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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 



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  
•   3ton – 650watts 
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Increasing Classes of Fermi-LAT Sources 

GRBs 

Fermi Bubbles 

Nova (1) SNR & PWN (68) 

Blazars (782) 

Radio Galaxies (12) 

LMC & SMC Starburst  Galaxies (4) 

γ-ray binaries (6) 

Globular Clusters (11) 

Sun: flares & CR interactions 

Pulsars: young & millisecond (MSP) (117+) 

Terrestrial Gamma-ray 
Flashes Unidentified Sources (~600) 

e+e- spectrum 

Ackermann+ (LAT) 
[arXiv:1108.1202]  
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Fermi 2FGL catalog 
Nolan et al.: 2012ApJS..199...31N  
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> 1800 sources  
> 10 source classes  
known classes (AGN, Pulsars, PWN, SNR...) 
New emitters (Novae, ms PSR, starbursts)  
~30% unidentified   

3FGL in preparation 



Evidence for Dark Matter 

6 

Bullet Cluster 

CMB Power Spectrum 
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Figure 1.4 Rotation curve (points) of the spiral galaxy M33 measured with 21 cm transition of HI. The
solid curve indicates the best fit model for the measured rotation curve with contributions from a DM halo
(dot-dashed line), a stellar disk (short dashed line), and a gaseous disk (long dashed line). Figure taken from
Corbelli & Salucci (2000).

identified in a variety of systems spanning a wide range of spatial scales from the dwarf galaxies to galaxy
clusters. For a review of the observational evidence for DM see Bertone et al. (2005).

1.2.1 Spiral Galaxies

Prior to the advent of precision cosmological measurements, the observation of the rotation curves of spiral
galaxies provided some of the strongest evidence for the existence of DM. The visible matter in a spiral galaxy
can be modeled in terms of both a bulge and disk component with the mass in the disk component falling
exponentially as a function of distance from the center. Stars and gas in the disk travel in approximately
circular orbits around the galactic center and these motions can be used to study the mass enclosed at each
radius,

M(r) =
vc(r)2r

G
, (1.7)

where G is Newton’s gravitational constant and vc(r) is the circular velocity at radius r. In principle the
rotational velocity can be measured with any luminous tracer of the matter distribution. Measurements of
galactic rotation curves are typically carried out by observing the spectral lines associated with the rotational
transitions of CO and the 21 cm line of neutral hydrogen (HI).

If the gravitational potential of the galaxy is dominated by visible matter, the velocity curve should
decline as r�1/2 at the periphery of the galaxy when the enclosed mass of the luminous matter saturates.
However, observations of many spiral galaxies have found rotation curves that are flat or rising with radius
out to the visible extent of the disk. These observations suggest that spiral galaxies are embedded in a large
DM halo. Figure 1.4 illustrates the measured rotation curve of the nearby spiral galaxy M33.
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Gravitational Lensing 

Kinematics of  
Galaxies and 
Galaxy Clusters 
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Particle Physics offers Dark Matter Candidates 

Weakly Interacting Massive Particles (WIMPs)  
are an interesting DM candidate 
 
“WIMP Miracle”, WIMPs as thermal relic: 
Mass scale ~ 100 GeV 
<σv> ~ 3 10-26 cm3 s-1 
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Thermal freezeout process 
connects WIMP cross 
section to relic density  
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Dark Matter Searches 
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Dark Matter Searches 
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Indirect 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	


+ 



Gamma-ray Signature of Dark Matter 

SLAC Summer Institute 2013 7/16/13 12 

Smooth DM Distribution Boost Factor 

Particle Physics !

DM Distribution (J-Factor) 

Gamma-ray Flux!

Bertone et al.,  
arXiv:0811.3744  
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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 

              Extra-galactic 
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 
 



Searching Dark Matter in the gamma-ray sky 
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??? 

Galactic Point Sources Isotropic GeV Sky 



Cosmic Ray Electron/Positron Measurements 
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PRL102 (2009) -  PRD 82 (2010) 

PRL108 (2012) - PRL110 (2013) •  Creative use of a γ-ray 
telescope 
–  Dedicated event selection 
–  Same event reconstruction 
–  Earth magnetic field 

•  Surprising results with 
independent confirmations 
–  Hard inclusive spectrum 
–  Rising positron fraction 

to 1 TeV [20,21]. The LAT does not have a magnet for
charge separation. However, as pioneered by [22,23], the
geomagnetic field can also be used to separate the two
species without an onboard magnet. Müller and Tang [23]
used the difference in geomagnetic cutoff for positrons and
electrons from the east and west to determine the positron
fraction between 10 and 20 GeV. As reported below, we
used the shadow imposed by Earth and its offset direction
for electrons and positrons due to the geomagnetic field, to
separately measure the spectra of CR electrons and posi-
trons from 20 to 200 GeV. In this energy range, the 68%
containment radius of the LAT point-spread function is
0.1! or better and the energy resolution is 8% or better.

Region selection and exposure calculation.—Earth’s
magnetic field significantly affects the CR distribution in
near-Earth space. At energies below "10 GeV, a signifi-
cant fraction of the incoming particles are deflected back to
interplanetary space by the magnetic field (‘‘geomagnetic
cutoff’’). The exact value of the geomagnetic cutoff rigid-
ity depends on the detector position and viewing angle. In
addition to the geomagnetic cutoff effect, Earth blocks
trajectories for particles of certain rigidities and directions
while allowing other trajectories. This results in a different
rate of CRs from the east than the west (the ‘‘east-west
effect’’) [24–26].

Figure 1 shows example trajectories for electrons and
positrons. Positive charges propagating toward the east are
curved outward, while negative charges are curved inward
toward Earth (Fig. 1). This results in a region of particle
directions from which positrons can arrive, while electrons
are blocked by Earth. At each particle rigidity there is a
region to the west from which positrons are allowed and

electrons are forbidden. There is a corresponding region to
the east from which electrons are allowed and positrons are
forbidden. The precise size and shape of these regions
depend on the particle rigidity and instrument location.
We used a high-precision geomagnetic field model (the

2010 epoch of the 11th version of the International
Geomagnetic Reference Field [27]) and a publicly avail-
able code [28] to trace charged particle trajectories in the
magnetic field and determine allowed vs forbidden regions
for each species. We previously used the same magnetic
field model and tracer code to perform a precise compari-
son between predicted and measured geomagnetic cutoff
rigidities for the Fermi LAT orbit, finding that the tracer
code accurately predicts the geographical distribution of
the geomagnetic cutoff [29]. We used a static 2010 model
for all of the data analyzed here, which were recorded
between June 2008 through April 2011.
Each particle trajectory is traced backward from the

spacecraft until it reaches 20 Earth radii from Earth’s
center or reaches Earth’s atmosphere, which we approxi-
mate with a 60 km thickness (Fig. 1). If the trajectory
reaches 20 Earth radii, it is an allowed trajectory. If it
reaches the atmosphere, it is a forbidden trajectory. We
calculate electron-only, positron-only, and both-allowed
(control) regions for each 30 s time step using the instan-
taneous spacecraft latitude and longitude and the nominal
orbital altitude of 565 km. The regions are determined for
each energy bin, with 10 logarithmically spaced energy
bins spanning 20–200 GeV. The 30 s time step (in which
the spacecraft travels "2! longitude) is sufficient to
achieve a finely sampled distribution of instantaneous re-
gions and exposures. Although we use binned position data
for the exposure calculation, we use the instantaneous
spacecraft position at the time of each event to determine
which region it lies in, so the event selection is not affected
by the finite step size.
We define the ‘‘deflected horizon’’ (inset of Fig. 1) to be

the curve that separates the allowed and forbidden regions
for a particular energy, charge, and spacecraft position. The
curve represents the position of the Earth horizon as ‘‘de-
flected’’ by the geomagnetic field, with deflection occur-
ring in one direction for electrons and in the opposite
direction for positrons. At 20 GeV the curves differ sig-
nificantly from the actual Earth horizon. At higher ener-
gies, the curves asymptotically approach the undeflected
horizon. The positron-only region is defined to be the
region above the positron horizon and below the electron
horizon. A corresponding definition is used for the
electron-only region. The region above both instantaneous
horizon curves and below a nadir angle of 130! is the
control region, where both species are allowed. The control
region is truncated at 130! because the additional statistics
gained using a larger region are unnecessary for this analy-
sis and require more processing time. The regions vary
with spacecraft position and particle energy.

FIG. 1 (color online). Examples of calculated electron (red)
and positron (blue) trajectories arriving at the detector, for
28 GeV particles arriving within the Equatorial plane (viewed
from the North pole). Forbidden trajectories are solid and
allowed trajectories are dashed. Inset: the three selection regions
(electron-only, positron-only, and both-allowed) for the same
particle energy and spacecraft position as the trajectory traces
(viewed from the instrument position in the Equatorial plane).
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FIG. 1: The predicted cosmic ray positron fraction (left) and electron+positron spectrum (right) in dark matter models
annihilating to e+e! (top) and to µ+µ! (bottom). The error bars shown represent the positron fraction as measured by AMS
(black, left) and PAMELA (red, left), and the electron+positron spectrum as measured by Fermi and AMS-01 (black, right).
In each case, we have adopted a propagation model that provides a good fit to the various secondary-to-primary ratios as
described in the text, and with a di!usion zone half-width of L = 4 kpc. The expected backgrounds are shown as black dotted
lines. For each annihilation channel, we show results for two masses. For annihilations to e+e! and a mass of 350 GeV (900
GeV), we have used a thermally averaged annihilation cross section of !!v" = 4.4 # 10!25 cm3/s (2.5 # 10!24 cm3/s). For
annihilations to µ+µ! and a mass of 600 GeV (1.5 TeV), we have used a thermally averaged annihilation cross section of
1.7# 10!24 cm3/s (9.3# 10!24 cm3/s).

are expected to lead to local departures from the average
cosmic ray spectrum found throughout the Milky Way
(which may very well be a simple power-law) [26, 64].
When the Fermi electron+positron spectrum is taken in
combination with the positron fraction as measured by
AMS, it is clear that more very high energy cosmic ray
electrons are required than would be predicted using a
simple power-law extrapolated from the low-energy spec-
trum.

In Fig. 6, we show results using a broken power-law
for the spectrum of electrons injected from cosmic ray
sources, for the three DM models most capable of ac-
commodating the observed positron fraction. Between
4 and 100 GeV, we take the injected electron spectrum
to be dNe/dEe ! E!2.65

e
which provides a good fit to

the observed low energy spectrum. Above 100 GeV, we

harden this slope from -2.65 to -2.3.1 With this spectral
break, these three DM models now each appear to be
capable of self-consistently accounting for both the mea-
sured positron fraction and the overall leptonic cosmic
ray spectrum.

1 Note that instead of a hardening of the injected electron spec-
trum above !100 GeV, we could have instead considered a mild
overdensity of local sources. As electrons from local sources ex-
perience less energy loss than those from more distant sources,
the contribution from local sources will exhibit a harder spec-
trum, which could dominate the observed electron spectrum at
high energies even if the shape of the electron spectrum injected
from these sources is the same as that from the average source.

Explaining the Positron Excess 
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Figure 1. Left: the positron fraction from a combination of the Galprop model for the diffuse e± Galactic background (green dotted), along with contributions from
the Geminga (black) and Monogem (red) pulsars, compared with data from PAMELA (green circles), Fermi-LAT (orange triangles) and AMS-02 (blue squares).
Right: the flux of cosmic-ray electrons and positrons from a combination of the same Galprop model (green dotted), with contributions from the Geminga (black
dashed) and Monogem (red dashed) pulsars. These create a total cosmic-ray lepton spectrum (black and red solid respectively), which can be compared with data from
the Fermi-LAT (orange squares) and H.E.S.S. (pink diamond) observations, (right). Note that the diffuse background from Galprop was not tuned to reproduced the
H.E.S.S. data, and we do not attempt to fit those data above 1 TeV.
(A color version of this figure is available in the online journal.)

3. DETECTION OF A COSMIC-RAY
ELECTRON/POSITRON ANISOTROPY WITH ACTS

In the context of diffusive propagation, we estimate the
expected anisotropy from a source at a distance d that injected
e± at a time T (e.g., Grasso et al. 2009) with

! = 3
2c

d

T

(1 ! !)E/Eloss

1 ! (1 ! E/Eloss)1!!

Npsr(E)
Ntot(E)

, (6)

with Npsr and Ntot the pulsar and total e± spectra. The dipolar
anisotropy ! is defined as

! = Nf ! Nb

Nf + Nb

, (7)

where Nf and Nb are the total number of e± observed during
a selected ensemble of observations pointing within the sky
hemisphere centered on the pulsar (Nf ) and during a second
ensemble of observations with the same collective effective
exposure as the first ensemble, pointing within the opposite
hemisphere (Nb).

It is worth noting that this calculation of the anisotropy
from a single pulsar is overly simplistic, as it ignores several
possible complicating effects. For instance, the corresponding
anisotropy might be washed out by effects such as a local
magnetic field bubble, the pulsar’s proper motion during the
age of e± injection, or significant deviations from the simple
diffusive propagation setup employed to theoretically estimate
the anisotropy (Profumo 2012). On the other hand, anisotropies
in the charged cosmic-ray spectrum can also be induced via
diffusion in the interstellar medium, for instance by local
magnetic field anisotropies (Drury & Aharonian 2008; Giacinti
& Sigl 2012). While this may produce a spurious detection of an
electron/positron anisotropy not due to a nearby primary source,
the two effects may be in principle disentangled in the following
ways. First, any anisotropy induced by anisotropic diffusion
should affect protons and electrons similarly, leading to a strong
correlation between observed anisotropies for both species. In
the case of a nearby e+e! source, which would not produce

many protons due to the strong constraints on primary anti-
proton production, the morphology of the anisotropy would not
be seen in relativistic protons. Second, any anisotropy stemming
from particle diffusion is likely to have an anisotropy which
depends on the scale of the magnetic field inhomogeneities,
while the electron anisotropy from a nearby source will have
an energy dependent anisotropy which scales with the positron
fraction due to that source. In particular, the anisotropy should
disappear above any cutoff energy the primary positron source
would possess. Lastly, inhomogeneities in diffusion parameters
are likely to appear as hotspots (Drury & Aharonian 2008;
Giacinti & Sigl 2012) or streams (Kistler et al. 2012) in the
data, an anisotropic signature from which is distinct from the
dipole-dominated term stemming from nearby sources.

We now turn to the question of how to search for an anisotropy
in the cosmic-ray e± flux with ACTs. The most significant
uncertainty in the determination of the cosmic-ray e± spectrum
with ACTs is the efficiency of cosmic-ray proton rejection. This
is the dominant systematic error because the flux of cosmic-
ray hadrons dominates the lepton flux by several orders of
magnitude. While observations of " -ray point sources are able to
employ the isotropy of the cosmic-ray signal in order to control
this background, measurements of the cosmic-ray e± flux must
instead determine the hadronic or electromagnetic nature of
each individual observed shower. To this end, the H.E.S.S.
collaboration has adopted a random forest approach (Breiman &
Cutler 2004; Bock et al. 2004) intended to convert information
about the observed shower into a parameter # which describes
the extent to which the shower is electron-like. The parameter #
is determined in the range of 0–1, with larger numbers indicating
a better fit to Monte Carlo models of electron showers. While
the # parameter is highly energy-dependent, in many situations
its discriminating power is significant enough to produce an
electron population which dominates the hadronic background
at high # values. We note that even for moderate values of # ,
the contribution from heavier nuclei is entirely negligible.

While a proper selection of # is important so that the cosmic-
ray e± population produces a reasonable portion of the total
cosmic-ray signal, searches for anisotropy are significantly less
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FIG. 8: The same as in Fig. 7, but for a broken power-law spectrum of electrons injected from cosmic ray sources (dN
e
!/dE

e
! !

E!2.65
e

below 100 GeV and dN
e
!/dE

e
! ! E!2.3

e
above 100 GeV), and for slightly di!erent pulsar spectral indices (! =1.6 and

1.5 in the upper and lower frames, respectively). With this cosmic ray background, the pulsar models shown can simultaneously
accommodate the measurements of the cosmic ray positron fraction and the overall leptonic spectrum.

nihilates into light intermediate states which then decay
into combinations of muons and charged pions, however,
can accommodate the new data (see Fig. 6). In those
dark matter models still capable of generating the ob-
served positron excess, the dark matter’s mass and anni-
hilation cross section fall in the range of !1.5-3 TeV and
"!v# ! (6$ 23)% 10!24 cm3/s.

We have also considered pulsars as a possible source
of the observed positrons. In particular, we find that for
reasonable choices of spectral parameters and spatial dis-
tributions, the sum of all pulsars in the Milky Way could
account for the observed positrons (see Fig. 8) if, on av-
erage, 10-20% of their total energy goes into the produc-
tion and acceleration of electron-positron pairs (assuming
a birth rate of one per century throughout the Galaxy,
each with an average total energy of 1049). It may also be
the case that a small number of nearby and young pulsars
(most notably Geminga and B0656+14) could dominate
the local cosmic ray positron flux at energies above sev-
eral tens of GeV. Taking into account these two excep-
tional sources, we estimate that if 3-4% of the total en-
ergy from pulsars goes into energetic pairs, these objects
could be responsible for the observed positron fraction.

Currently, we cannot yet discriminate between dark
matter and pulsars as the source of the observed positron
excess. We are hopeful, however, that future data from
AMS may change this situation. In addition to contin-
uing to improve the precision of their measurement of
the positron fraction and extending this measurement to
higher energies, AMS will also measure with unprece-
dented precision a number of secondary-to-primary ratios
of cosmic ray nuclei species, which can be used to con-
strain many aspects of the underlying cosmic rays propa-
gation model. Of particular importance is the 10Be/9Be
ratio, for which existing measurements are limited to en-
ergies below 2 GeV (kinetic energy per nucleon), and with
large errors (for a compilation of such measurements, see
Tables I and II of Ref. [61]). In contrast, AMS is ex-
pected to measure this ratio with much greater precision,
and up to energies of !10 GeV. This information will
enable us to break the longstanding degeneracy between
the di!usion coe"cient and the boundary conditions of
the di!usion zone [63]. If these measurements ultimately
favor propagation models with a somewhat narrow dif-
fusion zone (L <! 4 kpc), it would be very di"cult to
explain the observed positron fraction with any of the

Cholis and Hooper 
arXiv:1304.1840 

•  Many astrophysical models have been 
proposed 

–  Pulsars 
–  Secondary Production in SNR 

•  Pure DM models are increasingly difficult to 
reconcile with experimental data 

–  Spectral shape in AMS-02 data is not well 
matched to DM annihilation spectrum 

–  Absence of anomalies in gamma rays 
and other charged particle fluxes 

Dark Matter 



Extragalactic Gamma-ray Background 

SLAC Summer Institute 2013 7/16/13 17 
Will follow earlier publication Abdo, A. A. et al. 2010, Phys. Rev. Lett., 104, 101101 



EGB – modeling source contributions 

•  Undetected sources 
–  AGN, Star-Forming 

Galaxies, ms PSR, 
Gamma-Ray Bursts 

•  Diffuse processes 
–  Shocks, Dark Matter, 

UHECR scattering EBL, 
large CR halo 

•  Large theoretical 
uncertainties 

•  For some classes no 
gamma-ray luminosity 
functions 
–  Using radio / IR 

correlation functions 

SLAC Summer Institute 2013 7/16/13 18 

Ajello APS April 2013 



Constraints on Cosmological DM 
Ackermann, M. et al. 2011, ApJ, 726, 81 

•  Use Fermi EGB to search 
for a DM signal from all 
halos at all redshifts 

•  Predictions affected by 

–  DM distribution 

–  γ-ray opacity 

•  Under reasonable 
assumptions can exclude 
most DM models 
explaining CR lepton 
excess from Fermi and 
Pamela 
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µ+µ- (FSR+IC) 
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Constraints from Milky Way Halo 
Ackermann+ ApJ 761 (2012) 91 

•  two 10o bands 5o off the plane 
–  minimize astrophysical 

background 
–  mitigate uncertainties from 

inner DM density profile 
•  Two approaches to set limits: 

1. more conservative: assume 
emission only from DM 

2. more accurate: fit the DM 
and astrophysical emission 
simultaneously 

•  Explores systematics of diffuse 
emission modeling 

Expected DM signal 

Astrophysical 
signal 

7/16/13 SLAC Summer Institute 2013 20 



Constraints from Milky Way Halo 
Ackermann+ ApJ 761 (2012) 91 

•  Including modeling of the astrophysical emission improves the DM 
constraints by a factor of ~5 

•  With inclusion of astrophysical backgrounds, the limit constrains a 
canonical thermal annihilation cross section into b-quarks to a WIMP 
mass ≳ 30 GeV 

•  Marginalizes over many different diffuse emission models to take into 
account uncertainties in astrophysical foreground subtraction 

21 7/16/13 SLAC Summer Institute 2013 

Annihilation 

Decay 

w/o background 
modeling 

w/ background 
modeling 



Constraints from the Inner Galaxy 
Gómez-Vargas+ in preparation 

•  Inner galaxy should be the brightest DM annihilation source in the sky 
•  Systematics make the inner galaxy a challenging target for DM searches  

–  Crowded region with many point-sources and strong diffuse 
foreground emission 

–  Large uncertainty on the shape and normalization of the DM 
distribution in the inner galaxy 

•  Set conservative upper limits by requiring that DM annihilations not 
exceed the inclusive spectrum of the inner galaxy region (R < 15 deg) 

SLAC Summer Institute 2013 7/16/13 22 

Preliminary Preliminary 



Dwarf Spheroidal Galaxies 

SLAC Summer Institute 2013 7/16/13 23 

•  Faint satellites of the MW with typical distances of 30-100 kpc 
•  Ideal search targets due to high DM content, low astrophysical 
foregrounds, and absence intrinsic gamma-ray emission 
•  This is as a low-signal, low-background search strategy 

Segue 1 
Keck Observatory 
 



Dwarf Stacking Limits 
Ackermann+ PRL 107, 241302 (2011) 

•  No detection – combined limit from 10 dSphs is close to 
thermal WIMP cross section for masses below ~30 GeV (bb 
and ττ channels) 

•  Comparable to limits from ACT observations of dwarf galaxies 
at high DM masses (> 1 TeV) 

SLAC Summer Institute 2013 7/16/13 24 

Combined Limit (P6 2yrs) 

Ackermann, M. et al. 
2011, Phys. Rev. Lett., 
107, 241302 Combined Limit  

(P7 4yrs) 



Galactic DM Substructures 

•  CDM simulations predict 
the existence of abundant 
DM subhalos in the Milky 
Way 

•  Fermi-LAT can look for 
‘dark’ subhalos by 
searching for unassociated 
sources with the expected 
characteristics of DM 
–  Spectral Curvature 
–  Spatially Extended 
–  Steady emission (no 

variability) 

SLAC Summer Institute 2013 7/16/13 25 



Unassociated Satellite Search 
Ackermann+ ApJ 747 (2012) 121 

SLAC Summer Institute 2013 7/16/13 26 

low-mass subhalos 
(extrapolated) 

VL2 subhalos 

Larger DM Flux 
than Draco 

•  Look for unassociated LAT 
sources from 1FGL with 
properties consistent with 
DM substructure 

•  Use Via Lactea II (VL2) 
simulations to model the 
properties of the MW 
subhalo population 

•  Extrapolate subhalo 
properties below resolution 
limit (~106 Msun) 

•  Results 
–  No subhalo candidates 

found 
–  From VL2 expectations 

derive limits on the DM 
annihilation cross 
section 



Galaxy Clusters 
Zimmer and Conrad 2011, arXiv: 1110.6863  

•  Largest virialized and most massive 
structures in the universe 
–  Radio emission suggests relativistic 

cosmic ray (CR) population 
–  Lensing and X-ray observations 

indicate large dark matter (DM) 
content 

•  Data Analysis 
–  24 Months of Fermi-LAT data (p6v11 

Diffuse Class) 
–  10 deg ROI for each source, 200 MeV 

to 100 GeV 
–  Clusters modeled as point sources 

•  Combined Likelihood Analysis 
–  CR and DM have a common 

parameter in all clusters 
–  No detection in 24 months data 

SLAC Summer Institute 2013 7/16/13 27 



Search for Gamma-ray Spectral Lines 

•  Annihilation/decay directly into γγ or Xγ (X = Z0, H0, …) 
•  “Smoking Gun” channel 
•  Advantage: sharp, distinct feature  
•  Disadvantage: low predicted counts 

SLAC Summer Institute 2013 7/16/13 28 

Gustafsson et al.  PRL 99.041301 



•  Bringmann et al. and Weniger showed evidence for a narrow spectral feature 
near 130 GeV near the Galactic center (GC) 

•  Signal is particularly strong in 2 out of 5 test regions, shown above 
•  Over 4σ, with S/N > 30%, up to ~60% in optimized regions of interest (ROI) 

SLAC Summer Institute 2013 7/16/13 29 

The Context: Narrow Feature at 130 GeV 

Bringmann+ [arXiv:1203.1312]   
Weniger  [arXiv:1203.2797] 

Frac Residual (i.e., S/N): 
f = slocal

2 / ns  

f= 0.34 

f = 0.41 



Fermi-LAT Line Search - 4 years data 
arXiv:1305.5597 

•  Search for lines from 5 – 300 GeV using 3.7 
years of data 

•  Use P7REP_CLEAN (REP = “reprocessed”) 
–  Updates to CAL calibration and 

reconstruction 
•  Improved PSF 
•  Energy shifts upwards ~3-4% 

–  Mask bright (>10σ for E > 1 GeV) 2FGL 
sources 

•  Optimize ROI for a variety of DM profiles 
–  Find RGC that optimizes S/sqrt(B) 
–  Background from LAT simulations 

•  Search in 5 ROIs 
–  R3 (3° GC Circle, cont. NFW) 
–  R16 (Einasto) 
–  R41 (NFW) 
–  R90 (Isothermal) 
–  R180 (DM Decay) 

30 7/16/13 SLAC Summer Institute 2013 



95% CL <σv>γγ Upper Limit R3-R16  

•  No globally significant lines detected 
–  All fits have global significance < 2σ 
–  Most significant feature found at 133 

GeV in R3 ROI (3.3σ local significance) 
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FIG. 7. Local fit significance vs. line energy in all 5 ROIs. Note that nsig was required to be non-negative. The dashed line at
the top of the plot indicates the local significance corresponding to the 2� global significance derived with the method described
in Sec. VB.
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FIG. 8. 95% CL ��� in the R16 ROI (black). Yellow (green) bands show the 68% (95%) expected containment derived from
1000 single-power-law (no DM) MC simulations. The dashed lines show the median expected limits from those simulations.

related to the lifetime (⌧�⌫) lower limits via Eq. (B6) with dN�

dE (E�) = �(E� � E0) and m� = 2E� , which are shown
in Fig. 10.

We present the flux upper limits in all 5 ROIs and the relevant DM annihilation or decay limits explicitly in App. E.
Recall that we limited our search to energies greater than 30 GeV in R3 (see Sec. III).

The limits presented do not include systematic errors. As stated in Sec. VIB the uncertainties of the exposure
( |�E/E| < 0.16 ) and the energy dispersion modeling ( �nsig/nsig = +0.06

�0.12 ) contribute negligibly to the limits when
considered in quadrature with the statistical uncertainties. On the other hand, the inferred uncertainties of �f from
Tab. IV can become significantly larger than the statistical uncertainties at lower energies and for the larger ROIs.
In fact, the uncertainty of �f from Tab. IV equals the expected statistical uncertainty at 10 GeV (for R16 and R41),
30 GeV (for R90) and 70 GeV (for R180). Empirically, the limits presented in Figs. 9 and 10 generally lie within
the expected statistical variations, indicating that the systematic uncertainties are not dominating the statistical
uncertainties.
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FIG. 9. 95% CL h�vi�� upper limits for each DM profile considered in the corresponding optimized ROI. Yellow (green) bands
show the 68% (95%) expected containment derived from 1000 single-power-law (no DM) MC simulations. The dashed lines
show the median expected limits from those simulations.

VIII. THE LINE-LIKE FEATURE NEAR 133 GEV

Detections of a line-like feature at 130 GeV in the un-reprocessed Pass 7 data have been reported in the literature.
This feature is reported to be strongly correlated with the GC region [25, 28–30], and also with nearby galaxy
clusters [31], and unassociated LAT sources [32] (see also [33]). Potential instrumental e↵ects and a similar feature
detected in the Limb have also been discussed [34–36].

We found that a fit at 133 GeV for a feature consistent with the LAT energy response in our smallest ROI (R3) has
slocal = 3.3�, which corresponds to sglobal = 1.6�. The feature has shifted from 130 GeV to 133 GeV, as expected
from the application of improved calibrations (see App. A). In this section, we discuss the 133 GeV feature in detail.

A. Evolution of 133 GeV feature with di↵erent datasets and signal models

We studied how using reprocessed data and the 2D energy dispersion model (see Sec. IV) a↵ects the significance
of the observed feature in the 2 smallest ROIs (i.e., where the significances were the greatest): R3, optimized for a
contracted NFW profile and R16, optimized for the Einasto profile. Recall that for the R16 dataset, we removed
events near bright 2FGL sources (see Sec. II A). However, this masking only removes 4 events near 133 GeV within
3� of the GC.

First we fit the P7CLEAN (un-reprocessed) data in these ROIs with the 1D energy dispersion model that does not
incorporate parametrization with PE . The local significances for fits at 130 GeV in R3 and R16 are 4.5� and 3.9�,
respectively (see Fig. 11 (a) and Fig. 12 (a)).

Using the 1D energy dispersion model and fitting the P7REP CLEAN at 133 GeV, we found local significances of 4.1�
(R3) and 2.2� (R16) (see Fig. 11 (b) and Fig. 12 (b)). It is worth noting that 70–80% of events in the P7CLEAN dataset
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FIG. 9. 95% CL h�vi�� upper limits for each DM profile considered in the corresponding optimized ROI. Yellow (green) bands
show the 68% (95%) expected containment derived from 1000 single-power-law (no DM) MC simulations. The dashed lines
show the median expected limits from those simulations.

VIII. THE LINE-LIKE FEATURE NEAR 133 GEV

Detections of a line-like feature at 130 GeV in the un-reprocessed Pass 7 data have been reported in the literature.
This feature is reported to be strongly correlated with the GC region [25, 28–30], and also with nearby galaxy
clusters [31], and unassociated LAT sources [32] (see also [33]). Potential instrumental e↵ects and a similar feature
detected in the Limb have also been discussed [34–36].

We found that a fit at 133 GeV for a feature consistent with the LAT energy response in our smallest ROI (R3) has
slocal = 3.3�, which corresponds to sglobal = 1.6�. The feature has shifted from 130 GeV to 133 GeV, as expected
from the application of improved calibrations (see App. A). In this section, we discuss the 133 GeV feature in detail.

A. Evolution of 133 GeV feature with di↵erent datasets and signal models

We studied how using reprocessed data and the 2D energy dispersion model (see Sec. IV) a↵ects the significance
of the observed feature in the 2 smallest ROIs (i.e., where the significances were the greatest): R3, optimized for a
contracted NFW profile and R16, optimized for the Einasto profile. Recall that for the R16 dataset, we removed
events near bright 2FGL sources (see Sec. II A). However, this masking only removes 4 events near 133 GeV within
3� of the GC.

First we fit the P7CLEAN (un-reprocessed) data in these ROIs with the 1D energy dispersion model that does not
incorporate parametrization with PE . The local significances for fits at 130 GeV in R3 and R16 are 4.5� and 3.9�,
respectively (see Fig. 11 (a) and Fig. 12 (a)).

Using the 1D energy dispersion model and fitting the P7REP CLEAN at 133 GeV, we found local significances of 4.1�
(R3) and 2.2� (R16) (see Fig. 11 (b) and Fig. 12 (b)). It is worth noting that 70–80% of events in the P7CLEAN dataset

Most significant feature (3.3σ local) 
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Feature at 133 GeV 

•  Let width scale factor float in fit (while preserving shape) 
•  sσ = 0.32±0.17 (95% CL) 

–  Feature in data is much narrower than expected energy resolution 
•  Width of 133 GeV feature as well as the presence of a similar 

feature in the Earth Limb control sample points to a systematic 
effect – further study with more data is required for a full 
understanding 
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FIG. 11. Fits for a line near 130 GeV in R3: (a) at 130 GeV in the P7CLEAN data using the 1D energy dispersion model
(see Sec. IV); (b) at 133 GeV in the P7REP CLEAN data again using the 1D model; (c) same as (b), but using the 2D energy
dispersion model (see Sec. IV). Note that these fits were unbinned; the binning here is for visualization purposes, and also that
the x-axis binning in (a) is o↵set by 3 GeV relative to (b) and (c).

1. The Earth Limb

Figure 15 shows the fit using our 2D energy dispersion model (see Sec. IV) at 133 GeV to the Limb data, which
indicates a 2.0� excess. We calculated the fractional size of the signal using Eq. (13) to be f(133 GeV)Limb =
0.14 ± 0.07. The gamma-ray spectrum of the Limb is expected to be featureless. Therefore, the appearance of a
line-like feature in the Limb at the same energy as the feature seen in the GC suggests that some of the 133 GeV GC
feature may be due to a systematic e↵ect. We do note that the fractional size of the feature in the Limb is smaller
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FIG. 13. Fit for a line-signal signal at 133 GeV in R3 using a 4.4 year P7REP CLEAN dataset and (a) the 1D energy dispersion
model; (b) the 2D energy dispersion model;
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FIG. 14. Fit to a �-ray line at 133 GeV in the P7REP CLEAN R3 data using the 2D model including a scale factor for the width
of the energy dispersion. The best fit width of the energy resolution was s� = 0.32+0.30

�0.13 (95% CL) of that predicted from MC
simulations. The dotted line shows the best-fit curve with s� fixed to 1.0. Note that when s� is allowed to vary the signal
model includes two more degrees of freedom than the null hypothesis, so slocal is less than
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We have performed background subtraction on both the P7REP TRANSIENT and P7REP CLEAN Limb samples to
measure the �-ray e�ciency going from the P7REP TRANSIENT to P7REP CLEAN selection as a function of energy (see
Sec. 5.3.1 of [15] for more details). For this study, we used 111� < ✓z < 113� for the signal region and 108.5� < ✓z <
109.4805� and 114.4701� < ✓z < 115.5� for the background regions. The specific angles were chosen such that the
signal and background regions contain the same solid angle. The ✓z distributions for the signal and background regions,
as well as the extracted e�ciencies are shown in Fig. 16. The predicted e�ciency, based on the P7REP TRANSIENT
and P7REP CLEAN IRFs and the observing profile for the Limb, is also shown for comparison. While the predicted
e�ciency is smooth and featureless, the flight data indicate dips in e�ciency above and below 133 GeV. The e�ciency
at 120 GeV is ⇠ 80% of the MC prediction, and ⇠ 60% for the dip above 133 GeV. This variation in �-ray e�ciency
would induce a signal somewhat smaller than f(133 GeV)Limb ⇠ 0.25 (i.e., 1/0.8 = 1.25), which is consistent with the
observed f = 0.14 ± 0.07. We note that even f(133 GeV)Limb = 0.14 is outside the typical range of induced signals
seen in the Limb, which are less than f = 0.05, see Sec. D 7 a. The potential origin of the features observed in the
Transient-to-Clean e�ciency observed in the Limb data is discussed further in Sec. VIIID.

In Fig. 16 (a), it is clear that in the P7REP CLEAN selection the ✓z background regions contain very few events; in
fact, the exposure for the Limb sample is over 400 times smaller than for the Celestial sample, therefore the expected
cross-contamination of the Limb sample from a signal of ⇠ 25 events at the GC would be less than a single event.
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Conclusions 

•  Fermi-LAT addresses a diverse range of science topics 
–  Searches for new physics (DM, LIV) 
–  Understanding of different gamma-ray source populations (pulsars, 

AGN, SNR, etc.) 
–  Studying the nature of galactic and extragalactic diffuse gamma-ray 

emission 
•  The Fermi-LAT has made great progress toward constraining/identifying 

the nature of DM 
–  Many independent search strategies (dSphs, clusters, MW halo, etc.) 
–  No clear signals despite several hints (135 GeV line) 
–  LAT constraints from dwarf stacking and MW halo searches are 

beginning to rule out some interesting areas of parameter space for 
WIMP masses below 30 GeV 

•  Fermi-LAT should continue to yield exciting discoveries in the future 
–  Improved understanding of astrophysical backgrounds 
–  Increased exposure (sensitivity gain linear in time at high energies) 
–  Improvements in analysis and understanding of detector response 

(Pass8) 
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Fermi Survey Mode 

LAT sees 1/5 of the sky at any time 
GBM sees entire un-occulted sky 

Fermi spends 
every other 
orbit rocked 
either north 
or south. 
 
3 hours to 
survey entire 
sky 
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Dwarf Spheroidal Galaxies 

•  Dwarf spheroidal galaxies are 
ideal systems in the context of 
indirect DM searches 
–  No intrinsic gamma-ray 

emission  
–  Mostly located at high 

latitudes (low astrophysical 
background) 

–  DM content can be 
unambiguously inferred from 
stellar kinematics (large M/L) 

•  Many new dSphs discovered in 
optical surveys (SDSS) – more 
than two dozen now identified 

•  Stacking can increase discovery 
potential 
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Dwarf Stacking 

•  Sensitivity to a DM signal can be enhanced by combining 
data from multiple dwarfs 

•  Compute a joint likelihood incorporating both LAT data and 
uncertainty of the J-factor for each dwarf 

•  Remove nuisance parameters (J-factors, gamma-ray 
background amplitudes, etc) by likelihood profiling 
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Projected Stacking Limits 

•  Dwarf stacking limits are 
projected to improve 
–  Increase in observing 

time (10 year mission 
lifetime) 

–  Discovery of new dwarfs 
–  Analysis improvements 

increase LAT 
performance at high 
energy 

•  Fermi-LAT has the potential 
to push below thermal relic 
cross section at ~100 GeV 
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