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The nature of dark matter

Observational evidence indicates:

• non-baryonic

• neutral

• virtually collisionless

2

Credit: Planck Collaboration
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The nature of dark matter

Observational evidence indicates:

• non-baryonic

• neutral

• virtually collisionless

2

Additional assumptions for this talk:

• dark matter is a weakly-interacting massive particle (WIMP)

• GeV - TeV mass scale

• can pair annihilate or decay to produce standard model particles

Credit: Planck Collaboration
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How to detect particle dark matter?
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Credit: Sky & Telescope / Gregg Dinderman

Indirect dark matter signals
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Indirect detection experiments

Super Kamionkande [neutrinos]

Fermi Gamma-ray Space Telescope
[gamma rays and electrons]

Cherenkov Telescope Array 
[gamma rays and electrons]

AMS-02 [cosmic rays]
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Indirect messengers
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Instruments Advantages Challenges

Gamma-ray 
photons

Fermi, ACTs (HESS, 
VERITAS, MAGIC, CTA)

point back to source, 
spectral signatures

backgrounds, attenuation

Neutrinos
IceCube/DeepCore/PINGU, 

ANTARES, KM3NET, 
Super-K, Hyper-K

point back to source, 
spectral signatures

low statistics, backgrounds

Charged 
particles

PAMELA, AMS(-02), 
ATIC, ACTs, Fermi, CTA, 

CALET

antimatter hard to produce 
astrophysically

diffusion, propagation 
uncertainties, don’t point 

back to sources
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Gamma-ray and neutrino indirect signals
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Gamma-ray and neutrino indirect signals
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Astrophys Space Sci (2007) 309: 505–515 509

the Galactic center, in terms of DM annihilation. The dis-
covery of an EGRET source in the direction of Sgr A*
was in fact a potentially perfect signature of the existence
of particle DM, as thoroughly discussed in (Stecker 1988;
Bouquet et al. 1989; Berezinsky et al. 1994; Bergstrom
et al. 1998; Bertone et al. 2001; Cesarini et al. 2004;
Fornengo et al. 2004). However, it was subsequently real-
ized that the EGRET source could have been slightly offset
with respect to the position of Sgr A*, a circumstance clearly
at odds with a DM interpretation (Hooper and Dingus 2004).

Recently the gamma-ray telescope HESS has detected
a high energy source, spatially coincident within 1′ with
Sgr A* (Aharonian et al. 2004) and with a spectrum extend-
ing above 20 TeV. Although the spatial coincidence is much
more satisfactory than in the case of the EGRET source, the
“exotic” origin of the signal is hard to defend, since the im-
plied mass scale of the DM particle (well above 20 TeV,
to be consistent with the observed spectrum) appears to be
difficult to reconcile with the properties of commonly stud-
ied candidates, and the fact that the spectrum is a power-law,
then, points towards a standard astrophysical source (see e.g.
the discussion Profumo 2005). The galactic center, however,
remains an interesting target for GLAST, since it will ex-
plore a range of energies below the relatively high thresh-
old of HESS, where a DM signal could be hiding (Zahari-
jas and Hooper 2006). The recent claim that the profile of
large galaxies could be much more shallow than previously
thought (Mashchenko et al. 2006), should not discourage
further studies, especially in view of the possible enhance-
ment of the DM density due to interactions with the stellar
cusp observed at the Galactic center (Merritt et al. 2007).

The detection of a signal from the Galactic center would
be extremely interesting, but can it prove the existence of
DM? Realistically, one may hope to observe, at most, a
“bump” above the background. Without peculiar spectral
features it would be hard to claim discovery of DM, unless
a fit of the spectrum points towards a mass compatible with
the eventual findings of new physics searches at accelera-
tors. Figure 1 illustrates the difficulties associated with the
unambiguous identification of a DM signal. Any excess, at
any energy, could in principle be explained in terms of DM
particles with appropriate properties: the normalization of
the flux can be adjusted by changing the distribution of DM
particles, the energy scale can be varied over several orders
of magnitude, taking advantage of our ignorance on the DM
mass scale; even the slope can be modified, since different
annihilation channels lead to different spectra.

This doesn’t mean that the tentative identifications pre-
sented above are ruled-out: the signature of DM could have
been already found in one or several sets of data, and all
the above claims should be taken seriously and further in-
vestigated without prejudice, especially in view of the fact
that we don’t know what DM is! However, it is important to

Fig. 1 The problem with indirect searches: the lack of constraints on
the mass scale, the profile and the leading annihilation channel, leads
to uncertainties on the energy scale and on the spectrum normalization
and shape respectively

look for clear smoking-gun of DM annihilation, and study
theoretical scenarios with unambiguous signatures that can
be tested with present and future experiments. To this aim,
we summarize in the next section some recently proposed
ideas that go precisely in this direction, and that may shed
new light on the nature of particle DM.

4 New strategies

Before starting the discussion of new strategies for the un-
ambiguous detection of DM, we recall the first, and more
clear signature that one may hope to detect: distinctive spec-
tral features, and in particular annihilation lines. This has
been discussed thoroughly in literature, and although it ap-
pears unlikely that commonly discussed candidates such as
the supersymmetric neutralino, possess prominent enough
feature to be detected with current or upcoming experi-
ments, it is probably good to keep this possibility in mind,
and to search future gamma-data for signatures of this kind.

4.1 Gamma-ray background

Although most searches have focused on the identification
of point-sources associated with regions where DM accumu-
lates, it is interesting to ask what the gamma-ray background
produced by the annihilations of DM in all structures, at any
redshift, would be. The first calculation of this type was per-
formed in (Bergstrom et al. 2001), and then further studied
in (Taylor and Silk 2003; Ullio et al. 2002). The annihilation
background can be expressed as

Φ(E) = Ω2
DMρ2

c

8πH0

σv

m2
χ

∫ zmax

0
dz

∆2

h(z)
N(E′) (3)

Bertone 2007
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Dark matter photon spectra

• “soft” channels: 
produce a continuum 
gamma-ray spectrum 
primarily from decay of 
neutral pions 

• “hard channels”: include 
final state radiation 
(FSR) associated with 
charged leptons in the 
final states

• direct annihilation to 
photons = line emission 
(γγ, Zγ)

9
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Spectra calculated with PPPC 4 DM ID [Cirelli et al. 2010]
energy spectrum cuts off at the DM mass for 

annihilation, half the DM mass for decay
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The dark matter spatial distribution

Credit: Springel et al. (Virgo Consortium)



Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-14 -9-12 -7

Image credit: JSG 2008

Dark matter annihilation signal



Instruments and analyses:
Fermi Gamma-ray Space Telescope
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The Fermi Gamma-ray Space Telescope

13

the Large Area Telescope (LAT)

• 20 MeV to > 300 GeV

• large FOV ~ 2.4 sr

the Gamma-ray Burst Monitor (GBM)

• 12 sodium iodide (NaI) 
detectors: 8 keV to 1 MeV

• 2 bismuth germanate (BGO) 
detectors (200 keV to 40 
MeV)

• observes entire unocculted 
sky

Fermi data and analysis 
tools are public!

Credit: NASA/General Dynamics
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Overview of the Large Area Telescope 
Atwood, W. B. et al. 2009, ApJ, 697, 1071 

Tracker/Converter (TKR): 
•  Si-strip detectors 
•  ~80 m2 of silicon (total) 
•  W conversion foils 
•  1.5 X0 on-axis 
•  18XY planes   
•  ~106 digital elx chans 
•  Highly granular  
•  High precision tracking 
•  Average plane PHA 

Calorimeter (CAL): 
•  1536 CsI(Tl) crystals 
•  8.6 X0 on-axis 
•  large elx dynamic range 
(2MeV-60GeV per xtal) 
•  Hodoscopic (8x12) 
•  Shower profile recon 
•  EM vs HAD separation 

Anti-Coincidence (ACD): 
•  Segmented (89 tiles + 8 ribbons) 
•  Self-veto @ high energy limited 
•  0.9997 detection efficiency  

LAT: 
•  modular - 4x4 array  
•   3ton – 650watts 

γ"

e+ e- 

3 

The Fermi Large Area Telescope (LAT)
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• pair-production detector: detects charged 
particles as well as gamma rays

• excellent charged particle event identification 
and background rejection

• 20 MeV to > 300 GeV

• angular resolution ~ 0.1 deg above 10 GeV

Overview of the Large Area Telescope 
Atwood, W. B. et al. 2009, ApJ, 697, 1071 
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•  Highly granular  
•  High precision tracking 
•  Average plane PHA 
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Anti-Coincidence (ACD): 
•  Segmented (89 tiles + 8 ribbons) 
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Current and future capabilities
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LAT and CTA is the same at a given energy, the Fermi-LAT will be able to
do a better measurement of a source. While HAWC’s performance in these
quantities is rather modest, its main goal is to detect new sources and study
variability and find transients. HAWC is not shown in Figure 1 as differ-
ential sensitivity curves has not been provided by the HAWC collaboration
and indeed, it is not the relevant quantity for the aforementioned goals. In
the energy range at which this study is focused, HAWC is not competitive
with the Fermi-LAT and CTA except perhaps for the detection of very short
timescale transients such as GRBs.
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Figure 2: Left: Angular resolution for Fermi-LAT [29] and CTA [30]. H.E.S.S. [31] and
HAWC [32] are shown as examples for a current-generation IACT and for a next-generation
water Cherenkov detector. Also shown is the limiting angular resolution that could be
achieved if all Cherenkov photons emitted by the particle shower could be detected [33].
The CTA curve has not been optimized for angular resolution and enhanced analysis
techniques are expected to improve this curve. Right: Energy resolution for Fermi-LAT
and CTA. Shown is the 68% containment radius around the mean of the reconstructed
energy. It is evident that the energy resolution of Fermi-LAT in the overlapping energy
range is significantly better than the CTA resolution.

2. The SensitivityModel

The sensitivity of gamma-ray detectors is determined by three basic char-
acteristics: the effective collection area, residual background rate and angular
resolution, all of which are typically a strong function of gamma-ray energy.

5

Funk et al. 2012

(limit for IACTs)

NB: Fermi LAT effective area ~ 0.8 m2 vs ~ 106 m2 for CTA
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Fermi Survey Mode 

LAT sees 1/5 of the sky at any time 
GBM sees entire un-occulted sky 

Fermi spends 
every other 
orbit rocked 
either north 
or south. 
 
3 hours to 
survey entire 
sky 

7/16/13 SLAC Summer Institute 2013 4 

The Fermi Large Area Telescope (LAT)

16

• standard observing 
strategy = sky survey

• each orbit takes ~ 90 
minutes

• rocks to point North 
or South, changes 
each orbit

• uniform sky 
exposure of ~ 30 
mins every 3 hrs

Fermi LAT sensitivity maps
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3-year all-sky map, E > 1 GeV

Image Credit: NASA/DOE/International LAT Team

The Fermi LAT gamma-ray sky

17
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Increasing Classes of Fermi-LAT Sources 

GRBs 

Fermi Bubbles 

Nova (1) SNR & PWN (68) 

Blazars (782) 

Radio Galaxies (12) 

LMC & SMC Starburst  Galaxies (4) 

γ-ray binaries (6) 

Globular Clusters (11) 

Sun: flares & CR interactions 

Pulsars: young & millisecond (MSP) (117+) 

Terrestrial Gamma-ray 
Flashes Unidentified Sources (~600) 

e+e- spectrum 

Ackermann+ (LAT) 
[arXiv:1108.1202]  

7/16/13 SLAC Summer Institute 2013 5 

slide credit: Matthew Wood
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Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-14 -9-12 -7

Gamma rays from dark matter annihilation

Fermi LAT dark matter search targets

19

Image credit: JSG 2008
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Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
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Gamma rays from dark matter annihilation

The inner galaxy
The Milky Way 

halo

The Sun

Anisotropies

Dwarf 
galaxies

Spectral 
lines

Cosmic-ray 
electrons and 

positrons

Unassociated sources 
(subhalos?)

The isotropic gamma-ray 
background

Galaxy 
clusters

Fermi LAT dark matter search targets

19

Image credit: JSG 2008
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3-year all-sky map, E > 1 GeV

Image Credit: NASA/DOE/International LAT Team

The Fermi LAT gamma-ray sky

The inner galaxy
The Milky Way 

halo

The Sun

Anisotropies

Dwarf 
galaxies

Spectral 
lines

Cosmic-ray 
electrons and 

positrons

Unassociated sources 
(subhalos?)

The isotropic gamma-ray 
background

Galaxy 
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Search for gamma rays from dwarf galaxies
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• there are roughly two dozen known dwarf spheroidal galaxies (dSphs) of the Milky Way

• some of the most dark-matter--dominated objects in the Universe

• no non-DM astrophysical gamma-ray production expected



TAUP School, Asilomar, CA, September 7, 2013J. Siegal-Gaskins

DM limits from combined analysis of dSphs

21

see also: Geringer-Sameth & Koushiappas, PRL 107, 241303 (2011); 
Cholis & Salucci, arXiv:1203.2954

Joint likelihood analysis of 
Fermi LAT data:

• 10 dwarf galaxy targets

• 2 years data, energy 
range: 200 MeV - 100 
GeV, P6_V3_diffuse

• 4 annihilation channels

• incorporates statistical 
uncertainties in the solid-
angle-integrated “J-
factor”

( = “astrophysical factor” 
in the predicted signal, 
set by the dark matter 
distribution)

vals are then obtained by requiring 2! lnðLpÞ ¼ 2:71 for a
one-sided 95% confidence level. The MINUIT subroutine
MINOS [33] is used as the implementation of this technique.
Note that uncertainties in the background fit (diffuse and
nearby sources) are also treated in this way. To summarize,
the free parameters of the fit are h!annvi, the J factors, and
the Galactic diffuse and isotropic background normaliza-
tions, as well as the normalizations of nearby point sources.
The coverage of this profile joint likelihood method for
calculating confidence intervals has been verified using toy
Monte Carlo calculations for a Poisson process with known
background and Fermi-LAT simulations of Galactic and
isotropic diffuse gamma-ray emission. The parameter
range for h!annvi is restricted to have a lower bound of
zero, to facilitate convergence of the MINOS fit, resulting in
slight overcoverage for small signals, i.e., conservative
limits.

Results and conclusions.—As no significant signal is
found, we report upper limits. Individual and combined
upper limits on the annihilation cross section for the b "b
final state are shown in Fig. 1; see also [34]. Including the
J-factor uncertainties in the fit results in increased upper
limits compared to using the nominal J factors. Averaged
over the WIMP masses, the upper limits increase by a
factor up to 12 for Segue 1, and down to 1.2 for Draco.
Combining the dSphs yields a much milder overall in-
crease of the upper limit compared to using nominal J
factors, a factor of 1.3.

The combined upper limit curve shown in Fig. 1 in-
cludes Segue 1 and Ursa Major II, two ultrafaint satellites
with small kinematic data sets and relatively large uncer-

tainties on their J factors. Conservatively, excluding these
objects from the analysis results in an increase in the upper
limit by a factor $1:5, which illustrates the robustness of
the combined fit.
We recalculated our combined limits using, for the

classical dwarfs, the J factors presented in [35], which
allow for shallower profiles than Navarro-Frenk-White
assumed here. The final constraint agrees with the limit
from our J factors to about 10%, demonstrating the insen-
sitivity of the combined limits to the assumed dark matter
density profile.
Finally, Fig. 2 shows the combined limits for all studied

channels. The WIMP masses range from 5 GeV to 1 TeV,
except for the WþW& channel, where the lower bound is
100 GeV. For the first time, using gamma rays, we are able
to rule out models with the most generic cross section
($ 3' 10&26 cm3 s&1 for a purely s-wave cross section),
without assuming additional astrophysical or particle phys-
ics boost factors. For large dark matter masses (around or
above a TeV), the radiation of soft electroweak bosons
leads to additional gamma rays in the energy range of
relevance for the present analysis (see, e.g., [36,37]).
This emission mechanism is not included in the
Monte Carlo simulations for the photon yield we employ
here. While massive gauge boson radiation is virtually
irrelevant for masses below 100 GeV, our results for the
heaviest masses can be instead viewed as marginally more
conservative than with the inclusion of radiative electro-
weak corrections.
In conclusion, we have presented a new analysis of the

Fermi-LAT data that for the first time combines multiple

FIG. 1 (color online). Derived 95% C.L. upper limits on a
WIMP annihilation cross section for all selected dSphs and for
the joint likelihood analysis for annihilation into the b "b final
state. The most generic cross section ($ 3' 10&26 cm3 s&1 for a
purely s-wave cross section) is plotted as a reference.
Uncertainties in the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the b "b channel, the "þ"& channel, the
#þ#& channel, and theWþW& channel. The most generic cross
section ($ 3' 10&26 cm3 s&1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J factor are
included.
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DM limits from combined analysis of dSphs
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M. Ackermann et al. [Fermi LAT Collaboration], 
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results exclude the canonical WIMP thermal relic cross-section 
for annihilation to bb ̄  or !+!- for masses below ~ 30 GeV
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Future prospects for dwarf spheroidals

future DM limits from 
dSph projected to 
improve due to:

• increased 
observation time

• discovery of new 
dwarfs
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