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DM-SOURCED GAMMA RAYS

Hunting down signals of annihilations/decays of dark matter particles

Gamma-ray energy spectrum
[Fornasa & Sánchez-Conde, Phys. Rept. 2015]
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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.
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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.
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DM-SOURCED GAMMA RAYS

Hunting down signals of annihilations/decays of dark matter particles

Gamma-ray anisotropy angular power spectrum
[SC, Fornasa, Fornengo & Regis, ApJL 2013]
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Coming Soon From a 
Spacecraft Near You! 



DIRECT GRAVITATIONAL PROBES OF DM
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DIRECT GRAVITATIONAL PROBES OF DM

Find an accurate tracer of the cosmic dark matter distribution on 
large scales to filter out astrophysical non-thermal emissions from the 
dark matter gamma-ray signal

Main tracers of the cosmic large-scale structure:

weak gravitational lensing (cosmic shear, CMB lensing…)

clustering of structure (galaxies, galaxy clusters…)

[SC, Fornasa, Fornengo & Regis, ApJL 2013; 2015; 
Shirasaki et al., 2015; 2016]

[Fornengo & Regis, 2014; Xia et al., ApJS 2015; 
Regis et al., PRL 2015; Shirasaki et al., 2015]



GAMMA RAYS & WEAK LENSING  
Fermi X CFTHLenS/RCSLenS/KiDS
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Cosmic shear [CFHTLens – RCSLenS – KiDS] 

Diffuse gamma-ray background [Fermi 84 months (Pass8)]
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Cosmic shear [CFHTLens – RCSLenS – KiDS] 

Diffuse gamma-ray background [Fermi 84 months (Pass8)]

GAMMA RAYS & WEAK LENSING  
Fermi X CFTHLenS/RCSLenS/KiDS
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– –

[Tröster, SC et al., in prep.]

thermal cross-section

bb channel–
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Cosmic shear [Euclid] 

Diffuse gamma-ray background [Fermi 10 years & ‘Fermissimo’]

GAMMA RAYS & WEAK LENSING  
Fermi X Euclid
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Cosmic shear [Euclid] 

Diffuse gamma-ray background [Fermi 10 years & ‘Fermissimo’]

GAMMA RAYS & WEAK LENSING  
Fermi X Euclid

[SC, Fornasa, Fornengo & Regis, ApJL 2013]
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Cosmic shear [Euclid] 

Diffuse gamma-ray background [Fermi 10 years & ‘Fermissimo’]

GAMMA RAYS & WEAK LENSING  
Fermi X Euclid

[SC, Fornasa, Fornengo & Regis, ApJL 2013] [SC, Fornasa, Fornengo & Regis, ApJL 2013]
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Cosmic shear [Euclid] 

Diffuse gamma-ray background [Fermi 10 years & ‘Fermissimo’]

GAMMA RAYS & WEAK LENSING  
Fermi X Euclid

[SC, Fornasa, Fornengo & Regis, 2015]

thermal cross-section
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Cosmic shear [Euclid] 

Diffuse gamma-ray background [Fermi 10 years & ‘Fermissimo’]
[SC, Fornasa, Fornengo & Regis, 2015]

Uncertainty on dark 
matter properties

Benchmark model

Uncertainty on unresolved 
astrophysical emission

thermal cross-section

GAMMA RAYS & WEAK LENSING  
Fermi X Euclid
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GAMMA RAYS & WEAK LENSING  
Fermi X Planck

CMB lensing [Planck 2013 & 2015] 

Diffuse gamma-ray background [Fermi 68 months (Pass7-reprocessed)]
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GAMMA RAYS & WEAK LENSING  
Fermi X Planck

CMB lensing [Planck 2013 & 2015] 

Diffuse gamma-ray background [Fermi 68 months (Pass7-reprocessed)]
[Fornengo, Perotto, Regis & SC, ApJL 2015]

Gaussian approximation (averaged in the multipole bin b):
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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 ˜
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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 RAYS & WEAK LENSING  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CMB lensing [Planck 2013 & 2015] 

Diffuse gamma-ray background [Fermi 68 months (Pass7-reprocessed)]
[Fornengo, Perotto, Regis & SC, ApJL 2015]
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above 1 GeV, we estimate the significance of the cross-
correlation signal in the multipole-bins <⩽ ℓ40 160,
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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
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Summary of Statistical Significances for the Three Adopted Methods
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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
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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 RAYS & CLUSTERING  
Fermi X 2MASS

Clustering of galaxies [2MASS] 

Diffuse gamma-ray background [Fermi 60 months (Pass7)]
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Fermi X 2MASS

Clustering of galaxies [2MASS] 

Diffuse gamma-ray background [Fermi 60 months (Pass7)]
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[Cuoco et al., ApJS 2015]

halos, while SFGs typically populate galaxy-size halos. Objects
in large halos at low redshifts are expected to have a large bias
and, more importantly, their correlation properties at the
megaparsecscale is dominated by a large one-halo term. This
introduces a characteristic feature in the cross-PS that
differentiates mAGNs from SFGs, making their contribution
more similar to the DM one at ∼megaparsecscales (see the left
panel of Figure 15). At the lowest redshift considered (namely,
in the cross correlation with 2MASS), the megaparsecscale
corresponds to a sub-degree scale in the CCF. Nonetheless,
given the present still large error bars, the above feature is only
weakly constrained and thus a further degeneracy of both
components with SFGs still remains on top of the mAGN-DM
main degeneracy. Further investigation of this issue is reported
later below. Instead, further differences between the mAGNs
and and the DM cases are expected at smaller angles which,
unfortunately, cannot be investigated given the size of the
Fermi-LAT PSF.

Difficulties in modeling the one-halo term in the HOD
framework described in Appendix B propagates into uncer-
tainties in predicting the cross-power at small angles. To
account for this potential source of systematic errors, we
introduced in Equation (7) the one-halo correction terms m .h
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a strong and statistically significant deviation from zero. This
can also be appreciated in the fit to the observed CCF in
Figure 5 where the presence of a prominent one-halo
correctionterm is required to fit the data at small angles.

There is a likely explanation for this additional contribution:
the presence in the NVSS catalog of γ-ray point sources (i.e.,
AGN) that are just below theFermi detection threshold. These
sources would add their auto-correlation signal at zero-lad that,
because of the PSF, spreads out to ∼1° scale. This effect
requires some fine tuning of the parameters defining the one-
halo term in Equation (28) which the benchmark model fails to
catch, thus requiring a large correction term. The effect is also
discussed in Xia et al. (2015), to which we refer the reader for
further discussion. The relevance of this term in the fit to NVSS
data is expected to affect our constraints of the DM properties.
To investigate this issue, we use three further fitting procedures
in addition to the one adopted so far. The four fitting
procedures are as follows.

1. NVSS-10, A 0h
k

1 ¹ . All the 10 NVSS data points are fitted
and the one-halocorrection terms are free parameter of
the fit. This is the standard fitting procedure used to
obtain the results shown in Figure 2.

2. NVSS-10, A 0h
k

1 = . All the 10 NVSS data points are fitted
and all the one-halo correction termsare set equal
to zero.
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1 ¹ . The first fourNVSS data points at
small angles are excluded from the fit. The one-
halocorrection terms are used as free parameters in
the fit.
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Figure 5. Measured cross-correlation function (CCF;Xia et al. 2015) for E>1 GeV, as a function of the angular separation θ in the sky, compared to the best-fit
models of this analysis. The contribution to the CCF from the different astrophysical γ-rayemitters (BL Lac, mAGN, SFG, FSRQ) are shown by dashed colored lines,
while their sum (“Astro Total”) and the DM contribution are indicated by solid green and red lines, respectively. The one-halo correction term is shown as a solid blue
line. The total contribution to the CCF is given by the black solid line. The analogous plots for E>0.5 GeV and E>10 GeV are shown n Appendix D.
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components with SFGs still remains on top of the mAGN-DM
main degeneracy. Further investigation of this issue is reported
later below. Instead, further differences between the mAGNs
and and the DM cases are expected at smaller angles which,
unfortunately, cannot be investigated given the size of the
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(E > 0.5; 1, and 10 GeV), and the indices θi and θj run over
10 angular bins logarithmically spaced between θ ¼ 0.1°
and 100°. Cn

θiθj
is the covariance matrix that quantifies the

errors of the data and their covariance among the angular
bins. Data and covariance matrix are taken from
Ref. [9]. The parameter vector for annihilating DM is
A ¼ ðmDM; hσavi; C1hÞ, whereas for the decaying DM it
is A ¼ ðmDM; τd; C1hÞ.
Results.—In Fig. 1 we show a comparison between the

measured CCF in one of the considered energy bins
(E > 500 MeV) and the best fitting annihilating and
decaying DM models obtained from the analysis discussed
below. Error bars are given by the diagonal elements of the
covariance matrix. DM models fit the measured CCF
remarkably well (for the best fitting model, χ2BF ¼ 16.7
with 26 d.o.f.). It is also noteworthy that the level of
annihilation or decay rate provides a minor contribution to
the isotropic gamma-ray background (IGRB) measured by
the Fermi-LAT [27], as shown in the inset of the figure.
This implies that the cross-correlation technique can detect
DM signals too faint to show up in the total intensity
measurement (for a review of the IGRB properties,
see Ref. [28]).
In Fig. 2, we show the 1σ and 2σ C.L. contours (obtained

marginalizing over C1h) for DM mass and annihilation or

decay rate for various final states. Note that, although we
use only three energy bins, they are sufficient to constrain
the DM mass which induces a small but characteristic
signature in the energy spectrum. In the LOW scenario the
1σ region lies just above the thermal annihilation rate
hσavi ¼ 3 × 10−26 cm3 s−1. In the HIGH case, the DM
signal increases by a factor of ∼10 and consequently
regions shift down by 1 order of magnitude. Therefore,
given the current uncertainty in modeling DM structures we
conclude that the thermal cross section is well within the
allowed regions for mDM ≲ 200 GeV.
We stress that the confidence contours in Fig. 2 are drawn

under the assumption of no contribution from astrophysical
sources. While their purpose is mainly illustrative, they may
not be unrealistic since astrophysical sources, which are
indeed required to account for the IGRB thanks to their
medium-to-large redshift emission, can indeed provide a
negligible contribution to the cross-correlation signal
between Fermi-LAT and 2MASS galaxies that, as we point
out, has a rather local origin (see the discussion in Sec. S2 of
the Supplemental Material [14]). On the other hand, given
the current uncertainty on the astrophysical components
of the IGRB, an astrophysical model that can explain the
measured cross-correlation signal with no additional con-
tribution from DM can be found [9]. Future data and
analyses will help distinguishing between these two options.
This cross-correlation measurement can alternatively be

used to derive 95% C.L. upper bounds on the annihilation
or decay rate. These bounds are conservative and robust,
since we assume here that DM is the only source of the
γ-ray signal, without introducing additional assumptions on
astrophysical components which would make the con-
straints stronger but also more model dependent. The
95% C.L. upper bounds on the WIMP annihilation (decay)
rate as a function of WIMP mass are shown in the left-hand
(right-hand) panel of Fig. 3. For bb̄ and τþτ− final states,
the thermal annihilation rate is excluded for masses below
10 (100) GeV in the LOW (HIGH) scenario. In the case of
μþμ−, the bounds degrade by about 1 order of magnitude.
In Fig. 4 we compare the sensitivity of our cross-

correlation method with that of other extragalactic γ-ray
probes. We focus on these probes since they are similarly
affected by uncertainties in modeling DM halo and subhalo
properties. This allows us to compare various techniques in
a homogeneous and robust way, something that cannot be
done with local DM tracers (galactic regions, dwarf
galaxies) or early Universe probes, which have different
systematic uncertainties (see, however, the discussion in
Sec. S1 of the Supplemental Material [14]). For illustrative
purposes, we selected the LOW substructure scheme and bb̄
final states case. We verified that different choices provide
little differences and the results are robust to both the DM
clustering model and the annihilation or decay channel. We
consider again the simplest case (where most conservative
bounds can be derived), in which the astrophysical
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FIG. 1 (color online). Cross-correlation above 500 MeV for
the best fitting 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 hσavi ¼ 2 × 10−26 cm3 s−1 (blue-dashed curve) and
2.4 × 10−25 cm3 s−1 (blue-solid curve), respectively, and a decay
model with lifetime τ ¼ 1.6 × 1027 s (red-dotted curve). The
green curve shows the CCF of the one-halo correction term C1h.
We show the sum of this component and the DMCCF (in the LOW

scenario) with the black curve. The inset shows that these DM
models provide a subdominant contribution to the observed
IGRB spectrum [27].
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(E > 0.5; 1, and 10 GeV), and the indices θi and θj run over
10 angular bins logarithmically spaced between θ ¼ 0.1°
and 100°. Cn

θiθj
is the covariance matrix that quantifies the

errors of the data and their covariance among the angular
bins. Data and covariance matrix are taken from
Ref. [9]. The parameter vector for annihilating DM is
A ¼ ðmDM; hσavi; C1hÞ, whereas for the decaying DM it
is A ¼ ðmDM; τd; C1hÞ.
Results.—In Fig. 1 we show a comparison between the

measured CCF in one of the considered energy bins
(E > 500 MeV) and the best fitting annihilating and
decaying DM models obtained from the analysis discussed
below. Error bars are given by the diagonal elements of the
covariance matrix. DM models fit the measured CCF
remarkably well (for the best fitting model, χ2BF ¼ 16.7
with 26 d.o.f.). It is also noteworthy that the level of
annihilation or decay rate provides a minor contribution to
the isotropic gamma-ray background (IGRB) measured by
the Fermi-LAT [27], as shown in the inset of the figure.
This implies that the cross-correlation technique can detect
DM signals too faint to show up in the total intensity
measurement (for a review of the IGRB properties,
see Ref. [28]).
In Fig. 2, we show the 1σ and 2σ C.L. contours (obtained

marginalizing over C1h) for DM mass and annihilation or

decay rate for various final states. Note that, although we
use only three energy bins, they are sufficient to constrain
the DM mass which induces a small but characteristic
signature in the energy spectrum. In the LOW scenario the
1σ region lies just above the thermal annihilation rate
hσavi ¼ 3 × 10−26 cm3 s−1. In the HIGH case, the DM
signal increases by a factor of ∼10 and consequently
regions shift down by 1 order of magnitude. Therefore,
given the current uncertainty in modeling DM structures we
conclude that the thermal cross section is well within the
allowed regions for mDM ≲ 200 GeV.
We stress that the confidence contours in Fig. 2 are drawn

under the assumption of no contribution from astrophysical
sources. While their purpose is mainly illustrative, they may
not be unrealistic since astrophysical sources, which are
indeed required to account for the IGRB thanks to their
medium-to-large redshift emission, can indeed provide a
negligible contribution to the cross-correlation signal
between Fermi-LAT and 2MASS galaxies that, as we point
out, has a rather local origin (see the discussion in Sec. S2 of
the Supplemental Material [14]). On the other hand, given
the current uncertainty on the astrophysical components
of the IGRB, an astrophysical model that can explain the
measured cross-correlation signal with no additional con-
tribution from DM can be found [9]. Future data and
analyses will help distinguishing between these two options.
This cross-correlation measurement can alternatively be

used to derive 95% C.L. upper bounds on the annihilation
or decay rate. These bounds are conservative and robust,
since we assume here that DM is the only source of the
γ-ray signal, without introducing additional assumptions on
astrophysical components which would make the con-
straints stronger but also more model dependent. The
95% C.L. upper bounds on the WIMP annihilation (decay)
rate as a function of WIMP mass are shown in the left-hand
(right-hand) panel of Fig. 3. For bb̄ and τþτ− final states,
the thermal annihilation rate is excluded for masses below
10 (100) GeV in the LOW (HIGH) scenario. In the case of
μþμ−, the bounds degrade by about 1 order of magnitude.
In Fig. 4 we compare the sensitivity of our cross-

correlation method with that of other extragalactic γ-ray
probes. We focus on these probes since they are similarly
affected by uncertainties in modeling DM halo and subhalo
properties. This allows us to compare various techniques in
a homogeneous and robust way, something that cannot be
done with local DM tracers (galactic regions, dwarf
galaxies) or early Universe probes, which have different
systematic uncertainties (see, however, the discussion in
Sec. S1 of the Supplemental Material [14]). For illustrative
purposes, we selected the LOW substructure scheme and bb̄
final states case. We verified that different choices provide
little differences and the results are robust to both the DM
clustering model and the annihilation or decay channel. We
consider again the simplest case (where most conservative
bounds can be derived), in which the astrophysical
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FIG. 1 (color online). Cross-correlation above 500 MeV for
the best fitting 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 hσavi ¼ 2 × 10−26 cm3 s−1 (blue-dashed curve) and
2.4 × 10−25 cm3 s−1 (blue-solid curve), respectively, and a decay
model with lifetime τ ¼ 1.6 × 1027 s (red-dotted curve). The
green curve shows the CCF of the one-halo correction term C1h.
We show the sum of this component and the DMCCF (in the LOW

scenario) with the black curve. The inset shows that these DM
models provide a subdominant contribution to the observed
IGRB spectrum [27].
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For the cross correlation between point-like astrophysical516

�-ray emitters and clusters we have:517

P1h
c j ,�i

(k,z) =
Z Lmax,i(z)

Lmin,i(z)
dL�i(L,z)

L
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n̄c j

�
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Both terms depend on the luminosity function of the emitter,518

�i and the mean luminosity density h f�ii =
R

dLL�i(L,z),519

whereas the linear mass power spectrum Plin(k) and the bias520

b�i only enter the two-halo term. For the bias we adopt a521

simple linear model and assume that the bias of the emit-522

ter is equal to that of its halo host b�i (L) = bh(M(L)) mod-523

eled according to Sheth & Tormen (1999). For the rela-524

tion between the mass of the halo host and the luminosity525

of the emitter, M(L), we adopt the one derived by Cam-526

era et al. (2015). The effective halo occupation of clusters527

hNc ji = (dnc j/dM)/(dn/dM) is obtained from the cluster mass528

functions dnc j/dM used in Section 4.1. In this way, we ac-529

count for selection effects and completeness of the catalogs.530

The average number density of clusters at a given redshift is531

given by n̄c j (z) =
R

dM hNc jidn/dM. Note that Eq. (10) does532

not depend on the wavenumber k. It describes the picture of533

point-like �-ray emitters located at the center of the clusters.534

Being flat, it acts as a shot-noise-like term.535

Cuoco et al. (2015) have shown that this halo model is not536

sufficient to describe the effect of the Fermi-LAT PSF that cre-537

ates an additional shot-noise-like term on small-scales, which538

is not captured by the above equations. Quantifying the am-539

plitude of this effect is not straightforward. However, since540

we know it is scale-independent, we can model it empirically541

by adding an extra, shot-noise-like constant term in the fit of542

the measured C(�c)
` . Therefore, following Ando (2014) and543

Cuoco et al. (2015) we include one additional free parameter544

for each combination of cluster catalog and �-ray source.545

We note also that the 1-halo term model above assumes that546

the relation M(L) is deterministic. We argue that ignoring the547

scatter in the relation does not significantly affect our results548

since the 1-halo term is small (blazars, mAGN and SFG reside549

in halos typically smaller than the cluster size) and subdomi-550

nant with respect to the shot-noise term.551

For the cross correlation between �-ray emission from the552

ICM and clusters we have:553

P1h
c j ,�c

(k,z) =
Z Mmax

Mc,min

dM
dn
dM

hNc j i
n̄c j

L�c (M)
h f�ci
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where now the luminosity density is h f�ci=
R

dM dn/dML/⇢̄,554

and ṽ�(k|M) is the Fourier transform of the normalized halo555

density profile ⇢h(x|M)/⇢̄DM , that we assume to have a NFW556

shape Navarro et al. (1997). The underlying assumption is557

that the �-ray emission from the ICM has the same profile558

of the host halo (in practice, this is not a crucial assumption,559
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since in the current analysis we do not probe scales smaller560

than the typical size of a cluster).561

Unlike in the previous case, uncertainties in the 1-halo term562

cannot be ignored. They stem from the fact that no extended563

�-ray emission from clusters has been unambiguously de-564

tected and, consequently, no observational constraint exists565

for the L�c (M) relation. To account for this potential source566

of systematic error, we again include an additional constant567

term when we fit the cross-correlation model to the data.568

[Branchini, SC et al., in prep.]
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