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The Fermi Large Area Telescope (LAT)



The Fermi Large Area Telescope

Si-Strip Tracker:
convert γ->e+e-

reconstruct γ direction
EM vs. hadron separation

Hodoscopic CsI Calorimeter:
measure γ energy
image EM shower
EM v. hadron separation Anti-Coincidence Detector:  

Charged particle separation

Trigger and Filter:
Reduce data rate from ~10kHz to 
300-500 Hz

Fermi LAT Collaboration:
~400 Scientific Members,
NASA / DOE & International
Contributions  

Public Data Release:
All γ-ray data made public within 
24 hours (usually less)

Sky Survey:
The LAT observes the whole sky 
every 3 hours (2.5 sr FOV)
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Background Rejection
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5 Orders of Magnitude

Primary Protons Primary Electrons

Gamma-ray all-sky

Gamma-ray isotropic background

Primary Positrons

50% Retention
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Fermi-LAT Performance
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Energy Resolution

Every ~3 Hours

All-Sky Coverage

Point Spread Function

1˚

15’

10%

Effective Area

0.7 m2

>4 Decades in Energy

Data Reprocessing
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Fermi-LAT Performance
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Andromeda (M31)

20 arcmin

Optical DSS Image
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Gamma-ray Source Identification
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Non-thermal emission often leaves 
tracers at other wavelengths 

Energy Source
Explosion
Rotation
Accretion

Accelerator
Shocks
Magnetic reconnection
etc.

Target Material
Gas & Dust
Photon Fields
etc.

Timing: Periodicity of pulsars

Spectral Continuity: Look at 
bounding energy regimes

Correlated Variability: Coincident 
flux variations across wavelengths

Gamma-rays!

The gamma-ray sky is a crowded 
and exciting place

Combination of data across 
multiple instruments is essential

Spatial Morphology: Spatially 
extended sources

Spatial Coincidence: Source 
localization

+

+

=



Fermi-LAT 4-Year All-Sky Map (>1GeV)

Galactic Diffuse Emission

Pulsars (>100)

Active Galactic Nuclei (>1100)

Isotropic Diffuse Emission

+ Pulsar Wind Nebulae + Supernova Remnants + Globular 
Clusters + Starburst Galaxies + Unassociated Sources + ...

... and Dark Matter?
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Indirect Detection
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Particle Physics
(photons per annihilation) 
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Dwarf Galaxies:
•Known location and 
dark matter content
•Low statistics

Pieri et al. (2011)

Milky Way halo:
•Large statistics 
•Diffuse background

Dark Matter in the Milky Way Halo

Low-Mass Satellites:
•Start with known 
gamma-ray emission
•Unknown origin

Galaxy clusters:
•Possibly large statistics
•Astrophysical signal 
expected

Electrons and Positrons!

Galactic Center:
•Large statistics 
•Lots of astrophysics

Spectral lines:
•“Clean” from 
astrophysics 
•Low statistics

Extragalactic background:
•Large statistics
•Lots of astrophysics
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Galactic Center:
•Large statistics 
•Lots of astrophysics

Dwarf Galaxies:
•Known location and 
dark matter content
•Low statistics

Pieri et al. (2011)

Milky Way halo:
•Large statistics 
•Diffuse background

Extragalactic background:
•Large statistics
•Lots of astrophysics

Dark Matter in the Milky Way Halo

Galaxy clusters:
•Possibly large statistics
•Astrophysical signal 
expected

Electrons and Positrons!

Spectral lines:
•“Clean” from 
astrophysics 
•Low statistics

Talks by T. Linden
and K. Abazajian

Talks by E. Charles
and D. Whiteson

Talk by S. Koushiappas

Low-Mass Satellites:
•Start with known 
gamma-ray emission
•Unknown origin
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Spectral Lines

13

• The Galactic center seems like an 
obvious place to search
– Deep gravitational potential
– Relatively nearby

• Extremely complicated region
– Diffuse emission from cosmic-ray 

interactions with Galactic gas and dust
– Densely populated by astrophysical 

sources (e.g., pulsars, SNR)
• Degeneracy may be broken by a sharp 

spectral feature (i.e., a line) 

JCAP08(2012)007

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux component alone. In the lower sub-panel we show residuals
after subtracting the model with line contribution. Note that we rebinned the data to fewer bins
after performing the fits in order to produce the plots and calculate the p-value and the reduced
χ2
r ≡ χ2/dof. The counts are listed in tables 1, 2 and 3.

– 10 –

Talks by E. Charles & 
D. Whiteson on Thurs.

Weniger, arXiv:1209.4562
Ackermann et al., arXiv:1205.2739
Su et al. arXiv:1206.1616



Note: Region optimized for Einasto profile

2-Year Limits (Ackermann et al. 2012)

4-Year Limits in Einasto-Optimized Region

Talks by E. Charles & 
D. Whiteson on Thurs.

Preliminary
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95% CL <σv>γγ Limits 
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Galactic Halo
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Papucci et al.,  arXiv:0912.0742
Cirelli et al.,  arXiv:0912.0663
Ackermann et al., arXiv:1205.6474

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

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

slope of the dark matter density 
profile

• Two approaches:
– More conservative - Assume all 

emission from dark matter (no 
astrophysical model)

– More accurate - Fit dark matter 
source and astrophysical emission 
simultaneously
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Galactic Halo
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The Astrophysical Journal, 761:91 (18pp), 2012 December 20 Ackermann et al.

Figure 4. Upper limits on the velocity averaged DM annihilation cross section including a model of the astrophysical background compared with the limits obtained
with no modeling of the background. Upper panel: limits on models in which DM annihilates into bb̄, for a DM distribution given by the NFW distribution (left) and
isothermal distribution (right). In the left panel we also add an uncertainty band (red dotted lines) in the 3σ no-background limits which would result from varying
the local DM density ρ0 in the range 0.2–0.7 GeV cm−3. A similar band, not shown in the plot for clarity, would be present for the limits including a model of the
astrophysical background (see discussion in the text). The horizontal line marks the thermal decoupling cross section expected for a generic WIMP candidate. Middle
panel: upper limits for DM annihilation to µ+µ−. Lower panel: the same, for DM annihilation to τ+τ−. The region excluded by the analysis with no model of the
astrophysical background is indicated in light blue, while the additional region excluded by the analysis with a modeling of the background is indicated in light green.
The regions of parameter space which provide a good fit to PAMELA (Adriani et al. 2009a, purple) and Fermi-LAT (Abdo et al. 2009, blue) CR electron and positron
data are shown, as derived in Cirelli et al. (2010) and are scaled by a factor of 0.5, to account for different assumptions on the local DM density (see the text for more
details).
(A color version of this figure is available in the online journal.)

DM annihilation interpretation of the PAMELA/Fermi CRs
anomalies, although this interpretation is challenged. Finally,
we note that the PAMELA region below ∼200 GeV is now
disfavored by the new positron measurements with the LAT

(Ackermann et al. 2012a), which indicate that the positron
fraction continues to rise to this energy.

It should be noted that the above conclusions are not affected
by the uncertainty in ρ0 since both the derived constraints

13

The Astrophysical Journal, 761:91 (18pp), 2012 December 20 Ackermann et al.

Figure 5. Lower limits on the lifetime of decaying DM. The panel structure is the same as in Figure 4. In the top left panel we also add an uncertainty band (red dotted
lines) in the 3σ no-background limits which would result from varying the local DM density ρ0 in the range 0.2–0.7 GeV cm−3. A similar band, not shown in the
plot for clarity, would be present for the limits including a model of the astrophysical background (see discussion in the text). The regions of parameter space which
provide a good fit to PAMELA (Adriani et al. 2009a, purple) and Fermi-LAT Abdo et al. (2009, blue) CR electron and positron data are shown as derived in (Cirelli
et al. 2010) and are scaled by a factor of 1.4, to account for different assumptions on the local DM density (see the text for more details).
(A color version of this figure is available in the online journal.)

and the region of parameter space compatible with the DM
interpretation of the CR anomalies scale in the same way with
ρ0. The same is true also for the constrains on decaying DM.

Constraints for the case of decaying DM are shown in
Figure 5. The interpretation of the PAMELA/Fermi CR features
in terms of decaying DM is not ruled out in this analysis. The

limits are stronger than the ones derived in similar analyses
performed without background modeling (Papucci & Strumia
2010; Cirelli et al. 2010) and slightly improved over the ones
derived from observation of Galaxy clusters (Huang et al. 2012).
They are comparable to the limits derived from the comparison
with the IGB (Cirelli et al. 2010; Huang et al. 2012).

14

Annihilation

Decay

• Modeling of the astrophysical emission improves dark matter 
constraints by a factor of ~5.

• When astrophysics is modeled, it is possible to constrain the 
thermal relic cross section for WIMPs with mass < 30 GeV 
(b-bbar & tau+tau- channels).

Ackermann et al., arXiv:1205.6474
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Isotropic Gamma-ray Background

• WIMP annihilation or decay can 
manifest itself in the extragalactic 
background

• Contributions from many source 
classes
– Normal galaxies 

(radio and star-forming)
– Active galactic nuclei 

(FSRQ & BL LACs)
– Dark matter?

• A contribution from unresolved 
sources can manifest itself in the 
angular power spectrum of the 
isotropic background

17

Abdo et al., arXiv:1002.3603
Ackermann et al., arXiv:1202.2856
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Isotropic Gamma-ray Background

18

Preliminary

44 Months of Data

(Ackermann et al., 2012)
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Isotropic Gamma-ray Background

• Significant (>3σ) detection of angular 
power between 1-10 GeV (decreased 
significance between 10-50 GeV)

• Consistent with constant value in the four 
energy bins from 1-50 GeV.

• Consistent with the contribution from 
unresolved source populations (e.g. 
blazars and star-forming galaxies)

• Constrain the contribution of dark matter 
to the isotropic gamma-ray background 

19

anisotropy energy spectrum localized to narrow energy
bands.

If a single source class dominates the anisotropy at all
energies considered, the differential intensity angular
power spectrum C‘=ð!EÞ2 scales with energy as the inten-
sity energy spectrum squared ðdN=dEÞ2 of that source
class. For example, for a source class with a power-law

photon spectrum dN=dE / E#"s , C‘=ð!EÞ2 / E#2"s .
We can therefore use this energy scaling to constrain
the energy spectrum of the dominant contributor to the
anisotropy, under the assumption that the measured angular
power (but not necessarily the total measured intensity)
originates from a single source class.
Here we obtain the differential intensity angular power

CP=ð!EÞ2 by dividing the intensity angular power CP in
each energy bin by the bin size squared. The differential
intensity anisotropy energy spectrum of the data is shown
in the bottom panel of Fig. 20. The CP are the best-fit
values for 155 $ ‘ $ 504, i.e., the weighted average of
C‘ in that multipole range, reported in Table I, and each
data point is located at the logarithmic center of the energy
bin. The results of fitting CP=ð!EÞ2 / E#"I are given in
Table IV. Identifying "I ¼ 2"s, the best fit of the energy
dependence suggests that the anisotropy is contributed by a
source class with a power-law photon spectrum character-
ized by "s ¼ 2:40& 0:07 (2:33& 0:08 for the cleaned
data), assuming only one source class contributes appreci-
ably to the anisotropy. As the single power-law energy
dependence provides a very good fit to the data, attributing
the anisotropy to a single source class is a plausible
interpretation.
We note that the spectral index implied for the dominant

source class contributing to the anisotropy is in excellent
agreement with the mean intrinsic spectral index of blazars
as inferred from the Fermi-detected members [10],
strongly supporting the interpretation of the measured
anisotropy as originating from unresolved blazars. We
caution, however, that due to the variation between indi-
vidual blazars’ spectral indices, as well as possible effects
of EBL attenuation and redshifting, the fluctuation angular
power from blazars could exhibit some energy dependence
in the range considered here. Therefore, assuming that
blazars are the dominant source class contributing the
anisotropy could lead to tension with the flatness of the
measured fluctuation anisotropy energy spectrum.
Additional support for a blazar interpretation could be
provided by a detailed study of the energy-dependent
anisotropy arising from specific blazar population models,
calibrated to match the properties of Fermi-detected blaz-
ars, and the consistency of the predicted anisotropy of these
models with the measured amplitude of the angular power.
We defer a careful treatment of this subject to future work.

TABLE IV. Energy dependence of angular power for 155 $ ‘ $ 504 in each energy bin for the data processed with the default
analysis pipeline and the Galactic-foreground-cleaned data. The best-fit constant value of the fluctuation angular power hCP=hIi2i over
1–50 GeV is obtained by weighted averaging of CP=hIi2 of the four energy bins. The best-fit parameters and associated !2 per degree
of freedom (d.o.f.) are given for fits of the fluctuation angular power to CP=hIi2 ¼ AFðE=E0Þ#"F and the differential intensity angular
power to CP=ð!EÞ2 ¼ AIðE=E0Þ#"I , with E0 ¼ 1 GeV. The value of AI is given in terms of AI=AI;0, where AI;0 ¼ 10#18

(cm#2 s#1 sr#1 GeV#1Þ2 sr.

hCP=hIi2i [10#6 sr] AF [10#6 sr] "F !2=d:o:f: AI=AI;0 "I !2=d:o:f:

DATA 9:05& 0:84 9:85& 1:73 0:076& 0:139 0.41 45:1& 7:8 4:79& 0:13 0.19
DATA:CLEANED 6:94& 0:84 6:31& 1:44 #0:082& 0:158 0.12 29:4& 6:6 4:66& 0:15 0.035
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FIG. 20 (color online). Anisotropy energy spectra of the data.
Top: Fluctuation anisotropy energy spectrum. The data are
consistent with no energy dependence over the energy range
considered, although a mild energy dependence is not excluded.
Bottom: Differential intensity anisotropy energy spectrum. The
energy dependence is consistent with that arising from a single
source population with a power-law intensity energy spectrum
with spectral index "s ¼ 2:40& 0:07 for the default data
(2:33& 0:08 for the cleaned data).

ANISOTROPIES IN THE DIFFUSE GAMMA-RAY . . . PHYSICAL REVIEW D 85, 083007 (2012)

083007-23

APS “April” Meeting, Atlanta, April 2, 2012J. Siegal-Gaskins

Gamma-ray anisotropies from dark matter

28

Gamma rays from Galactic DM

Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-14 -9-12 -7

Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-12 -7

after convolving with 0.1° beambefore accounting for instrument PSF

gamma rays from DM annihilation and decay in Galactic and 
extragalactic dark matter structures could imprint small 

angular scale fluctuations in the diffuse gamma-ray background

JSG, JCAP 10(2008)040

Ackermann et al., arXiv:1202.2856
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Dwarf Spheroidal Galaxies
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Boo II

ComBoo I

Drc
UMi

Sex
Seg 1

Car

For
Scl

Sgr

Seg 2

UMa I
Wil 1

Her

Leo IVBoo III
UMa II

• Most dark-matter dominated objects in 
the universe (100 - 1000 times more 
dark matter than visible matter)

• Relatively nearby (25 - 150 kpc)

• High Galactic latitudes (minimize 
astrophysical foregrounds)

• Multi-wavelength observations show 
no basis for astrophysical gamma-ray 
production
– No active star formation 

(no energy injection) 
– No appreciable magnetic fields

(no acceleration)
– No gas or dust

(no target material)
Ackermann et al., arXiv:1108.3546 
Geringer-Sameth et al., arXiv:1108.2914
Mazziotta et al., arXiv:1203.6731

Talk from S. Koushiappas
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Dark Matter Content

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

thousand stars
– Ultra-faint dwarfs: spectra for fewer 

than 100 stars
• Fit stellar velocity distribution of each 

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

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

many dwarfs
– Minimizes the uncertainty in the J-

factor
– Large enough to be insensitive to the 

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

nuisance parameter in the joint 
likelihood

21
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Figure 13 J-values for dSphs within a radius of 0.5◦ as a function of their Galactocentric distance.

In this case NFW profiles are assumed for the dark matter density, though the results are very

weakly dependent on the assumed central dark matter profile for dSphs with large data samples

(compare to Figure 14).

can be shown that in a manner similar to the calculation for the integrated mass in Section 4, the

J-value is best constrained within an integrated physical radius that strongly correlates with the

half-light radius (Walker et al., 2011). To better appreciate this, consider that the nearest classical

satellites are at distances of approximately 70− 80 kpc. For a dSph at this distance, the half-light

radius corresponds to less than approximately one degree, which is about the angular resolution of

the Fermi-LAT over a large energy range of interest. This is the region within which the integrated

density and the integrated density-squared are the best constrained from the kinematic data sets.

Thus the assumption of a core or a cusp for the density profile does not significantly affect the
gamma-ray flux predictions for the Fermi-LAT. As discussed more below, however, for instruments

with better angular resolution than the Fermi-LAT, the assumption of a core or the cusp is much

more relevant.

The theoretical developments outlined above have significantly improved the determinations of

the J-values of the dSphs since the time when they were first determined over a decade ago (Baltz

et al., 2000; Tyler, 2002; Evans et al., 2004; Bergstrom and Hooper, 2006). Strigari et al. (2008)

and Martinez et al. (2009) have developed a maximum likelihood method to determine J-values
from stellar kinematical and photometric data using the likelihood in Equation 36. More recently

groups have extended this analysis though in all cases the calculations are generally in good agree-

ment (Charbonnier et al., 2011).

For nearby dSphs that are most relevant for gamma-ray observations, the most updated de-

terminations of the J-values are shown in Figure 13. Here an NFW profile is assumed for the

dark matter density profile, as in Ackermann et al. (2011). However, as is shown in the proba-

bility density in Figure 14 the results are weakly dependent on whether a cored or cusped central

density profile is assumed for the dark matter. Figure 13 clearly indicates which dSphs are the

most interesting targets for indirect dark matter detection experiments. The two dSphs with the

largest J-values, Segue 1 and Ursa Major II, are ultra-faint satellites with sparse samples of stars

associated to them. Specifically, the J-values for Segue 1 and Ursa Major II in Figure 13 were

77

M. Geha

Segue 1

Strigari arXiv:1211.7090



• Assume same dark matter particle in all dwarf 
spheroidal galaxies

• Perform a combined likelihood analysis of 
multiple dwarfs
– Predicted flux for each dwarf will depend on 

individual dark matter content (J-factor)
– Include statistical uncertainties from stellar 

kinematic data.
– Fit backgrounds independently for each dwarf

• Joint likelihood function:
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Joint Likelihood Analysis
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Shared by all dwarfs
(dark matter particle 

parameters)

Fit for each dwarf
(background sources)

L(D |pm, {pk}) =
�

k

LLAT
k (Dk |pm,pk)

× 1

ln(10)Jk
√
2πσk

e−(log10(Jk)−log10(Jk))
2/2σ2

k

Uncertainty in J-factor

dΦγ

dEγ
(Eγ ,φ, θ) =

1

4π

< σannv >

2m2
WIMP

�

f

dNf
γ

dEγ
Bf

×

�

∆Ω(φ,θ)
dΩ�

�

los
ρ2(r(l,φ�))dl(r,φ�)

Ackermann et al., arXiv:1108.3546 
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2-Year Pass 6 Analysis

• Constraints from a joint likelihood 
analysis of:
– 10 dwarf galaxies
– 200 MeV - 100 GeV gamma rays
– 2 years of P6_V3_DIFFUSE data

and IRFs (derived from Monte Carlo)

• Astrophysical model:
– Point-like source from the 1FGL
– Diffuse backgrounds from 1 year 

Galactic and Isotropic models

• Include statistical uncertainties in 
the solid-angle-integrated J-factor

• Constrain the conventional thermal 
relic cross section for a WIMP with 
mass < 30 GeV annihilating to 
      or           

23

bb̄ τ+τ−

Ackermann et al., arXiv:1108.3546 
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Expected Limits
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• Run full analysis pipeline on 
realistic sky simulations to 
calculate expected sensitivity

• Statistical scatter is large.

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

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

• Both Pass 6 and Pass7 
measurements lie within the 68% 
containment region of a statistical 
sample.
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Dwarf Spheroidal Summary
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~50 hours
(Aliu et al., 2012)

100 hours4 years

• 4 years of Pass 7 data yields higher 
limits than 2 years of Pass 6 data; 
however, the two are statistically 
consistent with predictions.

• Change in the Fermi-LAT dwarf limits 
are due to statistical fluctuations in the 
event classification.

• Still no evidence for a dark matter 
signal from these objects.

• Immediate improvements are expected 
from updated diffuse and point source 
background models.

Thermal Relic Cross Section
�σv� = 3× 10−26cm3 s−1



XENON100
LUX
SuperCDMS
COUPP [60kg/500kg]

Spin Independent

AMANDA
IceCube-22
IceCube/DeepCore
COUPP [4kg/60kg/500kg]

Spin Dependent
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Complementarity:
Dwarf Galaxies and the pMSSM

26

• Examine complementarity between the LAT and direct detection searches using the 
pMSSM model scan (19-dimensional scan of the MSSM) shown in gray

• Highlight in red models which the LAT may be sensitive to over a 10 year mission

• Direct detection generally does better than the LAT with models that don’t saturate 
the WMAP bound low relic density

Berger et al. arXiv:0812.0980
Cotta et al. arXiv:1111.2604
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Complementarity:
Electrons from the Sun

APS “April” Meeting, Atlanta, April 2, 2012J. Siegal-Gaskins

Fermi LAT search for CREs from the Sun

• ~106 CRE events (E > 60 GeV), 
from 1st year of operation

• analysis performed in ecliptic 
coordinates, in reference frame 
centered on the Sun

• search for a flux excess correlated 
with Sun’s direction yielded no 
significant detection, flux upper 
limits placed

34

χ

χϕ

e+

e -

• Combination of direct and indirect 
detection mechanisms
– WIMP-nucleon scattering leads to WIMP 

capture by the Sun
– WIMP-WIMP annihilation leads to the 

production of cosmic rays

• Dark matter capture and annihilation 
through an intermediate state
– WIMP accretion rate determined by 

scattering cross section
– Annihilation through an intermediate 

particle which can travel out of the Sun 
and decay into cosmic rays

• Inelastic dark matter 
– WIMPs accretion via inelastic scattering 

(maintain large orbits)
– Annihilate directly into cosmic-ray 

electrons in the solar neighborhood

APS “April” Meeting, Atlanta, April 2, 2012J. Siegal-Gaskins

Fermi LAT search for CREs from the Sun

• ~106 CRE events (E > 60 GeV), 
from 1st year of operation

• analysis performed in ecliptic 
coordinates, in reference frame 
centered on the Sun

• search for a flux excess correlated 
with Sun’s direction yielded no 
significant detection, flux upper 
limits placed

34

χ
χ

e+

e -

Schuster et al., arXiv:0910.1839
Ajello et al., arXiv:1107.4272
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tion. Another consequence of this minimum velocity is
the higher sensitivity of the recoil spectrum to the tail
of the WIMP velocity distribution, which enhances the
annual modulation effect for inelastic over elastic WIMP
scattering.

The XENON100 experiment [9] has recently reported
results from a 100.9 live days dark matter search [10]
in an energy interval between 8.4 and 44.6 keVnr (keV
nuclear recoil equivalent). The same data are used here
to constrain the iDM model. Three events fall in the pre-
defined WIMP search region for dark matter interactions,
which is compatible with the background expectation of
(1.8± 0.6) events, as described in [10].

To extract the DAMA/LIBRA allowed region in iDM
parameter space, the procedure described in [4] has been
followed, using an energy independent quenching factor
of 0.08 for iodine and not considering ion channeling. The
DAMA/LIBRA modulation amplitudes for different en-
ergies have been taken from [4], where they are extracted
from figure 9 of [2]. Data have been grouped in 17 bins,
of which the last one corresponds to the energy interval
between 10 and 20 keVee. Different values of σn, δ and
Mχ have been selected and for each of them the expected
modulation amplitude in the DAMA/LIBRA experiment
has been computed. The DAMA/LIBRA allowed region
is then defined as those parameters for which χ2(Mχ,
δ)< 24.77 for some value of σn, where 24.77 corresponds
to the value that is excluded at 90% confidence level for
a χ2 distribution with 17 degrees of freedom.

Following this procedure it is possible to compute for
every point in the allowed region the lowest cross section
which is compatible with DAMA/LIBRA at 90% confi-
dence level. The resulting cross section can be used to
predict a scatter rate in XENON100 and this can be com-
pared with the actual rate measured in XENON100. As
an example to illustrate the difference between the pre-
dictions from the DAMA/LIBRA data, figure 1 shows the
expected spectrum in XENON100, taking into account
exposure and data quality acceptance, and the 90% con-
fidence level cross section from DAMA/LIBRA, for dif-
ferent choices of Mχ and δ in the allowed region. The
WIMP velocity has been averaged over the data taking
period to account for annual modulation effects.

With this data a limit on σN can be extracted for every
pair of Mχ and δ values using both the Feldman-Cousins
method [11] and the optimum gap method [12]. We
assume a Maxwellian WIMP velocity distribution with
characteristic velocity v0 = 220 km/s and escape velocity
vesc = 544 km/s, a local WIMP density of 0.3GeV/cm3,
Earth’s velocity v⊕ = 29.8 km/s [4] and Helm form fac-
tors [13]. Figure 2 shows the extracted limit for δ =
120 keV using the Feldman-Cousins method. The 90%
confidence region explaining the DAMA/LIBRAmodula-
tion is also shown. It is excluded by the new XENON100
limit at 90% confidence level.

The systematic application of this procedure to the
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FIG. 1: Expected iDM nuclear recoil spectrum in XENON100

for 100.9 live days measured between January and June for a

WIMP with Mχ = 50 GeV, δ = 110 keV (black, solid); Mχ =

55 GeV, δ = 115 keV (blue, dotted), and Mχ = 60 GeV,

δ = 120 keV (green, dashed) and a σ corresponding to the

lower 90% confidence limit of the DAMA/LIBRA signal. The

XENON100 observed spectrum is shown in red. Vertical dot-

ted lines show the analysis energy interval.
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FIG. 2: DAMA/LIBRA 90% confidence level signal region for

δ = 120 keV (gray region). Superimposed are the 90% con-

fidence level exclusion curves for XENON100 (black, solid),

CDMS [14] (red, dashed) and ZEPLIN-III [15] (blue, dash-

dotted). The whole DAMA/LIBRA WIMP region is excluded

by XENON100.

DAMA/LIBRA data for all points in the δ-Mχ space
results in the gray area in figure 3, which shows the
allowed parameter space. To compare this result with
other experiments, for each allowed point in the δ-Mχ

space the lowest cross section in the 90% signal region
for the DAMA/LIBRA data is compared with the 90%
confidence level limit cross section predicted by the other
experiment. In case the value from DAMA/LIBRA is
higher than for the experiment compared, that point in

XENON100

DAMA/LIBRA (shaded) 
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Parameter space above curves excluded at 95% 
CL for CRE final state by Fermi LAT CRE analysis

Signal and exclusion regions for direct detection 
experiments at 90% CL (for δ = 120 keV)

Aprile et al. [XENON100 Collaboration] (2011)

• tests for a unique astrophysical signal arising from specific dark 
matter models

• different sources of uncertainties make solar CRE limits a valuable 
cross-check

Ajello et al. [Fermi LAT Collaboration] (2011)
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Inelastic Scattering

d cos!lab
d cos!det

¼ ðjD# $ R cosð!detÞjþ R cosð!detÞÞ2
rjD# $ R cosð!detÞj

: (27)

The delta function in Eq. (21) enforces that the energy
observed at the detector is equal to the energy of the
emitted e' boosted to the lab frame,

Eð!cmÞ ¼
1

2
"clm#ð1þ $cl cos!cmÞ: (28)

Note that because the energy in the lab frame depends only
on !cm, and because !lab is determined by !cm, fixing Edet

corresponds to selecting only CREs emitted at the corre-
sponding !lab. For a specified !det, the !lab of particles
observed along the line of sight R varies; hence the ob-
served energy of CREs emitted from a point along the line
of sight is a function of R, i.e., EdetðRÞ. We rewrite the delta
function in Eq. (23) as the composition

%ðEdet $ EðRÞÞ ¼ %ðR$ R0Þ
dE
dR ðR0Þ

(29)

and then perform the integration over R. The parameter R0

is the value of R along the line of sight in the direction !det
where !lab takes the value required to generate CREs with a
given Edet.

We evaluate the CRE flux within a ROI of 30( centered
on the Sun, and fix the value ofm# ¼ 1 GeV. We calculate
limits for three values of the decay length L ¼ 5 AU,
1 AU, and 0.1 AU. Decreasing L increases the observed
CRE flux by condensing the region within which most #
decay. However, we emphasize that even for as large a
decay length as L ¼ 5 AU, the signal in the energy range
used in this analysis is strongly peaked in the direction of
the Sun and extends only a few degrees at most. Since the
# in this scenario are relativistic, in the lab frame the
emitted e' are boosted along the direction the# is moving,
and so only# exiting the Sun very close to the direction of
the detector will produce decay products with large enough
!lab to reach the detector. In particular, for the e' to have
sufficient energy to fall within the energy range of this
analysis, a significant fraction of the # energy must be
deposited into the e' that reach the detector. This only
occurs for e' emitted with very small !lab. This also leads
to an energy dependence of the angular signal: for a given
DM scenario, the angular extent of the flux at high energies
is smaller than at lower energies. We note that decreasing
m# for a fixed m& narrows the angular extent of the signal,
and therefore has little impact on our results. We confirmed
that form# as large as 10 GeV, the cross-section limits vary
negligibly except for a slight weakening of the limit at the
lowest end of the m& range considered here.

Figures 6 and 7 show the constraints on 'SI and 'SD as a
function of m&, derived from the upper limits on the solar
CRE flux obtained in Sec. III B. For each m& the CRE flux
in each energy bin used in this analysis was calculated, and
the limit on the scattering cross section was set by the

energy bin providing the strongest constraint. The jagged
shape of the curve reflects the transitions between the
energy bins setting the strongest limit. Models above the
curves exceed the 95% CL solar CRE flux upper limit for
the 30( ROI in at least one energy bin. Reference [1] notes
that due to the Parker spiral shape of the Sun’s magnetic
field, CREs emitted from the Sun may be deflected in such
a way as to appear to originate from a source displaced by
up to 30( from the Sun’s position. If we instead consider
larger ROIs centered on the Sun in order to accommodate
the expected angular distribution of the flux of a displaced
source, the constraints derived on the scattering cross
sections would be weakened by)30% using the flux upper
limit for the 45( ROI, or by a factor of )2 if the 60( ROI
flux upper limit were used.
The bounds on the scattering cross sections we derive

for e' final states are significantly below the typical
constraints from direct detection experiments, and so we
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FIG. 6 (color online). Constraints on DM annihilation to eþe$

via an intermediate state, from solar CRE flux upper limits. Solar
capture of DM is assumed to take place via spin-independent
scattering. The constraints obtained for three values of the decay
length L of the intermediate state are shown. Models above the
curves exceed the solar CRE flux upper limit at 95% CL for a
30( ROI centered on the Sun.

100 1000
mχ [GeV]

10−47

10−46

10−45

10−44

10−43

10−42

σ S
D
 [c

m
2 ]

L = 5 AU
L = 1 AU
L = 0.1 AU

FIG. 7 (color online). Constraints on DM parameters for an-
nihilation to eþe$ via an intermediate state as in Fig. 6, except
assuming solar capture by spin-dependent scattering.
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! 5% for all WIMP masses for the background-only hy-
pothesis, indicating that there is no excess due to a dark
matter signal. The probability that the expected background
in the benchmark region fluctuates to two events is 26.4%
and confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections !" is calcu-

lated, assuming an isothermal WIMP halo with a local
density of #" ¼ 0:3 GeV=cm3, a local circular velocity

of v0 ¼ 220 km=s, and a Galactic escape velocity of
vesc ¼ 544 km=s [17]. Systematic uncertainties in the
energy scale as described by the Leff parametrization of
Ref. [6] and in the background expectation are profiled
out and represented in the limit. Poisson fluctuations in
the number of PEs dominate the S1 energy resolution and
are also taken into account along with the single PE
resolution. The expected sensitivity of this data set in the
absence of any signal is shown by the green (yellow)
[1! (2!)] band in Fig. 3. The new limit is represented by
the thick blue line. It excludes a large fraction of previously
unexplored parameter space, including regions preferred
by scans of the constrained supersymmetric parameter
space [18].

The new XENON100 data provide the most stringent
limit for m" > 8 GeV=c2 with a minimum of ! ¼ 2:0#
10$45 cm2 at m" ¼ 55 GeV=c2. The maximum gap analy-

sis uses an acceptance-corrected exposure of 2323:7 kg#
days (weighted with the spectrum of a 100 GeV=c2

WIMP) and yields a result which agrees with the result of
Fig. 3 within the known systematic differences. The new
XENON100 result continues to challenge the interpretation
of the DAMA [19], CoGeNT [20], and CRESST-II [21]
results as being due to scalar WIMP-nucleon interactions.
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FIG. 3 (color online). Result on spin-independent WIMP-
nucleon scattering from XENON100: The expected sensitivity
of this run is shown by the dark (green) and light (yellow) band
[1! (2!)] and the resulting exclusion limit (90% C.L.) by the
solid blue line. For comparison, other experimental limits
(90% C.L.) and detection claims (2!) are also shown [19–22],
together with the regions (1!=2!) preferred by supersymmetric
models [18].
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tion. Another consequence of this minimum velocity is
the higher sensitivity of the recoil spectrum to the tail
of the WIMP velocity distribution, which enhances the
annual modulation effect for inelastic over elastic WIMP
scattering.

The XENON100 experiment [9] has recently reported
results from a 100.9 live days dark matter search [10]
in an energy interval between 8.4 and 44.6 keVnr (keV
nuclear recoil equivalent). The same data are used here
to constrain the iDM model. Three events fall in the pre-
defined WIMP search region for dark matter interactions,
which is compatible with the background expectation of
(1.8± 0.6) events, as described in [10].

To extract the DAMA/LIBRA allowed region in iDM
parameter space, the procedure described in [4] has been
followed, using an energy independent quenching factor
of 0.08 for iodine and not considering ion channeling. The
DAMA/LIBRA modulation amplitudes for different en-
ergies have been taken from [4], where they are extracted
from figure 9 of [2]. Data have been grouped in 17 bins,
of which the last one corresponds to the energy interval
between 10 and 20 keVee. Different values of σn, δ and
Mχ have been selected and for each of them the expected
modulation amplitude in the DAMA/LIBRA experiment
has been computed. The DAMA/LIBRA allowed region
is then defined as those parameters for which χ2(Mχ,
δ)< 24.77 for some value of σn, where 24.77 corresponds
to the value that is excluded at 90% confidence level for
a χ2 distribution with 17 degrees of freedom.

Following this procedure it is possible to compute for
every point in the allowed region the lowest cross section
which is compatible with DAMA/LIBRA at 90% confi-
dence level. The resulting cross section can be used to
predict a scatter rate in XENON100 and this can be com-
pared with the actual rate measured in XENON100. As
an example to illustrate the difference between the pre-
dictions from the DAMA/LIBRA data, figure 1 shows the
expected spectrum in XENON100, taking into account
exposure and data quality acceptance, and the 90% con-
fidence level cross section from DAMA/LIBRA, for dif-
ferent choices of Mχ and δ in the allowed region. The
WIMP velocity has been averaged over the data taking
period to account for annual modulation effects.

With this data a limit on σN can be extracted for every
pair of Mχ and δ values using both the Feldman-Cousins
method [11] and the optimum gap method [12]. We
assume a Maxwellian WIMP velocity distribution with
characteristic velocity v0 = 220 km/s and escape velocity
vesc = 544 km/s, a local WIMP density of 0.3GeV/cm3,
Earth’s velocity v⊕ = 29.8 km/s [4] and Helm form fac-
tors [13]. Figure 2 shows the extracted limit for δ =
120 keV using the Feldman-Cousins method. The 90%
confidence region explaining the DAMA/LIBRAmodula-
tion is also shown. It is excluded by the new XENON100
limit at 90% confidence level.

The systematic application of this procedure to the
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FIG. 1: Expected iDM nuclear recoil spectrum in XENON100

for 100.9 live days measured between January and June for a

WIMP with Mχ = 50 GeV, δ = 110 keV (black, solid); Mχ =

55 GeV, δ = 115 keV (blue, dotted), and Mχ = 60 GeV,

δ = 120 keV (green, dashed) and a σ corresponding to the

lower 90% confidence limit of the DAMA/LIBRA signal. The

XENON100 observed spectrum is shown in red. Vertical dot-

ted lines show the analysis energy interval.
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FIG. 2: DAMA/LIBRA 90% confidence level signal region for

δ = 120 keV (gray region). Superimposed are the 90% con-

fidence level exclusion curves for XENON100 (black, solid),

CDMS [14] (red, dashed) and ZEPLIN-III [15] (blue, dash-

dotted). The whole DAMA/LIBRA WIMP region is excluded

by XENON100.

DAMA/LIBRA data for all points in the δ-Mχ space
results in the gray area in figure 3, which shows the
allowed parameter space. To compare this result with
other experiments, for each allowed point in the δ-Mχ

space the lowest cross section in the 90% signal region
for the DAMA/LIBRA data is compared with the 90%
confidence level limit cross section predicted by the other
experiment. In case the value from DAMA/LIBRA is
higher than for the experiment compared, that point in

XENON100

DAMA/LIBRA (shaded) 
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Parameter space above curves excluded at 95% 
CL for CRE final state by Fermi LAT CRE analysis

Signal and exclusion regions for direct detection 
experiments at 90% CL (for δ = 120 keV)

Aprile et al. [XENON100 Collaboration] (2011)

• tests for a unique astrophysical signal arising from specific dark 
matter models

• different sources of uncertainties make solar CRE limits a valuable 
cross-check

Ajello et al. [Fermi LAT Collaboration] (2011)

Assumes WIMP annihilation 
through an intermediate 
particle to e+e-

Assumes WIMP capture 
through inelastic scattering 
and annihilation to e+e-

Aprile et al., arXiv:1207.5988
Aprile et al., arXiv:1104.3121
Ajello et al., arXiv:1107.4272

d cos!lab
d cos!det

¼ ðjD# $ R cosð!detÞjþ R cosð!detÞÞ2
rjD# $ R cosð!detÞj

: (27)

The delta function in Eq. (21) enforces that the energy
observed at the detector is equal to the energy of the
emitted e' boosted to the lab frame,

Eð!cmÞ ¼
1

2
"clm#ð1þ $cl cos!cmÞ: (28)

Note that because the energy in the lab frame depends only
on !cm, and because !lab is determined by !cm, fixing Edet

corresponds to selecting only CREs emitted at the corre-
sponding !lab. For a specified !det, the !lab of particles
observed along the line of sight R varies; hence the ob-
served energy of CREs emitted from a point along the line
of sight is a function of R, i.e., EdetðRÞ. We rewrite the delta
function in Eq. (23) as the composition

%ðEdet $ EðRÞÞ ¼ %ðR$ R0Þ
dE
dR ðR0Þ

(29)

and then perform the integration over R. The parameter R0

is the value of R along the line of sight in the direction !det
where !lab takes the value required to generate CREs with a
given Edet.

We evaluate the CRE flux within a ROI of 30( centered
on the Sun, and fix the value ofm# ¼ 1 GeV. We calculate
limits for three values of the decay length L ¼ 5 AU,
1 AU, and 0.1 AU. Decreasing L increases the observed
CRE flux by condensing the region within which most #
decay. However, we emphasize that even for as large a
decay length as L ¼ 5 AU, the signal in the energy range
used in this analysis is strongly peaked in the direction of
the Sun and extends only a few degrees at most. Since the
# in this scenario are relativistic, in the lab frame the
emitted e' are boosted along the direction the# is moving,
and so only# exiting the Sun very close to the direction of
the detector will produce decay products with large enough
!lab to reach the detector. In particular, for the e' to have
sufficient energy to fall within the energy range of this
analysis, a significant fraction of the # energy must be
deposited into the e' that reach the detector. This only
occurs for e' emitted with very small !lab. This also leads
to an energy dependence of the angular signal: for a given
DM scenario, the angular extent of the flux at high energies
is smaller than at lower energies. We note that decreasing
m# for a fixed m& narrows the angular extent of the signal,
and therefore has little impact on our results. We confirmed
that form# as large as 10 GeV, the cross-section limits vary
negligibly except for a slight weakening of the limit at the
lowest end of the m& range considered here.

Figures 6 and 7 show the constraints on 'SI and 'SD as a
function of m&, derived from the upper limits on the solar
CRE flux obtained in Sec. III B. For each m& the CRE flux
in each energy bin used in this analysis was calculated, and
the limit on the scattering cross section was set by the

energy bin providing the strongest constraint. The jagged
shape of the curve reflects the transitions between the
energy bins setting the strongest limit. Models above the
curves exceed the 95% CL solar CRE flux upper limit for
the 30( ROI in at least one energy bin. Reference [1] notes
that due to the Parker spiral shape of the Sun’s magnetic
field, CREs emitted from the Sun may be deflected in such
a way as to appear to originate from a source displaced by
up to 30( from the Sun’s position. If we instead consider
larger ROIs centered on the Sun in order to accommodate
the expected angular distribution of the flux of a displaced
source, the constraints derived on the scattering cross
sections would be weakened by)30% using the flux upper
limit for the 45( ROI, or by a factor of )2 if the 60( ROI
flux upper limit were used.
The bounds on the scattering cross sections we derive

for e' final states are significantly below the typical
constraints from direct detection experiments, and so we
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FIG. 6 (color online). Constraints on DM annihilation to eþe$

via an intermediate state, from solar CRE flux upper limits. Solar
capture of DM is assumed to take place via spin-independent
scattering. The constraints obtained for three values of the decay
length L of the intermediate state are shown. Models above the
curves exceed the solar CRE flux upper limit at 95% CL for a
30( ROI centered on the Sun.
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FIG. 7 (color online). Constraints on DM parameters for an-
nihilation to eþe$ via an intermediate state as in Fig. 6, except
assuming solar capture by spin-dependent scattering.
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Energy Resolution

Effective Area

5 Decades in Energy (3 TeV)

25 %

100 %

• Improvements to the LAT instrument 
performance:
– Increased energy range
– Increased effective area 
– Improved angular resolution 
– Better background rejection
– New event classes

• Impacts for dark matter:
– Energy Range <==> explore new 

high-mass parameter space
– Effective Area <==> increase 

significance of tentative signals
– Angular Resolution <==> greater 

sensitivity to spatially extended 
subhalos

– New Event Classes <==> check 
systematic effects in event selection

Preliminary

Preliminary

Preliminary



4-Yr Pass 7 Median Expected Limit

4-Yr Pass 7 Expected Limit, +30 dSphs

10-Yr Pass 7 Expected Limit, +30 dSphs
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Outlook

• The Fermi LAT is opening an 
unprecedented window on the 
gamma-ray sky

• The indirect search for dark matter is  
unavoidably linked to astrophysical 
and instrumental effects

• Indirect detection is essential to form 
in situ link to dark matter.

• The best is yet to come
– A better understanding of 

the instrument
– A better understanding of 

the astrophysics
– New promising new source 

classes
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Preliminary

Globular Cluster 47 Tuc (DES Collaboration)
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Back Up
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Dark Matter Subhalos

• Simulations predict that Galactic dark 
matter halo populated by numerous 
subhalos
– Largest subhalos contain satellite galaxies
– Smaller subhalos have no tracer in other 

wavelengths

• The brightest of these source would be 
detected as discrete gamma-ray sources 
lacking astrophysical associations

• Look at unassociated sources:
– ~600 unassociated sources in the LAT 

2FGL catalog (most near Galactic plane)
– Associations made through:

• Multiwavelength observations
• Searches for periodicity
• Correlated variability
• etc.
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Ackermann et al., arXiv:1201.2691
Hooper et al., arXiv:1208.0828
Zechlin et al., arXiv:1210.3852



• Are dwarf galaxies the best component of substructure for dark matter detection?

• Some substructure could be more detectable than the dwarf galaxies...

• But we don’t know exactly where to look...
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Unassociated Subhalos
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Greater Detection 
Potential than Draco

Less Detection 
Potential than 

Draco

Via Lactea II
Subhalos

Extrapolation 
to Low-Mass 

Subhalos

Ackermann et al., arXiv:1201.2691
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Unassociated Subhalos
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• Examine unassociated, high-latitude sources in First LAT Catalog.

• Search for non-power-law sources with that may have been missed.

• Test for spatial extension and spectral shape with 99% confidence.

Ackermann et al., arXiv:1201.2691



• Use N-body simulations to determine the 
probability of having no subhalos pass 
selection criteria as a function of          

• What would an interesting signal look like?

• Multiple unassociated sources sharing a 
common hard spectral feature

• Optical follow up of an unusual 
unassociated source reveals a new ultra-
faint dwarf.

2-Year Anisotropy Analysis
vs.

1-Year Unassociated Sources

�σv� ∼ 2× 10−24 cm3 s−1

�σv�
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Unassociated Subhalos Summary
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Prob(Don’t Detect Any Satellites in Simulation)

Prob(Don’t Detect Simulated Satellite j)

Ackermann et al., arXiv:1201.2691


