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In the era of precision cosmology 
Testing a minimal recipe (a given set of constituents for 
the Universe and GR as the theory of gravitation) against 
a rich sample of cosmological (large scale) observables: 
CMB temperature fluctuations, galaxy distributions, 
lensing shears, peculiar velocities, the gas distribution in
the intergalactic medium, SNIa as standard candles, ... 

All point to a single “concordance” model:

ΩΩ    ~ 1Tot ΩΩ    ~ 0.24M ΩΩ     ~ 0.76DE ...

ΩΩ      ~ 0.20DM ΩΩ   ~ 0.04b

{



Overwhelming evidence for DM as building 
block of all structures in the Universe: 

down to 
galactic dynamics
(adapted from 

Bergström, 2000)  

from the largest 
scales (3-yr WMAP, 

2006)

– 73 –

Fig. 16.— The binned three-year angular power spectrum (in black) from l = 2 − 1000, where it provides a
cosmic variance limited measurement of the first acoustic peak, a robust measurement of the second peak,
and clear evidence for rise to the third peak. The points are plotted with noise errors only (see text). Note
that these errors decrease linearly with continued observing time. The red curve is the best-fit ΛCDM model,
fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1σ cosmic variance error. The red
diamonds show the model points when binned in the same way as the data.



Recipes with large violations of one of these properties, 
such as Baryonic DM and Hot DM, are excluded, 
while Non-baryonic Cold DM is the preferred 
paradigm.

Cosmological and astrophysical observations point to a 
description of dark matter as a optically-dark (i.e. 
dissipation-less) and collision-less fluid, with negligible 
free-streaming effects. 

Standard picture: Gaussian adiabatic primordial 
density perturbations, with nearly scale-invariant 
spectrum, shared by the CDM term (meaning a 
term for which only gravity matters), in a Universe 
in which a Λ term dominates at recent times.



i)  DM as a thermal  relic product 
    (or in connection to thermally produced species); 
ii) DM as a condensate, maybe at a phase transition;
     this usually leads to very light scalar fields;
iii) DM generated at large T, most often at the end
     of (soon after, soon before) inflation; candidates in
     this scheme are usually supermassive.

DM: the particle physicist’s perspective
An upper limit on the interaction strength, while other 
crucial info (e.g., the mass scale) are missing or poorly 
constrained. Further hints may come from the DM 
production scheme; the most beaten paths have been:



CDM particles as thermal relics
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Non-relativistic at 
freeze-out, relic 

density set by the pair 
annihilation rate into 
lighter SM particles:

WIMP

Ωχh2 ! 3 · 10−27cm−3s−1

〈σAv〉T=Tf

Freeze-out:
H ~ Γ



WIMP DM candidates
The recipe for WIMP DM looks simple. Just introduce 
an extension to the SM with:

i) a new stable massive particle; 
ii) coupled to SM particles, but with zero electric and 
color charge;
ii b) not too strongly coupled to the Z   boson 
       (otherwise is already excluded by direct searches).

0

Solve the Boltzmann eq. and find the mass scale of your 
stable Lightest: SUSY Particle, Kaluza-Klein or 
Braneworld state, Extra-Fermion, Little Higgs state, etc.

Likely, not far from M   , maybe together with additional 
particles carrying QCD color: LHC would love this setup!   

W



Pair annihilation 
rate at T=0 (i.e. in 
today’s halos) of the 
order of the one at 
freeze-out (?)
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A very rich phenomenology expected for WIMPs:

i.e. a coupling to ordinary
matter, allowing for direct
detection or capture into

massive bodies (Earth/Sun)

By crossing 
symmetry (?)
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✶the crossing symmetry rarely applies;

In practice the scheme is much less predictive:

✶the spread in values for the T=0 annihilation rate may 
be substantial, because of:
- on the particle physics side, e.g., coannihilation, 
threshold, or resonance (resonance) effects,
- on the cosmological side, e.g., a late entropy release or 
a Universe expansion rate faster at freeze-out;

✶particles with color charge are seldom the (light) states 
setting the thermal relic density.

In blue: effect making detection harder
In red: larger rates expectedLegend



Ultra-optimistic: DM searches will find clean evidence 
for WIMPs before the LHC; huge discovery plus a further 
guideline to discriminate among viable SM extensions.   

WIMP searches at the LHC time. A few possibilities:

Still in Heaven: the LHC finds first evidence for physics 
beyond the SM and starts discriminating among models; 
solving the DM puzzle and measuring DM observables 
would still require a discovery with DM searches.  

Slightly scaring: the LHC does not find clean evidence 
for new physics; the WIMP framework may cope with 
that, and DM detection could still be viable, since it is 
less severely limited at high energy.



Neutralino LSP as DM
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In the MSSM there are four such states, with mass matrix:

and lightest mass eigenstate (most often the LSP):

A very broad framework, which gets focussed on narrow 
slices in the parameter space once more specific LSP 
DM frameworks are introduced. 
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Example: CSSM
Thin slices in the
parameter space 
selected by the relic 
density constraint.

Minimal scheme, 
but general enough to 
i!ustrate the point.

Unavoidable strategy: focus on a given 
scenario and discuss its phenomenology

Battaglia et al. 2001



More favorable cases: e.g., bulk region

Most superpartners  
are light and detected 
at LHC (only heaviest 
stop, stau and 
neutralino are not seen 
in example displayed):

fairly accurate 
prediction for the 

relic density 

Nojiri, Polesello & Tovey, 2006
Relic density



as well as for quantities setting DM WIMPs 
indirect/direct detection prospects

Note: cleaner picture at a LC with 1 TeV c.m.e.

Baltz, Battaglia, Peskin & Wizansky, 2006

Annihilation rate (today) SI scatt. cross section



see, e.g., Schnee, 2006 + Bernard Sadoulet talk

Compare the SI cross section with the (projected) 
sensitivities in Direct Detection searches

Current published 
upper limits

CDMS II 25 Kg

1 ton

Future upgrades



less favorable cases: e.g., FP region

Even assuming a light 
M     (300 GeV), LHC 
finds only the gluino 
and 3 neutralinos: 

Baltz, Battaglia, Peskin & Wizansky, 2006

the relic density value 
is poorly reconstructed

Relic density

1/2



Going to heavier M    , i.e. heavier gluinos, the framework 
might be probed at DM searches only:

Baer, 
Krupovnickas, 
Profumo & 
P.U., 2005

1/2

Conservative
halo profile

~ LHC sens. 
limit

~ LC sens. 
limit

Analogously in SPLIT-SUSY 
scenarios



DM detection tests the framework more efficiently, 
Proveza, Quiros & P.U. 2006

Split extended (N=2) SUSY scenario, recently proposed by 
Antoniadis et al. in an intersecting brane model. There are 4 

neutralinos: 2 Binos + 2 Higgsinos
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Figure 3: Left Panel: Projected future sensitivities of the SuperCDMS experiment in

the (M, µ) plane for our split N = 2 SUSY model; the dotted line corresponds to the

1 ton configuration, the dashed line to the 100 kg setup. Results are not sensitive to tan β.

Right Panel: Sensitivity curves in the (M1, µ) plane for a split SUSY model within the

standard MSSM setup; two sample values of tan β are considered. In both frameworks

mh = 160GeV is assumed.

current constraints; note however that a very large portion of the parameter space

will be tested at future facilities. This is even more evident from the left panel of
Fig. 3, where future projected sensitivities are plotted in the µ−M plane: the whole
regime with mass parameters below about 1 TeV will be probed (conservatively, mh

was set equal to 160 GeV).

In the right panel of Fig. 3 we sketch the analogous picture in the case of a split

spectrum within the standard MSSM; here M1 is the mass parameter for the (single)
bino, while it has been assumed that the wino mass parameter M2 is much heavier

than M1 and µ (see [3] for details). While trends are similar, there are a few significant
differences: the departure from the diagonal of the Ωh2 = 0.110 isolevel curve is due

to the tt̄ final state which becomes kinematically allowed at M1 ∼ µ ∼ 200 GeV and
it is mediated by a Z boson in the s-channel (the vertex Z-LN-LN is not zero in this
case). Moreover the SI scattering cross section depends on tanβ, since this intervene

in determining the LN Bino-Higgsino mixing: from moderate to large values of tan β
the region in the parameter space accessible to future searches shrinks, and it is in

all cases less extended than the corresponding region for our split extended SUSY
framework, which does not depend on tanβ because of the two-Bino construction.
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Direct detection  
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Figure 4: Limits on the model from the available measurements of the local antimatter

flux and from the gamma-ray flux measured by EGRET towards the center of the Galaxy,

in case of the Burkert halo profile (left panel) and the adiabatically contracted profile (right

panel).

we will show for the two configurations will give a feeling for the uncertainty in the

predictions related to the halo model. Even in the case of the second model, we are
not considering the most favorable scenario; including, e.g. effects due the presence

of substructures would give a further enhancement in the predictions.

To make predictions on antimatter fluxes one further step has to be considered,

in particular the simulation of the propagation of charged particles in galactic mag-
netic fields. We use the two dimensional diffusion model developed in Refs. [32, 33],
as included in the DarkSUSY package, with a set of propagation parameters which

was shown to reproduce fairly well the ratios of primary to secondary cosmic ray nu-
clei [34] with the Galprop [35] propagation code in the diffusion/convection limit. So-

lar modulation is instead sketched with the analytical force-field approximation [36],
with a modulation parameter as appropriate at each phase in the solar cycle activity.

In Fig. 4 we show current limits on the split N = 2 SUSY model from the
available measurements of the local antiproton and positron cosmic-ray fluxes [37, 38],
for the two halo models we are considering. The limits are derived at 3σ with a

χ2 discrimination procedure, taking a standard prediction for the background and
neglecting uncertainties on it. For the Burkert profile we do not have any constraint

from positrons and gamma-rays flux measurements while antiproton data do not
exclude any model on the Ωh2 = 0.110 isolevel curve. For the adiabatically contracted

models are considered.
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Limits from halo rates  
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Figure 5: Portions of the parameter space which will be tested by the Pamela and GAPS

measurements of the antiproton, positron and antideuteron fluxes in case of the Burkert

halo profile (left panel) and the adiabatically contracted profile (right panel).

case low mass models with thermal relic abundance in agreement with WMAP data
tend to give a too large antiproton flux while also positron flux measurement rules
out a corner in the plane (M, µ). Furthermore, in this second case a part of the

parameter space is also excluded because it gives a gamma-ray flux which is larger
than the flux measured by the EGRET gamma-ray telescope towards the Galactic

Center [39]. More recent data at higher energy from the HESS [40] and MAGIC [41]
telescopes give less tight constraints.

Very recently the PAMELA satellite experiment [43] has been launched. In

the next few years very high quality data on the antiproton and positron fluxes
will be available, allowing for a better discrimination of a component from WIMP
annihilations. In Fig. 5 we show the regions in the parameter space which will be

tested by Pamela in three years of data taking (the extrapolation on these sensitivity
curves is done following the approach described in Ref. [42]). We also show the

prospects for indirect detection with antideuteron searches obtained by comparing
the predicted flux with the estimated sensitivity of the planned gaseous antiparticle

spectrometer (GAPS) [44], about 2.6 × 10−9m−2sr−1GeV−1s−1 in the 0.1-0.4 GeV
energy range 4. All indirect signals scale with the pair annihilation cross section,
which is large for pure Higgsinos and get very small for pure Binos; it is inversely

4We have considered a configuration for the instrument placed on a satellite on earth orbit. The
idea of an instrument on a deep space probe has been considered as well, a case which would be
more favorable for DM detection.
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Future sensitivities  



Even tougher scenario if you happen to have coannihilations
with strongly interacting particles: 

5D gauge theory with gauge-Higgs  unification and extra Z
“mirror” symmetry, making lightest antiperiod field stable,
Regis, Serone & P.U. 2006.
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Complementarity is the keyword!

Fast progress is being made on the experimental side!

There is a variety of techniques which can constrain 
the picture; many of them have real discovery 
potentials, since they rely on clean signatures.

Not necessarily one should play the game “my strategy 
is better than yours”; however both direct and indirect 
detection can win at this game.

Some of the issues on indirect detection discussed here, 
see Bernard Sadoulet talk on direct detection.



Searches with neutrino telescopes

The DM signal is at a detectable level when the capture 
in the Sun/Earth is efficient, at (or close to) equilibrium 
between capture rate and annihilation rate.  

Significant limits at present (Baikal, Super-K, Amanda)
large sensitivity improvements for the future (IceCube, 
Antares, Nemo, KM3Net, ect.).

For the Earth, spin-independent coupling matters:
under standard assumptions for the WIMP distribution 
in the DM halo, direct detection sets stronger limits. 

Extra-clean signature!



Capture in the Sun  is mainly driven by the spin-dependent 
term; ν-telescopes probe this regime more efficiently than 
direct detection (in case of standard annihilation modes). 

SI versus SD?
the standard lore is 

that SI wins

IceCube

1-ton
detector



Icecube Coll. + DarkSUSY, 2006 

More generic MSSM scans, current limits and 
Icecube discovery potentials:

1

10

10 2

10 3

10 4

10 5

10 10 2 10 3 10 4

 !SI > !SI
lim   CDMS 2005

Eth
µ = 1 GeV

0.
05

 <
 "

#h
2  <

 0
.2

Neutralino Mass (GeV)
M

uo
n 

flu
x 

fr
om

 th
e 

Su
n 

(k
m

-2
 y

r-1
)

BAKSAN 1978-95
MACRO 1989-98

SUPER-K 1996-2001

AMANDA-II 2001
IceCube (best case)

1

10

10 2

10 3

10 4

10 5

10 10 2 10 3 10 4

Eth
µ = 1 GeV

 !SI > !SI
lim   CDMS 2005

0.
05

 <
 "

#h
2  <

 0
.2

Neutralino Mass (GeV)

M
uo

n 
flu

x 
fr

om
 th

e 
Ea

rt
h 

(k
m

-2
 y

r-1
)

BAKSAN 1978-95
BAIKAL 1998-99

MACRO 1989-98

AMANDA 1997-99

SUPER-K 1996-2001

IceCube best-case

Flux from the Earth Flux from the Sun



There can be cases in which this pattern is reversed, 
see, e.g., a model with large Yukawas introduced in 
EW baryogenesis context:
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Antimatter Searches

Pamela has safely reached its 
orbit and has been switched 
into the continuos data
taking mode on July 11, 2006

+ balloon experiments + AMS

in 3 yr:
* > 3×10  antiprotons
* > 3×10  positrons
* p, e , He, light nuclei

4

5

-



Antiprotons 

In a vanilla WIMP model (bulk LSP?), it is the channel 
with largest signal/background ratio: do not forget about it 
when stretching your model to fit other datasets!

Uncertainties on the background and no clear excess in 
current data; larger data sample may improve the situation. 

E.g., recently:
Bergström et al. ruling out
de Boer et al. “fit” of 
EGRET “excess” in the 
galactic ϒ-ray flux



(see also AMS-02) fit by SUSY DM, 
e.g., Baltz et al., 2002

Positrons
HEAT excess 

“Boost factor” from 
substructures (?)

see more recent analyses, 
e.g., Lavalle, Pochon, 
Salati & Taillet, 2006 

In KK DM models
this channel is 

particularly interesting
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Searches with gamma-ray telescopes 

+ Agile (march 2007), AMS (...)

The next-generation of space-based telescopes is almost 
ready for launch:

GLAST

 launch on 
october 7, 2007

GLAST @ SLAC

12/16 Towers in the GRID on 7/10/05



HESS telescope in Namibia, fully operative since 2003

+ Magic, Stacee, Veritas, ... 

Tens of new TeV sources reported in the latest years, 
compared to the 12 sources known up to 2003  

The new era of gamma-ray astronomy with ground-based
telescopes has already produced spectacular results:



First VHE map of the Galactic Center by HESS:

HESS map of GC, 2005

*
A source at the position
of the central BH, Sgr A

A new plerion 
discovered

+ diffuse emission 
from the GC region



Spectral features of central source/excess:

Single power law 
(Γ ~ 2.2) from 

~150 GeV to ~30 TeV

Aharonian et al, 2006

Tentatively:
the central source is a 
Sn remnant and the 

diffuse emission from 
in the central region is 

due to  protons injected 
in the explosion



the GC is not any more the best bet for 
indirect dark matter detection!

Ripken et al., 2005

it is very hard to 
support the hypothesis 
that the central source 
is due to pair 
annihilation of dark 
particles, see also, 
e.g., Bergström, 
Bringmann, Eriksson 
& Gustafsson, 2005

102 J. Ripken, D. Horns, L. Rolland, J. Hinton
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3. The center of our Galaxy
In -body simulations of galaxy formation it is predicted that the central regions of galaxies contain large
amounts of dark matter. However, the spatial resolution of the simulations is limited and potentially important
dark matter enhancing processes are not considered [5]. The central region of our Galaxy is as a result of its
proximity ( kpc) a target for the indirect search for dark matter. The factor depends strongly
on the largely unknown density profile. We consider here the results of simulations from Navarro, Frenk and
White (NFW) predicting [6] and Moore et al. predicting [7]. Besides there are other
possible VHE -radiation sources in the central region of our Galaxy.

The GC region containing the supermassive black hole Sgr A*, was observed with the H.E.S.S. telescopes in
2003 and 2004 and high energy -radiation above GeV was detected without indications for variability.
[8].

In the following, two different assumptions are used to derive conclusions on dark matter annihilation from the
observed signal:
1. The flux results solely from dark matter annihilation as discussed in [9] and [10] exploring the consis-
tency of the required mass density and cross section with other observations.

2. Only a part of the signal originates from dark matter annihilation, whereas the remaining part is produced
by other processes and sources.

With hypothesis 1 we can derive mass and cross section of the the dark matter particle and the density profile
of the dark matter halo in the central region of our Galaxy. With hypothesis 2 we can either constrain particle
properties assuming a density profile or the factor assuming in turn a range of cross sections.

3.1 Hypothesis 1: 100 % dark matter annihilation radiation
Density profile: The density profile of the dark matter in the inner part of the halo can be approximated by

. Instead of the integration over the solid angle in equation 1 we convolute the line of sight



it might still be that a DM component could 
be singled out, e.g. the EGRET GC source (?):

a DM source can fit 
the EGRET data; 
GLAST would detect 
its spectral and 
angular signatures 
and identify without 
ambiguity such DM 
source!

Aldo Morselli,  INFN, Sezione di Roma 2  &  Università di Roma Tor Vergata,    aldo.morselli@roma2.infn.it 28

Morselli 2005; analysis in Cesarini, Fucito, 
Lionetto, Morselli & P.U., 2004



... or we may have to rely on alternative 
targets; recent proposals include:

Intermediate-mass
BHs, carrying 
mini-spikes

Tens of sources 
with identical 

spectrum!

Bertone, Zenter & Silk, 2005

Cross-correlate also with 
other detection channels.



Bertone et al., 2006

GLAST and DM point sources:

Sensitivity map 
(flux above 20 MeV)

Spectral discrimination

≥ 4 phm−2 s−1



Multiwalength detection of  DM:
E.g., the Coma radio halo can be fitted in spectrum and 
angular surface brightness by a DM induced component:
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and in these given setups we predict also:

i) there may be an 
associated gamma-ray flux 

within the sensitivity of 
GLAST
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ii) the induced SZ shift in 
the CMB temperature may 
be within the sensitivity of 

future experiments



Analogously, for the Draco dwarf satellite:

in case of a γ-ray flux
at a level detectable
by GLAST, a synchrotron 
component
should be at a level 
detectable for next 
generation radio 
telescopes 10
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Follow-ups of first multi-wavelength studies on GC   



WIMP contribution
to the extragalactic 

gamma-ray background

Characteristic anisotropy
pattern which GLAST

could identify

Anisotropy in the gamma-ray background:

Ando & Komatsu, 2006
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Last but not least, the Holy Grail for indirect detection:

the monochromatic gamma-ray signal

e.g., in the 
extragalactic γ-ray 
background;
P.U., Bergström, 
Edsjö & Lacey, 2002

Smoking-gun signature, as well as direct measurement 
of the WIMP mass.



Summary
The identification of dark matter is one of the most 
pressing targets in Science today.

In a (fair) subset of the viable DM scenarios, 
detection looks feasible in the near future,
with numerous and complementary techniques on 
the market.

LHC will be decisive in discriminating among 
different frameworks, possibly giving hints on DM 
properties, still DM searches will have to establish 
the connection with Cosmology and astrophysical 
observations. 


