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

Whg does 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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Dark Matter

Virial theorem

2(T") = —(Vror)



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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Heavy Elements:
0.03%

Neutrinos:

Stars:
0.5%

Free Hydrogen
and Helium:
4%
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Dark Energy:
70%
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Rotational curves of galaxic:s ) “ 50

Weak Iensing

Structure formation from Primorclial
ensi:tf Huctuations
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Dark Matter
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SPIRAL GALAXY




SPIRAL GALAXY RUBIN (1970)

v~ OO0 KM/AS -

v ~ 200.KM/S

S ARl o S & »\ o 4 ‘.‘
PERIFERIC STARS ARE FASTER THAN EXPECTED
FASTER = MORE MASS

MUCH MORE MASS THAN LUMINOUS MASS
DARK MATTER



3 Dark Matter
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Galaxy Cluster Abell 2218 HST « WFPC2

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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Galaxy Cluster Abell 2218 HST « WFPC2

GRAVITATIONAL LENSING

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



Universe at largc scales

Real Universe



= Dark Matter
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0.5%

Free Hydrogen
and Helium:
4%

DarkMatter:

Dark Energy:
70%

Dgnamics of galaxg clusters
Rotational curves of galaxies

Weak Ieﬂsmg DM needs to be (mainlg) cold
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Energy density buclget



Formation of structures in LCDM

Simulated Universe



& Particle Dark Matter
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& Particle Dark Matter

S Neutrinos:
0.3%

Stars:
0.5%

Free Hydrogen
and Hglium:
4%,

DarkMatter:
259

Non~bargonic (colcb dark matter is needeo‘
Dark Energy: . .
70% No candidate in the Standard Model
New fundamental Phgsics

Dgnamics of galax9 clusters

Rotational curves of galaxies Two 1CU nclamental C]uestions
Weak lensi , , ,
cakiensing , , , - lclentncg the Par‘clcle candxdate
Structure Forma‘cxon 1Crom Prlmorcllal , ) ) )
ensity fHuctuations - lclentncg a non~%rav1tatlona| s:gnalj
Energy cEensitg buclget manifestation of its Particle nature




Alternati\/elgz rimordial black holes m{g/n‘solve
Ehe DM Problem (debated issue)



Iif a Particlc, where it does come from?

Produced, through some mechanism, inthe earig Universe
The earlg Universe is a Piasma:

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



Abundance evolution
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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 Particles cletache From the Plasma
“freeze-out” of its abundance



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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The universe cools down Abundance tociag (relic)



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)



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.”



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



TS

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)]



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 |




Try to Procluce the DM Particle in a controlled
environment ...

High-fi accelerators:  for WIMPs (GeV-TeV)
Emma To”eg on Tuesc:lag

| ow-E accelerators:  forli ghter states
Paolo Valente on Wednesd39

Beam Aumps) others: for axions, ALPs

Giovanni Carugno on Wednesdag




WIMPs at accelerators

Focus now is on the Run Il of LHC

q 0 DM
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

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

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

Rich exPerimental program:
— Hadronic beams: SHIP e NA62 at CERN
— Electron beams
— Meson clecags



| ook at the DM Particle where DM is ...




Where to search for a signal

We can exploit every structure where DM is Present

— Qur Galax9
> Smooth component
> Subhalos

— Satellite galaxies (dwarfs)

— Galaxg clusters
> Smooth component
> Individual galaxies

> Galaxies subhalos

— “Cosmic web”




DMasa Particlc migwt

Interact with or&inarg matter Direct detection

Produce effects in astrol:)hgsical
environments, like in stars

—— >

-

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




Giuliana Fiorillo on l:riclag
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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

View from the top



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

Slngle hit residuals rate vs time in 2-6 keV

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

No systernatics or side reaction able to
account for the measured modulation
amplitude and to satisfy all the
peculiarities of the signature

ANIATNaT (0.29] — DAMA/LIBRA (1.04 —_—
E lj:tnrgel: m‘l s£r87tg“li<g‘)r) i ! .r &nl ret*hnss ﬂ(232 !;ll)\IgW). o continuous line: JrO 152.5d, T=1.0y
Ei ' Lo ' P A=(0.0110£0.0012) cpd/kg/keV
3 x?/dof =70.4/86 920 C.L
_.‘:j 4 : Absence of modulation? No
s : x2/dof=154/87 P(A=0) = 1.3x103
= :
'z i Fit with all the parameters free:
= L L1} U S T T S O O A=(0.0112+0.0012) cpd/kg/keV
R 2000 =000 4000 2000 - 1y=(144£7) d - T=(0.99810.002) y
Time(day) 935 C.L.
= 2 B Principal mode Comparison between single hit residual rate (red points) and multiple
= & |2.737><10'3 d'=1y! hit residual rate (green points); Clear modulafion in the single hit events;
o2 i 2.6 keV No modulation in the residual rate of the multiple hit events
0 : ", A=-(0.000510.0004) cpd/kg/keV
QU s1s o .
% - ‘? % ooz b Mulhple hits events = ;
o il , =t - | Dark Matter particle “switched off” | | 2-6 keV
() l g 0.01 C I E
s . | etakeV| | B b e p e
a .« 2 wbE ¥ gt g
P BOVNA) ANV AN Ao '?=_ ' F H
0.002 0. 004 0.006 0.008 P L 1
Frequency (d ) g 002 ] \ ) i [

PRSI, (ST | (SIS ENITY [ (S STESp R |y enyare) TIE [ (  N e [ (Sy ey Ty
250 300 350 400 450 500 550 600 650

Time (day)
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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High WIMP mass

Contact-type scalar interactions (O))
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Aprile et al XENONIT Collab), 1705.06655



Dark Matter Particle-Nucleon Cross Section (pb)
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DMasa Particlc miglwt

Self annihilate or decag

Send us messengers
(indirect detection)

Exotic irxjections that can alter

SV

rties of messengers (e.g.
SZ, reionization; gamma-

rays absorl:)tion)

OH MY
DEAR!
°°

— O ==

.r)eex" & /ooée

X 1 ¢ Z WtH

X Il 9 Z W™ H



Mcsscngcrs

C]‘largecl CR (e¥, antip, antiD)
Neutrinos

Photons

—Gamma-rags

—~ Prom[:)t Procluction

~1C from e* on ISRF and CMB
—X—-rags

— IC from e* on ISRF and CMB
~-Radio

—Sgnclﬁro frome* on mag, field



Galactic environment

DiIsK DARK MATTER HALO

View from the side

DIFFUSIVE HALO

HELIOSPHERE



GALACTIC DIFFUSION
ENERGY LOSSES

s
}4\

TRANSPORT IN THE HELIOSPHERE

p,D

HELIOSPHERE

GALACTIC SIGNALS

ELECTRONS/POSITRONS
ANTIPROTONS
ANTIDEUTERONS




Galactic environment

Spallation

B disintegration

(AZ)  (AZ+))
\
v+

B. @z

- -7

L=3-10 kpc

h=0.1 kpc | | (HtHet.) 1

Diffusion on magnetic inhomogeneities .
f 8 8 Acceleration by shock wave:

R 0.6 R 2.2



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;



GALACTIC DIFFUSION
ENERGY LOSSES

s
}4\

TRANSPORT IN THE HELIOSPHERE

p,D

HELIOSPHERE

GALACTIC SIGNALS

ELECTRONS/POSITRONS
ANTIPROTONS
ANTIDEUTERONS




DiIsK DARK MATTER HALO

GAMMA RAYS

PROMPT (1T° DECAY)
IC FROM e+/e~ ON ISRF

RADIO

SYNCHROTRON EMISSION FROM
e+/e~ ON GALACTIC B

DIFFUSIVE HALO

HELIOSPHERE

GALACTIC SIGNALS

PHOTONS (FROM RADIO TO GAMMA RAYS)
NEUTRINOS FROM THE GALAXY




Extra-galactic environment

EXTRAGALACTIC SIGNALS

PHOTONS. GAMMA, X, RADIO
NEUTRINOS

Sungaev~Zeldovich etfect on CMB
Optical clel:)th of the Universe



DiIsK DARK MATTER HALO

X X

For gravitational
capture in the
Sun and Earth

DIFFUSIVE HALO

q q

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

HELIOSPHERE

GALACTIC SIGNALS

X | 4 ZWtH

Feels ony the local DM clensitg (not space distribution)

For the generation
Feels (somchow) how DM is loca”g distributed in velocitg space &

of the neutrino

signal

NEUTRINOS FROM EARTH AND SUN

Il 9 Z W™ H



CHARGED
COSMIC RAYS SIGNALS

Be Pa’cient for a few more minutes:
Bruna Bertucci’s talk is coming next!




Gamma ray sky

Fermi/LAT map

Galactic Foregrouncl emission
Resolved sources

Diffuse Gamma Rags Backgouncl (DGRDB)
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5 ':G — Misaligned AGNs (Di Mauro et al. 2014)

_.l l ; —— Millisecond pulsars (Calore et al. 2014)
\'+-

MSP

——+—— DGRB energy spectrum (Ackermann et al. 2014)
' Foreground system. error (Ackermann et al. (2014)
Blazars (Ajello et al. (2015)

Star-forming galaxies (Tamborra et al. 2014)

103 10* 10° 10°
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DGRB and Dark Matter

The Good: Spectral behaviour cligerent From astro sources:
(o,m, channel)
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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
amsotroplc

Extra galactic emission
L ower redshift
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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



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
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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






