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Indirect Detection Cross Section 

• The same interactions of WIMPs with standard model particles in 
the early universe (holding WIMPs in thermal equilibrium) imply 
interactions in the current universe.

• While the cross-section for a specific interaction (e.g., scattering 
off a nucleon) or annihilation channel is indirectly related to this 
decoupling cross section, almost all annihilation channels 
produce photons and the total annihilation rate to photons                    
is closely related to the decoupling cross section:
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1* Gamma-ray production by annihilation in the present universe is closely related to 
the decoupling cross section in the early universe with a natural scale 
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Annihilation Channel Secondary Processes Signals Notes

��! qq̄, gg p, p̄, ⇡±, ⇡0 p, e, ⌫, �
��! W+W� W± ! l±⌫l, W± ! ud̄!

⇡±, ⇡0
p, e, ⌫, �

��! Z0Z0 Z0 ! ll̄, ⌫⌫̄, qq̄ ! pions p, e, �, ⌫
��! ⌧± ⌧± ! ⌫⌧e±⌫e, ⌧ !

⌫⌧W± ! p, p̄, pions
e, �, ⌫

��! µ+µ� e, � Rapid energy loss of
µs in sun before
decay results in
sub-threshold ⌫s

��! �� � Loop suppressed
��! Z0� Z0 decay � Loop suppressed
��! e+e� e, � Helicity suppressed
��! ⌫⌫̄ ⌫ Helicity suppressed

(important for
non-Majorana
WIMPs?)

��! ��̄ �! e+e� e± New scalar field with
m� < mq to explain
large electron signal
and avoid
overproduction of
p, �
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Particles from DM Annihilation
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Dark Matter Halos

• Cold dark matter also required for structure formation.  In regions of highest density, 
WIMPS (e.g., neutralinos) annihilate, forming standard model particles and photons

• Indirect detection can link a new particle created in a terrestrial accelerator to dark 
matter halos, for gamma-ray measurements providing a measurement of the halo 
profile and substructure.

(Millenium simulation) (VL Lactea II Simulation)
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Clumps & Boosts

• Since annihilation 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 role of baryons is tricky)
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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.
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Indirect Detection 
Fermi VERITAS

Super K

AMSPAMELA

Super-K ICECUBE

�

�

e�, e+, p, p̄
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Current and Planned Experiments
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� � �

Positron Results

• Pamela results on positron excess are now confirmed by Fermi (using geomagnetic field) and AMS result.

• Signal may also be explained by some cosmic-ray propagation models, or by astrophysical sources such as pulsars.

• A DM interpretation requires a combined astrophysical/particle physics boost of 100 or more.

New dark sector force carrier giving a 
Sommerfeld enhancement, hadronic 
channels kinematically inaccessible (e.g., 
Arkani-Hamed, Finkbeiner, Slatyer and 
Weiner, 1999, PRD 79, 015014)
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Shedding Light on Positrons

• PAMELA excess implies a large radio synchrotron and inverse Compton signal, and a 
boost in secondary gammas from the GC that are not observed.

circumvent the helicity suppression of the annihilation
cross-section into light leptons, the neutralino can oscillate
with charginos !!, which themselves can preferentially
annihilate into leptons. The transition to a chargino state is
mediated by the exchange of a Z0 boson (mZ0 " 90 GeV,
"" 1=30), leading to a Sommerfeld enhancement. The
second model (hereafter model II) introduces a new force
in the dark sector [44]. The new force is carried by a light
scalar field # predominantly decaying into leptons and
with a mass Oð1 GeVÞ and coupling to standard model
particles chosen to prevent the overproduction of antipro-
tons. In such models, dark matter annihilates to a pair of #
scalar particles, with an annihilation cross-section boosted
by the Sommerfeld enhancement. The coupling " of the
light scalar particle # to the dark matter particle is deter-
mined assuming that !! ! ## is the only channel that
regulates the dark matter density before freezeout [98].

Figure 5 shows the VERITAS constraints for each of
these models, derived with the observations of Segue 1.
The dashed curves show the 95% CL exclusion limits
without the Sommerfeld correction to the annihilation
cross-section, whereas the solid curves are the limits
to the Sommerfeld enhanced annihilation cross-section.
The left panel of Fig. 5 shows the constraints on model I,
for the annihilation of neutralinos intoWþW& through the
exchange of a Z0 boson. The Sommerfeld enhancement
exhibits two resonances in the considered dark matter
particle mass range, for m! ’ 4:5 TeV and m! ’
17 TeV, respectively. VERITAS excludes these reso-
nances, which boost the annihilation cross-section far be-
yond the canonical h$vi" 3' 10&26 cm3 s&1. The right
panel of Fig. 5 shows the VERITAS constraints on model
II, for a scalar particle with mass m# ¼ 250 MeV. The
Sommerfeld enhancement exhibits many more resonances,

located at different dark matter particle masses and with
different amplitudes with respect to model I, because the
coupling and mass of the exchanged particle differ. Two
channels in which the scalar particle decays either to eþe&

or %þ%& have been considered. VERITAS observations
start to disfavor such models, especially for the eþe&eþe&

channel where some of the resonances are beyond h$vi"
3' 10&26 cm3 s&1. This result holds for # particle masses
up to a few GeV.

B. Model-independent constraints on the boost factor

In the previous section, we have explicitly constrained
the Sommerfeld boost factor to the annihilation cross-
section in the framework of two interesting models.
Here, an example of model-independent constraints on
the overall boost factor BF (particle physics and/or astro-
physical boost) as a function of the dark matter particle
mass is presented. The constraints are then compared to the
recent cosmic ray lepton data.
Following [99], we assume that dark matter annihilates

exclusively into muons with an annihilation cross-section
h$vi ¼ 3' 10&26 cm3 s&1. In such a case, we use the
dashed exclusion curve of Fig. 3 (right) to compute
95% CL limits on BF. Figure 6 shows the 95% CL ULs
on the overall boost factor BF. The blue and red shaded
regions are the 95% CL contours that best fit the Fermi-
LAT and PAMELA eþe& data, respectively. The grey
shaded area shows the 95% CL excluded region derived
from the H.E.S.S. eþe& data [99]. The black dot is an
example of a model which simultaneously fits well the
H.E.S.S., PAMELA and Fermi-LAT data. The VERITAS
VHE &-ray observations of Segue 1 rule out a significant
portion of the regions preferred by cosmic ray lepton data.
However, the electron and positron constraints depend on

FIG. 5 (color online). 95% CL exclusion curves from the VERITAS observations of Segue 1 on h$vi= !S as a function of the dark
matter particle mass, in the framework of two models with a Sommerfeld enhancement. The expected Sommerfeld enhancement S
applied to the particular case of Segue 1 has been computed assuming a Maxwellian dark matter relative velocity distribution. The grey
band area represents a range of generic values for the annihilation cross-section in the case of thermally produced dark matter. Left:
model I with winolike neutralino dark matter annihilating to a pair of WþW& bosons. Right: model II with a 250 MeV scalar particle
decaying into either eþe& or %þ%&. See text for further details.

VERITAS DEEP OBSERVATIONS OF THE DWARF . . . PHYSICAL REVIEW D 85, 062001 (2012)
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Figure 3: We compare the region favored by PAMELA (green bands) and ATIC (red regions
within the bands) with the bounds from HESS observations of the Galatic Center [29] (blue
continuous line), Galactic Ridge [41] (blue dot-dashed), and SgrDwarf [42] (blue dashed) and
of observations of the Galactic Center at radio-frequencies ⇥ = 408 GHz by Davies et al. [51]
(red lines) and at ⇥ � 1014 Hz by VLT [52] (upper purple lines, when present, for equipartition
and constant magnetic field). We considered DM annihilations into e+e� (left column), µ+µ�

(middle), ⇤+⇤� (right), unity boost and Sommerfeld factors and the NFW (upper row), Einasto
(middle), isothermal (lower) MW DM density profiles and the NFW (upper), large core (middle
and lower) Sgr dSph DM density profiles.

12

Radio Synchrotron and gamma-ray IC limits for 
Pamela scenario (Bertone, Cirelli, Strumia and 
Taoso, arXiv:0811.3744v3).  Note: Radio bounds 
are sensitive to assumptions about B-fields and 
diffusion, may be optimistic.

VERITAS Segue Limits with Sommerfeld Enhancement
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Astrophysical Constraints

• When the magnetic field and diffusion are understood, radio 
constraints on DM can be important.

• Electrons up-scatter CMB photons, producing a measurable X-ray 
signal and DM constraints
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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)

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

(SLAC CF Talk by T. Jeltema)
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Antideuteron Measurements

• 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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(SLAC CF Workshop talk 
by P. von Doetinchem) 
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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

ON

OFF
Tuesday, March 5, 13

A. Smith et al. - Snowmass 
white paper
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Dark Matter with HAWC

3+#%0")k&^&'/0")

5"476+%)k&=067/0")ZM)n[)

3589bNLL)H&"=$/:$(>)

@%&6$D$"+%>sd)

Dashed lines include 
Sommerfeld enhancement



CTA covers the high-mass WIMP space
left open by Fermi-LAT

•SS

15S. Funk CF6 parallel talk



CTA covers the high-mass WIMP space
left open by Fermi-LAT

•SS

15S. Funk CF6 parallel talk



Vanilla dark matter WIMPs covered by ~2020

16

Excluded by 500 
hours of GC halo 

observations

M. Wood et al. - Snowmass 
white paper



Complementarity -SUSY scan (pMSSM)

17M. Cahill-Rowley et al. - 
Snowmass white paper
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Measure dark matter 
density profile of our 

Galaxy with CTA

2020
S. Funk’s extension to 

T. Tait’s plenary talk
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Gamma-400 & CALET

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

^):3*97,)0').'70,49?:204'3*9*:2429,'.)9'(*::*$
9*>')B,29@*C)0,'

Gamma-400 is a pair-
conversion telescope with a 

deep (25 X0) calorimeter

CALET is an imaging 
calorimeter with ~0.12 m2 sr

Good energy resolution for 
lines

Angular resolution helps 
with removal of point source 

backgrounds

Hard to compete with Fermi-
LAT and AMS on exposure
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 Neutrinos from the Sun

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

* Future neutrino experiments like the PINGU enhancement to IceCube/DeepCore offer the 
possibility of discovery of a smoking-gun signal (high energy neutrinos from the Sun), and may 
provide some of the best constraints on spin dependent cross sections.
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CF2 Key Findings

• CTA, with the U.S. enhancement, would provide a powerful new tool for searching for WIMP dark matter.  The angular 
distribution would determine the distribution of dark matter in halos, and the universal spectrum would be imprinted with 
information about the mass and annihilation channels needed to ID the WIMP.

• 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, sterile neutrino decay) can provide very powerful tests for DM annihilation for certain annihilation 
channels and provide constraints on decaying dark matter.

• Detailed theoretical studies with pMSSM, contact operators, realistic halo models are resulting in quantitative estimates of 
sensitivity, showing the complementary reach of different techniques.

102 103

m(�̃0
1) (GeV)

10�17

10�15

10�13

10�11

10�9

10�7

10�5

R
·�

S
I

(p
b)

XENON1T
Survives DD, ID, and LHC
Excluded by LHC but not DD or ID

Excluded by DD and ID
Excluded by ID but not DD
Excluded by DD but not ID

Comparing different DM signals
• Within this simplified model description, all DM signals 

can be parameterized in 4 equivalent ways
– Production rate at colliders 
– Direct detection cross-section
– Annihilation cross-section 
– New physics scale Mq

• Good news for CF2:
– We chose annihilation xsec
– but measured in funny units

• Relic density connection

10

��

�DM
⇠ �thermal
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