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Outline

• Motivation and methods of indirect detection

• Calculating indirect signals

• Spectra from DM annihilation and decay

• The dark matter distribution

• Gamma-ray searches

• Neutrino searches

• Cosmic-ray searches

• Secondary emission

• Anomalies!
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see also Miguel Sánchez-Conde’s and 
Dan Hooper’s talks

see also Justin Vandenbroucke’s talk

see also Dan Hooper’s talk

see also Tom Abel’s and 
Louie Strigari’s talks
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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

• line emission: γγ, Zγ, hγ 
(not shown), loop-
suppressed
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Question from yesterday: why always consider bb for limits?
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Gamma-ray searches

look for prompt and sometimes also secondary 
emission from WIMP annihilation/decay; sift through 
large, uncertain backgrounds

to observe gamma rays below about 10 GeV MUST 
GO TO SPACE: Fermi Large Area Telescope (LAT)

for high energies, need large effective area: ground-
based imaging atmospheric Cherenkov telescopes 
(IACTs), e.g., H.E.S.S., MAGIC, VERITAS, and CTA
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Imaging atmospheric Cherenkov telescopes (IACTs)
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Image credit: H.E.S.S. Collaboration
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The Cherenkov Telescope Array (CTA)
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Image credit: CTA Collaboration

• array of many telescopes of various sizes to balance need for effective area while reducing 
energy threshold 

• will trigger as low as ~ few tens of GeV (compared to ~ 100 GeV for current ACTs)



J. Siegal-Gaskins SLAC Summer Institute | “Shining Light on Dark Matter” | August 10, 2014

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 di!er-
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 e!ective 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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CTA search for dark matter signals
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IACTs use “on-off” methods to 
search for signals due to large 
irreducible cosmic-ray electron 

background
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Detecting a Galactic Center DM signal with CTA
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flatter density profiles favored by some observational data 
and in some DM models could be challenging for CTA
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Density profile dependence of sensitivity
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200h, annihilation to 𝜏+𝜏-‐
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(parameter space ABOVE the curves excluded)
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Optimizing the search regions

11

Pierre, JSG, & Scott, 2014
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Taking advantage of spectral information
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Differential observed counts spectrum
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Improvement from spectral analysis
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200h, NFW profile
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CTA sensitivity to dark matter annihilation
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200h w/ CTA, NFW profile
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Multi-wavelength searches

search for secondary lower-energy emission from charged particles 
produced in WIMP annihilation/decay

can improve robustness of analyses by testing consistency of DM 
signals with multiple data sets spanning a broad range of energies

lower-energy observations can probe much smaller angular scales 
than gamma-ray observations can, yielding valuable information about 
cosmic-ray targets that trace diffuse gamma-ray emission

can detect and constrain gamma-ray source populations using 
observations at lower energies

15
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Multi-wavelength dark matter photon spectra

• secondary photon 
emission associated 
with charged particle 
final states: 

• inverse Compton 
scattering of 
starlight, CMB

• synchrotron due to 
magnetic fields

• Bremsstrahlung on 
gas

• hadronic cosmic-
ray interactions

16

Regis & Ullio 2008

DM spectrum from the Galactic Center

In Fig. 14, we plot the IC spectra on CMB and starlight,
induced by WIMP-annihilations in the three benchmarks
models. It is shown for a typical angular resolution of the
current !-rays experiments, i.e. 10!5 sr. We are consider-
ing such a large field of view since the IC signals have an
angular shape which is significantly broader than the shape
of the e" ! e! source function. We can intuitively under-
stand this feature from the fact that this emission comes
mostly in connection to the e" ! e! with largest energy at
emission, and these in turn lose energy by synchrotron
losses much more efficiently close to the GC, where mag-
netic fields are the largest, than in the outskirts of the GC
region. It turns out that the angular shape for the equilib-
rium number density of high energy e" ! e! is much
broader than the gamma-ray flux from "0 decays (which
is the same as for the source function), and, of course, even
more with respect to the shape of the synchrotron induced
x-ray flux. For this reason, although for the plot in Fig. 14
the intensity associated to the IC on CMB is larger than the
synchrotron intensity, when integrating over the angular
resolution of the Chandra detector, the trend is reversed,
and only in the case of constant magnetic field, with
synchrotron emission in the x-ray band essentially negli-
gible, comparing the IC flux to Sgr A# gives a tighter
constraint. Analogously to what we did in the case of radio
emission, it is worth checking whether data on a large field
of view could be relevant. We compare the IC signal to the
diffuse x-rays emission detected by the Chandra observ-
atory: In the 170 $ 170 map of [52], some regions are
selected and from them spectra of diffuse emission are
extracted, removing events near points source and filamen-
tary features. When combining constraints from different

frequencies in Figs. 15 and 16 below, we compute the level
of IC emission in such regions and extract upper bounds.
Similar arguments apply for the IC on starlight and the

!-ray limits. Indeed for what concerns bounds associated
to the pointlike source detected by Egret at the GC (ac-
tually its position is controversial, see the next section), the
limit associated to "0 decay is more constraining than the
IC limit. This is not true in general for the diffuse emission
on the whole GC region, however, we do not find any
region in the parameter space in which tighter limits
come in connection to this component. Note that the as-
sumption we made on radial profile and energy spectrum
for the starlight background are rather crude, and may
deserve further study; refining them may lead to a slightly
different conclusion, but it is unlikely that the general
picture would be affected.

C. The emission from !0 decays and the "-ray band

Recently, observations by atmospheric Cherenkov tele-
scopes detected a gamma-ray source in the direction of the
Galactic center. In particular the HESS collaboration
[17,27] has obtained an accurate measurement of the spec-
trum of the source as a single power law in the energy
range between 160 GeVand a few tens of TeV, making the
interpretation of the signal in terms of WIMP DM pair
annihilations rather unlikely. HESS has found evidence for
a GC pointlike source, namely, a source with an extension
smaller than its PSF % 0:1& and position compatible with
Sgr A#, on top a diffuse !-ray component [55]. In the case
of cuspy dark matter halo profiles, one needs to compare
against the central source only; the shallower the profile,
the more efficient it becomes to extend the analysis and
include the GC ridge as well (see, e.g., the discussion in
[28]). The resulting limits for the benchmark profiles are
plotted in Figs. 15 and 16.
The EGRET telescope mapped the GC in the energy

range 30MeV–10 GeV [53], detecting a flux within 1.5& of
the GC. A few hypothesis for interpreting this flux in terms
of a standard astrophysical source have been formulated;
its spectral shape is even compatible with a component
from WIMP DM annihilations [19]. On the other hand, the
poor angular resolution of EGRET does not allow for a
univocal identification of the source. In Ref. [20], using
only energy bins above 1 GeV and a spatially unbinned
maximum likelihood analysis, the authors argue that the
Galactic center is excluded as the position of the source at
99.9% and the maximum likelihood location is at l % 0:19,
b % !0:08. Thus they derive upper limits on the !-rays
flux from DM annihilations under the condition of no
evidence of a point source at the GC. Whether this is the
correct approach is still under debate and only GLASTwill
give a definitive answer. We derive more conservative but
robust limits comparing with the EGRET source; would
one follow the line of [20], the limits would be improved
up to about a factor of 10. Except for very light WIMPs, the
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Bed of Procrustes

17

• Lacroix et al. point out importance of:

• inverse Compton

• propagation model

• diffusion (and latitude dependence of secondary 
emission)

4

scenarios in which DM particles annihilate either into 100%
leptons, a mixture of leptons and bb̄ or 100% bb̄. Note that the
term “leptons” refers to a mixture of the e+e�, µ+µ�, t+t�
channels, with 1/3 of the annihilations into each of these chan-
nels.

A. Prompt, IC and Bremsstrahlung contributions

To compare the importance of the different components,
we use a 7� ⇥ 7� region corresponding to the signal found in
Ref. [5].

1. Prompt emission

The flux of prompt gamma rays (energy per unit time per
unit surface area per unit solid angle) is given by the integral
over the line of sight coordinate s of the DM density squared
(see, e.g., Refs. [20])

E2
g

dn
dEgdW

=
E2

g
4p

1
2

✓
r�

mDM

◆2
hsvi dN

dEg

Z

l.o.s.

✓
r(~x)
r�

◆2
ds

(10)
The flux from the squared 7� ⇥7� region is then given by:

E2
g

dn
dEg

= 4
Z qfov

0

Z qfov

0
E2

g
dn

dEgdW
cosbdb dl, (11)

where l and b are respectively the longitude and the latitude,
and qfov = 3.5� defines the field of view. This corresponds
to the flux expected for a given annihilation channel. To get
the total flux, we then sum and weight the different channels
(leptons, leptons+b-quarks, bb̄).

2. IC and Bremsstrahlung emissions

In contrast, computing the flux of gamma rays emitted by
electrons requires to take into account propagation. This can
be expressed as (see, e.g., Ref. [12])

E2
g

dn
dEgdW

=
1

4p

Z

l.o.s.
j(Eg,s, l,b)ds, (12)

where j(Eg,s, l,b)⌘ j(Eg,~x) is the photon emissivity obtained
after propagation of the electrons and after taking into account
the photon emission due to their interactions with the ISRF
and atomic nuclei in the interstellar medium1. The emissivity
is therefore given by (see Refs. [14, 15]):

j(Eg,~x) = Ne

Z mDM

Emin
e

P(Eg,Ee,~x)y(Ee,~x)dEe, (13)

1 Contrary to the literature, here we include the overall E2
g factor of Eq. (12)

in the emission spectrum, so that the emissivity has units of energy per unit
time per unit volume.

FIG. 1. Spectrum of the residual extended emission in the 7� ⇥ 7�
region around the GC. The blue points are the residuals in the Fermi-
LAT data extracted by the authors of Ref. [5]. The prompt contri-
bution (black dashed), IC (green dashed-dotted) and Bremsstrahlung
(red dotted) emissions from 10 GeV DM annihilating only into lep-
tons add up to give a very good fit to the data, as shown by the
black solid line. This figure is obtained for a best-fit cross section
of hsvi= 0.86⇥10�26 cm3 s�1.

where y is the electron spectrum after propagation, P = PIC+
PBrems is the emission spectrum, Ne = 2 takes into account the
fact that both electrons and positrons radiate, and Emin

e is the
minimum electron energy from kinematics.

For IC emission, the emission spectrum reads (see e.g.,
Refs. [14, 15])

PIC(Eg,Ee,~x) = Eg
3sTc
4g2

L

Z 1

1/4g2
L

dq
�
Eg �E0

g (q)
� n(E0

g (q),~x)
q

⇥
✓

2q lnq+q+1�2q2 +
1
2

e2

1� e
(1�q)

◆
,

(14)

where e = Eg/Ee and the initial energy of the photon of the
ISRF is related to q via:

E0
g (q) =

Eg

4qg2
L(1� e)

. (15)

In Eq. (14), n is the sum of the number densities per unit en-
ergy for the different components of the photon bath. We as-
sume a constant value for n, corresponding to the value at the
GC. Note that lower bound of the integral in Eq. (13) is equal
to a minimum energy that is close to the energy of the emitted
photon: Emin

e =
⇣

Eg +
�
E2

g +m2
e
�1/2

⌘
/2. For the gamma-ray

energies of interest here (typically Eg > 0.1 GeV), Emin
e is very

close to Eg.
For Bremsstrahlung emission, the spectrum is given by [14,

15]

PBrems(Eg,Ee,~x) = c ngas
ds
dEg

(Eg,Ee), (16)

6

FIG. 4. Best fits to the Fermi residual with the gamma-ray spectrum
from annihilations of 10 GeV DM particles into leptons, with a gas
density of 10 cm�3.

these IC and Bremsstrahlung components enable one to sig-
nificantly improve the quality of the fit.

To make a more quantitative statement, we define the good-
ness of fit by the criterion c2 < 29.6, which gives a p-value
greater than 10�3 [21], corresponding to 11 data energy bins
and one free parameter, hsvi. Note that in our analysis we
combine in quadrature the statistical and systematic errors
provided in Ref. [5]. For prompt emission with only leptons,
the best fit is obtained for hsvi= 2.02⇥10�26 cm3 s�1, with
c2 = 41.93, which is a very bad fit. However, we obtain a c2

of 10.21 for a cross section of 0.86⇥ 10�26 cm3 s�1 when
we add up the IC and Bremsstrahlung contributions. This
demonstrates the importance of taking into account the dif-
fuse gamma-ray emission from electrons. Note that the error
bars on the cross section at the 1s level are of the order of
0.06⇥10�26 cm3 s�1.

For the channel with 90% leptons + 10% bb̄, the differ-
ence is smaller than for leptons only, but the c2 is never-
theless reduced from 16.46 (with a best-fit cross section of
2.11 ⇥ 10�26 cm3 s�1) down to 9.57 (with a best-fit cross
section of 0.89 ⇥ 10�26 cm3 s�1) when including IC and
Bremsstrahlung emissions. Hence, in such a scenario, both
spectra with or without the IC and Bremsstrahlung contribu-
tions fit the data, but there is a clear preference for the total
spectrum.

Shown in Fig. 3 are the best fits for the prompt spectrum
and the total spectrum in the case of a 30 GeV DM particle
annihilating into 100% bb̄. The corresponding best-fit val-
ues of the annihilation cross section are not very different:
hsvi = 2.2⇥ 10�26 cm3 s�1 for the prompt emission (with
c2 = 11.24), and hsvi = 2.03⇥ 10�26 cm3 s�1 for the total
emission (with c2 = 11.98). In this case, the contributions
from IC and Bremsstrahlung are sub-dominant, except at low
energy. This is due to the fact that the IC and Bremsstrahlung
emission spectra take large values for electron energies close
to the DM mass (Ee must be much greater than the observed
energy Eg). Electrons originating from bb̄ tend to have an en-

FIG. 5. Best fits to the Fermi residual with the gamma-ray spectrum
from annihilations of 10 GeV DM particles into leptons. The purple
hatched area represents the uncertainty on the best fit for the total
spectrum including IC and Bremsstrahlung due to the uncertainty on
the diffusion model. The band is bracketed by the fluxes for the MIN
and MAX sets, respectively at the top and the bottom.

ergy spectrum peaked at low energy, unlike those originating
from leptonic annihilation channels that peak closer to the DM
mass. Hence, looking at the gamma-ray spectrum at lower en-
ergies could be a good way to test whether the bb̄ channel,
which is usually claimed to be the preferred channel, indeed
agrees with other data sets from the GC.

So far, we have shown that taking B = 3 µG and ngas =
3 cm�3 leads to a very good fit to the data with the total spec-
trum, particularly for the leptonic channel. However, the fits
are fairly robust with respect to changes in these parameters.
For instance, taking B = 10 µG — a value that may be more
consistent with the value close to the GC — leads to a small
global shift of the IC and Bremsstrahlung contributions (due
to greater losses). The resulting best fit is only slightly af-
fected, with c2 = 10.35 and hsvi = 0.92 ⇥ 10�26 cm3 s�1

for the leptonic channel. When taking a greater value for
ngas, namely 10 cm�3, the resulting spectrum is harder at
low energy but still provides a very good fit to the data, with
c2 = 16.6 and hsvi= 0.6⇥10�26 cm3 s�1, as shown in Fig. 4.

Finally, the diffusion model introduces an additional un-
certainty, which is quantified by the MIN and MAX sets of
propagation parameters and degenerated with the cross sec-
tion (although changing the diffusion parameters mostly af-
fects the low-energy end of the spectrum, since the prompt
contribution remains fixed). This uncertainty is shown in
Fig. 5. The hatched area is bounded by the spectra for the
MIN and MAX sets (respectively at the top and the bottom
of the band) computed with the best-fit cross section obtained
with the MED set. Hence the uncertainty on the diffusion
model translates into an error on the best-fit value for the cross
section. The corresponding values for the MIN and MAX
sets are hsviMIN = 0.68 ⇥ 10�26 cm3 s�1 and hsviMAX =
1.18⇥10�26 cm3 s�1.

Lacroix, Boehm, Silk 2014

RECAP
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Multiwavelength / multi-messenger constraints

18

Bringmann et al. 2014
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FIG. 9. Left panel: Limits from radio observations on the annihilation rate of DM particles into 80% ⌧+⌧� and 20% b̄b, for
a generalized NFW profile with an inner slope of 1.26 (lowest line). The other curves show the same limits when adding an
artificial core to the DM profile with a core size rc as indicated (i.e. assuming a constant profile for galactocentric distances
smaller than what is stated next to the respective curve). Right panel: same as left panel but with an inner slope of � = 1.04.

In arriving at this expression, the monochromatic ap-
proximation for synchrotron radiation was used,

E =

✓
4⇡m3

e⌫

eB

◆ 1
2

= 0.46
⇣

⌫

GHz

⌘ 1
2

✓
B

mG

◆� 1
2

GeV , (7)

which we checked a↵ects our limits by less than 30% for
the masses of interest here. The integration volume in
Eq. (6) is a cone corresponding to the 400 region (⇠ 0.32 pc
of diameter at the GC) observed at Jodrell Bank [100].
We restrict the integration to a region r < r

max

= 1pc
where di↵usion can be safely neglected, see Fig. 8, thus
ignoring the synchrotron emission of electrons created in
regions where di↵usion e↵ects are not clearly negligible.
While this restriction has no significant e↵ect on our lim-
its for the case of a generalized NFW profile, it renders
our limits in the presence of a core, as discussed below,
rather conservative.

In Fig. 9 we show the results from confronting the DM
hypothesis with the 408MHz Jodrell Bank upper limit
in the case where the annihilation of DM particles oc-
curs with a branching ratio of 80% into ⌧

+

⌧

� and with
20% into b̄b. Besides limits for a generalized NFW pro-
file with � = 1.26 (left panel) and � = 1.04 (right panel),
we also show limits for these profiles if an ad hoc cuto↵
at a galactocentric distance rc is introduced in the DM
density profile. Below this, the DM density is assumed
to stay constant, i.e. ⇢�(r<rc) = ⇢�(rc) while ⇢�(r>rc)
is given by Eq. (2). At much smaller scales than con-
sidered here, such a DM density plateau is expected to
result from the large DM annihilation rate [117]. Here, it
rather serves as a phenomenological parameterization of
the maximal e↵ect that uncertainties in the DM distribu-
tion at small scales may have on our limits. Let us stress
that the DM interpretation of the GeV excess fixes the
form of the density profile down to roughly 10 pc [21],
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FIG. 10. Constraints from GC radio observations for various
annihilation channels, along with the corresponding contours
characterizing the DM interpretation of the GeV excess in
gamma rays [21]. These constraints assume an ad hoc core
in the DM density profile at galactocentric distances smaller
than rc = 2pc, i.e. only slightly below the O(10) pc distance
down to which the signal profile is observed in gamma rays
(see Fig. 9 for an indication of how limits improve if the profile
is assumed to continue to smaller scales).

and that there is no particular reason to expect a cuto↵ at
only slightly smaller scales. GC radio observations thus
place extremely tight constraints on annihilating DM for
the steep density profiles considered here, at least if ex-
tending down to r > rc ⇠ 1 pc.5 In fact, as we will discus

5

It is worth stressing that for such large core sizes, rc & 1 pc,

the limits shown in Fig. 9 are rather strongly a↵ected by our
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FIG. 5. Reference p̄ limits (thick line) and e↵ects of varying
the propagation scenario for b̄b final states. As in Fig. 4, the
area above the lines is excluded at 95%CL. For comparison,
also the signal region for a DM interpretation of the gamma-
ray excess in the inner Galaxy [21] is plotted, rescaled to
� = 1.04.

find that any interpretation of the gamma-ray excess as
being due to DM annihilating into quark final states is
in strong tension with the cosmic-ray antiproton data.

Let us, finally, comment on the impact of di↵erent
propagation scenarios on our limits. Conventionally, the
corresponding uncertainty is bracketed by two sets of
propagation parameters, ’MIN’ and ’MAX’, that are con-
sistent with the B/C analysis and, respectively, minimize
and maximize the primary antiproton flux from DM anni-
hilation [82]. As we have stressed before, however, there
are several additional observations that constrain these
parameters much better than the B/C analysis alone,
such that the range of allowed fluxes spanned by MIN
and MAX must be considered unrealistically large. In
order to give a conservative indication of the involved as-
trophysical uncertainties, and in order to follow the typ-
ically adopted procedure, we still show in Fig. 5 how our
limits change when varying the propagation parameters
within these ranges.3 As can be seen from this figure,
the DM interpretation of the excess becomes compatible
with limits from the PAMELA antiproton data only in
the most unfavourable case of propagation parameters –
at least within the cylindrical two-zone di↵usion model
that is commonly considered. Antiproton data from the
AMS-02 experiment on board of the international space

furthermore significantly weaker due to the deliberate choice of

not including data with T < 10GeV.

3

Given that L = 1kpc as featured by the MIN model proposed in

Ref. [82] has in the meantime been firmly ruled out, however, we

used instead a MIN’ model with the same parameters as MIN

but with L = 2kpc and a di↵usion coe�cient of D
0

= 9.65 ·
10

26

cm

2

s

�1

. This takes into account the lower bound of L �
2 kpc from radio observations [89, 90] and the fact that B/C only

is sensitive to L/D
0

[75, 83].
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FIG. 6. Upper limits (95% CL) on the relative branching
ratios into leptonic two-body final states, as derived from
a spectral analysis [98] of AMS-02 positrons. We assume
100% annihilation into leptonic final states. For each point,
we determine the DM mass and cross-section by a fit to the
gamma-ray spectrum of the inner Galaxy excess [21], assum-
ing � = 1.26. The green regions are excluded, while the gray
region shows where the spectral fit to the GeV excess worsens
significantly (see text for details). The white area shows the
remaining allowed parameter space, corresponding to an al-
most pure ⌧+⌧� final state. Note, however, that this gives a
fit to the data that is still much worse (by about ��2 ⇠ 130)
than a fit with a b̄b final state.

station may improve limits on a DM contribution by as
much as one order of magnitude with respect to the cur-
rent PAMELA data [76, 91, 94]. Expected to be pub-
lished in less than a year from now, AMS-02 data will
thus either show an excess also in antiprotons or allow
to rule out the DM hypothesis with rather high confi-
dence. Similar conclusions apply more generally to other
quark annihilation channels and DM profiles than what
is shown explicitly in Fig. 5 (i.e. b̄b and � = 1.04).

B. Positrons

The energy spectrum of cosmic-ray positrons as well
as the positron fraction (the fraction of positrons in the
total electron and positron flux) was recently measured
with unprecedented precision by the AMS-02 [95] exper-
iment, in the energy range 0.5 to 350 GeV. AMS-02 con-
firmed the rise in the positron fraction at energies above
10 GeV that was previously observed by PAMELA [96]
and Fermi LAT [97], but with significantly smaller sta-
tistical and systematical errors. This allowed for the first
time a dedicated spectral search for signals from light
(m� . 350 GeV) DM particles annihilating into leptonic
final states [98, 99], in a way that is largely independent
of the origin of the rise in the positron fraction itself. For
DM masses around 10 GeV, the limits on the annihila-
tion cross-section into e

+

e

� (µ+

µ

�) are very tight and
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FIG. 9. Left panel: Limits from radio observations on the annihilation rate of DM particles into 80% ⌧+⌧� and 20% b̄b, for
a generalized NFW profile with an inner slope of 1.26 (lowest line). The other curves show the same limits when adding an
artificial core to the DM profile with a core size rc as indicated (i.e. assuming a constant profile for galactocentric distances
smaller than what is stated next to the respective curve). Right panel: same as left panel but with an inner slope of � = 1.04.
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which we checked a↵ects our limits by less than 30% for
the masses of interest here. The integration volume in
Eq. (6) is a cone corresponding to the 400 region (⇠ 0.32 pc
of diameter at the GC) observed at Jodrell Bank [100].
We restrict the integration to a region r < r

max

= 1pc
where di↵usion can be safely neglected, see Fig. 8, thus
ignoring the synchrotron emission of electrons created in
regions where di↵usion e↵ects are not clearly negligible.
While this restriction has no significant e↵ect on our lim-
its for the case of a generalized NFW profile, it renders
our limits in the presence of a core, as discussed below,
rather conservative.

In Fig. 9 we show the results from confronting the DM
hypothesis with the 408MHz Jodrell Bank upper limit
in the case where the annihilation of DM particles oc-
curs with a branching ratio of 80% into ⌧

+

⌧

� and with
20% into b̄b. Besides limits for a generalized NFW pro-
file with � = 1.26 (left panel) and � = 1.04 (right panel),
we also show limits for these profiles if an ad hoc cuto↵
at a galactocentric distance rc is introduced in the DM
density profile. Below this, the DM density is assumed
to stay constant, i.e. ⇢�(r<rc) = ⇢�(rc) while ⇢�(r>rc)
is given by Eq. (2). At much smaller scales than con-
sidered here, such a DM density plateau is expected to
result from the large DM annihilation rate [117]. Here, it
rather serves as a phenomenological parameterization of
the maximal e↵ect that uncertainties in the DM distribu-
tion at small scales may have on our limits. Let us stress
that the DM interpretation of the GeV excess fixes the
form of the density profile down to roughly 10 pc [21],
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FIG. 10. Constraints from GC radio observations for various
annihilation channels, along with the corresponding contours
characterizing the DM interpretation of the GeV excess in
gamma rays [21]. These constraints assume an ad hoc core
in the DM density profile at galactocentric distances smaller
than rc = 2pc, i.e. only slightly below the O(10) pc distance
down to which the signal profile is observed in gamma rays
(see Fig. 9 for an indication of how limits improve if the profile
is assumed to continue to smaller scales).

and that there is no particular reason to expect a cuto↵ at
only slightly smaller scales. GC radio observations thus
place extremely tight constraints on annihilating DM for
the steep density profiles considered here, at least if ex-
tending down to r > rc ⇠ 1 pc.5 In fact, as we will discus
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It is worth stressing that for such large core sizes, rc & 1 pc,

the limits shown in Fig. 9 are rather strongly a↵ected by our
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FIG. 5. Reference p̄ limits (thick line) and e↵ects of varying
the propagation scenario for b̄b final states. As in Fig. 4, the
area above the lines is excluded at 95%CL. For comparison,
also the signal region for a DM interpretation of the gamma-
ray excess in the inner Galaxy [21] is plotted, rescaled to
� = 1.04.

find that any interpretation of the gamma-ray excess as
being due to DM annihilating into quark final states is
in strong tension with the cosmic-ray antiproton data.

Let us, finally, comment on the impact of di↵erent
propagation scenarios on our limits. Conventionally, the
corresponding uncertainty is bracketed by two sets of
propagation parameters, ’MIN’ and ’MAX’, that are con-
sistent with the B/C analysis and, respectively, minimize
and maximize the primary antiproton flux from DM anni-
hilation [82]. As we have stressed before, however, there
are several additional observations that constrain these
parameters much better than the B/C analysis alone,
such that the range of allowed fluxes spanned by MIN
and MAX must be considered unrealistically large. In
order to give a conservative indication of the involved as-
trophysical uncertainties, and in order to follow the typ-
ically adopted procedure, we still show in Fig. 5 how our
limits change when varying the propagation parameters
within these ranges.3 As can be seen from this figure,
the DM interpretation of the excess becomes compatible
with limits from the PAMELA antiproton data only in
the most unfavourable case of propagation parameters –
at least within the cylindrical two-zone di↵usion model
that is commonly considered. Antiproton data from the
AMS-02 experiment on board of the international space

furthermore significantly weaker due to the deliberate choice of

not including data with T < 10GeV.
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Given that L = 1kpc as featured by the MIN model proposed in

Ref. [82] has in the meantime been firmly ruled out, however, we

used instead a MIN’ model with the same parameters as MIN

but with L = 2kpc and a di↵usion coe�cient of D
0

= 9.65 ·
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. This takes into account the lower bound of L �
2 kpc from radio observations [89, 90] and the fact that B/C only

is sensitive to L/D
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[75, 83].
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FIG. 6. Upper limits (95% CL) on the relative branching
ratios into leptonic two-body final states, as derived from
a spectral analysis [98] of AMS-02 positrons. We assume
100% annihilation into leptonic final states. For each point,
we determine the DM mass and cross-section by a fit to the
gamma-ray spectrum of the inner Galaxy excess [21], assum-
ing � = 1.26. The green regions are excluded, while the gray
region shows where the spectral fit to the GeV excess worsens
significantly (see text for details). The white area shows the
remaining allowed parameter space, corresponding to an al-
most pure ⌧+⌧� final state. Note, however, that this gives a
fit to the data that is still much worse (by about ��2 ⇠ 130)
than a fit with a b̄b final state.

station may improve limits on a DM contribution by as
much as one order of magnitude with respect to the cur-
rent PAMELA data [76, 91, 94]. Expected to be pub-
lished in less than a year from now, AMS-02 data will
thus either show an excess also in antiprotons or allow
to rule out the DM hypothesis with rather high confi-
dence. Similar conclusions apply more generally to other
quark annihilation channels and DM profiles than what
is shown explicitly in Fig. 5 (i.e. b̄b and � = 1.04).

B. Positrons

The energy spectrum of cosmic-ray positrons as well
as the positron fraction (the fraction of positrons in the
total electron and positron flux) was recently measured
with unprecedented precision by the AMS-02 [95] exper-
iment, in the energy range 0.5 to 350 GeV. AMS-02 con-
firmed the rise in the positron fraction at energies above
10 GeV that was previously observed by PAMELA [96]
and Fermi LAT [97], but with significantly smaller sta-
tistical and systematical errors. This allowed for the first
time a dedicated spectral search for signals from light
(m� . 350 GeV) DM particles annihilating into leptonic
final states [98, 99], in a way that is largely independent
of the origin of the rise in the positron fraction itself. For
DM masses around 10 GeV, the limits on the annihila-
tion cross-section into e
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Figure 6. 3-� exclusion contours on h�vi for 100% DM annihilation into bb̄, for the three approaches

to solar modulation discussed in the text. Left panels: the five benchmark propagation setups. Right
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Dark matter proton/antiproton spectra

• leptonic channels have 
negligible proton yields

• hadronic channels 
generally yield similar 
spectra

19

0.001 0.010 0.100 1.000
x=E/mr

10ï5

10ï4

10ï3

10ï2

10ï1

100

x2 dN
/d

x

e+eï
µ+µï

o+oï

bbï
ttï
W+Wï

p prompt spectra

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



J. Siegal-Gaskins SLAC Summer Institute | “Shining Light on Dark Matter” | August 10, 2014

The multi-wavelength Inner Galaxy
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model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ! 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ! h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ! R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9"0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9"0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9"0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.

LETTERS NATURE|Vol 439|9 February 2006
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Current constraints
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JSG 2014 (in prep)
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Tools to calculate cosmic-ray propagation

• GALPROP: http://galprop.stanford.edu

• DRAGON: http://www.dragonproject.org
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Cosmic-ray electron searches

fluxes of high-energy cosmic-ray electrons probe local 
volume (within ~ 1 kpc)

anomalies/excesses detected in the positron fraction and 
electron+positron spectrum

anisotropy can be used to test different interpretations

pulsars probably are an adequate explanation, dark matter 
seems unlikely
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Unexpected features in the cosmic-ray e± spectra?
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Unexpected features in the cosmic-ray e± spectra?

• rise in local positron fraction 
above ~10 GeV disagrees with 
conventional model for cosmic 
rays (secondary positron 
production only); see also arXiv:
1011.4843 for low-energy 
discrepancy
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account when interpreting potential dark matter signals. A pulsar
magnetosphere is awell knowncosmicparticle accelerator. Thedetails
of the acceleration processes are as yet unclear, but electrons are
expected to be accelerated in the magnetosphere, where they induce
an electromagnetic cascade. This process results in electrons and
positrons that can escape into the interstellar medium, contributing
to the cosmic-ray electron and positron components. As the energy
spectrum of these particles is expected to be harder than that of the
secondary positrons, such pulsar-originated positrons may dominate
the high energy end of the cosmic-ray positron spectrum. But because
of the energy losses of electrons and positrons during their propaga-
tion, just oneor a fewnearby pulsars can contribute significantly to the
positron energy spectrum (see, for example, refs 28, 29).

The PAMELA positron data presented here are insufficient to distin-
guish between astrophysical primary sources and dark matter annihila-
tion.However, PAMELAwill soonpresent results concerning the energy
spectra of primary cosmic rays—such as electrons, protons and higher
mass nuclei—that will significantly constrain the secondary production
models, thereby lessening the uncertainties on the high energy beha-
viour of the positron fraction. Furthermore, the experiment is continu-
ously taking data and the increased statistics will allow themeasurement
of the positron fraction to be extended up to an energy of about
300GeV. The combination of these efforts will help in discriminating
between various dark matter and pulsar models put forward to explain
both our results and the ATIC8 results. New important information will
soon come also from the FERMI satellite that is studying the diffuse
Galactic cosmic c-ray spectrum. Pulsars are predominantly distributed
along the Galactic plane, while dark matter is expected to be spherically
distributed as an extended halo and highly concentrated at the Galactic
Centre. The diffuse c-ray spectrum is sensitive to these different geo-
metries. Furthermore, PAMELA ismeasuring the energy spectra of both
electrons (up to ,500GeV) and positrons (up to ,300GeV). These
data will clarify if the ATIC results8 are due to a significantly large
component of pair-produced electrons and positrons (to explain the
high energy ATIC data, the positron fraction should exceed 0.3 above

300GeV), hencepointing toprimarypositron sources, or to ahardening
of the electron spectrum with a more mundane explanation.
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Figure 2 | PAMELA positron fraction with other experimental data and
with secondary production model. The positron fraction measured by the
PAMELA experiment compared with other recent experimental data (see
refs 5–7, 11–13, 30, and references within). The solid line shows a
calculation1 for pure secondary production of positrons during the
propagation of cosmic rays in the Galaxy without reacceleration processes.
Error bars show 1 s.d.; if not visible, they lie inside the data points.
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depart from the calculated curve. They show an excess electron flux
up to about 650GeV, above which the spectrum drops rapidly, with a
return to the ‘general’ spectrum line at,800GeV. In particular, over
the energy range 300 to 800GeV we observe 210 electrons, whereas
GALPROP predicts only 140 events, an excess of about six standard
deviations. Using a source-on/source-off method for determining
‘significance’15, we obtain an excess of roughly four standard devia-
tions (Supplementary Information section 4).

Data recently became available from the Polar Patrol Balloon
(Antarctic) flight of the BETS detector. Although of lower statistical
precision, results from the PPB-BETS calorimeter16 also indicate a
possible structure and agree with the ATIC results (see Fig. 3), giving
added confidence to the conclusion that this feature is real.

We varied the source injection parameters in the GALPROP code
to try to reproduce the data points at 500 to 700GeV. This required a
hard injection spectrum which could not reproduce the drop in flux
above 650GeV and led to overproducing electrons above 1 TeV by a
factor of almost three (and underproducing the well-measured data
below 100GeV).

The observed electron ‘feature’ therefore indicates a nearby source
of high-energy electrons. This may be the result of an astrophysical
object, as energetic electrons have been observed in a variety of astro-
physical sites (for example in a supernova remnant17, pulsar wind
nebula5,18, micro-quasar6 or accreting intermediate-mass black hole).
To fit the electron excess, such a source would need a very steep
energy spectrum (spectral index around 21.4) with a high-energy
cut-off at about 600–700GeV, so as not to overproduce teraelectron-
volt electrons. It is possible that a micro-quasar could produce a
sharp feature in the electron spectrum6, but such an object would
need to be local (less than 1 kpc away) and active relatively recently.
Imaging atmospheric Cherenkov telescopes have observed numerous
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Figure 1 | Separation of electrons from protons in the ATIC instrument.
Candidate electron events (162,000) with energy over 50GeV are plotted as a
histogram with the horizontal axis showing the sum of the ‘weighted energy
fraction’ (F values as defined below) in the last two BGO layers and the
shower width (root mean squared, r.m.s.) in the first two layers. The shower
width is calculated as

r:m:s:h i2~
Xn

i~1

Ei Xi {Xc! "2=
Xn

i~1

Ei

where Xc is the coordinate of the energy centre, Xi is the coordinate of the
centre of the ith crystal and Ei is the energy deposited in the ith crystal. The F
value is calculated as Fn~ En=Sum! " r:m:s:h i2 where En is the energy deposit
in BGO layer n, Sum is the total energy deposit in all BGO layers and Ær.m.s.æ
refers to layer n (ref. 12). Each event is also fitted to an electromagnetic
cascade profile to estimate the starting point and the depth of the cascade
maximum. An event is accepted if the cascade starts above the first BGO
layer, which eliminates many protons (,75%) but passes most electrons
(,90%). Next a diagonal cut in r.m.s. and F is determined for each energy
bin and used to isolate the electrons. This removes most of the protons (2 in
104 remain) and retains 84% of the electrons12. The selected electrons are
shown as the dotted histogram.

10 100 1,000

1,000

100

10

Energy (GeV)

E e
3.

0 d
N

/d
E e

 (m
!2

 s
!1

 s
r!

1 
G

eV
2 )

Figure 2 | ATIC-1 and ATIC-2 spectra at balloon altitude, showing good
agreement with each other. The measured primary electron flux (scaled by
E3) at flight altitude is shown for ATIC-1 (open squares) and ATIC-2 (filled
circles). The errors are one standard deviation. Both balloon flights were
from McMurdo, Antarctica, and circumnavigated that continent. ATIC-1
was a test flight in 2000–01 and the usable data correspond to an exposure of
0.61m2 sr days. ATIC-2 was a science flight in 2002–03 with an exposure of
2.47m2 sr days. To eliminate edge effects, we restrict the incident zenith
angle to be less than,37u (cos h$ 0.8), use only the central 80% of the SiM
and eliminate events in the outer crystals in each BGO layer. Within these
limits, the electron detection efficiency above 60GeV is 84% essentially
independent of energy. The effective acceptance was determined as a
function of particle energy considering the trigger efficiency, trajectory
reconstruction efficiency and the geometrical restrictions. The effective
acceptance of the instrument increases from 0.075m2 sr at 20GeV to
0.15m2 sr for E. 60GeV. Above 100GeV, a total of 1,724 electron events
were observed, with the highest energy event at 2.3 TeV. The total
background is also shown in the figure as the open triangles and is a
combination of unresolved protons, unidentified c-rays and atmospheric
secondary electrons produced in the material (,4.5 g cm22) above the
instrument. ATIC becomes background limited for electrons only above
several teraelectronvolts.
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Figure 3 | ATIC results showing agreement with previous data at lower
energy and with the imaging calorimeter PPB-BETS at higher energy. The
electron differential energy spectrummeasured byATIC (scaled by E3) at the
top of the atmosphere (red filled circles) is compared with previous
observations from the Alpha Magnetic Spectrometer AMS (green stars)31,
HEAT (open black triangles)30, BETS (open blue circles)32, PPB-BETS (blue
crosses)16 and emulsion chambers (black open diamonds)4,8,9, with
uncertainties of one standard deviation. The GALPROP code calculates a
power-law spectral index of 23.2 in the low-energy region (solid curve)14.
(The dashed curve is the solar modulated electron spectrum and shows that
modulation is unimportant above ,20GeV.) From several hundred to
,800GeV, ATIC observes an ‘enhancement’ in the electron intensity over
theGALPROP curve. Above 800GeV, theATICdata returns to the solid line.
The PPB-BETS data also seem to indicate an enhancement and, as discussed
in Supplementary Information section 3, within the uncertainties the
emulsion chamber results are not in conflict with the ATIC data.
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ATIC electron + positron spectrum

Unexpected features in the cosmic-ray e± spectra?

• rise in local positron fraction 
above ~10 GeV disagrees with 
conventional model for cosmic 
rays (secondary positron 
production only); see also arXiv:
1011.4843 for low-energy 
discrepancy

• unexpected bump in total 
electron + positron spectrum 
measured by ATIC
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were computed as a function of energy and position.
Secondary electrons and positrons from CR proton and
helium interactions with interstellar gas make a significant
contribution to the total leptons flux, especially at low
energies. These secondary particle fluxes were computed
for the same GALPROP model as for the primary electrons as
described in [12] and references therein. This model is
essentially a conventional one with distributed reaccelera-
tion, described in [36]. For more information on CR and
their propagation in the interstellar medium see e.g. a
recent review [37].

We note that the force-field treatment [38], used in our
calculation to evaluate the effect of solar modulation, is
approximate and does not take into account many impor-
tant effects, such as the configuration of the heliospheric
magnetic field and drift effects which lead to the charge-
sign dependence (e.g. [39–41]). In addition, the value of
the modulation potential ! depends on the assumed inter-
stellar particle spectra, and thus other combinations of
parameters are also possible. Ultimately the interstellar
spectrum of CREs can be tested using the LAT observa-
tions of the Galactic diffuse gamma-ray emission where
the inverse Compton component is dominating the gas
component at medium to high Galactic latitudes [42].

The Fermi LAT measured spectrum suggests some spec-
tral flattening at 70–200 GeVand a noticeable excess above
200 GeVas compared to our power-law spectral fit. These
gentle features of the spectrum can be explained within a
conventional model by adjusting the injection spectra.

Another possibility that provides a good overall
agreement with our spectrum is the introduction of an
additional leptonic component with a hard spectrum
(Fig. 23). Such an additional component is motivated by
the rise in the positron fraction reported by PAMELA [11].

FIG. 21 (color). Cosmic-ray electron spectrum as measured by
Fermi LAT for 1 yr of observations—shown by filled circles,
along with other recent high-energy results. The LE spectrum is
used to extend the HE analysis at low energy. Systematic errors
are shown by the gray band. The range of the spectrum rigid shift
implied by a shift of the absolute energy is shown by the arrow in
the upper right corner. Dashed line shows the model based
on pre-Fermi results [32]. Data from other experiments are:
Kobayashi [45], CAPRICE [33], HEAT [46], BETS [47], AMS
[19], ATIC [7], PPB-BETS [8], and HESS. [9,10]. Note that the
AMS and CAPRICE data are for e! only.

FIG. 22 (color). The e" " e! spectrum computed with the
conventional GALPROP model [36] (shown by solid black line)
is compared with the Fermi LAT (red filled circles) and other
experimental data. This model adopts an injection spectral index
" # 1:6=2:5 below/above 4 GeV, and a steepening " # 5 above
2 TeV. Blue lines show e! spectrum only. The solar modulation
was treated using the force-field approximation with ! #
550 MV. The dashed/solid lines show the before modulation/
modulated spectra. Secondary e" (red lines) and e! (orange
lines) are calculated using the formalism from [12].

FIG. 23 (color). The e" " e! spectrum (solid line) computed
with the conventional GALPROP model [36] but with a different
injection spectrum: an injection index " # 1:6=2:7 below/above
4 GeV (dotted line). An additional component with an injection
index " # 1:5 and exponential cutoff is shown by the dashed
line. Blue line shows e! spectrum only. Secondary e" and e!

are treated as in Fig. 22. Fermi-LAT data points are shown by red
filled circles.

M. ACKERMANN et al. PHYSICAL REVIEW D 82, 092004 (2010)

092004-18

Ackermann et al. [Fermi LAT Collaboration] 2010

Fermi electron + positron spectrum

Unexpected features in the cosmic-ray e± spectra?

• rise in local positron fraction 
above ~10 GeV disagrees with 
conventional model for cosmic 
rays (secondary positron 
production only); see also arXiv:
1011.4843 for low-energy 
discrepancy

• unexpected bump in total 
electron + positron spectrum 
measured by ATIC

• less prominent feature seen in 
Fermi cosmic ray electron/
positron spectrum
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Ackermann et al. [Fermi LAT Collaboration] 2011
Energy (GeV)

1 10 210

Po
si

tro
n 

Fr
ac

tio
n

−110

Fermi 2011
PAMELA 2009
AMS 2007
HEAT 2004

FIG. 5: Positron fraction measured by the Fermi LAT and by
other experiments [10, 14, 35]. The Fermi statistical uncer-
tainty is shown with error bars and the total (statistical plus
systematic uncertainty) is shown as a shaded band.

the electron spectrum is (2.07±.13 ! 10!2 GeV!1 m!2

s!1 sr!1)( E

20GeV )!3.19±0.07. The uncertainties are deter-
mined by including the total (statistical plus systematic)
uncertainty of each energy bin. The fitted indices are con-
sistent with the index we reported previously for the total
electron plus positron spectrum (3.08±0.05) [19, 20].

Conclusion. We measured the CR positron and elec-
tron spectra separately between 20 and 200 GeV, using
a novel separation technique which exploits the charge-
dependent displacement of the Earth’s shadow due to the
geomagnetic field. While the positron fraction has been
measured previously up to 100 GeV [15] and the absolute
flux has been measured previously up to 50 GeV [9, 36],
this is the first time that the absolute CR positron spec-
trum has been measured above 50 GeV and that the
fraction has been determined above 100 GeV. We find
that the positron fraction increases with energy between
20 and 200 GeV, consistent with results reported by
PAMELA [14]. Future measurements with greater sen-
sitivity and energy reach, such as those by AMS-02, are
necessary to distinguish between the many possible ex-
planations of this increase.
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electron + positron spectrum 
measured by ATIC

• less prominent feature seen in 
Fermi cosmic ray electron/
positron spectrum

• Fermi positron fraction agrees 
with PAMELA result, extends to 
higher energies

24
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The positron excess persists...

25

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the e" and e# fluxes,!e" and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!e" % Ce"E
#!e" " CsE

#!se#E=Es ; (1)

!e# % Ce#E
#!e# " CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ce" and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !e" , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: % 28:5=57 and the
following: !e# # !e" % #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s % 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ce"=Ce# %
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# % 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es % 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760"1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the

nu
m

be
r o

f t
ria

ls

number of positrons

po
si

tr
on

 fr
ac

tio
n

(b)(a)

0

5

10

15

450 500 550 600
0.11

0.112

0.114

0.116

0.118

0.12

 positron fraction
0.10 0.11 0.12 0.13

nu
m

be
r o

f t
ria

ls

0

50

100

150

FIG. 4 (color). (a) Stability of the measurement in the energy
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Gaussian of width 1.1%. (b) The positron fraction shows no
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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Aguilar et al. [AMS-02 Collaboration] 2013

AMS-02 positron fraction measurement
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Hints of a dark matter signal?

Recent cosmic-ray electron and positron (CRE) results sparked interest 
in DM explanations (e.g., Arkani-Hamed et al. 2009; Lattanzi & Silk 2009; 
Cirelli et al. 2009; Cholis et al. 2008; Grasso et al. 2009;...)

To explain the CRE data with DM generally requires:

• leptophilic models

• large annihilation cross-sections; this can arise in “secluded” or 
“intermediate state” models, in which DM interacts with SM via a 
new particle (typically a light scalar)
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The Case for a 700+ GeV WIMP: Cosmic Ray Spectra from

ATIC and PAMELA

Ilias Cholis,1 Gregory Dobler,2 Douglas P. Finkbeiner,2 Lisa Goodenough,1 and Neal Weiner1

1Center for Cosmology and Particle Physics,

Department of Physics, New York University, New York, NY 10003

2Harvard-Smithsonian Center for Astrophysics,

60 Garden St., Cambridge, MA 02138

(Dated: November 24, 2008)

Abstract

Multiple lines of evidence indicate an anomalous injection of high-energy e+e! in the Galactic

halo. The Advanced Thin Ionization Calorimeter (ATIC) has detected an excess bump in the elec-

tron cosmic ray spectrum from 300-800 GeV, falling back to the expected E!3.2 power law at 1 TeV

and above. The recent e+ fraction spectrum from the Payload for Antimatter Matter Exploration

and Light-nuclei Astrophysics (PAMELA), shows a sharp rise up to 80 GeV. Excess microwaves to-

wards the Galactic center in the WMAP data are consistent with hard synchrotron radiation from

a population of 10-100 GeV e+e! (the WMAP “haze”). We argue that dark matter annihilations

can provide a consistent explanation of all of these data, focusing on dominantly leptonic modes,

either directly or through a new light boson. Normalizing the signal to the highest energy evidence

(ATIC), we find that similar cross sections provide good fits to PAMELA and the Haze, and that

both the required cross section and annihilation modes are achievable in models with Sommerfeld-

enhanced annihilation. These models naturally predict significant production of gamma rays in

the Galactic center via a variety of mechanisms. Most notably, there is robust inverse-Compton

scattered (ICS) gamma-ray signal arising from the energetic electrons and positrons, detectable at

Fermi/GLAST energies, which should provide smoking gun evidence for this production.

1
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Dark matter electron/positron spectra

• hadronic channels yield 
few high-energy 
electrons/positrons

27
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Constraints from CRE dipole anisotropy

• high-energy positrons 
should originate from 
“local” sources (within 
~ 1 kpc)

• distribution of nearby 
sources could produce 
a detectable 
asymmetry in the 
arrival direction of 
CREs

• Fermi LAT / AMS-02 
limits on CRE 
anisotropy could 
eventually constrain 
scenarios explaining 
CRE measurements

28

14

of Eq. 14. In the same panel, the dipole anisotropies
expected from the Monogem and Vela sources are
also shown. For each source, the anisotropy has
been evaluated by means of Eq. 17, where we have
assumed that the contributions to the anisotropy from
all remaining sources are negligible, that is, n̂max = r̂i
where r̂i is the direction of the source under investigation,
and !j = 0 for j != i. It is worth to point out that in
the denominator of Eq. 17 the Monogem (Vela) source is
added to the total CRE flux evaluated with GALPROP.
Moreover, the dipole anisotropy above a given energy
is evaluated as the ratio between the integral in energy
of the numerator and the integral in energy of the
denominator of Eq.s 14 and 17. This comes from the
definition of the degree of the anisotropy shown in Eq. 6,
where the intensities are integrated above a given energy.

According to the above predictions, the level of
anisotropy expected for Vela-like and Monogem-like
sources (i.e. sources with similar distances and ages)
is not excluded by the results shown in Fig.s 6 and 8.
However, it is worth pointing out that the model results
are a!ected by large uncertainties related to the choice
of the free parameters (i.e. Q0, Ecut, and ").

The positron excess detected by PAMELA can be
ascribed not only to astrophysical sources such as pulsars,
but also to the annihilation or decay of Galactic dark
matter (see e.g. [27]). Interestingly, as pointed out in the
early analyses (see for example [33, 34]), any anisotropy
in the arrival directions of CREs detected by the LAT is
a powerful tool to discriminate between a dark matter
origin and an astrophysical one. In particular, since
Galactic dark matter is denser towards the direction of
the Galactic center, the generic expectation in the dark
matter annihilation or decay scenario is a dipole with
an excess towards the center of the Galaxy and a deficit
towards the anti-center. Luckily, as pointed out in [33],
both the Monogem and the Geminga pulsars, likely some
of the most significant CRE pulsar sources, even after
the discovery of several radio-quiet gamma-ray pulsars
by the LAT [35], are both roughly placed opposite to
the direction of the Galactic Center, making a search for
anisotropy an e!ective distinguishing diagnostic.

The expected level of dipole anisotropy produced
by dark matter annihilating in the Milky Way halo,
calculated by tuning the annihilation rate to match the
positron fraction measured by the PAMELA satellite, is
comparable or more likely smaller than the degree of
anisotropy expected by astrophysical Galactic sources
as modeled in GALPROP (see the solid line in the
bottom panel of Fig. 9). We verified this with an
explicit calculation with GALPROP, slightly modified to
include the injection of CREs from DM annihilation while
using the same propagation setup employed to derive the
anisotropy from nearby pulsars. The GALPROP results
from the conventional astrophysical Galactic sources and
from a scenario with DM distributed according to a
Navarro, Frenk and White (NFW) profile, with a 3 TeV
mass candidate that annihilates into "+"! with a cross

section of "#v# = 5$ 10!23 cm3 s!1, a local DM density
of 0.43 GeV cm!3 and a 20 kpc of core radius have
been added. With this DM model, the measured overall
CRE flux by the LAT and the charge ratio measured
by PAMELA are reproduced. The solid line in Fig. 10
shows the total expected anisotropy level, which is similar
to that predicted when only the astrophysical sources are
considered in GALPROP (see the solid line in the bottom
panel of Fig. 9).
A caveat however exists to the statement above, due

to the possibility that most of the high-energy positrons
detected by PAMELA are produced by dark matter
annihilations in a nearby dark matter clump. The
halo of the Milky Way, in the context of the cold
dark matter paradigm, is in fact thought to host a
myriad of hierarchical smaller sub-halos and sub-sub-
halos, potentially contributing significantly to the dark
matter annihilation signal, as envisioned in [36–39]. In
the analysis of [39], it was shown that (a) compared to
N-body simulation results [40], the likelihood of a nearby
and luminous clump that could explain the PAMELA
excess is very remote (to the level of less than 0.01%) for
ordinary pair-annihilation cross-sections, and (b) when
assuming large annihilation cross-sections, the predicted
associated gamma-ray flux from dark matter annihilation
would in most cases exceed the point-source sensitivity
of the LAT. In other words and for the second point, if
a clump is responsible for most of the locally measured
positrons, it would have very likely already been observed
it shining in gamma rays.
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FIG. 10: Dipole anisotropy ! versus the minimum energy
for some DM scenarios. Solid line: DM distributed in the
Milky Way Halo; dashed and dotted lines: two dark matter
benchmark models taken from [41]; dot-dashed line: DM from
the population of Galactic substructures [42] (see text). The
95 % CL upper limits on the dipole anisotropy from the data
are also shown with circles.

To illustrate the anisotropy from single nearby dark
matter clumps, we take two benchmark models from [41]
that give good fits to the PAMELA and Fermi data. In
these models, the clumps are moving with a speed of

Ackermann et al. [Fermi LAT Collaboration] 2010 
(Phys.Rev.D 82, 092003)

Fermi LAT limits on CRE dipole anisotropy 
and predictions for some DM scenarios
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Propagation affects observed spectra

29
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FIG. 1. The e± spectrum from annihilating DM, after
propagation, for di!erent annihilation final states, assum-
ing !!v"= 3 # 10!26 cm3s!1. Solid lines refer to refer-
ence di!usion zone (L=4kpc) and energy loss assumptions
(Urad + UB = 1.7 eV cm!3). Dashed (dotted) lines show the
e!ect of a di!erent scale height L=8 (2) kpc. The dash-dotted
line shows the impact of increasing the local radiation plus
magnetic field density to Urad + UB = 2.6 eV cm!3.

depends on our local di!usion and energy loss assump-
tions within the range discussed above. Increasing L en-
ables CR leptons to reach us from greater distances due
to the larger di!usion volume and therefore results in
softer propagated spectra. While the peak normalization
of the spectrum depends only marginally on L, it may be
reduced by up to a factor of %2 when increasing the as-
sumed local energy losses via synchrotron radiation and
inverse Compton scattering by 50%. In Fig. 2, we show a
direct comparison of the DM signal with the AMS data,
for the case of e+e! final states contributing at the max-
imum level allowed by our constraints (see below) for two
fiducial values of m!. Again, it should be obvious that
the shape of the DM contribution di!ers at all energies
significantly from that of the background.
Statistical treatment. We use the likelihood ratio

test [63] to determine the significance of, and limits on,
a possible DM contribution to the positron fraction mea-
sured by AMS. As likelihood function, we adopt a prod-
uct of normal distributions L =

!
iN(fi|µi,!i); fi is the

measured value, µi the positron fraction predicted by the
model, and !i its variance. The DM contribution enters
with a single degree of freedom, given by the non-negative
signal normalization. Upper limits at the 95%CL on the
DM annihilation or decay rate are therefore derived by
increasing the signal normalization from its best-fit value
until !2 lnL is changed by 2.71, while profiling over the
parameters of the background model.
We use data in the energy range 1–350GeV; the vari-

ance !i is approximated by adding the statistical and
systematic errors of the measurement in quadrature,
!i = (!2

i,stat + !2
i,sys)

1/2. Since the total relative error is
always small (below 17%), and at energies above 4GeV
dominated by statistics, we expect this approximation to
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FIG. 2. The AMS positron fraction measurement [2] and
background+signal fit for DM annihilating directly to e+e!,
for m! = 10GeV and 100GeV. The normalization of the DM
signal in each case was chosen such that it is barely excluded
at the 95% CL. For better visibility, the contribution from
DM (lower lines) has been rescaled as indicated.

be very reliable. The binning of the published positron
fraction follows the AMS energy resolution, which varies
between 10.4% at 1GeV and 1.5% at 350GeV. Although
we do not account for the finite energy resolution of AMS
in our analysis, we have explicitly checked that this im-
pacts our results by no more than 10%.

As our nominal model for the part of the e± spec-
trum that does not originate from DM, henceforth sim-
ply referred to as the astrophysical background, we use
the same phenomenological parameterization as the AMS
collaboration in their analysis [2]. This parameterization
describes each of the e± fluxes as the sum of a common
source spectrum – modeled as a power-law with expo-
nential cuto! – and an individual power-law contribution
(only the latter being di!erent for the e+ and e! fluxes).
After adjusting normalization and slope of the secondary
positrons such that the overall flux reproduces the Fermi
e++e! measurements [64], the five remaining model pa-
rameters are left unconstrained. This phenomenological
parameterization provides an extremely good fit (with a
"2/d.o.f. = 28.5/57), indicating that no fine structures
are observed in the AMS data. For the best-fit spectral
slopes of the individual power-laws we find #e! & 3.1
and #e+ & 3.8, respectively, and for the common source
#e± & 2.5 with a cuto! at Ec &800GeV, consistent with
Ref. [2]. Subsequently, we will keep Ec fixed to its best-fit
value.

Results and Discussion. Our main results are the
bounds on the DM annihilation cross section, as shown
in Fig. 3. No significant excess above background was
observed. For annihilations proceeding entirely to e+e!

final states, we find that the “thermal” cross section is
firmly excluded for m! ! 90GeV. For m! % 10GeV,
which is an interesting range in light of recent results
from direct [65–69] and indirect [70–72] DM searches,

vary propagation model

Electron/positron spectra after propagation
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Neutrino searches

can use indirect targets already discussed (Galactic Center, halo, 
galaxy clusters, etc.) and ALSO Sun and Earth

Sun (and Earth) searches probe DM-nucleon scattering cross 
section; Sun searches are competitive for SD cross section

high-energy (> GeV) neutrino searches look for prompt emission

low-energy (MeV) neutrino searches are complementary and look 
for neutrinos from hadronic interactions

30

see Justin Vandenbroucke’s talk
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Dark matter neutrino spectra

• Ws, muons, and taus 
are “hard” channels

• mixing changes the 
ratio of flavors, but over 
long baselines they 
become fully mixed and 
approach a flavor ratio 
of (1:1:1) -- but not 
true for Sun/Earth

31
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Neutrinos from DM annihilation in the Sun

the standard WIMP capture/annihilation scenario

• WIMP DM particles are captured by 
the Sun via elastic scattering with 
nucleons

• the DM particles lose energy with 
each scattering, and quickly sink to 
the core of the Sun where they 
annihilate into standard model (SM) 
particles

• neutrinos are the only observable 
signal from DM annihilations in the 
Sun since they are the only SM 
particle that can escape from the Sun

𝜈

χ

32

𝜈

WIMP 
annihilation
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Direct detection and high-energy neutrinos
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with other experimental limits [28–37]. We assume a stan-
dard DM halo with a local density of 0:3 GeV=cm3 [25]
and a Maxwellian WIMP velocity distribution with an
rms velocity of 270 km=s. We do not include the detailed
effects of diffusion and planets upon the capture rate, as the
simple free-space approximation [2] included inDarkSUSY
is found to be accurate [38]. Limits on the WIMP-nucleon
scattering cross section can also be deduced from limits
on monojet and monophoton signals at hadron colliders,
but these depend strongly on the choice of the underlying
effective theory and mediator masses [39–41] and are
consequently not included in Fig. 2.

In conclusion, we have presented the most stringent
limits to date on the spin-dependent WIMP-proton cross

section for WIMPs annihilating intoW!W" or !!!" with
masses above 35 GeV=c2. With this data set, we have
demonstrated for the first time the ability of IceCube to
probe WIMP masses below 50 GeV=c2. This has been
accomplished through effective use of the DeepCore sub-
array. Furthermore, we have accessed the southern sky for
the first time by incorporating strong vetoes against the
large atmospheric muon backgrounds. The added live time
has been shown to improve the presented limits. IceCube
has now achieved limits that strongly constrain dark matter
models and that will impact global fits of the allowed dark
matter parameter space. This impact will only increase in
the future, as analysis techniques improve and detector live
time increases.
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FIG. 2 (color online). 90% C.L. upper limits on "SI;p (top
figure) and "SD;p (bottom figure) for hard and soft annihilation
channels over a range of WIMP masses. Systematic uncertainties
are included. The shaded region represents an allowed minimal
supersymmetric standard model parameter space (MSSM-25
[42]) taking into account recent accelerator [43], cosmological,
and direct DM search constraints. The results from Super-K [28],
COUPP (exponential model) [29], PICASSO [30], CDMS
[31,32], XENON100 (limits above 1 TeV=c2 from the
XENON100 Collaboration) [36], CoGeNT [35], Simple [37],
and DAMA [33,34] are shown for comparison.
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direct searches
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with other experimental limits [28–37]. We assume a stan-
dard DM halo with a local density of 0:3 GeV=cm3 [25]
and a Maxwellian WIMP velocity distribution with an
rms velocity of 270 km=s. We do not include the detailed
effects of diffusion and planets upon the capture rate, as the
simple free-space approximation [2] included inDarkSUSY
is found to be accurate [38]. Limits on the WIMP-nucleon
scattering cross section can also be deduced from limits
on monojet and monophoton signals at hadron colliders,
but these depend strongly on the choice of the underlying
effective theory and mediator masses [39–41] and are
consequently not included in Fig. 2.

In conclusion, we have presented the most stringent
limits to date on the spin-dependent WIMP-proton cross

section for WIMPs annihilating intoW!W" or !!!" with
masses above 35 GeV=c2. With this data set, we have
demonstrated for the first time the ability of IceCube to
probe WIMP masses below 50 GeV=c2. This has been
accomplished through effective use of the DeepCore sub-
array. Furthermore, we have accessed the southern sky for
the first time by incorporating strong vetoes against the
large atmospheric muon backgrounds. The added live time
has been shown to improve the presented limits. IceCube
has now achieved limits that strongly constrain dark matter
models and that will impact global fits of the allowed dark
matter parameter space. This impact will only increase in
the future, as analysis techniques improve and detector live
time increases.
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FIG. 2 (color online). 90% C.L. upper limits on "SI;p (top
figure) and "SD;p (bottom figure) for hard and soft annihilation
channels over a range of WIMP masses. Systematic uncertainties
are included. The shaded region represents an allowed minimal
supersymmetric standard model parameter space (MSSM-25
[42]) taking into account recent accelerator [43], cosmological,
and direct DM search constraints. The results from Super-K [28],
COUPP (exponential model) [29], PICASSO [30], CDMS
[31,32], XENON100 (limits above 1 TeV=c2 from the
XENON100 Collaboration) [36], CoGeNT [35], Simple [37],
and DAMA [33,34] are shown for comparison.
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Light WIMPs: direct searches

34

• possible direct detection 
signals are at edge of 
energy threshold

• direct detection and 
indirect detection with 
solar neutrinos are 
complementary probes 
with different 
uncertainties,  it would be 
valuable to cover the 
same parameter space

CDMS II Collaboration, 2013

4

timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.

CDMS-II Si

CDMS-II Si (more data)

CDMS-II Ge

◇ EDELWEISS

XENON10 S2

 XENON100

COGENT

DAMA/LIBRA

CRESST

CDMS-II Si signal

current upper limits on WIMP-nucleon scattering cross 
section and possible signal regions
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Solar WIMP capture

35

• capture rate scales linearly 
with scattering cross-
section (if Sun is optically 
thin to WIMPs)

• for typical WIMP masses 
and scattering cross-
sections, capture and 
annihilation have reached 
equilibrium

• in this case, scattering cross-
section sets flux of 
neutrinos; independent of 
annihilation cross-section
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Solar WIMP capture

35

• capture rate scales linearly 
with scattering cross-
section (if Sun is optically 
thin to WIMPs)

• for typical WIMP masses 
and scattering cross-
sections, capture and 
annihilation have reached 
equilibrium

• in this case, scattering cross-
section sets flux of 
neutrinos; independent of 
annihilation cross-section

• subsequent evaporation of 
captured low-mass WIMPs 
can significantly reduce 
effective capture rate and 
hence annihilation rate

evaporation
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Indirect detection with neutrinos

36

• high-energy neutrinos (E ≳ 1 GeV) are produced in annihilation 
final states and in subsequent hadronization and decay processes 
for some final states

• the number of high-energy neutrinos produced per annihilation is 
small, even at high WIMP masses

• (in vacuum, this is the end of the story for neutrino production)
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possible final states: 
qq,gg,cc,ss,bb,tt,W+W-‐,  ZZ,  τ+τ-‐,µμ+µμ-‐,  νν,  e+e-‐,γγ

Low-energy neutrinos from the Sun

37

Slide Concept: C. Rott
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some “high-E” neutrinos 
from decays BEFORE 
energy loss → basis of 
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• pions are produced abundantly and rapidly in hadronic final states

• roughly equal numbers of π+, π-, and π0 are produced, with far greater multiplicity 
than other hadrons
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possible final states: 
qq,gg,cc,ss,bb,tt,W+W-‐,  ZZ,  τ+τ-‐,µμ+µμ-‐,  νν,  e+e-‐,γγ

Low-energy neutrinos from the Sun

37

some “high-E” neutrinos 
from decays BEFORE 
energy loss → basis of 

current searches

few neutrinos

• pions are produced abundantly and rapidly in hadronic final states

• roughly equal numbers of π+, π-, and π0 are produced, with far greater multiplicity 
than other hadrons

• what happens to the pions?

Slide Concept: C. Rott

dominant decay 
is into hadrons
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Low-energy neutrinos from the Sun

38

• π0: decay to 2 photons

• π- and π+: in the Sun, the hadronic interaction length for charged pions is shorter 
than the decay time → charged pions inelastically scatter with protons, producing 
more pions with each interaction

• once the π- come to rest, they are Coulomb-captured before decaying 

• π+ finally decay at rest, producing 3 neutrinos in the process, with energies of ~ 20 
to ~53 MeV

⇡+ ! µ+⌫µ

µ+ ! e+⌫e⌫̄µ

a plethora of pions!
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Multiplicity of neutrinos from Solar WIMPs

39

Rott, JSG, & Beacom 2013

• number of low-E 
neutrinos scales linearly 
with WIMP mass

• number of high-E 
neutrinos does not 
increase noticeably with 
increasing WIMP mass

• amplitude depends on 
fraction of annihilation 
energy going into 
hadronic final states

• most channels produce 
some hadronic products 
(and have a favorable 
low-E neutrino yield even 
if not a favorable high-E 
neutrino yield)
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Spectrum of low-E neutrinos

40

Carsten Rott Aspen Feb 7, 2013

νμ

νe

Neutrino Energy [MeV]

Expected low-energy Neutrino Signal

21

Neutrino Spectrum in the Sun (normalized to unity)

The Sun and Earth is transparent to neutrinos 
below 50MeV, but matter enhanced-mixing gives:

52.8MeV

νμ
_

lo
g[

dN
/d

E]

29.8MeV

Figure: C. Rott

signal spectral shape does not depend on annihilation channel!  
(as long as some energy goes into hadronic products)
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• water Cherenkov 
detector

• 22.5 kton fiducial 
volume

• detects anti-electron 
neutrinos via inverse 
beta decay

• the positron produces 
Cherenkov light which 
is detected by the 
PMTs

Detecting neutrinos with Super-K

41

⌫̄e + p ! e+ + n
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DSNB and other low-E backgrounds

42

3

supernova rate as a function of z, with neutrino energies
redshifted as E!/(1+z). The Kaplinghat, Steigman, and
Walker (KSW) model pushed uncertainties in the direc-
tion of producing the largest reasonable DSNB flux [15].
In the relevant energy range, E = 10 ! 30 MeV, other
models have nearly the same shape but di!er mostly in
normalization; also, several uncertainties are minimized.
The supernova rate is reasonably known in the relevant
range z <

"
1 (where it rises by " 10 over the z = 0

rate) [15, 16]. Uncertainties on cosmological and neu-
trino oscillation parameters no longer play a significant
role [16], the latter especially if realistic neutrino tem-
peratures [17] are used. The DSNB detection cross sec-
tion [5] may be treated at lowest order at present.

In Fig. 1, we show a range of DSNB spectra. The up-
per edge of the band is set by the SK limit [14] (0.6 of
KSW), and the lower edge by modern models [16] (0.2 of
KSW). The background-limited SK search [14] will gain
the required factor of 3 in sensitivity in about 40 years.
In GADZOOKS!, this sensitivity would be available im-
mediately. Requiring neutron detection would dramat-
ically lower the backgrounds below 18 MeV, where the
spallation beta singles rate rises rapidly. As the thresh-
old is lowered, the atmospheric neutrino backgrounds fall
and the DSNB signal rises. We calculate that the atmo-
spheric [18] backgrounds can be reduced by " 5 from the
measured rates [14] by rejecting events with a preced-
ing nuclear gamma [19] or without a following neutron.
Further rejection (not shown) is likely possible by re-
quiring a small position separation between prompt and
delayed events, since DSNB events produce much less en-
ergetic neutrons. The number of DSNB events expected
in GADZOOKS! is about 2 ! 6 per year above 10 MeV.
Uncertainties smaller than the corresponding Poisson un-
certainty can be ignored.

Detection of the DSNB would be an extremely impor-
tant scientific milestone. It could be the first detection of
neutrinos from significant redshifts z <

"
1, and the second

detection of supernova neutrinos. With the exception of
SN 1987A in the Large Magellanic Cloud, a close com-
panion of our Galaxy, neutrinos have never been detected
from farther than the Sun. The DSNB flux is propor-
tional to the rate of all core-collapse supernovae, includ-
ing optically dark “failed” supernovae that collapse to
black holes. The DSNB spectrum shape would also pro-
vide a crucial calibration for numerical supernova models,
since in relatively few years, the sample of neutrinos from
SN 1987A could be surpassed

Galactic Supernova.— Supernovae in our Galaxy
are expected about 3 times per century, and SK would
observe " 104 events at a typical distance of 10 kpc. The
ability to cleanly identify the dominant !̄e + p # e+ + n
events would be extremely important for studying the re-
maining reactions, notably !e +16 O # e! +16 F, which
is exquisitely sensitive to the !e temperature and hence
neutrino mixing [20]. Hundreds of !e events could be ob-
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FIG. 1: Spectra of low-energy !̄e + p ! e+ + n coincidence
events and the sub-Čerenkov muon background. We assume
full e!ciencies, and include energy resolution and neutrino os-
cillations. Singles rates (not shown) are e!ciently suppressed.

served, far more than in any other detector. The neutral-
current events on 16O that lead to gamma and/or neutron
emission would be much better identified, of key impor-
tance for measuring the !µ/!" temperature [21]. Even in
the forward angular cone, inverse beta events dominate
neutrino-electron scattering events [22]. Isolating those
events would be very useful: it would help detect the neu-
tronization burst !e events; it would improve the pointing
to the supernova by a factor of about 2, down to about
2" [22]; and it would allow better spectral studies. Using
timing information alone, SK could immediately recog-
nize a supernova as genuine by the unique time structure
of the events: almost all events in pairs separated by
tens of microseconds, much shorter than the separation
between subsequent neutrino interactions. Neutron de-
tection would improve the ability to study bursts out to
very late times, or to detect faint bursts.

Other Physics.— The solar !̄e flux is <
"

1% of the
predicted !e flux [23]. Requiring a neutron coincidence
would greatly reduce backgrounds, and the sensitivity
would be better than about 0.01%; the weak directional
information [5] may allow even better sensitivity. For
atmospheric and accelerator neutrinos, the ability to de-
tect neutron captures delayed from the neutrino inter-
action would shed new light on the hadronic final state.
This would be useful for separating (especially sub-GeV)
neutrinos and antineutrinos (which preferentially eject
protons and neutrons, respectively) and for probing the
type of neutrino interaction. For accelerator neutrinos,
neutrino-neutron elastic scattering will be a significant
new neutral-current channel. For proton decay, neutron

Beacom & Vagins, 2004
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tional to the rate of all core-collapse supernovae, includ-
ing optically dark “failed” supernovae that collapse to
black holes. The DSNB spectrum shape would also pro-
vide a crucial calibration for numerical supernova models,
since in relatively few years, the sample of neutrinos from
SN 1987A could be surpassed

Galactic Supernova.— Supernovae in our Galaxy
are expected about 3 times per century, and SK would
observe " 104 events at a typical distance of 10 kpc. The
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events would be extremely important for studying the re-
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events and the sub-Čerenkov muon background. We assume
full e!ciencies, and include energy resolution and neutrino os-
cillations. Singles rates (not shown) are e!ciently suppressed.

served, far more than in any other detector. The neutral-
current events on 16O that lead to gamma and/or neutron
emission would be much better identified, of key impor-
tance for measuring the !µ/!" temperature [21]. Even in
the forward angular cone, inverse beta events dominate
neutrino-electron scattering events [22]. Isolating those
events would be very useful: it would help detect the neu-
tronization burst !e events; it would improve the pointing
to the supernova by a factor of about 2, down to about
2" [22]; and it would allow better spectral studies. Using
timing information alone, SK could immediately recog-
nize a supernova as genuine by the unique time structure
of the events: almost all events in pairs separated by
tens of microseconds, much shorter than the separation
between subsequent neutrino interactions. Neutron de-
tection would improve the ability to study bursts out to
very late times, or to detect faint bursts.

Other Physics.— The solar !̄e flux is <
"

1% of the
predicted !e flux [23]. Requiring a neutron coincidence
would greatly reduce backgrounds, and the sensitivity
would be better than about 0.01%; the weak directional
information [5] may allow even better sensitivity. For
atmospheric and accelerator neutrinos, the ability to de-
tect neutron captures delayed from the neutrino inter-
action would shed new light on the hadronic final state.
This would be useful for separating (especially sub-GeV)
neutrinos and antineutrinos (which preferentially eject
protons and neutrons, respectively) and for probing the
type of neutrino interaction. For accelerator neutrinos,
neutrino-neutron elastic scattering will be a significant
new neutral-current channel. For proton decay, neutron

Beacom & Vagins, 2004

energy range for 
search for low-E 

neutrinos from solar 
WIMP annihilation
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New sensitivity using low-energy neutrinos
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Rott, JSG, & Beacom 2013

• sensitivity with low-E 
neutrino searches 
continues to improve 
with decreasing WIMP 
mass until evaporation 
becomes important

• minimal dependence on 
the annihilation channel

• simple sensitivity 
estimate already tests 
some of the DAMA signal 
region

• sensitivity could be 
improved with dedicated 
analysis, detector 
improvements, and larger 
detectors
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Summary: Part II

• future ground-based gamma-ray searches with CTA are promising

• multiwavelength searches are complementary and can be highly sensitive

• cosmic-ray propagation is a major complication for indirect DM searches with 
cosmic rays or (multiwavelength) photons

• neutrino searches can access additional targets compared to gamma searches, 
and are complementary to other indirect searches as well as direct searches

• stay tuned -- the next few years of data will be exciting!
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Figure 3. Average intensity spectra of the MSP reference model for |b| >

30! (dashed magenta line) compared with the IGRB intensity (blue crosses),
the Galactic diffuse emission for |b| > 30! (dot–dashed red line, from Cuoco
et al. 2011) and two benchmark dark matter models. The two dark matter
models correspond to an 8-GeV particle pair-annihilating preferentially into
!+!" at a rate #"v$ = 1 % 10"26 cm3 s"1 (dotted yellow line), and to a
40-GeV particle annihilating into bb̄ with #"v$ = 3 % 10"26 cm3 s"1 (solid
yellow line).

significantly to the anisotropy on angular scales of !1!–2!, corre-
sponding to multipoles # " 100 (see e.g. Cuoco et al. 2011), and
therefore MSPs could be a dominant contributor to the anisotropy of
the high-latitude diffuse emission while remaining a subdominant
contributor to the intensity.

Fig. 3 also compares the intensity spectrum of MSPs to that of
the high-latitude emission predicted for two example dark matter
models, chosen because their energy spectra bear some resemblance
to the collective MSP energy spectrum. We do not resort to any spe-
cific particle physics setup in the choice of the models. Rather, we
specify a dominant pair-annihilation final state, the particle mass
and the rate of pair-annihilation. One of the dark matter models
corresponds to a dark matter particle with a mass of 8 GeV and a
cross-section #"v$ = 1 % 10"26 cm3 s"1, for which the dominant
annihilation final state is a pair of ! leptons. This model was chosen
to align with that found in the analysis of Hooper & Goodenough
(2011) to best fit a gamma-ray excess claimed to exist in the inner-
most 2! in the direction of the Galactic Centre (see also Abazajian
2011, for an interpretation of that signal as MSP emission). We
also compare a second dark matter model, with a mass of 40 GeV
and a pair-annihilation cross-section #"v$ = 3 % 10"26 cm3 s"1, for
which the dominant annihilation final state is bottom quarks. This
second model can be regarded as a prototypical light bino-like dark
matter candidate from the minimal supersymmetric extension of the
standard model, with a cross-section that would allow for thermal
production of the correct universal dark matter density. The intensity
of the dark matter emission for these two models corresponds to that
predicted for the high-latitude signal from annihilation in Galactic
dark matter subhaloes in model A1 of Ando (2009), assuming the
particle properties for each model specified above.

Dark matter annihilation or decay in Galactic substructure may
generate a significant level of anisotropy in the IGRB with an energy
dependence similar to that from MSPs due to their similar energy
spectra. Although the detailed shapes of the energy spectra of the
dark matter models shown in Fig. 3 differ from that of the collective
MSP emission, the energy range at which both of these possible
contributors become most prominent in the IGRB, as well as their
cut-off energies, are similar. Since an anisotropy analysis requires

large photon statistics to robustly measure small anisotropies, the
number of energy bins in which a measurement can be made with
the Fermi-LAT is limited, and therefore it may be difficult to localize
features in the energy dependence of the anisotropy. Consequently,
there remains the possibility that an MSP-induced anisotropy in the
IGRB could be confused with a similar signal from dark matter
annihilation. However, we stress that only a signal from very light
dark matter candidates is likely to exhibit a spectral cut-off at suf-
ficiently low energies to effectively mimic MSPs in an anisotropy
measurement.

4.3 Angular power spectra

We consider the angular power spectrum of intensity fluctuations
$I(%) = (I(%) " #I$)/#I$, where I(%) is the intensity in the direction
% , and #I$ is the average intensity over the unmasked region of
the sky. The angular power spectrum is calculated by expanding
$I in spherical harmonics $I =

!
#,ma#,mY#,m(%), to obtain the

coefficients C# = #|a#,m|2$. Since a fluctuation map is dimensionless,
its angular power spectrum characterizes the angular distribution of
the emission, independent of its overall intensity.

We calculate the angular power spectrum of the emission from
MSPs from the simulated sky maps using HEALPIX. The angular
power spectra are calculated on the cut sky, after removing the
monopole and dipole components. To approximately correct for the
power suppression due to masking, the angular power spectra of the
cut sky are divided by the fraction of the sky outside the mask, f sky.
This approximation is valid at multipoles # " 100.

The angular power spectra of 10 Monte Carlo realizations of
the reference model are shown in Fig. 4, calculated with a mask
excluding |b| < 40!. The scatter between realizations is small,
with each realization generating an angular power spectrum C#

approximately constant in multipole with a value 0.03 ! C# ! 0.04
for # " 100. The multipole-independence of C# is characteristic
of the power spectrum of Poisson noise (shot noise) CP, which
arises from an uncorrelated distribution of sources. Noting that the
angular power spectrum from MSPs at high latitudes appears to
be dominated by the Poisson contribution, we hereafter make the
approximation that the angular power from MSPs is constant in
multipole, and identify CP as the average of C# over # = 50 to 150.

Figure 4. Angular power spectrum of the reference model, with Galactic
latitudes |b| < 40! masked. Each line corresponds to one of 10 realizations;
the variation between realizations is small. The C# are remarkably constant
in multipole, which is consistent with the angular power spectrum of an
uncorrelated distribution of point sources.

C& 2011 The Authors, MNRAS 415, 1074–1082
Monthly Notices of the Royal Astronomical Society C& 2011 RAS

Backgrounds and impostor signals
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JSG et al. MNRAS 415, 1074–1082 (2011)

• dark matter makes 
bumps, lines, cut-offs

• many astrophysical 
sources make power 
laws and may have 
exponential cut-offs

• some astrophysical 
sources (e.g., pulsars) 
also make bumps
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The high-energy inner galaxy
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see also: Hooper & Goodenough (2011); Abazajian (2011)

Aharonian et al. 2006 Abazajian & Kaplinghat 2012 
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FIG. 1. Shown in the top row are photon counts in four energy bins that have significant evidence for an extended source
with a spectrum, morphology, and rate consistent with a 30 GeV mass WIMP annihilating to bb̄-quarks in the 7� ⇥ 7� region
about the GC. This row shows the 17 2FGL point sources in the ROI as circles. The second row shows the residuals for the
fit to the region varying all the sources in the 2FGL catalog as well as the amplitudes of Galactic di↵use and isotropic di↵use
models. The presence of an extended source and oversubraction of the central point sources are visible here. The third row
shows the best fit model counts for 30 GeV WIMP annihilating to bb̄-quarks. The fourth row is the residual emission for this
model without subtracting the extended component. The fifth row contains the residuals when the extended component is also
subtracted. The maps have been filtered with a Gaussian of width � = 0.3�.

© 2006 Nature Publishing Group 

 

model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ! 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ! h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ! R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9"0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9"0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9"0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.
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