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h�annvi ⇠ ↵2(100 GeV)�2

⇠ 3⇥ 10�26 cm3 s�1

Candidate particle: WIMP
• Weakly Interacting Massive 

Particle (WIMP) 

• Current dark matter density: 
determined by competition 
between Hubble expansion and 
annihilation (e.g., Jungman et al. 
1996; Steigman et al. 2012) 

• Later, expansion becomes too 
fast for WIMPs to annihilate 
(thermal freeze-out) 

• WIMP models can naturally 
explain the relic abundance 

• E.g., neutralino predicted by 
supersymmetry



Figure 1: Projected dark matter density-square map of “Via Lactea II”. An 800 kpc
cube is shown. The insets focus on an inner 40 kpc cube, in local density (bottom), and in local phase
space density calculated with EnBiD[27] (top). The Via Lactea II simulation has a mass resolution
of 4,100 M⊙ and a force resolution of 40 pc. It used over a million processor hours on the “Jaguar”
Cray XT3 supercomputer at the Oak Ridge National Laboratory. A new method was employed
to assign physical, adaptive time-steps19 equal to 1/16 of the local dynamical timescale (but not
shorter than 268,000 yr), which allows to resolve very high density regions. Initial conditions were
generated with a modified, parallel version of GRAFIC2[28]. The high resolution region is embedded
within a large periodic box (40 comoving Mpc) to account for the large scale tidal forces. The mass
within 402 kpc (the radius enclosing 200 times the mean matter density) is 1.9 × 1012 M⊙.

The Galaxy

Galactic substructure 
from Via Lactea II
Diemand et al.,  
Nature 454, 735 (2008)

The Universe



Constraints from dwarf spheroidal galaxies

• Highly DM dominated 
system → suitable 
environment to test DM 
annihilation 

• Most robust constraints 

• The latest results with 
PASS 8 data are pretty 
stringent 

• They exclude the 
canonical cross section 
for WIMPs lighter than 
100 GeV (15 dwarfs 
combined)
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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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GeV excess: Signals of dark matter annihilation?

• Gamma-ray excess in GeV regime 
from the Galactic center (many 
sigma) of unknown origin 

• Brightness profile is consistent with 
NFW2 (with inner slope of 1.26) 

• Spectral shape is also consistent with 
expectation from annihilation 

• Inferred parameters 

• mass: ~50 GeV 
• cross section: ~2×10−26 cm3 s−1  

• But recent analyses (Bartels et al. 
2015; Lee et al. 2015) suggest 
astrophysical source origin (e.g., 
millisecond pulsars)
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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

4

di↵use emissions, the authors of Ref. [25] built di↵er-
ent models allowing for extreme assumptions on the CR
sources distribution and injection spectra, on the Galac-
tic gasses distributions, on the interstellar radiation field
properties, on the Galactic magnetic field magnitude and
profile and on the Galactic di↵usion, convection and re-
acceleration.

Having performed these tests, it is reassuring that
Ref. [25] and later on Ref. [16], which employs an inde-
pendently derived array of foreground/background mod-
els, find – in their respective ROIs and around 2 GeV –
results that agree both in morphology and intensity of
the Fermi GeV excess emission, between themselves and
with previous works.2

In Fig. 1, we also indicate the latitude regions where
the flux from the Fermi bubbles becomes important (at
|b| & 6�, assuming a uniform intensity extrapolated from
higher latitudes) and where strong emission from HI+H2
gas in the inner Galaxy might significantly a↵ect the re-
sults (the inner 0.2 kpc). It appears that the latitude
range 2�  |b|  5� is best suited to extract spectral
information about the GeV excess.

Despite the agreement, from Fig. 1 it is also evident
that the exact values of the intensities disagree with each
other at the > 3� level. Since most of the error bars are
statistical only, this confirms that systematic uncertain-
ties in the subtraction of di↵use and point source emis-
sion play a crucial role for the excess intensity. These

e↵ects will be even more important for the spectral shape

of the excess. We will concentrate on the implication of
Galactic di↵use model systematics for DM models in the
next two sections III and IV.

III. THE TAILS IN THE FERMI GEV EXCESS
SPECTRUM

As already mentioned, the spectrum of the Fermi GeV
excess can be significantly a↵ected by the uncertainties
in the modeling of the Galactic di↵use emission (which,
along the line-of-sight, is typically a factor of a few
larger than the excess intensity). In general, the rele-
vant di↵use foregrounds/backgrounds result from three
processes: (1) the “⇡0 emission”, consisting of gamma
rays from boosted neutral mesons (mainly ⇡0s) that are
produced when CR nucleons have inelastic collisions with
the interstellar gas, (2) the bremsstrahlung radiation of
CR electrons when they scatter o↵ those same interstellar
gasses, and (3) the ICS, in which CR electrons up-scatter

2
Although the intensity of the Fermi GeV excess that was found

in Ref. [16] agrees at 2 GeV with previous findings, one has to

be careful with using the preliminary energy spectra presented

in that work for spectral studies. In particular for two of the pre-

sented background models, the spectral slopes of the background

components were explicitly not tuned to match the observations.

This biases residual like the GeV excess towards higher energies,

and can lead to biased results when fitting the excess spectrum.
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FIG. 2. The foreground/background systematics as derived in
Ref. [25] allow a large number of DM annihilation channels to
fit the data. This is here illustrated for three best-fit channels
from Tabs. I and II (taking model F). Correlated systematics
are shown by the gray bands, uncorrelated statistical errors by
the error bars (including also remaining method uncertain-
ties [25]), and we show the estimated ICS and ⇡0+Bremss
foreground/background fluxes for comparison. As illustrated
by the black dots, a small increase of these estimated Galactic
di↵use emissions within their systematic uncertainties (barely
visible on the log-scale) leads to a decrease of the inferred
Fermi GeV excess flux and vice-versa. The magnitude of this
e↵ect is dependent on the fitted spectrum (and hence di↵er-
ent in the three panels), but automatically taken into account
when the full covariance matrix is used.

Calore et al., Phys. Rev. D 91, 063003 (2015)
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Decays of sterile neutrinos?: 3.5 keV line
• 3.5 keV line found from 

galaxies and galaxy clusters 
(stacked or individual) (Bulbul 
et al. 2014; Boyarsky et al. 
2014) 

• Might be a signal of sterile 
neutrinos with mass of 7 keV 

• Still lots of controversy 
(possibility of atomic line, 
consistency with different 
galaxies, instrumental 
systematics, etc.)

While not in contradiction with supernova 1987A bounds [121], the decays of these neutrinos
could produce a flux of energetic active neutrinos, detectable by future neutrino observations
in the event of a galactic supernova [263]. Moreover, the relevant range of sterile neutrino
masses and mixing angles can be probed in future laboratory experiments [266–270].

7 X-ray Detection of Relic Sterile Neutrinos

The main decay mode of sterile neutrinos in the keV mass range is νs → 3ν. This decay mode
is “invisible” due to the low energy of the daughter neutrinos. In addition to this leading
mode of decay that occurs through a tree-level diagram, there are also one-loop diagrams
(Fig. 12) that allow for a photon in the final state. Therefore, the sterile neutrinos can decay
into the lighter neutrinos and an the X-ray photons: νs → γνa [271]. The radiative decay
width is equal to [271,272]

Γνs→γνa
=

9

256π4
αEM G2

F sin2 θ m5
s

=
1

1.8 × 1021s
sin2 θ

!

ms

keV

"5

, (51)

and the corresponding lifetime is many orders of magnitude longer than the age of the
universe. However, since sterile neutrinos are produced in the early universe by neutrino
oscillations and, possibly, by other mechanisms as well, every dark matter halo should contain
some fraction of these particles. Given a large number of particles in these astrophysical
systems, even a small decay width can make them observable via the photons produced in
the radiative decay. This offers, arguably, the best opportunity to detect these particles.
Since ν(m)

2 → γν(m)
1 is a two-body decay, the resulting photons have energy

Eγ = ms/2,

which corresponds to a line broadened only by the velocity dispersion of the dark matter
particles in a given halo. This line, with photon energy of a few keV, can be observed using
an X-ray telescope [24].

ν2 W+ ν1

l -l -

γ

ν2 l - ν1

W+W+

γ

(m) (m) (m) (m)

Fig. 12. Radiative decay of sterile neutrinos, ν
(m)
2 → γν

(m)
1 . The X-rays produced by these decays

can be detected by the X-ray telescopes, such as Chandra, Suzaku, XMM-Newton, and the future
Constellation-X.

A broad range of astrophysical systems can provide suitable targets for such observations. A
concise discussion and comparison of such observational targets can be found in Ref. [102].
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Figure 5. Top panels: 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the samples. The figures
show the energy band where the new spectral feature is detected. The Gaussian lines with maximum values of the flux normalizations of K
xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels (shown only for the full sample)
show the model and the excess emission. The blue lines show the total model after another Gaussian line is added, representing the new
line. Middle panels show the residuals before (red) and after (blue) the Gaussian line is added. The bottom panels show the e↵ective area
curves (the corresponding ARF). Redshift smearing greatly reduces variations of the e↵ective area in the high-z sample.

ments are consistent with each other and the constraints
placed by previous studies, e.g., the unresolved cosmic
X-ray background (CXB) in the Chandra Deep Fields
(Abazajian et al. 2007) and the XMM-Newton blank-
sky background spectrum (Boyarsky et al. 2006), Chan-

dra observations of the Milky Way (Riemer-Sørensen et
al. 2006), Chandra observation of the Bullet Cluster (Bo-
yarsky et al. 2008), Chandra observations of the dwarf
galaxy Draco (Riemer-Sørensen & Hansen 2009), and
XMM-Newton limits from M31 and Willman 1 and For-

Bulbul et al., Astrophys. J. 789, 13 (2014) Zandanel (Tue) 
Franse (Wed)



Multi-wavelength test of dark matter models
• Annihilation creates 

hadronic cascade 

• Synchrotron (radio) and 
inverse-Compton (X rays) 
emission from charged 
leptons 

• Test of recent models to 
explain AMS-02 data, GeV 
excess, possible signal 
toward Reticulum 2 dwarf 
galaxy
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Figure 2. Dark matter annihilation spectra for the Coma cluster. Black lines indicate predicted spectra
for bb, while yellow correspond to ⌧+⌧�, with the solid curve corresponding to the AFP model, the dash-
dotted, dashed, and dotted curves correspond to maximal, median, and minimal GC models respectively.
The solid pink curve corresponds to the 1000 hours sensitivity of the CTA [37]. The black points correspond
to the coma radio data [38], the green arrows to coma NuStar X-ray upper bounds [39], and the cyan
arrows to the FERMI cluster limit [40]. Cross-sections taken from the Section 3, the solid red and blue
curves are the 1000 hours SKA-1 and ASTRO-H sensitivities [41, 42]. The dashed pink curve is the
ASTROGAM 1 year sensitivity [43]. Upper: halos use NFW profile. Lower: halos use Burkert profile.

– 8 –

Beck, Colafrancesco, arXiv:1508.01386 [astro-ph.CO]

Coma

Thusday: 
Colafrancesco



Prospects for TeV gammas: Heavy dark matter

• No signal at LHC and  
measurements on Higgs 
mass (126 GeV) started to 
constrain MSSM models 

• Current data imply TeV dark 
matter as “most probable 
region” (e.g., 9-parameter 
MSSM) 

• Test with very-high-energy 
gamma-ray telescopes: 
CTA, HAWC, etc.
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precision measurements [47], B-physics observables [48–
52], the Higgs mass [6, 7], and constraints on the WIMP-
nucleon scattering cross-section by XENON-100 [26] and
LUX [27]. In addition, we assume a scenario with a single
dark matter component that is produced thermally in the
early Universe, by including the measured relic density
according to the Planck results [53]. For the relic density
and h�vi computation, we take the SE into account by
creating a grid of the enhancement in the M

2

-µ plane us-
ing the Hryczuk et al. computation method implemented
in DarkSE [20, 21]. For the priors of the parameters, we
adopted both standard and ‘improved’ log priors (S-log
and I-log, respectively) defined in Refs. [8, 9]. In the
case of the I-log priors, we e↵ectively assume that the
parameters are associated with a common scale (moti-
vated by a common underlying supersymmetry breaking
mechanism). In the following, we show results for the
I-log priors only, but note that those obtained with S-log
priors are very similar, since the data, in particular the
relic density constraint and the Higgs mass, turns out to
be very constraining.

For the numerical analysis, we use the SuperBayeS
code [54], which uses the nested sampling algorithm
implemented in Multinest [55], and integrates Soft-
Susy [56], SusyBSG [57], SuperIso [58], DarkSusy [59],
MicrOMEGAs [60], and DarkSE [20] for the computa-
tion of the experimental observable. For a more detailed
explanation of the Bayesian analysis relevant for the re-
sults in this paper, we refer the reader to Ref. [9].

III. RESULTS OF THE SCAN

In Fig. 1, we show two-dimensional contours that rep-
resent 68% and 95% credible regions of the most rele-
vant parameters for CTA: the dark matter neutralino
mass and annihilation cross-section. The posterior has
two peaks in the mass distribution. The largest peak lo-
cates around 1 TeV, where the neutralino mostly con-
sists of higgsino. There is a weaker peak around 3
TeV, where it is mostly wino. The wino dark mat-
ter features significantly larger annihilation cross-section
around 10�24 cm3 s�1 due to SE correction. Since the
SE is a non-relativistic e↵ect causing the distortion of the
wave functions, it is more e�cient for heavier particles.
We note that these two regions correspond to those found
in Ref. [9] with a seven-parameter MSSM study. In fact,
the most probable regions in the posterior distributions
for the mass of the lightest particles (the neutralino) are
only mildly changed compared to [9]. This shows the
robustness of the procedure against the number of pa-
rameters.

Figure 1 also shows, as points, regions in the parameter
space that reproduce all experimental observables within
2�. We remind that the posterior probability distribu-
tion function (PDF) shows relative probabilities within a
model, given the experimental data, under the hypothesis
that the model is correct. The 68% and 95% credibility

FIG. 1. The contours represent 68% and 95% posterior proba-
bility credible regions. Colored points reproduce all the exper-
imental observables within 2�. The cyan diamond represent
the pure higgsino case [13, 21], and the blue triangle the pure
wino case [61]. The color-coding indicates the branching frac-
tion into W+W� final states. The green lines show the sen-
sitivity of CTA as derived in Ref. [43] (assuming 1% system-
atics), while the purple lines the HESS limits [62], adopting
an Einasto (solid), a contracted NFW (dotted), and a shallow
NFW (dashed) profiles, all for the Galactic center. The brown
dotted line shows the preliminary Fermi-LAT limit from the
analysis of the dwarf spheroidal galaxies [63].

regions show that it is much more likely to find neutrali-
nos with a mass of ⇠1 TeV and ⇠3 TeV, however, these
contours not necessarily cover all the regions that respect
the experimental observables. The scattered points out-
side the contours show regions that require more tuning
to reproduce the experimental observables and, therefore,
their integrated probability is small. These less probable
regions, with dark matter between 1 TeV and 3 TeV,
correspond to wino-higgsino and wino-bino neutralinos.

An additional region around hundreds GeV, corre-
sponding to bino-like neutralino, is not show in the figure.
Unlike higgsinos and winos, bino neutralinos can not self-
annihilate, therefore, a specific mass relation with other
mass eigenstate is required to have an e�cient enough
annihilation to reproduce the correct relic density. For
example, a bino quasi-degenerate with the stau, or a bino
mass equal to half of the lightest Higgs or pseudo-scalar
mass. On the other hand, as we mention above, unless
we are in the maximal mixing scenario (which is also sub-
ject to certain tuning, see Ref. [66]) the Higgs mass mea-
surement tend to push the spectrum to higher masses.
For few hundreds GeV neutralinos, a fine-tuning is nec-
essary to reproduce the Higgs mass and the relic density.
Therefore, this region has small statistical weight and is
not well explored in our scan. For this reason we show

Cabrera, Ando, Weniger, Zandanel, Phys. Rev. D 92, 035018 (2015)
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Bayesian analysis, the fine-tuning penalization arises au-
tomatically from very basic statistical arguments (the
Bayesian version of “Occam’s razor”), allowing to ex-
plore larger regions of the parameter space while taking
the notion of naturalness automatically into account (see,
e.g., Ref. [34]).

Reference [9] studied the non-universal higgsino and
gaugino masses model within the Bayesian framework.
The authors showed that the most probable regions for
the neutralino dark matter are around 1 TeV (higgsino
dark matter) and 3 TeV (wino dark matter), the high
masses being mostly due to the Higgs mass and the relic
density constraint. Although this leaves a very large
portion of the favoured supersymmetric parameter space
outside the reach of LHC, prospects for future dark mat-
ter experiments were shown to be very promising, in par-
ticular for XENON-1T [35] for direct detection, and for
the Cherenkov Telescope Array (CTA) [36] for indirect
searches. Recently, Ref. [37] presented a first study of the
detection prospects for CTA and XENON-1T for neu-
tralino dark matter in the 19-parameter phenomenologi-
cal MSSM. In this study, the SE was e↵ectively included
as an extrapolation of the results from Refs. [18, 20].

In the present paper, we study consequences of MSSM
models with extended nine parameters (MSSM-9), and
prospects for indirect and direct dark matter searches.
In addition to the non-universality of the gaugino and
Higgs masses studied in Ref. [9], we investigate the non-
universality of masses and the trilinear couplings in the
sfermion sector (i.e., they are independent between slep-
tons and squarks). This treatment is more general be-
cause constraints from the LHC mainly a↵ect the squark
and gluino sector and do not directly reflect on the
sleptons. Since the preferred dark matter masses are
at 1 TeV and above, we discuss constraints from the
Fermi gamma-ray satellite and current generation of
Cherenkov telescopes, in particular HESS [38]. As men-
tioned above, the wino dark matter around 3 TeV is
subject to the SE correction of the annihilation cross-
section [17, 20, 21, 39], and, therefore, we calculate the
SE point-by-point in the scan. In addition, the annihi-
lation of wino dark matter also yields strong gamma-ray
line signals, which are tightly constrained by the HESS
observations of the Galactic center [38]. Note that our
results are based on a full numerical study of MSSM pa-
rameter scan, and does not rely on a simplifying assump-
tion of pure wino case as adopted in Refs. [13–15]. We
will discuss prospects for future indirect and direct detec-
tion experiments, most notably for CTA that will have
an excellent sensitivity for gamma rays above 100 GeV
[40–44].

The paper is organized as follows. In section II, we
discuss the model and the adopted scanning technique.
We will summarize the results of the scan in section III,
and show in section IV prospects for future indirect and
direct detection experiments. In section V, we give our
conclusions.

II. MSSM MODELS AND HIGGS MASS

The discovery of the Higgs boson [6, 7] has completed
the picture of the standard model of particle physics,
which has proven an extremely good description of par-
ticle physics up to the TeV scale. Beyond the crucial
importance of this discovery by itself, this result has far-
reaching consequences for well-motivated candidates of
physics beyond the standard model, such as supersym-
metry, and in particular for the MSSM.
The rather high reported Higgs mass mh shifts the

scale of supersymmetry to higher values. In the MSSM,
the tree-level Higgs mass is bounded by the mass of the
Z-boson, and, therefore, large radiative corrections are
needed in order to reconcile theory and experiment. An
approximate analytic formula for mh [45, 46] reads

m2

h ' M2

Z cos2 2� +
3

4⇡2

m4

t

v2
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+
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t
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1� X2
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+ · · · , (1)

where tan� is the ratio between the vacuum expecta-
tion values of the two Higgs doublets vu =

⌦

H0

u

↵

and
vd =

⌦

H0

d

↵

, v2 = v2u + v2d, mt is the top running mass,
and M

SUSY

represents a certain average of stop masses.
Xt = At � µ cot�, where µ is the Higgs mass term in
the superpotential, and At is the trilinear stop coupling,
both at the electroweak breaking scale. The first term
of Eq. (1) is the tree-level Higgs mass, while the sec-
ond two terms are the dominant radiative and thresh-
old corrections. Note that the radiative corrections grow
logarithmically with the stop masses while the threshold
corrections has a maximum for Xt = ±

p
6M

SUSY

. To
achieve mh ' 126 GeV, one typically needs stop masses
larger than ⇠3 TeV, unless Xt is close to its maximum
value.
In order to evaluate the sensitivity on dark matter in

a more generic context, we parameterize the MSSM with
10 fundamental parameters at the gauge coupling uni-
fication scale. After requiring the correct electroweak
symmetry breaking, we end up with 9 e↵ective parame-
ters:

n

M
1

,M
2

,M
3

,mq̃
0

,m
˜l
0

,mH , Aq̃
0

, A
˜l
0

, tan�, sgn(µ)
o

,(2)

where M
1

,M
2

,M
3

are the gaugino masses, mq̃
0

, m
˜l
0

, mH

are the squark, slepton, and Higgs masses (note that mH

is not the same as mh), and Aq̃
0

and A
˜l
0

are the squark
and slepton trilinear couplings. The sign of µ is fixed
to +1. Compared with Ref. [9], we further generalize
the sfermion sector, by adopting independent values for
squarks and sleptons.
We perform a Bayesian analysis to generate a map of

the relative probability of di↵erent regions of the param-
eter space. In doing so, we take into consideration all
the available particle physics data, including electroweak

MSSM-9:
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Multi-wavelength test of dark matter models 
Case of IceCube neutrinos

• High-energy neutrinos 
might be signals of heavy 
dark matter decay (e.g., 
Feldstein et al. 2013; 
Esmaili & Serpico 2013) 

• Hadronic cascades will be 
produced from the same 
decay, which produce GeV 
gamma-ray photons 

• This model can be tested 
with data of the diffuse 
gamma-ray background 
measured with Fermi

Murase, Laha, Ando, Ahlers, Phys. Rev. Lett. 115, 071301 (2015)
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FIG. 1: Diffuse all-flavor neutrino and γ-ray intensities ex-
pected in the VHDM scenario. The ES13 model is assumed
with τdm = 3.0 × 1027 s. The total (thick dashed line) and
extragalactic (thin dashed line) contributions to the cumula-
tive neutrino background are shown with the observed data.
The expected γ-ray background is also shown (thick solid)
with the latest Fermi data. We also show contributions of
extragalactic cascaded γ rays and direct γ rays from Galac-
tic VHDM, which are not affected by uncertainty of Galactic
magnetic fields. KASCADE and CASA-MIA γ-ray limits are
indicated.

with electroweak corrections, the final state spectra ob-
tained from 10 TeV to 100 TeV masses are extrapolated
to PeV masses. Our choice of VHDM models is such that
they include both hard and soft spectra, so our results
can be viewed as reasonably model independent [25, 29].
In Figs. 1 and 2, we show examples of the viable

VHDM scenario for diffuse PeV neutrinos observed in
IceCube. Using the ES13 model [36], where the VHDM
mass mdm = 3.2 PeV is used, we consider DM → νeν̄e
and DM → qq̄ with 12% and 88% branching fractions,
respectively. Although a bit larger masses are favored to
explain the 2 PeV event, one can easily choose param-
eters accounting for the observed data. In the RKP14
model [41], the Majorana mass term is introduced in the
Lagrangian, which may lead to metastable VHDM de-
caying into a neutrino and Higgs boson. Reference [39]
suggested another interesting scenario, where the light-
est right-handed neutrinos constitute dark matter with
mdm = O(1) PeV. We also consider this model for
mdm = 2.4 PeV, assuming branching fractions DM →

l±W∓ : DM → νZ : DM → νh ≈ 2 : 1 : 1, where the
neutrino spectral shape turns out to be similar to that of
Ref. [41] (see Fig. 2). As in the latter two models, spec-
tra may be more prominently peaked at some energy, and
VHDM does not have to explain all the data.
γ-Ray Limits.— Standard Model final states from

decaying or annihilating VHDM lead to γ rays as well as
neutrinos. If final states involve quarks, gluons and Higgs
bosons, neutrinos largely come from mesons formed via
hadronization, and γ rays are produced. A spectral bump
is produced by two-body final states such as νh and/or
weak bosons via leptonic decay into a neutrino and
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FIG. 2: The same as Fig. 1, but for the RKP14 model with
τdm = 3.5× 1027 s.

charged lepton. Electroweak bremsstrahlung is relevant
even for possible decay into neutrino pairs. In extragalac-
tic cases, the fact that the diffuse neutrino and γ-ray in-
tensities are comparable gives us generic limits [9, 50, 51].
In Galactic cases, γ rays below ∼ 0.3 PeV can reach the
Earth without significant attenuation, air-shower arrays
such as KASCADE [59] and CASA-MIA [60] as well as
Fermi [61] provide us with interesting constraints [19, 62].
We numerically calculate the diffuse γ-ray background,

including both extragalactic and Galactic components.
Thanks to the electron-positron pair creation, suffi-
ciently high-energy γ rays are attenuated by the extra-
galactic background light and cosmic microwave back-
ground. Then, the pairs regenerate γ rays via the inverse-
Compton and synchrotron emission. For an extragalac-
tic component, we calculate electromagnetic cascades by
solving Boltzmann equations. The resulting spectrum
is known to be near-universal, following a Comptonized
E−2 power-law in the 0.03–100 GeV range [53]. For a
Galactic component, it is straightforward to calculate
primary γ rays that directly come from VHDM. The γ-
ray attenuation is approximately included by assuming
the typical distance of Rsc, which gives reasonable re-
sults [19]. Extragalactic cascaded γ rays (including at-
tenuated and cascade components) and Galactic primary
γ rays with attenuation unavoidably contribute to the
diffuse γ-ray background (see Figs. 1 and 2). In addition,
electrons and positrons from VHDM [93] make secondary
γ rays via inverse-Compton and synchrotron emission in
the Galactic halo, as included in Figs. 1 and 2 assuming
a magnetic field strength of 1 µG. Our results would be
conservative, and weaker magnetic fields can somewhat
increase γ-ray fluxes. For cascade components, the re-
sults are not sensitive to detailed spectra of final states
from VHDM decay. See Ref. [33] for technical details.
Clearly, γ-ray constraints are powerful. In the sub-

PeV range, while the VHDM models are still allowed,
the expected diffuse γ-ray intensity can slightly violate
the existing sub-PeV γ-ray limits from old CR-induced
air-shower experiments such as KASCADE. Thus, as we

Chianese (Wed) 
Lin (Wed) 
Liu (Thu)



“Isotropic” gamma-ray background (IGRB)
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Fig. 9.— Comparison of the measured IGRB and total EGB intensities (foreground model A) to the

first measurement of the IGRB in Abdo et al. (2010b) based on 10 months of LAT data. The error

bars on the LAT measurements include the statistical uncertainty and systematic uncertainties

from the e↵ective area parametrization, as well as the CR background subtraction. Statistical and

systematic uncertainties have been added in quadrature. The shaded bands indicate the systematic

uncertainty arising from uncertainties in the Galactic foreground. The total EGB intensity is the

sum of the IGRB and the intensity of the resolved LAT sources at high Galactic latitudes, |b| > 20�.

Fermi-LAT, Astrophys. J. 799, 86 (2015)



Constraints from the gamma-ray background spectrum

• Annihilation 

• Stringent constraints although 
with relatively large uncertainty 
(PASS 7) 

• Decay 

• Stringent constraints (better 
than dwarf galaxies and galaxy 
clusters) 

• Interesting implications for 
phenomenological models that 
address positron excess found 
with PAMELA and AMS-02

– 16 –

Fig. 4.— Upper limits on the self-annihilation cross section for the bb̄ (top) and τ+τ−

(bottom) channels as derived in this work (see § 3) compared to the conservative and

sensitivity-reach limits reported in Ackermann et al. (2014c). The blue band reflects the
range of the theoretical predicted DM signal intensities, due to the uncertainties in the

description of DM subhalos in our Galaxy as well as other extragalactic halos, adopting a
cut-off minimal halo mass of 10−6M⊙. For comparison, limits reported in the literature are
also shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).

Ajello et al., Astrophys. J. 800, L27 (2015)
Di Mauro (Mon)

Di Mauro, Donato, Phys.Rev. D 91, 123001 (2015)
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FIG. 8: The left (right) panel: di↵erential �-ray flux for the unresolved (unresolved and resolved) BL Lac, FSRQ, MAGN, SF
galaxy populations and the DM contribution as fixed by the best fit to the IGRB (EGB) data, Model A (see Tab. IV). The
DM annihilates through bb̄ channel. Its flux is also splited into the prompt and the ICS emission. The red solid line displays
the sum of all the contributions.
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FIG. 9: Upper limits (at 2-� C.L.) on the DM annihilation cross section obtained from extragalactic DM (left and right panels
are for bb̄ and ⌧+⌧� annihilation channels, respectively). The uncertainties on the predicted flux translate into the cyan band
on h�vi. For reference, we also draw the upper bound found from the Galactic DM halo (same as in Fig. 4).

over two typical values for the minimum halo mass can
be taken into account: 10�6 or 10�9

M� (see [88, 89])
. The combination of these assumptions gives un un-
certainty of about a factor of about 60 in the final (at
redshift zero) �-ray flux from extragalactic DM. This un-
certainty is definitely overwhelming with respect to the
other possible variable ingredients, including the extra-
galactic background light absorption modeling (see [72]
for further details). We have computed the flux includ-
ing both prompt and ICS photons, choosing the ‘minimal
UV’ model for the intergalactic stellar light [72] (we have
verified that the ‘maximal UV’ option has negligible ef-
fects on our results). The upper bounds on h�vi derived
from extragalactic DM are shown in Fig. 9. The uncer-
tainties on the predicted flux translate into the cyan band
on the annihilation cross section, which spans almost two
order of magnitude (as noticed in [72], the computation
is performed within a NFW halo profile, and the analy-

sis of di↵erent halo density shapes would add a further
uncertainty of roughly an order of magnitude). From
Fig. 9, we can notice that the bounds set from the extra-
galactic DM encompass the ones derived from the mere
Galactic DM component. Given the huge uncertainty of
the extragalactic halo modeling, it is not possible to set
stronger bounds with respect to the ones obtained from
the smooth Galactic halo. Additional uncertainties on
the extragalactic DM component are due to the DM dis-
tribution at small scales and to the e↵ect of baryons in
DM simulations (see e.g. [90, 91]).

The results shown in Fig. 5 improve the upper bounds
on the h�vi by a factor of ⇠3 at m

�

⇠ 10 GeV and a
factor of at least 30 at m

�

⇠ 10 TeV in the so-called
’best-fit’ scenario, while being comparable with the ’op-
timist 3s’ model. Our limits also improve significantly
the Fermi analysis for a Galactic halo of DM [39] both in
the absence or presence of background modeling. At low



Anisotropy of the gamma-ray background

• Number of gamma-ray 
photons (> 1 GeV) that Fermi 
collected so far: > 5,000,000 

• Number of data of the 
gamma-ray background 
spectrum: 26

• Loss of a lot of information → 
What else can one do? 

• Anisotropy!

– 19 –

Fig. 3.— Map of counts observed by the Fermi LAT above 100 MeV using a Mollweide projection

in Galactic coordinates with a pixel scale of ⇡ 0.9�. The color scale is logarithmic. Overlaid is the

mask used in this analysis to exclude regions from the template fitting procedure (see Appendix C

for details).
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Fig. 9.— Comparison of the measured IGRB and total EGB intensities (foreground model A) to the

first measurement of the IGRB in Abdo et al. (2010b) based on 10 months of LAT data. The error

bars on the LAT measurements include the statistical uncertainty and systematic uncertainties

from the e↵ective area parametrization, as well as the CR background subtraction. Statistical and

systematic uncertainties have been added in quadrature. The shaded bands indicate the systematic

uncertainty arising from uncertainties in the Galactic foreground. The total EGB intensity is the
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What can we learn from the gamma-ray background?

• Energy 

• Intensity spectrum (Bergstrom et al. 1998) 

• Spatial clustering of sources 

• Angular power spectrum (Ando & Komatsu 2006) 

• Redshift distribution of sources 

• Cross correlation with dark matter tracers (Cosmic shear: 
Camera et al. 2013; Galaxy catalogs: Ando et al. 2014) 

• Luminosity distribution of sources 

• 1-point PDF of the gamma-ray flux (Lee et al. 2009)



Angular power spectrum: Observations with Fermi

• Analysis of Fermi data for the angular 
power spectrum of the diffuse 
gamma-ray background in 2012 → 
Discovery of anisotropies 

• Almost constant excess compared 
with shot noise of the photons at 100 
< l < 500 

• Data are well consistent with 
astrophysical expectations (blazars; 
Ando et al. 2007) 

• Upper limits on any other components 
(astrophysics or dark matter)
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FIG. 3: Comparison of intensity angular power spectra of the data and Galactic-foreground–cleaned data. For ℓ ≥ 155 the
measured power at all energies is approximately constant in multipole, suggesting that it originates from one or more unclustered
source populations. The large increase in angular power in the default data at ℓ < 155 in the 1–2 and 2–5 GeV bins is likely
attributable largely to contamination from Galactic diffuse emission. In these two energy bins, foreground cleaning primarily
reduces angular power at ℓ < 155, with the most significant reductions at ℓ < 105. At energies greater than 5 GeV the effect
of foreground cleaning is small for ℓ ≥ 55. Expanded versions of the top panels are shown in Fig. 4.

consistent with a Poisson spectrum (constant in multi-
pole, i.e., n = 0 falls within the 95% CL range of the
best-fit power-law index), as expected for the angular
power spectrum of one or more unclustered source pop-
ulations. However, we emphasize that the uncertainty in
the scale dependence is appreciable, particularly for the
10–50 GeV bin.

TABLE I: Multipole dependence of intensity angular power in
the data (default analysis) for 155 ≤ ℓ ≤ 504 in each energy
bin. The best-fit power-law index n in each energy bin is
given with the associated χ2 per degree of freedom (d.o.f.) of
the fit.

Emin Emax n χ2/d.o.f.

1.04 1.99 −1.33 ± 0.78 0.38

1.99 5.00 −0.07 ± 0.45 0.43

5.00 10.4 −0.79 ± 0.76 0.37

10.4 50.0 −1.54 ± 1.15 0.39

In light of the scale independence of the angular power

at ℓ ≥ 155, we associate the signal in this multipole range
with a Poisson angular power spectrum and determine
the best-fit constant value of the angular power CP and
the fluctuation angular power CP/⟨I⟩2 over 155 ≤ ℓ ≤
504 in each energy bin, by weighted averaging of the un-
binned measurements. These results for the default and
cleaned data are summarized in Table II, along with the
results obtained for the data using an updated source cat-
alog to define the source mask and for a simulated model,
which will be discussed in §VIG and §VIH, respectively.

We note that the associated measurement uncertain-
ties can be taken to be Gaussian, in which case the re-
ported significance quantifies the probability of the mea-
sured angular power to have resulted by chance from a
truly uniform background. We consider a 3σ or greater
detection of angular power (CP) in a single energy bin
to be statistically significant. For the default data, the
best-fit values of CP indicate significant detections of an-
gular power in the 1–2, 2–5, and 5–10 GeV bins (6.5σ,
7.2σ, and 4.1σ, respectively), while in the 10–50 GeV bin
the best-fit CP represents a 2.7σ measurement of angu-

Fermi-LAT, Phys. Rev. D 85, 083007 (2012) 
Cuoco et al., Phys. Rev. D 86, 063004 (2012)
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flux of S = 4.0× 10−10 cm−2 s−1 are detected, while the
number of detected sources decreases abruptly below ap-
proximately S = 6.0× 10−10 cm−2 s−1. In the following
we thus adopt the threshold St = 5.0× 10−10 cm−2 s−1.
For comparison, we also perform an analytic calcu-

lation of the flux threshold as a function of the spec-
tral index following the prescription given in Appendix
A of [11]. For this calculation we assume a spatially
uniform background given by the average of the official
Fermi background model for |b| > 10◦. We assume an
observation time of 11 months and a detection threshold
test statistic TS=25, appropriate for the 1FGL catalog
described in [11]. Overall, the analytic calculation, shown
as bold lines in Fig. 1, matches well the behavior of the
observed source fluxes as a function of the spectral index.
Note that we do not implement the correction described
in [11] to account for source confusion, so the analytic
calculation slightly underestimates the detection thresh-
old at high spectral indices (very soft sources) where this
effect is more important, and indeed this is evident in
Fig. 1.
Note that in the following we will compare theoretical

predictions of IGRB intensities integrated in the range
1-10 GeV with the experimental measurement given in
[3] for which sources from a preliminary version of the
1FGL catalog based on 9 months of data were consid-
ered, instead of the final 1FGL source list. However, the
differences between the two source lists is very small [12],
thus we expect that the threshold we adopted is appro-
priate. Furthermore, any small differences between the
IGRB intensities derived using the two catalogs are likely
smaller than the IGRB measurement error itself, which
is dominated by systematic uncertainties in the effective
area and the level of residual cosmic-ray contamination.

IV. THE ANGULAR POWER SPECTRUM

The Poisson term of the angular power spectrum of
the sources, CP, can be calculated from the logN -logS.
It takes the same value at all multipoles and is given by

CP =

! St

0

dN

dS
S2 dS. (3)

This formula gives CP in the units appropriate for the an-
gular power calculated from an intensity map, i.e., units
of intensity2 × solid angle, where intensity is in units of
the number of photons per area per time per solid angle.
Evaluating Eq. 3 using the best-fit logN -logS parame-
ters and our adopted St yields CP,pred = 1.12 × 10−17

(cm−2 s−1 sr−1)2 sr. Under the assumption that the
sources are point-like and unclustered on the angular
scales of interest, the Poisson term is the only contri-
bution to the angular power.
The predicted power, CP,pred, has an uncertainty due

to the propagation of the uncertainties in the parame-
ters of the logN -logS function. We estimate this uncer-
tainty from the logN -logS in the range 0.1–100 GeV,
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FIG. 2. Anisotropy measurements with 1σ uncertainties (light
gray crosses) from Ref. [5] and 2σ upper limits (black bars)
from this work on the anisotropy from non-blazar components
in different energy bands. The points have been divided by
the square of the energy bin width (∆E)2i and multiplied by
E

4
i , with Ei the logarithmic center of the energy bin. The

upper limits are slightly displaced in energy for clarity.

where the parameters have smaller statistical uncertain-
ties, and then rescale it to the 1–10 GeV range. The
rescaling was done by computing the flux conversion fac-
tor between the two different bands: κ = Sx−y/Su−v =
"

y−γ+1 − x−γ+1
#

/
"

v−γ+1 − u−γ+1
#

, where γ is the av-
erage photon index of the sources, and x−y and u−v
are the edges of the two energy bands. Then the Pois-
son anisotropies in the two bands are simply related by
Cuv

P = κ2Cxy
P . From the full covariance matrix [10] of

logN -logS parameters in the 0.1–100 GeV range, we
obtain δC0.1−100

P = 0.65 × 10−15 (cm−2 s−1 sr−1)2 sr,
which, assuming γ = 2.4, can be rescaled to δC1−10

P ≡
δCP,pred = 0.95 × 10−18 (cm−2 s−1 sr−1)2 sr, so that
CP,pred = (11.2± 1.0)× 10−18 (cm−2 s−1 sr−1)2 sr.
Ref. [5] reports measurements of CP, obtained by av-

eraging the angular power spectrum coefficients Cℓ over
the multipole range 155 ≤ ℓ ≤ 504, in the energy ranges
1–2 GeV, 2–5 GeV, 5–10 GeV, and 10–50 GeV. Using
the same analysis pipeline as Ref. [5], we have also calcu-
lated the anisotropy for the 1–10 GeV energy band for the

TABLE I. Measured angular power from the foreground-
cleaned data in different energy bands, CP,data [5]; predicted
power from unresolved blazars, CP,pred (this work); and 2σ
upper limits on the residual anisotropy, C2σ

P,U (this work).

Emin Emax CP,data CP,pred C
2σ
P,U

[GeV] [GeV] [10−19 (cm−2 s−1 sr−1)2 sr]

1.0 10.0 110 ± 12 112± 10 < 33

1.04 1.99 46.2± 11.1 38.0± 3.9 < 32

1.99 5.00 11.30 ± 2.20 9.3± 0.9 < 6.7

5.00 10.4 0.845 ± 0.246 0.55 ± 0.05 < 0.80

10.4 50.0 0.211 ± 0.086 0.13 ± 0.01 < 0.254

Fornasa (Mon)



Upper limits on the annihilation cross section

• The current upper limits are still larger than 
theoretical predictions by more than two 
orders of magnitude 

• Limits on annihilation cross section are still 
larger by more than a factor of 3, 
compared with the canonical cross section.

Ando, Komatsu, Phys. Rev. D 87, 123539 (2013)

Gomez-Vargaz et al. Nucl. Instrum. Meth. A742, 149 (2014)



Cross correlation with galaxy catalogs
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2MASS Redshift Survey; 43000 galaxies up to z ~ 0.1



2MRS-γ correlation

• DM annihilation shows the largest 
correlation with 2MRS galaxies 

• Great way of suppressing 
astrophysical “background” 

• Sensitivity is very good in order to 
exclude canonical cross section for 
thermal freeze-out mechanism

Ando, Benoit-Lévy, Komatsu, Phys. Rev. D 90, 023514 (2014)
Fornengo, Regis, Front. Phys. 2, 6 (2014)



Cross correlation: 5-year sensitivity

• Very powerful probe of DM 

• Uncertainty regarding 
substructure boost is 
about one order of 
magnitude (Sanchez-
Conde & Prada 2014 vs 
Gao et al. 2012)

Ando, Benoit-Lévy, Komatsu, Phys. Rev. D 90, 023514 (2014)



Observations: Cross correlation with 2MASS galaxies

• Positive correlations with several catalogs (>3.5σ for 2MASS, NVSS, SDSS-QSO; >3σ for SDSS galaxies) 

• Constraints on astrophysical components to the diffuse background (70% star-forming galaxies; blazars 
are subdominant) 

• Implications for pp sources of IceCube neutrinos (Ando, Tamborra, Zandanel, to appear on arXiv today)

16 Xia et al.

FIG. 14.— CAPS (upper panels) and CCF (lower panels) estimated from the SDSS DR6 QSOs map and the Fermi-LAT IGRB maps in three energy bands. The
three panels refer to three energy cuts E > 0.5 GeV (left panels), E > 1 GeV (middle panels) and E > 10 GeV (right panels). Error bars on the data points (orange
dots) represent the diagonal elements of the PolSpice covariance matrix. Model predictions for different types of sources are represented by continuous curves:
FSRQs (red, dashed), BL Lacs (black, solid) star-forming galaxies (blue and green, dot-dashed) All the models are a priori models (i.e., not fitted) normalized
assuming that the given source class contributes 100% of the IGRB.

FIG. 15.— Analogous to Fig. 14 using 2MASS galaxies

22 Xia et al.

FIG. 19.— Plot matrix showing the 1-dimensional profile likelihoods for each component and contours of the 2-dimensional profile likelihoods for the three-
component fit (BL Lacs, FSRQs and SFGs) to all the experimental CCFs (i.e., all catalogs and all energy ranges). The plots refer to the model BLLacs1 and
SFGs1. The plot in the upper-right corner shows the profile likelihood for the total IGRB fraction.

TABLE 5
CONTRIBUTION TO THE BEST FIT χ2 FROM THE SINGLE CATALOG CCFS WITH THE E >500 MEV γ-RAY MAP, FOR THE TWO MODELS FSRQS +

BLLACS1 + SFGS1 AND FSRQS + BLLACS1 + SFGS2 . THE NUMBERS IN PARENTHESIS ARE THE NUMBER OF θ BINS USED TO CALCULATE THE χ2.

2MASS (10) NVSS (6 ) SDSS-MG (10) SDSS-LRG (10) SDSS-QSO (10)
FSRQs + BLLacs1 + SFGs1 6.4 1.5 3.6 7.7 16.1
FSRQs + BLLacs1 + SFGs2 6.2 1.5 3.1 6.6 24.3

the data equally well, although with different overall
normalizations of the SFG signal.

• In all models explored the IGRB contribution from
AGN is subdominant. When SFGs are included among
the IGRB sources, the AGN contribution is consistent
with zero. The consistency with zero simply reflects
the limited accuracy of our analysis which does not ac-
count for the fact that, based on the observed number
count distribution of the resolved γ-ray sources, some
contribution from AGN is to be expected (Ajello et al.
2012, 2014).

• BLLacs1 and BLLacs2 models have similar χ2 values
although the normalization of the BLLacs2 component
is approximately a factor of 2 higher than the BLLacs1
model.

The uncertainties in the estimates of the parameters can be
appreciated from the sets of panels shown in Figs. 19 (SFGs1
model) and 20 (SFGs2 model). We do not show results for
the BLLacs2 case, since they are very similar to those of the
BLLacs1 case, when one rescales the BL Lac component by a
factor of ∼2. Among the plots, those with the 1-dimensional
χ2 represent the contribution to the IGRB from a specific type
of source that we obtain profiling (Rolke et al. 2005) over the
other contributors. For example in the case of SFGs, this is
the function obtained after minimizing the χ2( fsfg, fbllac, ffsrq)
with respect to fbllac and ffsrq. The plots show the χ2 together
with the 2 σ significance level. The plot in the upper-right
corner also shows the derived quantity ftot, i.e., the total IGRB
fraction, ftot = fsfg + fbllac + ffsrq. The 2D contours refer to the
function obtained by profiling over only one parameter. In
this case the contours are drawn in correspondence to the 1,

Xia et al., Astrophys. J. Suppl. Ser. 217, 15 (2015)

Xia (Mon)



Cross correlation with 2MASS: DM constraints
Regis et al., Phys. Rev. Lett. 113, 241301 (2015)

2

distribution of 2MASS galaxies can be written as [3]:

C
(�g)
` =

Z
d�

�2
W�(�)Wg(�)P�g (k = `/�,�) , (1)

where �(z) denotes the radial comoving distance,
Wi(�) represent the window functions described below,
P�g(k, z) is the three-dimensional cross power spectrum
(PS), k is the modulus of the wavenumber, and ` is the
multipole. Indices � and g refer to �-ray emitters and
extragalactic sources in 2MASS, respectively. In Eq. (1)
we used the Limber approximation [11], since P�g varies
(relatively) slowly with k.

The (di↵erential in energy) window function for �-ray
emission from DM annihilation W�(z) is [3]:

W a
� (z) =

(⌦DM⇢c)2 h�avi
8⇡mDM

2
(1 + z)3 �2(z)

dNa

dE�
e�⌧ [z,E�(z)],

(2)
where ⌦DM is the DM1 mean density in units of the
critical density ⇢c, �2(z) is the clumping factor, mDM

is the mass of the DM particles, and h�avi denotes the
velocity-averaged annihilation rate. dNa/dE� indicates
the number of photons produced per annihilation and
determines the �-ray energy spectrum. The exponential
damping quantifies the absorption due to extra-galactic
background light [13].

The window function for DM decay is [3]:

W d
� (z) =

⌦DM⇢c �d

4⇡mDM

dNd

dE�
e�⌧ [z,E�(z)] , (3)

where �d = 1/⌧d is the DM decay rate.
The window function of 2MASS galaxies is Wg(z) ⌘

H(z)/c dNg/dz and their redshift distribution dNg/dz is
[14]:

dNg

dz
(z) =

�

�(m+1
� )

zm

zm+1
0

exp

"
�
✓

z

z0

◆�
#
, (4)

with m = 1.90, � = 1.75 and z0 = 0.07.
The PS P�g in Eq. (1) is computed within the halo-

model framework, as the sum of a one-halo plus a two-
halo terms. For more details, see [3, 7]. Both the PS
and the clumping factor �2(z) in Eq. (2) depend on a
number of DM properties: the halo mass function, that
we take from Ref. [15], the halo density profile, for which
we assume a Navarro-Frenk-White model [16], the mini-
mum halo mass, that we set equal to 10�6M�, and the
halo mass-concentration relation c(M, z), that we adopt
from Ref. [17]. The theoretical uncertainty of these quan-
tities is rather small for halos larger than 1010 M�, be-
cause they can be constrained by observations and simu-
lations. Since the DM decay signal is mainly contributed

1
A 6-parameter flat ⇤CDM cosmological model is assumed with

the value of the parameters taken from Ref. [12].
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FIG. 1. Cross-correlation above 500 MeV for the best fit-
ting annihilating and decaying DM scenarios, compared to
the measured CCF. The curves are for DM particles of 100
GeV (200 GeV) annihilating (decaying) into bb̄. We show
the two annihilation models high and low with annihi-
lation rates h�avi = 2 ⇥ 10�26 cm3s�1 (blue-dashed) and
2.4 ⇥ 10�25 cm3s�1 (blue-solid), respectively, and a decay
model with lifetime ⌧ = 1.6⇥ 1027 s (red-dotted). The green
curve shows the CCF of the 1-halo correction term C1h. We
show the sum of this component and the DM CCF (in the
low scenario) with the black curve. The inset shows that
these DM models provide a subdominant contribution to the
observed IGRB spectrum [20].

by large structures, the theoretical predictions are rel-
atively robust. This is not the case for the annihilation
signal which is preferentially produced in small halos and
in substructures within large halos. Consequently, theo-
retical uncertainties on the annihilation signal are larger.
For the subhalo contribution we consider two scenarios
(low and high) to bracket theoretical uncertainty. The
low case follows the model of Ref. [18] (see their Eq. (2),
with a subhalo mass function dn/dMsub / M�2

sub). The
high scenario is taken from Ref. [19], with the halo mass-
concentration relation extrapolated down to low masses
as a power law.

In our CAPS model (Eq. 1), we add a constant term
C1h (one-halo correction term) to correct for possible un-
accounted correlations at very small-scales, within the
Fermi-LAT Point Spread Function (PSF). The value of
C1h will be determined by fitting the data, and we an-
ticipate that we find a C1h value compatible with zero.
Thus, the inclusion of this term does not change signif-
icantly the results. For an extensive discussion on this
term, see Refs. [5, 7].

• Very competitive bounds 
even in the DM only case

12 Cuoco et al.
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FIG. 9.— Left: 95% C.L. upper bounds on the DM annihilation rate h�avi as a function of the DM mass, for the LOW substructures model and the reference
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1h 6=0 fit. Solid lines refer to the bb̄ annihilation channel: the red line refers to the analysis that combines information from all the three energy bins
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straints. The black curve is taken from Regis et al. (2015) and
refers to the case in which we assumed that all the 2MASS �-
ray correlation is produced by DM, with no astrophysical con-
tribution. As expected, including the astrophysical sources
makes the constraints stronger, of about a factor of 4. The gain
is significant and will further improve once the DM-mAGN-
SFG degeneracies discussed above will be removed.

As expected, uncertainties on the bounds driven by the
substructure model are significant. The left panel of Fig. 9
shows that assuming the HIGH model would strengthen the
constraints on the cross section by about one order of magni-
tude, whereas in the NS scenario, the bounds would weaken
by about a factor of 5. This implies that the thermal annihila-

tion rate h�avi = 3 ·10-26cm3s-1 is excluded at the 95 % C.L.
up to masses of 6, 25, 250 GeV in the NS, LOW and HIGH
scenarios, respectively.

In Fig. 10 we instead show the 95% C.L. lower bounds on
the lifetime of a decaying DM particle, for various decay final
states. Bounds on DM decay, being proportional to the DM
density (and not DM density squared, as instead the annihila-
tion signal) depend on the total DM mass in structures and are
not affected by the different substructure modeling. As for
the annihilation case, including the astrophysical sources in
the analysis improves the constraints, again by about a factor
of 4, with respect to those obtained by ignoring the astrophys-
ical components (Regis et al. 2015).

Finally, to test the robustness of our DM constraints we
have repeated the analysis using the same astrophysical mod-
els used in Xia et al. (2015) and we found that they are very
similar to the ones obtained in the present analysis.

4.1. Self consistency tests: mean intensity and
auto-correlation of the IGRB

As anticipated in Section 3 instead of including the mean
IRGB intensity and its auto-correlation in the fit, we use
these additional observational inputs a posteriori as a self-
consistent test for our best fitting model.

We define, An
IGRB, the fractional mean IGRB intensity pre-

dicted by the cross-correlation fit, as follows

In
TOT An

IGRB = AFSRQIn
FSRQ + ABLLacIn

BLLac +
AmAGNIn

mAGN + ASFGIn
SFG + ADMIn

DM , (8)

where In
↵ are the integrated �-ray intensities of our refer-

ence models for the five �-ray emitters considered here and
shown in Fig. 1 and n = 1,2,3 identifies the energy band The
total intensity is defined as In

TOT ⌘
P

↵ In
↵, where the sum

runs over the five types of emitters. In our model In
TOT =

10-6
, 4⇥ 10-7

, 1.5⇥ 10-8 cm-2 s-1 sr-1 for the energy ranges
E > 0.5, 1, 10 GeV, respectively, which are consistent with
the measured IGRB (Ackermann et al. 2015a). We thus ex-

12 Cuoco et al.

101 102 103
10ï28

10ï27

10ï26

10ï25

10ï24

10ï23

10ï22

mDM [GeV ]

<
�

a
v

>
[c

m

3
/
s
]

annLOW - bb̄ - ALLGeV
annLOW - bb̄ - 500MeV
annLOW - bb̄ - 1GeV
annLOW - bb̄ - 10GeV

Thermal WIMP

annHIGH - bb̄ - ALLGeV

annNS - bb̄ - ALLGeV

101 102 103

10ï26

10ï25

10ï24

10ï23

10ï22

mDM [GeV ]

<
�

a
v

>
[c

m

3
/
s
]

annLOW - bb̄ - ALLGeV
annLOW - µ

+
µ

� - ALLGeV

annLOW - bb̄ - DMonly
annLOW - W

+
W

� - ALLGeV
annLOW - ⌧

+
⌧

� - ALLGeV

Thermal WIMP

FIG. 9.— Left: 95% C.L. upper bounds on the DM annihilation rate h�avi as a function of the DM mass, for the LOW substructures model and the reference
NVSS-10 Ak

1h 6=0 fit. Solid lines refer to the bb̄ annihilation channel: the red line refers to the analysis that combines information from all the three energy bins
under consideration (E > 0.5,1,10 GeV), while the other three lines refer to the analysis performed on a single energy bin (as stated in the figure label). The
upper dot-dashed blue line refers to the NS substructure model, while the lower dot-dashed black line to the HIGH substructure model. Right: in addition to the bb̄
case (red line) reported in the left panel, the different lines show the upper bounds for the µ+µ- (blue), ⌧+⌧- (green) and W +W - (magenta) annihilation channels,
for the LOW sub-structures model. The black line instead shows the upper bound for the bb̄ case and LOW substructure scheme, obtained under the assumption
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straints. The black curve is taken from Regis et al. (2015) and
refers to the case in which we assumed that all the 2MASS �-
ray correlation is produced by DM, with no astrophysical con-
tribution. As expected, including the astrophysical sources
makes the constraints stronger, of about a factor of 4. The gain
is significant and will further improve once the DM-mAGN-
SFG degeneracies discussed above will be removed.

As expected, uncertainties on the bounds driven by the
substructure model are significant. The left panel of Fig. 9
shows that assuming the HIGH model would strengthen the
constraints on the cross section by about one order of magni-
tude, whereas in the NS scenario, the bounds would weaken
by about a factor of 5. This implies that the thermal annihila-

tion rate h�avi = 3 ·10-26cm3s-1 is excluded at the 95 % C.L.
up to masses of 6, 25, 250 GeV in the NS, LOW and HIGH
scenarios, respectively.

In Fig. 10 we instead show the 95% C.L. lower bounds on
the lifetime of a decaying DM particle, for various decay final
states. Bounds on DM decay, being proportional to the DM
density (and not DM density squared, as instead the annihila-
tion signal) depend on the total DM mass in structures and are
not affected by the different substructure modeling. As for
the annihilation case, including the astrophysical sources in
the analysis improves the constraints, again by about a factor
of 4, with respect to those obtained by ignoring the astrophys-
ical components (Regis et al. 2015).

Finally, to test the robustness of our DM constraints we
have repeated the analysis using the same astrophysical mod-
els used in Xia et al. (2015) and we found that they are very
similar to the ones obtained in the present analysis.

4.1. Self consistency tests: mean intensity and
auto-correlation of the IGRB

As anticipated in Section 3 instead of including the mean
IRGB intensity and its auto-correlation in the fit, we use
these additional observational inputs a posteriori as a self-
consistent test for our best fitting model.

We define, An
IGRB, the fractional mean IGRB intensity pre-

dicted by the cross-correlation fit, as follows

In
TOT An

IGRB = AFSRQIn
FSRQ + ABLLacIn

BLLac +
AmAGNIn

mAGN + ASFGIn
SFG + ADMIn

DM , (8)

where In
↵ are the integrated �-ray intensities of our refer-

ence models for the five �-ray emitters considered here and
shown in Fig. 1 and n = 1,2,3 identifies the energy band The
total intensity is defined as In

TOT ⌘
P

↵ In
↵, where the sum

runs over the five types of emitters. In our model In
TOT =

10-6
, 4⇥ 10-7

, 1.5⇥ 10-8 cm-2 s-1 sr-1 for the energy ranges
E > 0.5, 1, 10 GeV, respectively, which are consistent with
the measured IGRB (Ackermann et al. 2015a). We thus ex-

Cuoco et al., arXiv:1506.01030 [astro-ph.HE]

Cuoco (Tue)



Cross-correlation analyses: Lensing

Shirasaki et al., Phys. Rev. D 90, 063502 (2014)3

multipole bins within an E-bin are provided by PolSpice,
we estimate the o↵-diagonal correlation between the Ei

and Ej bins (with i 6= j) using a two-step process. We
first derive a semi-analytic Gaussian approximation (av-
eraged in the multipole bin b):

�̃ij
b =

*
C

(�i)
` C

(�j)
` + Ĉ

()
` Ĉ

(�i�j
)

`

(2`+ 1) f
sky

+

b

, (2)

where C
(�i)
` is the cross-correlation APS, estimated us-

ing a benchmark theoretical prediction discussed in the
next Section. (Note that this term is in any case subdom-

inant in Eq. (2)). Ĉ()
` and Ĉ

(�i
)

` are the auto-correlation
APS that we estimate from the corresponding maps using

PolSpice and Ĉ
(�i�j

)

` is the cross-correlation APS between
two energy bins i and j. As a sanity test, we checked that

the noise-subtracted estimate C(�i
)

` = Ĉ
(�i

)

` �(C(�i
)

N /W 2

` )
(where CN is the power spectrum of the shot noise and
W` is the beam function) agrees well with the autocorre-
lation APS reported by the Fermi-LAT Collaboration [6].

Similarly, our Ĉ
()
` is consistent with theoretical expec-

tations, once corrected for the noise APS provided in the
Planck public data release [4]. The factor f

sky

corrects
for the e↵ective available fraction of the sky, but Eq. (2)
might actually underestimate the impact of masks. To
have a more conservative error estimate we derive a scal-
ing coe�cient Mi,b from �ii

b = M2

i,b �̃
ii
b , where �ii

b is ob-

tained from PolSpice and �̃ii
b from Eq. (2), and then de-

fine the o↵-diagonal terms of the covariance matrix as
�ij
b = Mi,b Mj,b�̃

ij
b . The reliability of this scaling is fur-

ther supported by the fact we are using the same mask
for all the �-ray maps.

The combined APS C
(�)
b of Eq. (1) is shown in Fig. 1

with red squares. They are in fair agreement with the
measurement from the integrated map, but, as expected,
have smaller error bars (given by

p
Nb). As before, we

estimate the significance of the cross-correlation signal
considering a single multipole bin at 40  ` < 160. The
statistical evidence amounts to 3.2� C.L..

III. INTERPRETATION

We now move on to discuss the agreement between the-
oretical models and the measurements reported in Fig. 1.

In the Limber approximation [15], the theoretical two-
point cross-correlation APS can be computed as:

C
(�)
` =

Z
d�

�2

W(�)W�(�)P�(k = `/�,�) . (3)

where �(z) denotes the radial comoving distance, W

and W� are the window functions for lensing and � rays,
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FIG. 1. Cross-correlation APS C(�)
` as a function of the

multipole `, for �-ray energies E > 1 GeV. The measure-
ments are averaged (linearly in terms of `C(�)

` ) in multipole
bins of �` = 60, starting at ` = 40. Blue circles refer to
the measurements using the �-ray map integrated for E > 1
GeV, while red squares report the minimum-variance combi-
nation of individual energy bin estimates (assuming a spec-
trum / E�2.4). The benchmark theoretical model (see text),
shown in black, is the sum of the contributions from BL Lac
(red), FSRQ (blue), mAGN (magenta), and SFG (orange),
multiplied by A� = 1.4. We show also two “generic” models
G0.1 and G2 with Gaussian W (z) (normalized to provide the
whole EGB above 1 GeV and then multiplied by the factor
A� described in the text), with peak at z0 = 0.1 and width
�z = 0.1 (cyan-dashed), and z0 = 2 and �z = 0.5 (magenta-
dashed), respectively. In the upper inset, we show the EGB
benchmark model and Fermi-LAT measurement.

and P� is the three-dimensional (3D) power-spectrum
(PS) of the cross-correlation. For the latter we follow the
halo model approach (see, e.g., Ref. [16] for a review),
where P can be split in the one-halo P

1h

and two-halo
P
2h

components as P = P
1h

+P
2h

(see Ref. [17] for their
expressions).
The CMB lensing window function is given by [18]:

W(�) =
3

2
H

0

2⌦
m

[1 + z(�)]�
�⇤ � �

�⇤
, (4)

where H
0

is the Hubble constant, ⌦
m

is the matter-
density parameter, and �⇤ is the comoving distance to
the last-scattering surface.
The window function for a �-ray emitter i is (see, e.g.,

Ref. [19]):

W�i(E, z) =

R L
max

(z)
L

min

(z) dL��i L
4⇡ (1 + z)

exp[�⌧ [E(1 + z), z]]

(5)
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CFHTLenS

Planck
(CMB lensing)

FIG. 5. The cross-correlation signal of cosmic shear and the EGB. Each panel corresponds to

each of the CFHTLenS patches W1-W4. The red points show the result using tangential shear γ+,

while the black points are for γ×. The error bars indicate the standard deviation estimated from

our 500 randomized shear catalogues and 500 randomized photon count maps.

values of χ2/ndof for γt and for γ× are shown in each panel. The result is consistent with

null detection in each CFHTLenS patch. We confirm that the combined four field together

is also consistent with null detection (χ2/ndof = [7.80+ 6.87+ 6.49+ 7.39]/40 = 28.55/40 in

total).

We are now able to use the null detection of the cross-correlation to place constraints

on the DM annihilation cross-section. For this purpose, we use the maximum Likelihood

analysis. We assume that the data vector D is well approximated by the multivariate
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Fig. 5.— Left: Cross-correlation between cosmic shear and γ-
ray emission, for the different classes of γ-ray emitters described
in the text (with a γ-ray threshold expected for Fermi-LAT after
5 years of exposure). Each contribution is normalized by multi-
plying Eq. (2) by ⟨Ij⟩/⟨IEGB⟩ to make them additive. DES is
taken as the reference galaxy survey. Error bars are estimated for
the total signal (in black). Right: Same as in the left panel but
for annihilating DM, with Euclid as the reference galaxy survey.

inant final state b̄b. The characteristics of the DM par-
ticle are chosen to saturate (at least in one particular
energy range) the EGB emission, without violating the
experimental constraints.1 In particular, we note that,
although we take DM to be a significant component of
the EGB at E ! 1 GeV in Fig. 1a, it is basically im-
possible to obtain an evidence for DM from the angular
PS of γ-rays alone because the latter is dominated by
the blazar contribution.
In Fig. 2 we show the ingredients of Eq. (2) for the

computation of the shear/γ-ray cross-correlation angu-
lar PS: the window function for the cosmic shear signal
nicely overlaps with the DM window function, both
for annihilating and decaying DM, while this happens
only at intermediate redshifts for the SFG window func-
tion and only at high redshifts for the case of blazars.
This suggests that a tomographic approach could be a
powerful strategy to further disentangle different con-
tributions in the angular PS (this will be pursued in
a future work (Camera et al. 2013)). The shear signal
is stronger for larger DM masses. The same is true
also for the γ-ray signal from DM and this fact gives
a large 1-halo contribution which dominates starting
from k " 1 h/Mpc in Fig. 2b. Galaxies have masses
" 1014M⊙, thus they correlate with the shear signal of
lower-mass halos and the 1-halo contribution becomes
important at slightly smaller scale k ! 1h/Mpc. Since
the bulk of unresolved blazars in 5-yr Fermi-LAT will
be hosted in relatively small halos at large redshift, the
1-halo term of the blazar/shear PS is suppressed. Thus,
an important result is that, since both the shear and
DM-induced γ-ray signals are stronger for larger halos,
their cross-correlation is more effective with respect to

the case of astrophysical sources. This, together with
the sizable overlapping of the DM γ-ray and shear win-
dow functions at low redshift, leads to the expectation
of a sizable DM signal in the angular PS, which is in-
deed what we find in Fig. 5. For ℓ " 100 the 2-halo term
dominates for all the sources, thus the relative size is
roughly given by the relative contribution in the total
EGB emission. At ℓ ! 100, the 1-halo term starts to
be important in the DM case which grows more rapidly
than the astrophysical sources. At ℓ ! 103, the 1-
halo term takes over also in the SFG spectrum which
is brought again close to the DM curve. Blazars are
largely subdominant in the whole range of multipoles.
The observational forecasts for the cross-correlation

between DES or Euclid and Fermi-LAT are shown for
the benchmark models considered in this work (for er-
ror estimates, we take observational performances from
(Atwood et al. 2009; DES Collab. 2005; Euclid Collab.
2011)). Fig. 5 shows that a DM signal can be disentan-
gled in the angular PS at ℓ " 103. The same conclusion
can be derived for DM models with different mass and
annihilation/decay channels, provided the DM is a sig-
nificant component of the total γ-ray EGB (at least in
one energy bin) as in our assumptions.

4. CONCLUSIONS

In this Letter, we discussed the cross-correlation an-
gular power spectrum of weak lensing cosmic shear and
γ-rays produced by WIMP annihilations/decays and
astrophysical sources. We showed that this method
can provide novel information on the composition of
the EGB. Since the shear signal is stronger for struc-
tures of larger masses and most of the γ-ray emission
from decaying and annihilating DM is also produced
in large mass halos, their cross-correlation is typically
stronger than the case of astrophysical sources (which
are associated to galactic-mass halos). The combina-
tion of Fermi-LAT with forthcoming surveys like DES
and Euclid can thus potentially provide evidence for
WIMPs.
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Flux PDF: Probe of luminosity distribution

• Probability distribution 
function (PDF) of gamma-
ray flux is a probe of 
luminosity function 

• If the source is truly diffuse, 
then it is a delta function 

• PDF for most astrophysical 
sources is power-law like 

• Dark matter PDF is a 
Gaussian plus power-law tail 

• Another diagnosis for dark 
matter

Intensity F/⌦
pix

[cm�2 s�1sr�1MeV�1]

F
P
(F

)

10�12 10�11 10�10

10�2

10�1

100

101

102

Figure 5: One-point function P (F ) for the three dark matter models (with boosts color-
coded as previously), alongside the P (F ) of the di↵use contribution of blazars (green). The
dashed red band represents the measurement of the unresolved EGB from the Fermi data at
1 GeV [65], while the dashed green line is the mean of the blazar PDF.

S
min

N
blz/pix

hF i/⌦
pix

(% EGB)

0.72 1.25 0.89 (14.8%)

0.36 1.97 0.921 (15.3%)

0.18 3.08 0.946 (15.8%)

Table 3: Sensitivity summary of our unresolved blazar model (with fiducial values in the
central row). The first two columns pertain to Eqn. (5.3): S

min

(in units of 10�10 cm�2 s�1)
is the lowest flux to which we extrapolate the source count distribution, from which a number
of (faint, unresolved) blazars per pixel may be derived. The next two columns summarise
the corresponding mean intensity of the blazar P (F ), both as an absolute value in units of
10�10 cm�2 s�1 sr�1 MeV�1, and as a proportion of the unresolved EGB [65].

per pixel (treated analytically) and the contribution of more than zero sources per pixel
(Monte Carlo):

P
Blazar

(F ) =
1X

k=0

P (k|2.0)P
k

(F ) = e�2.0�(F ) +
1X

k=1

P (k|2.0)P
k

(F ) . (5.5)

The (nonzero) blazar flux distribution is plotted in Fig. 5. Like the flux distribution for the
dark matter, it has a non-negligible skew and approximates the single-source distribution at

– 17 –

Feyereisen, Ando, Lee, arXiv:1506.05118 [astro-ph.CO]



Flux PDF: Photon count distribution in Fermi data

• Analysis of 11-month of 
Fermi data 

• So far, the flux PDF can be 
well explained with all 
known sources (Galactic 
diffuse emission, isotropic 
background emission, and 
point sources) 

• Further analysis has to be 
carried out

– 12 –

Fig. 2.— Left plot: nk is the number of pixels with k photons, the red dots correspond to pixel

counts derived from Fermi data, the errors bars are equal to
√
nk. We consider three sources: AGN-like

point sources (blue dotted line), isotropic Poisson contribution (brown dashed line), and non-isotropic

Galactic diffuse emission (black dash-dotted line). Note, that the total model on this plot is not the sum

of the components, the corresponding generating function of the PDF is a product of the generating

functions in Equation (20). Npoints corresponds to the number of points on the x-axis that we have used

for fitting, k < 500. Right plot: green solid line is the physical model for the AGN-like source counts,

blue dotted line is the source counts in pixels in the presence of PSF (Equation (12)), points represent

expected number of m-photon sources per deg2 as defined in Equation (11), blue star is the value of the

isotropic flux.

At smaller position of the break the contribution of point sources becomes larger (qps ∼ 0.3

for the left point in Figure 3) but the fit has smaller likelihood. It would be interesting to estimate

constraints on models involving high redshift AGNs to explain the unresolved part of the EGB

(e.g., Abazajian et al. 2010; Neronov & Semikoz 2011) using the statistics of photon counts.

We can also put an approximate lower bound of 51% on Galactic diffuse emission, and

an approximate upper bound of 32% on isotropic emission consistent with Poisson statistics.

In terms of the absolute flux values, the total gamma-ray flux above 1 GeV for |b| > 30◦ is

Ftot = 1.75 × 10−6 s−1cm−2sr−1, the diffuse Galactic flux is FGal > 8.8 × 10−7 s−1cm−2sr−1,

the isotropic component of the flux is Fisotr = (5.6 ± 0.6) × 10−7 s−1cm−2sr−1, the flux from

AGN-like point sources with dN/dS parameters given in Table 1 and in Figure 2 is FPS =

(3.0± 0.4)× 10−7 s−1cm−2sr−1.

Using this value of the total flux from AGN-like point sources, we can estimate the gamma-

Malyshev, Hogg, Astrophys. J. 738, 181 (2011)



What can we learn from the gamma-ray background?

✓ Energy 

• Intensity spectrum (Bergstrom et al. 1998) 

✓ Spatial clustering of sources 

• Angular power spectrum (Ando & Komatsu 2006) 

✓ Redshift distribution of sources 

• Cross correlation with dark matter tracers (Cosmic shear: 
Camera et al. 2013; Galaxy catalogs: Ando et al. 2014) 

✓ Luminosity distribution of sources 

• 1-point PDF of the gamma-ray flux (Lee et al. 2009)



Interpretation: Annihilation boost
• About one order of magnitude uncertainty on subhalo 

boost 

• Optimistic: extrapolation of luminosity-mass relation 
found in simulations, down to smallest subhalo mass 

• Conservative: use of field halo concentration to 
calculation subhalo luminosity 

• Tidal stripping of subhalos will make them denser 
(hence brighter) than field halos of equal mass, by a 
factor of ~3

– 16 –

Fig. 4.— Upper limits on the self-annihilation cross section for the bb̄ (top) and τ+τ−

(bottom) channels as derived in this work (see § 3) compared to the conservative and

sensitivity-reach limits reported in Ackermann et al. (2014c). The blue band reflects the
range of the theoretical predicted DM signal intensities, due to the uncertainties in the

description of DM subhalos in our Galaxy as well as other extragalactic halos, adopting a
cut-off minimal halo mass of 10−6M⊙. For comparison, limits reported in the literature are
also shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).

Ajello et al., Astrophys. J. 800, L27 (2015)
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FIG. 9.— Left: 95% C.L. upper bounds on the DM annihilation rate h�avi as a function of the DM mass, for the LOW substructures model and the reference
NVSS-10 Ak

1h 6=0 fit. Solid lines refer to the bb̄ annihilation channel: the red line refers to the analysis that combines information from all the three energy bins
under consideration (E > 0.5,1,10 GeV), while the other three lines refer to the analysis performed on a single energy bin (as stated in the figure label). The
upper dot-dashed blue line refers to the NS substructure model, while the lower dot-dashed black line to the HIGH substructure model. Right: in addition to the bb̄
case (red line) reported in the left panel, the different lines show the upper bounds for the µ+µ- (blue), ⌧+⌧- (green) and W +W - (magenta) annihilation channels,
for the LOW sub-structures model. The black line instead shows the upper bound for the bb̄ case and LOW substructure scheme, obtained under the assumption
that the DM contribution to the 2MASS cross-correlation is the dominant one (taken from Regis et al. (2015)).
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⌧+⌧- (green) and W +W - (magenta). The black line instead shows the lower
bound for the bb̄ case obtained under the assumption that the DM contribution
to the 2MASS cross-correlation is the dominant one (taken from Regis et al.
(2015))

straints. The black curve is taken from Regis et al. (2015) and
refers to the case in which we assumed that all the 2MASS �-
ray correlation is produced by DM, with no astrophysical con-
tribution. As expected, including the astrophysical sources
makes the constraints stronger, of about a factor of 4. The gain
is significant and will further improve once the DM-mAGN-
SFG degeneracies discussed above will be removed.

As expected, uncertainties on the bounds driven by the
substructure model are significant. The left panel of Fig. 9
shows that assuming the HIGH model would strengthen the
constraints on the cross section by about one order of magni-
tude, whereas in the NS scenario, the bounds would weaken
by about a factor of 5. This implies that the thermal annihila-

tion rate h�avi = 3 ·10-26cm3s-1 is excluded at the 95 % C.L.
up to masses of 6, 25, 250 GeV in the NS, LOW and HIGH
scenarios, respectively.

In Fig. 10 we instead show the 95% C.L. lower bounds on
the lifetime of a decaying DM particle, for various decay final
states. Bounds on DM decay, being proportional to the DM
density (and not DM density squared, as instead the annihila-
tion signal) depend on the total DM mass in structures and are
not affected by the different substructure modeling. As for
the annihilation case, including the astrophysical sources in
the analysis improves the constraints, again by about a factor
of 4, with respect to those obtained by ignoring the astrophys-
ical components (Regis et al. 2015).

Finally, to test the robustness of our DM constraints we
have repeated the analysis using the same astrophysical mod-
els used in Xia et al. (2015) and we found that they are very
similar to the ones obtained in the present analysis.

4.1. Self consistency tests: mean intensity and
auto-correlation of the IGRB

As anticipated in Section 3 instead of including the mean
IRGB intensity and its auto-correlation in the fit, we use
these additional observational inputs a posteriori as a self-
consistent test for our best fitting model.

We define, An
IGRB, the fractional mean IGRB intensity pre-

dicted by the cross-correlation fit, as follows

In
TOT An

IGRB = AFSRQIn
FSRQ + ABLLacIn

BLLac +
AmAGNIn

mAGN + ASFGIn
SFG + ADMIn

DM , (8)

where In
↵ are the integrated �-ray intensities of our refer-

ence models for the five �-ray emitters considered here and
shown in Fig. 1 and n = 1,2,3 identifies the energy band The
total intensity is defined as In

TOT ⌘
P

↵ In
↵, where the sum

runs over the five types of emitters. In our model In
TOT =

10-6
, 4⇥ 10-7

, 1.5⇥ 10-8 cm-2 s-1 sr-1 for the energy ranges
E > 0.5, 1, 10 GeV, respectively, which are consistent with
the measured IGRB (Ackermann et al. 2015a). We thus ex-

Cuoco et al., arXiv:1506.01030 [astro-ph.HE]
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FIG. 1. The luminosity-weighted mass function for a host
of 1012 M⊙ for subhalos (solid) and field halos (dotted). It
effectively provides the contribution of different mass subhalos
to the overall subhalo luminosity.

mass. In the literature, the latter is often used in order
to estimate the subhalo boost factor. We first assume
that a field halo is virialized at z = 0 with rvir given
by m = 4π∆c,0ρc,0r3vir/3. The characteristic density and
scale radius are again obtained with rs,fh = rvir/cvir(m, 0)
and ρs,fh = mvir/[4πr3s f(cvir(m, 0))], where the concen-
tration mass relation of Ref. [28] is assumed. Then
the field halo luminosity is calculated with Lfh(m) ∝
ρ2sr

3
s [1− 1/(1 + cvir)3]. The dotted curve in Fig. 1 shows

the luminosities Lfh(m) weighted by the same mass func-
tion as in the case of Lsh(m). As shown in the simple
order-of-magnitude estimate earlier, the field halos are
less bright than the subhalos of the same mass by a fac-
tor of a few, and this is almost independent of mass m.
Therefore, for the Milky-Way-sized halos, the subhalo
boost will be a factor of three larger than the estimate
without taking tidal effects into account.
Next, we compare the subhalo boost factor Bsh(M)

calculated with Eq. (1) by adopting our modelling of
subhalo tidal effects to the boost calculated without ac-
counting for tidal effects (by using the virialized field halo
models). Since the boost factor depends critically on the
subhalo mass function, in addition to our self-consistent
model, we also investigate dependence on several mod-
els for the mass function. We adopt four models, taking
spectral indices of α = 1.9 and 2, and smallest subhalo
masses of mmin = 10−6M⊙ and 104M⊙. Note that the
normalization cancels in the ratio. Figure 2 shows the
boost ratio as a function of host halo mass for these mod-
els. As can be seen, taking tidal effects into account will
enhance the boost by a factor of 2–3 compared to the sim-
ple field halo approach, consistently for host halo masses
between 106–1015M⊙, and this is largely independent of
models of the subhalo mass function.
One might expect the boost ratio for Mmin = 104M⊙
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FIG. 2. The ratio of the boost by taking the subhalo stripping
into account to the same quantity without. Four fiducial mod-
els of the subhalo mass function are adopted, with minimum
subhalo masses of mmin = 10−6 M⊙ and 104 M⊙ and slopes of
α = 1.9 and 2. Starred symbols show results for Milky-Way-
sized halos when using the concentration-mass relation from
Ref. [27] assuming mmin = 104M⊙ and cvir(z|m) ∝ z−0.5.

to be always higher than that for Mmin = 10−6M⊙, since
the most massive subhalos are stripped fastest. However,
as can be seen this is not the case. The increase in lu-
minosity of a given mass halo is an interplay between
mass-loss rate and infall time. Since smaller halos are
accreted earlier it is possible that they contribute more
to the increase in luminosity. This effect can also be seen
in Fig. 1 for the Milky-Way-sized halo and is consistent
with the above order-of-magnitude estimate for subhalos
of different mass.

Next to the results obtained using the concentration-
mass relation of Ref. [28] (shown as solid and dashed
curves in Fig. 2), we also show results for Milky-Way-
sized halos when using the concentration-mass relation
from Ref. [27] assuming mmin = 104M⊙ and cvir(z|m) ∝
z−0.5 as starred symbols. Even though both concentra-
tion models agree well for large mass halos, they differ
significantly for smaller masses, closer to the resolution
of the current generation of simulations, 105M⊙. How-
ever, our results show that the boost ratio is insensitive to
the initial choice of the concentration-mass relation. We
also see that our semi-analytic model provides relatively
smaller boost ratio compared with what is inferred di-
rectly from simulations [17] as estimated above. It might
be an indication that our approach provides a more con-
servative boost relative to the dark-matter-only simula-
tions, even though an increase in boost by a factor of 2–3
is substantial.

Bartels, Ando, arXiv:1507.08656 [astro-ph.CO]



Conclusions

• Plenty of data of high-energy gamma rays and other 
wavelength enable 
• Multi-wavelength study from radio to TeV gamma rays 
• Beyond spectral analysis of IGRB: Anisotropies 

• Interesting claims (GeV excess, 3.5 keV lines, AMS-02 
excess, IceCube neutrinos) should be tested with multi-
wavelength approach 

• IGRB Anisotropy has started to be probed extensively and 
already shown some promise for the future 

• Angular power spectrum 
• PDF of gamma-ray flux 
• Cross correlation with nearby galaxy distribution


