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OBSERVATIONAL EVIDENCEOFDARKMAT TER

o Signatures of invisible matter 1n the cosmos at all physical scales
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OBSERVATIONAL EVIDENCEOFDARKMAT TER

o What do we eventually learn from gravitational pieces of evidence’

o Galaxies 5= Dussipationless (suppressed e.m. and strong interactions)

o  Galaxy clusters == Collsionless (very weak self-interactions)
o lLarge-scale structure 3 Nou-relativistic (bottom-up hievarchy)

o Cosmology ¥ Non-baryonic, stable, thermally produced

= DM > 80% of the matter in the Universe!
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PARTICLLEDARKMATTERDETECTION

o  Weakly Interacting Massive Particles (W1MPs)

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

o  WIMPsdetection strategies

Production

Scattering
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WIMPIMPRINTSINGAMMARAYS:

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

Low- energy photons
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WIMPIMPRINTSINGAMMARAYS?

NASA’s Fermi telescope reveals best-ever view of the gamma-ray sky

Credit: NASA/DOE/Fermi LAT Collaboration
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WIMPIMPRINTSINGAMMARAYS?

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

[Fornasa & Sdnchez-Conde, 2015]
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WIMPIMPRINTSINGAMMARAYS?

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

5 [SC et al, 2013]
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WIMPIMPRINTSINGAMMARAYS:

o Constraints on annihilating DM from gamma-ray energy spectrum

[Fornasa & Sdnchez-Conde, 2015]
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WIMPIMPRINTSINGAMMARAYS?

° Gamma-ray anisotropy auto-correlation angular power spectrum

: [SCetal., 2013]
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WIMPIMPRINTSINGAMMARAYS:

° Gamma-ray anisotropy auto-correlation angular power spectrum

[Fornasa & Sdnchez-Conde, 2015]
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WEAKGRAVITATIONALILENSING

galaxy cluster

distorted light-rays
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INTERLUDE:GALLAXYSURVEYS

week ending

PRL 114, 241301 (2015) PHYSICAL REVIEW LETTERS 19 JUNE 2015

5%

Particle Dark Matter Searches Outside the Local Group

e
— =

Marco Reg1s " Jun- -Qing Xia, >" Alessandro Cuoco,'* Enzo Branchini,*”® Nicolao Fornengo, "a e Matteo Viel"®
szarttmento di Fisica, Universita di Torino and Istituto Nazionale di Fisica Nucleare, Sezione di e
via Pietro Giuria 1, I-10125 Torino, Italy
2Key Laboratory of Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Science,
P.O. Box 918-3, Beijing 100049, People’s Republic of China
3DipartinfzentO di Matematica e Fisica, Universita degli Studi “Roma Tre”, via della Vasca Navale 84, I-00146 Roma, Italy
4INFN, Sezione di Roma Tre, via della Vasca Navale 84, 1-00146 Roma, Italy

SINAF Osservatorio Astronomico di Roma, INAF, Osservatorio Astronomico di Roma, Monte Porzio Catone, Italy
INAF Osservatorio Astronomico di Trieste, Via Giovanni Battista Tiepolo 11, 1-34141 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 y-ray
maps. We show that this technique is more sensitive than other extragalactic y-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,
n‘ with a thermal annihilation cross section and mass between 10 and 100 GeV, depending on the small-scale
DM properties and y-ray productlon mechanism. This sohclts further data collectlon and ded1cated analyses
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CORRELATIONSANDPOWERSPECTRA

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

f(t,x)

o 3D correlation function
9t Ix = yl) = (F(tx)g(ty))

o 3D power spectrum

(fr(2)giv(2)) = 6p(k — k') P19 (k, 2)
o Angular power spectrum—e.g. of observable X sourced by perturbation f

CXY(K) _ dXW (X))CIQ/V (X)Pfg(£7x>

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



GAMMARAYSANDCOSMICSHEAR

° Gamma-ray — weak-lensing cross-correlation angular power spectrum

dz W7(2)W"(z) .|, 4 .
HE) G LX)

VR _
C,)" =

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

o The source power spectrum, P’'(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 W | MP-sourced

gammar ays
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GAMMARAYSANDCOSMICSHEAR

s
-
' /’(@ euclid @5 ermi

| Gamma-ray
SCECEE(NERGY \/ Space Telescope
o Photometric redshift surveys o (Gamma-ray telescope
o redshift range e energyrange
03<z<ILyand o << 2.5 1< E/GeV <300
o sky coverage o sky coverage
5,000 and 15,000 sq. deg. all sky
o -13.3 and 30 galaxies arcmin ¢ ~0.27° beam size
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GAMMARAYSANDCOSMICSHEAR

o Benchmark DM model (dominant final state 45):

o Decaying DM: mass 200 GeV, decay rate 3.3 x 10727 s

—26

o Annihilating DM: mass 100 GeV, annihilation rate 3 x 10720 cm3 5™

o Astrophysical sources: SF'Gs and blazars

o 3D source power spectra (£, =)

o  Weak lensing: large-scale gravitational potential

o Decaying DM: DM density
o Annihilating DM: DM density squared

e Astrophysical sources: gamma-ray luminosity functions
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GAMMARAYSANDCOSMICSHEAR

o Window functions /7 (2)

o  Weak lensing: i [SC et al,, 2013]
107

T T I T 1 1T 1T 1T 11 ] T T

Universe’s background geometr . . .
5 5 y Window functions

Poisson’s equation

T TrTrrTI
|-

galaxy redshift distribution
(depending upon DES/Euclid)

lllllll

° DM:
DM dec./ann. properties

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

L1 1 1 ) L1 1 I 1 1 1 1 1 1 1 |

1
0 | 2
redshift z

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



GAMMARAYSANDCOSMICSHEAR

o (Gamma-ray — cosmic-shear cross-corr. angular power spectrum

[SC et al, 2013]
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INTERLUDE:CEFHTLenS

PHYSICAL REVIEW D 90, 063502 (2014)

Cross correlation of cosmic shear and extragalactic gamma-ray background:
Constraints on the dark matter ;annlhllatlon cross section

Department of Physics, O

Shunsaku Horiuchi'

Department of Physics and Astronomy, Center for Cosmology,
University of California, 4129 dl“ f all Irvine, California 92697-4575, USA

Department of Physics, Umisersity of Tekso, Tokyo 113-0033, Japan
and Kavli Institute for the Physzcs and Mathematlcs 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 y-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 dlstrlbutlon in the Universe, and it can be used to denve constramts _oinst:he dark matter anmhllatlon

<‘ the result to theoretical predictions, we exclude dark matter annihilation cross sections of
| (ov) = 1072*-107% cm’s~! for a 100 GeV dark matter. If dark matter halos exist down to the mass
'“ scale of 107M , we are able to place constraints on the thermal cross sections (6v) ~5 x 10726 ¢m? 57!
Tor a 10 GeV dark matier annihilation into z 7 . Future gravitationa ensmg surveys will increase
sensitivity to probe annihilation cross sections of (ov) ~3 x 1072% cm?® s™! 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%.
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GAMMARAYSANDCOSMICSHEAR
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euclid

DARK ENERGY
SURVEY

Photometric redshift surveys

o redshift range
03<&<Lyando<z< 25

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

o -~13.3and 30 galaxies arcmin™

o ) 3and 10 redshift bins

—

o

“sermi

A
Gamma-ray

/' Space Telescope
\

o (Gamma-ray telescope

° energy range

1< E/GeV <300

e sky coverage

all sky

e ~0.27° beam size
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FORECASTSFROMTOMOGRAPHY

o 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

[Fisher (1935), J. R. Stat. Soc. 98, 39;
Tegmark, Taylor & Heavens (2007), Astrophys. J. 480, 22]

2
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FORECASTSFROMTOMOGRAPHY

o Guven a future experiment, via its Fisher matrix we can

° Infer accur aCy on par ameters measurements

7 (Vo) = \/(F1),0

e Forecast error confidence regions
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FORECASTSFROMTOMOGRAPHY

e Benchmark DM model

[SC et al., 2015]
o Decaying DM: - T
bb channel

mass 200 GeV 1000 DMa Low Crr——— -
decay rate 3.3 x 10727 57 . —— DMa High [Iggg ----- ;
. —— DMa NS __
e Annihilating DM: % ’,:;;;f—'

mass 100 GeV © ____::_-_-::;:_—_-::::"
ann. rate 8 x 1026 cm3 57! T 100F- =77 -
: = : f
o Astrophysical sources: o [UPPTCENU
SFGs, blazars 5 __________ '
and misaligned AGNs [UPTTRRPETLL bt
10 - ‘=:====— .
£ DES+FermilOyr
20 bounds
1 1 L3 3 331 1 1 PR I

10 100 1000
mpy [GeV]
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FORECASTSFROMTOMOGRAPHY

e Benchmark DM model

o Decaying DM:
mass 200 GeV
decay rate 3.3 x 10727 57

e Annihilating DM:

mass 100 GeV [5C et al,, 2015]
ann. rate 8 x 1026 cm3 s mpMm [GeV] L'y [10_27 S_l]
20+ 4.2 (6.7) | 0.334£6.2 (9.1) x 1073
o Astrophysical sources: 200+ 17 (31) | 0.33+3.3 (6.4) x 103
SFGs, blazars 2000 4 110 (230) | 0.33 +2.0 (4.3) x 1073
and misaligned AGN’s MDM [GeV] <Uav> [10—26 Cm3 S—l]
10 £ 0.52 (0.78) 34 0.22 (0.32)
100 + 18 (34) 34+0.72 (1.6)
1000 £ 1000 (2500) 343.9 (10.1)
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FORECASTSFROMTOMOGRAPHY

e Benchmark DM model

[SC et al., 2015]

o Decaying DM:
mass 200 GeV
decay rate 3.3 x 10727 57

e Annihilating DM:
mass 100 (GeV
ann. rate 8 x 1026 cm3 st

.1-—=-L

° Astrophysical sources:

SFGs, blazars
and misaligned AGNs

1.5 2
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GAMMARAYSANDCMBLENSING
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GAMMARAYSANDCMBILLENSING

o CMB lensing angular power spectrum

) [Planck Collaboration, 2015]
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GAMMARAYSANDCMBILLENSING

o Gamma-ray—- CMB lensing cross-corr. angular power spectrum

Fornengo, Perotto, Regis & SC, 2015
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GAMMARAYSANDCMBLENSING

o Gamma-ray—- CMB lensing cross-corr. angular power spectrum

Fornengo, Perotto, Regis & SC, 2015
8 8 ]

76_I_III| R RRR T TTTTI
1,0><1()'12 — == bench. model _: 10 ; EGB E
oo bt :
— BL Lac = = .
_ — FSRQ > 107 =
S .
2 il - \ :
< 5()><10_13 — 10° ""ll IIIII|1|O EREREET
S
z \ —  E[GeV]
—.‘m -
ol i N s -
5 %\\ T
\L/ ///\4__ I
J \\ — ' -
§-U_ TN e —— | - T
= Farst ﬁrerfva%;nal evidence!

_ [o] Planck2015 - 3FGL masked (main analysis)

€ Planck2015 - 2FGL masked
Planck2013 - 3FGL masked
®m Planck2013 - 2FGL masked

1 E>1GeV
-5.0x10 [

0 100 200 300 400
Multipole 1

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




TAKEHOMEMESSAGE

o Albeit particle DM 1s currently an established ingredient of our
understanding of the Universe, we have hitherto failed to detect 1t

o 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 1s far dominant

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

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

e First measurement of the cross-correlation between gamma-ray anisotropies and

CMB lensing!

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

e Since both gravitational lensing and WIMP-induced gamma rays are stronger
for larger haloes, their cross-correlation 1s more effective compared to that of
astrophysical sources

o 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

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



Yy
er

The Universit
of Manchest

ARIGATOGOZAIMASU

1
-(\mwf [

\\\\

*
d




