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o The presence of DM is sul:)[:)ortecl bg coPious and consistent
astrophgsical and cosmological Probes

— Horizon-scale: average DM clcnsitg about 6 times bargon clensitg
~ Smaller scales: DM distribution is quite anisotropic and hierarchical

clusters — galaxies — subhalos

e Observations are consistent with a theoretical understancling

of cosmic structure formation through gravitational instabi litg,
based on the LCDM model

Although:
- Some issues under discussion on very small scales

- Role of bargons n galaxg formation jus’c started to be investigatecl



Dark Matter

e DM evidence is Purelg gravitational

-~ Galaxg clusters dgnamics

- Rotational curves of spiral galaxies

- Gravitational Iensing
uilibrium of hot gasin galaxg clusters

uclget of the Universe

- The same theorg of structure formation

- Hgdrodﬁnamical e
- Energg

e This evidence can be ascribed either to:

Modification of the theorg of Gra\/itg (cliﬁcicult to explain all observations)
Elcmentarg Particle, relic from the earlg Universe

- Noviable candidate in the SM: New Phgsics BSM

- However, to demonstrate that DM is a new Particle) a
non~gravita’cional signal (clue toit’s Particle Phgsics nature) is needed




Multiplc approach

° Astrophgsical signals

- Tests DM as Particle in its environment
- Signals are not Proc:lucecl under our own direct control
— ComPlex backgrouncls

- Multimessenger, multiwa\/elength, multitechniclue strategy

o Accelerator signals

— Produce New Phgsics states and help n shaping the unclerlging model
- Allows (hopemcung) to identhcg the Phgsical Properties of the DM sector

— Contro”ecl environment

One does not fit all ... ProFit of all oPPortunities



Cosmic messengers and Dark Matter

radio IR X gamma
Photons .

Cosmic rays electrons/ Positrons
antiProtons) antideuterium, antinucle

Neutrinos

Gravitational waves



Cosmic messengers and Dark Matter

WIMP WIMP
non WIMP non WIMP WIMP
radio IR X gamma
Photons
Cosmic rays electrons/ Positrons WIMF, non WIMP
antiprotons, antideuterium, antinuclei WIMP
Neutrinos WIMP, non WIMP

Gravitational waves non WIMP (DM = Primordial BH)



Multi
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mcsscngcr/wavclcngth/tcchniquc

WIMP WIMP
non WIMP non WIMP WIMP
radio IR X gamma
Photons
Cosmic rays electrons/ Positrons WIMF, non WIMP
antiprotons, antideuterium, antinuclei WIMP
Neutrinos WIMP, non WIMP
Direct detection WIMPF, non WIMP

Accelerator searches for New Phgsics WIMF, non WIMP



| et’s concentrate on the astrophgsica! messengers




Dark Matter signal

The DM signal IS l:)roc]ucecl either bﬂ annihilation or clecag
4 X |l 4 Z WTH N

Annihilation (or decag)

X 1 42 W H
N /

DM is cold (or “warm enough”), i.e. non-relativistic

E < mpmM annihilation

msg ~o

Emsg 5 mDM/2 clecag
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Non-WIMP WH\/\F:’ Superheavg

Particle Physics scales

“Strong (~ish)”
Self-interacti ng
Technicolor DM

“EM (-ish)”
Mi”icharged DM
E/M dipole
Dark P otons

Weak
WIMP

Gravitational

Cosmolo(igical Production mechanism
vary for di

Herent candidates

Fixed Points: Qpp = 25% + correct LSS



X/gamma rays: IC on radiation felds

radio: sync

A

hro on ambient mag fields

A

, X/gamma rays .
radlo neutrinos .
antlproton
e+,e~ antideuterium

infrared X/gamma rays | gamma rays
neutrinos neutrinos neutrinos

I I | I

! | i | >
eV keV MeV GeV TV  mpy

WIMP



Where to search for a signal

DM s Prcsent N:

- QOur Galaxg
- smooth component

- subhalos

- Satellite galaxies (dwarfs)

- Galaxg clusters
- smoo‘clﬁ comPonent
-~ indivicjualgalaxies

- galaxies subhalos

~ “Cosmic web”




Targets galactic center

galactic subhalos (Clumps)
dwarf ga|a><ies

individual galaxg clusters

Ditfuse high-lat galactic halo

extragalactic (cosmological) cumulative emission



Chargecl messengers (antimatter)

Galactic

Neutral messengers (Photons, neutrinos)

Galactic
Extragalactic (cosmological)




Chargecl messengers (antimatter)

Afected bg trans[:)ort in the galaxg + heliosphere

Diffusion affects clirectionalitg
spectral distortion

Energg losses sPectral distortion

Neutral messengers (Photons, neutrinos)

Trace (more) directlg the source

Energg losses onlg at very large energies

Angular and energy resolution goocJ but not excep‘cional
Radio

PFOCIUCCCI through electrons: source somehow !DIUTT'CCI

Depend on (highlg uncertain) local magnetic fields
Great energy and angular resolution
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Bounds and Prospccts
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Electrons/ Positrons
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Neutrinos

From the Sun

SPin &epen&ent interaction
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ANTARES Collab, PLB 759 (2016) 69

Warning: bounds are typica”g
derived under the assumption of
Pergect equi libration between
capture and annihilation (and
contact interactions)
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Prospccts

o Relevant sensitivities for-

- DM signal from the Sun
— Galactic center

- Galaxg clusters
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IceCube PeV neutrinos

The spectral feature of the IceCube PeV events could refer
to clecaging very heavg DM: PeV scale

e.g. mpy =3 FeV lifetime =102 s
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Fermi/LAT map

Galactic Foregrouncl emission
Resolved sources

Diffuse Gamma-Ray Backgouncl (DGRDB)



Gamma-ray slcy and DM

Galactic emission

14 — s 18

log S ( M., kpc®sr)

Extra galactic emission

EG-MSII

-1.0 I I 3.0
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3.16 - 10 GeV
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-2.5°

Galactic center: an “excess” ?

Fermi/LAT excess(es) at the galactic center

DM or pulsars or bursts?
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Dwarf galaxics
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Inner galactic halo: HESS 10 yrs
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DGRDB intcnsil:y bounds on DM
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Gamma rays - Prospccts
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Radio Frcclucncics

NF, Lineros, Regjs, Taoso, JCAP O (2012) 005
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Lower trcqucncies better for lignter DM Lcncar,

Constraining Power also clel:)enc]s on si<9~coverage anci sensxti\/itg ot tlhe survey

NF, Lineros, Regis, Taoso, JCAP 0% (2012) 0%
Extragaiactic radio has a similar (siigntlg worse) constraining power (but

different uncertainties in modelin
g> Egorov, Pierpaoli, PRD 88 (201%) 023504

Regjs et al, JCAP 1410 (2014) 016
Bounds from sPeciicic target start to be competitive (dwarf gaiaxies; Andromeda)
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Low Frcqucncics and non-WIMP

Y Aarlg

A B - )

relazione rld2.

5.5 KeV line
75 galaxg clusters

FPerseus cluster + Anclromecla
Bulbul et al, ApJ 789 (2014) 13
Boyarski et al, PRL 113 (2014) 251301

Sterile neutrino DM decag’?
De-excitation lines?

New bounds from nuSTAR

Perez et al, 1609.00667



Low Frcqucncics and non-WIMP

CMB, Infrared (CIB)
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e CMDB: FIRAS spectral information

L CIB: Spitzer: Eeak 100 um (1072 eV)
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See also: Mirizzi, Ragelt, Serpico PRD (2005) 023501
Melchiorri et al, PLB 650 (2007) 417






Diffuse sig\als: faint & not isotropic

L’)eing the cumulative sum of inclepeﬂclent sources (astro/DM)

To first aPProximation: isotropic
At a cleel:)er level: anisotropies are Present

EG-MSII

-1.0 I SN 3.0

Even though sources are too dim to be incliviclua”g resolved,
theg can affect the statistics of Photons across the skg




Photon statistics

Photon Pixel counts (1 Point PDF)

Source count number dN / ds below detection threshold
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Photon statistics

2 Pomt correlator
angular power spec’trum
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DM bounds from auto - correlation
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Fold two Picccs of information
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Cross-correlation of EM signal with gravitational tracer of DM

It exploits two distinctive features of Particle DM:

Electromagnetic signal: manifestation of the Particle nature of DM

Gravitational tracer: Probe of the existence of DM

It can oger a direct evidence that what IS measured bﬂ means 01C
gravitg is indeed due to DM as a Partic:le

Camera, Fornasa, NI Regjs, Ap. J. 77! (2013) L5 + JCAP 1506 (2015) 029
NF, Regjs, Front. Phgsics 2 2014) 6



Cross - Correlations

Lensing observables

— Cosmic shear: clirectlg traces the whole DM distribution

Camera, Fornasa, NI Regjs, Ap. J. Lett. 771 (201%) L5
Camera, Fornasa, NF; Regjs, JCAP 06 (2015) 029

- CMbB lensing: traces DM imPrints on CMB anisotrol:)ies

NF; Perotto, Regjs, Camera, Ap. J. Lett. 802 (2015) 1 L1
NF, Regis, Frontiers in Phgsics) 2 2014) 6

Large scale structure:

— Galaxy catalogs: trace DM by tracing light
Y S % g8

Cuoco, Brandbgge, Hannestad, Haugbo e, Miele, PRD 77 (2008 )12%518
Ando, Benoit-Levy, Komatsu, PRD 90 (2014) 023514

NF, Regis, Front. Physics 2 (2014) 6

Ando, JCAP 1410 (2014) 06



Cross - Correlations

Gamma rays x Galaxg catalogs (LSS) SIGNAL DETECTED

Xia, Cuoco, Branchini, Viel, APJS 217 (2015) 15 Fermi x (SDSS + 2ZMASS + NVSS)
Regjs, Xia, Cuoco, Branchini, NF, Viel, PRL 114 (2015) 241301 «
Cuoco, Xia, Regys, Branchini, NF, Viel, APJS 221 (2015) 29 «

Shirasaki, Horiuchi, Yoshida, PRD 92 (2015) 123540 Fermi x SDSS LRG
Gamma rays X Cosmic shear SIGNAL NOT DETECTED (YET ...)
Shirasaki, Horiuchi, Yoshida, PRD 90 2014) 063502 Fermi x CFTHLenS

Shirasaki, Macias, Horiuchi, Shirai, Yoshida, 1607.02187 Fermi x (CFTHLenS + RCSLenS)
Troester, Camera, Fornasa, Regis, Anclo, NF, Van Vaerbecke +, to apper

Fermi x (CFTHLenS + RCSlLenS + KiDS)

Gamma rays x CMbB lensing SIGNAL DETECTED
NF, Perotto, Regjs, Camera, APJ 802 (2015) L1 Fermi x Planck
Gamma rays x Galaxg clusters SIGNAL DETECTED

Cuoco, Regjs, Camera, Branchini, NF, Viel, Xia, to appear
Fermi x (redMaPPer + WHL12 + Plancks7)



Cross - Correlations

measurecl correlation

\ Fermi x ZMAS Bounds from Fermi x shear
3x107 P S R R R 10—19?" L R AL
E 10° %ﬁmﬁ [ORB 3 1020 E Fe_rmix(RCSLenSﬂ—CFHTLenS)
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Regjs et al PRL 114 (2015) 241501 DM mass [GeV]
DM signal
Bounds from Fermi x LSS Forecast for Fermi x Euclid

Cuoco et al, ApJS 221 (2015) 29 Camera et al, JCAP 06 (2015) 029



Forecast for Fermi x (DES , Euclid)
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Camera, Fornasa, NF; Regis, JCAP 06 (2015) 029



Conclusions

° Multimessenger astropl;?sics offers a wide range of
opportunities to stuclg ark matter in its full mass range

° Astrophgsical fore/ back-grounds are very complex and
tgpica”g dominant over the sought~a&er DM signals

e Clever identification of Po‘cential targets/ signatures/
features is necessary

e The DM searches will progress together with a better
unclerstancling and mode]mg of the astrophgsical
contributors

e Some hints, but no establishec signal: however, the field is
pro ressin%ra ic”g, with new ideas, Prol:)osecl technicicues
and will profit from a large wealth of data expectecl inthe
next 5-1 years




BACKUP SLIDES



DIRECT DETECTION



Direct detection signal

o O
Tgpical process for WIMP DM \'/

X T N(ANa ZN)at rest —> X T N(A./\fa ZN)recoil \

Recoil rate

dR  &x po //UesC do nr

— = d>v v U
dER TN Ty min (ER) fE( )dER

(U,ER)

For non-WIMP (kev, MeV) DM: interaction on electrons



Set of opcrators

5 :zgx W?N X AL)
00 (838 (85 4)
Or = 8y - o
Og =S, - vt

Catena, JCAP 1407 (2014) 055

Arina, Del Nobile, Panci, PRL 114 (2015) 011301
Scopel) Yoon, JCAP 1507 (2015) 041

Catena, Gondolo, JCAP 08 (2015) 022
Gluscevic et al, JCAP 12 2015) 057

Catena, Ibarra, Wild JCAP 05 (2016) 039
Kalhofer, wild, arxiv:1607.04418

(..

. N

O11 =iSy - -1

@12 = gX . (gN X \A/'J‘)

O =i (8, 5) (x4

O =i (8,73 (S o+
0= (8 58) (8 +) 4]
@1722 %Sﬂl

@18:’5 mL:\;S _’N)

r:itzpatrick et al, JCAP 1302 (2013) 004
r—itzpatrick et al, arXiv:1211.2818

Anand et al, PRC 89 (2014) 06550
Dent et al, PRD 92 (2015) 063515




Hi IMP mass

XENON100 (2012)
= observed limit (90% CL)
Expected limit of this run:
[ + 1 o expected

+ 2 o expected

Contact~t9 escalar
interactions
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Dark Matter Particle-Nucleon Cross Section (pb)
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Low WIMP mass
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Prospccts

o L ow WIMF mass

SUPerCDMS (Ge)
CRESST I <CAWO4>

° Higlﬂ WIMP mass

Xenon IT, Xenon nT (LXe)
DarkSide (LAP

LZ (LXe)

DEAFP

Pico

DARWIN (LXe)

10" cm?  at1GeV
Ax107 cm?  at1GeV

A x 1077 cm?  at100 GeV
10-% cm?

3 x 10-%8 cm?
10-%¢ cm?

10-%6 cm?

e In both cases, aPProach the “neutrino Hoor” (due to neutrino
coherent interactions

~ Solar neutrinos for mpy, <10 GeV

at3x 10" cm? (1 GeV)

- Atmosphcric neutrinos for mpy, > 10 GeV  at 107 cm? (100 GeV)



Very |ig}1t DM

o Verg light DM (clown to the warm regime):

— Available kinetic energy can be as low as meV (For KeV DM)

- Too low cleposited energy on nuclear target

e Possibilites:

- Nuclear interactions on light targets, e.g.

- Electron recoils
Essiget al, PRD 85 (2012) 076007
Essig et al, 1509.01598
Agnese et al (SuperCDMS) PRL 112 (2014) 041302
Essiget al, PRL 109 (2012) 021301

O, [crnz]

Guo, McKinsey, PRD 87 (2013) 11500
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Supcr |ight DM

Sensitivity to DM via a Light Mediator
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g0 below 10 MeV DM: conversion of the full ting energy

ﬂCCClCCl

— Sul:)erconcluctors

Hochberg et al, 1512.045%%

Hochberget al, PRL 116 (2016) 011501

- Sul:)emquicl He

Schutz, Zurek, 1604.08206

electron interactions

nuclear interactions



Annual modulation

DAMA, 9.20 with 1.33 ton x yn, 5 cyc|cs

Model Independent Annual Modulation Result

DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 487526 kgxday = 1.33 tonxyr

Sing!e;hit residuals rate vs time in 2-6 keV EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648
E = [;t'g’:gn" o Ty | :g‘?%‘;s;;i‘; o) __") continuous line: t,=152.5d, T=1.0y
Ei ] | { P A=(0.0110£0.0012) cpd/kg/keV

3 ; . 1 Ll 2/dof = 70.4/86  9.20 C.L.

B kkrﬁ%l SENENE P Y

> % ZINT X i s IS o Absence of modulation2 No

' i %{ ' ' i %?/dof=154/87 P(A=0) = 1.3x10'°

] i Fit with all the parameters free:
I i A =(0.0112£0.0012) cpd/kg/keV
S to=(144£7) d - T=(0.998+0.002) y

Time (day)

Model Independent Annual Modulation Result

DAMA/Nal + DAMA/LIBRA-phase1 Total exposure: 487526 kgxday = 1.33 tonxyr

EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648
* No modulation above 6 keV

» No modulation in the whole energy spectrum R() =S, +S, cosfalt~1, )]+ Z, sinfut~1,))= 5, + 7, cosfole - )
+ No modulation in the 2-6 keV multiple-hit
events s N o
R(t)=S,+S, cos[w(t—to)] H - o v
hereT=2x/w=1yr and t,= 152.5 day S ""
4 AE = 0.5 keV bins SaCpdkgkeV) Y, pakgkey)
OOk A
.§ 0 4y ++#ﬂk(++‘+ﬁ by ]
20.025 -
w
005 F e
0 2 4 6 8 10 12 14 16 18 20
Energy (keV)

930 C.L

£ Principal mode Comparison between single hit residual rate (red points) and multiple

5 2, 2737x107 d M = 1y hit residual rate (green points); Clear modulation in the single hit events;

CEY | 2.6 keV No modulation in the residual rate of the mulfiple hit events

i3] ‘1 A=-(0.0005+0.0004) cpd/kg/keV

Q 515 ~

i I % oo b Multiple hits events =

= 10 | S Dark Matter particle “switched off” 2-6 keV

1] & 001 —

g I _6-14 ke |- Y S R . R S

[ ” 2 E ¥ 1lg 8

g -o.
A2\ AL ARt =4 i
0.002 0.004 0.006 0.008 k] i
Frequency (d ) & o ‘ i g ‘ y i i ;
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No systematics or side reaction able to Time (day)
account for the measured modulation This result offers an additional strong support for the presence of DM particles in the
ompliiude and to SO“SfY all the galactic halo further excluding any side effect either from hardware or from software
peculbrities of the S‘QHOYUI‘G procedures or from background

The data favor the presence of a modulated behaviour with all the proper
features for DM particles in the galactic halo at more than 9o C.L.

No systematics or side processes able to
quantitatively account for the measured modulation
amplitude and to simultaneously satisfy the many
peculiarities of the signature are available.

From Belli’s talk at TAUP 2015, http://tauPZOlﬁ.to.irncn.it

DM scattering on nuclei

DM scattering on electrons

(1-1000) GeV WIMPs
(-45,-38) Log(a/cm?)

In case of “scalar” interaction

(0.1-10) KeV ALPs




Prospccts

e Annual modulation: ANAIS
KIMS + DM Ice = COSINE 100
SABRE
CUORE

e Diurnal modulation: DAMA with larger mass could likelg
access it

° Directionality:

— Nuclear emulsion (NEWS)

- Angsotropic crgstals (ADAMO)

- Liquid Ar TPC

- Negative lon Time Expansion Chamber (NITEQ)
- Carbon nanotubes, gragene

- DRIFT

- MIMAC, DMTPC, NEWAGE, D3, ...



Full set of opcrators

1
+ \
@) ! rr’ v -« 0 \ SI
((3 0.8 | e -1
GO\ 0.6 1 JORR-
V4 —
- 0.4|_ 2 -3
RS 0.2 -4
£ 3 :
O 1 2 3 4 1 2 3 4
2}‘_‘ o~ Iogm(mX/GeV) Iogm(mx/GeV)
o 0O
N4
o E :
—~
8 w SIS 2 SIS 2
U 0O 20 2 0
™ V) o o
- = k) g}
c g §
—8 2 -4 -4
c Y 1 2 3 4
8 = Iogm(mx/GeV) Iogm(mx/GeV)
>0
@
C 4
0 U
0
0 _c —
U &)) C\IE> 2
6 < o
0 =3
—(-6 2 _2
Q
QO
9p)

1 2 3 4
Iogm(mX/GeV)

1 2 3
Iogm(mX/GeV)

N

)

\

m2

log, ,(c

»;

0.2
em

log, ,(c

)

m2
v

10

Iogm(c

3

\

SD

1 2 3
Iogm(mX/GeV)

4

1 2 3
Iogw(mx/GeV)

4

\

1 2 3
Iogm(mX/GeV)

Combined analysis of
CDMS, XENON, LUX, COUPP, PICASSO, SIMPLE

4

)

v

m2

log, ,(c

0 2
11 mv)

Iogm(c

1D marginal pdf

1D profile Likelihood
99% CR

95% CL

Profile likelihood color code:

[ .
0 0.5 1
4

1 2 3 4
Iogm(mx/GeV)

i\

1 2 3 4
Iogm(mX/GeV)



