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Why Dark Matter?

Scales of dark matter

• DM tested in wide variety of arenas

• WE FIND EVIDENCE FOR “IT” IN MANY 
ASTROPHYSICAL SYSTEMS

• WE DO NOT KNOW WHAT “IT” IS. 

• THERE IS A LOT OF “IT” (now and in the past 
history of the Universe)



LUX
CDMS

Direct Detection scattering off 
normal matter, Xe, Ar, Ge, Si:

Signals of thermal DM

–Production (accelerators)
–Cosmic rays/indirect detection (PAMELA/
Fermi/WMAP...)

–Direct detection (DAMA/XENON/CDMS...)
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Dark matter production at colliders
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Searches for Particle Dark Matter
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Inner Galaxy

Galactic Center

The Fermi-LAT Gamma-ray SKY
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The Fermi-LAT Gamma-ray SKY

Sources for the observed gamma-rays are:
i)Galactic Diffuse Emission: decay of pi0s (and other mesons) from pp (NN) collisions in 
the ISM, bremsstrahlung radiation off CR e, Inverse Compton scattering: up-scattering of 
CMB and IR, optical photons from CR e



la
tit

ud
e,

 b
⟶

third dimension (not shown) — energy
The Fermi-LAT Gamma-ray SKY

Sources for the observed gamma-rays are:
i)Galactic Diffuse Emission: decay of pi0s (and other mesons) from pp (NN) collisions in 
the ISM, bremsstrahlung radiation off CR e, Inverse Compton scattering: up-scattering of 
CMB and IR, optical photons from CR e
ii)from point sources (galactic or extra galactic) 
iii)Extragalactic Isotropic 
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The Fermi-LAT Gamma-ray SKY

Sources for the observed gamma-rays are:
i)Galactic Diffuse Emission: decay of pi0s (and other mesons) from pp (NN) collisions in 
the ISM, bremsstrahlung radiation off CR e, Inverse Compton scattering: up-scattering of 
CMB and IR, optical photons from CR e
ii)from point sources (galactic or extra galactic) 
iii)Extragalactic Isotropic 
iv)”extended sources”(Fermi Bubbles, Geminga, Vela ...)
iv)misidentified CRs (isotropic due to diffusion of CRs in the Galaxy)



BUT ALSO the UNKOWN, e.g. Looking for 
DM annihilation signals

For a DM annihilation signal
We want to observe: d��
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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma ray signal from dark matter 
annihilations is described by: 

1) Distinctive “bump-like” spectrum 

Figure 6. The gamma ray spectrum per WIMP annihilation for a 100 GeV (left) and 500
GeV (right) WIMP. Each curve denotes a different choice of the dominant annihilation
mode: bb̄ (solid cyan), ZZ (magenta dot-dashed), W+W− (blue dashed), τ+τ− (black
solid), e+e− (green dotted) and µ+µ− (red dashed).

quarks, leptons, Higgs bosons or gauge bosons, dark matter particles can
produce gamma rays directly, leading to monoenergetic spectral signatures.
If a gamma ray line could be identified, it would constitute a “smoking
gun” for dark matter annihilations. By definition, however, WIMPs do not
annihilate through tree level processes to final states containing photons
(if they did, they would be EMIMPs rather than WIMPs). On the other
hand, they may be able to produce final states such as γγ, γZ or γh through
loop diagrams. Neutralinos, for example, can annihilate directly to γγ [57]
or γZ [58] through a variety of charged loops. These final states lead to
gamma ray lines with energies of Eγ = mdm and Eγ = mdm(1−m2

Z/4m2
dm),

respectively. Such photons are produced in only a very small fraction of
neutralino annihilations, however. The largest neutralino annihilation cross
sections to γγ and γZ are about 10−28 cm3/s, and even smaller values are
more typical [59].

The Galactic Center has long been considered to be one of the most
promising regions of the sky in which to search for gamma rays from dark
matter annihilations [59, 60]. The prospects for this depend, however, on
a number of factors including the nature of the WIMP, the distribution of
dark matter in the region around the Galactic Center, and our ability to
understand the astrophysical backgrounds present.
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The Fermi galactic center excess. 
A possible signal of Dark Matter Annihilation?

One of the most likely targets is the Galactic Center

• The region of the galactic center is 
complex with large uncertainties.

• A DM annihilation signal peaks but also 
has significant uncertainties..

• Take advantage of multi-wavelength 
searches.



Looking for excesses in the inner galaxy
Using Templates: 10

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

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

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

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

Daylan, Finkbeiner, Hooper, Linden, Portilo, 
Rodd, Slatyer, PoDU 2015 

• A clear excess emission in 
the galactic center emerges

• Excess emission cuts-off at 
~10 GeV (is in some dis-
agreement with later 
findings)   

Claim:

6

FIG. 5: Left frame: The value of the formal statistical �2� lnL (referred to as ��2) extracted from the likelihood fit, as
a function of the inner slope of the dark matter halo profile, �. Results are shown using gamma-ray data from the full sky
(solid line) and only the southern sky (dashed line). Unlike in the analysis of Ref. [8], we do not find any large north-south
asymmetry in the preferred value of �. Right frame: The spectrum of the dark matter component, for a template corresponding
to a generalized NFW halo profile with an inner slope of � = 1.26 (normalized to the flux at an angle of 5� from the Galactic
Center). Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle annihilating to bb̄
with a cross section of �v = 1.7⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢local]

2.

ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 2 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

As found in previous studies [8, 9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
responding to a statistical preference greater than 40�.
When considering this enormous statistical significance,
one should keep in mind that in addition to statistical er-
rors there is a degree of unavoidable and unaccounted-for
systematic error, in that neither model (with or without
a dark matter component) is a “good fit” in the sense
of describing the sky to the level of Poisson noise. That
being said, the data do very strongly prefer the presence
of a gamma-ray component with a morphology similar
to that predicted from annihilating dark matter (see Ap-
pendices B and D for further details).2

2
Previous studies [8, 9] have taken the approach of fitting for the

spectrum of the Fermi Bubbles as a function of latitude, and then

subtracting an estimated underlying spectrum for the Bubbles

(based on high-latitude data) in order to extract the few-GeV

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of 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).

In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true

morphology of the signal, as well as requiring an assumption for

the Bubbles spectrum. It was shown in Ref. [8] (and also in this

work, see Appendices B and D) that the excess is not confined

to the Bubbles and the fit strongly prefers to correlate it with a

dark matter template if one is available.
3
Throughout, we denote the quantity �2 lnL by �2

.



Going to High Latitudes
Advantages of looking further away from the center:

i)For a DM signal, you now have a prediction on the spectrum and  
its normalization based on the DM distribution.

 
   
 
 
  

ii) Different region on the galactic sky suffers from different uncertain-
ties in the background gamma-ray flux.
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Figure 5. Illustration of the predicted emission for the GDE components ⇡0+Bremss (dashed lines)
and ICS (dotted lines) from five di↵erent models averaged over our baseline ROI.
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Figure 6. Left panel: Decomposition of the P6V11 background model into its contributions from
ICS and ⇡0+Bremss. The plot was generated by fitting simultaneously the ICS and ⇡0+Bremss
components of the model P to P6V11 (see text for details). It does not vary much when other di↵use
models are used instead. The extremely hard ICS emission at energies > 10 GeV is an intrinsic
property of the P6V11, which a↵ects any analysis that employs it as GDE template. Right panel:
For comparison we show the actual spectra predicted by model P for ICS, ⇡0 and bremsstrahlung
emission. Fluxes are displayed in the 40� ⇥ 40� ROI, |b| > 2�.

and rescale them simultaneously in our template fit.
Given that the bremsstrahlung emission has generically a softer spectrum than the ⇡0,
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ICS, 1 GeV, ModA

-6.3 -4.52

⇡0, 1 GeV, ModA

-6.3 -4.52

Bremsstrahlung, 1 GeV, ModA

-6.3 -4.52

Figure 1. Predicted emission for the GDE components of model A. From left to right: ICS, ⇡0, and
bremsstrahlung. The fluxes are shown in the 40� ⇥ 40� sky-region, centered at the GC and masking
out |b| < 2�. The corresponding units are log10(GeV�1 cm�2 s�1 sr�1).

relation

Dpp(R) =
4

3�(2 � �)(4 � �)(2 + �)

R2v2

A

Dxx(R)
, (3.2)

with vA being the Alfvén speed.
Convection is considered to be taking place perpendicularly away from the Galactic

disk, with the convection velocity being zero on the disk but having a gradient dv/dz. The
Galactic magnetic field responsible for synchrotron losses of CR electrons is assumed to have
a cylindrical symmetry with the parametrization

B(r, z) = B0 e
(r��r)/rc e�|z|/zc , (3.3)

where B0 is the local magnetic field and rc and zc are the radial and longitudinal extension,
respectively (r� is 8.5 kpc).

Finally, the ISRF is built from the contribution of many stellar components and includes
the e↵ects of absorption and re-emission from dust grains (see ref. [109] for further details
and ref. [112] for a description on how it is constructed). Within the code the ISRF is divided
into three basic components, related to the direct emission from stars, dust grains and CMB.
The user is free to vary the normalization of each of these components.

In figure 1, we show the typical morphology of the three di↵erent di↵use emission
components at 1 GeV from a model, model A, which has parameters that are defined in
table 2. We will refer to model A as our reference model for further discussions, since as we
will see below it well describes the gamma-ray data and spectra in the inner Galaxy. The
left panel of figure 1 refers to the ICS emission, which is smooth and depends mainly on the
electron distribution and the properties of the B-field and the ISRF. On the other hand, ⇡0

(middle) and bremsstrahlung (right) morphologies trace directly the distribution of the gas
and depend mainly on the proton and electron CR densities, as well as on the properties of
CR di↵usion, re-acceleration and convection.

The observed emission as shown in figure 1 receives contributions from all distances along
the line-of-sight. However, whether the overall emission is dominated by locally produced
gamma rays (within a few kpc), or by gamma rays from the GC, is a strong function of the

– 11 –

40 degrees
in latitude

Modeling the background gamma-ray sky: Interplay with 
Cosmic-Rays & the ISM

The exact astrophysics model 
assumptions can affect both 
the gamma-ray background 
spectrum and its morphology 
on the galactic sky.

Calore, IC, Weniger, JCAP 2015



Accounting for the galactic diffuse emission uncertainties

We used models, accounting for uncertainties related to the diffusion of CRs, 
the presence of convective winds, diffusive re-acceleration, energy losses, 
CR injection sources, gas and other interstellar medium properties.  From the 
existing literature and created our own (60) models—> 6660 different 
Templates!
It turns out that it actually does not affect dramatically the excess spectrum:
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Figure 14. Spectrum of the GCE emission for model F (black dots) together with statistical and
systematical (yellow boxes, cf. figure 12) errors. We also show the envelope of the GCE spectrum for
all 60 GDE models (blue dashed line, cf. figure 7).
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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� 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.

and, more importantly, b) how far from the disk the GCE extends. To this end, we split
the GCE template in ten segments and repeat the analysis of the previous two subsections.
Furthermore, we allow additional freedom in the ICS templates, as we explain below. We
present additional morphological studies of the GCE, which mostly reconfirm findings from
previous works, in appendix B.

We divide the GCE template within our main ROI, see eq. (2.1), into ten GCE segments
as shown in figure 15 and defined in table 3. Each of the ten segments is zero outside of its
boundaries, and equals the standard GCE template (generalized NFW with � = 1.2) inside
its boundaries. The normalization of each of the ten templates is allowed to float freely in
the fit. The definition of the segments aims at studying the symmetries of the GCE around

– 30 –
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Robust to diffuse gamma-ray 
emission uncertainties

The GCE is present 
everywhere in the 

inner galaxy 
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The profile for the GEV excess. Does it look 
like a DM signal?

The flux associated to the excess emission at 2 GeV vs galactic 
latitude: 3
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Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW � = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

FIG. 1. Intensity of the Fermi GeV excess at 2 GeV as function of Galactic latitude (see text for details), compared with the
expectations for a contracted NFW profile (dotted line). Error bars refer to statistical ±1� uncertainties, except for Refs. [12, 13]
for which we take into account the quoted systematics coming from di↵erent astrophysical models. The result from Ref. [25] for
the higher-latitude tail and the preliminary results by the Fermi-LAT team [16] on the Galactic center include an estimate of
the impact of foreground systematics. In these cases, the adopted ROIs are shown as bands (for Ref. [25], overlapping regions
correspond to the north and south parts of the sky). Gray areas indicate the intensity level of the Fermi bubbles, extrapolated
from |b| > 10�, and the region where HI and H2 gas emission from the inner Galaxy becomes important.

in the inner few degrees, as well as the higher-latitude
tail up to  ⇠ 20�. We show the di↵erential inten-
sity at a reference energy of 2 GeV. At this energy the
putative excess emission is – compared to other fore-
grounds/backgrounds – strongest, so the uncertainties
due to foreground/background subtraction systematics
are expected to be the smallest.

The intensities were derived by a careful rescaling of
results in the literature that fully takes into account
the assumed excess profiles. In most works, intensities
are quoted as averaged over a given Region Of Interest
(ROI). Instead of showing these averaged values, which
depend on the details of the adopted ROI, we use the
excess profiles to calculate the di↵erential intensity at a
fixed angular distance from the GC. These excess pro-
files usually follow the predictions similar to those of
a DM annihilation profile from a generalized Navarro-
Frenk-White (NFW) density distribution, which is given
by

⇢(r) = ⇢s
r3
s

r�(r + rs)3��
. (1)

Here, rs denotes the scale radius, � the slope of the in-
ner part of the profile, and ⇢s the scale density. As ref-
erence values we will – if not stated otherwise – adopt
rs = 20 kpc and � = 1.26, and ⇢s is fixed by the re-
quirement that the local DM density at r� = 8.5 kpc is
⇢� = 0.4 GeV cm�3.

We note that the intensities that we quote from
Ref. [25] refer already to a b̄b spectrum and take into
account correlated foreground systematics as discussed
below. In the case of a broken power-law, the intensities
would be in fact somewhat larger.

We find that all previous and current results (with the
exception of Ref. [7], which we do not show in Fig. 1)
agree within a factor of about two with a signal morphol-
ogy that is compatible with a contracted NFW profile
with slope � = 1.26, as it was noted previously [14, 25].
As mentioned in our Introduction, the indications for a
higher-latitude tail of the GeV excess profile is a rather
non-trivial test for the DM interpretation and provides
a serious benchmark for any astrophysical explanation
of the excess emission. However, we have to caution
that most of the previous analyses make use of the
same model for Galactic di↵use emission (P6V11). An
agreement between the various results is hence not too
surprising. Instead in the work of Ref. [25], the ⇡0,
bremsstrahlung and ICS emission maps, where calcu-
lated as independent components, with their exact mor-
phologies and spectra as predicted from a wide variety
of foreground/background models. As it was shown in
Ref. [25], the exact assumptions on the CR propagation
and the Galactic properties along the line-of-sight can im-
pact both the spectrum and the morphology (which also
vary with energy) of the individual gamma-ray emission
maps. To probe the associated uncertainties on those

Calore, IC, McCabe, Weniger, PRD 2015

The excess signals from different analyses, agree within a factor of less 
than 2 in terms of total emission. 



If this is a DM annihilation signal what do we learn 
about the particle physics?

The range of possibilities (phenomenologically) depends on properly 
taking into account the astrophysical (correlated) errors.

Without astro-errors: With astro-errors:
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FIG. 12. Upper panel: Shown are the 95% CL upper limits on the velocity averaged cross-section for 100% bb̄ final states. The
horizontal dotted blue line denotes the thermal decoupling cross-section expected for WIMPs particles. Shown for comparison
are the upper limits obtained from the analysis of Dwarf Galaxies in Ref. [47] and GC analysis in Ref. [16] (see more details in
Fig. (11)). Lower panel: Shown are the regions of the parameter space which provide a good fit to Fermi-LAT data as derived
in this work (grey area) and in Hooper et al [16] (yellow area).

crolensing and dynamical data (see Fig. 5 of [34]) with
� = 1.3 to be ⇥0 = 0.34 GeV cm�3. Our ⇥0 for � = 1.2
and � = 1.3 match the corresponding ⇥0 in Ref. [16].
But, without the upper limit for their line of sight inte-
gral, it is not clear whether this match is coincidental or
not. Note that in the upper-limits plot of Fig. 12, the
match is not as good for M > 100 GeV but this likely
due to in their corresponding plot they use their 10 to
100 GeV bin and for M > 100 GeV the DM spectrum

significantly overlaps with that region.

For � = 1.2 the match is not as good, see Fig. 12.
As Fig. 2 shows the inner PSs are very degenerate with
the excess emission component and in the GC analysis of
[16] they use the 2FGL parameters for all the PSs except
Sgr A* which they fit a PS to the data without an GC
excess emission component. Their Sgr A* fit (see Fig. 4 of
Ref. [16] )is very similar to ours for the baseline model in
Fig. 2. They do use a broken power law parametrization

The mass range preferred is actually higher. Even though still light DM 
models can work.
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5 CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-
ments already by at least five orders of magnitude compared to
the conventional Galactic di↵use ⇡0 emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a di↵erent context. One interesting feature of this
channel is the gamma-ray line at m�/2 ' 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��

Gordon & Macias 2013 Calore, IC, McCabe, Weniger, 2015



What else we do?

• Develop models for astrophysical predictive 
alternatives.

• Test them with more data and multi-wavelength approaches.

• Advance/Built theoretical tools to calculate, cosmic-rays and 
gamma-rays in the Milky-Way. 

• Create new techniques of studying data.
Wavelet techniques

Figure 4. C as defined in Eq. (3.3) for a 35 GeV dark matter signal with M · ⟨σv⟩ = 30×10−26 cm3/s
(left); CB over the same wavelet levels (left middle); and their difference, ∆C, for the mock data set
(right middle). We compare this to the residual using a simple subtraction of the average template
from the signal.

In Figs. 3 and 4, we demonstrate the method by which we will isolate new extended

emission from dark matter annihilation that could plausibly explain the Fermi Galactic center

excess. As summarized in Tab. 2, the mock data set “DM35” includes a signal template that

approximately mimics 35 GeV dark matter annihilating to b̄b pairs with ⟨σv⟩ ≃ 10−26 cm3/s.

(For ease of interpretation, we use a simple power-law photon spectrum, described in App. B,

with M · ⟨σv⟩ = 30×10−26 cm3/s.) In Fig. 3 we compare a signal histogram and its associated

CDF with the the average of the CDFs of the background templates. We show this comparison

at three wavelet levels, covering angular scales from roughly 3◦ to 22◦. This demonstrates the

method outlined in Sec. 3.2: if the CDF of the signal is sufficiently different from the average

of the CDFs of the background, the wavelet level is retained for further analysis. We see that

w4 and w5 (corresponding to angular scales from approximately 6◦ to 22◦) differ significantly

from the background expectation and exceed the significance threshold outlined in Sec. 3.2,

while w3 (at smaller angular scales, from 3◦ to 6◦) has a CDF that does not score high enough

on the KS test to exceed this threshold. This can be seen in the top row by noticing that

the tail of the signal histogram extends considerably farther than the background histogram

for w4 and w5, but not w3. Equivalently, in the lower row we see that the maximal distance

between the signal CDF and the Asimov CDF is relatively large at the higher levels. Of

course, this does not mean that the signal in the dark matter dataset is restricted to w4

and above. The signal is of course present on w3 and lower, but systematic uncertainties are

more pronounced there. The signal does not rise above the thresholding procedure outlined

in Sec. 3.2.

In Fig. 4 we compare the output of our method with the residual from a map-only method.

The left panels show C and CB for the signal analyzed in Fig. 3, while the third panel shows

∆C. When we compare this to the rightmost panel, it is evident that the wavelet-cleaned

map offers a much clearer view of the excess. This demonstrates the advantage of our method:

without inserting any signal information in advance (neither regarding the morphology nor the

angular extent), we extract a clear residual image of an excess emission component extending

– 14 –

McDermott, Fox, IC, Lee JCAP 2016
Balaji, IC, McDermott, Fox PRD 2018

• Look in other directions of the sky (dwarf 
galaxies) & other DM probes/data

Zhong, McDermott, IC, Fox PRL 2020



Alternative work related to the Galactic Center the 
GeV excess and it’s interpretations

Millisecond Pulsars:
Hooper, IC, Linden, Siegal-Gaskins & Slatyer 
PRD 2013 (1305.0830), (<10% of total)
Calore, Di Mauro, Donato ApJ 2014 
(1406.2706) (<10%)
IC, Hooper, Linden JCAP 2015 (1407.5625) 
NOT REALLY ABOVE 5deg
Calore, Di Mauro, Donato, Hessels, Weniger 
(1512.06825) MAYBE YES
Brandt, Cocsis ApJ 2015 YES BUT SPECIAL
MSPs
O’Leary, Kistler, Kerr, Dexter 2016 
PROBABLY 

As reference we need 1-3x10^3 MSPs in the 
inner 2 kpc bellow threshold

Sensitivity analyses on point-sources 
and astrophysics modeling:

Bartels, Krishnamurthi, Weniger PRL 2016
Lee, Lisanti, Safdi, Slatyer, Xue PRL 2016
Huang, Ensslin, Selig JPCS 2016.

A Central Source Population



How to characterize a 
Central Source Population?

dN/dL

L
Lmin LmaxLthr

L−αL
Lmin → gamma-ray physics

Lthr → detection threshold

Lmax → gamma-ray physics

αL → theory prior

Prior peaked at αL~1; strong 
preference for αL≤1.5 (various 
arguments)

0609359, 0610649, 1407.5583, 1411.0559, 1411.2980, …



A simple Question: Can the 
CSP Be Bright Enough?
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Inner Galaxy
wavelet analysis

Bartels et al., 1506.05104

• Given an assumption about the 
“luminosity function” (the 
dependence of NPS on LPS), 
can ask if “point source-y” PSs 
are compatible with unresolved 
PSs accounting for the GCE 

• Claim in 2015 was “yes” if the 
luminosity function had a 
power-law index αL=1.5



Point Source Fit Update

 2,  5, 17,  9,  2,  2

3 5 18

9

2 2
0

0
0

Lee et al., 1506.05124

most of the brightness should have 
been just below the (ca. 2015) 

point source detection threshold
(time invariant statement)

Buschmann et al., 2002.12373
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The 4FGL Catalog

Abdollahi et al., 1902.10045

10-12 erg/cm2/s ~ 0.7×1033 erg/s @ 8.5 kpc 

⟹Lthr(|b|>10o)~2×1033 erg/s



b-dependence of detection

Abdo et al., 1305.4385



The Masks of different Fermi 
Catalogs (#FGL)



What are wavelets?

Allow analysis of data in both time/space and 
frequency space 

Different type of structures 
will have a different power at 
different levels of the deco-
mposition (e.g. edges and 
other small scale structures  
vs larger scale variations).

Wavelets can find these different structures.

Wavelets have been used in image compression (JPEG), de-
noising, fast signal identification, even in HEP data 



GCE: “Wavelet” Results

117 peaks (w/ S>4) ⊃ 109 peaks near 4FGL

Zhong, McDermott, IC, Fox, PRL 2020 (1911.12369)



Counting “Wavelet” Peaks

wavelet statistics change qualitatively with 4FGL!
60 diffuse models × 100 trials Zhong, McDermott, IC, Fox, PRL 2020



High-S Sources

117 peaks (w/ S>4) ⊃ 109 peaks near 4FGL ⊃ 47 are unknown/unassociated

We have access to all of those spectra in 4FGL!

Zhong, McDermott, IC, Fox, PRL 2020



GCE: Template Fit Results
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Zhong, McDermott, IC, Fox, PRL 2020



Compare Spectra
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Implications for GCE
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Luminosity Function

dN/dL

L
Lmin LmaxLthr

L−αL

∫<thr L dN/dL dL “= GCE”
∫>thr L dN/dL dL  = stacked spectra

Lmin → gamma-ray physics

Lthr → detection threshold

Lmax → gamma-ray physics




Luminosity Function

dN/dL

L
Lmin LmaxLthr

L−αL
Lmin → 1029 erg/s

Lthr → 1034 erg/s

Lmax → 1035 erg/s

⟹ αL → 1.95 ± 0.05


Nsub → (3.5 ± 1.7)*106

if GCE is PSs, 
Lsub-threshold/Labove-threshold=4±1

(compare to Nvis ~ 47)
∫<thr L dN/dL dL “= GCE”

∫>thr L dN/dL dL  = stacked spectra



Luminosity Function

dN/dL

L
Lmin LmaxLthr

L−αL
Lmin → 0

Lthr → 3×1034 erg/s

Lmax → 1035 erg/s

⟹ αL → 1.8 ± 0.05


(Nsub  diverges!)

if GCE is PSs, 
Lsub-threshold/Labove-threshold=4±1

∫<thr L dN/dL dL “= GCE”
∫>thr L dN/dL dL  = stacked spectra

bottom line: αL<1.5 is strongly 
disfavored under any 

reasonable set of assumptions 
⟹ 

the GCE is not a large 
population of MSPs



I will focus on the GCE.

DM

YES?

YES?

The Ret. II excess is
 ~20 photons

A signal of Dark Matter has to 
show up in more than one places:

Fermi Coll. 2015

Geringer-Sameth et al.  
2015
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5 CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-
ments already by at least five orders of magnitude compared to
the conventional Galactic di↵use ⇡0 emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a di↵erent context. One interesting feature of this
channel is the gamma-ray line at m�/2 ' 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��
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FIG. 8. Contours of the 1� and 2� best-fit in the plane of DM mass and annihilation cross section. We overlay the result of
the two different methods to treat cross section uncertainties, the covariance matrix approach and the joint fit, with our default
fit. For comparison we show the limit for the DM annihilation cross section derived from the observation of dwarf spheroidal
galaxies [79] and the 2� best-fit region of the GCE [80].

point of view. The cross-section (shape) uncertainties are most severe at low energies, while at higher energies only
the normalization is uncertain. Therefore, it is not very surprising that the results of both methods are very similar.
If, however, we include data at low energies, the picture changes. We investigated how the best-fit parameters are
affected by the two methods and find that both methods have a still small, but similar effect on the parameter space.
Furthermore, we observe that the error contours of the covariance matrix method are a bit larger compared to the
joint fit method, in other words, the former is more conservative. We regard this as proof of concept: The covariance
matrix method, which is easier to implement and less time consuming in the fit, is a reasonable approximation to the
more complete joint fit method.

The above results are somehow at odds with the results of [15], where flat p̄ residuals are achieved down to 1 GV
and no significant preference for a DM signal (a global significance of 1.1�) was found. The authors of this study
use a covariance matrix method to account for the cross-section uncertainties. They conclude that the inclusion of
these uncertainties is the main reason why their analysis does not provide a hint for DM. Nonetheless, the results
shown above indicate that the cross-section uncertainties do not have such a strong impact. An important difference
is that in [15] only the p̄ spectrum is fitted, with the source terms for p̄ being fixed using the observed p and He
spectra corrected for solar modulation. This has the advantage that the injection parameters do not need to be fitted,
although it requires some assumption on how to extrapolate the observed local p and He spectra to the ones for the
whole Galaxy needed for the secondary source terms. Instead, in our approach p̄, p and He are fitted simultaneously
and we include p and He injection parameters in the fit. Fitting the p and He spectra provides extra constraints on the
propagation with respect to fitting p̄ only. For example, it is well known, e.g., [81], that strong reacceleration produces
a low-energy (<⇠ 10 GeV) bump in the p spectrum, which is not observed. The p spectrum, thus, provides strong
constraints on the amount of reacceleration, although this is, in part, degenerate with the break in the injection [81].
We thus suspect that in [15] it is possible to accommodate the secondary p̄ spectrum, while this is not possible
anymore when constraints from p and He are included as it is the case in our analysis. Further differences concern
a different treatment of reacceleration (which in [15] is confined to the Galactic disk only, while it is uniform over
the whole diffusion region in our case), adiabatic energy losses from convection and a two-dimensional source term
distribution used in our analysis. Therefore a direct comparison is not easily achievable and would require a substantial
modification of our setup, which is left for future work.

V. AMS-02 CORRELATIONS

With the era of space-based CR detectors the statistics and quality of collected data have significantly increased.
This also means that the relative weight of systematic uncertainties with respect to the statistical error has become
more important. For example, the error budget of the measured proton and helium spectra is now completely
dominated by systematics in most of the energy range. The question of how to assess and treat these uncertainties
in a statistically correct way has thus become more pressing. The commonly used strategy is to add statistic and
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Thank you!


