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The nature of dark matter

Observational evidence 
indicates:

• non-baryonic

• neutral

• virtually collisionless

2

Credit: NASA / WMAP Science Team

• Additional assumptions for this talk:

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

• GeV - TeV mass scale

• can pair annihilate to produce standard model particles
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The dark matter distribution

Credit: Springel et al. (Virgo Consortium)
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How to detect particle dark matter?
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Credit: Sky & Telescope / Gregg Dinderman

Indirect dark matter signals

• annihilation or decay of dark matter can produce a variety 
of potentially detectable Standard Model particles
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Indirect messengers
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Instruments Advantages Challenges

Gamma-ray 
photons

Fermi, ACTs (HESS, 
VERITAS, MAGIC)

point back to source, 
spectral signatures

backgrounds, attenuation

Neutrinos IceCube, Super-K point back to source low statistics, backgrounds

Charged 
particles

PAMELA, AMS(-02), 
ATIC, HESS (and other 

ACTs), Fermi

antimatter hard to produce 
astrophysically

diffusion, propagation 
uncertainties, don’t point 

back to sources
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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)

7

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 {Xcð Þ2=
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=Sumð Þ 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.
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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.

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 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.

NATURE |Vol 456 |20 November 2008 LETTERS
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 ©2008 Macmillan Publishers Limited. All rights reserved
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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)

• 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 eþ þ 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
" ¼ 1:6=2:5 below/above 4 GeV, and a steepening " ¼ 5 above
2 TeV. Blue lines show e! spectrum only. The solar modulation
was treated using the force-field approximation with ! ¼
550 MV. The dashed/solid lines show the before modulation/
modulated spectra. Secondary eþ (red lines) and e! (orange
lines) are calculated using the formalism from [12].

FIG. 23 (color). The eþ þ e! spectrum (solid line) computed
with the conventional GALPROP model [36] but with a different
injection spectrum: an injection index " ¼ 1:6=2:7 below/above
4 GeV (dotted line). An additional component with an injection
index " ¼ 1:5 and exponential cutoff is shown by the dashed
line. Blue line shows e! spectrum only. Secondary eþ 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)

• 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
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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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entific data analysis. These include NASA and DOE
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Fermi positron fraction

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)

• unexpected bump in total 
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

7
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Hints of a dark matter signal?
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;...)

• leptophilic models

• large annihilation cross-sections; 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
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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

8

as the mediator decay modes !! ! "", with" ! #þ#",
" ! $0$0, and " ! eþe". To generate these limits, we
use the EGRET bounds from [61], and take the 2-sigma
upper bounds to be conservative (no background subtrac-
tion is included). We show limits for both NFW (dashed)
and Einasto (solid) profiles. Note that the inclusion of
backgrounds can make these limits significantly

stronger—we present them in this form to be clear what
an incontestable upper bound is.
Other limits can be found from HESS data [62] or from

the inner 1# of the Milky Way. These limits are highly
dependent on the details of the profile, and we limit our-
selves to the more conservative ones from the EGRET data
[63].
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FIG. 3. The cosmic-ray signals from dark matter annihilations !! ! eþe". Upper left: Predicted positron fraction vs energy (solid
and dashed lines), expected positron fraction vs energy due to secondary production only (dotted line), and PAMELA [6] data points.
BF is the boost factor required relative to h%Avi ¼ 3% 10"26 cm3=s and the reference local DM density of &0 ¼ 0:3 GeV cm"3.
Upper right: Spectrum of DM eþe" (solid and dashed lines), background eþe" (dot-dashed line), and total (solid and dashed lines)
with data from Fermi [13], ATIC [1], and PPB-BETS [4]. Lower left: Predicted WMAP Haze signal vs galactic latitude at 23 GHz
(solid and dashed lines) and data points from WMAP [19]. Error bars are statistical only. Lower right: Total diffuse gamma-ray
spectrum (solid and dashed lines) and background diffuse gamma-ray spectrum (dotted line) for the inner 5# of the Milky Way,
computed with GALPROP [76]. Data points are from the Strong et al. reanalysis of the EGRET data [61], which found a harder spectrum
at 10–100 GeV within a few degrees of the GC, using improved sensitivity estimates from [77].
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Non-DM explanations?

astrophysical explanations: 

• pulsars (e.g., Yuksel, Kistler, & Stanev 2009; 
Hooper, Blasi, & Serpico 2009; Profumo 
2009; Grasso et al. 2009;...)

• SNR (e.g., Blasi & Serpico 2009)
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FIG. 14: The anticipated data on the e± spectrum from one year of full science operation with the

Fermi-LAT telescope, for the two cases, shown in fig. 11, of one bright nearby source (Geminga)

and of multiple, more distant pulsars accounting for both the PAMELA and the ATIC data.

subdominant for the PAMELA energy range, might indeed be relevant to account for the

spectral feature observed by ATIC.

IX. THE ROLE OF FERMI-LAT: SPECTRAL MEASUREMENT AND NEW PUL-

SARS

It has been recently pointed out that the Large Area Telescope (LAT) on board the Fermi

Space Telescope can efficiently detect energetic cosmic ray electrons and positrons [206, 207,

208]. Being a gamma-ray telescope based on pair-production, the LAT is, intrinsically,

a high-energy electron and positron detector. The main problem one faces in measuring

the e± spectrum with Fermi-LAT is to efficiently separate electrons and positrons from

all other cosmic-ray species, mainly protons. The LAT team has successfully argued and

41
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since the diffusion solution may transition [27] to a wind-
like n ∝ r−2 form (as does HESS J1825–137 [4]) near the
source, although the data allow no firm conclusions.

For a continuously emitting source such as Geminga,
the injection rate can be parametrized as dṄ/dγ ∝
Le±(t)γ−αe−γ/γmax , with Le± the e± luminosity. The lo-

cal particle density is n"(γ) =
∫ tG dt n(rG, t, γ). Assum-

ing braking via magnetic dipole radiation, the spin-down
luminosity evolves as ∝ (1 + t/t0)−2 [28], with a pulsar-
dependent timescale, t0, and Le±(t) = (EG/tG) [1+(tG−

t)/t0]−2/
∫ tG dt′[1 + (tG − t′)/t0]−2. For t0 ∼ 3 × 104 yr,

the present spin-down power, ∼ 1034.5 erg s−1, corre-
sponds to an upper limit on the total e± output of
∼ 5 × 1048 erg (larger for smaller t0 [25]). Geminga’s
transverse velocity is ∼ 200 km s−1 [29]. A similar radial
velocity would result in a ∼ 100 pc displacement in tG.

In Fig. 3, we display the local flux of e− + e+,
J" = (c/4π)n", from our benchmark model of α = 2,
within a reasonable range of parameters. These have dis-
tances varying (from birth → present) as rG = 150 →
250 pc, 220 pc, 250 → 200 pc; e± energy budgets of
EG = 1 , 2 , 3 × 1048 erg; and δ = 0.4 , 0.5 , 0.6, respec-
tively (lower dotted, solid, dashed lines). The energy in
e± estimated for several younger TeV PWN are at least
as large as these (e.g., [4, 5, 23]). Since the bulk of the
energy is released in this early spin-down phase, the ini-
tial location is the most important. Adding to these the
primary e− spectrum of Moskalenko and Strong [9], with
the normalization decreased by 35% and an added ex-
ponential cutoff at 2 TeV (in order to not exceed HESS
data), yields the total e− + e+ flux (upper lines).

The spectral feature at ∼ 1 TeV naturally results from
a combination of energy losses and pulsar age and dis-
tance (see Fig. 4 of Ref. [11] for comparison). The multi-

TeV extension (beyond the last HESS point) is due to the
continuous injection of particles, as evidenced by the Mi-
lagro observations today. Combining these with the ex-
pectations for the secondary e± fluxes [9] (see also [30]),
we compare our positron fraction to measurements in
Fig. 1 (note that solar modulation may account for dis-
agreements between data below ∼ 10 GeV [8, 31]).

It is thus plausible that Geminga is the long-sought [32]
local source of electrons and positrons, influencing the
spectra measured by Fermi [16] (down to tens of GeV)
and HESS [17, 18] in the TeV, although we emphasize
that certain parameters and the underlying Galactic pri-
mary spectrum remain uncertain. The PAMELA [33]
and AMS [34] experiments can measure the e− and e+

spectra separately to isolate this component (since the
e− spectrum from Geminga should be identical to the
e+).

Conclusions.— The discovery of high-energy gamma
rays from an extended region around Geminga by Mila-
gro reveals the presence of >

∼ 100 TeV e±, as observed
indirectly within the x-ray PWN [20, 21]. A considerable
amount of data should become available as new experi-
ments examine the surrounding area. This will help in
developing more detailed models that account for both
time and spatial evolution in the e± spectra, directly
coupled to cosmic-ray propagation [35]. One need is a
better-determined distance, the most recent quoted be-
ing rG ∼ 250+120

−62 pc [29]. We briefly discuss implications
for several categories of experiments.

Fermi: While the observed features of Geminga will
depend upon details such as whether the source is roughly
spherical or preferentially oriented, we would generally
expect the source to become “larger” with decreasing
energy, reflecting the decrease in IC cooling time with
energy. Our inspection of the point-source subtracted
sky map from EGRET [36] indicates emission in the
GeV range of a size comparable to the Milagro source.
Fermi [37] should be able to more effectively separate the
bright pulsed signal to study diffuse emission.

TeV gamma rays: Obtaining a detailed spectrum and
morphology of the source in the TeV regime will be vi-
tal for further interpretation of the nature of the parti-
cles present. Already, VERITAS [38] has placed rather-
tight upper limits on a point source at the location of
Geminga [39]. Further study of the expected extended
source is needed to better estimate the total energet-
ics. In HESS J1825–137, the surface brightness was seen
to drop off as ∼ 1/θ, inconsistent with pure diffusion
and suggestive of convection, and the gamma-ray spec-
trum was measured to soften with increasing distance
from its pulsar [4]. We expect similar behavior from
Geminga if the same mechanisms are at work, the lat-
ter of which would be a distinct signature of e± cool-
ing [4]. Also, studying the extended TeV emission from

Yuksel, Kistler, Stanev 2009

Pulsar contributions to CRE spectra

Credit: NASA/DOE/Fermi LAT Collaboration
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Meanwhile... in direct detection news
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FIG. 8. (color online). 90% C.L. upper limits on the scalar WIMP-nucleon cross section for WIMP-mass splittings of 0 keV
(left) and 120 keV (right) from this analysis (red/dashed) and from our previous analysis (black/solid) [7]. The red/dotted
line in the right plot indicates the expected sensitivity for this analysis based on our estimate of the total background. The
colored regions represent DAMA/LIBRA allowed regions at four different C.L.s (90, 95, 99, 99.9%) calculated following a
χ2 goodness-of-fit technique [25]. The cross (×) marks the parameter-space point which yields the minimum χ2 in the shown
cross-section versus WIMP-mass plane given the WIMP-mass splitting.

excluded for this mass splitting by the current and pre-
vious analysis.

Since the IDM parameter space is three-dimensional,
consisting of the cross section, WIMP mass, and WIMP-
mass splitting, we defined excluded regions by requiring
the 90% C.L. upper limit on the cross section from CDMS
to completely rule out the corresponding DAMA/LIBRA
allowed cross sections (also at 90% C.L.) for given WIMP
mass and WIMP-mass splitting. The results are shown
in Fig. 9. The only remaining allowed parameter space is
within a narrow region at WIMP masses of ∼100 GeV/c2

and WIMP-mass splittings between 85keV and 135 keV.
In the case of the new analysis presented in this pa-
per there is also a tiny area in the low-mass region
which is not excluded. The black/dashed line repre-
sents the maximum reach in the shown parameter space
of an experiment using a Ge target like CDMS II. It
is computed based entirely on kinematics by demanding
vmin = vesc + vE, and is therefore independent of the
cross-section parameter. Even with higher exposure and
increased sensitivity, CDMS II cannot rule out the entire
DAMA/LIBRA allowed parameter space simply because
(relative to an I nucleus) the Ge nucleus is too light. This
is the main reason why the constraints from ZEPLIN-III
[35] and CRESST [36], which employ a Xe and a CaWO4

target respectively, are more stringent. The latter, which
are shown in recent talks by the CRESST collaboration
but have not been published yet, indicate an exclusion
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FIG. 9. (color online). The blue/shaded regions represent
WIMP masses and WIMP-mass splittings for which cross sec-
tions exist that are compatible with the modulation spectrum
observed by DAMA/LIBRA at 90% C.L. The hatched re-
gions show constraints on these parameters from the analysis
presented in this paper (red/dashed) and from our previous
analysis (black/solid) [7]. The black/dashed line represents
the maximum reach of the CDMS II experiment.

• CDMS limits exclude 
DAMA/LIBRA signal 
region for standard WIMP 
scenario

Elastic scattering
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Meanwhile... in direct detection news

• it was proposed that the 
experiments could be 
reconciled if dark matter 
scatters inelastically (Tucker-
Smith and Weiner, 2001)
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excluded for this mass splitting by the current and pre-
vious analysis.

Since the IDM parameter space is three-dimensional,
consisting of the cross section, WIMP mass, and WIMP-
mass splitting, we defined excluded regions by requiring
the 90% C.L. upper limit on the cross section from CDMS
to completely rule out the corresponding DAMA/LIBRA
allowed cross sections (also at 90% C.L.) for given WIMP
mass and WIMP-mass splitting. The results are shown
in Fig. 9. The only remaining allowed parameter space is
within a narrow region at WIMP masses of ∼100 GeV/c2

and WIMP-mass splittings between 85keV and 135 keV.
In the case of the new analysis presented in this pa-
per there is also a tiny area in the low-mass region
which is not excluded. The black/dashed line repre-
sents the maximum reach in the shown parameter space
of an experiment using a Ge target like CDMS II. It
is computed based entirely on kinematics by demanding
vmin = vesc + vE, and is therefore independent of the
cross-section parameter. Even with higher exposure and
increased sensitivity, CDMS II cannot rule out the entire
DAMA/LIBRA allowed parameter space simply because
(relative to an I nucleus) the Ge nucleus is too light. This
is the main reason why the constraints from ZEPLIN-III
[35] and CRESST [36], which employ a Xe and a CaWO4

target respectively, are more stringent. The latter, which
are shown in recent talks by the CRESST collaboration
but have not been published yet, indicate an exclusion
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FIG. 9. (color online). The blue/shaded regions represent
WIMP masses and WIMP-mass splittings for which cross sec-
tions exist that are compatible with the modulation spectrum
observed by DAMA/LIBRA at 90% C.L. The hatched re-
gions show constraints on these parameters from the analysis
presented in this paper (red/dashed) and from our previous
analysis (black/solid) [7]. The black/dashed line represents
the maximum reach of the CDMS II experiment.

• CDMS limits exclude 
DAMA/LIBRA signal 
region for standard WIMP 
scenario

Elastic scattering

Ahmed et al. [CDMS Collaboration] 2011
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excluded for this mass splitting by the current and pre-
vious analysis.

Since the IDM parameter space is three-dimensional,
consisting of the cross section, WIMP mass, and WIMP-
mass splitting, we defined excluded regions by requiring
the 90% C.L. upper limit on the cross section from CDMS
to completely rule out the corresponding DAMA/LIBRA
allowed cross sections (also at 90% C.L.) for given WIMP
mass and WIMP-mass splitting. The results are shown
in Fig. 9. The only remaining allowed parameter space is
within a narrow region at WIMP masses of ∼100 GeV/c2

and WIMP-mass splittings between 85keV and 135 keV.
In the case of the new analysis presented in this pa-
per there is also a tiny area in the low-mass region
which is not excluded. The black/dashed line repre-
sents the maximum reach in the shown parameter space
of an experiment using a Ge target like CDMS II. It
is computed based entirely on kinematics by demanding
vmin = vesc + vE, and is therefore independent of the
cross-section parameter. Even with higher exposure and
increased sensitivity, CDMS II cannot rule out the entire
DAMA/LIBRA allowed parameter space simply because
(relative to an I nucleus) the Ge nucleus is too light. This
is the main reason why the constraints from ZEPLIN-III
[35] and CRESST [36], which employ a Xe and a CaWO4

target respectively, are more stringent. The latter, which
are shown in recent talks by the CRESST collaboration
but have not been published yet, indicate an exclusion

WIMP mass [GeV/c2]

W
IM

P−
m

as
s s

pl
itt

in
g 

[k
eV

]

 

 

101 102 1030

20

40

60

80

100

120

140

160

180
DAMA/LIBRA allowed
CDMS (previous analysis) excluded
CDMS (this analysis) excluded

FIG. 9. (color online). The blue/shaded regions represent
WIMP masses and WIMP-mass splittings for which cross sec-
tions exist that are compatible with the modulation spectrum
observed by DAMA/LIBRA at 90% C.L. The hatched re-
gions show constraints on these parameters from the analysis
presented in this paper (red/dashed) and from our previous
analysis (black/solid) [7]. The black/dashed line represents
the maximum reach of the CDMS II experiment.
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Solar CREs from DM annihilation

the standard WIMP capture/annihilation scenario

• 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 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
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Solar CREs from DM annihilation
Schuster, Toro, Weiner, Yavin 2010 discuss 2 scenarios in which 

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

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

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

High energy electron signals from dark matter annihilation in the Sun

Philip Schuster,1 Natalia Toro,2 Neal Weiner,3 and Itay Yavin3
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In this paper we discuss two mechanisms by which high-energy electrons resulting from dark matter

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

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

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

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

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

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

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

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

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

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

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

should be detectable by experiments such as Fermi.
Thus, only a small fraction of DM captured in the Sun
must annihilate through these channels to observe an ef-
fect. Indeed, if for a given DM mass we take the largest
cross section allowed by direct detection limits on spin-
independent elastic scattering (!SI # 0:5ð3Þ & 10!43 cm2

for m" # 0:1ð1Þ TeV) [11,12], then DM is captured at a
rate [13]

C' # 1:4& 1021 s!1

!
TeV

m"

"
2=3

: (1)

The iDM models allow much larger cross sections
!n * 10!40 cm2 and hence considerably higher capture
rates [16,17]. For cross sections in this range, the DM
density accumulated over the age of the Sun is high enough
that DM capture and annihilation rate (!A) reach equilib-
rium so that !A ¼ 1

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

F" 5& 10!3 m!2 s!1 ðelasticÞ (2)

F" 50 m!2 s!1 ðinelasticÞ: (3)

FIG. 1 (color online). Two possible escape mechanisms for
high-energy charged particles from DM annihilations in the Sun.
(a) DM may annihilate into long-lived states which first escape
the Sun and only later decay. (b) DM may annihilate outside
the Sun.
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Credit: NASA/General Dynamics

The Fermi Gamma-ray Space Telescope

• pair-production 
detector: detects 
charged particle events 
as well as gamma rays

• can identify cosmic-ray 
electron and positron 
events; in general 
cannot determine 
charge on an event-by-
event basis*

*position in the geomagnetic field 
can be used to select events by 

charge, as in Fermi positron 
spectrum measurement (Ackermann 

et al., 2011)

13
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Data selection

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

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

14
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Data analysis

3 approaches used to search for flux excesses:

• flux asymmetry search: compare flux from the Sun and 
from a “fake” Sun in the opposite sky direction

• comparison with isotropic flux: a sample of isotropic 
CRE events was simulated using an event-shuffling 
technique; the real flux from the Sun and the simulated 
isotropic flux is compared

• spherical harmonics analysis: tests for CRE flux variations 
correlated with any sky direction and on different 
angular scales

15
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Flux asymmetry (real vs. fake Sun)
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Comparison with isotropic flux
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Spherical harmonics analysis
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Solar CRE fluxes from dark matter
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• DM is captured by the Sun via elastic 
scattering, continues to scatter and lose 
energy, and sinks to the core where it 
annihilates

• assume DM annihilates to a new light scalar 
Φ which then decays to an electron and 
positron pair

Intermediate state scenario: overview

�� ! �� � ! e+e�

• the Φ are assumed to have mass less than a few GeV, while the DM has mass of ~ 
100 GeV - few TeV, so the Φ are relativistic

• many Φ escape the Sun before decaying, so the CREs they produce are 
observable

• the addition of the new light scalar is related to the mechanism used to generate 
Sommerfeld enhancement; this class of models is often considered as a possible 
explanation for the observed excesses in CREs by PAMELA and ATIC/Fermi
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annihilates into long-lived states, or if dark matter scatters inelastically, which would leave a halo of dark

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

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

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

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

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

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

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

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

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

should be detectable by experiments such as Fermi.
Thus, only a small fraction of DM captured in the Sun
must annihilate through these channels to observe an ef-
fect. Indeed, if for a given DM mass we take the largest
cross section allowed by direct detection limits on spin-
independent elastic scattering (!SI # 0:5ð3Þ & 10!43 cm2

for m" # 0:1ð1Þ TeV) [11,12], then DM is captured at a
rate [13]

C' # 1:4& 1021 s!1

!
TeV

m"

"
2=3

: (1)

The iDM models allow much larger cross sections
!n * 10!40 cm2 and hence considerably higher capture
rates [16,17]. For cross sections in this range, the DM
density accumulated over the age of the Sun is high enough
that DM capture and annihilation rate (!A) reach equilib-
rium so that !A ¼ 1

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

F" 5& 10!3 m!2 s!1 ðelasticÞ (2)

F" 50 m!2 s!1 ðinelasticÞ: (3)

FIG. 1 (color online). Two possible escape mechanisms for
high-energy charged particles from DM annihilations in the Sun.
(a) DM may annihilate into long-lived states which first escape
the Sun and only later decay. (b) DM may annihilate outside
the Sun.
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• observable gamma-rays from the Sun 
(from FSR) are also produced in this 
scenario

• solar gamma-ray measurements constrain 
decay rate of Φ outside sun

Existing gamma-ray constraints
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and annihilation in the Sun offer a striking signature of
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matter (iDM) [9]. In this paper, we discuss how either
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and can annihilate outside the Sun as shown in Fig. 1(b).
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[10] can detect the electronic annihilation products as a
cosmic ray electron excess strongly correlated with the
Sun’s direction. If observed, such an effect is an unequivo-
cal signature of DM since no known astrophysical phe-
nomena can generate such a high-energy electron flux from
the Sun. This type of signature may offer a unique probe of
inelastically interacting dark matter, for which direct
detection constraints are quite weak.

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

should be detectable by experiments such as Fermi.
Thus, only a small fraction of DM captured in the Sun
must annihilate through these channels to observe an ef-
fect. Indeed, if for a given DM mass we take the largest
cross section allowed by direct detection limits on spin-
independent elastic scattering (!SI # 0:5ð3Þ & 10!43 cm2

for m" # 0:1ð1Þ TeV) [11,12], then DM is captured at a
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For such short cascades, the electron energy spectrum is
much harder than the cosmic-ray background. Therefore,
the strongest constraints are derived from the highest en-
ergy bins available. It is then straightforward to derive the
bounds on the annihilation rate in the Sun by demanding
that the resulting flux is lower than the highest energy bins
in FERMI/LAT,

!A ! fdecay & 1:4! 1020 s"1

!
1000 GeV

m!

"
2
; (12)

!A ! fdecay & 5:1! 1020 s"1

!
1000 GeV

m!

"
2
; (13)

for the 1-step and 2-step cascades, respectively. We note
that these are about an order of magnitude stronger than the
neutrino constraints from Super-K.

3. " ray constraints

Electronic decays of the LLP will usually lead to final
state radiation (FSR) of photons unless the LLP is right
above the electron pair threshold. This radiation can be
detected by observations of the "-ray spectrum of the Sun.
Both EGRET and FERMI have looked at the Sun’s emis-
sion spectrum for E" * 100 MeV and these agree well
with the predicted spectrum from inverse Compton scat-
tering of the Sun’s light against cosmic rays [43,44]. We
can therefore derive bounds on the electronic decays of
LLPs by demanding that the resulting FSR is smaller than
the observed gamma-ray spectrum. As in the eletronic flux,
the FSR energy spectrum is harder than that observed and
so the highest energy measurements (E" * 1 GeV) ac-
tually provide the most stringent limits. For that purpose,

the measurement of the very high-energy photon spectrum
made by Milagro1 is also useful [45]. To obtain a bound on
the flux we require the expected number of events in
Milagro to be less than 4791. The resulting bounds on
the annihilation rate from the different observations are
shown in Fig. 8.

IV. EXAMPLE: DARK-SECTOR SCALARS

In this section we discuss the implications of the pre-
viously identified limits for a particular class of long-lived
particles: Higgs-like dark scalars hD that decay through
loop diagrams with a rate controlled by the gauge kinetic
mixing #. We then discuss the dependence of these con-
tours on variation of model assumptions.
In a single-Higgs model the width of the light scalar hD

to each lepton species is

!hD!‘þ‘" ¼ 2$D$
2#4

%2

I2ðm‘;mA0 ; mhDÞ2
4

m2
‘

m2
A0
mhD; (14)

where I2 is a loop integral defined in [7], and very nearly
equal to 2&3, where & ¼ ð1" 4m2

‘=m
2
hD
Þ1=2. This formula

must be corrected by mixing angles in a model with two or
more Higgses in the dark sector, but given our complete
ignorance of the dark sector’s structure we ignore these and
take (14) as a benchmark. For decays above the muon
threshold, this gives

c' ' ð2! 107 cmÞ ! 1

BrðhD ! (þ("Þ
$
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!
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: (15)
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FIG. 8 (color online). FSR constraints on !ann ! fdecay from
Milagro (green—bottom on the right), EGRET (purple—top on
the right), and Fermi solar data (blue) for one-step (solid) and
two-step (dashed) cascade decays, with decay efficiency fdecay
defined in (10). The bounds were derived as explained in the text.
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FIG. 7 (color online). The purple (upper) curves show the
constraints from Super-K on the annihilation rate of LLP in
the Earth as a function of their lifetime form! ¼ TeV (solid) and

m! ¼ 0:3 TeV (dashed). The orange curves show the expected

improvement in sensitivity with Ice-Cube. The mass dependency
reflects the improvement for higher masses, but does not take
into account possible degradation of the signal due to the
colinearity of the muon pair.

1We would like to thank Prof. Shmuel Nussinov for pointing
out this experiment to us.
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CRE flux from intermediate state scenario
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Φ decay rate per volume

dN

dV dt
(r (�det, R)) = 2

C�e�r/L

4⇥r2L

• assume equilibrium (for every 2 particles that are captured, 2 
annihilate)

• calculate solar capture rate with DarkSUSY

• proportional to the elastic scattering cross-section

• depends on DM particle mass

• L is decay length, set by lifetime of Φ and energy of Φ
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Limits on elastic scattering cross-section
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solar CRE flux limits correspond to constraints on the rate of decay to 
CREs outside the Sun that are ~ 2-4 orders of magnitude stronger than 
constraints on the associated FSR derived from solar gamma-ray data

assuming annihilation to CREs via an intermediate state
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• DM is captured by the Sun via inelastic scattering

• inelastic scattering can only occur if the DM has sufficient 
energy:

Inelastic dark matter scenario: overview

�+N ! �? +N

E � �(1 +m�/mN ) � = m�? �m�

• the mass splitting (delta) is typically assumed to be ~ 100 KeV 

• after only a few scatterings the DM doesn’t have enough energy to continue scattering 
and so, rather than sink to the core, it remains on large orbits which take it outside the 
surface of the Sun

• a non-negligible fraction of DM can be accumulated outside the surface of the Sun in this 
scenario, and annihilations outside the Sun can produce an observable CRE flux

• iDM models could potentially explain the inconsistent results of DAMA/LIBRA and CDMS 
(and other direct-detection experiments), e.g. Smith & Weiner 2001; Chang, Kribs, Tucker-
Smith, Weiner 2009

High energy electron signals from dark matter annihilation in the Sun

Philip Schuster,1 Natalia Toro,2 Neal Weiner,3 and Itay Yavin3
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In this paper we discuss two mechanisms by which high-energy electrons resulting from dark matter

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

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

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

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

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

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

unequivocal signature of dark matter.

DOI: 10.1103/PhysRevD.82.115012 PACS numbers: 95.35.+d, 12.60.!i, 95.85.Ry

I. DARK MATTER IN THE SUN

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

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

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

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

should be detectable by experiments such as Fermi.
Thus, only a small fraction of DM captured in the Sun
must annihilate through these channels to observe an ef-
fect. Indeed, if for a given DM mass we take the largest
cross section allowed by direct detection limits on spin-
independent elastic scattering (!SI # 0:5ð3Þ & 10!43 cm2

for m" # 0:1ð1Þ TeV) [11,12], then DM is captured at a
rate [13]

C' # 1:4& 1021 s!1

!
TeV

m"

"
2=3

: (1)

The iDM models allow much larger cross sections
!n * 10!40 cm2 and hence considerably higher capture
rates [16,17]. For cross sections in this range, the DM
density accumulated over the age of the Sun is high enough
that DM capture and annihilation rate (!A) reach equilib-
rium so that !A ¼ 1

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

F" 5& 10!3 m!2 s!1 ðelasticÞ (2)

F" 50 m!2 s!1 ðinelasticÞ: (3)

FIG. 1 (color online). Two possible escape mechanisms for
high-energy charged particles from DM annihilations in the Sun.
(a) DM may annihilate into long-lived states which first escape
the Sun and only later decay. (b) DM may annihilate outside
the Sun.
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• isotropic flux (but observable flux is a factor of 2 smaller b/c CREs 
produced on the opposite side of Sun can’t reach us)

• annihilation rate is proportional to fraction of captured dark matter 
particles outside the Sun at a given time; assume capture/annihilation are 
in equilibrium

• fout has been calculated by Schuster et al. 2010, iDM capture rate 
calculated by Nussinov et al. 2009 and Menon et al. 2010

• dark matter assumed to annihilate at rest so CRE flux is mono-energetic 
with E = mass of the dark matter particle

• in this scenario we account for the energy resolution of the LAT since 
the limits for masses near the energy bin edges are weakened by 
spreading the signal over more than one bin

Flux from iDM outside the Sun

F = 2
�
A,out

4�D2

�

�
A,out = f

out

�
A

=
1

2
f
out

C�
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Limits on inelastic scattering cross-section
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FIG. 8. (color online). 90% C.L. upper limits on the scalar WIMP-nucleon cross section for WIMP-mass splittings of 0 keV
(left) and 120 keV (right) from this analysis (red/dashed) and from our previous analysis (black/solid) [7]. The red/dotted
line in the right plot indicates the expected sensitivity for this analysis based on our estimate of the total background. The
colored regions represent DAMA/LIBRA allowed regions at four different C.L.s (90, 95, 99, 99.9%) calculated following a
χ2 goodness-of-fit technique [25]. The cross (×) marks the parameter-space point which yields the minimum χ2 in the shown
cross-section versus WIMP-mass plane given the WIMP-mass splitting.

excluded for this mass splitting by the current and pre-
vious analysis.

Since the IDM parameter space is three-dimensional,
consisting of the cross section, WIMP mass, and WIMP-
mass splitting, we defined excluded regions by requiring
the 90% C.L. upper limit on the cross section from CDMS
to completely rule out the corresponding DAMA/LIBRA
allowed cross sections (also at 90% C.L.) for given WIMP
mass and WIMP-mass splitting. The results are shown
in Fig. 9. The only remaining allowed parameter space is
within a narrow region at WIMP masses of ∼100 GeV/c2

and WIMP-mass splittings between 85keV and 135 keV.
In the case of the new analysis presented in this pa-
per there is also a tiny area in the low-mass region
which is not excluded. The black/dashed line repre-
sents the maximum reach in the shown parameter space
of an experiment using a Ge target like CDMS II. It
is computed based entirely on kinematics by demanding
vmin = vesc + vE, and is therefore independent of the
cross-section parameter. Even with higher exposure and
increased sensitivity, CDMS II cannot rule out the entire
DAMA/LIBRA allowed parameter space simply because
(relative to an I nucleus) the Ge nucleus is too light. This
is the main reason why the constraints from ZEPLIN-III
[35] and CRESST [36], which employ a Xe and a CaWO4

target respectively, are more stringent. The latter, which
are shown in recent talks by the CRESST collaboration
but have not been published yet, indicate an exclusion
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FIG. 9. (color online). The blue/shaded regions represent
WIMP masses and WIMP-mass splittings for which cross sec-
tions exist that are compatible with the modulation spectrum
observed by DAMA/LIBRA at 90% C.L. The hatched re-
gions show constraints on these parameters from the analysis
presented in this paper (red/dashed) and from our previous
analysis (black/solid) [7]. The black/dashed line represents
the maximum reach of the CDMS II experiment.

DAMA/LIBRA allowed regions and 
CDMS exclusion curves
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Limits on inelastic scattering cross-section
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χ2 goodness-of-fit technique [25]. The cross (×) marks the parameter-space point which yields the minimum χ2 in the shown
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excluded for this mass splitting by the current and pre-
vious analysis.

Since the IDM parameter space is three-dimensional,
consisting of the cross section, WIMP mass, and WIMP-
mass splitting, we defined excluded regions by requiring
the 90% C.L. upper limit on the cross section from CDMS
to completely rule out the corresponding DAMA/LIBRA
allowed cross sections (also at 90% C.L.) for given WIMP
mass and WIMP-mass splitting. The results are shown
in Fig. 9. The only remaining allowed parameter space is
within a narrow region at WIMP masses of ∼100 GeV/c2

and WIMP-mass splittings between 85keV and 135 keV.
In the case of the new analysis presented in this pa-
per there is also a tiny area in the low-mass region
which is not excluded. The black/dashed line repre-
sents the maximum reach in the shown parameter space
of an experiment using a Ge target like CDMS II. It
is computed based entirely on kinematics by demanding
vmin = vesc + vE, and is therefore independent of the
cross-section parameter. Even with higher exposure and
increased sensitivity, CDMS II cannot rule out the entire
DAMA/LIBRA allowed parameter space simply because
(relative to an I nucleus) the Ge nucleus is too light. This
is the main reason why the constraints from ZEPLIN-III
[35] and CRESST [36], which employ a Xe and a CaWO4

target respectively, are more stringent. The latter, which
are shown in recent talks by the CRESST collaboration
but have not been published yet, indicate an exclusion
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FIG. 9. (color online). The blue/shaded regions represent
WIMP masses and WIMP-mass splittings for which cross sec-
tions exist that are compatible with the modulation spectrum
observed by DAMA/LIBRA at 90% C.L. The hatched re-
gions show constraints on these parameters from the analysis
presented in this paper (red/dashed) and from our previous
analysis (black/solid) [7]. The black/dashed line represents
the maximum reach of the CDMS II experiment.
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Limits on inelastic scattering cross-section

solar CRE constraints exclude by ~ 1-2 orders of magnitude all of the parameter 
space compatible with an inelastic DM explanation of DAMA/LIBRA and CDMS for 

DM masses greater than ~ 70 GeV, assuming DM annihilates to CREs
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excluded for this mass splitting by the current and pre-
vious analysis.

Since the IDM parameter space is three-dimensional,
consisting of the cross section, WIMP mass, and WIMP-
mass splitting, we defined excluded regions by requiring
the 90% C.L. upper limit on the cross section from CDMS
to completely rule out the corresponding DAMA/LIBRA
allowed cross sections (also at 90% C.L.) for given WIMP
mass and WIMP-mass splitting. The results are shown
in Fig. 9. The only remaining allowed parameter space is
within a narrow region at WIMP masses of ∼100 GeV/c2

and WIMP-mass splittings between 85keV and 135 keV.
In the case of the new analysis presented in this pa-
per there is also a tiny area in the low-mass region
which is not excluded. The black/dashed line repre-
sents the maximum reach in the shown parameter space
of an experiment using a Ge target like CDMS II. It
is computed based entirely on kinematics by demanding
vmin = vesc + vE, and is therefore independent of the
cross-section parameter. Even with higher exposure and
increased sensitivity, CDMS II cannot rule out the entire
DAMA/LIBRA allowed parameter space simply because
(relative to an I nucleus) the Ge nucleus is too light. This
is the main reason why the constraints from ZEPLIN-III
[35] and CRESST [36], which employ a Xe and a CaWO4

target respectively, are more stringent. The latter, which
are shown in recent talks by the CRESST collaboration
but have not been published yet, indicate an exclusion
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FIG. 9. (color online). The blue/shaded regions represent
WIMP masses and WIMP-mass splittings for which cross sec-
tions exist that are compatible with the modulation spectrum
observed by DAMA/LIBRA at 90% C.L. The hatched re-
gions show constraints on these parameters from the analysis
presented in this paper (red/dashed) and from our previous
analysis (black/solid) [7]. The black/dashed line represents
the maximum reach of the CDMS II experiment.
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Summary

• for models in which dark matter annihilates to CREs via an 
intermediate state: 

solar CRE constraints on the DM-nucleon elastic scattering cross-
section correspond to significantly stronger bounds on the rate of 
CRE decay outside the Sun than existing constraints on associated 
FSR emission from solar gamma-ray data 

• for inelastic dark matter models: 

the CRE constraints exclude all of the parameter space for DM 
masses above ~ 70 GeV that can reconcile the results of DAMA/
LIBRA and CDMS, assuming DM annihilates to CREs
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