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The nature of dark matter

Observational evidence 
indicates:

• non-baryonic

• neutral

• virtually collisionless

2

Credit: NASA / WMAP Science Team

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

• accounts for the measured dark matter density
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The dark matter spatial distribution

Credit: Springel et al. (Virgo Consortium)
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Indirect dark matter signals

• annihilation or decay of dark 
matter can produce a variety of 
potentially detectable Standard 
Model particles

• spectrum of annihilation (or decay) 
products encodes info about 
intrinsic particle properties

• variation in the intensity of the 
signal along different lines of sight is 
determined exclusively by the 
distribution of dark matter
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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
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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
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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
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to uncertainties on the energy scale and on the spectrum normalization
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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
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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
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to uncertainties on the energy scale and on the spectrum normalization
and shape respectively
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be tested with present and future experiments. To this aim,
we summarize in the next section some recently proposed
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4.1 Gamma-ray background

Although most searches have focused on the identification
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Dark matter photon spectra

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

• internal 
bremsstrahlung 
radiation from 
charged lepton final 
states (much harder)

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

5

0.001 0.010 0.100 1.000
x=E/m!

0.0001

0.0010

0.0100

0.1000

1.0000

x2 d
N/
dx

bb̄

tt̄

!+!!

W+W!

""

Spectra calculated with PPPC 4 DM ID [Cirelli et al. 2010]



Identification of Dark Matter, Chicago, July 24, 2012J. Siegal-Gaskins

Credit: NASA/General Dynamics

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

• uniform sky exposure of ~ 
30 mins every 3 hrs
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Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
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Gamma rays from dark matter annihilation

Fermi LAT dark matter search targets

7

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
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Constraints from the Milky Way halo

• data set: 24 months, p7 clean event selection (front+back) in the 1-100 GeV energy range

• ROI: 5° <|b|<15° and |l|<80°, chosen to:

• minimize DM profile uncertainty (highest in the Galactic Center region)

• limit astrophysical uncertainty by masking out the Galactic plane and cutting-out high-
latitude emission from the Fermi lobes and Loop I

8

4

0.1 0.5 1.0 5.0 10.0 50.0 100.0

5¥10-5
1¥10-4

5¥10-4
0.001

0.005

E @GeVD
E
2 F
@Me

V
cm
-
1 s
-
1 s
r-
1 D

»b» < 15°, »b» > 5°, »l» < 80°
ccô bb

mc = 250 GeV

<sv> = 4 10-25cm3s-1

p0

ICS

DM

0.1 0.5 1.0 5.0 10.0 50.0 100.0

5¥10-5
1¥10-4

5¥10-4
0.001

0.005

E @GeVD

E
2 F
@Me

V
cm
-
1 s
-
1 s
r-
1 D

»b» < 15°, »b» > 5°, »l» < 80°
ccô m+m-

mc = 250 GeV

<sv> = 4 10-25cm3s-1

p0

ICS

DM ICS

DM FSR

0.1 0.5 1.0 5.0 10.0 50.0 100.0

5¥10-5
1¥10-4

5¥10-4
0.001

0.005

E @GeVD

E
2 F
@Me

V
cm
-
1 s
-
1 s
r-
1 D

»b» < 15°, »b» > 5°, »l» < 80°
ccô m+m-

mc = 250 GeV

<sv> = 4 10-25cm3s-1

p0

ICS

DM ICS

DM FSR

FIG. 1. Upper panel: Spatial (left) and spectral (right) distribution of gamma rays originating from the annihilation of a 250
GeV WIMP into bb̄. The left figure shows the expected intensity at E=10 GeV for the full sky in Galactic coordinates. A
NFW profile is assumed for the DM halo and a value of h�Avi = 4⇥ 10�25cm3s�1 for the DM annihilation cross section. For
comparison purposes typical spectra of the astrophysical emission from ⇡

0 decay and ICS are displayed in the right figure.
Central panel: Same for a 250 GeV WIMP annihilating into µ

+
µ

�. Both the contribution from ICS and from FSR are shown
separately in the spectrum and are superimposed in the spatial distribution. Lower panel: Spatial (left) and spectral (right)
distribution of gamma rays originating from ICS from Cosmic Ray sources distributed uniformly in galacto-centric radius within
1kpc from the Galactic Center, and with an exponentially decaying profile in galacto-centric height z with scale length 200 pc.
For comparison, the same DM spectrum of the central panel is also shown.

di↵erent annuli [12] providing e↵ectively a 3D1 model of the gas distribution in the Galaxy. The conversion factors147

XCO between CO line intensity and H2 column density have been observed to vary throughout the Galaxy [14]. Total148

gas column density estimated from E(B-V) visual reddening maps [15] has been shown to be more accurate than the149

one estimated from HI and CO surveys combined [16]. We take this into account by correcting the gas column density150

for each line of sight according to the value derived from the E(B-V) map [12].151

A 2D+1 cylindrically symmetric model (2 spatial dimensions and the frequency dimension) of the ISRF is used,152

computed based on a model of the radiation emission of stellar populations and further reprocessing in the galactic153

1
More precisely the model is only pseudo 3D due to the near-far ambiguity in the inner Galaxy [12].

conservative ‘no-background’ limits:
These limits do not involve any modeling of the astrophysical background, and 
are robust to that class of uncertainties (i.e. they are conservative). 

The expected counts from DM, (nDM) are compared with the observed counts 
(ndata) and the upper limits at 3(5) sigmas is set from the requirement: 
nDM - 3(5) √nDM > ndata, 
in at least one energy bin. 
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DM annihilation signal

PRELIMINARY

testing the LAT diffuse data for a contribution from a
Milky Way DM annihilation/decay signal

see also: Malyshev, Bovy, & Cholis, PRD 84 
(2011) 023013 

(see Gabrijela Zaharijas’ talk 
this afternoon!)
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Constraints from the halo: bb channel

• blue = “no-background 
limits”

• black = limits obtained by 
marginalization over the 
CR source distribution, 
diffusive halo height and 
electron injection index, 
gas to dust ratio, and in 
which CR sources are 
held to zero in the inner 3 
kpc

• limits with NFW density 
profile (not shown) are 
only slightly stronger

9

PRELIMINARY

Annihilation

M. Ackermann et al. [Fermi LAT Collaboration], 
submitted



Identification of Dark Matter, Chicago, July 24, 2012J. Siegal-Gaskins

A 130 GeV line from dark matter?

10

• Bringmann et al. find weak 
indication of a feature consistent 
with IB emission from DM 
annihilation

• Weniger claims a tentative 
gamma-ray line

One region-of-interest for
Weniger’s line search

see also: Bringmann, Huang, Ibarra, Vogl, Weniger, arXiv:
1203.1312; Weniger, arXiv:1204.2797; Tempel, Hektor, 
Raidal, arXiv:1205.1045; Boyarsky, Malyshev, Ruchayskiy, 
arXiv:1205.4700; Geringer-Sameth & Koushiappas, arXiv:
1206.0796; Su & Finkbeiner, arXiv:1206.1616, Aharonian, 
Khangulyan, Malyshev, arXiv:1207.0458 ...

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced !2

r ! !2/dof. The counts
are listed in Tabs. 1, 2 and 3.

– 8 –

Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with ! = 1), the Einasto and the
contracted (with ! = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.

– 4 –

Spectrum of ROI with 
power-law and power-law+line fits

Weniger 2012

Weniger 2012

(see also Christoph Weniger’s 
talk this afternoon!)
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A 130 GeV line from dark matter?

11

• Many studies find similar 
line-like features

• Su & Finkbeiner 2012 
localize the feature to a 
region offset from the GC

• Could a break in the 
spectrum of the Fermi 
bubbles be mistaken for a 
line? (Profumo & Linden 
2012)

• Non-DM astrophysical 
sources of lines? (Aharonian 
et al 2012)

• Many unresolved questions 
remain: stay tuned!

Schematic demonstration of how a broken power 
law could lead to a spurious detection of a line

Profumo & Linden 2012
Energy
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γ’s from Fermi bubbles
γ’s from outside the bubbles
Spurious line

Figure 4. A schematic picture of why it is likely that a broken power-law spectrum from the
Fermi bubbles region appear as a spurious line if a bright, featureless power-law background from
ROI portions outside the Fermi bubbles is added.

extragalactic background and point sources (Region 2), leads to “watering down” the Fermi
bubble photons with a bright power-law background. As a result, the clear power-law break
in the Fermi bubbles spectrum is flooded with background photons with a simple power-law
spectrum: the bubbles spectral break will then appear as a “tip of the iceberg” bump, easily
misinterpreted as a line. We schematically illustrate why we expect a spurious line signal
from the W12 ROI’s but not from the Fermi bubbles with Fig. 4.

3 Discussion and Conclusions

In this note we argue that the tentative evidence for a gamma-ray line possibly associated
with dark matter pair-annihilation reported in W12 is due to excess hard photons from the
Fermi bubbles regions, where the gamma-ray spectrum is a broken power law. Although the
origin of this broken power-law is unclear, it probably has to do with standard astrophysical
processes and not with dark matter annihilation.

Our claim is substantiated by two key observations:
(I) The regions where the tentative gamma-ray line signal is significant largely overlap

with the Fermi bubble regions (Fig. 1); there are several reasons why we expect a featureless
power-law gamma-ray spectrum (and no evidence for a signal) from the portions of the ROI’s
that do not overlap with the Fermi bubble regions. Given the gamma-ray spectrum in the
Fermi bubbles, a spurious line is then likely to emerge from data including the full ROI, as
illustrated in Fig. 4.

(II) The power-law break in the Fermi bubbles occurs in the 110-150 GeV region [10].
Due to the relatively poor energy resolution at those energies, such spectral break could be
confused, in a spectral analysis employing a sliding energy window, for a gamma-ray line
signal. We find that a broken power-law gives as good a fit as a line, even in a small energy
window (Fig. 2); widening the size of the energy window points quite conclusively towards a
broken power-law over a line fit (Fig. 3).

– 7 –

(see also Alex Geringer-
Sameth’s talk on Thursday!)
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Search for spectral lines

12

FIG. 3. Energy dispersion for the 100 GeV MC spectral line. The unbinned maximum likelihood

best fit for G(x) is shown with its component Gaussian functions. The 68% and 95% containment

windows are given by the solid and dashed vertical lines, respectively, and are based on G(x). The

�

2

/dof and p-value for the binned data are included in the figure. The fit of G(x) to the MC data

is cut o↵ at |x| > 0.2 (see text).

B. Line Instrument Response Functions202

A line search requires accurate knowledge of the LAT energy resolution. In the case that203

the line signal is extremely small in comparison to the background, an accurate probability204

distribution function (PDF) for spectral line photons will increase the confidence in and205

power of a statistical line search. Accordingly, we simulate spectral lines reconstructed by206

the LAT, and parameterize their energy dispersion to construct line PDFs.207

We use GLEAM, a GEANT4 based MC with the LAT geometry and material imple-208

mented, to model particle interactions with detector matter and perform full photon recon-209

struction [1]. The GLEAM version corresponds to the P6 V3 Fermi data release instrument210

response functions. The spectral lines were simulated at 5, 7, 10, 20, 50, 100, and 200211

GeV. Photons were selected using the applicable analysis cuts. At each energy we simulate212

⇠40,000 photons for each spectral line. For the MC photons, as in the case of the real data,213

we use E

r

. We have also checked that the MC reproduces well the detector response to214

photons as a function of incident angle (see [8] for details).215

9

2 °
C

ou
nt

s 
/ 2

.2
5 

1

10

210

°-75
°-60

°-45

°-30

°-15

°  0

° 15

° 30

° 45

° 60
° 75

°-150°-120°-90°-60°-30°  0° 30° 60° 90°120°150

FIG. 1. The line dataset binned in 1.5� ⇥ 1.5� spatial bins, plotted in galactic coordinates using

a Hammer-Aito↵ projection. Photons with energy from 4.8 to 264 GeV are included. The white

areas away from the Galactic plane correspond to the locations of 1FGL point sources and have

been masked here. The area in white along the Galactic plane is excluded from this ROI.

A. Photon Selection178

In this section, we describe the selection criteria for photons included in our dataset. The179

dataset is comprised of Pass 6 DATACLEAN [8, 16] photons from the energy range 4.8 to180

264 GeV and the ROI |b| > 10� plus a 20� ⇥ 20� square centered at the GC. We exclude181

the bulk of the Galactic plane, where the di↵use emission from interactions of cosmic rays182

with interstellar gas and the interstellar radiation field is strong, but include the GC where183

cuspy profiles should enhance the WIMP annihilation signal. Photons are removed that are184

near point sources (see below), that arrive when the rocking angle of the LAT is larger than185

52�, or have zenith angles greater than 105�. The selection cuts remove charged particles,186

atmospheric gamma rays from the Earth’s limb (called “albedo photons” in this paper), and187

known astrophysical sources. Our final sample consists of ⇠ 105, 000 photons, with ⇠ 10%188

coming from the 20� ⇥ 20� square centered at the GC. Fig. 1 shows the counts map for our189

ROI. Fig. 2 shows the counts spectrum for P6 V3 DIFFUSE class photons (red triangles),190

the P6V3 photon class used in the 11-month line analysis (green squares), and for Pass 6191

DATACLEAN class photons (black circles) from 4.8 to 264 GeV, in 5% energy bins. The192

Pass 6 DATACLEAN class has the smallest particle contamination and the same energy and193

direction reconstruction quality as the P6 V3 DIFFUSE class.194195

In our ROI, there are 1087 sources in the LAT 11 month catalog (1FGL) [17]. We remove

7

• search for line emission from dark matter annihilation or decay (!! and Z! channels)

• exclude Galactic plane and 1FGL sources

• assume power-law background (spectral index free to vary) in each energy window

Region-of-interest for line search LAT energy response to 100 GeV line
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Constraints from line search

13FIG. 15. Top row: Dark matter annihilation 95% CL cross section upper limits into �� (left) and

Z� (right) for the NFW, Einasto, and isothermal profiles for the region |b| > 10� plus a 20� ⇥ 20�

square at the GC. �Z limits below E

�

< 30 GeV are not shown; see text for explanation. Bottom

row: Dark matter decay 95% CL lifetime lower limits into �⌫ for the NFW profile and same ROI.

Systematic e↵ects from the photon line flux upper limits are not included.
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Table IV and Fig. 15 give the spectral line flux upper limits, cross-section upper limits, and448

lifetime lower limits for various spectral line energies.449

The �� annihilation cross section h�vi
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upper limits are shown in Fig. 15. The upper450

limits to h�vi
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using the NFW profile range from ⇠ 3⇥10�29 to 5⇥10�27 cm3s�1 in the line451
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row: Dark matter decay 95% CL lifetime lower limits into �⌫ for the NFW profile and same ROI.
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Table IV and Fig. 15 give the spectral line flux upper limits, cross-section upper limits, and448

lifetime lower limits for various spectral line energies.449

The �� annihilation cross section h�vi
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• non-detection places limits on 
annihilation cross section or decay 
lifetime to !! and Z!

• these limits not in strong tension with 
signal claims

• more data and analyses are needed!

Annihilation cross-section constraints

Decay lifetime constraints

Ackermann et al. [Fermi LAT Collaboration], accepted to PRD
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Search for gamma rays from dwarf galaxies

14

• 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
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DM limits from combined analysis of dSphs

15

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! ln!Lp" # 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 W%W& 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 "%"& channel, the
#%#& channel, and theW%W& 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.

PRL 107, 241302 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

9 DECEMBER 2011

241302-5

M. Ackermann et al. [Fermi LAT Collaboration], 
PRL 107, 241302 (2011)

(see also Alex Geringer-
Sameth’s and Ilias Cholis’ talks 

on Thursday!)
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DM limits from combined analysis of dSphs
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M. Ackermann et al. [Fermi LAT Collaboration], 
PRL 107, 241302 (2011)

results exclude the canonical WIMP thermal relic cross-section 
for annihilation to bb ̄  or "+"- for masses below ~ 30 GeV

vals are then obtained by requiring 2! ln!Lp" # 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 W%W& 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 "%"& channel, the
#%#& channel, and theW%W& 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.

PRL 107, 241302 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

9 DECEMBER 2011

241302-5
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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

17

PRELIMINARY
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Gamma-ray anisotropies from dark matter

18

Gamma rays from Galactic DM

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

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

after convolving with 0.1° beambefore accounting for instrument PSF

gamma rays from DM annihilation and decay in Galactic and 
extragalactic dark matter structures could imprint small 

angular scale fluctuations in the diffuse gamma-ray background

JSG, JCAP 10(2008)040
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Anisotropy constraints on dark matter

• small angular scale IGRB anisotropy measured for the first 
time with the Fermi LAT

• angular power measurement constrains contribution of 
individual source classes, including DM, to the IGRB intensity

19

Constraints from best-fit constant fluctuation angular power (l ≳ 150) measured in 
the data and foreground-cleaned data

22

TABLE V: Maximum fractional contribution of various source populations to the IGRB intensity that is compatible with
the best-fit constant value of the measured fluctuation angular power in all energy bins, !CP/!I"

2" = 9.05 # 10!6 sr for the
default data analysis or !CP/!I"

2" = 6.94# 10!6 sr for the Galactic-foreground–cleaned data analysis. Indicative values for the
fluctuation angular power C!/!I"

2 of each source class are taken from existing literature (see text for details) and evaluated at
! = 100.

Source class Predicted C100/!I"2 Maximum fraction of IGRB intensity

[sr] DATA DATA:CLEANED

Blazars 2# 10!4 21% 19%

Star-forming galaxies 2# 10!7 100% 100%

Extragalactic dark matter annihilation 1# 10!5 95% 83%

Galactic dark matter annihilation 5# 10!5 43% 37%

Millisecond pulsars 3# 10!2 1.7% 1.5%

catalog is between 0.5 and 1 ! 10!9 photons cm!2 s!1
1267

for |b| > 30", higher than the threshold assumed in [24].1268

If the blazar luminosity function is identical to the one1269

assumed in [24], this discrepancy in thresholds would im-1270

ply that the prediction for the blazar anisotropy in [24] is1271

underestimated with respect to the one applicable to our1272

analysis, since our masked maps include more bright un-1273

resolved blazars. As a result, the constraint on the frac-1274

tional intensity contribution to the IGRB from blazars1275

for this model from our measurement would, if anything,1276

be stronger.1277

In contrast to the larger anisotropy expected from1278

blazars, the fluctuation angular power at ! " 100 pre-1279

dicted for star-forming galaxies by Ref. [27] is " 2 !1280

10!7 sr at 1 GeV, far below the value measured in this1281

analysis. Since star-forming galaxies would thus pro-1282

vide a subdominant contribution to the measured angular1283

power, this anisotropy measurement does not constrain1284

their contribution to the total IGRB intensity.1285

The anisotropy from dark matter annihilation in ex-1286

tragalactic structures is predicted to be slightly smaller1287

than that from unresolved blazars, although estimates1288

can vary substantially due to di!erences in the adopted1289

models. Moreover, for extragalactic dark matter anni-1290

hilation the amplitude of the expected anisotropy can1291

be highly sensitive to the energy spectrum of the emis-1292

sion. The source energy spectrum depends on the dark1293

matter particle mass and dominant annihilation chan-1294

nels, while the observed energy spectrum is a!ected by1295

redshifting and EBL attenuation. These factors can in-1296

troduce a non-trivial energy dependence into the am-1297

plitude of the anisotropy, particularly for high mass1298

(" 1 TeV) dark matter candidates. As a benchmark1299

range, Refs. [23, 24, 36] predict the anisotropy from an-1300

nihilation of extragalactic dark matter to be " 10!6–1301

10!5 sr at ! " 100 at energies of a few GeV, comparable1302

to the measured value.1303

The anisotropy from annihilation in Galactic dark mat-1304

ter substructure is expected to be much larger than that1305

from extragalactic dark matter. While variations in the1306

assumed properties of Galactic substructure can lead to1307

order-of-magnitude or larger variations in the predicted1308

angular power, for typical assumptions the predicted fluc-1309

tuation angular power is " 5 ! 10!5 sr at ! " 100 (e.g.,1310

Model A1 in Ref. [30]), which implies that dark matter1311

annihilation can contribute less than " 43% of the total1312

intensity. However, adopting alternative models for the1313

substructure properties can increase or decrease the pre-1314

dicted angular power by as much as " 2 orders of magni-1315

tude [29–31], so the measured angular power represents1316

a strong constraint on some substructure models.1317

Galactic gamma-ray MSPs have also been considered1318

as possible contributors to the intensity and anisotropy1319

of the IGRB due to their extended latitude distribu-1320

tion [15, 28]. The emission from Galactic MSPs is ex-1321

pected to feature very large fluctuation anisotropy due1322

to the relatively low number density of this source class1323

compared to dark matter substructure or extragalactic1324

source populations. Ref. [28] predicts fluctuation angular1325

power at high Galactic latitudes of " 0.03 sr at ! " 1001326

for this Galactic source class, which implies a contribu-1327

tion to the total IGRB intensity of no more than a few1328

percent.1329

We note that constraints derived in this section have1330

not taken into account information about the likely en-1331

ergy spectrum of the dominant contributing population,1332

discussed in §VII, which is incompatible with sources1333

known or expected to feature spectral peaks at the ener-1334

gies we consider (for example, Galactic and extragalac-1335

tic dark matter and MSPs). A careful study combining1336

all observables obtained in this work would almost cer-1337

tainly yield stronger constraints on contributing popula-1338

tions. Furthermore, we have discussed the constraints1339

obtainable on specific source populations by requiring1340

that the total anisotropy from each population does not1341

exceed the measured value. We emphasize, however,1342

that stronger bounds could be derived if some fraction1343

of the total anisotropy could be robustly attributed to1344

one or more confirmed source classes, thereby reducing1345

the anisotropy available to additional contributors.1346
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Solar CREs from DM annihilation
Schuster, Toro, Weiner, Yavin 2010 discuss 2 scenarios in which 

dark matter annihilation leads to cosmic-ray electron and 
positron (CRE) fluxes from the Sun:

• intermediate state scenario: Dark 
matter annihilates in the center of 
the Sun into an intermediate state Φ 
which then decays to CREs outside 
the surface of the Sun

• iDM scenario: Inelastic dark matter 
(iDM) captured by the Sun remains 
on large orbits, then annihilates 
directly to CREs outside the surface 
of the Sun

High energy electron signals from dark matter annihilation in the Sun
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In this paper we discuss two mechanisms by which high-energy electrons resulting from dark matter

annihilations in or near the Sun can arrive at the Earth. Specifically, electrons can escape the Sun if DM

annihilates into long-lived states, or if dark matter scatters inelastically, which would leave a halo of dark

matter outside of the Sun. Such a localized source of electrons may affect the spectra observed by

experiments with narrower fields of view oriented towards the Sun, such as ATIC, differently from those

with larger fields of view such as Fermi. We suggest a simple test of these possibilities with existing Fermi

data that is more sensitive than limits from final state radiation. If observed, such a signal will constitute an

unequivocal signature of dark matter.
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I. DARK MATTER IN THE SUN

High-energy particles from dark matter (DM) capture
and annihilation in the Sun offer a striking signature of
dark matter [1,2]. The study of energetic neutrinos from the
Sun [3–5] has received great attention in this context, as it
is assumed that charged products would not escape the
Sun’s interior. Recent data and theoretical developments
call this assumption into question. In particular, the solar
signatures of dark matter annihilation in the Sun can be
greatly altered for dark matter that annihilates into a new
force carrier [6–8], or for inelastically interacting dark
matter (iDM) [9]. In this paper, we discuss how either
scenario allows charged particles from DM annihilations
in the Sun to reach the Earth, and the observational
signatures of this effect.

In the first case, illustrated in Fig. 1(a), DM annihilates
into long-lived particles, such as scalars associated with a
new gauge sector. These long-lived particles can easily
escape the Sun, and their subsequent decay in the solar
system into electrons, muons, or charged pions can be
detected. In the second case, DM captured through inelas-
tic scattering may lack the minimum kinetic energy re-
quired to scatter again. If the elastic scattering cross section
is small, DM forms a loosely bound halo around the Sun
and can annihilate outside the Sun as shown in Fig. 1(b).

In either scenario, satellite observatories such as Fermi
[10] can detect the electronic annihilation products as a
cosmic ray electron excess strongly correlated with the
Sun’s direction. If observed, such an effect is an unequivo-
cal signature of DM since no known astrophysical phe-
nomena can generate such a high-energy electron flux from
the Sun. This type of signature may offer a unique probe of
inelastically interacting dark matter, for which direct
detection constraints are quite weak.

Our estimates will show that a solar flux F"
10!4 m!2 s!1 of particles above several hundred GeV

should be detectable by experiments such as Fermi.
Thus, only a small fraction of DM captured in the Sun
must annihilate through these channels to observe an ef-
fect. Indeed, if for a given DM mass we take the largest
cross section allowed by direct detection limits on spin-
independent elastic scattering (!SI # 0:5$3% & 10!43 cm2

for m" # 0:1$1% TeV) [11,12], then DM is captured at a
rate [13]

C' # 1:4& 1021 s!1

!
TeV

m"

"
2=3

: (1)

The iDM models allow much larger cross sections
!n * 10!40 cm2 and hence considerably higher capture
rates [16,17]. For cross sections in this range, the DM
density accumulated over the age of the Sun is high enough
that DM capture and annihilation rate (!A) reach equilib-
rium so that !A ( 1

2C'. Assuming one observable product
per annihilation actually leaves the Sun, the flux at the
Earth is

F" 5& 10!3 m!2 s!1 $elastic% (2)

F" 50 m!2 s!1 $inelastic%: (3)

FIG. 1 (color online). Two possible escape mechanisms for
high-energy charged particles from DM annihilations in the Sun.
(a) DM may annihilate into long-lived states which first escape
the Sun and only later decay. (b) DM may annihilate outside
the Sun.
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Fermi LAT search for CREs from the Sun

• ~106 CRE events (E > 60 GeV), 
from 1st year of operation

• analysis performed in ecliptic 
coordinates, in reference frame 
centered on the Sun

• search for a flux excess correlated 
with Sun’s direction yielded no 
significant detection, flux upper 
limits placed
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2

tion. Another consequence of this minimum velocity is
the higher sensitivity of the recoil spectrum to the tail
of the WIMP velocity distribution, which enhances the
annual modulation e↵ect for inelastic over elastic WIMP
scattering.

The XENON100 experiment [9] has recently reported
results from a 100.9 live days dark matter search [10]
in an energy interval between 8.4 and 44.6 keVnr (keV
nuclear recoil equivalent). The same data are used here
to constrain the iDM model. Three events fall in the pre-
defined WIMP search region for dark matter interactions,
which is compatible with the background expectation of
(1.8± 0.6) events, as described in [10].

To extract the DAMA/LIBRA allowed region in iDM
parameter space, the procedure described in [4] has been
followed, using an energy independent quenching factor
of 0.08 for iodine and not considering ion channeling. The
DAMA/LIBRA modulation amplitudes for di↵erent en-
ergies have been taken from [4], where they are extracted
from figure 9 of [2]. Data have been grouped in 17 bins,
of which the last one corresponds to the energy interval
between 10 and 20 keVee. Di↵erent values of �n, � and
M� have been selected and for each of them the expected
modulation amplitude in the DAMA/LIBRA experiment
has been computed. The DAMA/LIBRA allowed region
is then defined as those parameters for which �2(M�,
�)< 24.77 for some value of �n, where 24.77 corresponds
to the value that is excluded at 90% confidence level for
a �2 distribution with 17 degrees of freedom.

Following this procedure it is possible to compute for
every point in the allowed region the lowest cross section
which is compatible with DAMA/LIBRA at 90% confi-
dence level. The resulting cross section can be used to
predict a scatter rate in XENON100 and this can be com-
pared with the actual rate measured in XENON100. As
an example to illustrate the di↵erence between the pre-
dictions from the DAMA/LIBRA data, figure 1 shows the
expected spectrum in XENON100, taking into account
exposure and data quality acceptance, and the 90% con-
fidence level cross section from DAMA/LIBRA, for dif-
ferent choices of M� and � in the allowed region. The
WIMP velocity has been averaged over the data taking
period to account for annual modulation e↵ects.

With this data a limit on �N can be extracted for every
pair of M� and � values using both the Feldman-Cousins
method [11] and the optimum gap method [12]. We
assume a Maxwellian WIMP velocity distribution with
characteristic velocity v0 = 220 km/s and escape velocity
vesc = 544 km/s, a local WIMP density of 0.3GeV/cm3,
Earth’s velocity v� = 29.8 km/s [4] and Helm form fac-
tors [13]. Figure 2 shows the extracted limit for � =
120 keV using the Feldman-Cousins method. The 90%
confidence region explaining the DAMA/LIBRAmodula-
tion is also shown. It is excluded by the new XENON100
limit at 90% confidence level.

The systematic application of this procedure to the
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FIG. 1: Expected iDM nuclear recoil spectrum in XENON100
for 100.9 live days measured between January and June for a
WIMP with M� = 50 GeV, � = 110 keV (black, solid); M� =
55 GeV, � = 115 keV (blue, dotted), and M� = 60 GeV,
� = 120 keV (green, dashed) and a � corresponding to the
lower 90% confidence limit of the DAMA/LIBRA signal. The
XENON100 observed spectrum is shown in red. Vertical dot-
ted lines show the analysis energy interval.
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FIG. 2: DAMA/LIBRA 90% confidence level signal region for
� = 120 keV (gray region). Superimposed are the 90% con-
fidence level exclusion curves for XENON100 (black, solid),
CDMS [14] (red, dashed) and ZEPLIN-III [15] (blue, dash-
dotted). The whole DAMA/LIBRA WIMP region is excluded
by XENON100.

DAMA/LIBRA data for all points in the �-M� space
results in the gray area in figure 3, which shows the
allowed parameter space. To compare this result with
other experiments, for each allowed point in the �-M�

space the lowest cross section in the 90% signal region
for the DAMA/LIBRA data is compared with the 90%
confidence level limit cross section predicted by the other
experiment. In case the value from DAMA/LIBRA is
higher than for the experiment compared, that point in
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DAMA/LIBRA (shaded) 
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Complementarity with direct searches

Fermi solar CRE constraints are competitive with 
and complementary to direct detection results
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• tests for a unique astrophysical signal arising from specific dark 
matter models

• different sources of uncertainties make solar CRE limits a valuable 
cross-check

Ajello et al. [Fermi LAT Collaboration] (2011)
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Summary

• new constraints on dark matter models have been obtained from null 
searches for indirect dark matter signals in Fermi LAT data using a variety 
of targets

• searches for dark matter signatures in gamma rays from the Milky Way 
halo and dwarf galaxies exclude canonical thermal relic dark matter 
annihilation cross-sections for masses less than a few tens of GeV for 
some channels

• Fermi LAT CRE data provide a valuable probe of dark matter models; for 
some models LAT CRE analysis can provide complementary constraints 
to those from direct detection experiments

• current searches are already testing canonical WIMP dark matter models; 
there is great potential for discovery in future dark matter searches with 
the Fermi LAT!

• LAT data are public!!!  Please (continue to) use them!!!
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