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OBSERVATIONALEVIDENCEOFDARKMATTER

• Signatures of invisible matter in the cosmos at all physical scales
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[Planck Collaboration, 2015]

NGC3196
[Rubin & Ford, 1970] Coma Cluster

[Zwicki, 1933]



OBSERVATIONALEVIDENCEOFDARKMATTER

• What do we eventually learn from gravitational pieces of evidence? 

• Galaxies 

• Galaxy clusters 

• Large-scale structure 

• Cosmology

1 DM > 80% of the matter in the Universe!
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1 Dissipationless (suppressed e.m. and strong interactions) 

1 Collisionless (very weak self-interactions) 

1 Non-relativistic (bottom-up hierarchy) 

1 Non-baryonic, stable, thermally produced



PARTICLEDARKMATTERDETECTION

• Weakly Interacting Massive Particles (WIMPs) 

• WIMPs have weak— but non-negligible!—interactions with ordinary matter 

• WIMPs detection strategies
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1 Indirect detection
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WIMPIMPRINTSINGAMMARAYS?

• DM particle annihilations (or decay) can produce SM particles 

• Energy of the process set by the DM mass ~ GeV-TeV 

• WIMPs are source of high energy cosmic and gamma rays

Extra-galactic, 
high-energy 
gamma rays
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WIMPIMPRINTSINGAMMARAYS?
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WIMPIMPRINTSINGAMMARAYS?

• Besides DM, unresolved astrophysical sources also contribute to the 
extragalactic diffuse gamma-ray background
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Figure 9: The energy spectrum of the DGRB (black points) as recently measured by the Fermi LAT
[9]. Gray boxes around each data point denote the uncertainty associated with the Galactic di↵use
emission. The solid color lines indicate the expect gamma-ray emission from unresolved sources, for 4
di↵erent well-established astrophysical populations: blazars (in orange), MAGNs (in green), SFGs (in
blue) and MSPs (in red). Color bands represent the corresponding uncertainties on the emission of each
population. Estimates are taken from Ref. [25] (blazars), Ref. [29] (MAGNs), Ref. [159] (SFGs) and
Ref. [38] (MSPs).

depicted in Fig. 9 by orange, green, blue and red lines, respectively.12 Each contribution
is embedded in a band that denotes the level of uncertainty a↵ecting the prediction. The
largest is the one associated with MAGNs (light green band) spanning almost one order of
magnitude. Black data points represent the new Fermi LAT measurement of the DGRB
in Ref. [9] (see Sec. 2.1). The gray boxes around the data points indicate the systematic
error associated with the modeling of the Galactic foreground. From the figure, it is
clear that MSPs are subdominant and that the remaining 3 astrophysical components can
potentially explain the whole DGRB, leaving very little room for additional contributions
(see also Refs. [61, 246, 215]). Similar results have been recently obtained by Ref. [65].
This reference also shows that the goodness of the fit to the Fermi LAT DGRB energy
spectrum in terms of astrophysical sources depends significantly on the model adopted
for the di↵use Galactic foreground and on the slope of the energy spectrum of unresolved
SFGs.

12Ref. [25] only provides the total emission from resolved and unresolved blazars. Since we are inter-
ested in the unresolved component, the orange line in Fig. 9 is obtained by subtracting the emission of
resolved sources from Ref. [9] from the total signal from blazars. The width of the light orange band is,
then, computed summing the estimated errors of the two components in quadrature.

28

[Fornasa & Sánchez-Conde, 2015]
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WIMPIMPRINTSINGAMMARAYS?

• Besides DM, unresolved astrophysical sources also contribute to the 
extragalactic diffuse gamma-ray background
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WIMPIMPRINTSINGAMMARAYS?

• Constraints on annihilating DM from gamma-ray energy spectrum
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Figure 11: Upper limits obtained by considering the DGRB energy spectrum measured in Refs. [8, 9].
Annihilations into b quarks are assumed. The regions above the colored lines are excluded because the
cumulative DM-induced emission would overproduce the DGRB. Di↵erent lines correspond to di↵erent
assumptions for the properties of DM halos (especially for low halo masses) and di↵erent methods to
compute the upper limits. The solid green line is taken from Fig. 2 of Ref. [363] while the dashed green
line is from Fig. 8 of Ref. [333] (lower bound of the band relative to ↵m = 2 for the emission from the
Galactic Poles). The dashed blue line is taken from Fig. 5 of Ref. [58] (conservative limits for model
MSII-Sub1) and the solid gray one from Fig. 2 of Ref. [365]. The solid and dashed red lines are taken
from Fig. 3 of Ref. [61] (limits labeled “Fermi EGB”) and from Fig. 5 of Ref. [246] (panel labeled “best-fit
background”), respectively. The dashed gray line is from Fig. 15 of Ref. [215] (default substructures’
model). The black lines correspond to the predictions obtained in Ref. [64] by means of the Halo Model
(reference scenario). The solid blue line is taken from Fig. 4 of Ref. [25], while the dashed purple one is
from Fig. 4 of Ref. [65]. The blue region indicates the portion of the (m�, h�vi) plane already excluded by
the observation of the Segue 1 dwarf Spheroidal galaxy performed by the MAGIC telescopes (see Fig. 6
of Ref. [366]). The dark gray region is excluded by the analysis performed by the H.E.S.S. telescopes in
Ref. [367] from the so-called “Galactic Center halo” (see their Fig. 4 for an Einasto DM density profile).
Finally, the light gray region indicates the DM candidates not compatible with the combined analysis
of 25 dwarf Spheroidal galaxies by the Fermi LAT (see Tab. VII of Ref. [368]). A comparison between
the Fermi LAT DGRB and the DM-induced signal can also be found in Refs. [364, 59, 60, 107, 62, 337].
The dash-dotted horizontal line marks the value of the thermally averaged annihilation cross section.

37

[Fornasa & Sánchez-Conde, 2015]
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WIMPIMPRINTSINGAMMARAYS?

• Gamma-ray anisotropy auto-correlation angular power spectrum

[SC et al., 2013]
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WIMPIMPRINTSINGAMMARAYS?

• Gamma-ray anisotropy auto-correlation angular power spectrum
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Figure 17: Upper limits obtained by considering the DGRB APS measured in Ref. [66]. The regions
above the solid red and blue lines are excluded because the cumulative DM-induced emission would
overproduce the APS of the DGRB. The solid red line is taken from Ref. [337] while the solid blue
one is from Ref. [417]. The dashed gray line show the upper limits on h�vi obtained by requiring that
the DM-induced emission does not overproduce the DGRB emission measured in Ref. [9]. The limit is
obtained in Ref. [25] by modeling the astrophysical DGRB contributors. The blue region indicates the
region already excluded by the observation of the Segue 1 dwarf Spheroidal galaxy performed by the
MAGIC telescope [366]. The dark gray region is excluded by the analysis performed by the H.E.S.S.
telescope in Ref. [367] on the so-called “Galactic Center halo” region (assuming an Einasto DM density
profile). The light gray region indicates the DM candidates not compatible with the combined analysis
of Fermi LAT data from 25 dwarf Spheroidal galaxies [368]. The dash-dotted line marks the thermal
annihilation cross section.

case, as found also by Ref. [57], the predictions are subject to less theoretical uncer-
tainties than for an annihilating DM candidate. In fact, the signal is less a↵ected by
the value of Mmin and there is no subhalo boost (see also Sec. 2.3.2). Yet, in decaying
DM scenarios, DM halos yield a more extended emission. This is particularly true for
Galactic subhalos which are still close enough not to be point-like. Thus, the APS is
expected to decreases rapidly at high multipoles being, therefore, hard to detect. See,
e.g., the black line in Fig. 16.

4. The photon count distribution

Another powerful statistic tool to constrain the nature of the DGRB is provided
by the photon count Probability Distribution Function (PDF). This technique can be
used when the emission is represent by a pixelated sky-map. The photon count PDF
is, then, built from the number of pixels nk in which k photons are detected. The
study of the photon count PDF is commonly used in radio and X-ray astronomy for

51

[Fornasa & Sánchez-Conde, 2015]

1 Is this the end?
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WEAKGRAVITATIONALLENSING
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INTERLUDE:GALAXYSURVEYS
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Particle Dark Matter Searches Outside the Local Group

Marco Regis,1,* Jun-Qing Xia,2,† Alessandro Cuoco,1,‡ Enzo Branchini,4,5,6 Nicolao Fornengo,1 and Matteo Viel7,8
1Dipartimento di Fisica, Università di Torino and Istituto Nazionale di Fisica Nucleare, Sezione di Torino,
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P.O. Box 918-3, Beijing 100049, People’s Republic of China
3Dipartimento di Matematica e Fisica, Università degli Studi “Roma Tre”, via della Vasca Navale 84, I-00146 Roma, Italy

4INFN, Sezione di Roma Tre, via della Vasca Navale 84, I-00146 Roma, Italy
5INAF Osservatorio Astronomico di Roma, INAF, Osservatorio Astronomico di Roma, Monte Porzio Catone, Italy

6INAF Osservatorio Astronomico di Trieste, Via Giovanni Battista Tiepolo 11, I-34141 Trieste, Italy
7INFN, Sezione di Trieste, via Valerio 2, I-34127 Trieste, Italy

(Received 20 March 2015; published 16 June 2015)

If dark matter (DM) is composed by particles which are nongravitationally coupled to ordinary matter,
their annihilations or decays in cosmic structures can result in detectable radiation. We show that the most
powerful technique to detect a particle DM signal outside the Local Group is to study the angular cross-
correlation of nongravitational signals with low-redshift gravitational probes. This method allows us to
enhance the signal to noise from the regions of the Universe where the DM-induced emission is
preferentially generated. We demonstrate the power of this approach by focusing on GeV-TeV DM and
on the recent cross-correlation analysis between the 2MASS galaxy catalogue and the Fermi-LAT γ-ray
maps. We show that this technique is more sensitive than other extragalactic γ-ray probes, such as the energy
spectrum and angular autocorrelation of the extragalactic background, and emission from clusters of
galaxies. Intriguingly, we find that the measured cross-correlation can be well fitted by a DM component,
with a thermal annihilation cross section and mass between 10 and 100 GeV, depending on the small-scale
DM properties and γ-ray production mechanism. This solicits further data collection and dedicated analyses.

DOI: 10.1103/PhysRevLett.114.241301 PACS numbers: 95.35.+d, 95.80.+p, 98.70.Rz, 98.70.Vc

Introduction.—The origin of cosmic structures is well
understood in terms of evolution of matter perturbations
arising after the inflationary period. Inhomogeneities
starting off with higher-than-average density grow
through gravitational instability. Dark matter (DM) is a
necessary ingredient to the process, as it provides the
potential wells where standard matter is accreted after
decoupling and protohalos form. As structure formation
evolves, DM halos of increasing size form in a bottom-up
fashion.
If DM is in the form of particles which exhibit non-

gravitational couplings to ordinary matter, a certain level of
emitted radiation is expected. Photons can be produced
from interactions of DM with the ambient medium (e.g.,
through scatterings) or from DM annihilation or decay by
means of direct emission or through the production of
intermediate particles. The nongravitational signal associ-
ated to decay is proportional to the DM density: it is
stronger at low redshift, because the produced radiation is
diluted by the expansion of the Universe more rapidly than
its source, i.e., the DM particle density. The DM annihi-
lation signal, which is proportional to the density squared,
is also peaked at low redshift since the density contrast
associated to cosmic structures grows nonlinearly.
DM constitutes the backbone of all cosmic structures and

DM halos represent, collectively, a potential source of DM

decay or annihilation signals. This means that even if the
radiation originating from DM annihilations or decays in a
single halo is too faint to be detected, their cumulative
signal and its spatial coherence could be. In addition, since
the DM signal is expected to peak at z < 0.3, it can be
separated by more mundane astrophysical processes that
typically trace the star formation history and peak at higher
redshifts.
To increase the sensitivity to nongravitational DM

sources, one needs to isolate the annihilation or decay
signal produced at low redshift. An effective way to
filter out any signal that is not associated to DM-dominated
structures or that is originated at high redshift is to
cross-correlate the radiation field with bona fide low-
redshift DM tracers [1–6]. In the following, we adopt
this approach in the specific and yet very relevant
framework of weakly interacting massive particles
(WIMP) that may either annihilate or decay. We will
use the results of the cross-correlation analysis between
γ-ray maps from Fermi-LAT [7] and the 2MASS
catalogue of relatively nearby galaxies [8] presented
in [9].
Data and models.—The cross angular power spectrum

(CAPS) between the unresolved γ-ray sky observed by
Fermi-LAT and the distribution of 2MASS galaxies can be
written as [3]

PRL 114, 241301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
19 JUNE 2015

0031-9007=15=114(24)=241301(6) 241301-1 © 2015 American Physical Society



CORRELATIONSANDPOWERSPECTRA

• Cosmological (scalar) perturbation—e.g. density fluctuations, 
temperature anisotropies &c.  

• 3D correlation function 

• 3D power spectrum 

• Angular power spectrum—e.g. of observable X sourced by perturbation f
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GAMMARAYSANDCOSMICSHEAR

• Gamma-ray – weak-lensing cross-correlation angular power spectrum 

• The window functions, WX(z), encode the relative magnitude of the signals and 
the overlap in the observed redshift range 

• The source power spectrum, P s(k, z), represents the three-dimensional 
correlation between the large-scale gravitational potential—the lensing source 
field—and the processes at the origin of astrophysical and WIMP-sourced 
gamma rays
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GAMMARAYSANDCOSMICSHEAR

• Photometric redshift surveys 

• redshift range  
0.3 < z < 1.5 and 0 < z < 2.5 

• sky coverage 
5,000 and 15,000 sq. deg. 

• ~13.3 and 30 galaxies arcmin–2 

• Gamma-ray telescope 

• energy range 
1 < E/GeV < 300 

• sky coverage 
all sky 

• ~0.27º beam size
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GAMMARAYSANDCOSMICSHEAR

• Benchmark DM model (dominant final state bb): 

• Decaying DM: mass 200 GeV, decay rate 3.3 × 10–27 s–1 

• Annihilating DM: mass 100 GeV, annihilation rate 3 × 10–26 cm3 s–1 

• Astrophysical sources: SFGs and blazars  

• 3D source power spectra P s(k, z) 

• Weak lensing: large-scale gravitational potential 

• Decaying DM: DM density 

• Annihilating DM: DM density squared 

• Astrophysical sources: gamma-ray luminosity functions

_
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[SC et al., 2013]

GAMMARAYSANDCOSMICSHEAR

• Window functions WX(z) 

• Weak lensing: 
Universe’s background geometry 
Poisson’s equation 
galaxy redshift distribution  
(depending upon DES/Euclid) 

• DM: 
DM dec./ann. properties 

• Astrophysical sources: 
bulk of unresolved sources 
(depending upon Fermi  
gamma-ray threshold)

Stefano Camera                                                               Detecting Particle DM by Cross-Correlating Gamma Rays & Weak Lensing                                                               13th Oct 2015



GAMMARAYSANDCOSMICSHEAR

[SC et al., 2013]

• Gamma-ray – cosmic-shear cross-corr. angular power spectrum
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INTERLUDE:CFHTLenS
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Cross correlation of cosmic shear and extragalactic gamma-ray background:
Constraints on the dark matter annihilation cross section

Masato Shirasaki*

Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

Shunsaku Horiuchi†

Department of Physics and Astronomy, Center for Cosmology,
University of California, 4129 Frederick Reines Hall, Irvine, California 92697-4575, USA

Naoki Yoshida
Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

and Kavli Institute for the Physics and Mathematics of the Universe (WPI),
University of Tokyo, Kashiwa, Chiba 277-8583, Japan
(Received 22 April 2014; published 3 September 2014)

We present the first measurement of the cross correlation of weak gravitational lensing and the
extragalactic γ-ray background emission using data from the Canada-France-Hawaii Lensing Survey and
the Fermi Large Area Telescope. The cross correlation is a powerful probe of signatures of dark matter
annihilation, because both cosmic shear and gamma-ray emission originate directly from the same dark
matter distribution in the Universe, and it can be used to derive constraints on the dark matter annihilation
cross section. We show that the measured lensing-γ correlation is consistent with a null signal. Comparing
the result to theoretical predictions, we exclude dark matter annihilation cross sections of
hσvi ¼ 10−24–10−25 cm3 s−1 for a 100 GeV dark matter. If dark matter halos exist down to the mass
scale of 10−6M⊙, we are able to place constraints on the thermal cross sections hσvi ∼ 5 × 10−26 cm3 s−1

for a 10 GeV dark matter annihilation into τþτ−. Future gravitational lensing surveys will increase
sensitivity to probe annihilation cross sections of hσvi ∼ 3 × 10−26 cm3 s−1 even for a 100 GeV dark
matter. Detailed modeling of the contributions from astrophysical sources to the cross correlation signal
could further improve the constraints by ∼40%–70%.

DOI: 10.1103/PhysRevD.90.063502 PACS numbers: 95.35.+d, 98.70.Vc, 98.80.Es

I. INTRODUCTION

The origin of the extragalactic gamma-ray background
(EGB) emission is among the most interesting problems in
astrophysics. The EGB was first detected by the OSO-3
satellite [1] and subsequently deduced by the SAS-2 satellite
[2] and the Energetic Gamma-Ray Experiment Telescope
onboard the Compton Gamma-ray Observatory [3]. Most
recently, the LargeArea Telescope (LAT) onboard theFermi
Gamma-ray Space Telescope has derived the most accurate
EGB based on new data and improved modeling of the
Galactic gamma-ray foreground emission. The Fermi LAT
observation shows a featureless power-law spectrum for the
EGB in the energy range 0.1–300 GeV [4].
Multiple astrophysical sources of gamma rays have been

proposed as contributors to the EGB. Unresolved astro-
physical point sources, such as blazars and star-forming
galaxies (SFG), are guaranteed sources and have been
investigated by many groups. However, the modeling of the
sources’ faint end distributions is nontrivial, and estimates

of the contribution to the EGB from unresolved blazars
range from ∼15% to ∼100%; see, e.g., [5–7]. On the other
hand, the intrinsic spectral and flux properties of blazars
constructed by Fermi LAT data, as well as the autocorre-
lation of EGB anisotropies [8], suggest that unresolved
blazars can only contribute up to ∼20% of EGB; see, e.g.,
[9–12]. Similarly, the contribution from SFGs and radio
galaxies to the EGB can be significant but is subject to large
uncertainties [13,14]. These previous works show that
while the EGB intensity can be explained by the super-
position of multiple astrophysical source classes, there
appears to remain large uncertainties, and thus, at present,
an appreciable contribution from unknown or unconfirmed
sources of gamma rays is allowed.
Among the potential new contributors to the EGB is the

emission due to dark matter (DM) annihilation. The
existence of DM is supported with high significance by
a number of astrophysical observations, such as the cosmic
microwave background anisotropies (see, e.g., [15,16]) and
large-scale structure (see, e.g., [17–19]). While the DM
particle properties still remain unclear, if DM particles
annihilate into standard model particles, as is typically
expected for their production in the early universe, they will

*masato.shirasaki@utap.phys.s.u‑tokyo.ac.jp
†s.horiuchi@uci.edu

PHYSICAL REVIEW D 90, 063502 (2014)

1550-7998=2014=90(6)=063502(19) 063502-1 © 2014 American Physical Society



GAMMARAYSANDCOSMICSHEAR

• Photometric redshift surveys 

• redshift range  
0.3 < z < 1.5 and 0 < z < 2.5 

• sky coverage 
5,000 and 15,000 sq. deg. 

• ~13.3 and 30 galaxies arcmin–2 

• 3 and 10 redshift bins 

• Gamma-ray telescope 

• energy range 
1 < E/GeV < 300 

• sky coverage 
all sky 

• ~0.27º beam size 

• 6 energy binsT
O
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FORECASTSFROMTOMOGRAPHY

• In the Bayesian approach, and under the assumption of Gaussian 
likelihoods, the Fisher information matrix approximates the inverse 
of the covariance matrix of a given model parameters
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[Fisher (1935), J. R. Stat. Soc. 98, 39;  
Tegmark, Taylor & Heavens (2007), Astrophys. J. 480, 22]
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• Given a future experiment, via its Fisher matrix we can 

• Infer accuracy on parameters measurements 

• Forecast error confidence regions
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• Benchmark DM model 

• Decaying DM: 
mass 200 GeV 
decay rate 3.3 × 10–27 s–1 

• Annihilating DM: 
mass 100 GeV 
ann. rate 8 × 10–26 cm3 s–1 

• Astrophysical sources: 
SFGs, blazars  
and misaligned AGNs

[SC et al., 2015]
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Figure 10. Left: lines show the 2σ upper limits that can be derived from a non-detection of an
annihilating DM signal from the analysis of the cross-correlation APS between cosmic shear and γ-
ray emission, for the combination of DES with Fermi-10yr. (Same notations as in figure 9.) Right:
comparison of the 2σ upper limit that can be derived from the cross-correlation study, with bounds
obtainable from γ-ray autocorrelation and EGB total intensity. The plot shows the ratio of the bounds
that can be derived from the measured γ-ray auto-correlation APS (dashed) and the measured EGB
intensity (dotted) with the bounds obtained with the cross-correlation. Red, blue and green lines
refer to the low, high and ns substructure DM modelling, respectively. Model A of astrophysical
emission is employed, but similar results are obtained for model B.

6.1.2 Reconstructed bounds in case of null-detection

Figure 9 illustrates the minimal cross section for which a cross-correlation signal corresponds
to a 5σ detection of the DM particle. If a signal is not detected, it is otherwise customary
to derive upper bounds on the annihilation rate as a function of the DM mass. Figure 10
shows the expected DES+Fermi-10yr 2σ upper limits that can be obtained from the cross-
correlation between γ-ray emission and cosmic shear. Within the Fisher matrix formalism,
forecast can be computed only assuming a fiducial model. The upper limits on the anni-
hilation rate are thus obtained from the Fisher matrix of eq. (5.5) with a ⟨σav⟩ = 0 DM
fiducial model. The left panel of figure 10 shows the 2σ upper bounds by adopting the same
notations of figure 9.

The right panel instead compares the ratio of the 2σ upper bounds for cross-correlation
with the bounds that can be derived from the measured γ-ray auto-correlation APS and the
measured EGB intensity. These limits are obtained again from a Bayesian analysis, but using
public data, thus without the need of a fiducial model. We employed the EGB estimated by
the Fermi-LAT Collaboration [3] (adding up in quadrature statistical and systematic errors
given in their table 3) and the auto-correlation APS estimated in four energy bins in ref. [26]
(as provided in their table II, averaged in the multipole range 155 ≤ ℓ ≤ 504). For both
probes, the model prediction has been computed using the same DM and astrophysical mod-
eling as in the cross-correlation analysis. The plot depicts the ratio of the bounds obtained
from the γ-ray auto-correlation APS (dashed lines) or EGB (dotted lines) to those provided

– 28 –
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Figure 17. Forecasts on the reconstruction of the DM mass and the decay rate, for a DM particle
with a fiducial decay rate of Γd = 0.33×10−27 s−1 and decay channel into bb̄. Results refer to the com-
bination Euclid+‘Fermissimo’. Left: forecasts for three benchmark masses, 20GeV (blue), 200GeV
(green) and 2TeV (red). Filled areas (dashed contours) refer to model A (B) for the astrophysical
γ-ray sources. Marginal error contours are plotted in terms of the ratio mDM/mfid where mDM is the
reconstructed mass and mfid is the fiducial benchmark mass. Right: forecasts for a DM particle with
a mass of 200GeV. The magenta contours refer to the case in which no binning is considered, neither
in redshift nor in energy. Green (blue) curves show the case where only the binning in redshift (en-
ergy) is considered, whilst for the red contours the full tomographic-spectral analysis is implemented.
The contours show the 1σ CL reconstruction. In this right plot, Ai are marginalised over without
additional prior assumptions.

mDM [GeV] ⟨σav⟩ [10−26 cm3 s−1] mDM [GeV] Γd [10−27 s−1]
10± 0.52 (0.78) 3± 0.22 (0.32) 20± 4.2 (6.7) 0.33± 6.2 (9.1)× 10−3

100± 18 (34) 3± 0.72 (1.6) 200± 17 (31) 0.33± 3.3 (6.4)× 10−3

1000± 1000 (2500) 3± 3.9 (10.1) 2000± 110 (230) 0.33± 2.0 (4.3)× 10−3

Table 4. Forecast joint 1σ marginal errors for three benchmark particle DM models. The two leftmost
columns are for annihilating DM low, whilst the rightmost ones for decaying DM. Results are for a
bb̄ channel and refer to Euclid+‘Fermissimo’. All Ai parameters encoding the normalisation of the
astrophysical components are marginalised over with the addition of the prior mentioned in the text.
Tighter errors refer to model A for the astrophysical γ-ray sources, looser constraints (in parenthesis)
to model B.

of 100GeV, while the reconstruction capabilities degrade for DM masses at the TeV scale.
In the decaying DM case, the relative uncertainties, on the contrary, reduce at large masses,
as already noticed in the left panel of figure 17.

7 Conclusions

In this work we provide realistic prospects for the detection of DM in the cross-correlation be-
tween the extragalactic γ-ray background (EGB) and the weak-lensing signal of cosmic shear.

– 36 –

[SC et al., 2015]

JCAP06(2015)029
Figure 17. Forecasts on the reconstruction of the DM mass and the decay rate, for a DM particle
with a fiducial decay rate of Γd = 0.33×10−27 s−1 and decay channel into bb̄. Results refer to the com-
bination Euclid+‘Fermissimo’. Left: forecasts for three benchmark masses, 20GeV (blue), 200GeV
(green) and 2TeV (red). Filled areas (dashed contours) refer to model A (B) for the astrophysical
γ-ray sources. Marginal error contours are plotted in terms of the ratio mDM/mfid where mDM is the
reconstructed mass and mfid is the fiducial benchmark mass. Right: forecasts for a DM particle with
a mass of 200GeV. The magenta contours refer to the case in which no binning is considered, neither
in redshift nor in energy. Green (blue) curves show the case where only the binning in redshift (en-
ergy) is considered, whilst for the red contours the full tomographic-spectral analysis is implemented.
The contours show the 1σ CL reconstruction. In this right plot, Ai are marginalised over without
additional prior assumptions.

mDM [GeV] ⟨σav⟩ [10−26 cm3 s−1] mDM [GeV] Γd [10−27 s−1]
10± 0.52 (0.78) 3± 0.22 (0.32) 20± 4.2 (6.7) 0.33± 6.2 (9.1)× 10−3

100± 18 (34) 3± 0.72 (1.6) 200± 17 (31) 0.33± 3.3 (6.4)× 10−3

1000± 1000 (2500) 3± 3.9 (10.1) 2000± 110 (230) 0.33± 2.0 (4.3)× 10−3

Table 4. Forecast joint 1σ marginal errors for three benchmark particle DM models. The two leftmost
columns are for annihilating DM low, whilst the rightmost ones for decaying DM. Results are for a
bb̄ channel and refer to Euclid+‘Fermissimo’. All Ai parameters encoding the normalisation of the
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In the decaying DM case, the relative uncertainties, on the contrary, reduce at large masses,
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Figure 14. Forecasts on the reconstruction of the DM mass and annihilation cross section, achieved
by the combination of DES and Fermi-10yr, for the bb̄ annihilation channel and the high clustering
subhalo model. Results refer to a benchmark thermal cross section, ⟨σav⟩ = 3 × 10−26 cm3 s−1.
Marginal error contours are plotted in terms of the ratio mDM/mfid where mDM is the reconstructed
mass and mfid is the fiducial benchmark mass, i.e. 10GeV (blue), 100GeV (green) and 1TeV (red).
Filled areas (dashed ellipses) refer to model A (B) for the astrophysical γ-ray sources and show
1σ contours.

hand, if we only include the binning in energy (blue contour), the spectral information alone
can allow the cross-correlation to determine closed contours in the reconstruction of both
mDM and ⟨σav⟩. As we commented before, this comes from the fact that the DM-induced
γ-ray spectrum is quite different from astrophysical spectra, which are typically simple power-
laws. Finally, further including the binning in redshift enables the full exploitation of the
complementarity between the spectral and tomographic information. The red contour are
now closed and even tighter, corresponding to a good reconstruction of the DM properties.

We wish to comment that whenever a contour includes the case with ⟨σav⟩ = 0 (i.e.
‘open’ ellipses), this implies that the technique we are using is only able to provide an upper
limit on the annihilation cross section. This is because, in order to derive the contours, we
employ the Fisher formalism, computing the derivatives in eq. (5.5) at the fiducial mDM and
⟨σav⟩. A Gaussian likelihood is assumed, but this approximation clearly breaks down when
⟨σav⟩ goes to zero. Therefore when an ellipse includes ⟨σav⟩ = 0, only the upper part should
be considered (as the corresponding upper limit), while the lower part of the ellipse has no
statistical meaning. For example, the lower edge of the solid pink contour in figure 15, going
rapidly to zero in the range mDM = 300–500GeV, is just indicative.

Let us now move to additional annihilation channels. In figure 16, we show our forecasts
for a DM particle with a mass of 100GeV an a thermal cross section. The low scenario and
Euclid+‘Fermissimo’ are assumed. Red areas represent the case of a bb̄ annihilation channel

– 33 –
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• CMB lensing angular power spectrum
[Planck Collaboration, 2015]

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh2 and ns, we sample As, ⌦ch2, and the
(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦0.6

m h, with the power-law dependence on ⌦m only
varying slowly with ⌦m; the constraint `eq / ⌦0.6

m h = constant
defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this

8
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• Gamma-ray – CMB lensing cross-corr. angular power spectrum
[Fornengo, Perotto, Regis & SC, 2015]

Gaussian approximation (averaged in the multipole bin b):

G =
+
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where
g k( )Cℓ

i

is the cross-correlation APS, estimated using a
benchmark theoretical prediction discussed in the next section.
(Note that this term is in any case subdominant in

Equation (2).) kCℓ
( ) and

g( )Cℓ

i

are the autocorrelation APS that

we estimate from the corresponding maps using PolSpice and
g g( )Cℓ

i j

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

subtracted estimate = -
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(where CN is

the power spectrum of the shot noise and Wℓ is the beam
function) agrees well with the autocorrelation APS reported by
the Fermi-LAT Collaboration et al. (2012a). Similarly, our

kCℓ
( ) is consistent with theoretical expectations, once corrected

for the noise APS provided in the Planck public data release
(Planck Collaboration et al. 2014b). The factor fsky corrects for
the effective available fraction of the sky, but Equation (2)
might actually underestimate the impact of masks. To have a
more conservative error estimate, we derive a scaling
coefficient Mi b, from G = GM ˜

b
ii

i b b
ii

,
2 , where Gb

ii is obtained from

PolSpice and G̃b
ii from Equation (2), and then we define the off-

diagonal terms of the covariance matrix as G = GM M ˜
b
ij

i b j b b
ij

, , .
The reliability of this scaling is further supported by the fact
that we are using the same mask for all the γ-ray maps.
The combined APS gkCb

( ) of Equation (1) is shown in
Figure 1 for the four cases considered. Error bars are given by

Nb . The different analyses are in excellent agreement with
each other. As for the analysis with gamma-rays integrated
above 1 GeV, we estimate the significance of the cross-
correlation signal in the multipole-bins <⩽ ℓ40 160,

<⩽ ℓ160 280, and <⩽ ℓ280 400. The significances now
amount to 3.0, 0.7, and s1.2 , respectively. A comparison with
the results of the previous analysis shows that by adding
spectral information increases the significance of the signal in
the low-ℓ sector, while in the larger-ℓ bins the cross-
correlations are still compatible with zero. The results obtained
so far therefore show evidence of correlation for multipoles
below 1ℓ 150–160.
As a cross-check for the stability of the γ-ray data, we repeat

the analysis considering the data from the first 150 weeks and
subsequent 150 weeks separately. The obtained APS are
compatible and, once combined together, very closely resemble
the APS of the full period presented above.
The subtraction of the galactic foreground in the γ-ray maps

has a significant systematic uncertainty related to the modeling
of the galactic diffuse emission, which can affect anisotropies
on large scales (Fermi-LAT Collaboration et al. 2012a). The
foreground residuals in the lensing map are instead thought to

Table 1
Summary of Statistical Significances for the Three Adopted Methods

Energy Multipole Statistical Significance

Test P15-3FGL P15-2FGL P13-3FGL P13-2FGL

Single E-bin [1, 300] GeV Single ℓ-bin <⩽ ℓ40 160 dá ñ á ñgk gkℓ C ℓ Cℓ ℓ s1.7 s1.8 s1.5 s2.1

6 E-bins [0.7, 300] GeV Single ℓ-bin <⩽ ℓ40 160 dá ñ á ñgk gkℓ C ℓ Cℓ ℓ s3.0 s3.3 s2.8 s3.2

6 E-bins [0.7, 300] GeV 6 ℓ-bins, D =ℓ 60 <⩽ ℓ40 400 Model fitting s3.0 s3.2 s2.7 s3.0

Notes. All analyses are performed on gkℓ Cℓ to make the observable approximately flat in multipoles. The errors d á ñgkℓ Cℓ are obtained from the covariance matrix of
PolSpice. In the first row, the symbol á ñ· denotes mean in the multipole bin. In the second row, the APS (and corresponding errors) at different energies Ei are obtained
as discussed in connection to Equation (1) and are whitened through multiplication by DE Ei i

2.4 (with the symbol á ñ· denoting the average in a multipole bin and
among energy bins). The third row reports model fitting: the significance is obtained from a c2 difference between the null signal and best-fit model. P15 (P13) stands
for the analysis using the Planck 2015 (2013) map.

Figure 1. Cross-correlation APS gkCℓ
( ) as a function of the multipole ℓ for γ-

ray energies >E 1 GeV. The measurements are averaged (linearly in terms of
gkℓ Cℓ

( ) ) in multipole bins of D =ℓ 60, starting at =ℓ 40. Points report the
minimum-variance combination of the measurement in individual energy bins
(assuming a spectrum µ -E 2.4), as described in Equation (1). Four different
analyses are shown. They arise from the combination of two lensing maps
(from Planck 2013 and 2015 releases) and two γ-ray point-source masks
(2FGL and 3FGL). The benchmark theoretical model, shown in black, is the
sum of the contributions from BL Lac objects (red), FSRQs (blue), mAGNs
(green), and SFGs (orange), multiplied by =gkA 1.35 (see the text). We also
show 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 gkA
described in the text), with peak at z0 = 0.1 and width s = 0.1z (cyan dashed),
and =z 20 and s = 0.5z (magenta dashed), respectively. In the upper inset, we
show the EGB benchmark model and Fermi-LAT measurement (Fermi-LAT
Collaboration et al. 2014). The data used to create this figure are available.
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• Gamma-ray – CMB lensing cross-corr. angular power spectrum
[Fornengo, Perotto, Regis & SC, 2015]
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1 First observational evidence!



TAKEHOMEMESSAGE

• Albeit particle DM is currently an established ingredient of our 
understanding of the Universe, we have hitherto failed to detect it 

• The diffuse gamma-ray background does not, in itself, provide an 
exploitable tool for probing WIMP DM through its annihilating/
decaying processes, because astrophysical emission is far dominant 

• Contrarily, the cross-correlation of extragalactic gamma-ray 
background anisotropies with weak lensing appears promising!
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TAKEHOMEMESSAGE

• Contrarily, the cross-correlation of extragalactic gamma-ray 
background anisotropies with weak lensing appears promising! 

• First measurement of the cross-correlation between gamma-ray anisotropies and 
CMB lensing! 

• Weak lensing window function nicely overlaps with that of ann./dec. DM, whilst this 
happens only at intermediate or high redshift for astrophysical sources 

• Since both gravitational lensing and WIMP-induced gamma rays are stronger 
for larger haloes, their cross-correlation is more effective compared to that of 
astrophysical sources 

• The combination of Fermi with weak lensing surveys like DES or Euclid, and 
the exploitation of energy and redshift tomography, can thus potentially provide 
evidence for WIMPs
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