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The need for dark matter

Ordinary matter
4 %

Dark matter
22 %

Dark energy
74 %

+ more



Accelerator searches Direct searches

Indirect searches

• Gamma rays from the galaxy

• Neutrinos from the Earth/Sun

• Antiprotons from the galactic halo

• Antideuterons from the galactic halo

• Positrons from the galactic halo

• Dark Stars

• ...

• LHC (ATLAS)

• Rare decays

• ...

Will not cover all of these...

• Spin-independent 
scattering

• Spin-dependent 
scattering

Need to treat all of these in 
a consistent manner, both 
regarding particle physics 
and astrophysics

Ways to search for dark matter 



Outline

• Particle physics dark matter

• Current status of direct detection of 
dark matter

• Some general ideas on cosmic ray 
searches (gamma rays, charged cosmic 
rays and neutrinos) and their 
uncertainties

• Future indirect searches: gamma rays?



Decoupling occurs when

We have that
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Figure 4. Comoving number density of a WIMP in the early Universe. The dashed curves are
the actual abundance, and the solid curve is the equilibrium abundance. From [31].
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where the subscript f denotes the value at freezeout and the subscript 0 denotes the value
today. The current entropy density is s0 # 4000 cm−3, and the critical density today is
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Ωχh2 � 3× 10−27cm3s−1

�σannv� �σannv� � �σannv�WIMP ⇒ Ωχh2 � 1

Relic density
simple approach (more advanced in real life)



Many dark matter candidates

• A Weakly Interacting Massive Particle (WIMP) 
has the correct interaction strength, e.g.

- Neutralinos - arise naturally in 
supersymmetric extensions of the standard 
model

- Kaluza-Klein dark matter

- Inert Higgs models

- etc...



• The Minimal Supersymmetric Standard 
Model (MSSM) contains 124 free parameters 
(105 new compared to the SM).

• How do we choose these parameters?

• At what scale do we choose them?

• Do we calculate our model at tree-level or 
do we include loop corrections (to masses 
and vertices)

A few things to consider...



The supersymmetric mass spectrum

q = d, c, b, u, s, t q̃L, q̃R q̃1, q̃2
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Normal particles/fieldsNormal particles/fields Supersymmetric particles/fieldsSupersymmetric particles/fieldsSupersymmetric particles/fieldsSupersymmetric particles/fields
Interaction eigenstatesInteraction eigenstates Mass eigenstatesMass eigenstates

Symbol Name Symbol Name Symbol Name

quark squark squark

lepton slepton slepton

neutrino sneutrino sneutrino

gluon gluino gluino

W-boson wino
chargino

Higgs boson Higgsino
chargino

B-field Bino

W3-field Wino

Higgs boson Higgsino neutralino

Higgs boson
Higgsino

Higgs boson
HiggsinoHiggs boson Higgsino

The lightest neutralino is a good dark matter candidate!



Direct detection
general principles

• WIMP + nucleus → WIMP + 
nucleus

• Measure recoil energy

• Suppress background enough to 
be sensitive to a signal, or...

χ χ

Nucleus

Detector

χ χ χ

JuneDecember

• Search for an annual modulation due 
to the Earth’s motion in the halo



Experimental routes

• Two ways of detection enables discrimination
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Hints for a low-mass WIMP?Attempt CRESST O band fit
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WARNING:
Do not take too serious - very speculative! ⇒ regions will
shift/shrink/go away (?) when detailed information on CRESST
events and background becomes available (publ. Sept. 2010?)T. Schwetz, ITP Heidelberg, 14 Oct 2010 – p. 31

Fig. from Schwetz, October 2010

• CDMS (Ge) sees two 
events (~1.5 expected 
background)

• CoGeNT (Ge) sees 
exponential rise at low 
energies (claims it cannot 
be electronic noise)

• CRESST (CaWO4)sees 32 
events (expected 
background ~8.7). 
Probably background 
though.

• DAMA/LIBRA (NaI) sees 
annual modulation (8.9σ)
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton × yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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See also C. Savage (Stockholm)



Summary elastic SI scattering
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XENON100 (mean Leff)
XENON10 S2 analysis
P. Sorensen, talk @ IDM2010

solid:    qNa = 0.3 +/- 0.03
dashed: qNa = 0.3 +/- 0.1

T. Schwetz, ITP Heidelberg, 14 Oct 2010 – p. 41

Or maybe not...

• CDMS Si data constrains 
these models severely

• Xenon-10/100 also 
constrains these models

• Very hard to reconcile 
with a “standard” elastic 
scattering WIMP.

• Alternative models exist, 
but it starts looking very 
contrived.

• Most likely these hints 
are not dark matter

Fig. from Schwetz, October 2010
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ment is > 90% above 4PE. The log10(S2/S1) upper and
lower bounds of the signal region are respectively chosen
as the median of the nuclear recoil band and the 300 PE
S2 threshold.
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FIG. 4: Distribution of all events (dots) and events below
the nuclear recoil median (red circles) in the TPC (grey line)
observed in the 8.7−32.6 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

A first dark matter analysis has been carried out, using
11.17 live days of background data, taken from October
20th to November 12th 2009, prior to the neutron calibra-
tion. Although this was not a blind analysis, all the event
selection criteria were defined on calibration data. The
cumulative software cut acceptance for single scatter nu-
clear recoils is conservatively estimated to vary between
60% (at 8.7 keVnr) and 85% (at 32.6 keVnr) by consider-
ing all events removed by only a single cut to be valid
events (Fig. 3). Within the 8.7− 32.6 keVnr energy win-
dow, 22 events are observed, but none in the pre-defined
signal acceptance region (Fig. 3). At 50% nuclear recoil
acceptance, the electronic recoil discrimination based on
log10(S2/S1) is above 99%, predicting < 0.2 background
events in the WIMP region. The observed rate, spec-
trum, and spatial distribution (Fig. 4) agree well with a
GEANT4 Monte Carlo simulation of the entire detector.
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FIG. 5: 90% confidence limit on the spin-independent elastic
WIMP-nucleon cross section (solid line), together with the
best limit to date from CDMS (dashed) [13], expectations
from a theoretical model [14], and the areas (90% CL) favored
by CoGeNT (green) [15] and DAMA (blue/red) [16].

An upper limit on the spin-independent WIMP-

nucleon elastic scattering cross section is derived based
on the standard halo assumptions [12], taking into ac-
count an S1 resolution dominated by Poisson fluctua-
tions, and with Leff from the global fit, assumed con-
stant below 5 keVnr. Fig. 5 shows the resulting 90% con-
fidence upper limit, with a minimum at a cross section of
3.4× 10−44 cm2 for a WIMP mass of 55GeV/c2, using a
spectrum-averaged exposure of 170 kg · days. This limit
challenges the interpretation of the CoGeNT [15] and
DAMA [16] signals as being due to light mass WIMPs.
In the extreme case of Leff following the lower 90% con-
fidence contour in Fig. 1, together with the extrapola-
tion to zero around 1 keVnr, our a priori chosen thresh-
old of 4 PE rises from 8.7 keVnr to 9.6 keVnr and a frac-
tion of the CoGeNT parameter space remains. Yet, as
shown in Fig. 3, our cut acceptance is sizeable even at
a reduced threshold of 3 PE (8.2 keVnr in this case),
above which a 7GeV/c2 WIMP, at the lower edge of the
CoGeNT region, would produce about one event with
the current exposure. These initial results, based on
only 11.17 live days of data, demonstrate the potential of
the XENON100 low-background experiment to discover
WIMP dark matter.
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Recent low-energy data

• Re-analysis of 
old CDMS data 
(from 2001–
2002) to 
improve low-
energy 
threshold

• Could be 
improved as 
much more 
data is on tape
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To calculate a single exclusion limit, the data from the
individual Ge and Si detectors have to be appropriately
combined. Traditionally, CDMS has combined the detec-
tor ensemble into a single averaged detector, where the
individual detector masses and efficiencies are averaged
according to their exposures. This “averaged” method
for combining detectors makes use of the entire exposure,
and co-mingles the candidate event energies for different
detectors before forming the energy intervals required by
the optimum interval method. Figure 8 represents the
averaged version of the candidate event data for this anal-
ysis. The averaging method is appropriate when the de-
tectors involved have approximately equal sensitivity to
WIMP interactions, as was the case for previous CDMS
WIMP-search results in which the analyses were either
background-free or nearly so.

When the averaging technique is applied to detectors
with variable event rates, the detectors with especially
high event rates effectively pollute the lower-rate detec-
tors by filling in the most sensitive intervals with a dispro-
portionate number of events. For this reason, we decided
to adopt a novel “serialization” technique for combining
the detector data. Energy intervals are separately pre-
pared for each detector in order to preserve the most
sensitive intervals. The intervals are then concatenated
in an arbitrary order which, to avoid possible bias, was
selected before the effect of the order was known. We
chose to place the 3V data before the 6V data, and then
to order them according to their position within the de-
tector tower (from top to bottom). If the limit-setting
intervals do not span multiple detectors, the order will
not affect the result. This technique allows the opti-
mum interval method to calculate the limit from the best
individual-detector energy intervals. The resulting limit
reflects only a fraction of the exposure, rather than the
total exposure for the entire detector ensemble. This is
a trade-off we decided to accept before calculating the
limits. Each detector is clearly background-limited, par-
ticularly near threshold where our low-mass WIMP sensi-
tivity resides. Trading exposure for cleaner energy inter-
vals should yield stronger limits for low masses. In hind-
sight, this turned out to be true for WIMP masses less
than 8GeV/c2. The serialization technique also allows
for different detector types within the detector ensemble,
providing a natural method for combining the Ge and Si
data.

To include the effect of non-zero energy resolution
properly, expected WIMP rates were separately calcu-
lated for each detector and WIMP search (3V and 6V
data) in a series of steps. The limit was calculated for
75 WIMP masses between 1GeV/c2 and 100GeV/c2.
At each mass, the halo model predicts the differen-
tial WIMP-nucleon scattering rate in terms of an ideal,
perfect-resolution recoil energy (see Fig. 1 for example).
Each detector’s ideal spectrum was then convolved with
its YNR-corrected recoil-energy resolution listed in Ta-
ble III (first two columns). Recall that the hardware
trigger and software phonon thresholds depend solely
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FIG. 10. (color online). Comparison of 90% confidence level
upper limits from the combined Ge and Si (black/dark solid,
our main result) and Si only (gray/light solid) data, with
those from CDMS II at Soudan Ge [34] (black/dark dash-
dotted), XENON100 with constant (!) or decreasing (–•–)
scintillation efficiency extrapolations at low energy [35], Co-
GeNT [36] (+), and CRESST [37] (gray/light dash-dotted).
The dashed contours represent the DAMA/LIBRA annular
modulation signal as interpreted by Savage et al. [13, 38]
(99.7%C.L.), and include the effect of ion channeling as mod-
eled by Bozorgnia et al. [31]. The medium-sized filled region
identifies a possible signal associated with data from the Co-
GeNT [36] (green/light shaded, 90% C.L.) experiment. The
two smaller oval-shaped filled regions are the 90% (black/dark
shaded) and 99% (gray/medium shaded) confidence level sig-
nal regions found by Hooper et al.’s [39] simultaneous best
fit to the DAMA/LIBRA and CoGeNT data. The elon-
gated filled regions are SUSY theory predictions by Bot-
tino et al. [12] for ΩWIMP < ΩCDMmin (dark-yellow/medium
shaded) and ΩWIMP ≥ ΩCDMmin (blue/dark shaded). Our
limits (and XENON100’s) assume a galactic escape veloc-
ity of 544 km/s [15], while the CDMS II at Soudan Ge and
CRESST limits use 650 km/s. The DAMA/LIBRA and Co-
GeNT results (including the Hooper et al. regions) use a value
of 600 km/s. See also Fig. 11 in which limits for other escape
velocities are compared.

on the phonon signal. The expected WIMP spectrum
should therefore include noise from only the phonon
channel when the hardware and software threshold ef-
ficiencies are applied. After application of these phonon-
only efficiencies, the spectrum was further smeared to
include the electronic noise of the ionization channel via
a second convolution with the quadrature difference be-
tween the Q-corrected (third and fourth columns of Ta-
ble III) and YNR-corrected recoil-energy resolutions. The
threshold-reduced expected WIMP spectrum, in terms
of Q-corrected recoil energy as measured by a ZIP detec-
tor, was then multiplied by the remaining analysis cut
efficiencies, which either depend weakly on this energy
estimator or are constant. Finally each detector’s dou-
bly smeared and efficiency-reduced expected WIMP rate

Xenon100
CDMS

CDMS, arXiv:1010.4290

CoGeNT

CDMS Si

CDMS Ge

DAMA

DAMA



Annihilation in the halo
Neutral annihilation products

• Gamma rays can be searched for with e.g. Air Cherenkov 
Telescopes (ACTs) or Fermi (launched June 11, 2008). 

• Signal depends strongly on the halo profile,

χχ → γγ, Zγ,νχχ → γ,ν

Φ ∝
�

line of sight
ρ2dl



We can write the flux as

with
Particle physics 

(SUSY, ...)

Astrophysics

�J(η,∆Ω)� =
1
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Gamma ray fluxes from the halo

Need to include: – continuous gammas
– IB/FSR (Internal Bremsstrahlung, Final State Radiation)
– Monochromatic gamma lines

Need to include: – smooth halo, dark matter profile?
– substructures, how many/large?



γγ

Zγ

Secondary gammas
BM3

Integrated
yield: ≤10-3

of total

Typical gamma ray spectrum

Gammas from π0 decay 
from quark jets



• Whenever charged final states are present, 
photons can also be produced in internal 
bremsstrahlung processes

Internal Bremsstrahlung



T. Bringmann, L. Bergström and J. Edsjö, arXiv: 0710.3169, JHEP 01 (2008) 049
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• The J-integral depends 
strongly on the halo profile, 
especially towards the 
galactic centre.

• Lower uncertainties exist by 
looking further away from 
the galactic centre.

• Alternatively, one can look at 
dwarf galaxies, but then 
there are uncertainties from 
the DM profile in them (see 
e.g. Strigari et al)

5

FIG. 2: The probability distributions of the angular size sub-
tended by rs for each galaxy. We marginalize over the velocity
anisotropy and ρs. The inner slope is fixed to γ = 1.

ble II, we show the masses within 100 pc and the max-
imum circular velocities for each galaxy. The error bars
indicate the 90% c.l. regions.

To determine the flux distributions, we must first spec-
ify a solid angle for integration. For optimal detection
scenarios, the solid angle should encompass the region
with the largest signal-to-noise. For the present work,
we will integrate over a region where 90% of the flux
originates. As discussed above, for the particular case
where γ = 1, 90% of the flux originates within rs. There-
fore, in order to estimate the solid angle of integration,
we have to first determine the maximum likelihood val-
ues of rs. This is done by marginalizing over ρs and β
with the Vmax − rmax prior. The distributions of angular
sizes are then obtained from µ = tan−1[rs/D], where D
is the distance to the dSph. As shown in Fig. (2), we
find that given their similar size and roughly similar dis-
tances, all three dSphs will emit 90% of their γ−ray flux
within a region of ∼ 0.2 degrees, centered on each dSph
(for γ = 1). Ursa Minor is the most physically extended
galaxy, subtending the largest projected area on the sky.

It is important to determine whether each of the galax-
ies will be detected as point sources, or whether they will
be resolved as extended objects. To determine this we
compare their angular size to the angular resolution of
γ-ray telescopes. GLAST will have a single photon an-
gular resolution of ∼ 10 arcminutes for energies greater
than 1 GeV, similar to the angular resolution of ground-
based detectors (such as VERITAS) for energies greater
than few tens of GeV. In the case where the detected
number of photons is Nγ > 1, the angular resolution of
a detector is improved by a factor of 1/

√

Nγ . Therefore,

FIG. 3: The probability distributions for the γ-ray fluxes from
Coma, Ursa Major II, Willman 1, and Ursa Minor, marginal-
izing over the velocity anisotropy, ρs, and rs. We assume
P = 10−28 cm3 s−1 GeV−2 and an inner slope of γ = 1.0.
We have assumed no boost from halo substructure, which in-
creases these fluxes by a factor ∼ 10 − 100.

these galaxies can be resolved as extended objects, which
in principle would allow a measured flux to determine the
distribution of dark matter in the halo itself.

Fig. (3) depicts the resulting flux probability distribu-
tion for the three new dSphs and Ursa Minor. These
are obtained by marginalizing over β, ρs, and rs and in-
cluding the Vmax-rmax prior. We set the inner slope to
γ = 1, and integrate the flux over the solid angle that
corresponds to 0.2 degrees from the center of the galaxy.
We assume a value of P = P0 = 10−28cm3s−1 GeV−2,
but the result can be scaled to any dark matter candi-
date with a different value of P by simply multiplying
the flux distribution by a factor of P/P0.

The relative proximity of the three new dSphs, and
their comparable sizes, results in γ-ray fluxes that are
roughly similar. For P ≈ P0, the likelihood peaks at ap-
proximately Φ0 ≈ 10−10cm−2s−1, with a spread of nearly
an order of magnitude. Thus Ursa Major II, Coma, and
Ursa Minor all have comparable fluxes, and Willman 1
has a most likely flux that is about three times larger
than Ursa Major II or Coma.

B. The effects of the inner slope and substructure
boost factors

Understanding the distribution of dark matter in the
inner regions of the dSphs also has important implica-
tions for detection of a γ-ray flux. However, when vary-

Strigari et al, arXiv: 0709.1510

The J-factor



• Substructures could in principle boost the signal by 
orders of magnitude.

• However, recent N-body simulations indicate that the 
boost factor is of the order of

- 5-15 (Via Lactea II)

- 1-2 (Aquarius)

• The boost factor will typically be different in different 
regions in the sky, smaller towards the galactic centre and 
possibly larger in other directions.

Substructures

Φ ∝
�

l.o.s.
ρ2dl

Boost factor: B � �ρ2�
�ρ�2



Spectral lines:

No astrophysical 
uncertainties, good 
source id, but low 
statistics

Galactic center:

Good statistics but source 

confusion/diffuse background
Satellites:

Low background and good 
source id, but low statistics

Search Strategies

And electrons!

Pre-launch sensitivities published in Baltz et al., 2008, JCAP  0807:013  [astro-ph/0806.2911]

Galaxy clusters:

Low background 
but low statistics

All-sky map of gamma rays 
from DM annihi lat ion             
arXiv:0908.0195  (based on 
Via Lactea II simulation)

Milky Way halo:

Large statistics but 
diffuse background

Extra-galactic:

Large statistics, 
but astrophysics, 
galactic diffuse 
background 

Anisotropies

Slide from Simona Murgia, Fermi Symposium
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Combined Upper Limits on DM 
annihilation cross-section

Preliminary

! Combined upper limit 
gives up to a factor 3 
(45) better constraints 
compared to the best 
(average) dSph.

! The “average” limit of 
the individual cases is 
plotted here just to 
guide the eye. The grey 
lines are the individual 
limits and the dashed 
green line is the thermal 
WIMP cross-section.

Stacked dwarf analysis from Fermi
From Maja Llena Garde, idm2010

We are reaching into the standard thermal WIMP region!!!
(Average J-value used here)

Range of lim
its f

rom individ
ual d

warve
s



WMAP and Fermi haze

Su et al.
(2010)

From Finkbeiner, idm2010

• Haze (WMAP and 
Fermi) evidence gets 
stronger, but support for 
dark matter 
interpretations 
weakens...

• Exist models (or ideas) 
by Biermann and Becker 
with quite different 
diffusion at the GC 
region

• Also, recent study of 
Aharonian et al on 
dynamical cosmic ray 
models claim to fit these 
observations reasonably 
well



• Diffusion of charged particles. Diffusion model with parameters fixed from 
studies of conventional cosmic rays (especially unstable isotopes). 

• Current detectors are e.g. Pamela, ATIC, Fermi. 

• Future detectors are e.g. AMS, GAPS and Calet. AMS to be launched 
February 2011.

χχ → p̄, D̄, e+

Annihilation in the halo
Charged annihilation products

Diffusion zone



∂z (VC ψ) − K ∆ψ + ∂E

�
bloss(E) ψ − KEE(E) ∂Eψ

�
= Q (x, E)

Wind Spatial diffusion Energy losses Energy diffusion
(reacceleration)

Source term

K(E) = K0 β (R/1 GV)δ Q(x, E) ∝ ρ2�σv�dN

dE

As the source term depends on the DM density squared, we 
are very sensitive to the halo profile and substructure.

KEE =
2
9

V 2
a

E2β4

K(E)

Diffusion equation



Diffusion parameters

• The most important diffusion parameters 
are

 K0 (D0) – diffusion coefficient

 δ – exponent for energy dependence of 
diffusion coefficient

 L – diffusion zone half height

• In addition, more parameters are needed 
for energy losses, galaxy radial extent, etc



Antiprotons – background
• Background antiprotons 

are produced when 
cosmic rays hit the 
interstellar medium:

Naively, the background 
below 1 GeV would be 
very small, but...

- energy losses

- p-He interactions

- reacceleration

• 	
 are all important.

p + p → p̄ + p + p + p

Eth ! 7mp
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Background uncertainties

• Background 
uncertainties from 
propagation only.

• Additional 
uncertainties arise 
from energy loss 
uncertainties, 
injection spectra, 
production cross 
section etc

Delahaye et al, arXiv: 0809.5268



Degeneracy

• Degeneracy in D/L for fits to heavier 
isotopes (B/C, ...).

• However, DM signal typically
increases with L (as our
diffusion box includes more
sources)

• Additional uncertainty on the
dark matter signal

Propagation of positron from  
WIMP DM (neutralino) sources 

Propagation models allowed by B/C 

E0=1 GeV 
!=E/ E0 
 "=1016 s#

Delahaye, Lineros, Fornengo, FD, Salati 
 PRD 2008 



Antiprotons – signal

Easy to get high fluxes, but...
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Antiprotons – fits to BESS data
Background only Background + signal

...room for, but no need for a signal!
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Antideuterons

• Compared to antiprotons, the background of 
antideuterons is essentially zero at low energies.

• Search for a signal at e.g. 0.1-0.4 GeV, either in 
the solar system, but preferably in interstellar 
space.

• No current experiments, but possibly future: 
AMS, GAPS (Gaseous AntiParticle Spectrometer 
Mori et al., ApJ 566 (2002) 604).

F. Donato, N. Fornengo and P. Salati,
Phys. Rev. D62 (2000) 043003.



Future cosmic rays
Focus point region in mSUGRA

• Expected future 
sensitivities in two 
extreme halo models

• Antideuteron 
sensitivity with GAPS 
in the solar system

• Direct detection 
sensitivity of 1 ton 
Xenon detector
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Figure 9: Future detection prospect in the focus point region, for the tanβ = 50 case we discussed
in the text. The tanβ = 30 case is perfectly analogous.

relic density, as estimated with the DarkSUSY numerical package, in the currently favored

cosmological range, and considered all relevant regimes in the parameter space. Direct and

indirect detection rates have been computed implementing two dark matter halos, with

fully consistent density profiles and velocity distribution functions, and opposite histories

for the transition between the stage of a CDM halo prior to the baryon infall and a halo

embedded in a galaxy with inner portion dominated by the luminous components, as is

the case for the Milky Way halo. This has allowed, for the first time, a fully consistent

comparison between direct and indirect detection.

In general, we can conclude that most of the mSUGRA models considered here are not

excluded by any of the current dark matter searches. For some models (low mass funnel

region and low mass focus point region), we overproduce antiprotons and gamma rays from

the galactic center in our cuspy N03 profile (but not with the cored Burkert profile).

For future experiments, we have found that in the region of small m0, direct detection is

rather promising if µ is positive and tan β is large, a feature due to the scattering amplitudes

mediated by CP-even Higgs bosons summing coherently and to the coupling in the H0
1 d d̄

vertex becoming large. In the same region, but for different reasons, the neutralino-induced

antiproton, positron and especially antideuteron fluxes could be detectable. In the stop

coannihilation region, both the direct detection and the neutrino telescope rates are too low

to be detectable even with future experiments. The most promising technique to test these

models is to search for an antideuteron flux with an experiment like GAPS; large fluxes

follow in this case from large annihilation rates into top quarks. Finally, in the focus point

region, direct detection looks very promising because of the large portion of both Bino and

Higgsino in the lightest neutralino. An eventual signal in direct detection experiments may

be cross checked with the measurement of the induced neutrino flux from the Sun, and

may even be anticipated through measurements of cosmic ray antimatter fluxes; both of

– 22 –

Edsjö, Schelke and Ullio,
JCAP 09 (2004) 004. 

Above the
GAPS
sensitivity



Positron fluxes from neutralinos

• Compared to antiprotons,

- energy losses are much more important

- higher energies due to more prompt 
annihilation channels (ZZ, W+W-, etc)

- propagation uncertainties are higher

- solar modulation uncertainties are higher



Positrons - signal

• Compared to 
antiprotons, the 
fluxes are 
typically lower 
(except possibly 
at high 
energies), but...
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Positrons – example spectra
(as of a few years ago)

• the positron spectra can have features that could be detected!

• The signal strength needs to be boosted, e.g. by clumps, though...

• ...and the fit is not perfect



Data and background expectations

A.A. Abdo et al, [Fermi-LAT], arXiv: 0905.0025 (PRL)

Energy (GeV)
1 10 100

 ))-
(e

)+
 

+
(e

) /
 (

+
(e

Po
si

tr
on

 fr
ac

tio
n 

   

0.01

0.02

0.1

0.2

0.3

PAMELA  

O. Adriani et al., [PAMELA], arXiv: 0810.4995 (Nature)

Positron fraction e++e- spectrum

What are these excesses compared to the background?

more than 630 papers written on Pamela since Nov. 2008
...and more than 370 citing the Fermi-LAT paper from May 2009

...of which all but maybe one are wrong...?



Dark matter – μ channel

We get good fits to Fermi, HESS and PAMELA data

1 2 3 4
100

200

500

1000

2000

5000

MDM �TeV�

E F

Μ channel

Pamela

Fermi

Hess exclusion

Nice feature 
to look for

Cored isothermal 
profile assumed here



Possible explanations for the excess

• The diffuse background model is wrong?

• The local astrophysical sources (pulsars, reacceleration at 
SNR, localized SNR, ...) give a contribution?

• Dark matter annihilations
give a contribution?

• There is no excess
(non-standard diffusion)

• ...



χ

Sun

µ
Detector

Earth

νµ

Silk, Olive and Srednicki ‘85
Gaisser, Steigman & Tilav ‘86

Freese ‘86
Krauss, Srednicki & Wilczek ‘86

Gaisser, Steigman & Tilav ‘86

ρχ

σscatt

Γann

Γcapture

ν interactions

velocity distribution

σann

ν oscillations

χ

Solar neutrinos – WIMP Capture



Neutrino
oscillations

• New numerical calculation of interactions and oscillations in a fully three-
flavour scenario. Regeneration from tau leptons also included.

• Publicly available code: WimpSim: WimpAnn + WimpEvent suitable for 
event Monte Carlo codes: www.fysik.su.se/~edsjo/wimpsim

• Main results are included in DarkSUSY.

Neutrino interactions

Similar to analysis of Cirelli 
et al, but event-based.

M. Blennow, J. Edsjö and 
T. Ohlsson, JCAP01 (2008) 021

Neutrino oscillations

http://www.fysik.su.se/~edsjo/wimpsim
http://www.fysik.su.se/~edsjo/wimpsim


• Direct detection 
and the neutrino 
signal from the 
Earth are both 
sensitive to the 
spin-independent 
scattering cross 
section 

• Large correlation1
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Neutrino-induced muon fluxes from the Sun

• Compared to the 
Earth, much 
better 
complementarity 
due to spin-
dependent 
capture in the 
Sun.
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Future direct detection limit is assumed to be Ge like with a 
sensitivity down to 10-9 pb (1 tonne).

Neutrino-induced fluxes and
future direct detection limits



What is needed to really find 
dark matter in the cosmic rays?

• Bigger and better antiparticle cosmic ray 
detectors (AMS, Calet, etc). But how do we 
distinguish dark matter from conventional 
astrophysical sources (SNR, pulsars, ...)?

• Or maybe we should go for gamma ray 
signatures? No propagation uncertainties, 
but maybe not as clear spectral features 
(unless we have gamma lines or IB cut-offs). 



CTAs?
• A Cherenkov Telescope Array (CTA) is a large improvement 

over current Cherenkov telescopes, but it is a multi-purpose 
detector.

• A CTA has a limited field of view and we can only 
optimistically hope for ~50 hrs of observation at DM sources

• What if we had a
dedicated array just for
dark matter

• Let’s be optimistic and...

!"#$%&'&(#)$*+,,-./#$0"#(#12+3$!#/#,4+5#$6((78$
90!6:$-1$;&(+5#<6=>?$-1$'"#$@?$9,##$'7/2,$.8$
A+%B711C$!#,"-B7C$D''# E$F-52#1:G

;H7B5/#$+%$5(#,#1'$.#,'$/-B-',$%(+B$I(+&1JK
.7,#J$#H5#(-B#1',$9L;F>!6?C$M&1#$NOPO:

J. Conrad, 
2009



...think 
BIG!



BIG ⇒ DMA = Dark Matter Array

• Let’s be optimistic and consider a DMA 
with

- CTA-like design, but with 

- low energy threshold (10 GeV)

- dedicated for dark matter searches,
tobs ~ 5000 hrs feasible

Aeff
DMA ∼ 10×Aeff

CTA ∼ 10 km2

⇒ Factor of 1000 better than CTA on Aeff x tobs + lower threshold



Is it only a dream?

• Maybe, but in principle possible.
Let’s investigate what DMA could do 
before disregarding the idea.

• Compare with “5@5”, Aharonian et al 
2001.



Direct vs indirect

• ~106 models (mSUGRA 
+ MSSM). 

• Within 3σ WMAP 
bound on relic density

• Accelerator constraints 
OK
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� � �
�

� ��
� �� � �
� � �� � � ��

�� � �
� � ����� �
� �������� � ��� �
� ������� �
�� ��������� �� ��
�� �������� � � � ���
� �������� ��� �� ��
������������� �� � ���

� �������������� �� ��� �
� ������������� � �����
� ������������ ���� �����
������������������������� �

� � �� ������������ ���� ����� �
� � � ������������������ �����

� �� ������������������� ����� � �
� � ������������������������ �� � � � ��
������ � ������������������������� � �

�� ��������������������������� �
��� ������������������������� �� �
� ��� ������������������������ �
�� ���� ���������������������������� �� �

����������������������������� ���� �
�����������������������������������
� ���������������������������������
�� �����������������������������
� ��������������������������
� �������������������� ��
� ���������������
�� ���������

�������������������������������� ����������������������� � � ����������� ������� �������� �� �

������������ ������������������������� ���������������� ������������������������������������������������������������������ ����������������������������

� �������� �
������������ ���� ��� ��� �

��� ���������������������������������� ����
�������������������������������������� ���

����������������������������������
�������������������������������

� ���������������������������� ��
����� ��������������������������� ��� �
������� ����������� � ���

����������������� �
�������������� �
�������� �
����

�
�
�
�

allowed

CDMS excl.

SuperCDMS

XENON 1t

�6 �5 �4 �3 �2 �1 00 1
�20

�19

�18

�17

�16

�15

�14

�13

�12

�11

�10

�9

�8

�7

�6

�5
Bergström, Bringmann & Edsjö �2010�

log10�Σv��mΧ2 �10�30cm3s�1GeV�2�

lo
g
1
0
Σ
S
I
�pb�

Preliminary
Bergström, Bringmann & Edsjö,
in prep. 2010

This large area usually not shown in direct 
detection figures. How do we reach it?

Direct
⬇ ⬅ Indirect



What can a DMA do?

• Assume 5000 hrs towards the galactic centre (GC)

• Assume that the angular resolution is good enough 
to separate the HESS source from the GC

• Assume smooth diffuse background as measured 
by Fermi (from S. Digel, Fermi Symposium, Nov. 
2009), extrapolated as power law above 100 GeV

• Demand that S/(S+B)0.5 > 5 in best energy bin to 
claim sensitivity



� � �
�

� ��
� � �

�� �
� � � �
� ��������
� ���� ��
�� ���� ���
�� ����� ��
� ���� ���
����������

� ����������
� ����������
� ����������
������������

� � �� ����������
� � � ������������

� �� �������������
� � ������������
������ � �������������� �

�� ��������������
��� ������������
� ��� ����������� �
�� ���� ������������ �

������������������
����������������� �
� ��������������� �
�� �����������
� � ����
� ����
� ��
�� ��

�������������������������������� ����������������������� � � ����������� ������� �������� �� �

������������ ������������������������� ���������������� ������������������������������������������������������������������ ����������������������������

� �������� �
������������ ���� ��� ��� �

��� ���������������������������������� ����
�������������������������������������� ���

����������������������������������
�������������������������������

� ���������������������������� ��
����� ��������������������������� ��� �
������� ����������� � ���

����������������� �
�������������� �
�������� �
����

��

�
�

�
���
���

��
��� �
���

���
��
��
�
��

��

�

�
��
���
�

���
���
���
���
���
��� �
��� �
���
�����
��� �
���
���� �
���� �
���� � ���
���� �����
�� ������
�������
������� �
����������
����������
���������
���������
���������
���������
���������
����������
����������
��������
��
���
�

�
� �
� �
� � �
�
� � � � �
� � � � � � �
� � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � � � �
� � � � � � � � � � � � �
� � � � � � � � � � �
� � � � � � � � � � � �
� � � � � � � � � � � � � � � �
� � � � � � � � � � � � � �
� � � � � � � � � � � � � �
� � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � �
� � � � � � � �

� �

�
�
�
�
�
�
�

allowed
CDMS excl.
SuperCDMS
XENON 1t
Fermi
CTA
DMA

GC, NFW �no boost�

�6 �5 �4 �3 �2 �1 00 1
�20

�19

�18

�17

�16

�15

�14

�13

�12

�11

�10

�9

�8

�7

�6

�5
Bergström, Bringmann & Edsjö �2010�

log10�Σv��mΧ2 �10�30cm3s�1GeV�2�

lo
g 1
0Σ

SI
�pb�

Direct vs indirect
• NFW

• No boost

←DMA ←CTA

Preliminary
Bergström, Bringmann & Edsjö,
in prep. 2010 ←Fermi



Direct vs indirect
• NFW

• Bost factor = 10

←DMA←CTA

Preliminary
Bergström, Bringmann & Edsjö,
in prep. 2010
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Direct vs indirect

←DMA←CTA
Preliminary
Bergström, Bringmann & Edsjö,
in prep. 2010
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Direct detection 
territory!

Sweet spot: Both 
direct detection 
and indirect 
detection should 
see a signal

Indirect 
detection 
territory!

The impossible 
part...



Direct vs indirect

• NFW

• Adiabatic contraction

←DMA
←CTA

Preliminary
Bergström, Bringmann & Edsjö,
in prep. 2010
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Another possibility which is more robust to astrophysical 
uncertainties is to look at dwarfs instead.



LHC

Complementarity
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Figure 10: The points of the pMSSM grids with constraints as a function of the total cross section and
the minimal SUSY mass (upper plot) and as a function of the minimal mass of the light squarks and the
mass of the gluino (lower plot).

19

Fig. from ATL-PUB-2009-084 (ATLAS public note)

• LHC will probe most 
models up to a few 
hundred GeV in 
sparticle masses, for 
some models even 
higher

• Crucial to get data in 
an as model 
independent way as 
possible.

• Publish likelihoods?



DarkSUSY

• For any of these multi-channel searches, it 
is crucial to use consistent tools, like e.g. 
DarkSUSY (developed mainly in 
Stockholm), where all calculations can be 
performed with consistent particle physics 
and astrophysics assumptions.

• To download DarkSUSY:

	
 	
 	
 www.darksusy.org

http://www.darksusy.org
http://www.darksusy.org


Conclusions

• Many ways to search for dark matter: accelerators, direct 
and indirect.

• Use as many of these as possible to test/constrain our 
models

• Crucial to perform these calculations in a consistent 
framework, with e.g. a tool like DarkSUSY

• A dedicated Dark Matter Array (DMA) may prove useful 
to reach previously unreachable parts of the parameter 
space. Complementary to direct searches.


