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1

(DM)#Brief introduction
to Daa

see e
.g. Berlone ,Hooper

1605. 04905

DM history. · Circlei ,Strumia&Zupen
2406 . 01705 .

First DM evidences are dynemical
evidences :

· 1900's : KEWIN apply the concepts of-

theory of gas to stars :

"If stars in the milkyWay (MW) con be

described as a gase particles acting under

influence of gravity, one can rele the

size of the system to its velocity dispection,
(1304)

·:pik and later J . Kapteyn & Oort
(1922) (1932)

Publish discussions on the abundance of"DM -

(the word "matiere obsurly = DM was

already used by Poincare in 1906)
based on studying the relations between
mas distribution

, velocity dispertion and
luminosity-

The DM was supposed to be feint stars

will abundance smaller than the luminous

one



· 1833 : F
. Zwicky uses the virial I.

2

-

theoum/fo a system that is

in a Stationary state) :
↑

2(En . + Ep) = 0

-

↑
He studied the gologies (8)
of the Coma cluster extracting
velocities from Doppler shifts
and get a velocity dispension

Gr = 102
.

km/s

(more recent value

So= 1082km/s 1996).

&
He compares this value to the one

massol obtained equating
the Wo 2

Come
Clusten

MGs = C (Ec)= /Ep) = GMC

Mc=MIR) gasuming that the coma cluster

includes 800 valaxies of mass of
108Ma

↑ fom des

-> M = 800 x 103 x 2
.
1033

C g
= 1

.
6 1045g

*I aises assuming cluster Sphere of it density
J and radius Rand hot mass M
->element ofman in Rear

<Edt =-SodM, y = manena



S
homdes

. F.3

·
and a cluster redine R=

10 lyn
~

1024 em

-> 6 = (GM)
= (67105mbkg/s2161042
~ 80km)s

-
The expected velocity dispection
from the luminous matter

potential is one order of magnitude
Loo small .

-> needs much more Dr demily then
Luminous metter .

(x100
. )

# Zwicky also drives in 1937 the M/L ratio

of the galaxies in the Coma Cluster and

ohbeins MIL = 500 Mo/Lo While a

M/L =3 Mollo was expected from the local

Keplein System - With today's value of
H (and thus better distance eval) the would

O

get M/Lu 160 Molla

· 1960 : Penzias & Wilson discover the CMB
-

-

background (black body Tarb2i7k
= o

,
zenev

- looked buysmodhJosea
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1970 :
·
K

. Ford & V
. Rub-

publish their spechroscopic
observations of the

D M31 (Andromeda galaby)
allowing to track the star

motion to larger radius

Cuph-22kpc , further extended
to ~50kpc later (

vlaively flat at large R.

I!
(v) = GR) and MIR) =4 y(m)dr

· for centrally concentrated mai :<
· for observations at large radius : (E)

=> would need f(r) <the
e.g. isohumal Dr profile : g(r)=
# : 7 previous works on that topic nnee 1940's

but Fond and Rubin provided the first
mecise measurement

· Note that robation unves ene quite diverse!
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· 1982 :Peebles :absence of CMB fluctuations
- -

at the level 104 nule out

bayons as being DM

The reason of the above statement is

nilated to the growth of non relativistic

matter perturbations ,
considering.

filt,) = Ji (t) (n+
-

X =GX comoving wave nb. tronf-Sp(z)
n=a ; k -YX↳

~Hubble friction) ↓
↳ ik + 2HSr+
When Pressure Newtonian potential

i presume teem is small and

working in matter dominated
-

Pra :

S
a = t23 (ee later

↑
physical time

-

H = da/dt = 85G S-2
3

/ I

-> the growing mede solution
Scales of S2a

for negligible pressure ter
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#B one defines the "Jeans scale

an
y=

- ka2 ky I small sales) premue tem
Wing

damped, Oscillator

· ka2 ky :) large scales gravity wins.

·If the fiction term can be neglected.

fg x exp( = +2j) j
-> exp growth of petrub

E

= Jeans in stability .

· if the piction term can't be neglected

and Sp(t) = Gr Dit + FrD(k).

--
-> D

=

< ++ nab &D+
< +23<a

.

-> growing mode &<a-
-

Syca while gc3
.

↳ still decreasing) .
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Considering metter perturbations mode

of bayous only , they can only grow
since bayous-t last scattering ,

ie auto
CMB

-> Spo = Salters)at
altcmB)

and Sp(tc) - 105 -> Stol ~102
1

-> baryon perturbations would not
have grower non linear today !

- we need other sources of sizeable
gravitational potentials of cristime.

#B : CMBfluctuations are expected to be related
- to the seeds of structure formation and

one different man the observed AT/+ ~103
due to dipole effect resulting from
Doppler shift of the sun velocity
wilt the CMB rest frame . [AP) 1993 AROGT)

T(0) = To (1 + B10so +... )
-

B=E the ovelocity through the
isotropic radiation field itensity
of temperatureTo

o = K between and the direction of
obsuration measured in the

observer est frame.
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· 1984 : Numerical simulations to reproduce
-

te comic web by
Blumenthal

,
Faber

,
Primark&Rus

=> FB/Rpm ~O(40) to account
for observations

· 1985 : Davis
,
Estathion

,
Frenk

,
while

-

obtain with a high resolution
cold DM simulation a clear

resemblance to CFA Survey result

· 1992 Discovery of CMB anisotropies.
-

with COBE.

Since the WMAp
,
Planck

,
etc

-> temperature , E-polarisation anisotropy
spectrum precisely measured upho 112500

AT 2D
F OA Acoustic oscillar-

Pressure-gravitypermi Lions due to

effecton the

strongly coupled
MultipleI B-V fluid.

~ Yo

* FA= with Pa distance to last

DA scattering sound speed· A ms = SesR~
comoving time

*J also a Damping due to phonon diffusion
and their mean free per near decoupling.



Y

Jdamping <(MeGTH . )
-"2 ie 2 Yet

I.
S

If &b* => JadampingX.

* It is also possible to show that DT/

follow a ferced harmonic oscillator

with extende face as gerily (gam)and
and its pequency as round speed

C = (3(1 +39b/fr))
-Y

-> meanne

0,1 emubm energy
ab 42 = 0

,
022 & daily .- Hah ; W= 0

,
7

# Andher proble sensitive to Ab is the

Big Bang nuclesynthesis:bh2 ~0
,
02

from HiHe ,
D,Li abundance measurements.

↑ 1E0657 - 558

· Good Buller Cluster : dueno the recent

DM
collision of clusters of galaxies

Self- (mmM) thematt, galacticsellacompete
is

Spatialyseparated&
-

mas from weak

Sensing⑳ gas
Xray emmiting

u stellen component

-> more than 80 offset between
luminous motter and the gravitation
nal potential (difficult toagree with

I
MOND-like theories shating that F =ma

scales like F = m als at low accelera

tion a <90 = 1
.
210 m/g2 see 06 08 407)(
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I .
2. DM properties.

Let us roughly drive some generic
constraints on the DM mass and
interactions :

- if DM is a Jermion ,
Pauli exclusion

-

bound induces a lower bound on

the DM mass -

Indeed Fre)=+1

* #
I

= n =S3f Pa
gal

in a galaxy in which DM is gravitationally
bounded

,
i
.

e
., prey = my Jes

↳ escape velocity
~ lookm/s

~ 10-3

=> mx>er(xGev/cm3
GeV =7.

715erh fermionic DM
- ↑

uma due to PALi

exclusion principle
in astre

disents.
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a If DM is a baron
,
it is allowed to go-

to much lower mapes.

New to describem1 fewe one should
&

account for the wave-like manue

ofthe particle and we need its

macroscopic deBroglie wave length to
fit intoa galaby

2ut= ↳ size of a galoxy
xx 10- ~ kpc161026

= MX4 .

1022eV

bosonic DM
.

a When a particle is expected to follow a

wave-like behavior :

·Size : JdB~
distance
· between X

:m3)(3x
-

m JdB >, interdistance. M & 37eV

~ quasi-continuous field behavior.



#of relair.
F. 12.

↳ dog

↑ comological limits on DNeff
arise from CMB(zul00d and
BBN (Em 10% Tres

Th 10 MeV

currently we have DNeff < 0
.
3.

- allows to probe the content of the
hidden sever

, light DM day products
on the DM properties.

& In these lectures , we focus on DM

particles with makes> few er.

ForbloneP ,
se e

.g .
E .
Handa
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1 . 3 Further in puts

Main evidences for DM from comolgy!
Iwell beyond rotation curves!

Expected DM properties :

1) DM is a beyond theStandard Model

(BSM) particle

↳ let us check first the condidates

for DM in theStandard Model
.
(SM).

2) DM is essentially neutral (a=0)

Carefull
,
neutral under UH)a for

Q = electromagnetic charge .

Dr with

non zeo Sula)
,
or UHly is possible !

(minimal DM
,
Ineit koubeet

, etc)
New some contribution of millichanged DM
could beallowed 101s
3/DM is massive and stable (2Dm >Zuniverse

↳ Massive he allow for bottom up
structure formation and
stable to account for hor

meanements. Now there

is shil some room for a <faction of
denoying DM

, see e .g. 1610 .
1051

,
2012. 05276
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I short intro to comnology Tool

Let me shart with a short introduction
to our expending universe in

cosmology.

II 1 .

The metric

At large scales ( > 100Mpe) our

universe appear te be relatively" smodhn,
it looks quite isotropic (same in
all directions) and homogeneous (some
at every point in spece).This is referred
to as the Connologicalprinciple.

Such an homogeneous and isotropic
universe is relatively simple to describe

using some basic concepts of special
and general relativity /GR) ·
In particular infinitesimal distance
squared can be described in

Arms of a metric
,
which in our

case is the Friedman-Lemaitre-
Robertson

- walker [FLRW(
&
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meluc .

da = gud
physical

time.

=-c2dt2 + alt) de2

seed & ~sale factor
of light N ,

v = 0
....,

3

AB in these lectnes
,I will use

the metric signature ( + ++
and use nehral
-

units in which c= 1 =h

Among the ponible stesimal
comoing line element squared
CMBhes demonstrated that d
universe is aldively flat ,

i

ze d=d-

with k= 0 in comoving sphaicewond a equivalently.

Jez
= Sij exidx

-

i = 1
,
2

,
3 comoving

spoticl
wond
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.

One canalso define the conformal
lime y ,

related be the

physical time though the scale
fechon :

a dy =
dt

So that at the end of the day,
we will mainly use :

ds = a[(t) (dy + Sijdxidxt)

In our expending universe
,
the expension

note is defined a

M(t) = da=It

We depate alto = as and Hto) = Ho
·

We conventionally set as=1 and

the Hubble peremeter He is usually
described in terms of the adimentionar
h parameter as :

Ho = 100Xh km/s Mp

with h = 0
,
674 from CMB

10
,
005 das
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Note that the wave length of light
scales as :

Jobs = Jemit as
demit .

Let us define the "comological
red shifts as :

-
observedtoday

z = Kube = a
↳ emilted

.

-> 1+z =(t)
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# .
2.. Space time dynamics .

2.

1Conserchenequatioafut slids
described in terms of their perire
P and energy I densities
within the step energy tensor
of the fam :

+ Nv = (
-

SPE) for an

observe

comoring
with the

glwid .

which respects homogeneity uN=dxn
and isotropy criterium

It

= (1,)

One usually introduces the
equation of shate (cos) to relate
Prof :

P
= wg .

it we
for matter

radiationE ar a counological
constant .
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·
The corariant conservation eg . takes

P
the garm :

Dr TNv =o

with Do -> by in Minkowski space
while

,
in general ,

it lakes the far of :

DNTNv = 20th +NT-NT
also denoted as TMu ; +.

where the Christoffel coefficient are :

M =q+]

=> For the FLRW metric
,
we get :

-

2 f = -34(g +P)
.

= ga
-
3(i+

-

: Grdal , Sma; In dest
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#: you can compute the Christoffel
Symbols for the FLRW metric :

&S
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Friedman equations. #8
.

Einstein Equations , relating the
space-time content to its geometry,

Enu =8E Ta
Einstein & E ↳ were energy

Jenson Newron cr tensor
, including

I DE

double G= 6
.6710m3gs-2

dair of = Mp2 with Mp = Planemes

the metric = 1 . 22 1615 Gev

gru
allow us to derive some
alt) - universe content relations .

known under the name of "Friedman-
equations,

-3(1+r;).He
= H E : Rio a

ca i Si (etw

Ri = Gi Sc =3Sc
- i

, o = bilteto) & filge 3 ei <2

22,
0 = 1

.
1 155 ↳2 Get cm
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-
From CMB data (Plauck' 18

,
A& A641

, AG2020)

Amo = Abo + Ramph?

&book = -b = 0,,8

at 68 % CL.

- Assuming &CDM
,they get

t
- m

,
o

= 0
,
31510 007

[ Ho = 67
.
4 10,

5 km/s Mpc
&

x
, 0

= 0,684 10, 007

-
NB

I
&
40 = 5154

wa = - 1
.
03 1 0

,
03.

-ko= 0 ,001 10
,
002

Amo = Quo + er
,
0.

↳ la define
in a few
pages -

# Gu = Rpu-LRga ;
R

= RYp = gN Rup

Ra = Ga Mu-zuN +NM-M
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NB :
O FLRW in a single component- universe :

·ena = Hori a 3(sti)

=> taat wi
The bottom solution of aadominated
(ND) universe is just the deSitte case.

(130)

The above solutions can e
.g .
describe

a radiationdominated (RD) universe

or a matter dominated (MD) universe :

t23 MD

act) ah Ya RD.

· in terms of conformattime
a dy = at

On ena =Hoi a&
(1+3wi)

-cy)<4+30i)

sa mest alyl 1992 M
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·
the corresponding Hubble rates
are given by

& MD

H = Utha=
It = opena =W:

7

w in the next sections
,

we will often work in
-

a R
.
D . eva where HTM

Mer= 1
.5g [RD]
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#theStandard Model (SM) and beyond .
#I .

I . 1 Standard Model.

About charges and symmetries ,
the SM

gauge group is :

strong WEAK and electo magnetism
interactions (EM)
- = Glashaw-Weinberg

Su(3)
,XSU()(XU(1)y Salam Model

-> Su(z)cXV(1)Q
↳ spontarious symmetry breaking.

Let me emphasize again that DMis expected

to be esentially neutral under UH)p but
could very well have e

.g . a non zeo S0(2)

change , see e.g . "Minimal DMu : 0303
. 3381.

In the lable on the next page ,
I summarize

the charges of all SM particles. It is

very clear that among all a = 0

changed particles ,
the neutrino is our ben

candidate for DM as it interacts the most

weakly with all other sM particles.



IrrSo ur 3 2/3I
dr 3 - 13 I (8q= Nex2xz= 12

gn= 1

Ho = CriAd)
redefined
as

1↳ Aw ,zw ,wE]
after SSB

1 O O ↑

gg
= 8x2

- hyperchange.
convention :Q =Tz +Ye

To isos pin-

The lastwumn give you the # of def
associated te each species relevant for
exter

. Some extra comments.

· dephens and quarks come in 3
families :

(2 ,w ,
z) changed lephons

(2 ,
c

,
) n-type quarks

(d
,
s

, b atype quarks.
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they all come with Spin zdof
and with particles and antiparticles

=> fer each species 2x2

Quarks come with colors -> extra Ne=b

factor

In total you have
thes

~charged lephens:Nfx2xIquarks : 2Ng X Nex2X2 =72.

Let us emphasize that the hop mas

is much larger than the others
my = 175G) MyE56V

or my=GV.

· In addition you have neutral leptons
(neutrinos)

(Ve
,n ,
Vz)

the fundamental nature of neutrines
and exact mass properties are still

unknown. In particular ,
we

do not know if they one of mejorance
nature (u =) a Dinar (0 +5)

In the majarance case , we clearly
have gr = 2

.

In theDirec cos
,
we

know thatanyway only V = R



participateto SM interactions so
#4

.

that in practice , you
also have

gu =2.

#intotal Jeneufeinee6

·
Massless Spin 1 bosons (V and gluons
come with 2 polarisations.
In addition

,
because gluons mediate

stong interactions driven by 50(3)c
with8 generators you have on

extra factor 8 ger gg .

MassiveSpin 1 basons have3 polarizat
states so that gz ,

w
=3.

what is left is only the side

denoted withcomponentof t with one doa

e PDG'22 values

·
About makes ,

the mot massive

SM particles are the h
,
W

,
z bosons

and the top with

Mt = 172. 63 10.
30 Ga

↑

Mw = 125
.

25 0
.
17 fer

mz = 91 .
1876 10

,
0021 GV

mw = 80
.
3777 0012 Ga
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we have my = 1776.
8670

,
12 Mer.

my = 105. 658375510.0000023 Mes&me = 0 . 511 I 1
.
5 108 Mer.

and mb = 4
. 1818: Ger

mc = 1
.
27 10

,
02 Gev

mu = 2
.
16 18 Mer

0 . 48
md = 4 .

57 I
0 . 17

MeV.

mg = 3
. 45183 MeV.

-unlike leptons,
quarks are confined
inside hadrons and

are not observed as
-

que polices .

Their

masses are determined

indirectly through
+ 3 meutrinos their influence on

Emp > 0
,
06er Coil ? hedronic properties.

Yo
,

12er [CB]
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Some mae details on.

At the very least ,
the UL interacts with the

SM through gorge interactions :

↓
lephon doublet

*smo[inDi ⑪ i = flaveur index

↓
Lorentz indey

.

where
. D = Dr JN

.

·

Ut satisfy the Clifford Algebra
[00, 203 = 2 yN1

We have L
, charged under Sott)< & UH)y :

~ Pauli matrix

Pr =(igBS - su(z) UH)y
in

flatspace! gange coupe gorge coupling.

van!
with C = 05Of and =fin On

----
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you con newrite the 50(z)<XUH) part
of the carbrient duinative as :

- -

#is
- == (%8

and a= +
3

+Y/2 with T3= 63 weekE e = gSw and g'/g = tan On
isospin



~

Some more details on spires :
18.

-
one usefull representation of th motrices
for high energy description is the

WEYL ( = chinal) representation

ur =
( =% wim "Ir= (1

,
H si)

u5= 220y1223 = (=1)
and the Pauli matrices are given by :

62
= (i) ; 0= (2) ; 8= (89)

-
SN

= = [15 , jV] provide a 4X4 representato
of the Lentz group

with the Direc Spinor transformingantisymmetric tensa
②

as : It exp(-iwarsar) I
You can check (exercices) that

# transform

-differentlyunderthe Lorent transform.

They correspond to a different inducible
representations oftheLorentz group.



2 .Con&dates Jer DM in SM and Beyond

PMfrom the SM ?

As said above
,
within the SM

,
we

have a potential candidate for DM,
the SM neutrino U with isospin .

d

Qu=O .; You = -Ye ; Tain= Ye
↳

T34= k= (i)(e) =(
->
The VL couples to z and w bosons

We have thus :

Esm > [(4)k+ ((u)wi +ha)
-UN

=> Possible annihilation channels for 1

~ X
O

- -
2 g. &

For the purpose of these let mes
,
let us look

at v < abundance being agnostic on mo

(obviously , we have strong laboratory and commo constr !)
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.As very rough estimates ,

when :

: ~T
Fami Constant : Gr=

inT,Mw
:

Greff mr
=

In the next sections , we will see that

-rh (mr) takes the following farm :

="

parameter space allowed by Tritium Boleroy
(m- < zeV) and coss constraints ([Mv(0,

12eV)
- UL Is CAN NOT ACCOUNT

exhmy FOR ALL DM.

exham-
⑧ ·

NOT COLD ⑳ UNITARY

RELIC RELIC BOUND.

d xZ resonance

2105 .
01263

0206163
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ocandidateBthere can't account
for all the Dr of the universe.

As a result
, we will have to go BSM.

You might be aware that we have

many posible candidates for DM.

As my purpose is both to introduce

you he BSM DM and its mechanisms

of production, I will consider a

minimal extension of the sir that
could give rise to DM candidates and
allow me to explore a large range
of DM couplings to the SM .

The discussion presented in these notes

may be divelly translated to any
model where :

·
DM is a singlet under the SM

-

gauge group , say X

·
some symmetry prevents the DM

he decayheSM-Hewe areSee
DM = zodd ,

SM = zz even

· I will asume that DM is not the only
new particle BSM .

There will be



#12
a "partner ,

old under the z2 symmetry
that will help to mediate

DM-SM interactions . Let me

refer no this "mediator , as B

and anume that B is charged under

the SM gorge group (B = both particle

# : more minimal extensions of the SM,
yet very rich ,

could be

the scalar singlet internalling
through H-petal with Sir
a e .g.

"Minimal DM which is a

Q= o of a BSM SU(2)
,multiplet

With the above considerations
,
assuming

alubic interaction : 20 Xy BXASM
where Asm = SM penhule and by is some

coupling I can have the following annih.

decoy channels :

B-A s /XX

T dx) AsM
.



# 13There are multiple possibilities for
such models (some times referred to as

"t-channel
, models for WiMP) .

For definitiveness , here I will faus
on famonicMajorana DM.

Considering B as afumion or a

scolor
,
the "minimal ,

urbic interacts
I can write all :

For more details se e
.g. 2102

.
06221.

Here
, for definitiveness , I will take

the case of fermionic DM mejorana
4

fermion X , coupling through Yukawa
like interactions to a charged scale &
and a right handed Lepton

2) [rxP
Animpbehaviorss



At the end of the day ,
a

#14
.

(enthousiastic) goal is te go through
all the DM production mechanisms
represented in the Rig below

an2bx

zagh ↓ righ
↓

↓

dx ri

see 1904 . 07513 for
details.




