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•WIMPs? ~weak scale (MZ) mass particle interacting ~weakly (GF).

• “a simple, elegant, compelling explanation for a complex 
physical phenomenon”

• as a bonus, any theory which attempts to explain the origin of EW mass, 
generally introduces new stable EW mass particles. 

• DM with a mass ~MZ forms structures in a way confirmed by observations 
(true for mDM>~ 1 MeV).

• WIMP miracle: in the simple picture of ‘thermal decoupling’ ΩDM~σ-1 

(independent of DM mass)!  

Favorite cold thermal relic: the neutralino

“a simple, elegant, compelling explanation for a   
complex physical phenomenon”

“For every complex natural phenomenon there is a    
simple, elegant, compelling, wrong explanation.”

- Tommy Gold

Cold Thermal Relic*Cold Thermal Relic*Cold Thermal Relic*

* An object of particular veneration.

[taken from R. Kolb’s talk, VEU2012]

( )NB:



A benchmark diagram & the discovery program
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Early universe and indirect detection

Direct 
detection
(recoils on 
nuclei)

Collider Searches

multimessenger 
approach

! demonstrate that astrophysical DM is made of particles (locally, via DD; remotely, via ID)
 
! Possibly, create DM candidates in the controlled environments of accelerators

! Find a consistency between properties of the two classes of particles. Ideally, we would 
like to calculate abundance and DD/ID signatures → link with cosmology/test of production

•How to test the WIMP hypothesis?   

γ, 
ν, 
e±, 
p± 
(D-)

decay            

@ Mz

‘indirect’ 
detection

in astrophysical 
systems - remotely

In the Early Universe: DM kept in equilibrium w SM 
by self-annihilations (σ). 
Today, DM expected to annihilate with the same σ, 
in places where its density is enhanced!



The instrument

The Fermi LAT is a e+e− pair-conversion telescope; individual γ rays convert to e+e− 
pairs, whose tracks and deposited energy are recorded by the instrument. NOTE: it can 
detect BOTH gammas AND electrons.

Fermi LAT Collaboration: ~ 400 Scientific Members, NASA / DOE & International 
Contributions (Sweden, France, INFN, Italy; ...).

Data made public within 24 hours (http://fermi.gsfc.nasa.gov/ssc/).



Key features
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Indirect Detection of 
Particle Dark Matter
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WIMP

?

INDIRECT SEARCHES

Fermi-LAT

Every ~3 Hours

ground based gamma ray telescopes are 
pointing, ~few degree field of view.   

Large field of view: 20% 
of the sky at any instant! ! !"#$%&'()#*%+(',"-"."-*

Space-based instruments only
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Range 

Energy range: 20 MeV to >300 GeV 
(~MZ, ideally suited for WIMP searches).

Good angular resolution ~ 0.1 deg; and 
charged particle vs gamma separation...

(http://www.slac.stanford.edu/exp/glast/groups/
canda/lat_Performance.htm)



Science
1) Diffuse emission: ~90% LAT photons. 

Fermi LAT three year sky map.

extra-Galactic:
(high latitude, 
‘isotropic’ 
emission). Made up 
by e.g. sources too 
faint to be resolved 
individually. 

Galactic 
emission:
Charged CR 
interact with the 
interstellar 
medium (gas, 
star light, ...)->γ

Gamma 2012 Jean-Marc Casandjian9

Large scale in diffuse emission

counts per 0.5 degree pixel
3 years

 “ A excess with harder spectrum possibly 
associated with Loop I in the northern and 
southern central region is also observed. ”
Casandjian, Grenier for the Fermi LAT Collaboration
2009 Fermi Symposium, eConf Proceedings C091122

Full description of the Fermi bubbles: 
Su, Slatyer, Finkbeiner, 2010, ApJ, 724, 1044

Fermi LAT counts not correlated with 
gas, Galactic inverse-Compton, 

isotropic or sources.

Wednesday, July 11, 2012

[Casandjian, Gamma2012]

Loop I

Fermi bubbles
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2) Large scale structures: 3) ~1900 sources in the 2 year catalog



•What are we after? 

DM signal
particle 
physics DM clustering= X

Advances in Astronomy 3

Secondary photons (tree level)
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Figure 1: A schematic of the different sources and energy distributions of γ-rays from WIMP annihilation. (a) Secondary photons arising
from the decay of neutral pions produced in the hadronization of primary annihilation products. (b) Internal bremsstrahlung photons
associated with charged annihilation products, either in the form of final state radiation (FSR) from external legs or as virtual internal
bremsstrahlung (VIB) from the exchange of virtual charged particles. (c) Monochromatic line signals from the prompt annihilation into
two photons or a photon and Z boson. This process occurs only at loop level, and hence is typically strongly suppressed.

destroy small scale structure and violate constraints from
galaxy clustering and the Lyman alpha forest. The attention
thus turns to extensions of the Standard Model, which
themselves are theoretically motivated by the hierarchy
problem (the enormous disparity between the weak and
Planck scales) and the quest for a unification of gravity
and quantum mechanics. The most widely studied class of
such models consists of supersymmetric extensions of the
Standard Model. Additionally models with extra dimensions
have received a lot of attention in recent years. Both of these
approaches offer good DM particle candidates: the lightest
supersymmetric particle (LSP), typically a neutralino in R-
parity conserving supersymmetry, and the lightest Kaluza-
Klein particle (LKP), typically the B(1) particle, the first

Kaluza-Klein excitation of the hypercharge gauge boson, in
Universal Extra Dimension models. For much more infor-
mation, we recommend the comprehensive recent review of
particle DM candidates by Bertone et al. [65].

The direct products of the annihilation of two DM
particles are strongly model dependent. Typical channels
include annihilations into charged leptons (e+e−,µ+µ−,
τ+τ−), quark-antiquark pairs, and gauge and Higgs bosons
(W+W−,ZZ,Zh,hh). In the end, however, the decay and
hadronization of these annihilation products results in
only three types of emissions: (i) high energy neutrinos
and antineutrinos, (ii) relativistic electrons and protons
and their antiparticles, and (iii) γ-ray photons. Additional
lower energy photons can result from the interaction of

featureless spectra 
generically 
predicted in 
majority of BSM 
models

or characteristic 
hard/line like 
spectrum 
produced in loop 
processes or three 
body decays. (see 
A. Ibarra’s talk)

DM annihilation cross 
section, mass, 
branching ratios...

Integral of DM density 
SQUARED along line 
of site; ‘J factor’

gamma ray spectral 
flux

Particle physics part:



•Where to look for DM gamma ray signals?

• γ propagate in a straight line, unaffected by Galaxy → DM clustering map (N-
body simulations) is a good guide of observational targets.  

[Diemand+, APJ, astro-ph/0611370] 

Milky Way halo



•Point sources:
✴dark satellites
[Ackermann+,
1201.2691;Hooper+,1208.0828 

Zechlin+,1210.3852...] 
✴dwarf spheroidal 
Galaxies (smallest 
resolved halos with 
stellar components)

[Ackermann+,1108.3546; 
Geringer-Sameth+, 1108.2914, 
Mazziotta+,1203.6731...]
✴Galaxy clusters (the 
largest halos)

[Han+1207.6749, Ackermann
+,1002.2239]

•Spectral search:
✴all sky search for a line emission 

[Weniger+, 1204.2797, Ackermann+,
1001.4836&1205.2739...]

•Diffuse emission:
✴Galactic Center region 

[Hooper+,1110.0006 ; 
Abazajian+, 1207.6047 ...]

✴Low Galactic latitudes 
[Ackermann+,1205.6474]

✴high latitudes 
[Abdo+,1002.3603]

✴anisotropies 
[Ackermann+,1202.2856]

• Fermi LAT has rich DM search program, on various scales! (with 
gammas AND electrons)

•Electrons: 
✴from DM annihilation 
in the Sun [Schuster+, 
0910.1839; Ajello+,
1107.4272] 

✴local electron 
ANISOTROPY [Abdo+,

1008.5119] 



•Point sources:
✴dark satellites
[Ackermann+,
1201.2691;Hooper+,1208.0828 

Zechlin+,1210.3852...] 
✴dwarf spheroidal 
Galaxies (smallest 
resolved halos with 
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[Ackermann+,1205.6474]

✴high latitudes 
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• However, what we measure does not look anything like it --- astrophysical 
processes present significant background for DM searches.    

$

$

• Fermi LAT has rich DM search program, on various scales!

•Spectral search:
✴all sky search for a line emission 

[Weniger+, 1204.2797, Ackermann+,
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•Electrons: 
✴from DM annihilation 
in the Sun [Schuster+, 
0910.1839; Ajello+,
1107.4272] 

✴local electron 
ANISOTROPY [Abdo+,

1008.5119] 



Spectral line search

Advantage: sharp, distinct feature 
Disadvantage: generally predicted 
counts low (however, see talk by A. 
Ibarra!)

Sliding window technique: model bkg 
as single power law and model energy 
dispersion from simulation (‘line like’ 
excess).

2 yr analysis Fermi LAT looked at the 
whole sky data and found no evidence 
of a line. 

The Fermi LAT Line SearchThe Fermi LAT Line Search

• 2 year analysis accepted for publication in PRD
– Current analysis uses similar method

• 4 year analysis nearing completion
– Use Reprocessed “Pass 7 Clean” data

• Low cosmic-ray contamination
• Reprocessing shifts energy scale by  1-4% 

to account for expected accumulation of 
radiation damage to calorimeter

– Paper in preparation– Paper in preparation
• Search for lines from 5 to 300 GeV

– Maximum Likelihood Fit
– Use sliding 6!E windows
– Fit for energies in !E steps

• Perform finer 0.5!E scan near         
significant energies

– Model bkg as single powerlaw
– "bkg and fsig free in fit

Andrea Albert (OSU)Jan. 31st, 2013 28

M. Ackermann el al. 
(FERMI-LAT)

PRD 86, 022002 (2012) 
arXiv:1205.2729
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Spectral line search

Weniger+ 2012: Evidence for a narrow spectral 
feature in 3.5 yr data near 130 GeV in optimized 
ROIs near the Galactic center. 

• Signal is particularly strong in 2 out of 5 test 
regions with

S/N> 30%-60%, with ~>4σ.

• Some indication of double line (111 &130 GeV), 
Su+, 2012 (1206.1616).

f = 0.41 

f= 0.34 

C. Weniger JCAP 1208 (2012) 007 arXiv:1204.2797

Exciting: 100+ papers since; line-like 
signature considered a smoking gun of DM!



Spectral line search

Fermi LAT’s 4yr line search:

1) Optimize ROI:  comparing the 
signal expected from WIMPs, 
assuming a specific density profile, 
and expected backgrounds.

2) Improved Energy Resolution Model 

Previously modeled line with a triple Gaussian fit (“1D PDF”).

However PDF weighted for observing profile varies moderately with declination.

-> use a ‘’2D PDF’’: add a 2nd dimension to line model: PE. 

Increases statistical power by ~15%.

3) Data Reprocessing with Updated Calibrations 

Corrects for loss in calorimeter light yield because of radiation damage (~4% in 
mission to date). This corresponds to a ~5% change in the energy scale at 130 
GeV ->135 GeV.   



Spectral line search

No signal found in a blind search.

95% CL <σv>γγ Upper Limit for the Einasto optimized ROI R1695% CL <95% CL <!!v>v>"""" Einasto Upper Limit R16 Einasto Upper Limit R16 

Einasto optimized ROI

Jan. 31st, 2013 32Andrea Albert (OSU)

Expected limits calculated from 
powerlaw-only pseudo-experiments
No systematic errors applied



Spectral line search

4.01σ (local) 1D fit at 130 GeV with 4 year un-reprocessed data; 4°x4°GC ROI and 1D PDF

3.35σ (local) 2D fit at 135 GeV with 4 year reprocessed data; 4°x4°GC ROI, 2D PDF 

<2σ global significance after trials factor

Exploring the tentative signal at 135 GeV.



Spectral line search

The Earth Limb:

gamma rays from CR interactions in the atmosphere -> expected to be a 
smooth power-law
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Sky Survey Mode, !rock = 52° 
Limb at !rz = 112° 

Limb: !i > 60° 
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Control Sample critical for this search, to test instrumental response. 

Line-like feature in the limb at 
135 GeV, ~2.2σ, 

S/Nlimb ~15%, while S/NGC ~30% 
- 66%.

Possibly linked to a dip in the 
efficiency of the event cuts, just 
below 130 GeV (at ~115 GeV).



Spectral line search

Near term prospects:

Fermi LAT: improved event analysis (pass8) and weekly limb observations.

Call for white papers on possible modifications to the observing strategy.

HESS 2: 50 hours of GC observation enough to rule out signature or confirm it at 
5 sigma (if systematics are under control); Observations start in March 2013.

More details: 

E. Charles @ Closing in on DM: http://indico.cern.ch/conferenceTimeTable.py?confId=197862#20130128

or A. Albert @ http://fermi.gsfc.nasa.gov/science/mtgs/symposia/2012/program/fri/AAlbert.pdf



• Dark-matter dominated objects:

• 100 - 1000 times more dark than visible matter

• Multi-wavelength observations show no basis for astrophysical gamma-ray 
production.

Dwarf spheroidal galaxies

Constraints from dwarf galaxiesConstraints from dwarf galaxies

• Dwarf galaxies have a large mass-to-light ratio
• Good signal-to-noise for a DM search

Andrea Albert (OSU)Jan. 31st, 2013 23

No evidence for a gamma ray signal from these objects yet.



Dwarf spheroidal galaxies

M. Geha

Segue 1

Alex Drlica-Wagner   |   Fermi DM Overview

Dark Matter Content

• Dark matter content determined from 
stellar velocity dispersion
– Classical dwarfs: spectra for several 

thousand stars
– Ultra-faint dwarfs: spectra for fewer 

than 100 stars
• Fit stellar velocity distribution of each 

dwarf (assuming an NFW profile)
• Calculate the J-factor by integrating 

out to a radius of 0.5 deg.
– Comparable to the half-light radius of 

many dwarfs
– Minimizes the uncertainty in the J-

factor
– Large enough to be insensitive to the 

inner profile behavior (core vs. cusp)
• Include the J-factor uncertainty as a 

nuisance parameter in the joint 
likelihood
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The biggest uncertainty: dark 
matter content! 

Determined from stellar velocity 
dispersion

– Classical dwarfs: thousand stars

– Ultra-faint dwarfs: <~ 100 stars

• Fit stellar velocity distribution of 
each dwarf (assuming an NFW 
profile) and calculate the J-factors 
by integrating out to a radius of 0.5 
deg.

M. Geha

Segue 1
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Dwarf spheroidal galaxies

Alex Drlica-Wagner   |   Fermi DM Overview

Expected Limits

27

• Run full analysis pipeline on 
realistic sky simulations to 
calculate expected sensitivity

• Range of statistical scatter is quite 
large.

• Update the analysis with an 
improved understanding of the 
instrument (reprocessed Pass 7) 

• Leads to a statistical reshuffling of 
gamma-ray-classified events and 
higher limits.

• Both Pass 6 and Pass7 
measurements lie within the 68% 
containment region of a statistical 
sample.

Update the analysis with the new 
reprocessed data → lead to a statistical 
reshuffling of gamma-ray-classified 
events and higher limits.

Both sets of limits lie within the 68% 
containment region of a statistical sample.

Constraints:

- 10 dwarf galaxies

- 200 MeV-100 GeV gamma rays

- 2 years data, p6_v3_diffuse

- Include the J-factor uncertainty as a 
nuisance parameter in the joint 
likelihood.

Constrains the conventional thermal relic 
cross section for a WIMP mass <30 GeV 
annihilating to bb and τ+τ-. 



MW halo as a DM target 

• DM annihilation signal is expected to be high in the inner regions of our halo
– Sun is ‘only’ ~8 kpc away from the GC
– DM content of the Milky Way is high

~ ‘opposite’ to previous cases: strong signal predicted in generic DM models but astrophysical 
bckgds high. 

Diemand et. al, APJ, 2006. 21

Fermi sky map - three year data.Predicted DM signal



2 year p7v7 data

1-100 GeV

Analyze bands 5̊ -15̊  off the plane 
to minimize uncertainties. 

•	

 Two methods:

1.More conservative - Assume all 
emission from dark matter (no 
astrophysical model) [Papucci+, arXiv:
0912.0742 Cirelli+, arXiv:0912.0663]

2.More accurate - Fit dark matter 
source and astrophysical emission 
simultaneously and marginalize 
over astrophysical uncertainties. 
[Ackermann+, arXiv:1205.6474]

Alex Drlica-Wagner   |   Fermi DM Overview

Galactic Halo

14

Papucci et al.,  arXiv:0912.0742
Cirelli et al.,  arXiv:0912.0663
Ackermann et al., arXiv:1205.6474

• Search for continuum emission from 
dark matter annihilation or decay in the 
smooth Galactic dark matter halo.

• Analyze bands 5˚ off the plane
– Decreases astrophysical background
– Mitigate uncertainty from the inner 

slope of the dark matter density 
profile

• Two approaches:
– More conservative - Assume all 

emission from dark matter (no 
astrophysical model)

– More accurate - Fit dark matter 
source and astrophysical emission 
simultaneously

MW halo as a DM target 



Limits on DM annihilation cross section, obtained after marginalization over a 
large set of astrophysical parameters together with DM component.
for ISOthermal DM profile and bbar channel (generic for most of particle 
physics models).

– Blue: limits obtained without any modeling of conventional astrophysical emission.
– generic WIMP models constrained below ~20 GeV. 

Remaining uncertainty on the DM distribution in the Galaxy! follow up work. 
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MW halo as a DM target 



Future: pass8

Pass8: Toward theFullRealizationof theFermi
LATScientificPotential

W. Atwood1, L. Baldini2, P. Bruel3, E. Charles4, and T. Usher4
on behalf of the Fermi Large Area Telescope Collaboration

1Santa Cruz Institute for Particle Physics, University of California, Santa Cruz CA
2University of Pisa and INFN-Pisa

3LLR, Ecole polytechnique, IN2P3/CNRS
4SLAC National Accelerator Laboratory, Menlo Park CA

Summary: Overview and prospects for the Fermi-LAT Pass 8 event-level analysis.

The event selection developed for the Fermi Large Area Telescope before
launch has been periodically updated to reflect the constantly improving
knowledge of the detector and the environment in which it operates. Pass
7, released to the public in August 2011, represents the most recent major
iteration of this incremental process.
In parallel, the LAT team has undertaken a coherent long-term effort aimed
at a radical revision of the entire event-level analysis, based on the experi-
ence gained in the first phase of the mission. This includes virtually every

aspect of the data reduction process, from the simulation of the detector
to the event reconstruction and the background rejection. The potential
improvements include (and are not limited to) a significant reduction in
background contamination coupled with an increased effective area, a bet-
ter understanding of the systematic uncertainties and an extension of the
energy reach for the photon analysis below 100 MeV and above 100 GeV.
We present an overview of the work that has been done or is ongoing and
the prospects for the near future.

Introduction

The current LAT event-level analysis was largely developed before launch using

Monte Carlo simulations in a series of iterations that we call Passes: Pass 6 was

released at launch and followed (in August 2011) by Pass 7, which mitigated

the impact of some of the limitations of its predecessor.

On-orbit experience with the fully integrated detector has revealed some ne-

glected and overlooked issues—primarily (but not only) the effect of the instru-

mental pile-up (aka Ghost Events). Clear improvements, with the potential to

greatly extend the LAT science capabilities, have been identified in all the main

areas:

� Monte Carlo simulation of the detector;

� Event reconstruction;

� Background rejection.

Tracker Reconstruction [see T. Usher, poster]

Simulated 50 GeV gamma-ray

Backsplash

Calorimeter axis

Combinatorial pattern recognition

Vertex

Direction

Tree-based pattern recognitionVertex

Direction

Current framework—track-by-track

combinatorial pattern recognition:

� Track confusion and errors in high-

multiplicity events;

� Energy reach effectively limited by

mistracking.

Pass 8—global tree-based approach to

track finding:

� Reduce mistracking, improve the

high-energy Point Spread Function

(PSF);

� Provide additional information for

the background rejection.

More development areas: Kalman fit measurement errors, PSF analysis, buffer

truncation [see L. Rochester, poster], cosmic-ray tracking, ghost tracking, neu-

tral energy, vertexing.

Calorimeter Reconstruction [see C. Sgrò, poster]

Simulated 1.6 GeV gamma-ray

Overlaid pile-up activity

Calorimeter
centroid

Calorimeter axis

Calorimeter cluster #1
gamma probability: 0.98

Calorimeter cluster #2
MIP probability: 0.92

Current framework—the calorimeter is

treated as a monolithic whole:

� Background rejection compro-

mised by instrumental pile-up;

� No chance to see multi-photon

events;

Pass 8—clustering stage added at the

beginning of the reconstruction chain:

� Separate the pile-up activity from

the genuine gamma-ray signal;

� Provide topology information to

the following reconstruction steps.

More development areas: light collection simulation, position reconstruc-

tion, cluster classification, moments analysis and direction reconstruc-

tion, failure mitigation, crystal saturation, energy reconstruction beyond

1 TeV [see P. Bruel, poster].

ACD Reconstruction [see A. Drlica-Wagner, poster]

Track extrapolation

Tile plane intersection error ellipse

Vector of closest approach to tile gap
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Current framework—track/tile associ-

ation in physical distance:

� Explicit energy dependent cuts;

� Susceptible to global pile-up at low

energy.

Pass 8—track and cluster/tile associ-

ation based on covariant error propa-

gation:

� Improved background rejection;

� Use trigger veto to suppress pile-up.

Physics Potentials

Pass 8 will approach the full scientific potential of the LAT.

� Lower backgrounds and better control over the systematic uncertainties.

� Extension of the energy reach:

� Below 100 MeV: improved energy resolution and background rejection

(hadronic vs. leptonic emission);

� Above 100 GeV: less tracking confusion, better compensation for

calorimeter saturation (diffuse γ and cosmic-ray e+ + e− spectra above

1 TeV).

� Better high-energy Point Spread Function (AGN pair halo).

� Recover calorimeter-only events for science analysis (substantial effective

area increase above 20 GeV).

� Multi-photon events (coherent γ-ray production in AGNs and GRBs).

� γ-ray polarimetry.

Ongoing Developments

� Integrate reconstruction improvements into a coherent event structure.

� Beginning work on the background rejection [see M. Wood, poster]:

� Start from the basic components of the Pass 7 analysis;

� New, flexible analysis framework under development;

� Define provisional event classes to start assessing the performance im-

provements.

� Definition of a set of key Science projects:

� Use small-size reprocessed flight data sets;

� Benchmark the new event reconstruction on real science

projects [see M. Pesce-Rollins, poster].

The Authors wish to acknowledge the substantive and diverse contribution of
the Pass 8 working group members. Many of the items briefly mentioned here
are more thoroughly described in dedicated posters.

1

Pass 8 will approach the full scientific potential of the LAT.  Lower backgrounds 
and better control over the systematic uncertainties.
* Extension of the energy reach:  
* Better high-energy Point Spread Function.  
* substantial effective area increase above 20 GeV (recover calorimeter-only 
events).  



Summary
Fermi is in its 4 year in orbit:
– wealth of scientific results!
– data are public and largely used by the community.
– starting to constrain generic WIMP models for low mass WIMPS.
The best is yet to come:
– better understanding of the instrument
– better understanding of the astrophysics 

- 2800 sources expected by 5 years of the LAT; high energy follow ups by ACTs and low energy 
instruments (Xray, radio); +...

- DM clustering properties from current optical and weak lensing surveys. 
- AMS02 and Planck in orbit!

–> great time for High energy astrophysics! AND by the end of Fermi’s life (2018?) we might 
know what particles DM is made of.

AMS 02 on ISS Planck satellite



Future: next generation gamma ray 
experiments

The best is yet to come
– CTA: a ~km2 array of ACTs
– Gamma-400: Uses technology similar to Fermi LAT, but will have better angular and energy 
resolution and wider energy coverage.

launch planned for 2018.
currently in design phase foreseen to be 
operative a few years from now.



Extra slides
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• Distribution of CR sources is uncertain
– to be conservative in deriving the DM 

constraints, set ALL CR sources to 
zero in the central 3 kpc.

• Allow several CR parameters to vary on a 
grid 
– for each point on a grid FIT the three 

components of emission TOGETHER 
with DM to the data

– perform fits both in MORPHOLOGY 
and SPECTRA

• Combine these fits using the profile 
likelihood method  
– derive DM limits marginalized over 

astrophysical uncertainties.

28

Method II 



Dwarf spheroidal galaxies

• Perform a combined analysis of multiple 

dwarf spheroidal galaxies

• Approximate integrated J-factor with 0.5 

degrees as a point-source contribution at the 

location of each dwarf

• Include uncertainties in the integrated dark 

matter distributions from stellar kinematic 

data.

• Joint likelihood function:

Alex Drlica-Wagner   |   Fermi-LAT Dark Matter

Dwarf Spheroidal Likelihood

8

Shared by all dwarfs
(dark matter particle 

parameters)

Fit for each dwarf
(background sources)

L(D |pm, {pk}) =
�

k

LLAT
k (Dk |pm,pk)

× 1

ln(10)Jk
√
2πσk

e−(log10(Jk)−log10(Jk))
2/2σ2

k

Uncertainty in J-factor

PRL 107, 241302; arXiv:1108.3546

dΦγ

dEγ
(Eγ ,φ, θ) =

1

4π

< σannv >

2m2
WIMP

�

f

dNf
γ

dEγ
Bf

×

�

∆Ω(φ,θ)
dΩ�

�

los
ρ2(r(l,φ�))dl(r,φ�)

→

→

* Include statistical uncertainties from stellar 
kinematic data.



Signal expectation potentially the highest (~ρ2/d2) 
but astro background emission harder to model: strong interplay 
between diffuse emission and numerous point sources! 

The Galactic center region

Diemand et. al, APJ, 2006. 

Predicted DM gamma ray signal.



data: 32 months of data, E>1 GeV (P7CLEAN_V6, FRONT), ROI: 15x15 deg.
diffuse emission model: all sky GALPROP model tuned to the inner galaxy.

DATA DATA-MODEL (diffuse)

Fermi’s View of the Inner 
Galaxy (15ox15o region)

Fermi LAT preliminary results with 32 months of data, E>1 GeV (P7CLEAN_V6, FRONT):

Galactic diffuse emission model: all sky GALPROP model tuned to the inner galaxy

Modeling of the GC region

counts/0.1 deg^2
[S. Murgia, UCLA DM 2012]



DATA DATA-MODEL (diffuse)

Fermi’s View of the Inner 
Galaxy (15ox15o region)

Fermi LAT preliminary results with 32 months of data, E>1 GeV (P7CLEAN_V6, FRONT):

Galactic diffuse emission model: all sky GALPROP model tuned to the inner galaxy

DATA DATA-MODEL (diffuse)

Fermi’s View of the Inner 
Galaxy (15ox15o region)

Fermi LAT preliminary results with 32 months of data, E>1 GeV (P7CLEAN_V6, FRONT):

W28

LAT PSR J1809-2332

LAT PSR J1732-3131

2FGL J1745.6-2858

Galactic diffuse emission model: all sky GALPROP model tuned to the inner galaxy

Bright excesses after subtracting diffuse emission model are consistent with 
known sources.

Modeling of the GC region

counts/0.1 deg^2
[S. Murgia, UCLA DM 2012]



DATA DATA-MODEL (diffuse)

Fermi’s View of the Inner 
Galaxy (15ox15o region)

Fermi LAT preliminary results with 32 months of data, E>1 GeV (P7CLEAN_V6, FRONT):

Galactic diffuse emission model: all sky GALPROP model tuned to the inner galaxy

DATA DATA-MODEL (diffuse)

Fermi’s View of the Inner 
Galaxy (15ox15o region)

Fermi LAT preliminary results with 32 months of data, E>1 GeV (P7CLEAN_V6, FRONT):

W28

LAT PSR J1809-2332

LAT PSR J1732-3131

2FGL J1745.6-2858

Galactic diffuse emission model: all sky GALPROP model tuned to the inner galaxy

DATADATA DATA-MODEL (diffuse+sources)

Fermi’s View of the Inner 
Galaxy (15ox15o region)

Fermi LAT preliminary results with 32 months of data, E>1 GeV (P7CLEAN_V6, FRONT):

Diffuse emission and point sources account for most of the emission observed 
in the region. Paper being finalized within collaboration. 

Modeling of the GC region

counts/0.1 deg^2
[S. Murgia, UCLA DM 2012]



Extra-Galactic sky

Markus Ackermann  |  Fermi Symposium, Monterey  |  11/01/2012  |  Page  

Comparison to older measurements.

> In agreement with published spectrum.
> Error bars predominantly systematic. Apparent features in the spectrum are 

NOT significant.
> Possible spectral softening at high energies ?

16

Fermi LAT - 44 months, preliminary 

Spectrum of the isotropic diffuse emission (supposedly of an extraGalactic origin) 
has recently been measured to high energies <~400 GeV.



Extra-Galactic sky

Markus Ackermann  |  Fermi Symposium, Monterey  |  11/01/2012  |  Page  

Comparison to older measurements.

> In agreement with published spectrum.
> Error bars predominantly systematic. Apparent features in the spectrum are 

NOT significant.
> Possible spectral softening at high energies ?

16

Fermi LAT - 44 months, preliminary 

Contributions from many source classes
– Normal galaxies (radio and star-forming)
– Active galactic nuclei (FSRQ & BL LACs)
– Dark matter?

[M. Ackermann, Fermi symposium 2012]

Dark matter annihilation 
in all halos at all red-shifts 
should contribute, too.



Extra-Galactic sky

Alex Drlica-Wagner   |   Fermi DM Overview

Isotropic Gamma-ray Background

17

Preliminary

44 Months of Data

Fermi measured from the first time >500 sources above 10 GeV!
enough source classes to have good statistical sample and study their bulk properties!



Extra-Galactic sky

Isotropic spectrum flux can be used to constrain the total extragalactic DM signal 
(summed over all DM halos and red shifts). -- work in progress.

However one can use an additional handle: small angular scale fluctuations in the 
diffuse gamma-ray background -> measured for the first time with the Fermi LAT!

Anisotropies: The Galactic Case!

J. Siegal-Gaskins, JCAP 0810:040,2008. !

M.Fornasa, L.Pieri, G.Bertone, E.Branchini, !

Phys.Rev.D80:023518,2009. !

L.Pieri, G.Bertone, E.Branchini, !

Mon.Not.Roy.Astron.Soc.384:1627,2008. !

But…   huge uncertainties in the 
normalization of the signal: !

sub-halo concentration? !
Minimum sub-halo mass?!

Sackler Colloqium: Dark Matter Universe, Irvine, CA, October 20, 2012J. Siegal-Gaskins

Anisotropy constraints on dark matter

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

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

32

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

22

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

2〉 = 9.05 × 10−6 sr for the
default data analysis or 〈CP/〈I〉

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

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

Source class Predicted C100/〈I〉2 Maximum fraction of IGRB intensity

[sr] DATA DATA:CLEANED

Blazars 2× 10−4 21% 19%

Star-forming galaxies 2× 10−7 100% 100%

Extragalactic dark matter annihilation 1× 10−5 95% 83%

Galactic dark matter annihilation 5× 10−5 43% 37%

Millisecond pulsars 3× 10−2 1.7% 1.5%

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

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

If the blazar luminosity function is identical to the one1269

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

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

underestimated with respect to the one applicable to our1272

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

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

tional intensity contribution to the IGRB from blazars1275

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

be stronger.1277

In contrast to the larger anisotropy expected from1278

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

dicted for star-forming galaxies by Ref. [27] is ∼ 2 ×1280

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

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

vide a subdominant contribution to the measured angular1283

power, this anisotropy measurement does not constrain1284

their contribution to the total IGRB intensity.1285

The anisotropy from dark matter annihilation in ex-1286

tragalactic structures is predicted to be slightly smaller1287

than that from unresolved blazars, although estimates1288

can vary substantially due to differences in the adopted1289

models. Moreover, for extragalactic dark matter anni-1290

hilation the amplitude of the expected anisotropy can1291

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

sion. The source energy spectrum depends on the dark1293

matter particle mass and dominant annihilation chan-1294

nels, while the observed energy spectrum is affected by1295

redshifting and EBL attenuation. These factors can in-1296

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

plitude of the anisotropy, particularly for high mass1298

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

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

nihilation of extragalactic dark matter to be ∼ 10−6–1301

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

to the measured value.1303

The anisotropy from annihilation in Galactic dark mat-1304

ter substructure is expected to be much larger than that1305

from extragalactic dark matter. While variations in the1306

assumed properties of Galactic substructure can lead to1307

order-of-magnitude or larger variations in the predicted1308

angular power, for typical assumptions the predicted fluc-1309

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

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

annihilation can contribute less than ∼ 43% of the total1312

intensity. However, adopting alternative models for the1313

substructure properties can increase or decrease the pre-1314

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

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

a strong constraint on some substructure models.1317

Galactic gamma-ray MSPs have also been considered1318

as possible contributors to the intensity and anisotropy1319

of the IGRB due to their extended latitude distribu-1320

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

pected to feature very large fluctuation anisotropy due1322

to the relatively low number density of this source class1323

compared to dark matter substructure or extragalactic1324

source populations. Ref. [28] predicts fluctuation angular1325

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

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

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

percent.1329

We note that constraints derived in this section have1330

not taken into account information about the likely en-1331

ergy spectrum of the dominant contributing population,1332

discussed in §VII, which is incompatible with sources1333

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

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

tic dark matter and MSPs). A careful study combining1336

all observables obtained in this work would almost cer-1337

tainly yield stronger constraints on contributing popula-1338

tions. Furthermore, we have discussed the constraints1339

obtainable on specific source populations by requiring1340

that the total anisotropy from each population does not1341

exceed the measured value. We emphasize, however,1342

that stronger bounds could be derived if some fraction1343

of the total anisotropy could be robustly attributed to1344

one or more confirmed source classes, thereby reducing1345

the anisotropy available to additional contributors.1346
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Ackermann et al. [Fermi LAT Collaboration] 2012
(to appear in PRD)

[Ackermann+, arXiv:1202.2856]



Extra-Galactic sky

Consistent with constant value in the four energy bins from 1-50 GeV.
Constrains the contribution of dark matter to the isotropic gamma-ray background

Sackler Colloqium: Dark Matter Universe, Irvine, CA, October 20, 2012J. Siegal-Gaskins

Example IGRB decomposition

37

Hensley, Pavlidou & JSG (in prep)

Example observed intensity spectrum and 
anisotropy energy spectrum

Decomposed energy spectra

[Hensley+, 2012.]

or, one case use BOTH intensity spectrum and the anisotropy spectrum to 
RECONSTRUCT the components of the energy spectrum.



Spectral line search

No signal found in a blind search.

The huge statistics at low energies -> small uncertainties in the 
collecting area can produce statistical significant spectral features.

4 year Fermi4 year Fermi--LAT Line Search ResultsLAT Line Search Results

• No globally significant lines found
– Most significant fit was in R180 at 6 GeV, ~2! (3.7! local)

Andrea Albert (OSU)Jan. 31st, 2013 31

S/NGC ~30% - 66%



Science
3) Cosmic ray electrons/positrons.

Since it records electromagnetic cascades, the LAT is also by its nature a detector for 
electrons and positrons.

4

ated by the accurate LAT simulation package [14], based
on the Geant4 toolkit [18]. Two CTs are used, one built
with TKR variables, and a second one based on CAL
variables, which describe the complete event topology.
The variables given most weight by the CTs are the
same or equivalent to those described above. The clas-
sifiers allow selection of the electrons through a multi-
tude of parallel paths, each with different selections, that
map the many different topologies of the signal events
into a single, continuous probability variable that is used
to simultaneously handle all valid selections. The TKR
and CAL electron probabilities are finally combined to
create an energy-dependent selection that identifies elec-
trons with greater efficiency and optimized background
rejection with respect to a single sequence of cuts. The
resulting rejection power is flat and better than 1 : 103 up
to 200 GeV and from there rises steadily to ∼ 1 : 104 at
1 TeV in a manner that partially compensates for the in-
creasingly larger relative proton fluxes with energy. Con-
versely, the electron selection efficiency, calculated as the
ratio of selected versus triggered events, has a peak value
of 50% at 20 GeV and steadily decreases down to 12.5%
at 1 TeV.

Energy reconstruction and validation. – Energy recon-
struction is the other critical aspect of this analysis. For
EM cascades of several hundreds of GeV a large fraction
of the energy falls outside of the LAT CAL. The shower
imaging capability is therefore crucial in fitting the lon-
gitudinal shower profile in order to correct for the energy
leakage and estimate the incoming energy with good ac-
curacy. The resulting energy resolution for events passing
the electron selection is shown in figure 1. Since showers
are not fully contained above 20 GeV, the distribution of
the reconstructed energy after leakage correction is asym-
metric, with a longer tail toward lower energies. For this
reason we quote the full width of the 68% containment
of the distribution as our energy resolution, and check
that the full 95% containment does not imply indefinitely
long tails; see figure 1. Candidate electrons traverse on
average 12.5 radiation lengths, resulting from the total
thickness of the TKR and CAL detectors and the effect
of event selection.

The energy reconstruction algorithm and the event
analysis rely heavily on the LAT MC simulation. This
was extensively verified and fine-tuned using beam test
data for electrons and hadrons up to 282 GeV [19].
Extensive efforts are made to avoid bias in the event
selection by systematically comparing flight data and
MC distributions of likely discriminants of electrons and
hadrons, and choosing only those that indicate a good
agreement. Figure 2 shows the very good data–MC
agreement for the critical variable that maps the trans-
verse shower size.

Systematic uncertainties are determined for all energy
bins. For each step in the event selection, we scan a range
of thresholds around the reference value used by the cut

FIG. 1: (color online) Energy resolution for the LAT after
electron selection; the full widths of the smallest energy win-
dow containing the 68% and the 95% of the energy dispersion
distribution are shown. The comparison with beam test data
up to 282 GeV and for on-axis and at 60◦ incidence shown
in the figure indicates good agreement with the resolution
estimated from the simulation.

FIG. 2: (color online) Distribution of the transverse sizes of
the showers (above 150 GeV) in the CAL at an intermediate
stage of the selection, where a large contamination from pro-
tons is still visible. Flight data (black points) and MC (gray
solid line) show very good agreement; the underlying distri-
butions of electron and hadron samples are visible in the left
(red) and the right (blue) peaks respectively.

and derive the corresponding flux versus GF curve. We
extrapolate the curve to a GF consistent with a null cut,
and take the relative difference of the corresponding flux
and the reference as the systematic uncertainty associ-
ated with the cut. All such contributions, taken sepa-
rately with their signs, and the uncertainty of the resid-
ual contamination, derived from an overall 20% uncer-
tainty in the underlying proton spectrum are summed in
quadrature. The result is shown in table I.
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Science
3) Cosmic ray electrons/positrons.

Recent search used Earth’s shadow to measure independently electron AND positron 
spectra (note: Fermi does not carry a magnet!).
confirm PAMELA finding of an increasing positron fraction.
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Science
3) Cosmic ray electrons/positrons.

Recent search used Earth’s shadow to measure independently electron AND positron 
spectra (note: Fermi does not carry a magnet!).
confirm PAMELA finding of an increasing positron fraction.

[M. Boezio, UCLA 2012.]
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Science
2) Point sources:~1900 sources in the 2FGL.

16 

! ?!
since !

10         25 

94         99 

806         821 

83     114 

23      

257         324 

575 

437 

(25     8) 

+2 novae 
+8 more pulsars 

[E. Ferrara, Fermi Symposium 2012]



Science
1. Point sources: 
2. Diffuse emission
3. Cosmic ray electrons/positrons
4. ...

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

counts'

13 identified SNRs, including  
 - 9 interacting 
 - 4 young SNRs 

Fermi-Detected SNRs 

!14567'

13 identified SNRs, including - 9 interacting - 4 
young SNRs + 43 2FGL candidates
first fermi catalog of SNRs 



We test a set of 12 DM benchmark cases, in the mass range 5 GeV-10 TeV.
Two DM density profiles: 
i) NFW and 
ii) Isothermal DM profiles.
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Figure 1: Shape of DM density (left) and magnetic field (right) profiles discussed in the text,
as a function of the galactocentric coordinate r.

be compared with observational data, in order to rule out combinations of astrophysical and

particle physics parameters that violate observational constraints.

The aim of this paper is to compare the regions suggested by the PAMELA (and ATIC)

data in the plane of annihilation cross section and DM mass (σv,M) with those excluded by

photon observations. We perform the analysis for arbitrary values of M and for several different

primary annihilation modes. We take into account different choices for the main astrophysical

unknown ingredients: the galactic DM density profiles and the galactic magnetic field. In

section 2 we discuss bounds from gamma-ray observations, mainly performed by the HESS

experiment. Section 3 discusses bounds from lower energy photons radiated by the e±.

2 γ ray observations

We start by considering the γ-ray fluxes produced by DM annihilations directly. Since DM is

neutral, a tree-level annihilation into γ’s is of course not possible, thus the flux is the sum of

various effects that arise at higher order in αem: i) a continuum at lower energies produced

by the bremsstrahlung of charged particles and the fragmentation of hadrons produced in the

annihilations; ii) a line at E ≈ M produced by one-loop effects; iii) possibly a continuum at

E just below M produced by three-body annihilations [15]. Infrared divergences in the total

annihilation rate cancel among i) and one loop corrections without photons in the final state,

and these contributions are separately gauge invariant in the energy ranges where they are

separately relevant. The details of contributions ii) and iii) are model dependent, so that we

only consider the contribution i).

The differential flux of photons from a given angular direction dΩ is

dΦγ

dΩ dE
=

1

2

r⊙
4π

ρ2
⊙

M2
DM

J
�

f

�σv�f
dN f

γ

dE
, J =

�

line−of−sight

ds

r⊙

�
ρ(r)

ρ⊙

�2

(2)

where r⊙ ≈ 8.5 kpc is the distance of the Sun from the galactic center, ρ⊙ = 0.3 GeV/cm3
is the

DM density at the location of the solar system and f runs over all the γ-ray producing channels

with annihilation cross section �σv�f and individual spectrum dN f
γ /dE. The adimensional

4

In our ROI, at 
5<b<15deg →r ~1 kpc
the two profiles are quite similar 
(advantage to Galactic Center 
studies, for example)
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Our aim is to constrain the DM properties and treat the parameters of the astrophysical diffuse gamma-ray back-154

ground as nuisance parameters. Those parameters are typically correlatedwith the assumed DM content and it is155

thus important to consider them since they affect directly the DM fit. It is clear, for example, that the CRSD is156

expected to have a large effect on the DM component. This can be seen from Fig. 1 which tells that the gamma-ray157

signal produced by DM is degenerate with a CR source placed in the inner Galaxy. In particular, while the π0
158

component traces the gas, the IC astrophysical component is expected to be smooth, as the one from DM and thus159

difficult to distinguish from it. Besides small morphological differences they mainly differ in the energy spectrum160

which is however quite model dependent in the DM case. To properly explore the model uncertainty we introduce an161

approach to fit, based on LAT data, an a-priori free CRSD both for nuclei and CREs and we also fit from the same162

LAT data the CRE injection spectrum which directly affects the IC component. It is important to stress that to163

constrain DM in a self-consistent way, we will fit the CR distribution and DM at the same time, in order to take into164

account properly the degeneracy among the two. However, from the above considerations we can also conclude that165

the π0 component should have little degeneracy with DM because it has a different morphology. Fortunately, in our166

region of interest, , above and below the inner Galaxy, and around few GeVs in energy, this component is dominant167

over IC and bremsstrahlung for about a factor 4− 5. So, we roughly expect the same factor in improvement in DM168

constraints with respect to the case in which limits without modeling of the background are derived. We will, indeed,169

see in sections VI and VIII that this expectation approximately holds.170

With the general approach above we set DM limits using the profile likelihood method (outlined in Section VIIA)),171

in order to properly take into account the parameters which we consider. Besides the approach above, we will also172

quote conservative upper limits using the data only (i.e. without performing any modeling of the astrophysical173

background). These conservative limits are along the lines of the work of [5, 6], which use a similar approach to set174

the DM limits based on the Fermi 1st year data.175

IV. MAPS176

A. DM maps177

The template maps used in the fits to model the contribution from a DM annihilation/decay signal depend on the178

assumed DM distribution and the assumed annihilation/decay channel. Numerical simulations of Milky Way size179

halos reveal a smooth halo which contains large number of subhalos [24, 25]. The properties of the smooth halo seem180

to be well understood, at least on the scales resolved by simulations ( outside of a few hundreds of parsecs around the181

Galactic center), and to converge among the various simulations. The properties of the subhalo population, on the182

other hand, are more model dependent. The gamma-ray signal from the subhalo population is expected to dominate183

in the region of the outer halo, while in the inner <∼ 20◦ region of the Galaxy, its contribution is expected to be184

subdominant, [26–28]. In our region of interest subhalo contribution should therefore be mild and we conservatively185

consider only the smooth component in this work. We parametrize the smooth DM density ρ with an NFW spatial186

profile [29] and a cored (isothermal-sphere) profile [30, 31]:187

NFW: ρ(r) = ρ0

�
1 +

RS

R0

�2 1

r
RS

�
1 + r

R0

�2 (1)

Isothermal : ρ(r) = ρ0
R2

S +R2
c

r2 +R2
c

. (2)

These are traditional benchmark choices, as NFW is motivated by N-body simulations, while cored profiles are instead188

motivated by the observations of rotation curves of galaxies and are also found in simulations of a Milky Way size halos189

involving baryons [32]. The Einasto profile [33, 34] is emerging as a better fit to more recent numerical simulations,190

but for brevity we do not consider it here. It is expected that this profile should lead to DM limits stronger by ∼ 30%191

in our ROI, with respect to a choice of an NFW profile [6]. For the local density of dark matter we take the value of192

ρ0 = 0.43 GeV/cm3 [35] 4, and the scale radius is assumed to be R0 = 20 kpc (NFW) and Rc = 2.8 kpc (isothermal193

profile). The actual choice of the DM density profile does not have a huge effect on our limits (see section VIII) as194

we do not consider the central few degrees of the Galaxy (where these distributions differ the most). A choice of a195

more extended core of ∼ 5 kpc seems possible, although less favored by the data [36] (however see [41]). With this196

rather extreme choice our limits would worsen by a factor of <∼ 2. We also set the distance of the solar system from197

the center of the Galaxy to the value RS = 8.5 kpc [37].198

For the annihilation/decay spectra we consider three channels with distinctly different signatures: annihila-199

tion/decay into bb̄ channel, into µ+µ−, and into τ+τ− . In the first case gamma rays are produced through hadroniza-200

4 To be noted that values ranging from 0.2 up to 0.7 GeV/cm3 are still viable [35].

ρ0=0.43 GeV/cm3, 
Rc=20 kpc (NFW), 2.8 kpc (Iso)



DM models

We test a set of 12 DM benchmark cases, in the mass range 5 GeV-10 TeV.
Two DM density profiles: 
i) annihilating (χχ→SM SM) characterized by annihilation cross section 
〈σv〉 and 

ii) decaying (χ→SM SM) characterized by the life time τ.



We test a set of 12 DM benchmark cases, in the mass range 5 GeV-10 TeV.
Three DM annihilation/decay channels: 
i) χχ/χ→bb
ii) χχ/χ→μμ
iii) χχ/χ→ττ

DM models



Blue: “no-background limits”.
Black: limits obtained by marginalization over the CR source distribution, 
diffusive halo height and electron injection index, gas to dust ratio, in which 
CR sources are held to zero in the inner 3 kpc.
Limits with NFW profile (not shown) are only slightly better.
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 Limits: μ+μ-channel

Blue:  here we used only photons produced by muons to set “no-background 
limits” (‘FSR only’).
Violet: “no-background limits” FSR+IC
Black: limits from profile likelihood and  CR sources set to zero in the inner 3 kpc.
DM interpretation of PAMELA/Fermi  CR anomalies strongly disfavored (for annihilating DM).
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 Limits: τ+τ-channel
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Violet: “no-background limits” FSR+IC
Black: limits from profile likelihood and  CR sources set to zero in the inner 3 kpc.
DM interpretation of PAMELA/Fermi  CR anomalies strongly disfavored (for annihilating DM).
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