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Direct and Collider DM Searches 

•  No evidence for DM in either 
direct or collider searches 

•  Latest upper limits from Super-
CDMS and LUX disfavor DM 
interpretations of some 
previously reported low mass 
signals (COGENT,DAMA) 

•  ATLAS and CMS have reported 
limits on the existence of new 
SUSY particles using data 
collected from 7/8 TeV runs with 
~20 fb-1 

•  Current experimental status 
emphasizes the importance of 
indirect detection 
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Indirect Dark Matter Searches 
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Fermi-LAT DM Search Targets 
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                 Satellites 
Low background and good 
source id, but low statistics, 
astrophysical background 

    Galactic Center 
Good Statistics but source  
confusion/diffuse background 

      Milky Way Halo 
Large statistics but diffuse 
background 

              Extragalactic 
Large statistics, but astrophysics, 
galactic diffuse background  

        Spectral Lines 
No astrophysical uncertainties,  
good source id, but low sensitivity  
because of expected small BR 

All-sky map of gamma rays 
from DM annihilation  
arXiv:0908.0195  (based 
on Via Lactea II simulation) 

Galaxy Clusters 
Low background, but low statistics 

The Sun 

Cosmic-ray 
Electrons and 

Positrons 
 

Fifth Fermi Symposium 



DM Related Symposium Contributions 

Non-detections of Gamma-rays from Galaxy Clusters with the Fermi-LAT: status and implications 
for cosmic ray and dark matter physics (S. Zimmer) 
A modified likelihood procedure for dark matter searches (A. Drlica-Wagner) 
A Search for Dark Matter Annihilation in Dwarf Spheroidal Galaxies with Pass 8 Data (B. 
Anderson) 
Searching for Dark Matter Annihilation in the Smith High-Velocity Cloud (G. Gómez-Vargas) 
Updated Spectral Line Search and Status of 135 GeV Feature with Pass 8 Data (A. Albert) 
Detailed Look at the 133 GeV Feature Comparing Pass 7 and Pass 8 Event Reconstructions (R. 
Caputo) 
Fermi LAT limit on evaporation of primordial black holes (D. Malyshev) 
Dark Matter Annihilation Cross Section Constraints from the Cross-correlation of Cosmic Shear and 
Extragalactic Gamma-ray Background (M. Shirasaki) 
Anisotropies in the Gamma-ray Sky (F. Donato) 
Composition of the Isotropic Diffuse Gamma-ray Background and Dark Matter Constraints (M. Di 
Mauro) 
Observations of High-Energy Gamma-Ray Emission Toward the Galactic Center (S. Murgia) 
The Characterization of the Gamma-Ray Signal from the Central Milky Way (T. Linden) 
Dark Matter Annihilation in the Galactic Center (D. Hooper) 
The GeV Excess Shining Through: Background Systematics for the Inner Galaxy Analysis (F. 
Calore) 
Robust Identification of the GeV Galactic Center Excess at Higher Latitudes (C. Weniger) 
The Inner Milky Way's Extended Gamma-ray Excess: Evidence of Self-annihilating Dark Matter? 
(A. Kwa) 
GeV Excess Electrons Upscattering the CMB: A Possible Resolution to the "Photon 
Underproduction Crisis” (T. Daylan) 
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New 4-year IGRB Measurement 
Ackermann+ ApJ accepted, arXiv:1410.3696 

•  New LAT collaboration measurement based on 4 years of P7REP 
data extends energy range to 100 MeV – 820 GeV 

•  Careful analysis of systematics including uncertainties from galactic 
foreground modeling 

•  A high-energy cutoff is significantly detected at ~250 GeV 
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Markus Ackermann  |  5th Fermi Symposium, Nagoya |  23/10/2014  |  Page  

The IGRB spectrum.

> Error bars:
statistical error 
+ syst. error from effective 

area parametrization
+ syst. error from CR 

background subtraction

> Yellow band: 
systematic uncertainties 
from foreground model 
variations.

9

> IGRB spectrum can be parametrized by single power-law + exponential cutoff.
> Spectral index ~ 2.3 , cutoff energy ~ 250 GeV.
> It is not compatible with a simple power-law (χ2 > 85).

Low-energy analysis High-energy analysis

See talk by M. 
Ackermann 



DM Limits from the IGRB 
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Preliminary 

Use two independent approaches (Halo 
Model and Power Spectrum) to estimate the 
cosmological flux multiplier à theoretical 
uncertainty reduced from ~103 to ~17 
 
Conservative Limits: No background 
subtraction 
Optimistic Limits: Assume that all galactic 
and extragalactic astrophysical contributions 
can be accurately modeled 

~17 

Preliminary 
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radius of 25 dwarf spheroidal satellite galaxies Fig. 1. The
CLEAN event class was chosen to minimize particle back-
grounds while preserving effective area. At high Galactic
latitudes in the energy range from 1 to 500 GeV, the particle
background contamination in the CLEAN class is ∼30%
of the extragalactic diffuse γ-ray background [28], while
between 500 MeV and 1 GeV the particle background
is comparable to systematic uncertainties in the diffuse
Galactic γ-ray emission. Studies of the extragalactic γ-ray
background at energies greater than 500 GeV suggest that at
these energies the fractional residual particle background is
greater than at lower energies [30]. To reduce γ-ray con-
tamination from the bright limb of the Earth,we reject events
with zenith angles larger than 100° and events collected
during time periods when the magnitude of rocking angle
of the LAT was greater than 52°.
We create 14° × 14° regions-of-interest (ROIs) by bin-

ning the LAT data surrounding each of the 25 dwarf
galaxies into 0.1° pixels and into 24 logarithmically-spaced
bins of energy from 500 MeV to 500 GeV. We model the
diffuse background with a structured Galactic γ-ray emis-
sion model (gll_iem_v05.fit) and an isotropic contribution
from extragalactic γ rays and charged particle contamina-
tion (iso_clean_v05.txt).1 We build a model of pointlike
γ-ray background sources within 15° of each dwarf galaxy
beginning with the second LAT source catalog (2FGL)
[27]. We then follow a procedure similar to that of the
2FGL to find additional candidate pointlike background
sources by creating a residual test statistic map with
pointlike [27]. No new sources are found within 1° of
any dwarf galaxy and the additional candidate sources have
a negligible impact on our dwarf galaxy search. We use the

P7REP_CLEAN_V15 instrument response functions
(IRFs) corresponding to the LAT data set selected above.
When performing the Bayesian analysis in Sec. VII, we
utilize the same LAT data set but follow different data
preparation and background modeling procedures, which
are described in that section.

III. MAXIMUM LIKELIHOOD ANALYSIS

Limited γ-ray statistics and the strong dependence of the
LAT performance on event energy and incident direction
motivate the use of a maximum likelihood-based analysis
to optimize the sensitivity to faint γ-ray sources. We define
the standard LAT binned Poisson likelihood,

Lðμ; θjDÞ ¼
Y

k

λnkk e−λk

nk!
; (1)

as a function of the photon data, D, a set of signal
parameters, μ, and a set of nuisance parameters, θ. The
number of observed counts in each energy and spatial bin,
indexed by k, depends on the data, nk ¼ nkðDÞ, while the
model-predicted counts depend on the input parameters,
λk ¼ λkðμ; θÞ. This likelihood function encapsulates infor-
mation about the observed counts, instrument performance,
exposure, and background fluxes. However, this likelihood
function is formed “globally” (i.e., by tying source spectra
across all energy bins simultaneously) and is thus neces-
sarily dependent on the spectral model assumed for the
source of interest. To mitigate this spectral dependence, it is
common to independently fit a spectral model in each
energy bin, j (i.e., to create a spectral energy distribution
for a source) [31]. This expands the global parameters μ
and θ into sets of independent parameters fμjg and fθjg.
Likewise, the likelihood function in Eq. (1) can be
reformulated as a “bin-by-bin” likelihood function,

FIG. 1 (color online). Known dwarf spheroidal satellite galaxies of the Milky Way overlaid on a Hammer-Aitoff projection of a 4-year
LAT counts map (E > 1 GeV). The 15 dwarf galaxies included in the combined analysis are shown as filled circles, while additional
dwarf galaxies are shown as open circles.

1http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels
.html.

M. ACKERMANN et al. PHYSICAL REVIEW D 89, 042001 (2014)

042001-4

Dwarf Spheroidal Galaxies 
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Dwarf spheroidal galaxies (dSphs) are highly DM-dominated systems orbiting 
the MW at typical distances of 25-100 kpc 
There are 18 dwarf galaxies for which the astrophysical factor is well determined 

Fifth Fermi Symposium 

Included/Excluded in  
Composite LAT Analysis 



P7REP Dwarf Stacking Analysis 
Ackermann et al. PRD 89 042001 (2014), arXiv: 1310.0828 

•  Dwarf galaxies remain one of 
the cleanest targets for 
indirect DM searches  
–  Low astrophysical 

backgrounds 
–  Robust measurements of 

the astrophysical factors 

•  Most recent LAT collaboration 
based on four years of P7REP 
data (Ackermann+ 2014) 
–  No detection (global 

significance of 1.4σ) 
–  WIMPs with thermal relic 

cross section excluded for 
M < 10 GeV 
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dwarf spheroidal galaxies, the modeling in Sec. IV B
confirms that the integrated J-factor within an angular
radius of 0.5° is relatively insensitive to the shape of the
inner profile [68]. We find that performing the combined
analysis assuming a Burkert profile for the dark matter
distribution in dwarf galaxies increases the cross section
limits by ∼15%. Additionally, we examine the impact of
changing the spatial extension of the NFW profiles used to
model the dwarf galaxies. Taking the!1σ value of the scale
radius (as determined in Sec. IV B) leads to a change of
< 20% in the LAT sensitivity.
We utilize random blank-sky locations as a control

sample for the analysis of dwarf spheroidal galaxies. (A
similar procedure was used by Mazziotta et al. [23] to
analyze the Milky Way dark matter halo.) We choose
blank-sky locations randomly at high Galactic latitude
(jbj > 30°) and far from any 2FGL catalog sources
(> 1° from pointlike sources and > 5° from spatially
extended sources). We select sets of 25 blank-sky regions
separated by > 7° to correspond to the 25 dwarf galaxies.

For each blank-sky location, data are selected and binned
according to Sec. II, diffuse background sources and the
local 2FGL pointlike sources are fit, and the likelihood
analysis is performed. We map each set of random sky
locations one-to-one to the dwarf galaxies, and we ran-
domize the nominal J-factors according to the uncertainty
derived from kinematic measurements. We form a joint
likelihood function from sets of 15 random locations to
conform to the 15 dwarf galaxies used in the combined
analysis of Sec. V B.
In Fig. 4 we plot the TS values derived by fitting for a

source with a 25 GeV bb̄ spectrum at each of the 7500
individual locations, and in Fig. 5 we show the expected
sensitivity from 300 combined analyses performed on
randomly selected locations. While the TS distribution
derived from simulations agrees well with asymptotic
theorems, it is clear that the TS distribution from random
blank fields deviates from this expectation. The LAT data
are known to contain unresolved pointlike astrophysical
sources which are not included in the background model.

FIG. 5 (color online). Constraints on the dark matter annihilation cross section at 95% CL derived from a combined analysis of
15 dwarf spheroidal galaxies assuming an NFW dark matter distribution (solid line). In each panel bands represent the expected
sensitivity as calculated by repeating the combined analysis on 300 randomly selected sets of blank fields at high Galactic latitudes in the
LAT data. The dashed line shows the median expected sensitivity while the bands represent the 68% and 95% quantiles. For each set of
random locations, nominal J-factors are randomized in accord with their measurement uncertainties. Thus, the positions and widths of
the expected sensitivity bands reflect the range of statistical fluctuations expected both from the LAT data and from the stellar kinematics
of the dwarf galaxies. The most significant excess in the observed limits occurs for the bb̄, channel between 10 and 25 GeV with
TS ¼ 8.7 (global p-value of p ≈ 0.08).

DARK MATTER CONSTRAINTS FROM OBSERVATIONS OF … PHYSICAL REVIEW D 89, 042001 (2014)

042001-17

See next talk by B. 
Anderson for results of new 
dwarf analysis with Pass 8 



High Velocity Clouds: Smith Cloud 
Drlica-Wagner et al. ApJ, 790, 24 (2014) [astro-ph/1405.1030]  

•  HVCs are coherent over-densities of HI gas 
covering 40% of the sky. 

•  Smith cloud is one of the best studied 
HVCs and may be bounded by a DM halo 
of ~108 solar masses (Nichols & Bland-
Hawthorn 09) 

•  No signal observed in LAT analysis of the 
Smith Cloud with 5.2 years of data, Pass7 
reprocessed, 500 MeV – 500 GeV 

•  Assuming an NFW profile the derived limits 
are on the level of the thermal annihilation 
cross section for masses 20-30 GeV 
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LAT,analysis,

24(

Alex Drlica-Wagner   |   Smith Cloud

LAT Analysis

• Binned likelihood analysis from 500 MeV to 500 GeV over a 15˚x15˚ ROI 
surrounding the Smith Cloud (P7REP_CLEAN_V15). 

• Likelihood model includes 2FGL sources, the custom diffuse Galactic 
foregrounds, and a local isotropic component modeled with a broken power-law. 

• Set bin-by-bin limits on the gamma-ray flux from the Smith Cloud using a spatially-
extended model of the dark matter annihilation signal (similar to dSph analysis). 

• No significant excess found for any of the spatial or spectral models tested 
(maximum TS ~ 4.7)

7

– 11 –

Fig. 2.— The 15� �15� ROI surrounding the Smith Cloud in the energy range from 500 MeV
to 500 GeV. The gray contours represent the H I column density associated with the Smith
Cloud, while the green circle shows the 1� truncation radius for the dark matter profile.
Left: Observed �-ray counts map smoothed by a Gaussian kernel with standard deviation
0.1�. Center: Map of the background �-ray emission model including di�use foregrounds
and background point sources. Right: The binned Poisson significance resulting from the
predicted and observed counts in each pixel (smoothed by a Gaussian kernel of width 0.1�).
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[Drlica@Wagner+14](

Drlica@Wagner,(Gómez@Vargas,(Hewitt,(Linden,(Tibaldo((2014)([astro@ph/(1405.1030](
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Alex Drlica-Wagner   |   Smith Cloud

Smith Cloud Dark Matter

• The 3D trajectory of the Smith Cloud 
suggests that it passed through the 
Galactic disk ~70 Myr ago. 
!

• The gaseous component of the cloud has a 
weak self-gravity and ram pressure forces 
would dissipate the cloud during a passage 
through the Galactic disk. 
!

• This suggests that the Smith Cloud may be 
bound by a dark matter halo with mass 
~108 M⊙. 
!

• Such a dark matter halo would extend to an 
angular radius of ~5˚ around the cloud. 
!

• To mitigate any impact from tidal stripping 
of the dark matter halo, we conservatively 
model the dark matter annihilation signal 
from only the inner 1˚ of the halo.

5
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Figure 3. Orbit of the Smith Cloud, calculated using the potential from Wolfire et al. (1995). The current position is represented by an unfilled circle and the Smith
Cloud is travelling in the direction of the arrows, with heights below the disk represented by a dotted line. The Sun’s position is shown as a filled circle on the Solar
Circle. The thin dotted line represents the projection of the Smith Cloud onto the disk. The disk is represented by a solid line at 30 kpc.

Table 1
NFW, Burkert, and Einasto Profiles

NFW Burkert Einasto

fρ (x) = x−1(1 + x)−2 fρ (x) = (1 + x)−1(1 + x2)−1 fρ = exp[−2/α(xα − 1)]/4

fm(x) = 3
!

ln(1 + x) − x
1+x

"
fm(x) = 3

2

!
ln(1+x2)

2 + ln(1 + x) − tan−1 x
"

fm = βγ (3/α, 2xα/α)

fϕ (x, vs ) = 3
!
1 − ln(1+x)

x

"
fϕ (x, vs ) = 3

2

! #
1 + 1

x

$
tan−1 x −

#
1 + 1

x

$
ln(1 + x) fϕ (x, vs ) = β

!
21/αα−1/αγ (2/α, 2xα/α)

+ 1
2

#
1 − 1

x

$
ln(1 + x2)

"
−γ (3/α, 2xα/α)/x − 1

"

fgas(x, vs , cg) = e−3(vs /cg )2
(1 + x)3(vs /cg )2/x fgas(x, vs , cg) = [e−(1+1/x) tan−1 x (1 + x)(1+1/x) fgas(x, vs , cg) = exp(−v2

s /c
2
gfϕ(x))

×(1 + x2)(1/2)(1/x−1)](3/2)(vs /cg )2

β = (3/4)8−1/αe2/αα−1+3/α

Notes. The four quantities in each column are the density profile fp, the dark matter mass profile fm, the dark matter potential profile fϕ , and the gas
density profile fgas. Here γ is the lower incomplete gamma function, x ≡ r/rs is the scale radius, vs is the halo circular velocity, and cg is the gas sound
speed; cf. Sternberg et al. (2002), Table 5.

central density of a halo that virialized at z = 0. This factor
also contributes to other halo properties such as the scale radius
rs ∝ ∆−1/3 and the scale velocity vs ∝ ∆1/6.

3. MODEL SETUP

We consider two models of evolution, one in which the Smith
Cloud is infalling for the first time, hereafter the Infalling Orbit
Models, and a second model where the Smith Cloud has already
been maximally stripped due to previous orbits, hereafter the
Repeated Orbit Models. These both share common features: (1)
they have the same trajectory today, (2) the dark matter halo
has been tidally stripped down from some larger initial mass
(Mvir) in an identical fashion before our calculations commence
at apogalacticon. The important distinction is tidal stripping of
the gas is possible in the Infalling Orbit Models but not in the
Repeated Orbit Models; in both cases, ram pressure stripping
by the hot halo is important. For each case, the evolution of the
Smith Cloud is considered for the NFW, Einasto, and Burkert
models.

The evolution of the model clouds was calculated as a function
of three variables: the initial virial mass at the time of formation
(i.e., before the dark matter halo fell into the Galaxy), the dark
matter profile at this time, and the initial hydrogen gas mass
at apogalacticon. For both the Repeated Orbit Model and the
Infalling Orbit Model, the evolution of 7503 model clouds
were calculated, corresponding to 61 logarithmically spaced
virial masses in the range Mvir = (5 × 107)–(5 × 1010) M⊙
and 41 logarithmically spaced gas masses in the range Mgas =
(1 × 106)–(1 × 108) M⊙.

The orbit of the Smith Cloud was calculated using the
position and velocity data from Lockman et al. (2008) for
the tip of the Smith Cloud: (R, z) = (7.6,−2.9) kpc and
(vR, vφ, vz) = (94, 270, 73) km s−1. The form of the Galactic

potential is given by Wolfire et al. (1995) normalized by a
circular velocity of vc = 220 km s−1 at the Solar Circle. In
Figure 3, we show the predicted orbit of the cloud system. In
agreement with Lockman et al (2008), we find that the Smith
Cloud has intersected the disk ∼ 70 Myr ago and will pass
through the disk again in ∼30 Myr.

For all subhalo models, we investigate the effects of dynam-
ical friction on the orbit trajectory. The formalism used is de-
scribed by Jiang & Binney (2000): we point out that the value
for the circular velocity in their Table 1 should be vc = 235
km s−1 (not 181 km s−1 as quoted) to be consistent with their
analysis. But over the past few hundred million years, dynam-
ical friction is found to have only minimal effect, even in the
high mass limit. This is because, once again, the impact of gas
loss from the subhalo close to the disk is found to dominate the
evolution of the subhalo. We assume that any drag between the
model clouds and the Galactic corona is negligible and does not
affect the orbit.

Each model cloud is considered to be a dark matter potential
well filled with gas in isothermal hydrostatic equilibrium. We
assume a primordial helium abundance nHe/nH = 1/12 and
metallicity of Z/Z⊙ = 0.1. We also assume that the gas has
a temperature of 1.2 × 104 K and adopt an ionization fraction
of 50% for the Smith Cloud, slightly below the newly updated
H+/H0 ratio in Hill et al. (2009). This temperature and ionization
fraction then give a sound speed of cg = 11 km s−1. The gas is
distributed in the potential well according to the gas density
profile nH (x, vs, cg) = nH,0fgas(x, vs, cg), where x ≡ r/rs

is the scale radius, vs is the halo circular velocity given by
Equation (3) and fgas(x, vs, cg) is given in Table 1.

For the initial dimension of the model clouds, the sound
crossing time is 200 Myr, falling to about 30 Myr at the disk. We
therefore begin each orbit at the apogalacticon, approximately

Nichols & Bland-Hawthorn (2009)

– 6 –

Profile rs ⌅0 Mtidal J-factor
( kpc) ( M⇥ kpc�3) ( M⇥) ( GeV2 cm�5 sr)

NFW 1.04 3.7 ⇥ 107 1.1 ⇥ 108 9.6 ⇥ 1019

Burkert 1.04 3.7 ⇥ 107 1.3 ⇥ 108 4.2 ⇥ 1018

Einasto 1.04 9.2 ⇥ 106 2.0 ⇥ 108 1.8 ⇥ 1020

Table 1: Summary of Smith Cloud dark matter halo parameters. Integrated J-factors are
calculated over a solid-angle cone with radius 1⇤ (�⇥ ⇤ 9.6 ⇥ 10�4 sr). For the Einasto
profile, the � parameter is fixed to its conventional value of 0.17.

which is set to the conventional value of 0.17.

⌅(r) = ⌅0r3
s

r(rs + r)2 NFW (2)

⌅(r) = ⌅0r3
s

(rs + r)(r2
s + r2) Burkert (3)

⌅(r) = ⌅0 exp
⇧

� 2
�

⇤�
r

rs

⇥�

� 1
⌅⌃

Einasto (4)

To avoid the peripheral regions where tidal stripping may alter the dark matter density, we151

truncate our model of the ⇥-ray intensity profile 1⇤ from the center of the Smith Cloud.152

To simplify comparisons with other dark matter annihilation targets (i.e., dwarf spheroidal153

galaxies), we compute the integrated J-factor from the Smith Cloud within this 1⇤ radius (1).154

This radius contains ⇤ 60% of the total predicted ⇥-ray flux when cuspy NFW or Einasto155

profiles are assumed and ⇤ 10% of the total predicted flux from the cored Burkert model.156

Thus, this choice of radius yields a conservative estimate for the total J-factor of the Smith157

Cloud since the dark matter distribution may extend to several degrees.158

3. Galactic Foreground Modeling159

The observed foreground ⇥-ray emission from the region surrounding the Smith Cloud160

is dominated by ⇤0-decay emission produced from cosmic rays interacting with the atomic161

and molecular hydrogen gas of the Milky Way.1 The Galprop2 cosmic-ray propagation code162

can be used to model the di�use Galactic ⇥-ray foreground from processes such as inelastic163

1The �-ray emission from inelastic hadronic interactions is composed of many processes, the most impor-
tant of which being the production of ⇥0 which decay primarily to ��.

2http://galprop.stanford.edu
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Motivation for Dark Matter 

4!

NOAO, AURA, NSF, T.A. Rector!

Galaxy Rotation Curves!

Bullet Cluster (Markevitch & Clowe, 2006)!

Colliding Clusters!

WMAP Science Team!

Cosmological Probes!

Searching for Galactic 
Dark Matter 

Substructure

Alex Drlica-Wagner

on behalf of the 

Fermi LAT Collaboration

See poster by G. 
Gómez-Vargas 



Galaxy Clusters 

•  Galaxy clusters may be a compelling 
target if the boost factor from DM 
substructure is sufficiently large 

•  Recent theoretical work (Sánchez-
Conde+ 2011, Sánchez-Conde & 
Prada 2014) has led to a reevaluation 
of cluster boost factors 

–  Concentrations of low mass halos 
were overestimated in previous 
works 

–  New models for c(M) relation 
predict typical boost factors of 
30-50 for galaxy clusters and 1-2 
for dwarfs 

–  “Best” Cluster astrophysical 
factors with substructure boost are 
~10x lower than astrophysical 
factors of the best MW dwarf 
galaxy candidates 

•  New LAT cluster stacking analysis is 
currently in development  

10/24/14 12 Fifth Fermi Symposium 

See the poster 
by S. Zimmer 



Line Searches 

•  Only “smoking gun” signature but low 
expected signal amplitude relative to 
continuum searches 

•  Significant interest in gamma-ray lines circa 
2012-2013 due to reports of a significant 
gamma-ray feature at ~133 GeV in LAT data 
(Bringmann+ 2012, Weniger 2012) 

•  LAT collaboration analysis with 3.7 years 
P7REP data (Ackermann+ 2013 PRD 88, 
082002) 

–  No globally significant lines (<2σ) 
–  Feature observed at 133 GeV with 3.3σ 

local significance 
–  Width of 133 GeV feature found to be 

narrower than expected from LAT 
energy resolution 

–  Feature at 133 GeV also observed in 
the Earth limb 

•  Significance of the 133 GeV feature has 
subsequently declined with 4+ years of data 

10/24/14 13 

3.7 yr 

4.4 yr 

See next talk by A. Albert and 
poster by R. Caputo for results 

from Pass 8 line analysis 
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•  Search between 100 MeV up to 10 
GeV (previously unexplored energy 
range!). 

•  Data: 5.2 years, P7 reprocessed 
Clean. 

 
•  Regions of Interest optimized for 

annihilation and decay. 
à  for decay, it constrains e.g. 

models of gravitino decay. 
 
•  At low energies, statistical 

uncertainties get very small (<1%) 
à systematics dominate 
à  important to model them properly! 
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Figure 3. Fractional deviations (f , see eq. (3.10)) observed in the Galactic plane scan are shown
as black dots. E� went from 100MeV to 10 GeV in steps of 0.25⇤E . The red line shows the average
statistical uncertainty from the Galactic plane scan. The blue dashed line shows the value we chose
to represent the ⇥f from modelling biases; see text for details.

From figure 3, we can infer some properties of the systematic uncertainties that a⇠ect433

our search. The displacement of ⇥f from zero and common variations with energy between all434

the control ROIs are most likely caused by small biases in modelling the Fermi-LAT e⇠ective435

area. The spread amongst the fits in the control ROIs is probably from our modelling of the436

background spectra by a power law.437

We also estimate the systematic uncertainty from residual cosmic-ray events passing our438

�-ray event selection. Since we use the P7REP_CLEAN event class, the cosmic-ray contamination439

is not expected to be a large e⇠ect, especially for the region ROIcen, which focuses on the440

bright Galactic Centre. However, cosmic-ray contamination is worrisome at large latitudes441

(e.g. ROIpol region). To study the e⇠ect of cosmic-ray contamination, we select events that are442

included in the less stringent P7REP_SOURCE class, but are not included in the P7REP_CLEAN443

class in the ROIpol region. This sample will be enriched with cosmic-ray events that were not444

removed by the P7REP_SOURCE selection, but did not pass the P7REP_CLEAN event selection.445

Similar to what was done in ref. [16], we take the largest observed ⇥f in this control sample446

along with the expected �-ray acceptance ratio between the P7REP_CLEAN and P7REP_SOURCE447

selections (see appendix D5 in ref. [16]) to obtain an estimate of ⇥fCR � 0.001 and ⇥fCR � 0.01448

in ROIcen and ROIpol respectively. Therefore we obtain a final estimate of ⇥fsyst = 0.011 and449

⇥fsyst = 0.015 in ROIcen and ROIpol respectively.450

Other systematic uncertainties in this search enter from our calculation of the Fermi -451

LAT exposure, modelling of the energy dispersion, and our choice of E� grid spacing. The452

overall uncertainty in the calculation of the Fermi-LAT e⇠ective area is � 10%. Additionally,453

we choose to use the average exposure across our ROIs when converting from counts to454

flux. The Fermi -LAT observes the sky with relative uniform exposure, but it does vary by455

⇥E/E = 0.02 in ROIcen and by ⇥E/E = 0.07 in ROIpol. When added in quadrature, we have456

a total systematic uncertainty on the exposure of ⇥E/E = 0.10 and ⇥E/E = 0.12 in ROIcen457

and ROIpol respectively. Additionally, we estimate the e⇠ect of the 10% uncertainty in the458

energy resolution [71] to be ⇥nsig/nsig ⇥ 7%. Also, fitting at fixed E� values with a grid459

spacing of 0.5⇤E would cause us to undermeasure the number of signal counts by 10% at460
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No globally significant lines detected: 
à flux upper limits in annihilation and decay ROIs 
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Figure 6. Parameter space of decaying gravitino DM given in terms of the gravitino lifetime and
the gravitino mass. The diagonal band shows the allowed parameter space for gravitino DM in the
µ⇤SSM. The numbers on the solid and dashed lines show the corresponding value of the photino–
neutrino mixing parameter, as discussed in section 2. The theoretically most favoured region is
coloured in grey. We also show several 95% CL lower limits on the gravitino lifetime coming from
�-ray observations. The blue shaded region is excluded by the limits derived in this work.
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Figure 7. Comparison of the 95% CL upper limits on the DM pair annihilation cross section into two
photons found in this work to earlier results using Fermi -LAT and EGRET data. The blue shaded
region is excluded by the limits derived in this work.

annihilation [16],12 and limits derived from Fermi -LAT data in individual energy ranges [14]13512

12The limits are taken from tables VIII to X of ref. [16]. The cross section limits are those from the ROI
R16 optimised for the Einasto profile and the lifetime limits are those from the ROI R180 rescaled by a factor
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neutrino mixing parameter, as discussed in section 2. The theoretically most favoured region is
coloured in grey. We also show several 95% CL lower limits on the gravitino lifetime coming from
�-ray observations. The blue shaded region is excluded by the limits derived in this work.
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LAT data exclude µνSSM gravitinos with masses larger than 
~5 GeV or lifetimes smaller than ~1028 s as DM candidates. 
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The Inner Galaxy 

Hooper & Linden [arXiv:1110.0006] 

Hooper & Goodenough [arXiv:1010.2752] 

Abazajian & Kaplinghat [arXiv:1207.6047] 

Su & Finkbeiner [arXiv:1110.0006] 

•  The center of the Galactic dark matter 
halo is a promising target 
–  Deep gravitational potential 
–  Relatively nearby 

•  However, it is extremely complicated 
–  Diffuse emission from cosmic-ray 

interactions with Galactic gas and dust 
–  Densely populated by astrophysical 

sources (e.g., pulsars, SNR) 
–  Detected in other wavelengths (e.g., 

radio, X-ray, TeV) 
•  Topic of much study, both inside and 

outside the collaboration... 
–  Hooper & Linden (2011) 
–  Boyarski et al. (2011) 
–  Abazajian & Kaplinghat (2012) 
–  Gordon & Macias (2013) 
–  Abazajian et al. (2014) 
–  Daylan et al. (2014) 
–  etc. 

10/24/14 16 Fifth Fermi Symposium 
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GeV Excess in the Galactic Center 

•  Many recent papers report the detection of a 
diffuse gamma-ray excess in the Galactic 
Center (GCE) in LAT data; see e.g. 
Goodenough & Hooper 2009, Abazajian & 
Kaplinghat 2012, Gordon & Macias 2013, 
Daylan+ 2014, Abazajian+ 2014, Calore+ 
2014 

•  A consistent picture has begun to emerge 
for the properties of the GCE 

–  SED with peak at 1-3 GeV but with 
large systematic uncertainties on its 
precise shape (Abazajian+ 2014, 
Calore+ 2014) 

–  Spherically symmetric spatial 
distribution extending at least 10-20 
degrees from the GC (Daylan+ 2014, 
Calore+ 2014) 

•  LAT collaboration analysis finds that the 
spectrum of the excess emission varies 
widely depending on modeling of the 
interstellar emission (see talk by Simona 
Murgia) 

10/24/14 17 Fifth Fermi Symposium 
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Results - Residual Maps
Will overlay location of point sources with TS>25

Additional Templates 

Integrated flux in 15ox15o ROI, NFW component

We test the possibility that an additional component centered at the GC contributes to the data (2D 
gaussians, Navarro-Frenk-White, or a gas-like distribution as proxy for unresolved sources)
Peaked profiles with long tails (NFW, NFW contracted) yield the most significant improvements in the data-
model agreement for the four variants of the foreground/background models. IC ring 1 contribution ~2-3x 
smaller than without additional component and HI ring 1 contribution  is ~2-5x larger 

 ➡ The predicted spectrum depends on the foreground/background models.



Diffuse Modeling Systematics in the Inner Galaxy 

•  Improved understanding of the systematic 
uncertainties in the galactic diffuse 
emission is needed before the nature of 
the GCE can be conclusively determined 
–  Many uncertainties are unique to the 

Galactic Center 
–  Impact of simplifications made in CR 

propagation models (e.g. GALPROP) 
are difficult to quantify 

•  Currently even diffuse emission models 
tuned to fit LAT data produce residuals 
along the galactic plane that are 
comparable in magnitude to the GCE 

•  Paths for future investigation 
–  Radial distribution of gas along the 

line of sight 
–  Non axisymmetric models of CR 

propagation (see talk by G. 
Johannesson) 

10/24/14 18 

Figure 11. Flux absorbed by the GCE template when moving it, as well as the ROI, along the
Galactic disk in steps of �` = ±5�, for five di↵erent reference energies. The colored dots indicate the
flux for the GDE model that gives locally the best-fit (these models are listed in the bottom of the
plot), whereas the gray dots indicate the fluxes for all other models. The excess observed at the GC
is – at around 1–3 GeV – clearly the largest in the considered region, although other excesses exist as
well (see text for a discussion). Regions with |`| & 20� (indicated by the vertical dotted lines) will be
used as test regions for estimates of the empirical model uncertainties of the adopted GDE models.

models that provide gradual improvements when fitting the data. However, the extremely
small p-values that one obtains when fitting the data suggest that it is mandatory to study
the typical uncertainties of the GDE modeling in light of the data before drawing strong
conclusions from purely statistical fits. This is what we will do in the next subsection.

4.2 Empirical model systematics

The modeling of the GDE in the present analysis is entirely based on the numerical code
Galprop. The agreement between the GDE modeling and actual data in the inner Galaxy
is quite satisfactory, with typical residuals that are significantly smaller than the GCE (see
figures 9 and 10). However, in order to increase the confidence in these results and to study
the robustness of the inferred GCE spectrum, we will estimate typical residuals above the
Galprop predicted GDE by analyzing the di↵use emission from the Galactic disk, away from
the GC, in a systematic way.

– 25 –
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

a↵ect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are di�cult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models di↵er typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for di↵erent GDE models, this is well justified. We checked explicitly that
using di↵erent GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
su�ciently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.

– 33 –
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Multi-messenger Constraints 

•  Multi-messenger and multi-wavelength 
data are an important ingredient in a 
comprehensive DM search strategy 
–  Positrons 
–  Antiprotons 
–  Neutrinos 
–  Radio 
–  X-ray 

•  These data also provide an additional 
avenue for confirming or disproving 
gamma-ray signals 

Fifth Fermi Symposium 10/24/14 19 
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Positrons 

•  AMS-02 beautifully confirms the rise 
in the positron fraction first measured 
by PAMELA and Fermi-LAT 

•  However there are several challenges 
for a DM interpretation 

–  Require Leptophilic models 
–  Large non-thermal cross sections 
–  Strong tension with gamma-ray 

constraints 

•  Many astrophysical models which can 
easily explain a rising fraction 

–  Local pulsar sources 
–  Acceleration of secondaries in 

SNR 

•  Sharp feature or edge would be 
needed to conclusively connect the 
rising positron fraction to DM 

10/24/14 20 

Φe− ¼ Ce−E−γe− þ CsE−γse−E=Es ; ð2Þ

(with E in GeV). A fit of this model to the data with their
total errors (the quadratic sum of the statistical and
systematic errors) in the energy range from 1 to
500 GeV yields a χ2=d:f: ¼ 36.4=58 and the cutoff
parameter 1=Es ¼ 1.84% 0.58 TeV−1 with the other
parameters having similar values to those in [2],
Ceþ=Ce− ¼ 0.091% 0.001, Cs=Ce− ¼ 0.0061% 0.0009,
γe− − γeþ ¼ −0.56% 0.03, and γe− − γs ¼ 0.72% 0.04.
(The same model with no exponential cutoff parameter,
i.e., 1=Es set to 0, is excluded at the 99.9% C.L. when fit to
the data.) The resulting fit is shown in Fig. 4(b) as a solid
curve together with the 68% C.L. range of the fit param-
eters. No fine structures are observed in the data. In our
previous Letter, we reported that solar modulation has no
observable effect on our measured positron fraction, and
this continues to be the case.
An analysis of the arrival directions of positrons and

electrons was presented in [2]. The same analysis was
performed including the additional data. The positron to
electron ratio remains consistent with isotropy; the upper
limit on the amplitude of the dipole anisotropy is δ ≤ 0.030
at the 95% C. L. for energies above 16 GeV.
Following the publication of our first Letter [2], there

have been many interesting interpretations [3] with two
popular classes. In the first, the excess of eþ comes from
pulsars. In this case, after flattening out with energy, the
positron fraction will begin to slowly decrease and a dipole
anisotropy should be observed. In the second, the shape of
the positron fraction is due to dark matter collisions. In this
case, after flattening out, the fraction will decrease rapidly
with energy due to the finite and specific mass of the dark
matter particle, and no dipole anisotropy will be observed.
Over its lifetime, AMS will reach a dipole anisotropy
sensitivity of δ≃ 0.01 at the 95% C.L.

The new measurement shows a previously unobserved
behavior of the positron fraction. The origin of this
behavior can only be ascertained by continuing to collect
data up to the TeV region and by measuring the antiproton
to proton ratio to high energies. These are among the main
goals of AMS.
In conclusion, the 10.9 × 106 primary positron and

electron events collected by AMS on the ISS show that,
above ∼200 GeV, the positron fraction no longer exhibits
an increase with energy. This is a major change in the
behavior of the positron fraction.

We thank former NASA Administrator Daniel S. Goldin
for his dedication to the legacy of the ISS as a scientific
laboratory and his decision for NASA to fly AMS as a DOE
payload. We also acknowledge the continuous support of
the NASA leadership including Charles Bolden, William
Gerstenmeier, and Mark Sistilli. AMS is a U.S. DOE
sponsored international collaboration. We are grateful for
the support of Jim Siegrist, Michael Salamon, Dennis
Kovar, Robin Staffin, Saul Gonzalez, and John O’Fallon
of the DOE. We also acknowledge the continuous support
from M.I.T. and its School of Science, Michael Sipser,
Marc Kastner, Ernest Moniz, Edmund Bertschinger, and
Richard Milner. We acknowledge support from: CAS,
NNSF, MOST, NLAA, and the provincial governments
of Shandong, Jiangsu, and Guangdong, China; CNRS,
IN2P3, CNES, Enigmass, and the ANR, France, and
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FIG. 3 (color). The positron fraction above 10 GeV, where it
begins to increase. The present measurement extends the energy
range to 500 GeV and demonstrates that, above ∼200 GeV, the
positron fraction is no longer increasing. Measurements from
PAMELA [21] (the horizontal blue line is their lower limit),
Fermi-LAT [22], and other experiments [17–20] are also shown. Energy [GeV]

Data
Minimal Model

1 10 210 310

P
os

itr
on

 F
ra

ct
io

n

0

0.1

0.2
10 210

-0.002

-0.001

0

0.001

0.002

Data
.

0
Fit c log(E/E )

(a)

(b)

S
lo

pe
 [G

eV
  ]-1
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30 GeV. (b) The positron fraction measured by AMS and the fit of
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model are integrated over the bin width. The error bars are the
quadratic sum of the statistical and systematic uncertainties.
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Fig. 5. Best fit for the annihilation cross sections h�vi for each DM mass m� assuming only annihilations into lepton and bb̄ pairs. The red line
indicates on the right vertical axis the best �2

dof value.
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Fig. 6. Positron fraction as a function of the positron energy, for a DM mass m� = 600 GeV (left panel) and m� = 20 TeV (right panel), compared
to AMS-02 data (Accardo et al. 2014). These values correspond to the cross section h�vi and branching ratios into lepton and bb̄ pairs which
best fit the positron fraction, as from Fig. 4. Both values give excellent fits with �2

dof of 0.5 (left) and 0.6 (right). The branching ratio into ⌧+⌧�
amounts to 50% whereas the quark contribution increases from 20% (left) to 50% (right). The e+e� and µ+µ� channels disappear above 1 and
2 TeV, respectively. The cross section is equal to h�vi = 1.11 ·10�23 cm3 s�1 (left) and 1.09 ·10�21 cm3 s�1 (right). The contribution of each channel
to the positron fraction is also indicated.

It is much easier to find excellent fits with �2
dof < 1 when allowing for some hadronic channel and this for any DM mass in the

range between 0.5 and 40 TeV. The preferred cross sections range from 10�23 cm3 s�1 for m� = 500 GeV to 10�21 cm3 s�1 for m� =
30 TeV. The preferred branching fractions for the range of masses considered are displayed in Fig. 4. Not surprisingly the leptonic
contribution strongly dominates below the TeV scale while the bb̄ component increases with the DM mass. The corresponding
annihilation cross sections h�vi are represented in Fig. 5. Figure 6 shows the positron fraction corresponding to the best fit for the
cross section and the branching fractions for the two sample masses of 600 GeV (left) and 20 TeV (right). The contribution of the
various channels to the DM signal are also indicated.

Imposing the condition that the branching fractions into leptons are universal while allowing for quark channels deteriorates
somewhat the fits. Nevertheless excellent fits are found for masses above 5 TeV and branching fractions around 20% in each
lepton flavour as displayed in the left panel of Fig. 7. Note that these branching fractions are typical of the minimal universal
extra dimension model (mUED) although the preferred mass is larger than expected in that model from the relic density constraint
(Bélanger et al. 2011b). The corresponding annihilation cross sections h�vi are represented in the right panel of Fig. 7. In the left
panel of Fig. 9 the positron fraction has been plotted for m� = 600 GeV (dashed-dotted lines) and 20 TeV (solid lines), corresponding
to h�vi = 1.05 · 10�23 cm3 s�1 and 1.12 · 10�21 cm3 s�1, and compared to AMS-02 data (Accardo et al. 2014). The 600 GeV DM
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Antiprotons 

•  Several papers report limits from 
antiprotons that exclude or are in 
strong tension with the GCE WIMP 
interpretation (Cirelli+ 2014, 
Bringmann+ 2014) 

•  However, there are large 
uncertainties in modeling both 
expected signal and background 
fluxes  
–  Galactic Propagation model 
–  Solar modulation 

•  For other choices of propagation 
models one can arrive at substantially 
weaker constraints (Hooper+ 2014) 

•  New measurements from AMS-02 
may help reduce some of the current 
uncertainties on propagation 
modeling 
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Figure 6. 3-� exclusion contours on h�vi for 100% DM annihilation into bb̄, for the three approaches

to solar modulation discussed in the text. Left panels: the five benchmark propagation setups. Right

panels: alternative choices for the scale height zt that defines the THN setup (THN2, dashed; THN3,

dotted). The gray area is the best-fit region identified in Sec. 3.
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Status of Indirect DM Searches 
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Future for Indirect Searches 

•  New Data 
–  Fermi-LAT Pass 8 Data 

Release (mid-2015) 
–  AMS Measurements of B/

C Ratio and Antiprotons 

•  New and Future 
Instruments 
–  HESS II 
–  Cherenkov Telescope 

Array 
–  GAPS (Antideuteron 

Search) 
–  DAMPE (Gamma-ray 

Space Telescope) 
–  GAMMA-400 (Gamma-ray 

Space Telescope) 
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Cherenkov Telescope Array (CTA) 

 
 

Figure 1: GAMMA-400 physical scheme. 
 
Gamma rays are detected by the absence of a signal in AC, while electrons (positrons) are 
detected by the presence of a signal in AC, when moving downward and from lateral directions. 
Using the calorimeter with thickness ~25X0 extends the particle measurable energy range up to 
10 TeV and increases the gamma-ray telescope energy resolution up to ~1% at energies more 
than 10 GeV. The energy dependence of the GAMMA-400 energy resolution for incident 
gamma-rays was simulated using Monte Carlo techniques and is shown in Fig. 2 along with the 
same dependence for the Fermi-LAT [9] for comparison. It is seen that in the energy range from 
10 GeV to ~10 TeV the energy resolution is ~1%, which is extremely important for resolving the 
gamma-ray lines from the annihilation or decay of the dark matter particles. 
 
High angular resolution is achieved by determining the conversion point in a multilayer 
converter-tracker and the reconstruction of the shower axis in CC1. This method allows us to 
obtain the  high  angular  resolution  ~0.01°  at  energies  more than 100 GeV (Fig. 3) and enables to 
locate precisely the source of the gamma-ray lines. 
 
High-energy incident particles create a backsplash (upward moving products of the shower) in 
the calorimeter. To prevent the detection of the backsplash particles in the AC (thereby creating 
a self-veto), we use the method of separation of incident and backsplash particles in the AC by 
the time-of-flight method along with the segmentation method. 
 
The proton rejection factor ~106 (critical parameter for the background rejection) will be 
achieved by using the calorimeter and the neutron detector together with other instrument 
subsystems. 
 

GAMMA-400 
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Pass 8: Improving the LAT Performance 

•  Pass 8 is a complete revision of the 
LAT event-level reconstruction and 
classification (see talk by P. Bruel for 
more details) 

•  Many improvements relative to Pass 7 
–  Increased point-source sensitivity 

at all energies (30-40% at 1-10 
GeV) 

–  Large increase in acceptance at 
very low and very high energies (< 
100 MeV and > 100 GeV) 

–  PSF event classes (ala 
CTBCORE) 

•  Impact on dark matter searches 
–  Energy Range: Extend reach to 

lower and higher masses 
–  Angular Resolution: Better 

sensitivity to angular extension 
–  Improved sensitivity for all DM 

channels 
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6 Complementarity: Putting It All Together

Now that we have provided an overview of the various dark matter searches that form
our analysis, we can combine them to see what they (will) reveal about the nature of the
neutralino LSP as DM [51] and, more generally, the pMSSM itself. Since we only have 14
TeV results for the ⇠ 30.7k neutralino LSP models that survive the 7 + 8 TeV searches and
have mh = 126± 3 GeV (because of CPU limitations as described above), the main results
presented below will only make use of the 7 + 8 TeV LHC searches listed in Table 2. We
will also present some indicative results showing the sensitivity of the combined 7, 8, and 14
TeV LHC analyses for the subset of neutralino LSP models with mh = 126± 3 GeV.

Figure 10: Comparisons of the sensitivity of the various searches, color-coded as indicated,
in the LSP mass-scaled SI cross section plane for the pMSSM model sample as discussed in
the text. The anticipated SI limit from LZ is shown as a guide to the eye.

Figure 10 shows the survival and exclusion rates resulting from the various searches and
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Complementarity of DM Searches 

10/24/14 25 

Projected SI limit from  
1 ton DD (1000 days) 

Fifth Fermi Symposium 

Cahill-Rowley+ 2014 



Conclusions 

•  This is an exciting period for LAT DM searches 
–  Many targets are now probing the preferred phase space of thermal 

relic WIMP models 
–  Conclusive evidence will probably require confirmation with multiple 

targets and/or messengers 
•  Interpretation of the GCE remains challenging 

–  WIMP interpretation in mild tension with dwarf galaxy limits and 
antiproton measurements 

–  Further progress will require more accurate models for the galactic 
diffuse emission and quantification of its uncertainties  

•  Pass 8 data release will provide a new window for future studies with 
LAT data 
–  Improved performance and new capabilities 
–  Reduced instrumental systematics 

•  Indirect Detection will continue to play a complementary role in the hunt 
for DM with direct and collider searches 
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Reach of CTA for DM Searches 
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•  CTA observations of the Galactic 
Center will be an excellent probe 
for WIMP models with mass 
greater than 100 GeV 

 
•  Sensitivity of CTA complements 

the parameter space explored by 
the Fermi-LAT 

•  Higgsino models with WIMP 
masses near 1 TeV are a 
particular interesting part of the 
WIMP phase space from the 
standpoint of SUSY model scans 
(CMSSM, pMSSM) 

(a) (b)

Figure 7: (a) Marginalized 2D posterior distribution for the CMSSM with µ > 0 in the (m�, �
SI
p ) plane.

The red solid line shows the 90% C.L. upper bound as given by LUX, here included in the likelihood function.

The gray dot-dashed line shows the 2012 XENON100 90% C.L. bound [70] and the magenta dashed line

shows projected sensitivity for 2017 at XENON-1T [103]. (b) Marginalized 2D posterior distribution for

the CMSSM with µ > 0 in the (m�, �v) plane. The magenta dashed line shows the expected sensitivity

of CTA under the assumptions of [36] for a NFW halo profile. The magenta dot-dashed line shows the

corresponding sensitivity with Einasto profile. The dotted black line shows the projected sensitivity of the

CTA expansion considered in [104].

A-resonance region. The sign of the µ parameter has little impact on �SI

p for the neutralino

and the ⇠ 1TeV higgsino region with µ < 0 can also be entirely probed by XENON-1T.

In Fig. 7(b) we show the 2D posterior distribution in the (m�, �v) plane. The node at

�v . 10�28 cm3/s is the stau-coannihilation region, which has a much reduced �v in the

present day due to the absence of co-annihilations with the stau NLSP, which are instead

only present in the early Universe. The A-resonance and ⇠ 1TeV higgsino regions are

visible at larger �v, from left to right, respectively. The A-resonance region is characterized

by a broad range of cross section values, with a deep funnel at 95% credibility that extends

down to �v ' 10�28 cm3/s. This corresponds to a large resonant e↵ect in the early Universe

when the neutralinos are distributed thermally, but the present value of �v is small since

the colliding neutralinos have insu�cient energy to produce the pseudoscalar on shell (see,

e.g., Appendix B in [31]). �v is reduced by orders of magnitude in this funnel and is

e↵ectively impossible to probe via indirect detection.

As was the case for direct detection, the ⇠ 1TeV higgsino region presents a particularly

promising target for indirect detection since the annihilation cross section is restricted to

a small range close to the thermal value compared to other dark matter candidates in

the MSSM which can have much lower annihilation cross sections. The magenta dashed

and dot-dashed lines in Fig. 7(b) show the expected sensitivity of CTA derived in Sec. 2

under the assumptions of the NFW [105] and Einasto [106] halo profile, respectively. The
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133 GeV Feature in 4.4 year dataset 

•  slocal decreased in 4.4 yr data by 
~10%  compared to 3.7 yr data 

•  Since spring 2012, feature has 
decreased 
−  More “background-like” 

signal-like 

bkg-like 

28 

Weniger et al (2013) 
http://fermi.gsfc.nasa.gov/ssc/proposals/
alt_obs/white_papers_eval.html 

3.7 yr 

4.4 yr 
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