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Outline of the lectures

Principles of Partide cosmologg and as‘crophgsics

— FEvidences of dark matter

— Production mechanisms in the earlg Universe

— Connection to Par’cicle Phgsics beyond the Standard Model
— Identification of non-gravitationalﬂDM signals

Direct detection

Chargecl cosmic—-rags signals

— Electrons and Positrons
- Antiprotons
— Antideuterons

Electromagnetic signals (multi~wavelength)

- Radio
- Gamma~rags
- Anisotroples

Neutrino signals
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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”

GALAXIES : GAS . DM = 1:9 :90
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RUBIN (1970)
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SPIRAL GALAXY .
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PERIFERIC STARS ARE FASTER THAN EXPECTED
FASTER = MORE MASS

MUCH MORE MASS THAN LUMINOUS MASS
DARK MATTER



M33
HYDROGEN GAS
DOPPLER IMAGE
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Lens cquation

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

lLens CC] UatiOﬂ (can have multiple solutions) "‘-.\'.mage For weak Fielcls, itg the
‘ sum of the deflection

D ds . angles 4GM/b over

t]ﬁe mass omc the lens

6 — (9 D &(Dd@) source

Deflection angle

Projected mass clensitg

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

“N\, observer



The “Bullet cluster” (1E 0657-558)
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= Dark Matter

Neutrinos:

]

Stars:
0.5%

Free Hydrogen
and Helium:
4%

Dark Matter:

Dark Energy:
70%

Dgnamics of galax9 clusters
Rotational curves of galaxies

Weak lensing DM needs to be (mainlg) cold
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Energy density budget



o Dark Matter
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Dark Matter: what’s going on?

- Generalg Relativitg needs to be modified 7

_ The ‘anomalg’ we call DM is due to a behaviour of gravitg on Iarge
scales different from what Preclictecl 139 GR (ancl its Newtonian limit)

— Relic from the earlg Universe 7

- GR Worksjust ﬁne, DM is some new ‘stuff’

- A new elementarg Par’cicle
— Primordial Black Holes



Primordial Black Holes

PBHs are thou%]‘ﬁt to originatc from gravitational co”aPse of large Glensitg
fHuctuations in the earlg universe (Proclucecl bg various mechanisms)

Densit9 Perturbations Orr cntering the cosmological horizon can form a BH if:
W =0, < 0y < Omax = 1

The mass Zrows with the time at which tlﬂeg are Proclucecl

A @ 10 ( t ) Planck time (10 s): 107 ¢g
10-25 BBN time (Is): 10°Msin  (Mgyn =210 g)

Hawing evaporation: temperature and lifetime

hcd M.
Thpg = —— 107K =2
B = ks GM M

%) ’ PBH with masses below 107 g have

(M) ~ 10% yr (
M@ alreaclg evaporatecl
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\ Neutrinos:
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New fundamental Phgsics

) standard neutrino:
Too light: acts as H(-ish) DM, not C (~ish) DM)



A= Particle Dark Matter
»

\ Neutrinos:
0.3%

Stars:
0.5%

Free Hydrogen
and Hlium:
4%,

Dark Matter:
259

Dark Energy:

70% Non~bargonic (cochish) dark matter is
neede

No candidate in the Standard Model ©
New fundamental Phgsics

Two fundamental cluestions

- ldenti{g the Particle candidate

- ldenti{g a non-—gravitational signal



The Particle Dark Matter Crossroad

Particle Candidate: Models of New Physics
(Supergmmetrg, Extra-dimensions, ...)
Accelerator Searches

Cosmologg of the Astrol:)hgsical Signals of the
Dark Matter Particle Dark Matter Particle



COSMOLOGY
OF THE DM PARTICLE



Standard cosmological model

° Dgnamical clescription U. expansion

_ General Relativitg: Einstein equa’cion (gravitg)

- Cosmological Princi[:)le: the U. is sPatia”9 homogeneus and isotroPic

e Statistical c]escriPtion Thermal equilibrium and U. temperature T
_ The Universe can be described as a selﬁgravitating, Peritect Huid

~ Thefluidis multicomPonent (radiation, “matter”, ...)

_ Conditions of thermal equilibrium mag/mau not be met

° Microhpysical descrilation Particle cosmologg

_ The com[:)onents of the Huid are elementar9 dof. (Particles)
_ Their Phgsical ProPerties (masses and interactions) determine their behaviour

_ Boltzmann equation



Einstein cquations

1 8l
o = Iur = =3

gravity (geometrg} matter /energg

The Cosmological Principle determines:
g P

- face~time geomehy is determined bg a single function a (t)
[ he scale Fac‘cor] and bg a curvature Parameter k

— the U. can be described by a Pemcect Huicl, which posseses
an energy clensitg p(t) ang pressure P(‘c}

Einstein eq. take the form of the Friedmann eq.:

é 2_|_£—% p =
a a2 3 P

a 417G

o _ 3 lp =
” 3 (p+ 3p)



Gcomctry is connected to energy content

Density parameter (), = pi/pc 0= Z Q, =1
3H?
Critical densit =20
ritical density 0 e
Hubble parameter H(t) _ ¢
a

Hubble constant  Hy = H (o)




Typcs of fluid and dynamical evolution

Radiation (relativistic componont} D=0y / 3
“Matter” (non~re|ativis‘cic componont} D= 0
Cosmological constant p=—p

The evolution of the U. (I.e. of the scale factor in time) defonds on
its content (and on its goomotrg) , ad dictated bg the Einstein
equaﬁons

Flat Universe A Scale factor MD Universe Qu=0

RDU. a(t) =ag t/?
MD UL a(t) = ag t2?

AD (.  a(t) =ap exp Ho(t —tp)

A

14 _9_7 Today Log10(time/yr)




Evolution of the fluid

Conservation of the stress-energy tensor (l.e. of energg/ momentum)
determines the evolution of the Huid with the U. evolution (1.e. with a 1)

Ty <— p, D

p —4
radiation PR ~ Q

matter pyr ~ a3

I
| pA ~ const

N 7

Tocllag a



Statistical Propcrties of the fluid

The Huid is assumed to be in thermal/s‘catistical cquilibrium

Each species / has a Phase~space distribution E(P)

it equilibrium iIs met, a temperaturc T can be defined and ﬁ (P) depend onT
/= fermion: Fermi-Dirac
/= boson: Bose-Einstein

Numberdensitg n;(T) = /dgp fi(p, T)
Energy density pi(T) = /d?’p E fi(p,T)

2
p
7 — 3 o Je
Pressure p (1) /d p SEf (paz)



Tcmpcraturc dcpcndcncc

Relativistic | Relativistic | Non-relativistic
Bosons Fermions (Either)
| g | (3) g7 .(@1)3/2 —mi/T
v w2 i 4 ) x2 gi gi 27 €
72 4 7\ w2 4
pi | 559l (g) 3091 m;n;
Di %pi %Pz‘ nil” < p;
272 7\ 272
Entropy density S; 4—7T5giT3 (g) 4—7r5giT3
2
77 4
p(T) = o= g(T)T
30
272
s(T) = — g.s(T)T? S = sa® = const



Microphysical Properl:ies of the fluid

The ﬂuicl) at the microphgsical levei, IS comPosecl 139 elementarg d.of.
(Par’tieles)

The various components of the Huid may (or may not) be in thermal
equilibrium

Equilibrium is determined bg the occurrence of mutual interactions

(for 2-to-2 Processes)

elastic scattering YA —— vA kinetic ec]uilibrium

inelastic scat’cering XY — AA chemical equilibrium




Particle thermalization in the carlg Universe

oy A+—— YA
Thermallzatlon PFOCCSSCS X X
Yy «—— AA
Relativistic | Relativistic | Non-relativistic
Bosons Fermions (Either)
| BT | (2) Ly .(M)?’/Z —mi/T
i 2 Yi 1) 2 Yi 9i\ ox €
7'['2 7T2
pi g (%) 9T min;
1 1
pi 30 3P I < p;
_ . d3p; 3p; fi(E) fi(E) 0405
interaction rate (ov) = J &b dp; FilE) [i(E) 0ijvig

['=n(ov) :

H=a/a:

expansion rate

J @pi &p; fi(E) f;(E)



Particle thermalization in the carly Universe
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Thermal history of the Universe

Inflation
Quark Soup
Partina Camnany

o First Galaxies
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1 Second 300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe

Y Y

Plasma Phase

In this Primorclial Pl’)ase, U. evolution In this Phase, U. evolution is

is determined bg Particle determined onlg bg gravit9

interactions
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Detailed evolution of the Parl:iclc

The detailed evolution of each species in the Huid is governecl 139 the
Boltzmann equa‘cion:

Liouville oPerator Collision ol:)erator
For the Friedmann U.
' ot a OF

The collision %Perator contains the detailed information on all Possible
interactions of the /species with all other sPecies in the Plasma

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



Collision oPcrator
O[fzv fj?fka ] — Celastic[fi; fj7 fk7 ] + Cinelastic[fi; fj; fka ]

X X

Flastic process kinetic equilibrium
a a
X a

Inelastic process chemical equilibrium

X a
Both processes are able to mo&iﬂj the Phase~space distribution E(P’T}

Elastic processes: do not moclifg the number clensitg n.(T)
Inelastic processe: do modifg the number clensitg n.(T)



Boltzmann eq. for the number clensitg

After integration over momenta (ancl some mathematical manipula‘cion) a
Boltzmann €q. For the number density can be castin the 1Corm:

CCZZ—?Z = —3Hn — (ov)(n® — ngq)
Vi 1 N
/
dilution due to expansion
dilution due to annihilation
a Procluction due to inverse annihilation



Abundance evolution
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Abundance evolution

t (ns)

1 10 100 1000
UL 1 I lllllll I 1 ||||||| 1 ) lllllll
my =100 GeV

Y =n/s

10— 4
106

108
Y 1p-10

fon L

T (GeV)

The universe cools down Par’cicle n equilibium

X a



Abundance evolution

t (ns)
1 10 100 1000 8
Y:n/s N DA I BN 10
—4 my =100 GeV
10 x 106
10—6 non-relativistic 104
at clecoupling
108
Y 1p-10
10—12
10— 16 "
X a 10
T (GeV)
The universe cools clown Par’cicle cletaches From the Plasma

X a “freeze-out” of its abundance



Abundance evolution

t (ns)
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The universe cools clown Par’cicle cletaches From the Plasma
X a “freeze-out” of its abundance



Abundance evolution

t (ns)
1 10 100 1000 8
Y — n/S ] llllllI ] I llllllI I ] llllllI ] ) IlllllI 10
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10 104
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10 102
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Freeze-out mechanism

Freeze-out tem Peratu re

z¢ = 1n[(0.246)(0.145) mpy Mp g g*_l/Q(:Uf)<0annv>

(zf = mpwm/TY¥)

Relic abundance todag

1/2
On? — 8.5 10-11 &2
gxs(Ty)

GeV ™2

(

O_annv> int

)

—1/2
(zg) Lf

]



The WIMP “miracle”

WIMP: Weaklg lnteracting Massive Particle

my ~ (GeV + TeV)
2
(Cann®) ~ (EGF)? miyy ~10710¢? ( - ) GeV 2

weak type GeV
1071
ann ~ ~ 10_9 —2
na’cura”g Qxh2 ~ (0.1

X~ (10 = 30) cold relic



In more details

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

non-relativistic

X
! (E) ~ mpwm

Gr Fermi limit

Qh?

O.1

gk

Few GeV Lee-Wei nberg bound



In more details

4
2

m > My O-annv ~ § = q ~ (2 mDM)

mDM

Qh2

i
/




O.1

Summarizing

matches thc obser\/ed Value
of CDM abundance

Few TeV

BHOWCCI mass range



Oh?

O.1

Dcpcnclcncics

i <ov> increases

Few TeV



Dcpcnclcncics

0 h2 i <ov> decreases

O.1

GeV Few TeV
Additional features
Poles (Z, H, others) mpm ~ Mz /2, M /2
Coannilﬂilations ™MpDM "~ Mgligthly heavier state

Sommerfeld enhancements light mediator



The WIMP “miracle”

Looselg speakinga WIMP with:
- Mass: sligthelg sub-GeV to multi<TeV
- Interactions: weak tg[:)e

can succesFulgj explain the observed abundance (and
structure) of dark matter in the Universe
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Inflation
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Light thermal relics

relativistic at Aecoupling

l HDM
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Light relics as HDM (e.g neutrinos)

Q,h? < (Qpmh?)

Oh?

Q h2 _ Zz iz
g 93 eV
= 0.13
A
Massive hot relic

> Zmz-§12eV

Cowsik-McClellan bound

d
v



Summary for a thermal relic
(with weak type interactions)

A
QOh? warm

TN/

. \/

eV GeV TeV
hot colcl



E:arly Universe

Today - 14 hillion years - A
Life on earth - : » rF =

Acceleration - o 11 hillion years
Dark energy dominate! S R TN

Solar system forms\ #

Star formation peak — [l Gravitg Phase
Galaxy formation era\ \ '

Earliest visible galaxies - 700 million years
L J

. . ’A‘
Recombination Atoms form \— 4 00 00
Relic radiation decouples (CMB) ‘ &
.= S

>«

Matter domination —— 5,000 years
Onset of gravitational collapse =

Plasma Phase

Nucleosynthesis ‘ ’ 3 minutes

Light elements created - D, He, Li |
Nuclear fusion begins —— 0.01 seconds

. -1 R Particle can be
Quark-hadron transition — 1 1€+ l"l ” , Cl
Protons and neutrons formed . ': e e therma 9 excite

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition F——10'
Electroweak and strong nuclear 2
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




PRIMORDIAL FLUCTUTAION AT CMB

GROWTH OF PERTURBATION BY
GRAVITATIONAL INSTABILITIES

DARK MATTER ACTS AS

KEY ELEMENT (AND IS
REQUIRED TO BE
EFFECTIVELY COLD)

STRUCTURE FORMATION
(GALAXIES, CLUSTERS, FILAMENTS, VOIDS)
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Why cold? Power Spcctrum

Describes the densitg contrast of the Universe as a function
of scale

large scales: linear 108

Wavelength A [h~! Mpec]
1000 100 10 1
— T T

small scales: non-linear

e
o
-

spectrum P(k) [(h-! Mpc)3]

_)
— /0(33) T /0 1000 0
5 (Qj) p— —
100
. - sSmi ckg
o
g ® SDSS galaxies
j 10 # Cluster abundance
§ E = Weak lensing
5 A Lyman Alpha Forest
. F &
Fourier Transtorm
1 rllllllll ' llllllll s ' lllllll L L ' Ll LAl
0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]

\4

(3(k)3(K")) = (2m)°6° (k — k') P(k)

Measures the variance of the clensitg contrast



P(k) (Mpch)®

Neutrinos as HDM

HDM: erases densitg contrast (structure) on scales smaller than the

free-stremi ng, cale

TTTTTIT T T TTTToT T T T TTTTIT T T TTTTT 12
T
10° & ’ 3 1
B yd ]
i e ] o 08F
/ -
3 =
107 E = =
F 3 & 06}
. ] =
- 5 & 04t
10? = No V's - === 5
- f=0 —— 3 02}
N £,=0.1 ]
=1Ll | L1t | L1t | L1111y 0
10° 107 107 1074
k (h/Mpc)

103 1072 107" 1
k (h/Mpc)

Dominat HDM is in contradiction with observations (SDSS, 2dF)
Neutrinos may contribute, but onlg subclominantlg

CMB+SDSS+2dl )y ", < (0.9 + 1.7) eV

Atm. neutrinos

Am2, = 0.047 eV

Qh* < (0.0097 + 0.018)

Qh2% > 0.0005




Succesfull DM candidate - Recap

o Neecls to ]:)e Producecl n the earlg Universe

e Needs to be “cold” (or, at |east) “warm” enough)

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

Qh? ~ (ov) ! > (00)ann = 3 - 107 %cm’s ™!

ann 1 J
UﬂlCSS COaﬂﬂlhllathﬂ OCCUurs

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

e Need

e Need

s to

s to

be neutral

be stable (or, if it clecags, it needs a lifetime

Iarger than the age of the Universe)



Alternative mechanisms

The standard Paracligm for WIMP CDM is a thermal 53mmetric relic (.e.
Particle ancl antipartlcles have the same number Aensfcg)

Partial thermaliztion

- Freeze~-in, E-WIMP, FIMPs

Asgmmetrg between Particle/ antipar‘cicle

— The relic abundance is set bg the asgmmetrg) not thermal freeze-out
- This may link DM abundance to baryon asymmetry

Non~thermal Procluction

- DM Proclucecl 139 the clecag of a heavier Particle

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



Freeze-in mechanism

Y =n/s
10~4

106

108
Y 1p-10

fon L

t (ns)
10 100 1000

I I I
my =100 GeV

T (GeV)

Par’cicle never in full equilibium



Asgmmctric DM

Asgmmetrg can ariSC ]DCCBUSC O{::
— Initial conditions (quite fine tuned)

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

1078
- — Y no=10210"1" -
10_9§ — Y 0'0=7pb
E — X mDM:4.5GeV

10710 |-

10~11

Comoving density Y(x)

10712 -

10—13 ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! |



Asgmrnctric DM

Ny 7 Ny Qh* ~ [y — ng|my

Q

Examlole: P, SR
0y

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

2y L ‘nx —n>—<|mx My model clepenclen

—= = ~ k—=

0y NN ma link (DM,B) needed
ik ok~1 my ~ >my ~ 2 GeV

Asgmmetrg may occur also without a lin|< between DM ancl 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

NN —— Ny
X x Tlx XN
m
Q, = —XQn depends on <oy v>
X ma ( P N )



From oscillations

ve  sterile neutrino

NCCCIS to ]D@ V€T’9 weaklg mixecl

sint(20) ~ 107 — 10712
mvs ~ ]O KCV



PARTICLE DM AND
PHYSICS BEYOND THE STANDARD
MODEL



Standard Model

Normal particles/fields SU(?))C ® SU(Q)L ®U(1)y
Symbol Name

q=d,c,b,u,s,t quark

l=e,u, T lepton

V = Ve, Vy, Vr neutrino

g gluon

W= W -boson

B B-field

w3 W3-field

HO Higgs boson

No viable DM candidate Present I



DM strcngth of interactions

o Weak

— Liglﬁt (standard) neutrinos, (heavier) RH neutrinos (...)
— Weakly lnteracting Massive Particles (WIMPs) Paradigm for thermal CDM

- ()

e Strong-type

O T

— Mirror DM
— Technicolor DM

- ()

° GravitationaLtg pe

— Gravitino

- ()

° Electromagnetic

— Open window if 100 (qx/e) “2< my < 1078 (qx/e} TeV?



DM stability (or significantly long-lived)

e Accidental/ automatic/just—-so stabilitg

— Neutrino
— Minimal DM
— Axion

- ()

e Discrete sgmmetrg imposecl

— R~ Paritg: supersgmmetric models

— KK~Parit9: extra-dimensional models
— T~Parit9: “little~higgs” models

— Z,-simmetry: inert doublet models, (...)
- (..)



Particle

neV keV  GeVTev

neutrino v

neutr

1
|
1
1
1
n
1
1
1
1
1
1
a
I
1
1
1
1
1

Feeesseeds

IMP

i SH-DM -
| a
E ﬁgﬁﬁ%}ﬁé N ]
B E gﬁav1tﬁnoig3/2 N
I lI“éilvl II Illkielvl G?VI i 1| III MPUT
~18-15-12-9 -6 -3 0 ?:» 6 9 12 1518
/i GeV)

Physics scales

“Strong (~ish)”
Selxc~interacting
Technicolor DM

“EM (~ish)”
Mi”icharged DM
Electric/ magnetic dipole

Weak
WIMP

Gravitational



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



Standard Model

Normal particles/fields SU(?))C ® SU(Q)L ®U(1)y
Symbol Name

q=d,c,b,u,s,t quark

l=e,u, T lepton

V = Ve, Vy, Vr neutrino

g gluon

W= W -boson

B B-field

w3 W3-field

HO Higgs boson

No viable DM candidate Present I



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 qr,, 4R squark q1, G2 squark
l=e,u, T lepton I, 1R slepton l1, ls slepton
V = Ve, Vy,Vr neutrino 1% sneutrino 1% sneutrino
g gluon g gluino g gluino
W=+ W -boson W wino A
H~ Higgs boson ﬁl_ higgsino 3 ng chargino
HT Higgs bosonl||| A ; higgsino )
B B-field B bino )
w3 W3-field w3 wino
h HY scalar Higgs bosonl[| - o > )2(1),2,3,4 neutralino
0 lar ) H; higgsino
H | HJ sca Higgs boson . e
A Hg Pseucloscalar Higgs boson 2 1885110 <
HY H
2 Higgs doublets H, = 1 H, = i



SUSY extension of the Standard Model

Normal particles/fields Supersymmetric partners
Interaction eigenstates Mass eigenstates
Symbol Name Symbol  Name Symbol  Name
q=d,c,b,u,s,t quark qr, 4R squark q1, G2 squark
l=e,u, T lepton I, lp slepton l1, ls slepton
V = Ve, Vy,Vr neutrino 1% sneutrino 1% sneutrino
g gluon g gluino g gluino
W= W -boson W= wino )
H~ Higgs boson || H 1 higgsino 3 ng chargino
HT Higgs boson JE[ ; higgsino )
B B-field B bino )
w3 W3-field w3 wino
h HY scalar Higgs boson 0 _— > )2(1),2,3,4 neutralino
H HS scalar Higgs boson ]1'[%) h%ggSTno
A Hg Pseucloscalar Higgs boson 2 122S1No y

Neutral Particles: sneutrinos, neutralinos [gravitinos]

SUSY breaking — massive SUSY partners

R PARITY > | LSP: stable
A+ B — X +Y
X — Y+ A+ B




Neutralino in a gcncric MSSM

N 1055\\HHH [T T 1T T TTImy T TTTm T TTTImmy T 1T T 1T T TTTT \HHHI' IHHH\L:&LHI%
<. - i
C} 104;_ .::. o _|

10°-

10%-

10-

JHIHI| | HIJIH‘ L L1

f

I \IHH‘
IJIJIH\

107 . E
107 s .
- N E
0% SRR -
- higgsino - gaugino -
10'5 7\ HHIH| | IIHIH‘ | IIIIHI| | HHHI| | IIHIH[ | HIHTI‘ | HIIHI| | IIHIH‘ | IIIHH| | HHHI| | ||HIH| | IIIIM

10°10°10%10310210" 1 10 10% 10° 10* 10° 10°
Z,1(1-Z,)



Sneutrino dark matter

MSSM at the EW scale with terms that induce neutrino masses
(Mag} Address DM + neutrino mass in the same sector

1 E E
0.1 ;.— ---------------------------------------------------- —.;
10-2 — —
& 2 :
(@] L ]
10 E
10-5 Loiail L gl L
101 102
m, (GeV)
LeFt+Right models

103

1072
a =
S :
C L
L o0
1073 @or‘?%oo% =
F ¥ e 00%00 ¢ ]
1074 | .
= & B
10—5 L1 1 || L 1 L | I I | | @ | 1 L1
10t 102
m, (GeV)

“Majorana” models

108



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, = Mo T 72| n=1,2,... KK states

KK parity > |LKP: stable




Minimal models

X(ilp) + M)X Fermion multirlet

L =Zsu+c ,
oM D, X|>— M?|X|?> Scalar multlp et
Quantum numbers DM can DM mass  mpy+ — mpu Events at LHC ogr in

SU(2)., U(1)y Spin | decay into in TeV in MeV [ Ldt =100/fb 10~ c¢m?

2 1/2 0 EL 0.54 £+ 0.01 350 320 = 510 0.2

2 /2 1/2 EFH 1.1 +£0.03 341 160 = 330 0.2

3 0 0 HH* 2.0£0.05 166 0.2=1.0 1.3

3 0 1/2 LH 2.4+ 0.06 166 0.8=4.0 1.3

3 1 0 HH,LL 1.6 £0.04 540 3.0=10 1.7

3 1 1/2 LH 1.8 £0.05 525 27 =90 1.7

4 1/2 0 HHH* 2.4+ 0.06 353 0.10+0.6 1.6

4 12 1/2 | (LHH®)  24+0.06 347 5.3 + 25 1.6

4 3/2 0 HHH 2.9+0.07 729 0.01 =0.10 7.5

4 3/2 1/2| (LHH) 264007 712 17595 75

5 0 0 |(HHH'H) 50+01 166 <1 P

5 0 1/2 _ 4.440.1 166 <1 12

7 0 0 — 8.540.2 166 <1 46

Renormalizable clecag modes absent:
Fermions: n>5
Scalars: n>7




Further models and candidates

e Models with additional scalars
— Singlet
— Doublet (e.g:2 higgs doublet model)
— Triplet

e Models based on extended sgmmetries
- GUT inspirecl
— Discrete sgmmetries

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

o Axion eV, non WIMP, cold]
o ALP (axion~li‘<e~Particles, Iight scalars)



Axion

e AXIONs arise as a clgnamic:al way to solve the
strong—CP Problem

e Being Partic:les, theg can have a c:osmologjcal role

° Theg can be DM

—~Therma”9 Proclucecl: HDM
— Non~therma”9 Proclucecl: CDM



The CP Problem of Strong | nteractions

vV a s v Aa
Locp = Zq ip— myet)q — —G“ G — 05 GEV Gl

CP-odd
No effect in Pertu rbative QCD

Remove phase of mass term by chiral transformation of quark fields
P Y 9

q— 6”50‘q

/. 1 v a 1% a
LQC’D — zq:Q("»lD_ mQ)q T ZGZL GMV o [9 —0 ]Sﬂ_GM G

0=1[0-0, — [0—argdet M,

QCD Flavor



The CP Problem of Strong | nteractions

This term can induce a neutron electric clipole moment (T~vio|ating quantitg)

e|0]m3

dy, ~ ~ 1071%4| ecm

3
mn

Experimental bound

d, <2-107%%ecm

The thc‘ca~Paramc‘cer has to be extremclg small — Whg?

0] <1071



Strong CP Problem

QCD vacuum energy V(0)

Ec]uivalent

Equivalent

|
— 2T —TT +1T +21

CP conserving vacuum has ©® = 0 (Vafa and Witten 1984)
QCD could have any—m <0 <+, is “constant of nature”
Energy can not be minimized: © not Clgnamical

Peccei-Quinn solution:

Make Q) clgnamical, let sgstem relax to lowes‘c energy



Dgnamical Solution
Peccel & Quinn 1977, Wilczek 1978, Weinbergl978

Solution: re~interpret O asa Aynamical variable, which is 4V (a)
driven to zero 139 clgnamics

©=0

Assume a global U@ PO sgmmetrg which is sponstaneouslg broken
axion a(x) Pseuclo scalar field

Pseuclo Nambu-Goldstone boson of the symmetrg breaking

Oug Settozero bg QCD clynamics
a

(g L Csguaa _ Lau
Lef <9+ fa) 87rGa Gl 2@ ad,a + (...)

l a(r) — (a)+a(z) (a) = —0fa

a o ~ .o , .
—_ —SG';“/GZV Tl‘llS 1S lﬂdUCCS axion PFOPCFtICS

fa 87



AXIon mass

@) -
12

Axion Propertics

\ 108 GeV
el ma ~ Agep/ fa ~ 0.1 eV( 7 >

Axion coupling to Photons, protons, neutrons and electrons

o]



Cosmological abundance

AX’OHS log(ﬂa) 4 Non-Thermal Relic Thermal Relics
T+ T4— T+ a
Qpy
; : + log(my)
10 peV 10 eV
Neutrinos ]Og(Qa) A Thermal Relic
WIMPs

Qp

» log(m,,)

10 eV 10 GeV



Axions/ALP search strategjes

Serches tyPicang rely on the axion~Pho‘c0n couplin% which can Procluce
axion~Photon conversion in a magnetic field (Prima otf egect):

YPANANS - - = - = a
1 N
ﬁaW:_ZgaWaF'FzgawaE'B MNE

Light shining through walls , ¢

.
Haloscopes (axion DM) L+J
T

Helioscopes (axions from the Sun)

Cooling of stars

(..



Axions and ALPs

—
]
o

,_I('\ E I T TTTT T T | IIIIIII| | IIIIIII| T TTTTT | IIIIIII| | IIIIIII| | IIIIIII| \
5 S .
-3 109 ] Techmclues:
0 = A= Shine through wall
" 10710 (ALPS, OSQAR)
.= N - He ioscopes
3 107§ =
S , - (CAST, IAXO)
o ] - 4 E -
g " g_trans rend /! : white dwarf = Ha O5COPES
< i ﬁ 9 T~ ooling - (ADMX)
Q. 108 int i NG ,
| = \ hint 3 Magnetic resonance
S joub < | N (CASPEY)
> = = | =
QM = % l ) l . -
10_15 :_ cilassicail axion _:
§ @44) window §
10-16_ | |||||lll lJllIIIlI | Jlllllll | IIIIIIII ! L | IIIIIII| | IIIIIII| | IIIIIII| | IIIII;
10 107 10°® 10° 10*]| 10 10?2 10" 1 10
AXion mass m,;..(eV)

QUAX: higl"lﬂCFCC]UCﬂCH magnetometer
axion-electron coupl n 24



LABORATORY SEARCHES



WIMPs at accelerators

Effective
Field Theories

Simplhcied
Models

Complete
Theories



Effetive Field Thcory

e Sistematic stuclg of the Effective Field Theorg aPProach
o Mono-X + missing ET where X = Photon) Z, higgs) top, ...

DM type: S, 5V C...)

ET oM, Mpm
coupling structure(s, v, t)

A: EFT scale and Valiclit9




Set of opcrators

Name| Operator |Coefficient
D1 XXaq myg /M
D2 XV°xaq | img/M;
D3 Xay’q | img/M;
D4 | X°xqv’q | me/M?
D5 | Xv*XqVuq 1/M?
D6 | Xv*v°xqyvuq | 1/M;
D7 | xv"xqwPq | 1/M?
D8 | Xy xqvy’q| 1/M:
D9 | xo"xqouwq l/Mf

D10 )ZJW’y5xcjaa5q i/ M2

D11 | xxG.G* s /AM
D12 | xv’XG W G* | ias/AM?
D13 | xxGuG* | ias/4M?
D14 )‘(75xGWGW s /AMS

Name| Operator |Coefficient
C1 X' xaq mg /M
C2 | X'xq¥°q | img/M?
C3 | X"Ouxayq | 1/M?
C4 |XTouxqy'vPq| 1/M?
C5 | X'XG WG | as/4M?
C6 XTxGWéW icvs [AM?
R1 x2qq mq/ZM*2
R2 | X°q7°q | img/2M?
R3 | X*GG" | as/8M?
R4 | x°GG" | icg/8M?
D: Dirac fermions

C: Complex scalars
R: Realscalars




Simpli{:iccl models

o EFT > Simplhciecl Models ———— UV
ComPlete
q < DM q @ DM
& 2
6% o /
“mediztor”
(Portal) \
q DM q DM

EFT

DM type: S, F; V ...)
Portal: S,FEV, T

g(med) c])

Simpliﬁecl Models

Z(oM,med) Mpm

[ed  Mimed channel

Er



Complctc models: e.g. SUSY

mSUGRA 4 Paramctcrs High~cnergg related Vcrg constrained
Non-Universal 442, 4+5, 4+N High~energg related Somehow less
SUGRA Parameters contrained
MSSM 115 Parameters Low energy Maximal freedom
PMSSM 20 Parameters Low energy Verg free

..) ..) (.. ..

To have DM:

Neutralino or sneutrino need to be the LSP
R~Parit9 needed to ensure the LSP is stable
| SP relic abundance need to match (or be sma”er) than observed value




omplcte models: e.g SUSY

q/b/t
q/b/t

q/b/t
q/b/t

X9 X3
10

(d)

Vs=13 TeV, 36.1 - 79.8 b September 2018 —— ==
= L AL S L b pp — §g, §—-ttx] July 2018
D C g—n@° omp. (171202321 ATLAS Preliminary_] ; 2000j' L L e |_7
% 3500: G- bb/ > 3 b-jets [CONF-2018-041] I'y ] Q CMS 35.9 fb! (13 TeV) 1
OESF F g tiy° >03b]els+ > 2 lep. SS [CONF-2018-041, 1706.03731] 1 g 1800_ —1704.07781, 0-lep (HI™) i ected_'
€ 3000 3~ WL 0lep.+1lep. [1712.02332, 1708.08232] 1 &5 E —1710.11188, 0-lep (stop) P 1
[ G- qWzz’ 27-11jets +11lep. + 2 2lep. SS ] € 1600j—1705.04673,1-Iep(MJ) —Observed |
r [1708.02794, 1708.08232, 1706.03731] 1 r };gi-g?g;;' ;_elp (A9) . |
2500 G- qa(ivv)i via 79 2 lep. OS SF + > 3 lep. [1805.11381, 1706.03731 1400:_ _1710:09154: 23_:5 (same-sign) _:
F > 11 [1808.06358] ] F ]
2000: > 17[1802.03158] 4 1200 E E
[ Allimits at 95% CL ] 1000 -
15001~ = 800F- 3
r ] 600 -
1000 3 s 1
] 4001~ .
500 \\ 3 2000 _ E
\\n\ r i

1000 1200 1400 1600 1800 2000 2200 2400 obu b oo o o L

800 1000 1200 1400 1600 1800 2000
m(g) [GeV]
© my [GeV]



Complctc models: e.g SUSY

- -0 ~o
e \\\ X o~ Xl
IR SR
p v p 1574 v
b 14 b 14
(a) (b) (©)
t b b v
v ~ P N
- ~ ~ B t -~ __ 5
t_ X b Xt TR ¢
~ ~ VR =~ ~
\\\ ~ Mol ™ Xl ~ ,,\\ T1 =~
7 X1 7 X3 7 -<- G
p p W p -
t b b v



Complete models: e.g SUSY

p h/Z /L b




Non-WIMPs at accelerators

Light DM at the MeV-GeV scale:

— Dirac or Majorana fermions
— Scalars o Pseudoscalars
_ Asgmmetric L.DM

— Dark Photons

Mediators:
— Vector Portal
~ Higgs Por‘tal
— Neutrino Portal
— Axion Portal

Search of visible clecags (ete) and invisible cleca95

RICI"I experimental Program:
— Hadronic beams
— Electron beams
— Meson clecags



Electron beams

o | NFF: PADME + BDX (Beam Dump eXPeriment)
— Linac at1-1.2 GeV, up to 1020 EOT/gear

o JLab: BDX (HPS, APEX, DarkLight)
— Beam: 12 GeV, 10% EOT/year

e MAINZ (MESA): BDX
— Beam: 150 MeV, 102 EOT/ year

e Cornell: PADME-like
— Beam: 5 GeV

o Belle:
— Trigger monoje‘c to search for “heavg Photons”



NON — GRAVITATIONAL SIGNALS
OF
PARTICLE DM




Dark Matter

e DM evidence is Pure|9 gravitational

— Galaxg clusters clgnamics

— Rotational curves of sPiral galaxies
— Gravitational Iensing
— chlrocl namical equilibrium of hot gasin galaxg clusters
— Energy ﬁudget of the Universe

— The same theorg o1c structure Formation

e This evidence can be ascribed either to:
— Modification of the theorg of Gra\/itg (clhq:icult to explain all observations}

- Elementarg Particle, relic from the earlg Universe

» No viable candidate in the SM: New Phgsics BSM

> However, to demonstrate that DM is a new Particlc, a
non~gravi‘ca’ciona| signal (clue toit’s Particle Phgsics nature) is
neecrécl




A multiplc aPProach

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

— Multimessenger, multiwavelength, multi’cechnique strategy

o Accelerator / Lab 5igna|5
— Produce New Phgsics states and help n shaping the unclerlging model
— Allows (hopeﬂx”g} to iclenthcg the Phgsical Properties of the DM sector

— Contro”ecl environment

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



Mechanisms of DM signal Production

X | 49 7 WHH

Annihilation (or Accag)

X I 9 7 W™ H
X X
Scattering with or&inarg matter
q q
et ¢ X
+ other states Production at accelerators

e q X



Mechanisms of DM signal Production

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

Signals occur in as‘crophgsical context

Directly test DM the Particle~PhgsiCS
nature of DM

Signal Proclucecl in accelerators

Directlg tests New Phgsics: com atibilitg
with DM needs to be cross-checked
with cosmologg adn astrophgsics



DMasa Particlc migl'nt

Interact with orclinarg
matter

Self annihilate or clecag

Inside our detector
Direct detection

Produce effects in astrophgsical
environments, like in stars

Send us messengers
Indirect detection

Exotic injections that can alter

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



Direct detection signal

X X

Scattering with ordinarg matter
d q
Nucieus

Relevant particle phuysics properties:
P phgsics prop

1. Scattering cross section
2. Mass of the DM Par‘cicle

Oscatt

1+2: Size of the signal
2 Spectral Features omc nuclear recol




Indirect astrophysical signa's

_.l_
X | 4 Z WTH L4 2 wH
Annihilation Y
orclecag
X I 49 Z W™ H 14 7 WoH



Indirect astrophgsical signals

X 19 Z WtH
X lle z W H
67#77-
6::
Ve, Vyy Vr
YFSR

Annihilation
or clecag

| 9 Z WTtH

| ¢4 Z W™ H

Which channel is open clePcnds on

the mass of the non-relativistic DM
Particle

m; < MpM

m; < mDM/2

ann

decay

The maximal energy of the final
rocluct also depends on the mass

P

@)

f the DM Par’cicle

E<mDM
E < mDM/2

ann

decay



Indirect astrophgsical signals

9|2z WTH

| 4 Z WTH
Annihilation Y
or CICCBH
ez wen Il 49 7 W™ H
. n. heavier Barions Which channel is open depends on
hadronizazion P, 1t the mass of the noE~re|atE/istic DM

7r0,7ri, heavier Mesons Parﬁcle

v

m; < MpM ann

Z_/)7 D’ He m; < mDM/2 clecag

/y j— The maximal energy of the final
6 — Product also dejpends on the mass
of the DM Par’cxcle

V€7VM7V7- E < mpwm ann
E < mpm/2 clecag

YEFSR



Indirect astrophgsical signals

I 9|\Z WTH

| 9 Z WTtH

Annihilation Y
or clecag

I 4\Z W™ H

| ¢4 Z W™ H

Which channel is open clePcnds on
the mass of the non-relativistic DM
Particle

m; < MpwM ann

Z_?p D’ He m; < mDM/2 clecag

The maximal energy of the final

e + ggzﬁg% as;aégﬁznds on the mass
V@)”}L?V’T E < mpwm ann

E < mpm/2 clecag



Indirect astrophysical signals

+
X | ¢« Z WHH L g 7 W

Annihilation Y
or clecag

X I 4 Z W™ H 14 7 WoH

Relevant Particle Phgsics Properties:

b
1. Annihilation cross section @ (or clccag rate) A
2. Mass of the DM Par‘cicle (ov)
5. BRin the different final states r

+2: Size of the signal
2+5: SPectral features

mpm
) Determines also the cosmological relic abundance (For a thermal DM)

Qh? =0.11 +— (oanuv) = 2.3 x 107%° cm?® 571



Neutrino signals from Earth and Sun

5cattering with ordinarg matter

Detector

Cal:)ture
q q
X | 49 Z WTH
Annihilation (or clecag)
Generation of the neutrino signal
X I 9 7 W™ H
Relevant Particle Phgsics Properties: "

I. Scattering cross section

2. (Annihilation cross section)

3. Mass of the DM Par‘cicle

4. BR in the different final states

1+2:Size of the signal
A+4 . Spectral features



The Multimcsscngcr Lanclscapc

X/gamma rays: IC on radiation felds

7

radio: synchnro on ambient mag fields

A

A

X rays
di , ce+,e~ —
radio neutrinos ,
antlproton
e+,e~- antideuterium
infrared X/gamma rays | gamma rays
neutrinos neutrinos neutrinos
| I I I
| | | | >
eV keV MeV GeV TeV My

WIMP



Multi: mcsscngcr/wavclcngt‘h/tcchniquc

WIMP WIMP
non WIMP non WIMP WIMP
radio IR X gamma
Photons
Cosmic rays electrons/l:)osi‘crons WIMPF, non WIMP
antiprotons, antideuterium, antinucle WIMP
Neutrinos WIMPF, non WIMP
Gravitational waves non WIMP (DM = Primordial BH)
Direct detection WIMPF, non WIMP

Accelerator searches for New Phgsics WIMF, non WIMP



Where to search for a signal

DM s Present n:

— Qur Galaxg

> smooth component
> subhalos

_ Satellite galaxies (dwarfs)

— Galaxg clusters

> smooth component

> individual galaxies

> galaxies subhalos

— “Cosmic web”




Galactic environment

DiIsK DARK MATTER HALO

View from the side

DIFFUSIVE HALO

HELIOSPHERE

Galactic signals

Direct detection
Electrons/ Positrons
Antiprotons
Antideuterons
Photons (From radio to gamma rags)
Neutrinos



DARK MATTER HALO

LocAL DM HALO

DIFFUSIVE HALO

HELIOSPHERE

Galactic signals

Direct detection

F‘eels ony the local DM &ensitg
Feels how DM is |oca”9 distributed in velocitg space

S ~ p(Tlocal) X flocal(v) X ODM—matter] ! !




DiIsK DARK MATTER HALO

Local DM 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 5ig;na|s
Neutrinos :Crom earth and sun
X | 9 7 WtH
Feels ony the local DM densit L .
, L , ) For the generatnon
Feels (somehow) how DM is locaug distributed in veloc;tg space of the neutrino
signal

~ X F _ nn
S P(Tlocal) ODM —matter, 9a 1 49 Z W™ H




DiIsK DARK MATTER HALO

DM HALO PROFILE
SUBSTRUCTURES

DIFFUSIVE HALO

HELIOSPHERE

Galactic 5igna|s

Direct detection

Electrons/ Positrons Y 1 4 7 WHH
Antiprotons

Antideuterons

Photons (From radio to gamma rags)

Neutrinos from the Galaxg X 1 ¢ 7 W H




e
’ GALACTIC DIFFUSION
ENERGY LOSSES

™

Galactic 5igna|s

Direct detection

Electrons/ Positrons
Anti Protons
Antideuterons

TRANSPORT IN THE HELIOSPHERE

p,D

HELIOSPHERE

S ~ F[p?(r), diffusion, energy losses| x

Uann

2
Mpm




DiIsK DARK MATTER HALO

14— — 18
log S ( M kpc®sr?)

Gamma rays
prompt (m° clecag)
IC from e+/e- on ISRF

Radio
DIFFUSIVE HALO sgnchrotron emission from
e+/e~-on galactic B

Galactic signals -

0} +
2 ann X Il 9 7 W™H
Sprompt ~ /dllosp (T) X 2

MpwMm

Plﬂo’cons (From radio to gamma rags)
Neutrinos from the Galaxg X 1 ¢ 7 W H




Extra-galactic environment
ga

Extragalactic signals

Photons: gamma, X, radio

Neutrinos

Sungaev-—Zelclovich effect on CMB

Optical Glepth of the Universe

X 1 9 Z WtH

EG-MSII
-1.0 3.0

X Il 9 Z W™ H



DIRECT DETECTION OF DM
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"A piece of dark matter appeared from nowhere and... you know."



DARK MATTER HALO

LocAL DM HALO

DIFFUSIVE HALO

HELIOSPHERE

GALACTIC SIGNALS

DIRECT DETECTION

F‘eels ony the local DM &ensitg
Feels how DM is |oca”9 distributed in velocitg space

q q

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



DM DISTRIBUTION IN GALAXIES



Galactic environment

disk dark matter halo

View from the side

How DM is distributed in the Galaxg?

ditfusive halo
How much DM is there?

1pc=3.26ly



The vanilla model: isothermal spherc

G
/U(% = Urot (R@) — R_@[MViS + MDM]
v 1 vo 1%+ 3RZ
pom(n) = 126G 72 " InG (% 1 R2)2

unphgsical at small r

f(v) = Nexp (—v*/vg)



Numerical simulations

Cold Dark Matter N~boclg

Gas Coolings) Photo-ionization

Star formation, 1ISM model

Stellar evolution Hgdrodinamica
Stellar feedback (winds)

Black holes and SMBH feedback

Volume: (100 MPC)5
DM Particles/ce”s: 107 - 101°



—dlnp/dInr
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Sln y

Dcnsity profilc: smooth componcnt
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From numerical simulations

Navarro et al., arXiv:0810.1522



CDM: Subhalos
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Most subhalos are in the outer halo

Springel et al., MNRAS 391 (2008) 1685
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From numerical simulations

Vogelsberger et al., arXiv:0812.0%62

Vogelsberger et al., arXiv:0812.0%62



“«Canonical® halo

,0(7“) — pog = 0.3 GeV ecm ™3 Some determinations [-7]
q Po = 0.385 4+ 0.027 GeV cm ™3 (Einasto)
p(r) — 7~ [r— 0] po = 0.389 4+ 0.025 GeV cm ™3 (NFW)

21 pg = 0.43(11)(10) GeV cm ™2

vo = (220 &= 50)km s—1
Vese = (450 = 650) km s~

11 Catena, Ullio, arXiv:0907.0018
[2] salucci et al. arXiv:100%.%101
[3] Pato et al., arXiv:1006.1322



“«Canonical® halo

,0(7“) — pp = 0.3 GeV cm 3 Debated whether cuspy or cored
Ftfect of . L/Da/yons unclear

r)y —or-— 1 r — () Substructures lkely are present
p(r) | | (a/t/mugﬁ sparse/ﬂﬂcﬁbtrguteaf mostly in
the outer /oa/'ts € anti-biased)

Amﬁsotropts ma be /D/'CSC/’Ii'

The /7[g/7~v ta//maﬂ not be fu//ﬂ “thermal”

vo = (220 &= 50)km s~1
Vese = (450 = 650) km s~

Streams may have /mPact
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"A piece of dark matter appeared from nowhere and... you know."



Direct detection signal

® ()
Tgpical 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 (|<ev, MeV) DM: interaction on electrons



Unclcrgrou nd Labs




LNGS — Gran Sasso Lab (INFN)
THE A, B AND C OF GRAN SASSO

Gran Sasso
Experiments at the Gran Sasso National National
i .. Laboratory
Laboratory are housed in and around three .

huge halls carved deep inside the mountain,
where they are shielded from cosmic rays
by 1,400 metres of rock.

OPERA
GERDA

CRESST

XENON
DarkSide

Borexino
Rome

Adriatic
coast

ascolinoi.weebly.com



Interaction mechanisms

o Elastic scatteringwith nucle; YN — YN

— Coherent coupling to nuclcons
— Coupling the nucleus sPin
— Long~range mediators

— Electric/ magnetic clipole~moment interactions

——

o Inelastic scatteringwith nuclei YN — YN

— Scatter requires a mass difference between X and X’ of the order
of 1-100 keV

° Scattering on electrons



Interaction mechanisms

o Elastic scat‘cering with nucle; WIMP DM (GeV-TeV*)

Er = pu3v%(1 — cos6)/my

2
NG m f
Fo) ~ K V( ) X Er > tew KeV
\Er) " \Gev (mXerN) )

o Inelastic scattering with nucle; WIMP DM (GeV-TeV*)

e Scattering on electrons Light (keV) [Pseuclo]scalars



E:xarnplc: Ncutralino~quar|< scattcring

Xq — X¢q qL: 4R s channel
Z,h,H A t channel
qr, qr u channel

~
as
> E
W
W
N
W
()
>
W
> K

coherent spin coherent coherent

sPin spin



Cross section
Lot = Y @;(G0q) (YO'X);
Leg —< N|qu‘N > &NO@DN —< N ‘&NO¢N| N>

M = <N,X|£eff ‘N7X>
= > (N |nOun| M) {(xIXO'X| X):



Cross section

Scattermg amplltucle on nucleon n

M, Z (A, my) (’)NR

Basis O{: 16 non—relativistic oPerators

A Parameters of the underlgmg non- relatlwstxc theorg
(medlator masses, couplmgs )

Fitzpatrick et al, JCAP 1302 (2013) 004
Fitzpatrick et al, arXiv:1211.2818

Anand et al, PRC 89 (2014) 065501
Dent et al, PRD 92 (2015) 063515



Set of oPcrators

O = N scalar

03 =1 N ( 4 % \A’J‘)
Oy = SX N SPin

A o .A q AJ_
Os = 1S, e XV )

S
||

Catena, JCAP 1407 2014) 055

Arina, Del Nobile, Panci, PRL 114 (2015) 011301
Scopelj 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

(o)

A _.A q

Olo—ZSN e

A . A ) q

011 ZSX e
012—8X°<SN><{7J‘>

A . A A_L A q

(913—2 SX-V )(SN o

A _. A ~ A AJ_
014—2 SX W?N) SN A"

A _ A ) q A AJ_ q
O == (83t ) | (8w x¥) - 7
Ve =i (L .S .7

(917—@ P~ S VL

Ve =i (-2 .S.§

018—@ P S N)

Fitzpatrick et al, JCAP 1302 (2013) 004
Fitzpatrick et al, arXiv:1211.2818

Anand et al, PRC 89 2014) 065501
Dent et al, PRD 92 (2015) 063515




Cross section
Scattermg amplltucle on nucleon n
M,, Z (X, my) ONR

Basis O{: 16 non—relativistic oPerators

A Parameters of the underlgmg non-relat. theorg
(mecllator masses, couplmgs )

Transition Probabilitg on nucleus N

My|® = mN Z Z C”C“F’nn (v, ER|N)

J=1n,n"=p,n
L= —b nuclear response Functxons

Fxtzpatrlck et al, JCAP 1302 (201%) 004



Nuclear Responses

Nuclear response functions

fluorine

103 & (N.N)
Fl,l

Total

Exchanged Momentum

an:

q[GeV]

NR _
O " =

(6,6):

0.0 0.2 04 0.6 0.8

iodine

103 £ N

- ff ’

Nuclear Responses
[S—
S)
I
N
=
=

|
—_
w
]

Total

0.0 0.2 04 0 6

Exchanged Momentum

q[GeV]

"Vanilla”? coherent sca’ctering

AZ enhanced

R = (3, q) (5, - e.g., Pseuclo~sca|ar mediator

scattering onp dominant (no unPairecl non F and )



Cross section

Cross section on nucleus V'

doxr 11 1
En) —
dEr (v, ER)

I Mpr|?

32w m2mpy v?

\

Non-relativistic scattering on nucleons -> nucleus
Relevant quantities:

v DM velocit m, DM mass

q Exchange momentum my nucleon mass
5, Nucleon spin m s nucleus mass
S.

v DM spin



Sumrnarizing

dR
dEJZ—KP@fNZ > dmy)e

1,J=1n,n"=p,n

Uesc

Fi(,?’n )(ERaN) — /

vmin(ER) v

Structure of the interaction

Nuclear response

Galactic moclclmg

Local motions
Sun/Earth revolution in the Galaxg
Earth revolution around the Sun
Earth rotation around its axis

1
d3’U — fg(?7—|—

WA my) Fo" N Ep, N)

() ™) (v, Eg, N)

stationarg boost
annual PCI’IOCllClty

dlumal PCT’IOCllCltﬂ



Interaction rate (WIMP ; scalar interaction)
O, =1,y

dR Po ™MN 5 (nucleon ) 2
—— — N A [ } F2(ERr)L (Vmin
dEr g Ty 2#% Dscalar ( R) (U )

Umin = [mNER/(QN?A)]l/Q



Interaction rates

SPin~inclePenclent (scalar) 0, = 1N

dR Po MN 5 (nucleon ) 2

dEr me 2:“% Oscalar ( R) (U )
SPin—-clePendent Os =8-Sy

d 2 nucleon

dER My M1 g



|_ocal motions

""""""" 220 Km/s

Stationary over the lifetime of an experiment

Directional boost
: 1 30 Km/s

/
\ - 7] P i
~

—
B _”/

w

Z(Vmin) = / d>w —fES(w)
wzvmin
View from the toP

fES (U_j) — f(/u_j _|_ 6@)‘[Urot;vesc]



v .. (km s71)

Responsc function
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Differential Rate — Encrgy Dcpcnclcncc

_3 N I I I 1 I I I I I I I I 1 I 1 I I

N [my in GeV]

log,o[(dR/dE)/(dru)]




local motions

Stationary over the lifetime of an experiment
Directional boost = A4S
Vo T~ 220 Km/s
o, N 1 30 Km/s
o o
// // \\ N
Orbital motion - Period: 1 year / 7 \
/ / \
| /
| | \
\ Galactic center - / Sun %
\ \\ / //
. . . \\ \\ // //
Diurnal rotation - Period: 1 day \ WL
\\\ ///
w
z-(/Umin) - / dgw fES( )
'wzvmin w
View from the toP

fES <U_j) — f(,u_j + ﬁ@)‘[vrot;vesc]



Tgpical signaturcs of direct detection

Stationary over the lifetime of an experiment

Directional boost
Directionality 6’

Orbital motion - Period: 1 year
Annual modulation | 77 (t) !

Diurnal rotation - Period: 1 day
Diurnal modulation 17 (t)

View from the toP

®

Y —y __"/




Annual Modulation of the rate

AR dR J ( afi ) An coslw(t — to)]

E[n(t)] dEn [770] on \ dEg -

= So(ER) + Sm(Er) coslw(t — to)]

n(t) = v(t)/vo



Annual modulation

t (day)

g(v): isotropic maxwellian



Modulation amplituclc - energy clcpcndcncc

S

Few % of So




Freese, Lisanti, Savage, 1209.3559

Speed Distribution (arbitrary)

DM vclocity distribution: streams?

Umin

Uesc

T
L

4

Mean Inverse Speed (arbitrary)

Sgr stream
Dec 29

------ June 30

Standard Halo Model
June 1

100

200

300 400 | 200
Velocity [km/s]

600

700

Sagittarius dwarf galaxy

Milky Way

8 billion years ago

1.9 billion years ago
Second Sagittarius passage

Sagit’carius stream

5.7 billion years ago
First Sagittarius passage

1 billion years ago
Third Sagittarius passage

3 billion years ago

Current situation




DM vclocitg distribution

Stream

Debris Flow

SHM

ey [e10],

ey [°0],

ey 207,

EI]I'

El’lI‘

Enr

opnjdwy uonempoN

Enr

opmidwry uonempoN

EIII'

/

Freese, Lisanti, Savage, 1209.5559

opmidwry uonempoN



Annual modulation: effect of anisotropics

t (day)

F(v): anisotrolaic maxwellian



|_ocal motions

Stationary over the lifetime of an experiment
Directional boost .~ _______
- : R e . 220 Km/s
Directionality V e 3¢ A
. | 30Km/s
// //\T\'-— R
/ // \ \
/ / \
/ / \
/ / \
.' / ‘
| ® {\ ‘ Eart}h
| Galactic center - / Sun %
\ \\ / //
\ N / /
\ AN / 328
\ \\ / //
\ IRIA s b2
\\ //
\\ //
w b 40
7 (Umin) = / dBw fES_() o o
’UJZ’Umln w \\\\ \\\\\ ///

fES (u_j) — f(u_j —|— UEB) ’ ['Urot ;Uesc]
View from the toP



Directionalitg of the recaoil

my = 100 GeV

1800 & 180.0°

L I I I TR N NI W
0.002 0.004 0.006 0.008 0.01 1
Recoil Rate(Eg>20keV)/kg day sr

! !




DM Particlc features extraction

dR Po ™MN 5 (nucleon ) 2
— = N A [ i| F*(ER)ZL min
dER me 207 Dscalar ()T (tnin)

L) = [ d fes (@)
W > Vmin w
fES(w) — f(/u_j _|_ 6@)‘[Urot§vesc]
Umin — [mNER/(Qlui)]l/Q
Er — Eqet

Eee = Q(E) ER
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Residuals (cpd/kg/keV)

DAMA/Libra

The data of DAMA/LIBRA hasehphasez favor the presence of a modulation with
proper features at 12.95s CL (2.46 ton X gr)

Sm=(0.0103%0.0008) cpd/kg/kev

DAMA/LIBRA-phasel (1.04 tonxyr) ———————> | €———— DAMA/LIBRA-phase2{(1.13 fonxyf) —————>
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Spin-inclcpcnclcnt = O, operator

dR Po TN 5 (nucleon ) 2
2 _ N A [ ] F2(ER) T (v
dER me 21u1 Uscalar ( R) (U )
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Catena, Gondolo, JCAP 09 (2014) 045

Full set of
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Light WIMPs - Migdal effect

When the nucleus recoils, electrons do not ‘rigjc”g’ follow, but can have transition
to a different energy level or to the continuum, resulting in:

excitation
jonization

with e.m. released in addition to the recoil signal

Transition to the continuum: emission of radiation

. < 103k §
Rearrangement of atomic shells 20k 4 GeV g
, , , . “g 10 k& My = 4 GeV g
Emission of radiation T
0 E
Meltner~Auger electronsC*) 12:5:
wofi—
10 °E
10 ° I N
1 2 3 4 5 6
energy (keV) energy (keV)
Relevant esPeCIang for Ilght WIMPs I 3
g 102} 2 GeV g 02k 1GeV
gwo%—\ my = 2 GeV 2 0B my = 1.1 GeV
m11 ii 107! -
10k 10°E
10k 10°E
m:;é : wo:;j 1
) Fi”ingthe innerslne”vacancg, energy is transfered to another IS 00 15 SR, WOTTUUTE R 200 7 PR VRO SO
electron which is then emitte o2 8 s e 0

energy (keV) energy (keV)



Very |ig|1t DM

° Verg light DM (clown to the warm regime):
— Available kinetic energy can be as low as meV (1Cor KeV DM)

— Too low clepositecl energy on nuclear target

o Possibilites: |
Guo, McKinsey, PRD 87 (2013) 115001

— Nuclear interactions on light targets, e.g. liquic He
— Electron recoils B o .
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Supcr ligl'\t DM

s Sensitivity to DM via a Light Mediator Sensitivity to DM via a Massive Mediator
10_ H R H 10_35 R R
10_36 ) % EIE 10—36_ E
107 gl gl 1037 | E
-38 ' _ | e
— 10_39 nu¢|ear recoil| . 107} - z!
§ 10 sensmwtg E 107 I
= 107 O 1074} :
© 1074 \ bQ 41 o
| 1077} -
10 N : > - 10_42 |
TR R - 43|
10743} Su emqux | N 10
1074 o :

102 100 1 d0 107
my [MeV/c?]

ST T do
my [MeV/c?]

To £0 below 10 MeV DM: conversion of the full tin9 energy needed

» Superconcluctors electron interactions

Hochbcrg et al, 1512.045%%
Hochberget al, PRL 116 (2016) 011501

» Superﬂuid He nuclear interactions
Schutz, Zurek, 1604.08206



Other tgpc of interactions: e.g long range

X

X
very Iigh’c mediator
e.g dark Pho’con or mirror P]ﬁoton
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Prospccts: Projcctcd Sensitivities
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Prospccts

e Annual modulation: ANAIS
COSINE 100
SABRE
C OS//\/U5~ZID/’

e Diurnal modulation: DAMA with larger mass might access it

° Directionalitg:

Nuclear emulsion (NEWS)

Gas TPC (CYGNO)

Negative lon Time Expansion Chamber
Carbon nano’cubes, graFene
Angsotropic crgstals (ADAMO)
DRIFT

MIMAC, DMTPC, NEWAGELE, D3, ...

A



WRAP UP



The Particle Dark Matter Crossroad

Particle Candidate: Models of New Physics
(Supergmmetrg, Extra-dimensions, ...)
Accelerator Searches

Cosmologg of the Astrol:)hgsical Signals of the
Dark Matter Particle Dark Matter Particle



e Cosmological structure formation modellin
Predicts éiﬁerent 1SS distribution cjepenfﬂg
on the clgnamical Properties of DM

- CDM

— WDM
— HDM

e Standard Paracligm: collisionless CDM

° Observationa”g CDM works basica”g we”,

\_/ however:

—_ Galaxg formation models in ACDM make the
brightest satellites in the largest subhalos

which seem more massive and concentrated
than in real Milkﬂ Wag galaxies

—_ Analgses of rotation curves of s§>ira|
galaxies indicate that the DM halo is cored
(contrarg to the spik9 ANCDM case)

e CDM has to abandoned for a warmer form of
DM?

° Bargon feedback?



e The cosmological abundance of a sPecitic
Particie DM candidate is the outl:)ut of a
delicate interplag between:

- Cosmological CVOlUtiOﬂ

— DM Particle fundamental interactions

e The abundance is tgl:)icang set bg a chemical
decoupling mechanism (sgmmetric or
asgmmetric) , but it may be related to out-of-
equilibrium processes (e.g.: clecag of heavier
Particle)

e Kinetic clecouplingt Pica”9 detemines the tree~streaming scale of DM candidates
and therefore their behaviour in structure formation

e Particle DM candidates behave as CODM/WDM/HDM &ePeding (also) on their
Particle Pngsics Prol:)erties:

— CDM: tgPicai Paraciigm is thermal WIMP

axions: misalignment mechanism
— WDM: KeV or MeV weaklg interacting Particles (RH nu)
— HDM: typica”g eV-scale wea|<|9 interacting Particles



o fDMisa Particle, is should manifest its Particle
Phgsics Properties in the same environments
where DM is observed to exist:

— Galaxies
— Clusters
— The cosmic web

e Non-gravitational astrol:)hgsical signals of DM
shou cl theregore be Present: mu|ti~messenger
and multi~wavelengt]1 searches

° These messengers

— their flux
— what kind

— their energy ranges
&epend on the particle Phgsics Properties

— 1ts mass
— lts interactions



