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Weakly Interacting Massive Particles 

WIMPs arise naturally in extensions to the standard 
model (e.g. SUSY) 
 
“WIMP Miracle”, WIMPs as thermal relic: 
Mass scale ~ 100 GeV 
<σv> ~ 3 x 10-26 cm3 s-1 

2 

Thermal freezeout process 
connects WIMP cross section to 
relic density  
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Dark Matter Searches 
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Gamma-ray Signature of Dark Matter 
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Particle Physics !

DM Distribution (J-Factor) 

Gamma-ray Flux!

Continuum!

+ 
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Gamma-ray Signature of Dark Matter 
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Smooth DM Distribution Boost Factor 

Particle Physics !

DM Distribution (J-Factor) 

Gamma-ray Flux!

Bertone et al.,  
arXiv:0811.3744  

x 
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Fermi Observatory 
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Large Area Telescope (LAT) 
 
•  20 MeV - > 300 GeV 
•  2.4 sr FoV 

Gamma-ray Burst Monitor (GBM): 
 
•  12 x NaI (8 keV – 1 MeV) 

•  2 x BGO (200 keV – 40 MeV)  

•  Views entire un-occulted sky 

Launch: June 11 2008 
Nominal Operations: Aug 4 2008 
Mission Approved through 2016 
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Overview of the Large Area Telescope 
Atwood, W. B. et al. 2009, ApJ, 697, 1071 

Tracker/Converter (TKR): 
•  Si-strip detectors 
•  ~80 m2 of silicon (total) 
•  W conversion foils 
•  1.5 X0 on-axis 
•  18XY planes   
•  ~106 digital elx chans 
•  Highly granular  
•  High precision tracking 
•  Average plane PHA 

Calorimeter (CAL): 
•  1536 CsI(Tl) crystals 
•  8.6 X0 on-axis 
•  large elx dynamic range 
(2MeV-60GeV per xtal) 
•  Hodoscopic (8x12) 
•  Shower profile recon 
•  EM vs HAD separation 

Anti-Coincidence (ACD): 
•  Segmented (89 tiles + 8 ribbons) 
•  Self-veto @ high energy limited 
•  0.9997 detection efficiency  

LAT: 
•  modular - 4x4 array  
•   3 tons – 650 W 

γ#

e+ e- 
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Pass 8: Improving the LAT Event Reconstruction 

•  Since launch there has been a 
continuous effort to update and refine 
the LAT event-level reconstruction 

•  Pass 6: Event analysis developed prior 
to launch and based primarily on MC 
models of the instrument performance 

•  Pass 7/Pass 7 Reprocessed: Improved 
event analysis developing with 
experience operating the LAT in its 
orbital environment and accounting for 
on-orbit effects 

•  Pass 8: Complete revision of entire 
event analysis chain from reconstruction 
to classification 
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Pass 6 

Pass 7 

Pass 8 
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Dealing with Ghosts 

•  One of the main improvements made in Pass 8 was the development of 
algorithms to identify and remove “ghosts”– out-of-time signals left by 
CRs that arrive just before a real gamma ray 

•  Ghost removal allows us to reconstruct gamma rays which would have 
been previously misidentified as background events 

10/14/14 9 

Main motivation for Pass 8

I Event reconstruction was designed, before launch, for a one particle in the
LAT at a time

I In flight we studied the fraction of events accompanied by ghost signals...
I Small, but not negligible
I

Persistence time of electronic signal in the detector is of the order of ⇠ 10 µs
I Can cause good �-ray to be misclassified as background

(with loss in e↵ective area)

I Pass 7 mitigates the e↵ect of ghosts
I Periodic trigger are used to sample out-of-time event

I Pass 8 seeks to remove them at the reconstruction level

Carmelo Sgrò (INFN–Pisa) 10th Rencontres du Vietnam on Very High Energy Phenomena in the Universe 10 / 24

Real  
Gamma-ray 

“Ghost” 
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Pass 8: Improving the LAT Performance 

•  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) 

–  Better control of systematic 
uncertainties in the instrument 
response 

–  New event classes which allow 
information about the event-wise 
reconstruction quality to be better 
utilized 

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

lower and higher masses 
–  Angular Resolution: Better 

sensitivity to angular extension 
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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 
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Searching for Dark Matter in the Gamma-ray Sky 

12 
??? 

Galactic Point Sources Isotropic GeV Sky 



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 dark and highly DM-dominated systems  
Most are found at high latitude where astrophysical foregrounds are low 
Low backgrounds make these a very clean target for indirect DM searches 

SLAC Experimental Seminar 

Included/Excluded in  
Composite LAT Analysis 

/ 



Moore (2009) 

Measuring DM Content of dSphs 

•  Dwarf J-factors are determined spectroscopically 
from stellar velocity dispersions 
–  Classical dwarfs: spectra for several thousand stars 
–  Ultra-faint dwarfs: spectra for fewer than 100 stars 

•  Using the LOS velocity dispersion and an assumed 
DM density profile (NFW) we can calculate a J-
factor for each dwarf (Martinez, 2013) 

•  Statistical uncertainty in the J-factor is folded into 
the gamma-ray analysis 

Walker et al. 2007 
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Moore (2009)

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

out to a radius of 0.5 deg (Martinez, 
2013) 
– Encloses the half-light radii of the 

dwarfs 
– Minimizes uncertainty in the J-factor 
– Large enough to be insensitive to the 

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

gamma-ray analysis

Dark Matter Content
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No. 1, 2007 dSph VELOCITY DISPERSION PROFILES L55

TABLE 1
Summary of dSph Velocity Samples and NFW Parameters

Galaxy Nnew Ntot Ndsph b
Mvir

(107 M,)
Mrmax

(107 M,)
M600

(107 M,)

Carina . . . . . . . . 1833 2567 899 !0.5 20 3.5 2.0
Draco . . . . . . . . 512 738 413 !1 400 9.0 6.9
Fornax . . . . . . . 1924 2085 2008 !0.5 100 18 4.6
Leo I . . . . . . . . . 371 483 416 !0.5 100 7.3 4.5
Leo II . . . . . . . . 128 264 213 0 40 4.3 2.8
Sculptor . . . . . . 1089 1214 1091 !0.5 100 8.2 4.3
Sextans . . . . . . . 947 1032 504 !2 30 5.4 2.5

Fig. 2.—Left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to mass-follows-light (King
1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW profiles that assume b p constant. Short, vertical
lines indicate luminous core radii (IH95). Distance moduli are adopted from Mateo (1998). Right: Solid lines represent density, mass, and profiles correspondingM/L
to best-fitting NFW profiles. Dotted lines in the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that
the stellar component (assumed to have ) has exponentially falling density with scale length given by IH95.M/L p 1

equal numbers of dSph members. Thus the number of stars,
including interlopers, in each bin may vary, but for all bins,

. We use a Gaussian maximum-likelihoodN 1/2bin ˆS P ∼ (N )ip1 dsph dsphi

method (see Walker et al. 2006a) to estimate the velocity dis-
persion within each bin.
Left-hand panels Figure 2 display the resulting velocity dis-

persion profiles, which generally are flat. The outer profile of
Draco shows no evidence for a rapidly falling dispersion, con-
trary to evidence presented by Wilkinson et al. (2004) but

consistent with the result of Muñoz et al. (2005).6 In fact the
outer profiles of Draco, Carina, and perhaps Sculptor show
gently rising dispersions. While it is likely that at least in Carina
this behavior is associated with the onset of tidal effects (Muñoz
et al. 2006), McConnachie et al. (2007) point out that the
tendency of some dSphs to have systematically smaller velocity
dispersions near their centers is perhaps the result of distinct
and poorly mixed stellar populations (Tolstoy et al. 2004; Bat-
taglia et al. 2006; Ibata et al. 2006). Either explanation com-
plicates a thorough kinematic analysis; in the present, simplified
analysis we assume all stars belong to a single population in
virial equilibrium.
Dashed lines in Figure 2 are velocity dispersion profiles

calculated for single-component King models (King 1962) con-
ventionally used to characterize dSph surface brightness pro-
files. The adopted King models are those fit by Irwin & Hatz-
idimitriou (1995, hereafter IH95) and normalized to match the

6 We have not included the unpublished data of Wilkinson et al. (2004) or
Muñoz et al. (2005) in our calculations of the velocity dispersion profiles of
Draco.

Walker et al. 2007 (ref. [2])Gamma-ray signal from each dwarf is proportional 
to its J-Factor: 
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Alex Drlica-Wagner   |   UCLA DM 2014 

Seg1 
UMaII 

Wil1 
Com 

BooI Dra 

UMi 

Scl 

Sex 

UMaI 
Car 

Her 
For 

LeoIV 
CVnII 

CVnI 
LeoII 

LeoI 

J-Factors for 18 Dwarf Galaxies 

NFW profile integrated over 
0.5 degree cone 

18 dwarf galaxies have 
well-determined J-factors. 
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15 dwarfs used for composite 
analysis (UMaI,CVn1, and Leo1 
excluded due to ROI overlap). 

x x 

x 



Gamma-ray Count Maps 

— NFW Scale Radius 
— LAT PSF (68%/95%) 
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Joint Likelihood Analysis 

Dark Matter Particle 
Parameters 

(shared by all dwarfs) 
Background 

Nuisance Parameters 
(fit individually for each 

dwarf) Uncertainty in J-factor 
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A joint likelihood analysis provides the most sensitive technique to test 
the hypothesis of a common DM signal in our sample of dwarf galaxies 

Product of LAT DM Likelihoods  
for each target k (15 dwarfs total) Joint DM Likelihood 



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

•  Ackermann+ 2014 is the most recent 
publication from the LAT collaboration on 
dwarf stacking using the P7REP data 
release and four years of LAT data 

•  Validity of the P7REP analysis was 
cross-checked by running the same 
analysis on a large number of 
randomized control regions in which no 
DM signal was expected 

 
•  Ackermann+ 2014 found a significant 

deviation between the control region TS 
distribution and the one expected from 
simulations 

•  Several explanations were postulated for 
this deviation 

–  Error in diffuse model 
–  Unresolved/Unmodeled point 

sources 
–  Systematic uncertainties in the 

instrument response 
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While priors on the relationships between, L, Vmax, and
RVmax

can be derived from the data, their form must be
chosen a priori. Motivated by simulations [58,59], we
assume a prior on the relationship between RVmax

and Vmax
that follows a linear form between logðRVmax

Þ and
logðVmaxÞ with an intrinsic Gaussian scatter N ðμ; σÞ,

PðlogðRVmax
Þj logðVmaxÞÞ ≈N ðαrv logðVmaxÞ þ βrv; σrvÞ:

(7)

Similarly, we assume that the prior in logðVmaxÞ is linearly
related to logðLÞ with Gaussian scatter,

PðlogðVmaxÞj logðLÞÞ ≈N ðαvl logðLÞ þ βvl; σvlÞ: (8)

Finally, we assume a power-law prior on the galaxy
luminosity function [60],

PðLÞ ≈ LαL : (9)

The 7 free parameters of these priors, fαrv; βrv; σrv; αvl;
βvl; σvl; αLg, are derived from the full Local Group dwarf
galaxy sample. Additionally, each dwarf is described by its
measured half-light radius, the mass within this radius, the
total luminosity, and the associated errors on these quan-
tities. We constrain the full set of parameters with a
Metropolis nested sampling algorithm with approximately
500,000 points per chain [61].
The inner slope of the dark matter density profile in

dwarf galaxies remains a topic of debate [62–65]. Thus, we
repeat the above procedure for two different choices of the
dark matter profile: (i) a cuspy Navarro-Frenk-White
(NFW) profile [66], and (ii) a cored Burkert profile [67]:

ρðrÞ ¼ ρ0r3s
rðrs þ rÞ2

NFW (10)

ρðrÞ ¼ ρ0r3s
ðrs þ rÞðr2s þ r2Þ

: Burkert (11)

After deriving the halo parameters for each form of the
dark matter density profile, we perform the line-of-sight
integral in Eq. (6) to calculate the intensity profile and
integrated J-factor within an angular radius of 0.5°
(ΔΩ ∼ 2.4 × 10−4 sr). Values of the integrated J-factor
and spatial extension parameter (defined as the angular size
of the scale radius) are included in Table I. We cross check
these results with those derived from an analysis using priors
derived from numerical simulations [21,45,68] and flat,
“noninformative” priors [34,56]. We find that the resulting
J-factors are consistent within their stated uncertainties. We
confirm that the integrated J-factor within 0.5° is fairly
insensitive to the choice of dark matter density profile so
long as the central value of the slope is less than 1.2 [68].
Thus, we default to modeling the dark matter distributions

within the dwarf galaxies with a NFW profile and examine
the impact of this choice in more detail in Sec. VI.

V. CONSTRAINTS ON DARK MATTER

A. Individual dwarf galaxies

For each of the 25 dwarf galaxies listed in Table I, we use
Eq. (5) to create global likelihood functions for 6 repre-
sentative dark matter annihilation channels (eþe−, μþμ−,
τþτ−, uū, bb̄, and WþW−) and a range of particle masses
from 2 GeV to 10 TeV (when kinematically allowed). We
define a test statistic (TS ) as the difference in the global
log-likelihood between the null (μ ¼ μ0) and alternative
hypotheses (μ ¼ μ̂) [27,69],

TS ¼ −2 ln
!
Lðμ0; θ̂jDÞ
Lðμ̂; θ̂jDÞ

"
: (12)

We note that this definition of TS differs slightly from that
commonly used, since the background parameters are fixed
at their best-fit values (Sec. III). We find that the TS
distribution derived from simulations is well matched to a
χ2=2 distribution with one bounded degree of freedom, as
predicted by the asymptotic theorem of Chernoff [70]
(Fig. 4). However, the study of random high-latitude blank
fields suggests that the significance calculated from asymp-
totic theorems is an overestimate of the true signal
significance (Sec. VI). We find no significant γ-ray excess
coincident with any of the 25 dwarf galaxies for any
annihilation channel or mass.6

FIG. 4 (color online). Distribution of TS values from individual
fits of a 25 GeV bb̄ annihilation spectrum to the null hypothesis
generated from 50000 realistic Monte Carlo simulations and 7500
random blank-sky locations at high latitude in the LAT data. The
distribution of TS values derived from simulations of individual
ROIs is well matched to the expectations from the asymptotic
theorem of Chernoff [70], while the distribution derived from
random sky positions shows an excess at large TS values.

6We note that J-factors are not required to test the consistency
of the γ-ray data with spectral models of dark matter annihilation.

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

042001-8

Randomized Control Region 
TS Distribution 

bb (25 GeV) 



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

•  No detection in 4 years of LAT 
data 

•  Largest excess with TS=8.7 
observed at 25 GeV for the bb 
channel 

–  Local Significance (Sims): 
2.95σ (p=1.6x10-3) 

–  Global Significance 
(Sims): 2.05σ (p=0.02) 

–  Global Significance 
(Data): 1.41σ (p=0.08) 

•  Upper limit expectation bands 
computed from analysis of 
randomized high-latitude control 
regions 

•  Upper limits exclude WIMP 
models with the thermal relic 
cross section and 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)
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Pass 8 Dwarf Stacking Analysis 

•  Pass 8 Dwarf Analysis: Apply the same methodology developed in 
Ackermann+ 2014 to Pass 8 data 
–  Composite likelihood with 15 dwarfs 
–  P8SOURCE event selection with 5 years of data and events 

with reconstructed energy between 562 MeV and 316 GeV 
–  Likelihood for each dwarf is composed of a joint likelihood with 

four PSF event subclasses 
 
•  Pass 8 Dwarf Stacking Analysis improves on the Pass 7 analysis in 

several respects 
–  Improved Event Reconstruction: Pass7 ! Pass8 
–  Larger Data Sample: 4 ! 5 years 
–  Improved Background Model: 2FGL! 3FGL 
–  New Likelihood Technique: Events weighted by quality of their 

angular reconstruction (PSF event classes) 
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Pass 8 Joint Likelihood with PSF Event Classes 

SLAC Experimental Seminar 10/14/14 21 

PSF class 0 PSF class 1 

PSF class 2 PSF class 3 

In the Pass8 analysis events are weighted 
according to the quality of their angular 
reconstruction in four subclasses 
 
This provides an additional handle by 
which DM signals can be discriminated 
from diffuse and point-like backgrounds 95% PSF 68% PSF 



Results for the Pass 8 Composite Analysis 

•  No significant detections 
for any mass or 
annihilation channel 

•  Largest excess for the bb 
annihilation channel 
(TS=0.84) occurs for M = 
6 GeV 

•  Observed limits are in 
good agreement with 
expectation bands from 
randomized control 
regions 

•  Pass 8 limits improve on 
Pass 7 limits (Ackermann
+ 2014) by a factor of 2-4 

10/14/14 22 SLAC Experimental Seminar 

Pass 7 Limit 

Pass 8 Limit 

Expectation Bands 
from Control Regions 
Analysis 



Comparison with IACT DM Limits 

•  DM Limits from the LAT Dwarf Stacking analysis are highly competitive with those 
provided by ground-based gamma-ray observatories (HESS, MAGIC, and VERITAS) 

•  LAT Dwarf limits are more constraining for WIMP models with mass below 1 TeV 
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VERITAS 

MAGIC 
HESS 

1 TeV 



Analysis of Randomized Control Regions 

•  Pass 8 analysis confirms the 
deviation in the TS distribution 
reported in Ackermann+ 2014   
–  Frequency of large TS values 

in randomized control regions 
is found to be significantly 
greater than expected from 
simulations 

•  We have also conducted a 
comparative analysis with 
different point-source catalogs 
–  2FGL (1873 sources; 2-year 

catalog)  
–  3FGL (3033 sources; 4-year 

catalog) 

•  Our analysis indicates that 
unmodeled point sources are at 
least a partial contributor to the 
deviation in the TS distribution 
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Randomized Control Region 
TS Distribution (Pass 8) 



Systematics 

•  Comprehensive investigation of systematics was performed that 
considered the uncertainties in the following: 
–  Diffuse Background Models 
–  Instrument Response 
–  Dwarf Astrophysical Factors 

•  Uncertainties from diffuse modeling and instrument response affect the 
limits at the 5-10% level 

•  Largest uncertainties enter in the determination of the astrophysical 
factors 
–  Uncertainty on J factors is already incorporated into limit calculation 

procedure but assumes dwarfs are well described by an NFW 
profile 

–  A cored DM profile (Burkert) would worsen our limits by an 
additional 20% 
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Impact of J factor Uncertainties 

•  Astrophysical J Factors enter 
linearly in the expected signal 
amplitude and their uncertainty is 
an important consideration when 
evaluating DM upper limits 

•  Large range in J factor 
uncertainties in the dwarf sample 

–  0.15-0.20 dex (classical 
dwarfs) 

–  0.2-0.3 dex (ultra-faint dwarfs) 

•  We treat the J factors as additional 
nuisance parameters in the 
likelihood analysis and profile over 
them when evaluating the DM test 
statistic 

•  Incorporating the J factor 
uncertainty worsens our limits 
relative to what we would obtain if 
we knew the J factors perfectly 
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Observed Limit 

Observed Limit  
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Comparison of dSph Limits with the Inner Galaxy 

•  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) 

•  Dwarf Spheroidal Galaxies are a 
powerful consistency check for DM 
signals in the Galactic center 

–  A WIMP signal in the GC should 
also appear in dwarf spheroidal 
galaxies with the same mass and 
cross section 

–  Relatively small uncertainty on the 
astrophysical factors (unlike the 
GC) 
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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 

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

•  Spherically symmetric spatial distribution 
extending at least 10-20 degrees above 
and below the plane (Daylan+ 2014, 
Calore+ 2014) 

•  Spatial and spectral properties are 
robust to changes in the assumed 
galactic diffuse emission model (Calore+ 
2014) 
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FIG. 7: The spectrum of the dark matter component derived in our Galactic Center analysis, for a template corresponding to an
NFW halo profile with an inner slope of � = 1.2 (left) or 1.3 (right), normalized to the flux at an angle of 5� from the Galactic
Center. We caution that significant and di�cult to estimate systematic uncertainties exist in this determination, especially at
energies below ⇠1 GeV. Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle
annihilating to bb̄ with a cross section of �v = 2.15⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2 (left) or �v = 1.0⇥ 10�26 cm3/s
⇥ [(0.3GeV/cm3)/⇢

local

]2 (right). The dot-dash and dotted curves include an estimated contribution from bremsstrahlung, as
shown in the right frame of Fig. 2.

FIG. 8: The value of ��2 as a function of the inner slope
of the dark matter halo profile, �, as found in our Galactic
Center likelihood analysis. The best-fit value is somewhat
shallower than found in our analysis of the larger Inner Galaxy
region, favoring � ⇠ 1.17 (rather than � ' 1.26).

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi

data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),

and 12 logarithmically-spaced energy bins between 0.316-
10.0 GeV. Included in the fit is a model for the Galac-
tic di↵use emission, supplemented by a model spatially
tracing the observed 20 cm emission [43], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [44], as well as the
two additional point sources described in Ref. [45]. We
allow the flux and spectral shape of all high-significance
(
p
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources ( = 7� � 8� and

p
TS > 25,

 = 2� � 7� and
p
TS = 10 � 25, or  < 2� and any

TS), we adopt the best-fit spectral shape as presented in
the 2FGL catalog, but allow the overall normalization to
float. We additionally allow the spectrum and normal-
ization of the two new sources from Ref. [45], the 20 cm
template, and the extended sources W28 and W30 [44]
to float. We fix the emission from all other sources to the
best-fit 2FGL values. For the Galactic di↵use emission,
we adopt the model gal 2yearp7v6 v0. Although an up-
dated Galactic di↵use model has recently been released
by the Fermi Collaboration, that model includes addi-
tional empirically fitted features at scales greater than 2�,
and therefore is not recommended for studies of extended
gamma-ray emission. For the isotropic component, we
adopt the model of Ref. [46]. We allow the overall nor-
malization of the Galactic di↵use and isotropic emission
to freely vary. In our fits, we found that the isotropic
component prefers a normalization that is considerably
brighter than the extragalactic gamma-ray background.
In order to account for this additional isotropic emission
in our region of interest, we attempted simulations in
which we allowed the spectrum of the isotropic compo-

10

FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

Daylan+ 2014, 1402.6703  

Total Emission 
1-3 GeV 

Excess Emission 
1-3 GeV 
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GCE WIMP Interpretation 

•  WIMP annihilations in the MW 
halo have been suggested as an 
potential model for the GCE 

•  Spectrum and morphology of the 
GCE has been reported to be 
consistent with the signal of 
WIMP annihilations in the MW 
halo 

•  Spectrum can be well fit by 
either  quark (M=30-60 GeV) or 
tau lepton (M=5-15 GeV) 
annihilation spectrum 

•  Spatial profile can be modeled 
with a generalized NFW profile 
with inner slope of 1.1-1.4  
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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.
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Figure 18. Left panel: Constraints on the h�vi-vs-m� plane for three di↵erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the h�vi-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the h�vi-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel �� ! b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ' 46.6 GeV, h�vi ' 1.60 ⇥ 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49 GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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Consistency of the GCE WIMP with Pass 8 Dwarf Limits 
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Uncertainty from the MW Halo 
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1-10 deg 

ρlocal = 0.3 ± 0.1 GeV cm-3 

~4x in DM signal 
amplitude 



Consistency of the GCE WIMP with Pass 8 Dwarf Limits 
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Consistency of the GCE WIMP with Pass 8 Dwarf Limits 
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Implications for WIMP Interpretations of the GCE 

•  Mild tension now exists between the Fermi-LAT Dwarf Limits and 
WIMP interpretations of the GCE 
–  Some freedom in the normalization of GCE cross sections is 

allowed by changing the MW density profile 
–  Pass 8 dwarf limits may point to a MW density profile with a 

steeper inner slope (> 1.2) or a local DM density at the upper 
end of the allowed range (0.4-0.5 GeV cm-3) 

•  May also point to an astrophysical explanation 
–  Population of unresolved MSPs (Abazajian+ 2011, Abazajian & 

Kaplinghat 2012) 
–  Systematic uncertainties in the modeling of the standard 

astrophysical production mechanisms in the ISM 
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Projected Dwarf Stacking Limits 

•  Future analyses will 
improve primarily in two 
areas 
–  More Data: Fermi-LAT 

is anticipated to 
operate for at least 10 
years (formally 
approved through 
2016) 

–  Larger Dwarf Sample: 
Future optical surveys 
(DES, LSST) will 
enlarge the sample of 
dwarf galaxy targets 

•  Projected Limits with 10 
years of data and 3x more 
dwarfs should conclusively 
confirm or exclude the 
WIMP interpretation of the 
GCE 
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Future for Gamma-ray DM Searches 
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CTA Fermi 

Cherenkov Telescope Array (CTA) 

Indirect Dark Matter Searches 
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Together Fermi 
and CTA will probe 
the entire space of 
WIMP models with 
thermal relic 
annihilation cross 
section 



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 

10/14/14 37 

Projected SI limit from  
1 ton DD (1000 days) 

SLAC Experimental Seminar 

Cahill-Rowley+ 2014 



Summary/Conclusions 

•  LAT Pass 8 dwarf analysis provides robust constraints on the 
annihilation cross section of the WIMP 
–  Improve on previously published LAT limits by a factor of 2-4 
–  Probe new phase space for thermal relic WIMP models with mass 

less than 100 GeV 
 
•  LAT Pass 8 dwarf limits are in mild tension with the WIMP interpretation 

of the GCE 

•  Further improvement in sensitivity can be expected with the addition of 
new dwarfs discovered in optical surveys (DES,LSST) which should 
allow the GCE WIMP interpretation to be conclusively excluded (or 
confirmed) 

•  Future indirect DM searches with both Fermi and CTA will continue to 
explore interesting parts of the WIMP DM phase space 
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All Annihilation Channels 
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Comparison with IACT DM Limits 
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