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for CF2: Doug Cowen, Stefano Profumo, JB conveners

Washington University in St. Louis

( ρ2 for N-body sims of MW-like halo, Kuhlen)

!"#

•  Of course it would be nice to examine how a given  
   search is doing using the variables employed by the   
   other searches…but there are many combinations 

(pMSSM scans, Cotta, Cahill-Rowley, Drlica-Wagner, 
Funk, Hewett, Ismail,  Rizzo, Wood)
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Detection Techniques
Fermi VERITAS

Super K

AMSPAMELA

Super-K ICECUBE

γ

ν

e−, e+, p, p̄
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Annihilation Channels
Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ

1

χ0 q

χ0

p
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K
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Dark Matter Intro

Ωχ ≈ 0.1
h2

�
3× 10−26cm3sec−1

�σv�

�

Gravitational effect of DM is visible in 
many astrophysical settings.

Bullet cluster image shows gravitational 
mass inferred from lensing (blue) and X-
ray emission from baryonic matter (red).

Not modified gravity, not gas - dark matter 
behaves like stars, weakly interacting 
particles

From WMAP : ΩDMh2 = 0.1123± 0.0035

For a thermal relic of the big bang, the larger the annihilation cross section the
longer the DM stays in equilibrium and the larger the Boltzmann suppression
∼ e−mχ/kT before freeze-out.

* Gamma-ray production by annihilation in the present universe is closely correlated to 
decoupling cross section in the early universe
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Key Findings

• CTA, with the U.S. enhancement would provide a powerful new tool for searching 
for WIMP dark matter, and would complement other methods

• Future Neutrino experiments like the PINGU enhancement to IceCube/DeepCore 
offer the possibility of a smoking-gun signal (high energy neutrinos from the sun), 
and may provide some of the best constraints on spin dependent cross sections.

• Other astrophysical constraints such as low-frequency radio (synchrotron from 
electrons) or X-rays (inverse Compton scattering by electrons) can provide very 
powerful tests for Dark matter annihilation for certain annihilation channels, 
competitive with existing bounds.

• Detailed theoretical studies with PMSSM, contact operators, realistic halo models 
are resulting in quantitative estimates of sensitivity

• Key technology developments overlap with Direct Detection and Collider 
experiments.

Disclaimer: Not an exhaustive list of key Indirect DM science initiatives!
(10 minutes can’t do justice to amazing breadth of work)



Theory
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Gamma-rays from DM
EγΦγ(θ) ≈ 10−10

�
Eγ,TeV

dN

dEγ,TeV

� �
�σv�

10−26cm−3s−1

� �
100 GeV

Mχ

�2

� �� �
particle physics

J(θ)���� erg cm−2s−1sr−1

Particle Physics Input
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Gamma-rays from DM
EγΦγ(θ) ≈ 10−10
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J(θ) =
1

8.5 kpc

�
1

0.3 GeV/cm3

�2 �

line of sight
ρ2(l)dl(θ)

� �� �
astrophysics

Line-of-sight integral of ρ2 for a
Milky-Way-like halo in the VL Lactea II
ΛCDM N-body simulations (Kuhlen et al.)

Astrophysics/Cosmology Input
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Key Findings
Figure of merit: 

CTA Gal. Cen. Projection: Basic Results 

CTA, GC 
Projected 

CTA covers about 20% 
of the full model set… 

<!">therm  
<!">UL, CTA  

More Importantly: 

CTA covers ~ ALL 
WMAP saturating 

neutralinos  
except for p-wave 

annihilating binos 

(Cotta for Cahill-Rowley, Drlica-Wagner, Funk, Hewett, Ismail,  Rizzo,
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Baryonic Feedback

• Adding Baryons to N-body simulations 
starting to give amazing results - similar 
morphology, Tully-Fisher relation.

• But jury is out on effects on Milky Way-like 
(or Dwarf) halos.

!"#$%&'()*+$&,#(-.+/#&0(#1)%(2&".&345' !"#6&7&89:;

!"#$%&'(')"*#%"+%,-#.-(-&",'(%/0((12-)%345%#".0('6"-+#%7"68%9+:-

!"#$%&'()*+$&,#(-.+/#&0(#1)%(2&".&345' !"#6&7&89:;

!"#$%&'()*$%+#,'-%.+/&-%0'123#$%-.'45#6-.6

!"#$%$&#'(')*&+$'&#)*(,&--.-*,(
&/-(01(.+)2#3-($*"(-%.3"26"6'
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56.73,#8-(,7.-+*)8$(9)+(!:;<(
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Gamma-Ray Experiments
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Fermi LAT
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Figure 13 J-values for dSphs within a radius of 0.5◦ as a function of their Galactocentric distance.

In this case NFW profiles are assumed for the dark matter density, though the results are very

weakly dependent on the assumed central dark matter profile for dSphs with large data samples

(compare to Figure 14).

can be shown that in a manner similar to the calculation for the integrated mass in Section 4, the

J-value is best constrained within an integrated physical radius that strongly correlates with the

half-light radius (Walker et al., 2011). To better appreciate this, consider that the nearest classical

satellites are at distances of approximately 70− 80 kpc. For a dSph at this distance, the half-light

radius corresponds to less than approximately one degree, which is about the angular resolution of

the Fermi-LAT over a large energy range of interest. This is the region within which the integrated

density and the integrated density-squared are the best constrained from the kinematic data sets.

Thus the assumption of a core or a cusp for the density profile does not significantly affect the
gamma-ray flux predictions for the Fermi-LAT. As discussed more below, however, for instruments

with better angular resolution than the Fermi-LAT, the assumption of a core or the cusp is much

more relevant.

The theoretical developments outlined above have significantly improved the determinations of

the J-values of the dSphs since the time when they were first determined over a decade ago (Baltz

et al., 2000; Tyler, 2002; Evans et al., 2004; Bergstrom and Hooper, 2006). Strigari et al. (2008)

and Martinez et al. (2009) have developed a maximum likelihood method to determine J-values
from stellar kinematical and photometric data using the likelihood in Equation 36. More recently

groups have extended this analysis though in all cases the calculations are generally in good agree-

ment (Charbonnier et al., 2011).

For nearby dSphs that are most relevant for gamma-ray observations, the most updated de-

terminations of the J-values are shown in Figure 13. Here an NFW profile is assumed for the

dark matter density profile, as in Ackermann et al. (2011). However, as is shown in the proba-

bility density in Figure 14 the results are weakly dependent on whether a cored or cusped central

density profile is assumed for the dark matter. Figure 13 clearly indicates which dSphs are the

most interesting targets for indirect dark matter detection experiments. The two dSphs with the

largest J-values, Segue 1 and Ursa Major II, are ultra-faint satellites with sparse samples of stars

associated to them. Specifically, the J-values for Segue 1 and Ursa Major II in Figure 13 were

77

Strigari arXiv:1211.7090

Ackermann et al., 2011

• Dwarf galaxies are some of the most dark 
matter dominated objects in the universe

• Dark matter content can be assessed 
through the study of stellar kinematics

• Assume that the same dark matter particle 
in all dwarf spheroidal galaxies

• Perform a combined likelihood analysis of 
multiple dwarfs with 2 years of data

• Predicted flux for each dwarf will depend on 
individual dark matter content (J-factor)

• Statistical uncertainties in J-factor 
determined from stellar kinematic data.

• Fit backgrounds independently for each 
dwarf

• Include uncertainty in the dark matter 
content as nuisance parameters in the 
likelihood

Fermi-LAT Observations 
of Dwarf Galaxies

Dwarf Constraints

Dark Matter at the Galactic Center

• Thus, the constraints on dark 
matter annihilation from Fermi-
LAT observations are extremely 
strong

• In spite of very bright emission!

Abazajian & Kaplinghat (2012)

Hooper et al. (2012)
Cored Profiles --------->

Wednesday, March 6, 2013

GC, Cluster, Constraints
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HESS GC Constraints

The Best Current Constraints: 
Fermi-LAT Dwarf Stacking & HESS GC

HESS Limits on TeV Dark Matter

• HESS observations of the Galactic center, and 
Galactic Halo provide the strongest indirect 
limits on TeV dark matter

• Limits are strongly profile dependent -- 
background subtraction weakens bounds on 
isothermal dark matter models as well

Abramowski et al. (2011)
Abazajian & Harding (2011)

Wednesday, March 6, 2013
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VERITAS

• Current results on Segue extrapolated assuming 5 more years of data

(Latanzi + Silk 2009)  Model Arkani-Hamed et al 2009 Model

Segue I Results Cont.

Tuesday, March 5, 13
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VERITAS Projections

• With another 5 years, can push limits 
with VERITAS down into interesting 
cross-section regime

!+!- W+W- bb
2013

2018 2018

2013 2013

2018

Sommerfeld Cross Section

Tuesday, March 5, 13

Dwarf Galaxy Projections

(Talk by A. Smith)

ON

OFF
Tuesday, March 5, 13
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CTApMSSM Model Exclusion!

3/7/13 SLAC Cosmic Fronter Workshop 14 

Constraints 
ΩDMh2 > 0.1 
XENON100 (2011) 
CMS+ATLAS (2012) 

tau channel 

bb channel 

(M.Wood and A. Drlica-Wagner) (JB)
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U.S. Contribution to CTA

3/7/13 4 

SC-MST (Dual Mirror) DC-MST (Single Mirror) 

Gamma-ray Shower Image (E = 1 TeV) 

SLAC Cosmic Fronter Workshop 

3/7/13 5 

1 km 

CTA: Point-Source Sensitivity!

SLAC Cosmic Fronter Workshop 

Hybrid-1 (50 hr) 
Prod-1 Array I (50 hr) 

~2-3x improvement  
in core energy range 
from US contribution 

Prod-1 Array I 
3 LSTs 
18 MSTs 
56 SSTs 
Hybrid-1 
61 MSTs 

Prod-1: See K. Bernlohr et al. 2012, arXiv:1210.3503 
Hybrid-1: See  T. Jogler et al. 2012, arXiv: 1211.3181 

Fermi (3yr) 

3/7/13 6 

CTA: Angular Resolution!

SLAC Cosmic Fronter Workshop 

Hybrid-1  
SC-MST 

Hybrid-1  
DC-MST 

0.1° 

0.03° 
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HAWC

!"#$%&'()*)+,%&'
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Fermi Line(s)

• Fermi line (Meng Su) - hint of line in the spectrum of emission 
close to GC but offset - consistent with N-body+baryonic 
simulations (M. Kuhlen)

!"#$%&'()*+$&,#(-.+/#&0(#1)%(2&".&345' !"#6&7&89:;

5-&<==>'/-./#&?!&?/-)+.@&A/"1

!"#$%&'%(')$*'+,-./'012/'345/'-,

(Kuhlen)



Neutrino Experiments
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Neutrino Capture by Sun 

• The sun is a big proton target that can accumulate WIMPs as they scatter off of the 
nuclei, are captured, and annihilate giving high energy neutrinos that can be 
detected at the earth
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Neutrino SD Limits

• Super-K and IceCube updated using contained events - lower threshold.

Recent results

T. Tanaka et al.  Astrophys. J. 742, 78 (2011)
R. Abbasi et al.  Phys. Rev. D 85, 042002 (2012)

Preliminary IceCube/DeepCore Limit IDM 2012 / arXiv:1212.4097  
Preliminary Super-K Limit Neutrino 2012 / arXiv:1210.4161

Prelim Super-K 2012 (bb)

Prelim Super-K 2012 (ττ)

Kims 2012

Prelim. Ice
Cube 2012

Preliminary
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Future Neutrino Detectors

Darren R. Grant - University of AlbertaMarch 6-8, 2013

DeepCore Atmospheric Muon Veto

250 m

35
0 

m Deep 
Core

extra
veto cap

AMANDA

IceCube

• The cosmic ray muon background 
(around 106 times the atmospheric 
neutrino rate)

• Overburden of 2.1 km water-equivalent 
is substantial, but not as large as at 
deep underground labs

• However, top and outer layers of 
IceCube provide an active veto shield 
for DeepCore

• ~40 horizontal layers of modules 
above; 3 rings of strings on all sides

• Effective !-free depth much greater

• Can use to distinguish atmospheric ! 
from atmospheric or cosmological " 
(access to the Southern Hemisphere 
sky!)

• Vetoing algorithms surpass the required 
106 level of background rejection

Darren R. Grant - University of AlbertaMarch 6-8, 2013

MICA Conceptual Detector
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bb−
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THIS WORK
PICASSO (2012)

KIMS (2012)
SIMPLE (2012)

Super-K 4yrs

Hyper-K 4yrs

+ Gadolinium

best case

C. Savage JCAP 2009

PINGU 1yr, hard

PINGU 1yr, soft

Adapted Rott, Tanaka, Itow JCAP09(2011)029 to 

Preliminary 

see: Rott, Siegal-Gaskins, Beacom arXiv1208.0827

• Up to a few hundred strings of “linear” detectors 
within DeepCore fiducial volume

• Goals: ~5 MTon scale with energy sensitivity of: 

• O(10 MeV) for bursts

• O(50MeV) for single events

• Physics extraction from Cherenkov ring imaging in 
the ice

• Annual supernovae neutrinos to 10 MPc; New MeV 
detection channels for Solar WIMPs become 
available; potential proton decay sensitivity 

• IceCube and DeepCore provide the active veto

• No excavation necessary: detection medium is the 
support structure  (melting ice is more cost 
effective than moving rock)

“Anything worth doing is worth overdoing” M. Jagger

Darren R. Grant - University of AlbertaMarch 6-8, 2013
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the ice

• Annual supernovae neutrinos to 10 MPc; New MeV 
detection channels for Solar WIMPs become 
available; potential proton decay sensitivity 
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• No excavation necessary: detection medium is the 
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Cosmic-Ray Antimatter 
Experiments
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Electron Spectrum!"#$%"&'(')*+,-&.'/0&12')*+34

e+ + e-

e-

Mirko Boezio, SLAC, 2013/03/06



γ γ

1

γ γ γ γ

SLAC CF 2013                                                CF2: Indirect Detection                                      James Buckley 

Positron Results
!"#$%&"'(%"()*+,%&"'(-&.,%$"'

Preliminary

Mirko Boezio, SLAC, 2013/03/06

Secondary production
Moskalenko & Strong 98

• Refinements in Pamela results, confirmation by Fermi using geomagnetic 
field, AMS results coming soon!
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\gamma Constraints on e+/e-

• Fermi, VERITAS, and IceCube constraints all cut into a dark matter 
interpretation for the Pamela/Fermi e+/e- measurements.

Darren R. Grant - University of AlbertaMarch 6-8, 2013

IceCube-DeepCore indirect WIMP searches
Solar spin-dependent

WIMP mass (GeV)
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GAPS

• GAPs looks for anti-deuterons (hard to produce as CR secondaries), uses 
TOF, X-rays from short-lived exotic atom, pion star from annihilation
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CALET
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Technical Developments

• Analog pipeline ASICs (K. Nishimura)

!"

!"#$"%&'%()"*+,(-#.&/0/1/'23

!"

#$%&'()*+*,+-$(.+&,/012

334(5$-,*..(#&6/

&6)(7%+8(+-2(7%6)-7

4/0/5+61/'2(+7("(
#+165/2/(#/,"1&#(

6"#$"%/(3832/1(9/3&%'

4/0/5+61/'2(+7("(:7,;%"5< 
%5"33(2&5/(6"#$"%/(=&2.(
&'2/,'"5(>?(9&0&9/,@(

#"6"#&2&0/(A>B(,/"9+;2

9-.:%,(;$-6+%*$(<-$/.8-2(0
 
34=9>(?(@&$,8(!"AB>(C&$*6(DE$1:>(=$F-66*(GH5I

Development of 
Large Aperture

Hybrid Photodetector

Masashi Yokoyama
Department of Physics, University of Tokyo

Cosmic Frontier workshop Mar. 6-7 2013 SLAC

Large-Area HPMT (Masahi Yokoyama) LAPPD psec timing, 8” square 
photodetector, (K. Byrum)
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Astrophysical Constraints

• In cases where the magnetic field and diffusion is understood, radio constraints on 
DM can be used.

• Electrons will IC scatter CMB photons, producing a measurable X-ray signal and DM 
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Fermi (11 months)
NuSTAR, 6-10 keV
NuSTAR, 10-30 keV
NuSTAR, 30-70 keV
! , 6-10 keV
!
" # 10-30 keV

bb annihilation final state
Fornax (NO substructures)

1 Ms

Comparison of NuSTAR and Fermi 

Jeltema & Profumo 2011 

!   Planned X-ray telescopes will have (at best) similar 
sensitivity to Fermi to low mass WIMPs. 

Predictions for a long NuSTAR observation of 
the Fornax Cluster 

Radio Constraints on Galaxy Cluster (A2199)

X-Ray (NuSTAR) constraints on Fornax 
cluster compared with Fermi gamma-ray 

constraints

(Talk by T. Jeltema)
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Moving Forward
• Charge formulated at FNAL community meeting.
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• Identified main (consensus) findings for report
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• Working on benchmarks for astrophysics and particle physics.

• Worked on outline of CF2 report, key figures, missing input
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Moving Forward
• Charge formulated at FNAL community meeting.

• Received about 6 solicited/contributed whitepapers (drafts on the CF2 wiki page)

• This meeting:

• Identified main (consensus) findings for report

• Working on benchmarks for astrophysics and particle physics.

• Worked on outline of CF2 report, key figures, missing input

• Imagine:  What if we turn the techniques of HEP toward the sky and measure spectrum 
of annihilation (the same in two regions), and make an image of DM halos! 
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Top 10 Myths
• Astrophysical backgrounds make indirect detection impossible

• At very high energies, fewer backgrounds 

• Uncertainties in Halo profiles mean that gamma-ray limits are wildly 
uncertain!

• For GC this is worse than for Dwarfs, but may only amount to an 
order of magnitude uncertainty (see talk by Alex Drlica Wagner, 
Ferrer)

• Gamma-ray, Neutrino and Cosmic-Ray antimatter do other 
Astrophysics besides Dark Matter

• So do big, wide-field optical telescopes.

• We can live with that! Supermassive black holes, pulsars, 
supernova remnants, EBL and LIV probes, numerous papers and 
theses

How bad are astrophysical backgrounds? Total γ-ray flux (1-3 GeV) within

1
◦ ∼ 1× 10

−7
cm

−2
s
−1 ⇒ �σv� = 1.6× 10

−25
cm

3
s
−1

(Tim Linden’s talk)

GC Limits!

3/7/13 12 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

SLAC Cosmic Fronter Workshop 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

bb Channel tau Channel 

500 hour exposure and 3 sigma detection threshold 

Cosmic Frontier Workshop | CF2 | SLAC | March 6, 2013J. Siegal-Gaskins

The multiwavelength inner galaxy
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Aharonian et al. 2006 
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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 ¼ 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 ¼ 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 ¼ 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 G0.9þ0.1 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*, G0.9þ0.1 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 G0.9þ0.1
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

696

VLA @ 330 MHz HESS > 380 GeV 
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GAMMA-400

• Gamma-400 may provide important capability for high angular 
resolution, or energy resolution measurements

!"#$%&'$("%#' )**'+#,'-'.***'/#,'

01#23456471#89':$';!'<')'/#,=' >)?@'

!A#BC7#'($#(9'BD@';!'<')'/#,=' >E9***';>F9***='

!"#$%&'$#:52GC5"';!'<')*'/#,=' >)H'

I"%G2($'J#:52GC5"';!'<)**'/#,=' >*?*)K'

L5"7#$M#$4M$(BN#$'MO1BN"#::' >')P*'

L(25$1D#M#$'MO1BN"#::' >'@Q'P*'

R$5M5"'$#S#BC5"'6(BM5$' >')*F'

T#2#D#M$&'358"21"N'752GD#9'/UV
3(&'

)**'

T5M(2'D(::9'N%' @9F**'

+(W1DGD'31D#":15":9'D' @?*'W'@?*'W'.?*'

R58#$'B5":GDXC5"9'Y' @9***'

/I++I4E**'L5"B#XM'

!"#$%&'#()*+,-##.)))))/+-0,1)2(+&3#()
4+(5-6+7)))89!/)))*%(16):;<)=>?@) A)



γ γ

1

γ γ γ γ

SLAC CF 2013                                                CF2: Indirect Detection                                      James Buckley 

Velocity Distribution

• Local velocity distribution important for Direct Detection, but velocity distribution in 
halo center can be important for ID with velocity dependent <σv>

• Talks on N-body and theoretical progress in determining distribution - important for 
>2 TeV observations to GC or Leptophillic DM.
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N-Body Simulations

• Since signal is ~ρ², substructure of halos could give large boosts in 
signal.  While this is likely to be a factor for Galaxy clusters, probably not 
a big factor in inner galaxy (but extrapolating mass function and roll of 
Baryons are tricky)
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Galactic Center Region

• Talks by J. Siegal-Gaiskins and T. Linden on GC region

Cosmic Frontier Workshop | CF2 | SLAC | March 6, 2013J. Siegal-Gaskins

The high-energy inner galaxy

14

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 diffuse and isotropic diffuse
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 σ = 0.3◦.

©!2006!Nature Publishing Group!
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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 ¼ 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 ¼ 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 ¼ 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 G0.9þ0.1 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*, G0.9þ0.1 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 G0.9þ0.1
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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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 ¼ 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 ¼ 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 ¼ 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 G0.9þ0.1 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*, G0.9þ0.1 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 G0.9þ0.1
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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Direct Detection bounds

!"

DM : Direct Detection 

̃23% ̃2% 

•  SD & SI  DD searches both probe regions of the pMSSM 
    parameter space  
 
•  The potential coverage is quite significant for SI searches 
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Electron Experiments
Experiment Detectors E Range Exposure Calorimeter Magnet Spectrometer

(GeV) (m2sr s) Material Depth Layers Bave σx length

PPB-BETs EC 10-800 ∼ 4× 104 Pb/SF? 9 X0 36 N/A
ATIC EC 10-100,000 ∼ 3× 105 BGO 18 X0 N/A
HESS EC 6-8000 ∼ 8× 107 Air 27 X0 ∞ N/A

300-800 ∼ 2× 107

Fermi LAT EC 20-1000 ∼ 3×107 (181
days)

CsI(Tl) 8.6 X0 Earth’s Field

PAMELA EC, MS 50-300 (e+) ∼ 1.5 × 105

(850 days)
W/Si 16 X0 22 0.4 T ∼ 7 µm 40.5

cm/ 6
layers

10-700 (e−) ∼ 2.1 × 105

(1200 days)
HEAT EC, MS,

TRD
5-50 ∼ 1.3× 103 Pb/PS 9 X0 10 1 T 70 µm 61

cm/18
layers

Future Experiments

AMS EC, MS,
TRD,
RICH

∼ 4.5×107 (5
yr)

Pb/SF 18 0.125 T 10 µm /8 lay-
ers

CALET EC 10-10,000 ∼ 2 × 107 (5
yr)

PbWO4 27 X0 N/A

VERITAS EC,MS 100-10,000 ∼ 107 Air 27 X0 ∞ Moon Shadow

1
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Hyper-Kamiokande
Hyper-Kamiokande

5

EXECUTIVE SUMMARY

FIG. 1. Schematic view of the Hyper-Kamiokande detector.
25 times larger than Super-K

        Total vol. : 0.99 Mton
    Fiducial vol. : 0.56 Mton
Photo-sensors : 99,000 PMTs

LoI : arXiv 1109.3262 Hyper-K sensitivity98 III PHYSICS POTENTIAL
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  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini

FIG. 68. Limits on WIMP-proton spin-dependent cross section as a function of WIMP mass. Limits from

direct detection experiments: DAMA/LIBRA allowed region [115] (dark red and light red filled, with and

without ion channeling, respectively), KIMS [116] (light blue dotted line), and PICASSO [117] (light black

dotted line) are shown. Limits from indirect detection (neutrino telescopes): AMANDA [113] (black line

with triangles), IceCube [114] (blue line with squares), and Super-K (green line with stars, green dashed

line) [110]. Ice-Cube+DeepCore sensitivity is shown with the purple line [118]. Hyper-K sensitivity is shown

with the red line (soft channel) and the red dashed line (hard channel).

an efficiency of 52∼69%.

We can also investigate currently unknown properties of neutrinos by studying supernova neu-

trinos. For example, if the neutrino mass hierarchy is inverted, the shock wave propagation may

cause time variation of the event rate for higher energy events during the cooling phase. The energy

dependence of arrival times at the onset of the burst would tell us the neutrino direct mass with

an accuracy of 0.5∼1.3 eV.

Supernova relic neutrinos (SRN) will tell us the history of massive stars in the universe. In

particular, a spectrum measurement with high statistics is necessary because the present spectrum

of SRN is the red-shifted sum of the contribution of supernova neutrinos from every epoch of

the universe. We expect about 310 SRN events in the energy range from 20 MeV to 30 MeV

for 10 years of Hyper-K running, while the background from atmospheric neutrinos will be about

2200 events without tagging neutrons. The lower energy bound (20 MeV here) is limited by

arXiv 1109.3262 KIMS
PICASSO

AMANDA(bb)
AMANDA(WW)
IceCube(bb)
IceCube(WW)

SK(bb)
SK(WW)
HK 5years (bb)
HK 5years (WW)

IceCube+DeepCore

Scale from the 
SK upmu results

(LoI)

Hyper-K sensitivity

Carsten Rott - Hyper-K Meeting Kashiwa Aug 21-23, 2012 WIMP Sensitivity

New Hyper-K Sensitivity Comparison

19

Scaling of achieved SK-I
+II+III results to Hyper-K

5yrs of Hyper-K compared to 
IceCube upgrade PINGU 

5yrs of data

Hyper-K compares favorable 
to other indirect searches for 

WIMP masses below 
~20-50GeV
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• Hyper-K is sensitive to the 
interesting WIMP mass 
region suggested by the 
direct search experiments.

• Hyper-K compares 
favorable to other indirect 
searches for WIMP masses 
below ~20-50 GeV.
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Boosting Electrons
Annihilation into light leptons is helicity suppressed with respect to annihilation
into heavier fermions

R ∼
�

me

mf

�

� �� �
spin flip penalty

�
m2

χ −m2
e

m2
χ −m2

f

�2

� �� �
phase space

Internal bremmstrahlung can circumvent helicity suppression, but electromag-
netic IB gives gamma-rays near kinematic maximum and W±, Z bremmstrahlung
can overproduce antiprotons

New scalar fields with appropriate mass can allow electron-production, but make
hadronic production kinematically forbidden. Sommerfeld enhancement by ex-
change of φ can result in a further boost in cross section
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Boosting Electrons
Annihilation into light leptons is helicity suppressed with respect to annihilation
into heavier fermions
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netic IB gives gamma-rays near kinematic maximum and W±, Z bremmstrahlung
can overproduce antiprotons

New scalar fields with appropriate mass can allow electron-production, but make
hadronic production kinematically forbidden. Sommerfeld enhancement by ex-
change of φ can result in a further boost in cross section
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Fermi Positron Fraction

• Muller and Tang proc. 19th ICRC, 2, 378 (1985) 
used Earth’s magnetic field as a natural magnet 
spectrometer for first balloon measurements of 
positron fraction from 10-20 GeV (showing an 
excess that was not apparent in the more sensitive 
HEAT measurements)

• Recent preliminary result from Fermi agree with 
PAMELA positron spectrum

Mitthumsiri, W. et al., Fermi Symposium, May 2011
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• Earth limb photons.
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Where to Look?
Milky Way GC
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Milky Way GC
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Galaxy Cluster
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Where to Look?
Milky Way GC

Andromeda

Draco Dwarf

Galaxy Cluster
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νμ

νe

New detection channel

π0
γ
γ

π+

π-

π-

π-

π+
π+
π+
π+

π+

π+

π-
π-

π+

π+

π+

Possible annihilation channels:
qq,gg,cc,ss,bb,tt,W+W-, ZZ, τ+τ-,μ+μ-, νν, e+e-,γγ 

few neutrinossome “high energy” neutrinos in decays
⇒ basis of present day searches

dominant  decay into hadrons

Charged pions at rest producing 
neutrinos up to E=52.8MeV

π+ → µ+νµ

µ+ → e+νeν̄µ

lo
g[

dN
/d

E]

neutrino energy (MeV)

29.8MeV
52.8MeV

arXiv 1210.4161 by C.Rott

Decay
At
Rest
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Snowmass Process

• Contributed Papers from collaborations, groups and individuals

• 30 page CF summaries (due Summer 2013)

• 30 page CF summary (due by Minnesota meeting)

• 30 page Snowmass-wide Summary (written by Frontier conveners)
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Fermi Lines

 DOUBLE GAMMA-RAY LINES FROM 
UNASSOCIATED FERMI-LAT SOURCES 

Su & Finkbeiner (arXiv:1207.7060) 



γ γ

1

γ γ γ γ

SLAC CF 2013                                                CF2: Indirect Detection                                      James Buckley 

Problems with Positrons

• Schubnell (2009; arXiv:0905.0444) points out that old measurements (pre 1990) showed 
rise in positron fraction - found to be a problem with instruments using small permanent 
magnets and limited particle ID.

• Intensity of CR protons exceeds that of positrons by a factor of 5x104 above 10 GeV.

• PAMELA, originally designed to include a TRD, suffers from lack of strong particle 
discrimination.

• EC power is limited by the irreduceable background from single pi^0 that mimic 
electromagnetic showers
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Dark Matter Annihilation Limits 

Storm, Jeltema, Profumo, & Rudnick 2012 

NFW only 

best Fermi  
cluster limits 

cluster mass 
uncertainty 

magnetic field 
uncertainty 
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Neutrinos from GC Region

Abbasi et al. (for the ICECUBE collaboration) (Jan 17, 2011 arXiv: 1101.3359)
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CTA Constraints.

• Alex Drlica-Wagner

Predicted 10-year 
Fermi-LAT dSphs

Predicted 500h
CTA GC
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GC DM Prospects

VERITAS sensitivity to GC region excluding point source for 3 TeV 
neutralinos with ~x10 boost (Sommerfeld or Astrophysical boost)
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GC DM Prospects

VERITAS sensitivity to GC region excluding point source for 3 TeV 
neutralinos with ~x10 boost (Sommerfeld or Astrophysical boost)

CTA can detect ~>100-200 GeV neutralinos with no boost

Angular resolution + sensitivity + southern hemisphere

CTA (5yr, 0.05◦-0.14◦)
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Halo UncertaintiesMW Density Profile!

3/7/13 11 

150 pc 15 pc 

Search Region 

1.0° 0.1° 

SLAC Cosmic Fronter Workshop 

GC Limits!

3/7/13 12 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

SLAC Cosmic Fronter Workshop 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

bb Channel tau Channel 

500 hour exposure and 3 sigma detection threshold 


