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What's the Problem?
How can we solve it?

Whg can it have something to say about Particles?

OK, it’s a dark matter: but how dark is dark? Can
we shed some ||ght on I1t?

(or: Can it shed some nght to us?)



Universe is “odd”

70% Dark Energy
26% Dark Matter
4% Nuclear Matter
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GALAXY CLUSTER |  Zwicky (1933)
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VELOCITY DISPERSION OF GALAXIES IN THE CLUSTER IS TOO
LARGE. THE CLUSTER SHOULD “EVAPORATE”

MUCH MORE MASS THAN THE VISIBLE ONE IS NEEDED



GALAXY CLUSTER
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SPIRAL GALAXY
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SPIRAL GALAXY
; / PERIFERIC STARS ARE FASTER

’* VvV ~ 1T00KM/'S . THAN EXPECTED
& V ~ 100KM/S »
v - 100w/ FASTER = MORE MASS
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SPIRAL GALAXY RUBIN (1970)
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PERIFERIC STARS ARE FASTER THAN EXPECTED
FASTER = MORE MASS

MUCH MORE MASS THAN LUMINOUS MASS
DARK MATTER
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GRAVITATIONAL LENSING
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Lens cquation

Thin lens: distances involved are much larger than the size of
thelens

, /'/image For weak fields, its
Lens CC] uation (canhave multiple solutions) the sum of the

deflection angles
F=0— d o ( D, (9) 4GM/b over ﬁwe

source
Ds mass OF thc lens

Deflection angle

a(é’) _ 4G/ (5 |g_}§/)§]‘(2£/) d2f/

Projected mass clensitg

5(&) = / o(E,2) dz
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GRAVITATIONAL LENSING

A LARGE AMOUNT OF MASS BETWEEN THE BACKGROUND GALAXIES AND
US CAN BE INFERRED BY THE LENSING EFFECT



STRONG LENSING WEAK LENSING

GRAVITATIONAL LENSING

A LARGE AMOUNT OF MASS BETWEEN THE BACKGROUND GALAXIES AND
US CAN BE INFERRED BY THE LENSING EFFECT



Universe at Iargc scales

Sloan Digital 5|<9 Survey Real Universe
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DM needs to be (mainlg} cold
and (mainlg) non-collisional



Structures in LCDM

lustris simulation , ,
Simulated Universe



B Particle Dark Matter

S Neutrinos:
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Dark Energy:

1o% Non-bargonic (cold) dark matter is needed
No candidate in the Standard Model®”

Dynamics OF58|8X9 clusters New fundamental Phgsics

Rotationa‘ curves O]C galaxies
Gravitational lensing

Structure formation from Primordial
densitg Huctuations

Energg densitg buclget ) Standarcl neutrino:
Too light: act as HDM (not CDM)



Solutions not involving new Particlcs
The DM issue is not a Problem of Particles) but of gravitg

MOND

Gravity beyond General Relativit
Y bey Y

Primordial black holes m{gﬁtsolve the DM Problem

Theg do not count as bargonic matter

Currentlg under debate 0o monochromatic

05}
-1.0f ‘§ |

FL: Femtolensing of GRB & s & |

NS: neutron star catpure 2 ’!

WD: white &warfcxplosion = 2ol i

HSC: microlensing?rom Subaru ' ,'l

K: microlensing?rom Kepler _253_ ,"

EROS:  microlensing from EROS Tr

MACHO: microlensing?rom MACHO _303_ I

log1o(Mc/Mg)




B Particle Dark Matter

S Neutrinos:
0.3%

Stars:
0.5%

Free Hydrogen
and Hglium:
4%,

DarkMatter:
259

Dark Energy:

70% Non~bargonic (colcb dark matter is needed
No candidate in the Standard Model
New fundamental Phgsics

Two Fundamental questions

E lclentimcg the Particle candidate

- lclenth(y a non-%ravitational signal)
manitestation of its Particle nature




if a Particlc, where it does come from?

Produced, through some mechanism) inthe earig Universe
The earig Universe 1s a Plasma:

X X
Elastic processes kinetic equilibrium
Reshuffle Particles energies and momenta

a a

X a

Inelastic processes chemical ec]uilibrium

Create or destrog Particles in the Piasma



Detailed evolution of the Particlc

The detailed evolution of each species in the fuid is govemecl bﬂ the
Boltzmann equation:

Lifi] = Clfs f5, Jrs -] Lifil = %

Liouville ol:)erator Collision ol:)erator

For the Friedmann Universe (homogeneous + isotropic)

Ofi  a,_,0f;
ot a‘ﬁ‘ OF

Lif]=E

The collision ciperator contains the detailed information on all Possible
interactions of the ispecies with all other species in the Plasma

C[f”w fj? fka ] — Celastic[fi; fj7 fka ] + Cinelastic[fi; fja fk7 ]



Collision opcrator

O[fzv fjv fka ] — Celastic[fii fj7 fk7 ] + Cinelastic[fii fj; fka ]

X X

Elastic process kinetic equilibrium
Qa a
X a

Inelastic process chemical equilibrium

X a
Both processes are able to mociiicg the Phase~space distribution ici(P,T)

Elastic processes: do not mocliiy the number clensitg n.(T)
Inelastic processe: do mocliicg the number c:iensitg n.(T)



Particles in cquilibrium the Plasma

Relativistic

Non relativistic (E); ~ m; > T
n; ~ exp (—m/T)

m; NT3

But theg cannot stag n equilibrium forever: it’s a matter of

rates

Li= ) njlov)y

H

j=other

A

L'

Universe evolves in this direction

>



Boltzmann eq. for the number clcnsity

After integration over momenta (ancl some mathematical manipulation) a
Boltzmann €q. gor the number clensitg can be castin the Form:

d
d_:J = —3Hn — <az>(n2 —nZ,)

/7’ N
dilution due to expansion /
dilution due to annihilation

X a Production due to inverse expansion




Abundance evolution for a cold relic
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Particle in ec]uilibrium



Abundance evolution
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The universe cools down  Particle in ec]uilibrium



Abundance evolution
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The universe cools clown Particle detaches From the Plasma
“freeze-out” of its abundance



Abundance evolution
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Abundance evolution
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The universe cools down Abundance tociag (relic)



The WIMP “miracle”

WIMP: Weaklg lnteracting Massive Particle

my ~ (GeV =+ TeV)

2
N 2 9 ~ 10~ 10¢2 m —92
<Oanr¢v€:231<t9(§eGF) M 0~ Y¢ (GeV> GeV

1071 9 )
OannV) ~ ~ 1077 GeV"™
SR Ty
natural|9 Qxh2 ~ 0.1
x5 ~ (10 + 30)
I 4+
10 o4
100 0.04
1000 0.004




In more details

m < my (Cann¥) ~ GE=m3y s =q" ~ (2mpnm)°

non-relativistic

X
! (E) ~ mpwm

GF Fermi limit

Qh?

0.1

Ik

Few GeV | ee-Wei nberg bound



In more details

4
2

m > My O-annv ~ § = q ~ (2 mDM)

mDM

Qh2
).
0.1 :
/

Few TeV




Summarizing

matches the observecl Value

2"‘ of CDM abundance
Qh

O.1

Few GeV Few TeV

a”owecl mass range



O.1

Dcpcndcncics

i <ov> increases

Few GeV\ Few TeV



Dcpcnclcncics

0 h2 i <ov> decreases

O.1

Few GeV Few TeV

Additional features
Poles (Z, H, others) mpMm ~ mz/2, myg /2
Coannil’lilations ™MpDM "~ Mgligthly heavier state

Sommerteld enhancements light mediator



The WIMP “miracle?

Looselg speakinga Particle with:
- Mass: sligtlﬁely sub-GeV to multi-TeV

- Interactions: weak tgpe

can succesFulgj explain the observed abundance (ancl
structure) of dark matter in the Universe



Succesfull “thermal? DM candidate

e Needs to be Proclucecl in the earlg Universe

e Needs to be “cold” (or, at least, “warm” enouglﬂ)

— For thermal Procluction: weaklg interacting and massive (WIMP)

Qh? ~ (ov) ! > (0V)ann = 3 - 107 %cm?s ™

ann 1 J
unless coannll’nlatlon OCCurs

—If light, it nevertheless needs to act as “cold”

e Need

e Need

s to

s to

be neutra|

be stable (or, i it decags, it needs a lifetime

|arger than the age of the Universe)



Alternative mechanisms

The standard Paracligm for WIMP CDM is a thermal sgmmetric relic (I.e.
Particlo and antipartlclos have the same number &ensitg)

Partial thermaliztion

- Freeze-in, E-WIMP, FIMPs

Asgmmetrg between Particle/ antipar‘cicle

- The relic abundance is set bg the asgmme’crg, not thermal freeze-out
- This may link DM abundance to baryon asymmetry

Non-thermal Prooluction

- DM Proclucecl bg the deca9 of a heavier Particle

— Peculiar cosmological clgnamics (e.g.: misalignment for axions)
- Oscillations from “Frieno”g” states (e.g. sterile neutrinos)



Freeze-in mechanism
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Particle never in full equilibium



Asgmmctric DM

Asgmmetrg can arise bCCEﬂUS@ O{::

—Initial conditions (c]uite fine tuned)

— Sakharov conditions (like for bargo/ lePto genesis; magbe
related to them)

10_85* T T T T T T T T T T T T T T T T T w;
- — Y no=10210"1" -
1079 ¢ - 0o =7pb
& — X mpmym = 4.5 GeV

10710 |-

101

Comoving density Y(x)

10712 -

10—13'1 . | . | | | | | | | | | | | | | . 1%
20 40 60 80 100



Asgmmctric DM
oY% a Ny Qh? ~ ‘nx - n>2| My

Q

Example: P, SR
0y

Ny — ng| ~ (np —ng) ~ np (bargon asymmetry)

& _ ny — g |my N k& model dependent
Q, NpMN muy link (DM,B) needed

o k~1: my ~ >my ~ 5 GeV

Asgmmetrg may occur also without a lin|< }:x:tween DM and B



From clccay

N > X+ (.) N heavier that X

Example: N can reach thermal equilibrium
Then freezes-out an abundance
Then clecags out of equilibrium

X xTx XN
m
0., = —X QO
X —— N (clepencls on <o\Wv>)



From oscillations

ve  sterile neutrino

Needs to be very weaklg mixed

sint(20) ~ 107 — 10712
m,s ~ 10 KeV



Formation of BE condensates



A multiplc approach

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

— Multimessenger, multiwavelength, multi‘cechnique strategy

e Accelerator / Lab signals

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

— Controlled environment

One does not fit all ... proﬁt of all opportunities



Mechanisms of DM signal Production

X | 49 Z WtH
Annihilation (or clecag)
X I 49 7 W™ H
X X
5cattering with orclinarg matter
q q
et ¢ X
+ other states Production at accelerators



Mechanisms of DM sig'nal Production

X | 9 Z WTH
X I 49 7 W™ H
X X
q q
et ¢ X
+ other states
e g X

Signals occur in astrophgsical context

Directly test DM the Particle~Phgsics
nature of DM

Signal Procluced in accelerators

Directg tests New Phgsics: comPatibilit9
with DM needs to beé cross-checked
with cosmologg adn astrophgsics
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SUSY extension of the Standard Model

SUPERSYMMETRY:

FERMION «—— BOSON

Normal particles/fields

Supersymmetric partners
Interaction eigenstates

Mass eigenstates

Symbol Name Symbol  Name Symbol  Name
q=d,c,b,u,s,t quark ar,, 4R squark q1, G2 squark
l=e,pu, 1 lepton i1, [R slepton I, I slepton
V = Ve, Vy, Vr neutrino 1 sneutrino 1 sneutrino
g gluon g gluino g gluino
W+ W -boson W+ wino \
H~ Higgs bosonf|| H 1 higgsino 3 sz chargino
HT Higgs boson I:Iz+ higgsino )
B B-field B bino \
w3 W3-field w3 wino
HY scalar Higgs bosonf|| - o > )2(1)’2’3’ 4 | neutralino
HY  scalar Higgs boson I~{1 higgsino
2 , HY higgsino )
Hg Pseudoscalar Higgs boson 2
HY H
2 Higgs doublets H, = ' H, = ’
H HY




Extra dimensions (Kaluza Klein theories)

5D spacetime : 2™ = (2%, 2, 22, 23, 2*)

M
e,
D
e
=
v
+
3
v
\ . compact
> 9 n?l n=0 SM
My, = My T 72| n=1,2,... KK states

KK parity > |[LKP: stable




Further models and candidates

Models with additional scalars [GeV-TeV, WIMP]
Singlet
Doublet (e.g:2 higgs doublet model)
Triple’c

Models based on extended sgmmetries [GeV-TeV, WIMP]
GUT inspirecl
Discrete sgmmetries

Mirror dark matter

Sterile neutrinos [|<e\/, non WIMP, warm]

Axion eV, non WIMP, cold]

ALP (axion~|i|<e~Partic|es, |ight scalars)
[> 1022 eV, non WIMP, cold (BE condensate)]



Axion

e AXIONs arise as a clgnamical way to solve the
strong;-CP Prolalcm

¢ Being Particles, tlﬁcg can have a cosmological role

° lecg can be:
~lecrmall9 proc uced: hot dark matter

-Non~tlwcrmall9 >roduced: born as nonrclativistic,

classical field oscillations - very small mass, yet
cold dark matter



Relic abundance curves

Non-Thermal

AXIions log(Q,) 4 Relics Thermal Relics
Iy
s : » log(m,)
10 peV 10 eV
Neutrinos log(Q,) 4 Thermal Relics

WIMPs

QM

 log(m, )

10 eV 10 GeV



Axion Propcrl:ics

; G
Gluon ,couphng L= Y cla a___
(generic) 81 fq G

mymg mg 6 ueV

Mass (generic) mg = ot ma B 77102 Gev
Jay _ =~
, Layz—TFFazgayE-Ba Y
Photon coupllng a (E a_ - _ci:
= ——1.92
Jar = ont, (N 2 ) Y
C TC TC
Pion coupling Low = fc? (7T07T+6u7t_ + -+ )oka ><
mla T a
) N
Nucleon couplmg Cy —
= — & a _———————
(axial vector) Lav =3 fi PnyFystno.a N

Electron couPling T C, = e ) e
(Optional) ae = 2 f eV Vste0yd _———— i




Axions and ALPs

0 10-85 I T T T TTIT [ [ T TTTITT T T I T 1T T 1T S
2 5 ! | | | | \\ |
< 0o & Techmques:
- = Shine through wall
- Helioscopes (CAST) .- L N Ine througn wa
N “\\\ = (ALPS, OSQAR)
RS NS \i\‘%\ NN \S\ NI - Helloscopes
3 101E \ \,/’ =
S = 2 > : - (CAST, IAXO)
S / RV _‘
% 10712 gtrans - > i white dwarf : Ha[oscopes
{Q\ 13 :_ E{nt 9 \ COOhng _: <ADMX>
| 10 = \ hint = Magnetic resonance
S jonL < \ . (CASPEN)
X = 1 =
T - 2 .
10 =
= @44’ E
10-16_ | |||||lll lJllIIIlI | Jlllllll | IIIIIIII ! Lo | IIIIIII| | IIIIIII| | IIIIIII| | IIIII;
10 107 10%® 105 10*] 10° 102 107 1 10
Axion mass m,;.(eV)

QUAX: highﬂcrequencg magnetometer
axion-electron Couplin g



Particle Physics scales

HeV keV  GeV TeV
O i I T E rrrTT i | ; I I T I I
: . : 1 | “Strong (-ish)”
_g [ | neutrino v j 56!1C~1nteractlng
I I hime Technicolor DM
A0 | neusch:
Zoas| e sk
~ I SH-DM ) Mi”icharge& DM
5 o0 [ . Electric/magnetic dipole
° [ ]
o axion a |! axiqo 3
g - | i :
- E ggﬁﬁ%}gd NE : WCB‘(
-30 : Majoron | :____________._-—-—-"‘"f_
E E I - WIMP
-35 E g]:iavitj.lnoig3/2 ]
v N Moo Gravitational
_40 Lo by o b v by v by a1 |i L II v v Ly by P
-18-15-12-9-6-3 p 3 6 9 121518 Relic from the carly Universe
logo(mpy /1 GeV) Thermal
1 Non thermal

Non-WIMP W'M:P SuPerheavg Dgnamxca”g non relativistic (cold)

COlllSlOﬂlCSS

mass of the proton S |




What’s dark matter?

"I can't tell you what's in the dark matter
sandwich. No one knows what's in the
dark matter sandwich.”



Try to Procluce the DM Particle in a controlled
environment

HigH-E accelerators:  for WIMPs (GeV-TeV)
L ow-E accelerators:  forli ghter states
Beam dumpsj others: for axions, ALLPs




WIMPs at accelerators

Focus now is on the LHC runs

‘ 55 - DMtype: S, F; V ...)

R Zomg Mpm
coupling structure(s, v, t)

A: EFT scale and validit9

Simplhcied
Models

Com Plete
Theories

sSUsy
Extra-dim

etc

DM t\leCI 5) r:; \Y (...) g(DM,mccl) mDM
Portal: S5EV,T E(med, 9 Med  Mied channel



Non-WIMPs at accelerators

° Light DM at the MeV-GeV scale:

— Dirac or Majorana fermions

— Scalars o Pseu&oscalars
— Asgmmetric LDM

— Dark Photons

o Mediators:
— Vector Portal
~ Higgs Portal
— Neutrino Portal
— Axion Portal

o Search of visible clecags (e*e”), and studies for accessing invisible

ClCCB\ljS

e Rich exPerimental program:
— Hadronic beams
— Electron beams
— Meson clecags



*
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icle where DM

| ook at the DM Part




Where to search for a signal

We can exploit every structure where DM s Present

— Qur Galax9
> Smooth component
> Subhalos

— Satellite galaxies (dwarfs)

— Galaxg clusters
> Smooth component
> Individual galaxies

> Galaxies subhalos

— “Cosmic web”




DMasa Particlc mig':t

Interact with orclinarg matter Direct detection

Produce effects in astrophgsical
environments, like in stars

-

I

o0 0°

oco/oop0

A piece of dark matter appeared from nowhere and... you know."



10° 3 Kravtsoy -
DIsSK DARK MATTER HALO ) E'-‘-i:::;,K Einastl
10° = e,
|§ 10" E
g
g 100 _E ...... -
= 1 cored
107 = |
I
1072 - |
1073 AL :| |
102 107" 10° 10 10?
r [kpc] '
HELIOSPHERE
GALACTIC SIGNALS
DIRECT DETECTION X X
Feels ony the local DM clensitg (not space distribution)
Feels how DM is |oca”g distributed in velocitg space
q q

(s; heavy; u, d) (s;heavy; u, d)



Direct detection signal

O
()
Tgl:)ical process for WIMP DM \‘//

X + N(ANa ZN)at rest — X T N(AN7 ZN)recoil \‘

Recoil rate
dR & po / s . doy
IR d E
dER N My Jvmin(ER) UUfE(U)dER (vj R)

For non-WIMP (ke\/, MeV) DM: interaction on electrons



Unclcrgrouncl Labs
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Tgpical signaturcs of direc; cltcction

@® Stationary over the lifetime of
an experiment
Directional boost

Directionality

@® Period: 1 year

Annual modulation

@® Period: 1 day

Diurnal modulation

AR &N e /
dER TN Ty Vmin (ER) dER



Annual modulation

DAMA, 9.20 with 1.33 ton x yn, 15 cgclcs

Model Inde REendent Annual Modulation Result

DAMA/Nal + DAMA/LIB

phasel Total exposure: 487526 kgxday = 1.33 tonxyr

Smgle hit residuals rate vs time in 2-6 keV

EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648

£ ANTAINaT (0.297¢ ) —— | DAMA/LIBRA(1.04 1 ) —— _
E 22‘? B D(mrgm: manSSrBVgnl\xg‘)r v Ir : : (flnr;e/tumnss=‘5232 8(;\1:1 W. | continuous line: T0 152.5d, T=1.0y
B gor b SRS A=(0.011020.0012) cpd/kg/keV
3 oo | g4 ﬁ BERET"EREFREEEEN 2/dof =70.4/86 9.2 C.L.
B "‘jo‘fni\kk}‘/%ﬁ”w , A%Mﬁykﬁx% . )
= o0z B Y @” Dt-/ ;1 J[}%fr‘* N7 NE IO T TR R N Absence of modulation? No
S _go4 B4 OL 1%% : : toq : ! E i x2/dof=154/87 P(A=0) = 1.3x10%
ol oo Bod | ' | : b : ; : ‘ | o
2 _j;; E o | ! oo i : 5 | Pl Fit with all the parameters free:
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This result offers an additional strong support for the presence of DM particles in the
galactic halo further excluding any side effect either from hardware or from software
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.

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

DiIsK DARK MATTER HALO

View from the side

DIFFUSIVE HALO

HELIOSPHERE
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Galactic environment

Spallation

B disintegration
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Diffusion on magnetic inhomogeneities .
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Transport ccluation o,

Diffusion [K]
Convection [V]
Adiabatic losses (n expanding Plasma}

Catastrophic losses (for nuclel)

elastic: N +ISM-> N +ISM == (T A Dhen) 27
inelastic: N+ISM -<X + (...)

Energy losses [b]
e+/e-: sgnchrotron
inverse Com Pton -
brems (free-free) 4 = (bj( E)N, — K;(E) J)
ionization, Coulomb

Nuclei : ionization, Coulomb
Diffusion in momentum space (reacceleration) [K]

Primary source -
9 Qj (E7 ’I“)
Seconcla:y sources 4+ Z Ts;N;



Time scales
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Extra-galactic environment

EXTRAGALACTIC SIGNALS

PHOTONS. GAMMA, X, RADIO
NEUTRINOS

Sungaev~Zeldovich etfect on CMB
Optical clel:)th of the Universe
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For gravitational
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Sun and Earth
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Cosmic rays
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Cosmic rays
Antimatter << Matter
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antimatter channel
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Cosmic rays
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Cosmic rays
Affected bg Earth magnetic field
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Cosmic antiprol:ons

disk dark matter halo Secondaries (baclcgr OUnCD

Produced in the disk

diffusive halo Pro agﬁltion ancl ener

redistribution in the clf%?usive halo

DM signal
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Produced in the DM halo

px(r, 2) ) i
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dN
Pro a%z;tion and ener g(E) — Z BR(XX — F) (d—E)
F F

redistribution in the di%?usive halo
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SOlar mod————j 03 PAMELA bounds - EINASTO profile — annihilating DM
107 108
Total | ] - Bounds from full PAMELA 7
| 5 i
| : i 2 . 1
\ PAMELA data|(#)  qg24L energy sPectrum 3
102 F E \ : _
.......... N\ | i
\ - 10_25 o
I(I) .
| ™
3L E _ — -26 7o
10 I \ A 107F
. \ = C
[ \ c
DM signal for mp, =90 4 S e
i signal ror mDM:~Q \ V ook .
. £~ uu
ot __56conclarles (backgroucl}) *). | 2 L -
2 | L MAX . — bb
i ! ' ) P i e
: 10 7" F o g 3
| F L owwe
| - -- 2z
10—5 ! ! Lol 1 1 ||||||! 1 1 ||||\l 10—29 . | | AN | 1 Lol 1 1 L1111
0.1 1 10 100 1 10 100 1000
T (GeV)
mpy [GeV]
(*) Donato, Maurin, Brun, Delahaye, Salati, PRL 102 (2009) 071301 NF. Maccione, Vittino, JCAP 09 (2013) 03]

(+) Adriani et al. (PAMELA Collab.), PRL 105 (2010) 121101
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Cosmic antideuterons

Donato, Fornengo, Salati, PRD 62 (2000) 043003
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Detection Prospccts

- bb channel - mpy = 20 GeV - bb channel - mpy = 100 GeV
: I, - : et —_—
' - = Force Field — - = Force Field
' — — CD_60_0.60_1 ' — — CD_60_0.60_1
- GAPS —— CD_60_0.15_0.5 - GAPS —— CD_60_0.15_0.5
10_5 _ LDB+ o — background | 10_5  LDB+ o — background |
= "' MED fluxes ] = MED fluxes ]
S Background S
(0] (0]
(O] (O]
6 -6 |
% 10 » 107 ¢
(\lw (\l(n (
£ £
E E
107 F 107
-8 ! | | Lo | ) | Lo -8 ! | | PSR | | | | Lo
10 0.1 1 10 10 0.1 1 10
T [GeV/n]

T [GeV/n]

DM comcigurations allowed bg antiPro’con bounds ExPerimental expectecl sensitivities : 30 C.L.

Relevant detection roslaects for Dbar energies GAPS LDB+: 1detected event
below few GCV)]’D‘I AMS . 2 detected events

dDCCBUSC O{: Ch‘H:CT'Ct backgrouncls)

NF, Maccione, Vittino, JCAP 1309 (2013) O3l



GAPS
ev

N

Events cxpcctccl

uli - 10 GeV - EIN MED - CD_60_0.60_1 W*W™ - 100 GeV - EIN MED - CD_60_0.15_0.5
T T T T T T T T T T T T T L |
— po =195 MeV : ,-'_."- | — po=195 Mev
~ = po=217 MeV G | = = po=217 MeV
- Ppo =239 MeV R -+ po=239 MeV
10 | c=- Po= 261 MeV ,./..:'. / 10 | c=- Po= 261 MeV e
- UptolOevents .72/ - Uptodevents | .07
L /'.,"./, E > %) L . E
.’.. ‘// i 91‘ % . a
R :'—6 (DZa>) 4
sz 7 [
e
1 ; % 1 -
I Lo R
e SRR
. o) PR -
O : cC ~ s
o ' 3 -
, ' Q. - ! ;
Background: 0.07events Background: 0.07events
01 . ‘.1‘(.)I—28 . I L1‘-5—27 . — ‘.i6—26 0.1 . ‘1‘0I—26 . . — ‘1‘OI—25
<OgnnV> [cm33_1] <OgannV> [cm33‘1]
For GAPS LDbB+ setuP For GAPS LDbB+ setul:)

DM comcigurations allowed bg antiproton bounds

NF, Maccione, Vittino, JCAP 1309 (2013) O3l



Cosmic-rags |cptons

° Exce”ent clata on cosmicr«rags lel:)tons are available From sPac:e~

borne cletectors, from about up 0.5 GeVto few hundreds of Gev
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Bounds on DM
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GAMMA RAY SIGNAL




Gamma ray sky

Fermi/LAT map

Galactic Foregrouncl emission
Resolved sources

Diffuse Gamma Rags Backgouncl (DGRDB)
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Gamma«-rag flux from galactic DM

DM L 1 <aannv>0
Flux: q),y (Ey,w) = I Qmi gv(E’y) I(%)
3 . 2
0.5, integral 1(0) = / 22 (r(\, 1)) dA




... and from extra galactic DM

Halo densi’cﬂ Proﬁle

Ry :
Host halo  £8(g, 2, m) = B 172Y) / 11— F) p(M, 7, )
0

2 M2 dE

. (O'av) M dns R, -
Subhalo  h(E 2, M) =E X AM, 2 (M, f, M)/ N 2 (M, 2)
M Mass function 0 Sub ﬁE{o clensntg Proﬁle

/ dM, (dn./dM.) M, = FM



E? db/dEJQ [MeV cm? s sr |

DGRB and Dark Matter

The Good: Spectral behaviour cligerent From astro sources:
(o,m, channel)
The Bad: Canbe c]uite subdominant in intensitg

DGRB energy spectrum (Ackermann et al. 2014)
Foreground system. error (Ackermann et al. (2014)
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DGRDB intcnsitg bounds on DM
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Dwarf galaxics
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Alternative approaches?

e Indirect detection signals are intrinsica”g anisotrol:)ic
(being Procluced bg DM structures, Present at any scale)

e EM signals (ancl neutrinos) more clirectlg trace the underlging
DM distribution: theg need to exhibit some level of anisotropg

— “Bright” DM objects: would appear as resolved sources

> C.gz gamma or raclio halo arouncl clusters, clwar? galaxies or even subhalos

— Faint DM objects: would be unresolved (1.e. below detector sensitivitg)
> Ditfuse Hux: at first level isotrol:)ic

at a dcepcr level anisotropic



Alternative approaches?

Extra galactic emission

Higher redshift

EG-MSII
-1.0

(simulated mal:)s)

E':missiop IS intrjsicallg
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Anisotropic emission

Even though sources are too dim to be indivi&uallg
resolvecl, theg can affect the

statistics of Dhotons

i
across thc skg

Currentlg under stuclg



Photon statistics

Photon Pixel counts (1 Point PDF)

2 Point correlator
angular power sl:)ectrum

2 Point correlator
angular power spec’crum
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The Multi-wavclcngl:h Landscapc
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NEUTRINOS




Neutrinos from Earth and Sun
14

Detector

and neutrinos from the Galaxg



Neutrinos from Earth and Sun

° Capture:

— Galactic DM Particles that cross the Earth and the Sun, can
interact with the nuclei in these bodies and loose enough energy
to remain gravitational Yy CaPturecl

0= (3e) " e[l [0 o

e Accumulation:

— After subsec]uent interactions they tend to drop into the
dih

innermost Parts of the Earth an e Sun, where theg accumulate

e Annihilation:

— When the energy Aensitg in the inner Parts of the Earth and the
Sun increases enough, theg may start to annihilate
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Bounds on capturc cross section

1

o = K
& F =, \ peereeeoe From the Sun
a® | N R U et A
o} | '
107 = \
: : '-
5 0¥ F L —
g : % - “lPICO-GO _
-2 ‘\ ~~“~
= i% 10 = L\ T~ T
e - oCube W W
- 0 — .
QO .
W C B el BN
e 0 s PICO-2L1 s,
O —o 10°g Tt !
Q. — Sea
o - T
0 g —
c B SuperK v+ v
9 1074 =
[ ANTARES <* < (this work) R ,—‘/ :_I(_:G_C_)g?g_r_* -
10—5 1 1 lllllll 1 1 11111112 1 1 lllllll3 1 1 llllll4
1 10 10 10 10
M GeV
DM mass wiap [GEV]

Waming: bounds are tgpica”g derived under the assumftion of Pencect
equilibration between capture and annihilation (and contact interactions)

69 (9107) 66/ d71d ‘GBJ|oD STAYVINY



Bounds on annihilation cross section

Neutrinos from GC
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The Particle Dark Matter Crossroad

Particle Candidate: Models of New Phgsics
(Supergmmetry, Extra-dimensions, ...)
Accelerator Searches

Cosmologg of tbe Astroplﬁgsical Signals of the
Dark Matter Particle Dark Matter Particle






