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formation



DARK MATTER evidence
CLUSTER SCALES: 

The early history of  
Dark Matter: 

In 1933 F. Zwicky found 
the first evidence for DM  
in the velocity dispersion  

of the galaxies in the  
COMA cluster...

Already then he called it 
DARK MATTER !



DARK MATTER evidence
CLUSTER SCALES: 

Nowadays even stronger
result from X-ray emission:  

the temperature of the
cluster gas is too high,

requires a factor 5 more
matter than the visible  

baryonic matter...



DARK MATTER evidence
CLUSTER SCALES: 

Systems like the Bullett 
cluster allow to restrict the 

self-interaction cross-section 
of Dark Matter to be smaller 

than the gas at the level

[Markevitch et al 03] 

One order of magnitude stronger constraint by requiring a 
sufficiently large core...             [Yoshida, Springer & White 00]  

Similar bounds from the sphericity of halos...   

σ ≤ 1.7 × 10
−24cm2 ∼ 10

9pb (m = 1 GeV)



DARK MATTER evidence

GALACTIC SCALES:

the stars in the outer part of 
galaxies are faster than expected...
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But instead  it is constant ! Need

M(r) ∝ r, i.e. ρDM ∝ r−2



DARK MATTER evidence

GALACTIC SCALES:  
Many density profiles, inpired by 

data or numerical simulations: 
Isothermal, NFW, Moore, 

Kratsov, Einasto, etc....   
They mostly differ in the 

behaviour at the centre, either 
cusped or cored !

ρ(r) =
ρ0

(r/R)γ [1 + (r/R)α](β−γ)/α
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Dark Matter local density 
& velocity distribution

Critical for Direct Detection !

[Catena & Ullio 09, 11] 



DARK MATTER evidence
HORIZON SCALES: 

From the position and 
height of the CMB 
anisotropy acoustic 
oscillations peaks
we can determine  
very precisely the
curvature of the 

Universe and other 
 background parameters.

Ωh
2Particles Type

Baryons 0,0224 Cold
Neutrinos < 0.01 Hot

??? 0.11-0.13 ColdDARK MATTER

[Planck coll. 1502.01589]



Initial conditions
At recombination z ~ 1100 density/temperature fluctuations 

were at the order of 1/100000...  
How can they be the seed of structure today ?



Following the fluctuations

We need seeds of small fluctuations, that were amplified  
by gravity &  are the origin of the structure we see today



Inflation: driven by a 
scalar field
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inflaton as quantum field 

δϕ =
H

2π

φ = ϕc + δϕ

Apart for the classical motion, there are fluctuations:

In an inflationary (de Sitter) phase these are given by 

They remain imprinted in the metric and 
are stretched to cosmological scales !!!

primordial fluctuations�gµ⌫ , �⇢, �p ⇠ 10�5



How do fluctuations grow ?

Non Linear regime



Structure Formation
V. Springel @MPA Munich

z=18.3 (0.21 Gy) z=5.7 (1 Gy)

z=1.4 (4.7 Gy)z=0 (13.6 Gy)



Weak Lensing 
Tomography 

[Tegmark] 

fluctuations on all scales 

Non-
linear

Linear



Introduction to 
Cosmology



Einstein’s equation:  
Energy is Geometry

R
ν
µ −

1

2
δ

ν
µR = 8πGN T

ν
µ + Λδ

ν
µ

Einstein’s Tensor:
Geometry of Space-time

Energy-momentum Tensor:
ALL the Physics content

The birth of Cosmology as a science:  
the Universe’s dynamics and fate is determined 

 by its Energy (Particle) content,  
both the known and the unknown....

Classical so far... Quantum



The Standard Model

e µ τ γ
νe

νµντ W±, Z

u c t g

d s b G

Standard Model
Matter Forces

Our present understanding of the forces and particles is based
on the symmetry group                                                            .S U (3)c � S U (2) L � U (1)Y

It describes perfectly the data so far, but it is incomplete:
- theoretically it does not explain flavour and the presence of 3 

generations, nor why the Higgs is light... 
- it lacks a Dark Matter and inflaton candidate and also a 

mechanism to generate the baryon number...

h+



Which model Beyond the SM ?

To pinpoint the completion of the SM, exploit the 
complementarity between Cosmology and Particle Physics 

to explore all the sectors of the theory: 
 the more weakly coupled and the more strongly coupled to 

the Standard Model fields...
Best results if one has information from both sides,  

e.g. neutrinos, axions, etc... ???

weakly 
coupled

strongly 
coupled

Cosmology (Collider-based) 
Particle Physics



Standard Cosmology
Cosmological Principle (nowadays also experimental result...):

The Universe is homogeneous and isotropic  
on large scales (i.e. larger than ~100 Mpc)  

It is described by the Friedmann-Robertson-Walker Metric:

ds
2 = dt

2
− a

2(t)

(

dr2

1 − κr2
+ r

2
dΩ

)

Only one dynamical variable: the scale factor

One constant parameter: the spatial curvature  

a(t)

κ

conformal to Minkowski for dt2 = a2(�)d�2  = 0



1/2 Physics Nobel Prize 2006 to J. Mather for  COBE: 
 ISOTROPY: Perfect Black Body in all directions !



HOMOGENEITY: less structure at large redshifts !



Energy momentum tensor



Friedmann equation:

The energy density 
& curvature decree 
the time evolution  
of the scale factor
Key parameter is 
the critical density:  
 
 

H2
≡

(

ȧ

a

)2

=
8πGN

3
ρ + Λ −

κ

a2

ρc =
3H2

8πGN

Ωi =
ρi

ρc

Ωi :density in ∼ 104eV/cm3

~ 10 protons/m3



 Different energy types
Depending on the pressure and the equation of state, 

the energy densities give different expansion rates:

Different epochs of the Universe history

Always decelerating apart for the cosmological constant !





Important Epochs
Today: 

First stars:

Photon decoupling:  CMB 

Matter and Radiation equality:

Nucleosynthesis:

Neutrino decoupling: C   B

QCD phase transition

 EW phase transition

 ???? 

T = 2.7K ∼ 10
−4

eV z = 0

T = 0.4 eV z = 1100

T = 1 eV z ∼ 1300

T = 0.1 MeV

T ∼ 1 MeV

T ∼ 0.3 GeV

T ∼ 100 GeV

ν

T ⇠ 10�3 z ⇠ 15� 20



Standard candles 
and rulers



How can we measure 
the expansion of the 

Universe ?
Standard RulerStandard Candle



Luminosity distance

D2
L =

L

4��

Intrinsic Luminosity

Measured Flux

For a FRW universe it is given simply by

D
2
L = (1 + z)

Z z

0

dz

H(z)

where H
2(z) = H

2
0

X

i

�i,0(1 + z)3(1+wi)

determination of the cosmological parameters

�DM (w = 0),�⇤(w = �1), ...



SN-IA as standard Candles 
Type Ia supernova is the explosion of a 
white dwarf star in a binary star system. 
Material from a companion red giant star  
is dumped on the white dwarf until the 
smaller star reaches a precise mass limit.

The spectra can be corrected to
lie on the same line and follow a

relation between peak luminosity
and width of the light curve...



SUPERNOVAE IA 
AS  

Standard 
Candles
Measure the 
apparent magnitude 
as a function of the 
redshift z and test 
the first correction 
to the Hubble flow

The Universe is 
accelerating ! 
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SN-IA AS Standard Candles
Suzuki et al. (The Supernova Cosmology Project), ApJ (2011); Union 2.1.



angular distance
Standard Ruler

Distance to the Ruler

For a FRW universe it is given simply by

where 

DA =
R

d

DA = (1 + z)R

✓Z z

0

dz

H(z)

◆�1

H(z) ⇠ H0�
1/2
D,0(1 + z)3/2(1+wD) for a dominant  

component  

e.g. for the sound horizon at decoupling  for MD

DA,CMB

(1 + zCMB)
⇠ 2

H0⌦
1/2
M,0



CMB anisotropies
Physics of the fluctuations on the homogeneous background !

hT (�)T (0)i =
X

�,m

a�mY �
m(�)



The sound horizon in the 
baryon-photon plasma  

as standard ruler
Measure the angle 
corresponding to  
the first peak in the 
CMB anisotropies
The Universe  
 is FLAT 

10 100 500 1000
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Sound Horizon

Ωtot = 1.014 ± 0.017

⇒ κ " 0

WMAP



Planck TT spectrum

Perfect agreement with 6-parameter                    model!⇤CDM

[Planck coll. 1807.06209]



CMB primer
[Wayne Hu’s CMB primer at http://background.uchicago.edu/~whu/]

Baryons increase the mass in the plasma and the drag force...

http://background.uchicago.edu


Planck cosmo parameters

Discrepancy in the H_0 measurement depending on         .

[Planck coll. 1303.5076]

⌦m

[Planck coll. 1807.06209]



The sound horizon in the 
baryon-photon plasma  

as standard ruler

The same scale is 
visible in the 
(baryonic) matter 
distribution (BAO)
The more baryons 
(less CDM), the 
stronger the 
signal !

Sound Horizon

Einsenstein et al, SDSS red galaxies data 2005



The sound horizon in the 
baryon-photon plasma  

as standard ruler

The signal has been now 
detected in the galaxy 
power spectrum  
(two-point correlation !) 
with high precision.

All measurement are 
consistent ! Anderson et al 2012



BAO: an artistic view

Baryon Acoustic Oscillations from SDSS-III 
Illustration Credit: Zosia Rostomian (LBNL), SDSS-III, BOSS

http://www.lbl.gov/
http://www.sdss3.org/
http://www.sdss3.org/surveys/boss.php


Basics of thermodynamics

WIMP mechanism

How to detect a WIMP

Lecture 3: Outline 



Basics of 
thermodynamics



Basic formulas

n = ⇠ g
⇣(3)

⇡2
T 3

⇢ = ⇠⇢ g
⇡2

30
T 4 ⇠⇢ = 1 (B) or 7/8 (F )

⇠ = 1 (B) or 3/4 (F )

Relativistic particles with p >> m

⇣(3) = 1.202

Non-relativistic particles with m >> p

n = g

✓
mT

2⇡

◆3/2

e�
m�µ

T

⇢ = m n

Maxwell Boltzmann
same for B and F !



Basic formulas II
Entropy density for relativistic species:

Non-relativistic particles:

s =
⇢+ p

T
=

4⇢

3T
=

2⇡2

45
gS T 3

gS =
X

B

gB

✓
TB

T

◆3

+
X

F

gF
7

8

✓
TF

T

◆3

s =
mn

T
= g m

⇣ m

2⇡T

⌘3/2
e�

m�µ
T ⇠ 0

The entropy is stored practically into radiation !



Degrees of freedom

[Kolb & Turner ‘92]

top, Z, W, b, c …

QCD transition

neutrinos, e



Dark Matter 
production 
mechanism



Neutrino as (prototype) DM
Massive neutrino is one of the first candidates for 
DM discussed; for thermal SM neutrinos: 
 
 
 
but                        (Tritium     decay) so

Unfortunately the small mass also means that 
neutrinos are HOT DM... Their free-streaming is 
non negligible and the LSS data actually constrain

Ωνh
2
∼

∑
i
mνi

93 eV

mν ≤ 2 eV Ωνh
2 ≤ 0.07β

mν ≤ 0.27 ∼ 1 eV Ων ! ΩDM

NEED to go beyond the Standard Model !



 Zeldovich-Lee-Weinberg bound

Two possibilities for
obtaining the “right” 

value of             : 
decoupling as 

relativistic species or
as non-relativistic !

In-between the 
density is too large !

Relat. Non-Relat.

⌦⌫h
2

for Dirac (Majorana)

m⌫ > 4(12)GeV



 THE WIMP MECHANISM 



Boltzmann equation
[Gondolo & Gelmini 91]

where Y = n/s, x = m/T,  g_rho  denote the number of degrees  
of freedom for entropy and energy density and  

where  we defined

and    K_i (x) are modified Bessel functions coming  
from Maxwell-Boltzmann statistics 



 THE WIMP MECHANISM II



How to detect  
a WIMP



THE WIMP CONNECTION
Early Universe: ΩCDMh

2

Colliders: LHC/ILC Indirect Detection:

Direct Detection:

DMDM

DM

DM

DM

DM

DM

DM

any

qq

e, q

e, q e, q,W,Z, 

e, q,W,Z, γ

γ

γ

〈σv〉 ∼ 1 pb

3 different ways to check this hypothesis !!!



THE HOPE: DETECT DM !
The flux in a species i is given by  
 
 

Strongly dependent on the halo model/density via J 
and the DM clumping:  BOOST factor !
Spectrum in gamma-rays  
determined by particle physics ! 
Smoking gun: gamma line...
For other species also the  
propagation plays a role.

Φ(θ, E) = σv
dNi

dE

1

4πm2

DM

∫
l.o.s.

ds ρ2(r(s, θ))

Particle Physics Halo property J(    )  ✓



THE HOPE: DETECT DM !



DECAYING DM 
The flux from DM decay in a species i is given by  
 
 

Very weak dependence on the Halo profile; what 
matters is the DM lifetime...
Galactic & extragalactic  
signals are comparable...
Spectrum in gamma-rays  
given by the decay channel! 
Smoking gun: gamma line...

Φ(θ, E) =

Particle Physics Halo property  J(   ) 

1

τDM

dNi

dE

1

4πmDM

∫
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Dark Matter annihilation (or decay) can give photons  not only 
directly from the annihilation, but also by many secondary 

processes, especially if stable charged particles are produced: 
Synchrotron emission, Inverse Compton scattering

EM Spectrum from DM  

[Regis & Ullio, 0802.0234]

e+ �b ! e+ �



Depending on the model, different features could appear and
stick out from the continuum spectrum, helping to see the

signal and disentangle the model ! Smoking guns !

DM Spectral features 



An excess has been found since some years in the FERMI-lat
data by Hooper & al. in the direction of the Galactic centre:

Galactic centre excess

[Daylan & al 1402.6703]

Compatible with a thermal relic annihilating into b b̄, �+ ��



Strong limits are obtained from dwarf satellite galaxies, 
considering measured J-factors:

 Bounds on WIMP DM 

[Fermi-LAT & DES 1611.03184]

b b̄

<latexit sha1_base64="MkMokuKfXmJn7RE5xoWz5Q/Sx4w=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoOKl6MVjBfsBSSib7aZdutkNuxuhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0o508Z1v53S2vrG5lZ5u7Kzu7d/UD086miZKULbRHKpehHWlDNB24YZTnupojiJOO1G47uZ332iSjMpHs0kpWGCh4LFjGBjJT9CwQ0KIqxQ1K/W3Lo7B1olXkFqUKDVr34FA0myhApDONba99zUhDlWhhFOp5Ug0zTFZIyH1LdU4ITqMJ+fPEVnVhmgWCpbwqC5+nsix4nWkySynQk2I73szcT/PD8z8VWYM5FmhgqyWBRnHBmJZv+jAVOUGD6xBBPF7K2IjLDCxNiUKjYEb/nlVdK5qHuN+vVDo9a8LeIowwmcwjl4cAlNuIcWtIGAhGd4hTfHOC/Ou/OxaC05xcwx/IHz+QO0sZBA</latexit>

https://arxiv.org/abs/1611.03184


Strong limits are obtained from dwarf satellite galaxies, 
considering measured J-factors:

 Bounds on WIMP DM 

[Fermi-LAT & DES 1611.03184]

b b̄

<latexit sha1_base64="MkMokuKfXmJn7RE5xoWz5Q/Sx4w=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoOKl6MVjBfsBSSib7aZdutkNuxuhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0o508Z1v53S2vrG5lZ5u7Kzu7d/UD086miZKULbRHKpehHWlDNB24YZTnupojiJOO1G47uZ332iSjMpHs0kpWGCh4LFjGBjJT9CwQ0KIqxQ1K/W3Lo7B1olXkFqUKDVr34FA0myhApDONba99zUhDlWhhFOp5Ug0zTFZIyH1LdU4ITqMJ+fPEVnVhmgWCpbwqC5+nsix4nWkySynQk2I73szcT/PD8z8VWYM5FmhgqyWBRnHBmJZv+jAVOUGD6xBBPF7K2IjLDCxNiUKjYEb/nlVdK5qHuN+vVDo9a8LeIowwmcwjl4cAlNuIcWtIGAhGd4hTfHOC/Ou/OxaC05xcwx/IHz+QO0sZBA</latexit>

[Di Mauro & Winkler 2101.11027]

https://arxiv.org/abs/1611.03184


 galactic particle’s ranges 

S. Murgia TASI Lectures 2011



Antimatter in CR: 
antiprotons

Latest data from AMS-02 for antiprotons: is there an excess ???
[Giesen at al. 1504.04276]



PLANCK: DM annihilation

[Planck 1807.06209]

WIMP annihilation also modifies the epoch of recombination
due to the release of energy in the primordial plasma and leaves 
imprints into the CMB ! Planck can now exclude cross-sections 

as those needed by PAMELA and AMS-02:

Pamela-inspired
DM models

but not the models explaining the Galactic centre excess…



THE WIMP CONNECTION
Early Universe: ΩCDMh

2

Colliders: LHC/ILC Indirect Detection:

Direct Detection:

DMDM

DM

DM

DM

DM

DM

DM

any

qq

e, q

e, q e, q,W,Z, 

e, q,W,Z, γ

γ

γ

〈σv〉 ∼ 1 pb

3 different ways to check this hypothesis !!!



Elastic scattering of a WIMP on nuclei. 
The recoil energy is in the keV range: 
 
with 
 

The rate is 

χ

∆E =
4mDMmN

(mDM + mN )2
E

DM
kin

E
DM
kin ∼

1

2
mDMv

2
∼ 50 keV

mDM

100GeV

dR

dER

∝ σnF
2(ER)

ρDM

mDM

∫
∞

vmin

dv

v
f(v)

Halo physics  Particle Physics

Direct WIMP detection

Need very low 
threshold !

Rate depends on v in lab frame  
           annual modulation !



Thermal relic cross-section to give  
 

Exchange of Z boson:  
 
 

Exchange of Higgs boson:

Direct WIMP detection
How large are the cross-sections that we expect from thermal 

consideration or the exchange of (known) EW particles ?

�DMh2 ⇠ 0.1

h�vi ⇠ 3⇥ 10�26cm3/s � ⇠ 10�36cm2 = 1 pb

⇥ ⇠ �2
Z�G

2
Fm

2
p ⇠ 10�38�2

Z�cm
2 = 10�2 �2

Z� pb

⇥p ⇠ �2
h�m

2
p/m

4
h ⇠ 10�44�2

h�cm
2 = 10�8 �2

h� pb



 Direct detection of DM 
A large part of parameter space already excluded by searches:
Z-type cross-section is out, now we are exploring Higgs-type 

[ 1207.5988[astro-ph.CO]] 

Higgs

Z



HIggs portal DM 
If the DM interacts with Higgs via portal interaction,  

it is already under siege by DD & LHC:

[Djouadi et al, 1112.3299] Invisible 
Higgs
decay



now stronger bounds
The XENON1T experiment latest results:

[arXiv: 1805.12562]



Future of DM DD
Neutrino background limits how far one can go. But there are 

already ideas on ways to suppress this background...



DM can accumulate and annihilate 
in the sun, if it interacts 

sufficiently strongly with protons; 
the only particles that can escape 

the sun environment are neutrinos: 
Limits from neutrino detectors

DM signal in neutrinos



THE WIMP CONNECTION
Early Universe: ΩCDMh

2

Colliders: LHC/ILC Indirect Detection:

Direct Detection:

DMDM

DM

DM

DM

DM

DM

DM

any

qq

e, q

e, q e, q,W,Z, 

e, q,W,Z, γ

γ

γ

〈σv〉 ∼ 1 pb

3 different ways to check this hypothesis !!!



Missing energy signature
The direct production of two DM particles in a 
collider gives unfortunately no signal !   
The energy just disappears...
How is it possible to tag such events:  
Thanks to Initial State Radiation ! 
 i.e. either a single photon or gluon emitted by the 
initial parton, recoiling against the DM particle(s)

e+ e� Dark Matter: 
Missing energy 

signature

�

Trouble: need sufficient rate of DM production...



EFT for Dark Matter
Consider the production of a pair of DM particles together 
with ISR of a SM particle: gluon, photon, W/Z, top, etc...

EFT: Many different effective operators are possible !

[ Beltram et al 2000, Goodman et al 2000 & 2001, Bai et al 2001,....] 



Caveat for the EFT: s
While the use of EFT for the case of non-relativistic scattering

with matter in DM direct detection is well-justified,  
at LHC energies one has to be more careful...

[O.Buchmuller et al 1308.6799] 

[Fox et al 11, Busoni et al 13, O.Buchmuller et al 13, ...] 

The bound is valid only for large mediator mass !



LHC: simplified models

Vector mediator

[ CMS collaboration, EPJC 75 (2015) 235] 



[CMS, EXO-16-039-pas] 

LHC: simplified models II

Very strong bounds for the axial vector case,
which gives spin dependent scattering !



[ATLAS 2102.10874 hep-ex] 

LHC: simplified models III

Very strong bounds for the axial vector case !



SUSY models still alive
[Barr & Liu 2016]

Wino DM challenged by Indirect Detection, but  Higgsino
parameter space still viable (and also some Bino-like...)

Higgsino band Wino band

pMSSM points surviving after LHC-13 data



Well-tempered neutralino                                              

[Arkani-Hamed, Delgado & Giudice 0601041]

Relic density strongly dependent on neutralino nature !!!

Bino

Higgsino

Wino



MSSM-7 Dark Matter                                             
With more parameters, more mechanism are possible, i.e. in the 

MSSM with 7 parameters: both Bino & Higgsino DM ! 
[GAMBIT coll. 1705.07917]

For Higgsino coannihilation with charginos is always present !



Higgsino Dark Matter                                             
The  Higgsino DM region mostly covered by Direct Detection: 

Nevertheless for other compositions low cross-section is 
possible

[GAMBIT coll. 1705.07917]


