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Dark Matter

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 shecl some nght to us?)



Universe is “odd”

70% Dark Energy
26% Dark Matter
4% Nuclear Matter




Heavy Elements:
0.03%

S Neutrinos:
0.3%

’

Stars:
0.5%

Free Hydrogen
and Helium:
4%

DarkMatter:
259

Dark Energy:
70%

Dgnamics of galaxg clusters
Rotational curves of galaxies
Gravitational lensing

Structure formation from Primordial
densitg Huctuations

Energy densitg buclget

Dark Matter



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



SPIRAL GALAXY
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SPIRAL GALAXY RUBIN (1970)

v v ~ 100KM/S
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PERIFERIC STARS AND GAS

ARE FASTER THAN EXPECTED

FASTER = MORE MASS " o 20
adius (kpc)




GRAVITATIONAL LENSING

e
el

b
e B
\\

\ foreground galaxﬁ}\\

N\

- ~_lensed image seen of |

|-—background galaxy |

NN

P ,\>\// e

£

= —— ,,,\;i><j
,/>-<’\ s
.



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



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



Heavy Elements:
0.03%

Neutrinos:

Stars:
0.5%

Free Hydrogen
and Helium:
4%

DarkMatter:
259

Dark Energy:
70%

Structure formation from Primordial
densitg Huctuations

¢’ Eet W@ .

DM needs to be (mainlg} cold
and (mainlg) non-collisional



Structures in LCDM

Simulated Universe

Real Universe



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

) standard 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
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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



rates

Equilibrium in the Plasma

I';

In equilibrium

Li= ) njlov)

j=other
Relativistic (E); ~T > m;

n; ~ T3
Non relativistic (E)i ~m;>T
ni ~ exp (—=m;/T)

Out of equiiibrium i/T

>

Universe evolves in this direction



Out of cquilibrium

rates

I';

In ecluilibrium

Out of ecluilibrium ]/T

>

Universe evolves in this direction



Boltzmann eq. for the number clcnsity

— = —SHn—

n—n)

Cl lUthﬂ ClUC to CXPBHS!OI’] /

cl lutlon clue to anmhxlatlon
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Production due to inverse annihilation



Abundance evolution for a cold relic

t (ns)
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<E>X ~my > T Particle in ec]uilibrium



Abundance evolution

Y =n/s
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The universe cools down Abundance tociag (relic)



The WIMP “miracle?

WIMP: Weaklg lnteracting Massive Particle

my ~ (GeV =+ TeV)

2
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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
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m > My O-annv ~ § = q ~ (2 mDM)

mDM

Qh2
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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 spoakinga Particle with:
- Mass: sligtholy sub-GeV to multi-TeV

- Interactions: weak tgpe

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

And clearly it must stable (at least on cosmological time-~

’

scales. i.e difetime > age og the Universe)



Freeze-in mechanism

Y =n/s
10~4
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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)
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& — X mpmym = 4.5 GeV
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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



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.”



Models and candidates

Supersymmetry, Extra-dimensions [GeV-TeV, WIMP]
Minimal dark matter [TeV, WIMP!
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 symmetries

Mirror dark matter
Sterile neutrinos [keV, non WIMP, warm]

Axion eV, non WIMP, cold]

ALP (axion~|i‘<e~[:>articles, light scalars)
[>107%2 eV, non WIMP, cold (BE condensate)]



Particle Physics scales
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WHERE. AND HOW
TO LOOK FOR THESE NEW PARTICLES?



| A multiplc approach

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

— Multimessenger, multiwavelength) multitechnic]ue strategy

e Accelerator / Lab signals
— Produce New Phgsics states and helP n shaping the unclerlging model
— Allows (hop@cu”y) to icﬂenti@ 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



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 might

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."



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



Set of opcrators
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Tgpical signaturcs of direc; cltcction

@ Stationary over the lifetime of
an exPeriment
Directional boost

Directionality

@ Feriod: | year

Annual modulation

@ Feriod:| clag

Diurnal modulation

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



Annual modulation

DAMA, 9.20 with 1.33 ton x yr, G cy cles

Model Inde REendent Annual Modulatlon 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.
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= 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:
IS I A I 0 O I T R 0 I L bbbt i il A=(00112+0.0012) cpd/kg/keV
000 2000 4000 5000 - 1o=(14447) d - T=(0.998%0.002) y
Time (day) 935 C.L.
£ 2 B Principal mode Comparison between single hit residual rate (red points) and multiple
= & 2.737x103 d' = 1 y! hit residual rate (green points); Clear modulation in the single hit events;
= I 2.6 keV No modulation in the residual rate of the multiple hit events
B : I' A=-(0.0005+0.0004) cpd/kg/keV
Q 5isp ‘ - :
% a ‘, L E Multip Ie hifs events = :
+ ol ‘ o | Dark Maﬂer particle “switched off” 5 2-6 keV
o . < o001 | —&—
s . | 614keV| | B of+ o + 9| » 9 & o g,
T " z ; s ;
o \' hA © A _g -0.01 :_ }_6_“_5—1 s
05=<0 e o/.n;‘;‘:( wo-_g[.“q‘w b(J.\:{c}-zi' e o008 -a; E ;
Frequency (d ) ~ —0.02 - | ] l l | ] E\ l |

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

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




WIMP-nucleon o [cm?|
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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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Very |ig'1t DM

o Very light DM (down 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:

Guo, McKinsey, PRD 87 (2013) 11500
— Nuclear interactions on light targets, e.g. liquic He

— Electron recoils

| (2012) 076 TR |
Essigetal, PRD 85 (2012) 076007 i ol oo
31 cl 2 @ Excludedb
Essig et al, 1509.01598 e B BB S ENONLO,
Agnese et al (SuperCDMS) PRLIIZ 20H) 04 1072 T 7.7
Essiget al, PRL 109 (2012) 02130 NE . |
S r
v 1073 .
IS i
10735 ¢
10—36 7

freeze_;

BESEIZEL o, PRL 109 (2012) 021301
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Dark Matter Mass [MeV]
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Supcr |i5‘1t DM

Sensitivity to DM via a Light Mediator

Sensitivity to DM via a Massive Mediator
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£0 below 10 MeV DM: conversion of the full tin9 energy
nee&ed

» SuPerconductors
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Schutz, Zurek, 1604.08206
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electron interactions

nuclear interactions



DMasa Particlc might

Self annihilate or deca9 Send us messengers
(indirect detection)

Exotic injections that can alter

Progerties of messengers (e.g,
CMDB: 57, reionization; gamma-

rays absorption)

OH M"/
DEAR: X | ¢ Z WHH
)

X Il 9 Z W™ H

3ee(’ & poée




Cosmic messengers

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

Photons

—Gamma-rags

- Prom[:)t Procluction
~1C from e* on ISRF and CMB

JQSUQSQQUJﬂZ}lﬂLU

—X—-rags

— IC from e* on ISRF and CMB
~-Radio

—Sgnclﬁro frome* on mag, field

Lii}gUQIQAE?N\ﬂZ}IﬂLU

xx — (,qq, ZZ, WTW~—,GG,HH)* — ~ v, e*, p, D

dec



Galactic environment

DiIsK DARK MATTER HALO

View from the side

DIFFUSIVE HALO

HELIOSPHERE
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GALACTIC DIFFUSION

CONVECTION

™

GALACTIC SIGNALS

ENERGY LOSSES

p,D

HELIOSPHERE

ELECTRONS/POSITRONS
ANTIPROTONS
ANTIDEUTERONS

TRANSPORT IN THE HELIOSPHERE




DARK MATTER HALO

—~

DiIsK

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



Cosmic rays

Z SEC

Energies and rates of the cosmic-ray particles
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Cosmic rays
Antimatter << Matter

Better to search for
the DM signal in the
antimatter channel

(GeV cm’zsr'1s'1)

E2dN/dE

E‘ncrgies relevant for WIMPs
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Cosmic rays

TERMINATION SHOCK SCHEME

Termination Shock Heliopause

/
S/
4

Supersonic Nucleons Heliosphere
E > 70 MeV/nucleon

Intergalactic
Cosmic Rays

Bow
Shock

Low frequency
Credit: SCIENCE.NASA.GOV Radio Signals

Smoothed Sunspot Number
Monthly Averages

Tllille, Greénland. Neutron Monitor
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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
xx — (...) — pp "M (r, 2, E) = (ov) g(F) (

Produced in the DM halo

px(r, 2) ) i

ey

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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Antiprotons bounds on DM

SOlar mod————j 53  PAMELA bounds - EINASTO profile — annihilating DM
107 10¥
= Total | : - Bounds from full PAMELA
| : B 2 1
\ PAMELA data|(#)  qg24L energy sPectrum 2
102 F ’ \ | =
.......... N\ | i
\ - 10_25 o
I(I) .
| ™
: 5
3L . _ — -26 <
107k : \ A 107 F
- I \ >C »
, PR § S
I DM sxgnal for M = 90 Nog o | s
I , 7 D 10°'F _° "
o __56conclarles (backgrouol]) *). | 2 i e
2 | L MAX . — bb
I 28 | ..',;.’ ... ¢c _
: 10 7" F o g 3
| b7 - WWo
| ) -- 2z
10—5 L vl L M| L M W 10—29 . L Lol ) Lol L Lo
0.1 1 10 100 1 10 100 1000
T (GeV)
Mpm [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

Caveat: the bounds are rePortecl (as is usual) under the hgpothesis that the DM candidate
is the dominant DM component, regarc”ess of its thermal Propertics in the carlg Universe



Cosmic antideuterons

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

disk dark matter halo

Secondaries (background)

dff e halo Produced in the disk

DM sigral
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Produced in the DM halo

solar modulation
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Detection Prospccts

- bb channel - mpy = 20 GeV - bb channel - mpy = 100 GeV
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Cosmic-rags |cptons

Exce”ent data on cosmic~rags lel:)tons are available From sPace~bome
cletectors, from about up 0.5 GeVto few hundreds of Gev
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Bounds on DM

Bounds on DM
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Gamma ray sky

Fermi/LAT map

Galactic Foregrouncl emission
Resolved sources

Diffuse Gamma Rags Backgouncl (DGRDB)




DGRDB lntcnsity
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MSP

10* 10°

Energy [MeV]

Ackerman et al. (Fermi Collab.) Ap-J.799 (2015) 86
Fornasa, Sanchez-Conde, PI"IHS. Rep. 598 (2015) 1

103



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 density profil
H t]’] l hh (Jav) R, 5 dNZ alo CHSIfPrOIC
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E? db/dEJQ [MeV cm? s sr |

DGRB and Dark Matter

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

The Bad: Canbe c]uite subdominant in intensitg

Millisecond pulsars (Calore et al. 2014)
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— ——+—— DGRB energy spectrum (Ackermann et al. 2014)
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DGRDB intcnsitg bounds on DM
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Dwarf galaxics
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Non DM solutions
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Lower Frcqucncics and non-WIMP

Xrays
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Radio Frcqucncics

NF, Lineros, Regjs, Taoso, JCAP O1 (2012) 005
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Constraining Power also clepencls on sl<9~coverage anci sensxtxvxtg oJF tne survey

NF; Lineros, Regjs, Taoso, JCAP 0% (2012) 0%
Extragalactic radio has a similar (sligntlg worse) constraining power (but

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

Regjs et al, JCAP 1410 (2014) 016
Bounds from sPechcic target start to be comPetitive (dwarf galaxies; Andromeda)
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Diffuse signals: faint & not isotropic

Being the cumulative sum of independent sources (astro/DM)
To first aPProximation: isotropic
At a cleeper level: anisotropies are Present

EG-MSII

-1.0 I . 3.0

Even ’chough sources are too dim to be inclividua”g resolved)
thcg can affect the statistics of Photons across the skg




Photon statistics

Photon Pixel counts (1 Point PDF)
Feels the distribution of sources

Auto-correlation

I:eels the Huctuations OF the gho‘con ﬁeld

(induced bg the underlging M field)
Iz’ ﬁl Ij ﬁg — Cz'j 0) — Clw

Cross-correlation with
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Sl 1L
Feels the fluctuations of the Photon field and
correlates it to its origin (the unclerlging DM field)




Cross Correlations

Gamma rays x Galaxg catalogs (LSS) X—CORR DETECTED
Xia, Cuoco, Branchini, Viel, APJS 217 (2015) 15 Fermi x (SDSS + 2MASS + NVSS)

Regjs, Xia, Cuoco, Branchini, NF, Viel, PRL 114 (2015) 241301 «
Cuoco, Xia, Regys, Branchini, NF, Viel, APJS 221 (2015) 29 ¢

Sl'n'rasaki, Horiuchi, Yoshi&a) PRD 92 (2015) 123540 Fermi x SDSS LRG
Gamma rays x Cosmic shear X—CORR NOT DETECTED (YET ...)
[
Shirasaki, Horiuchi, Yoshida, PRD 90 (2014) 063502 Fermi x CFTHLenS
Shirasaki et al, PRD 94 (2016) 063522 Fermi x (CFTHLenS + RCSLenS)

Troester et al, MNRAS 467 (2017) 2706
Fermi x (CFTHLenS + RCSLenS + KiDS)

Gamma rays x CMbB lensing X—CORR DETECTED
NF; Perotto, Regjs, Camera, ApJ 802 (2015) L1 Fermi x Planck
Gamma rays X Galaxu clusters X—CORR DETECTED

Cuoco et af ApJS 228 (2017)\1/
Fermi x (redMaPPer + WHL12 + PlanckSZ)



Neutrinos from Earth and Sun
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Detector

Neutrino
Propagation

DM caPture
DM annihilation

and neutrinos from the Galaxg



Bounds on capturc cross section
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Bounds on annihilation cross section

Neutrinos from GC
IceCube-DeepCore 79 2010-2011
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Conclusions

e The solution to the DM Problem requires to identi@ (or disprove) its
Particle Phgsics nature: either way, New Phgsics is there

e This can be done onlg through a coordinated and multifaceted effort
which gets input both from:

— Accelerator PthiCS

— Astrophgsical ancl cosmological PrObCS

e WIMP Current tecl”miclues have started Probing the region of interest
It is the right moment to Push forward

o Non WIMP  The interest has been recentlfj strong|9 revived, new ideas
Window of oPPortunitg comp ementary to WIMPs

o A signal of DM is clearlg faint, but the oPPortunities are rich:
multimessenger, multiwavelength) multitechnique



