any other
experiment).

Claimed significance: 
More than 8 !

What is it? Does not 
fit in in standard 
WIMP scenario…



DAMA results are 
not reproduced by 
any other
experiments

If related to 
dark matter, 
something really
exotic must be 
needed…

C. Savage, P. Gondolo, G. Gelmini and K. Freese, arXiv:0808.3607



CDMS II result, December 2009:
what are these 2 events? 

On the other hand, combining 2007 and 2008 data, 
expect 1.8 background events, see 2 events. Soon
(next month?) Xenon100 will provide more data.



Super-CDMS

XMASS

Future experiments 
- impressive
development over 
the last 10 years
seems to continue.



P. Brink, UCLA DM Symposium, Feb. 2010



L. Baudis, UCLA DM Symposium, Feb. 2010



L. Baudis, UCLA DM Symposium, Feb. 2010



Large European solid 
state DM detector, 
EURECA - also given 
support by ASPERA 
(European Astroparticle
community)



Indirect detection, example: WIMP annihilation in 
the galactic halo

e

Note: equal amounts of 
matter and antimatter in 
annihilations

Decays from neutral pions, 
kaons etc:
DarkSUSY uses PYTHIA.

If Majorana particles: 
helicity factor for fermions
v  mf

2

17
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Investigate the WIMP scenario: Let us invent a dark matter candidate - the 
Saas-Fee particle! (Or Saas-Fino, if SUSY?) It has mass mSF = 100 GeV, and 
the annihilation cross section v = 3  10-26 cm3/s, to get the right relic 
density (measured by WMAP).  The local DM density is                                  
as determined by galactic dynamics.

The annihilation rate is                           cm-3s-1,

and n(r) = r(r)/mSF, thus 

So, in this room (and everywhere else in the solar neighbourhood) there is 
about one such 100 GeV Saas-Fee particle per 2 litres! 

On the other hand the annihilation rate is only (4  10-3 )2  1.5  10-26 = 2.4 
10-31 cm-3s-1.
The volume of this room is around 20  20  10 m3 = 4  109 cm3 , so the rate 
of annihilation here is around 10-21 s-1 or a probability  2  10-15 that it 
happens once during this week.

So, we need a better idea for detection of these annihilations - look out in 
the Galaxy!

Saas-Fee 
Dark Matter,
Contents: 1 
particle.
Warning: May be 
addictive.
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d

l

Suppose each annihilation gives Ng gamma-rays. 
Integrate the annihilation rate along a cone of solid 
angle d. Each volume element along the line of sight 
will contribute Ng  GA  dV/(4pl2) cm-2sr-1. Here dV = 
dl2dl , so the total observed rate in some direction                              
will be
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Now put in numbers for the Milky Way. The gamma-rays rate from annihilations 
in the Milky Way halo, as a function of line-of-sight angle  with respect to the 
Galactic centre is

Here, 

(L.B., P. Ullio & J.H. Buckley, 1998)

Here “standard” values of dg.c. = 8.5 kpc (newer estimate: 8.33 ±0.35, 
Gillessen & al., 2008) and rDM = 0.3 GeV/cm3 (newer estimates: 0.39 ±0.03, 
Catena & Ullio, 2009; 0.43 ±011 ±0.10, Salucci & al. 2010) have been 
inserted.

Note! Gives enhancement if there are clumps of DM in the 
line of sight, or towards the g.c., if spiky.

Typically 10 - 20 for 100 GeV DM
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One major uncertainty for indirect detection, especially of gamma-rays: The 
halo dark matter density distribution at small scales is virtually unknown. 
(Gamma-ray rates towards the Galactic Center may vary by factor of 1000 or 
more.)
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Fits to rotation 
curves

Fits to N-body
simulations
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If one is near the 
centre of a halo 
(as we are in the 
Milky Way) the 
density profile is 
very important. 
Our Saas-Fee 
particle would 
clearly be seen by 
FERMI for Moore 
profile (which 
does not seem 
likely today), 
marginally for 
NFW, and not at 
all for Burkert. 

For distant halos 
(like M31, or 
subhalos in MW) 
the fluxes are 
rather similar.
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If the Saas-Fee particle annihilates into quark or W pairs, then the 
gamma distribution follows a simple, empiric form:

where bgg is typically between 0.1 and a few % (there may also be 
a Zg piece) , and

Slope  E-1.5 at low energies 

Cut-off near mSF

L.B., J. Edsjö & P.Ullio, 2001
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L.B., P.Ullio & J. Buckley 1998;
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New contribution: 
Internal
bremsstrahlung

T. Bringmann, L.B., J. Edsjö, 2007

Indirect detection through g-rays. 
Three types of signal: 
• Continuous from p0, K0, … decays
• Monoenergetic line from quantum 

loop effects, ccgg and Zg

• Internal bremsstrahlung from QED 
process.

Enhanced flux possible thanks to halo 
density profile and substructure (as 
predicted by N-body simulations of 
CDM).
Good spectral signatures!
Unfortunately, large uncertainties in 
the predictions of absolute rates.

Line 
from gg



Via Lactea II simulation (J. Diemand & al, 2008)

If this is right, there should be 

lots of clumps of dark matter in 

the halo of the Milky Way!

Galactic 

center

DM clump

Gal. halo

Diffuse 

extragalactic

Promising directions to search for DM gamma-rays:



P. Scott, J. Conrad, J. Edsjö, 
L.B., C. Farnier, Y. Akrami, 
arXiv:0909.3300, Direct 
Constraints on Minimal 
Supersymmetry from
Fermi-LAT Observations of 
the Dwarf Galaxy Segue 1

Too early to draw any strong conclusions…

Posterior
mean

Best-fit
point

Without Fermi data With 9 months of Fermi data
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Fermi 
Collaboration, 
2010

Red points 
have 
correct 
relic 
density



W. Hofmann
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Present bounds from VERITAS (R.A. Ong, 
M. Wood & al, 2009)

The future? Possible Cherenkov 
Telescope Array (CTA) in Europe
(Also AGIS in the US)

Present bounds (Canis Major) from HESS 
(F. Aharonian & al., 2008)
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Fermi diffuse 
exatragalactic
data, 2010

EGRET “GeV
excess” 
seems now 
gone
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Diffuse Galactic, 
FERMI, 2009
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Galactic Center, HESS data (F.Aharonian & al., 2006)

Dark matter fit seems to have wrong shape. Also, the source 
is consistent with being point-like, not expected from DM.



Slide from D. Hooper, UCLA DM Symposium Feb. 2010:

The Fermi Collaboration do not agree that this is a detected signal from 
dark matter. Backgrounds are not properly treated? Stay tuned…

L. Goodenough and 
D. Hooper, 2009
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Fermi Collaboration, T. Ylinen & al. 2010

Fermi line search, 11 months of data



Fermi data on line

search, 2010

USA-France-Italy-Sweden-Japan –
Germany collaboration, launched June 
2008

Fermi can search for dark matter signals in 
gamma-rays up to 300 GeV – no unambiguous
signal found so far (but still not probing much of 
SUSY parameter space, for example).

Gamma-rays:
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Fermi/GLAST working group on Dark Matter and New Physics,  E.A. Baltz & al., JCAP, 
2008.

Gamma-rays, 3 exclusion limit, 1 year of Fermi data, pre-launch
predictions

”Conservative” approach, g.c.,

NFW halo profile assumed, no 
substructure.

Will not be probed by Fermi, 
but by next generation of 
(ground-based) gamma-ray
instruments, like CTA or AGIS

Including all halo, with 
substructure

Theory predictions with DarkSUSY

FERMI


