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Dark Matter Theory  
and  

(Indirect) Searches



Strongest evidence for dark matter comes from its 
gravitational interactions with visible matter

Particle physics properties (e.g., mass, couplings)
remain an open question

We can make educated guesses for the dark matter 
mass based on its interactions in the early Universe



Thermal Dark Matter

Relic abundance for dark matter is thus established

Dark matter is in equilibrium in the early Universe

As temperature cools, eventually

Dark matter stops annihilating and falls out of equilibrium  
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Weakly interacting particle with mass ~102-3 GeV gives  
density observed today



However, one does not have to do much to open up the parameter 
space for thermal dark matter

e.g., If the dark matter annihilates to a new, slightly heavier state

then, the correct relic density can be obtained down to keV masses

�� ! ��

Griest and Seckel (1991); D’Agnolo and Ruderman [1505.07107] 

The Lamp Post

The WIMP paradigm has been the primary guide for the 
current dark matter experimental program





WIMPs Today

Searching for high-energy gamma rays from dark matter annihilation is 
the most direct way to probe the thermal hypothesis 

Dark matter self-annihilations are rare today, but do occur

Increase chances of observing these rare events by looking in 
densest dark-matter regions of the sky
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Fermi LAT
The Fermi LAT is one of the best probes of high-energy gamma 

rays from dark matter annihilation

http://fermi.gsfc.nasa.gov/

Sensitive to energies from  
20 MeV to > 300 GeV

Launched June 11, 2008

Scans over the whole sky every 
three hours



Indirect Detection

Monochromatic Photons

Direct annihilation to photons, 
a line in photon energy spectrum
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Annihilation to SM final states that 
shower into photons 
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Photon Flux

The intensity profile for dark matter annihilation is given by
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J-Factor

Astrophysical uncertainties are absorbed by the “J-factor”
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Fig. 1.— Locations of the eight new dwarf galaxy candidates reported here (red triangles) along

with nine previously reported dwarf galaxy candidates in the DES footprint (red circles; Bechtol

et al. 2015; Koposov et al. 2015a; Kim & Jerjen 2015b), five recently discovered dwarf galaxy

candidates located outside the DES footprint (green diamonds; Laevens et al. 2015a; Martin et al.

2015; Kim et al. 2015a; Laevens et al. 2015b), and twenty-seven Milky Way satellite galaxies known

prior to 2015 (blue squares; McConnachie 2012). Systems that have been confirmed as satellite

galaxies are individually labeled. The figure is shown in Galactic coordinates (Mollweide projection)

with the coordinate grid marking the equatorial coordinate system (solid lines for the equator and

zero meridian). The gray scale indicates the logarithmic density of stars with r < 22 from SDSS

and DES. The two-year coverage of DES is ⇠ 5000 deg2 and nearly fills the planned DES footprint

(outlined in red). For comparison, the Pan-STARRS 1 3⇡ survey covers the region of sky with

�2000 > �30� (Laevens et al. 2015b).

Dwarf Galaxies

Drlica-Wagner et al. [1508.03622]

These faint galaxies are dark-matter dominated and thus 
excellent targets for annihilation searches

Known satellites before 2015
New Candidates
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FIG. 2. Bin-by-bin integrated energy-flux upper limits at 95% confidence level for the eight DES dSph candidates modeled as
point-like sources.

the catalog values.
In contrast to Ackermann et al. [19], we modeled the

dSph candidates as point-like sources rather than spa-
tially extended Navarro, Frenk and White (NFW) DM
density profiles [37]. This choice was motivated by the
current uncertainty in the spatial extension of the DM
halos of these new objects. Previous studies have shown
that the LAT flux limits are fairly insensitive to mod-
eling dSph targets as point-like vs. spatially extended
sources [17]. We fit for excess gamma-ray emission asso-
ciated with each target in each energy bin separately to
derive a set of flux constraints that are independent of the
choice of spectral model. The Poisson likelihoods from
each bin were combined to form global spectral likeli-
hoods for di↵erent DM annihilation channels and masses.

No significant gamma-ray emission was observed from
any of the DES dSph candidates. We show the bin-by-bin
integrated energy-flux 95% confidence level upper limits
for each dSph candidate in Figure 2.

By assuming a specific DM di↵erential gamma-ray
yield (dN�/dE� for a given m

DM

and annihilation chan-
nel), we calculated the test statistic (TS) for signal de-
tection by comparing the likelihood values both with and
without the added dSph candidate template (see Equa-
tion 6 in Ackermann et al. [19]). The most significant
excess for any of the DM masses, annihilation channels,
and targets we consider here was TS = 6.7, correspond-
ing to a local signficance6 of 1.5� (p = 0.06) and a global
significance of 0.26� (p = 0.40). This coincides with

6 To convert from TS to a p-value, we use the TS distribution

DES J0335.6�5403 when considering a DM particle with
m

DM

= 25GeV annihilating into ⌧+⌧�.7

ESTIMATING J-FACTORS FOR THE DES DSPH
CANDIDATES

The DM content of the DES dSph candidates can-
not be determined without spectroscopic observations of
their member stars. However, it is possible to derive up-
per limits on the DM annihilation cross section under the
assumption that these candidates possess DM distribu-
tions similar to the known dSphs. Our estimates for the
astrophysical J-factors of these candidates are motivated
by two established relationships. First, the known dSphs
have a common mass scale in their interiors, roughly 107

M
�

within their central 300 pc [38]. Additionally, the
half-light radius of a dSph and the mass within the half-
light radius have a simple scaling relation [39, 40].

In the analysis that follows, we used the ten ultra-
faint SDSS satellites with spectroscopically determined

measured from performing our search for gamma-ray emission
in 800 random blank sky fields [17, 19]. The reported p-value
includes a trials factor from testing multiple dark matter masses
and channels at each location. We report the significance as the
inverse survival function of a normal distribution for the stated
p-value (one-sided significance).

7 We note that the radio continuum source PMN J0335�5046 is
located ⇠ 0.�1 from the center of DES J0335.6�5403. It is not a
cataloged blazar, but has radio and infrared spectral character-
istics consistent with blazars detected by the LAT.

Excess in Reticulum?

A. Drlica-Wagner et al. [1503.02632]

Analysis of Fermi data yields no significant excesses in most candidates,  
though Reticulum still debated
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the catalog values.
In contrast to Ackermann et al. [19], we modeled the

dSph candidates as point-like sources rather than spa-
tially extended Navarro, Frenk and White (NFW) DM
density profiles [37]. This choice was motivated by the
current uncertainty in the spatial extension of the DM
halos of these new objects. Previous studies have shown
that the LAT flux limits are fairly insensitive to mod-
eling dSph targets as point-like vs. spatially extended
sources [17]. We fit for excess gamma-ray emission asso-
ciated with each target in each energy bin separately to
derive a set of flux constraints that are independent of the
choice of spectral model. The Poisson likelihoods from
each bin were combined to form global spectral likeli-
hoods for di↵erent DM annihilation channels and masses.

No significant gamma-ray emission was observed from
any of the DES dSph candidates. We show the bin-by-bin
integrated energy-flux 95% confidence level upper limits
for each dSph candidate in Figure 2.

By assuming a specific DM di↵erential gamma-ray
yield (dN�/dE� for a given m
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and annihilation chan-
nel), we calculated the test statistic (TS) for signal de-
tection by comparing the likelihood values both with and
without the added dSph candidate template (see Equa-
tion 6 in Ackermann et al. [19]). The most significant
excess for any of the DM masses, annihilation channels,
and targets we consider here was TS = 6.7, correspond-
ing to a local signficance6 of 1.5� (p = 0.06) and a global
significance of 0.26� (p = 0.40). This coincides with

6 To convert from TS to a p-value, we use the TS distribution
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ESTIMATING J-FACTORS FOR THE DES DSPH
CANDIDATES

The DM content of the DES dSph candidates can-
not be determined without spectroscopic observations of
their member stars. However, it is possible to derive up-
per limits on the DM annihilation cross section under the
assumption that these candidates possess DM distribu-
tions similar to the known dSphs. Our estimates for the
astrophysical J-factors of these candidates are motivated
by two established relationships. First, the known dSphs
have a common mass scale in their interiors, roughly 107
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within their central 300 pc [38]. Additionally, the
half-light radius of a dSph and the mass within the half-
light radius have a simple scaling relation [39, 40].

In the analysis that follows, we used the ten ultra-
faint SDSS satellites with spectroscopically determined

measured from performing our search for gamma-ray emission
in 800 random blank sky fields [17, 19]. The reported p-value
includes a trials factor from testing multiple dark matter masses
and channels at each location. We report the significance as the
inverse survival function of a normal distribution for the stated
p-value (one-sided significance).

7 We note that the radio continuum source PMN J0335�5046 is
located ⇠ 0.�1 from the center of DES J0335.6�5403. It is not a
cataloged blazar, but has radio and infrared spectral character-
istics consistent with blazars detected by the LAT.

Excess in Reticulum?

A. Drlica-Wagner et al. [1503.02632]
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FIG. 1: Energy spectrum of events detected within 0.5� of
Ret2 (red points), with Poisson error bars. The number of
events detected in each energy bin is shown. Two background
estimates are shown: 1) the sum (solid black) of the Fermi
Collaboration’s models for isotropic (dashed) and galactic dif-
fuse (dot dash) emission at the location of Ret2, and 2) the
average intensity (gray triangles) within 3306 ROIs that lie
within 10� of Ret2 and overlap neither known sources nor the
ROI centered on Ret2.

decade between 0.2 GeV and 300 GeV). The fig-
ure also shows two estimates of background. First,
the solid black line represents a two-component back-
ground model that is derived by the Fermi col-
laboration (http://fermi.gsfc.nasa.gov/ssc/data/
access/lat/BackgroundModels.html). It is the sum
of the isotropic spectrum iso source v05.txt (dashed
black line) and the di↵use interstellar emission model
gll iem v05 rev1.fit (dot dashed). The latter is aver-
aged over the 1� region surrounding Ret2 (we confirmed
that the curve does not change for any choice of radius
within 5�). Second, gray triangles indicate an empirical
estimate of background, showing the average intensity
within 3306 ROIs that fall within 10� of Ret2 and do not
overlap with any source masks, the central ROI, or the
boundary of the 10� region (see Fig. 3, right panel). The
two estimates of background show good agreement. Be-

tween 2 GeV and 10 GeV, the spectrum from Ret2 clearly

rises above the expected background.

To derive a detection significance we employ the follow-
ing method (see [41] for details). Each event in the ROI is
assigned a weight w(E, ✓) based on its energy E and an-
gular separation ✓ from the ROI center. The test statistic
T =

P
w(Ei, ✓i) is the sum of the weights of all events in

the ROI, with larger values of T providing evidence of a
signal. In this approach, the most powerful weight func-
tion for testing the background-only hypothesis is given
by w(E, ✓) = log[1+s(E, ✓)/b(E, ✓)], where s(E, ✓) is the
expected number (in a small dE, d✓ range) of events due

to dark matter annihilation for the alternative hypothe-
sis (signal) and b(E, ✓) is the expected number from all
other sources (background).

The expected signal depends on the dark matter parti-
cle properties (mass M , annihilation cross section h�vi),
the dark matter content of the dwarf galaxy (parame-
terized here by the single quantity J [e.g. 47]), and the
detector response (exposure ✏ and PSF):

s(E, ✓)

dEd✓
=

h�viJ
8⇡M2

dNf (E)

dE
⇥✏(E)PSF(✓|E)2⇡ sin(✓). (1)

For annihilation into a final state f , dNf/dE is the num-
ber of �-rays produced (per interval dE) per annihilation.
We adopt the annihilation spectra of Cirelli et al. [48],
which include electroweak corrections [49]. Note that the
unknown J value is exactly degenerate with h�vi.

We quantify the signal’s significance by calculating its
p-value: the probability that background could generate
events with a total weight greater than the one observed
for the ROI centered on Ret2. We also quote “� values”,
CDF�1(1 � p), using the standard normal CDF.

First we compute significance by modeling the back-
ground in the central ROI as an isotropic Poisson process.
This procedure is justified by Ret2’s location in a quiet
region that is far from known sources and strong gradi-
ents (see Fig. 3, right panel). Specifically, we assume that
1) the number of background events within 0.5� of Ret2 is
a Poisson variable, 2) background events are distributed
isotropically, and 3) their energies are independent draws
from a given spectrum. Under these assumptions the test
statistic is a compound Poisson variate whose PDF we
can calculate for any weight function and any adopted
background spectrum [41]. There is no assumption that
the PDF follows an asymptotic form such as �2.

We consider four possible energy spectra for the back-
ground b(E, ✓). The first two are sums of the Fermi Col-
laboration’s isotropic and galactic-di↵use models, where
the latter is averaged within either 1� or 2� of Ret2. We
refer to these spectra as ‘Di↵use 1’ (this is the same back-
ground model shown in Fig. 1) and ‘Di↵use 2’. The third
is an empirically-derived spectrum (‘Empirical 1’) using
events between 1� and 5� from Ret2 (excluding masked
sources). Below 10 GeV, this spectrum is a kernel den-
sity estimate, with each event replaced by a Gaussian
with width 20% of its energy. Above 10 GeV we fit a
power law with exponential cuto↵. Finally, we bin the
same events (30 bins between 0.2 GeV and 1 TeV) in
order to construct a fourth possible background spec-
trum (‘Empirical 2’), where the intensity between bin
centers is found by linear interpolation in log(intensity).
Figure 2 shows significance of the detected �-ray signal
from Ret2 for various annihilation channels and for each
background model. In every case, the significance peaks
above 4�, with little dependence on choice of background
spectrum.

A. Geringer-Sameth et al. [1503.02320] 
Hooper and Linden [1503.06209]

Analysis of Fermi data yields no significant excesses in most candidates,  
though Reticulum still debated



Dwarf Galaxies

Ackermann et al. [1503.02641]

Six years of data from Fermi LAT used to search for gamma-ray emission 
from 15 dwarf spheroidal satellite galaxies

Constraints fall below the thermal relic cross section for dark matter 
masses less than ~100 GeV (bb annihilation channel) 6
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [33], 112 hours of observations
of the Galactic Center with H.E.S.S. [34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. Closed contours and
the marker with error bars show the best-fit cross section and mass from several interpretations of the Galactic center excess
[16–19].

DM distribution can significantly enlarge the best-fit re-
gions of h�vi, channel, and mDM [36].

In conclusion, we present a combined analysis of 15
Milky Way dSphs using a new and improved LAT data
set processed with the Pass 8 event-level analysis. We ex-
clude the thermal relic annihilation cross section (⇠ 2.2⇥
10�26 cm3 s�1) for WIMPs with mDM

<⇠ 100 GeV annihi-
lating through the quark and ⌧ -lepton channels. Our
results also constrain DM particles with mDM above
100 GeV surpassing the best limits from Imaging Atmo-
spheric Cherenkov Telescopes for masses up to 1 TeV.
These constraints include the statistical uncertainty on
the DM content of the dSphs. The future sensitivity to

DM annihilation in dSphs will benefit from additional
LAT data taking and the discovery of new dSphs with
upcoming optical surveys such as the Dark Energy Sur-
vey [37] and the Large Synoptic Survey Telescope [38].
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Isotropic Background

Unresolved gamma-ray emission at high-latitudes can arise from 
dark matter annihilation in: 

The Milky Way 

http://www.ucolick.org/~diemand/vl/

Extragalactic Halos

14 J. Zavala, V. Springel and M. Boylan-Kolchin

Figure 10. Upper panel: One of the partial maps (z = 0) showing the cosmic γ-ray background produced by dark matter annihilation.
The color scale gives a visual impression of the values of the specific intensity for each pixel in the map; the red color corresponds to
the highest values of specific intensity. The observed energy of the simulated γ-ray radiation is 10GeV, and the benchmark point L as
described on Table 1 was used as input for the supersymmetric model. Lower panel: Co-added map showing the full γ-ray sky map from
dark matter annihilation integrated out to z = 10.

c⃝ 0000 RAS, MNRAS 000, 000–000

Zavala, Springel, Boylan-Kolchin [0908.2428]



Isotropic Background

Ackermann et al. [1501.05464]

Fermi measurement of isotropic background can be converted 
into limits on dark-matter annihilation

⌧+⌧� channels were also derived, and can be found in Appendix B.
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Figure 7. Upper limits (95% CL) on the DM annihilation cross section in our conservative
procedure. From top to bottom and left to right, the limits are for the bb̄, W+W�, ⌧+⌧� and
µ+µ� channels. The red solid line shows limits obtained in our fiducial HM scenario described
in section 2.1, and assumes the reference contribution from the Galactic subhalo population;
see section 2.4 (‘HM, SS-REF’ case). The broad red band labeled as ‘PS (min!max), SS-
REF’ shows the theoretical uncertainty in the extragalactic signal as given by the PS approach
of section 2.2. The blue dashed line (‘HM, SS-MIN’) , with its corresponding uncertainty
band (‘PS (min!max), SS-MIN’), refers instead to the limits obtained when the Milky
Way substructure signal strength is taken to its lowest value as calculated in ref. [35]. For
comparison, we also include other limits derived from observations with Fermi LAT [9, 11]
and imaging air Cherenkov telescopes [99, 100].

From theoretical considerations, various DM particle candidate masses span a
huge range. For thermally produced WIMPs, however, the Lee-Weinberg limit restricts
the mass to be above few GeV [101] and unitarity considerations bound it to be below
⇠ 100 TeV [102]. Interestingly, we are able to constrain signals for WIMP masses
up to ⇠ 30 TeV because the IGRB measurement now extends up to 820 GeV. For
DM particle masses above ⇠ 30 TeV, we start to probe the low-energy tail of the
DM spectra and thus we lose constraining power rapidly. Furthermore, extragalactic
WIMP signals are heavily suppressed at the highest energies as the optical depth is
very large for such gamma rays.

It is interesting to compare the conservative limits of figure 7 to the cross-section
sensitivities in figure 8, at least for the case of our fiducial HM scenario and the reference

– 23 –
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GeV Photon Excess

Daylan et al. [1402.6703]

Goodenough and Hooper [0910.2998] 
Hooper and Goodenough [1010.2752] 
Boyarsky, Malyshev, Ruchayskiy [1012.5839] 
Hooper and Linden [1110.0006] 
Abazajian and Kaplinghat [1207.6047] 
Gordon and Macias [1306.5725] 
Abazajian et al. [1402.4090] 
Daylan et al. [1402.6703] 
Calore, Cholis, and Weniger [1409.0042] 
Fermi Collaboration [1511.02938]

Observed at the Galactic Center 
and Inner Galaxy (≲ 10˚)

Constitutes ~10% total flux

High statistical significance
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di↵use model,
Fermi bubbles, and isotropic templates. Template coe�cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between ⇠0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi

data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di↵use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
p
TS > 25) 2FGL sources located within 7� of the

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

p
TS > 25,
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FIG. 6: Left frame: The spectrum of the dark matter component, extracted from a fit in our standard ROI (1� < |b| < 20�,
|l| < 20�) for a template corresponding to a generalized NFW halo profile with an inner slope of � = 1.18 (normalized to the
flux at an angle of 5� from the Galactic Center). Shown for comparison (solid line) is the spectrum predicted from a 43.0 GeV
dark matter particle annihilating to bb̄ with a cross section of �v = 2.25⇥10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2. Right frame:
as left frame, but for a full-sky ROI (|b| > 1�), with � = 1.28; shown for comparison (solid line) is the spectrum predicted from
a 36.6 GeV dark matter particle annihilating to bb̄ with a cross section of �v = 0.75⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2.

of the Galactic plane; masking the region with |b| < 2�

changes the preferred value to � = 1.25 in our default
ROI, and � = 1.29 over the whole sky. In contrast to
Ref. [8], we find no significant di↵erence in the slope pre-
ferred by the fit over the standard ROI, and by a fit only
over the southern half (b < 0) of the ROI (we also find
no significant di↵erence between the fit over the full sky
and the southern half of the full sky). This can be seen
directly from Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons). The best-fit values
for gamma, from fits in the southern half of the standard
ROI and the southern half of the full sky, are 1.13 and
1.26 respectively.

In Fig. 6, we show the spectrum of the emission cor-
related with the dark matter template in the default
ROI and full-sky analysis, for their respective best-fit
values of � = 1.18 and 1.28.6 We restrict to energies
50 GeV and lower to ensure numerical stability of the
fit in the smaller ROI. While no significant emission is
absorbed by this template at energies above ⇠10 GeV,
a bright and robust component is present at lower en-
ergies, peaking near ⇠1-3 GeV. Relative to the analy-
sis of Ref. [8] (which used an incorrectly smoothed dif-
fuse model), our spectrum is in both cases significantly
harder at energies below 1 GeV, rendering it more con-

6 A comparison between the two ROIs with � held constant is
presented in Appendix A.

sistent with that extracted at higher latitudes (see Ap-
pendix A).7 Shown for comparison (as a solid line) is the
spectrum predicted from (left panel) a 43.0 GeV dark
matter particle annihilating to bb̄ with a cross section
of �v = 2.25 ⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2,
and (right panel) a 36.6 GeV dark matter particle anni-
hilating to bb̄ with a cross section of �v = 0.75 ⇥ 10�26

cm3/s ⇥ [(0.4GeV/cm3)/⇢
local

]2. The spectra extracted
for this component are in moderately good agreement
with the predictions of the dark matter models, yielding
fits of �2 = 44 and 64 over the 22 error bars between 0.3
and 50 GeV. We emphasize that these uncertainties (and
the resulting �2 values) are purely statistical, and there
are significant systematic uncertainties which are not ac-
counted for here (see the discussion in the appendices).
We also note that the spectral shape of the dark matter
template is quite robust to variations in �, within the
range where good fits are obtained (see Appendix A).

In Fig. 7, we plot the maps of the gamma-ray sky
in four energy ranges after subtracting the best-fit dif-
fuse model, Fermi Bubbles, and isotropic templates. In
the 0.5-1 GeV, 1-3 GeV, and 3-10 GeV maps, the dark-
matter-like emission is clearly visible in the region sur-
rounding the Galactic Center. Much less central emission
is visible at 10-50 GeV, where the dark matter compo-
nent is absent, or at least significantly less bright.

7 An earlier version of this work found this improvement only in
the presence of the CTBCORE cut; we now find this hardening
independent of the CTBCORE cut.

Approximately spherically symmetric, centered on Sgr A*

Extends up to 10˚ off the plane

Flux falls off radially as ~ r-(2.2-2.6)

Daylan et al. [1402.6703]
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Figure 18. Left panel: Constraints on the h�vi-vs-m� plane for three di↵erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the h�vi-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the h�vi-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel �� ! b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ' 46.6 GeV, h�vi ' 1.60 ⇥ 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49 GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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Calore, Cholis, & Weniger [1409.0042]
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Depends on location of cosmic-ray sources and on the gas distribution

Modeling of diffuse emission in the Inner Galaxy is uncertain;  
local measurements do not set very tight constraints in this region
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Figure 15. Geometry of the ten GCE
segments used in our morphology anal-
ysis, see table 3.

#ROI Definition ⌦ROI [sr]

I, II
p
`2 + b2 < 5�, ±b > |`| 6.0⇥ 10�3

III, IV 5� <
p
`2 + b2 < 10�, ±b > |`| 1.78⇥ 10�2

V, VI 10� <
p
`2 + b2 < 15�, ±b > |`| 2.93⇥ 10�2

VII, VIII 5� <
p
`2 + b2 < 15�, ±` > |b| 3.54⇥ 10�2

IX 15� <
p
`2 + b2 < 20� 1.51⇥ 10�1

X 20� <
p
`2 + b2 1.01⇥ 10�1

Table 3. Definition of the ten GCE segments that are
shown in figure 15, as function of Galactic latitude b and
longitude `, together with their angular size ⌦ROI.

the fit. The definition of the segments aims at studying the symmetries of the GCE around
the GC: Allowing regions in the North (I, III, and V) and South (II, IV, and VI) hemisphere,
as well as in the West (VII) and East (VIII) ones, to vary independently, we can test the
spectrum absorbed by the GCE template in the di↵erent regions of the sky. Moreover, with
the same segments, we can investigate its the extension in latitude.

To facilitate the study of morphological properties of the excess, we furthermore allow
additional latitudinal variations in the ICS components of the individual GDE models. We
split our ICS component into nine ICS segments, corresponding to 9 latitude strips with
boundaries at |b| = 2.0�, 2.6�, 3.3�, 4.3�, 5.6�, 7.2�, 9.3�, 12.0�, 15.5� and 20�. We then allow
the normalization of the ICS strips to vary independently, though we keep the normalization
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Calore, Cholis, and Weniger [1409.0042]

Evidence for excess emission may be robust even under uncertainties 
in diffuse emission models



Astrophysical Sources

Unresolved young and millisecond pulsars may  
account for gamma-ray excess

12

FIG. 7: The spatial distribution of 2 GeV gamma rays from unresolved pulsars in one realization for each of our four models, with 2

� around
the GP masked. The panels show, from the top-left, our Fiducial Model, our Scatter Model, our Beamed Model, and the 20⇥-enhanced MSP
Model. These do not include any other Galactic emission and the brightest regions are most subject to variation in a single realization.
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FIG. 7: The spatial distribution of 2 GeV gamma rays from unresolved pulsars in one realization for each of our four models, with 2

� around
the GP masked. The panels show, from the top-left, our Fiducial Model, our Scatter Model, our Beamed Model, and the 20⇥-enhanced MSP
Model. These do not include any other Galactic emission and the brightest regions are most subject to variation in a single realization.

Young Pulsars Millisecond Pulsars

Hooper et al. [1305.0830]; Cholis, Hooper, Linden [1407.5583, 1407.5625] 
Brandt and Kocsis [1507.0561]; O’Leary et al. [1601.05797]



Can we improve discrimination power?

Dark matter versus Astrophysical Sources
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Inner Galaxy Analysis
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Inner Galaxy Analysis
Photon count statistics can distinguish point sources from dark matter  

Excess flux in the Inner Galaxy can be entirely explained by a population
of unresolved point sources 

Lee, ML, Safdi, Slatyer, Xue [1506.05124]
Bartels, Krishnamurthy, Weniger [1506.05104]



What are these point sources?

Localized structure in the diffuse background?

Dark matter substructure?

Population of pulsars?

Our analysis is model-independent in that any sub-pixel structure 
is identified as a point source

So, what exactly is the nature of this point-source population?
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Isotropic Background

Presence of all-sky, diffuse gamma-ray emission has been known for 
decades, but its origin remains an open question

Star-Forming 
Galaxies (SFGs) Dark Matter?Misaligned  

AGN Blazars

+ + +

Potential wealth of information can be extracted from isotropic background  
if components are resolved



High-Latitude Analysis

Use photon statistics to characterize the population of unresolved 
point sources at high latitudes and understand implications for dark matter

counts

Recent High-Latitude Studies: Zechlin et al. [1512.07190], Ackermann et al. [1508.04449]

ML, S. Mishra Sharma, L. Necib, B. Safdi [to appear]



Summary

Wide program of indirect searches currently looking for signals of 
dark matter annihilation 

Photon statistics has proved useful in the Inner Galaxy, where evidence 
suggests the presence of an unresolved point source population, 

disfavoring the dark matter interpretation

The wealth of gamma-ray data presently available is strong motivation 
to continue developing novel analysis methods that increase 

potential for dark matter discovery

The biggest challenge is distinguishing a potential signal from the 
astrophysical backgrounds


