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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 .
. M_--uf‘”i»,v V;ZbQKM/é

“

V ~ 200 KM/S

200 KM/
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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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i Dark Matter
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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
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olensi:cjj fluctuations >
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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=~ Particle Dark Matter
»

Stars:
0.5%

Free Hydrogen
and Hlium:
4%,

Dark Matter:
259

Dark Energy:

70% Non~bargonic (cochish) dark matter is
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No candidate in the Standard Model ©
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)

1 10 100 1000
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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
Y p=10 \ 0
\ i
—12
10 ‘ 10—2
~-14
0 stronger | j 10~4 Px
\ germteractlons QX — A
10_16 1 [ |Il L1 1 1 I‘\ 1 II Ll 1 1 1 pC

10
T (GeV)

Tl”lC universe COOIS ClOWﬂ abun&ance todag (T'CliC)



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
(Tann®) ~ (EGF)* My ~10710¢? ( o ) GeV 2

wea tgpc GeV
10—10
O-ann’U ~ ~Y 10_9 G V—2
| | (2h?)com ©
na’cura”g QXhQ ~ 0.1
s ~ (10 + 30)
! 4
10 0.4
100 0.04
1000 0.004




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
/




Summarizing

matches thc obser\/ed Value
A of CDM abundance

O.1

Few GeV Few TeV

BHOWCCI mass range



O.1

Dcpcnclcncics

i <ov> increases

Few GC\/\ Few TeV



Dcpcnclcncics

0 h2 i <ov> decreases

O.1

Few 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



*J

srapeas

Inflation
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Light thermal relics

relativistic at Aecoupling

l HDM

10_2 I ||||l| I I ||||||| I I ||||||| I I ||||||| I I |||||§
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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

Qh? warm

TN/
] \,

>

eV GeV TeV
ho’c 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)



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
— T T

small scales: non-linear

e
o
-

&@_M@—ﬁ

1000

17

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

100 -
i E = s ki 3
o
§ @ SDSS galaxies
b ( # Cluster abundance
§ g = Weak lensing E
é 4 Lyman Alpha Forest

T

1 E sl e gl sl 1 1l TN PRI

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”



