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Goal of cosmology: explain the structure and the evolution of the universe

What is it made of?
How did large scale structures form ?
What are the laws controlling its evolution ?

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

During the 20th century, we moved from a period of quasi
ignorance about our universe to the establishment of a
“standard cosmological model”



tiny fraction
of a second

billion
years



The Large Hadron Collider (LHC)

At the LHC, we collide protons at an unprecedented energy of 14 x10% electron-Volt

By studying the products of these collisions, we hope to discover new particles and
push our understanding of the laws of physics to the smallest distant scales




& The LHC: A gigantic microscope

Going to higher energies
»allows to study finer details

: TN

L = 400 km L = 800 km



The elementary blocks of matter

Matter is made of molecules ...

Molecules are made of atoms ...

Atoms are made of a nuclei and electrons ...

Nuclei are made of protons and neutrons ...

Protons and neutrons are made of quarks ...

relative size gbsolute size
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Creation of matter from energy

the different constituents of matter reorganize themselves




electron volt eV

[ wolt. Oue electron-wolt o thus equal o . .. 6 1o

How ﬁecwy is this?

energies involved at CERN: 1 TeV = 1000 billions of eV=10"""kg

the Earnth concentrated in a | mm® cabe !

the binetic energy of a mosguite 1073 J ~ 10 eV ~ 10*TeV



The Standard Model: matter

the elementary blocks:

LEPTONS QUARKS

each of the 6

it quarks
* exists in three

@ composite states (white object:

ho composite states

made of Iep’rons 0 bar.yons proton P = (u, u,d)
heutron n = (u,d,d)

---------------------------------
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*a
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The Standard Model : interactions

light
Ul electromaquelic cuteractiond —
0U(l)y . atoms 1070
3\ m a{" molecules
0SU((2)r weak interactions 3 decay 92
w* g T, 10_
m ___________________ s *jz ..... = n—pt+e —+1,
“bosons W ¥
0 SU(S)C PR 2 atomic nuclei
; { ¢ decay 1
% — 23877 _, 2347y, 4 dHe

intensity



Elementary particles interact with each other by
exchanging gauge bosons



(The Standard Model. /a/ Lurticle Pﬁm

£~

Standard

Model

Forces

i

e Fr e /O\ij P A e

gauge
sector

SU(3)exSU(2).xU(1)y

Matter

|

Background

1

flavour
sector

- one century to develop it

b

+ NiMijN;j .+ |Du h|? -V(h)

heutrino mass
sector
(if Majorana)

(spontaneous)
electroweak symmetry
breaking sector

- tested with impressive precision

- accounts for all data in experimental particle physics



(The Standard Model. / Lurticle %@

Forces Matter Background
Ve == i Dy h|? -V(h)
Standard T KV ( Y=t C) et L i - ( '
Mode] 7 neutrino mass (spontaneous)
90“26 avTour sector electroweak symmetry
sector e iad (if Majorana) breaking sector
SU(3)exSU(2)L.xU(1)y

- one century to develop it
- tested with impressive precision

- accounts for all data in experimental particle physics

The Higgs is the only remaining unobserved piece
and a portal to new physics hidden sectors

(it is the only fondamental
scalar particle)



At the LHC, the direct exploration of the Fermi

scale has started
i.e distances < 10 cm

main physics goal
at the LHC:

What is the mechanism of Electroweak Symmetry breaking ?




in other words:

what is the origin of the mass of
elementary particles

search for the Higgs Boson




and other variants ...

Composite Higgs ?
Little Higgs ?
Littlest Higgs ?
Intermediate Higgs ?
Slim Higgs ?

Fat Higgs ?
Gauge-Higgs ?
Holographic Higgs ?
Gaugephobic Higgs ?
Higgsless ?

UnHiggs ?

Portal Higgs ?
Simplest Higgs ?
Private Higgs ?

Lone Higgs ?

Phantom Higgs ?



Light propagating in a medium is slowed down by its continuous
interaction with the medium itself

Think of the Higgs field as being a continuum medium embedding the whole
universe. Particles interacting with it will undergo a similar “slow-down"
phenomenon. Rather than slowing down however the interaction with the higgs
medium gives them inertia -> mass.

U

m o< AU

):\

The number®"v" is a universal property of the higgs field background. The
quantity A is a characteristic of a particle moving in the higgs field. Particles
which have a large A will have a large mass.

[M. Mangano]
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Like any other medium, the Higgs continuum background can be
perturbed. Similarly to what happens when we bang on a table,
creating sound waves, if we "bang” on the Higgs background
(something achieved by concentrating a lot of energy in a small
volume) we can stimulate "Higgs waves"”, which manifest
themselves as particles, the so-called Higgs bosons.

Condition: the energy available should be larger than the Higgs mass.
= LHC

[M. Mangano]



Total event

rate

103b 1mb
10°b 1us
10°b 1no

10-12 b 1 pb

new
physics

- 1/(10 billions)

Event rate in hadron colliders

Fermilab SSC

CERN l LHC l

\
N

o Cjet
E'T>0.25 Tev

UA1/2&
(PP)/:

Gé‘g“(mg = 500 GeV)
Gt
Miop= 175 GeV

Oy

m = 100 GeV
G z'

m_.= 1 TeV
O Higgs

m_, = 500 GeV T

0.01

0.1

Vs

1.0
TeV

Quark-flavour
production

High-p+ QCD jets

W, Z production

gluon-to-Higgs fusion

squarks, gluinos
(m~1TeV)



Searching for the Higgs is like searching a corn seed
among 10 billions ...




In practise:
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Imagine what our universe would look like if
electroweak symmetry was not broken

- quarks and leptons would be massless

- mass of proton and neutron (the strong force confines quarks into hadrons) would be a
little changed

- proton becomes heavier than neutron (due to its electrostatic self energy) | no more stable

-> no hydrogen atom

-> very different primordial nucleosynthesis

-> a profoundly different (and terribly boring) universe



From the laboratory to the first minutes
of the Universe

The Standard Model of particle physics enables us to explain the very first
minutes in the history of the universe. For instance, it explains how the atomic
nuclei were formed.

|
3 minutes w
\-

\ bounded protons, heavy a’ron}sl
\
" /

I"l.,"ll
""II'l

t=1second ° E | | Ii 0 !
after Big Bang

free protons & neutrons
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Time Since Major Events
Big Bang Since Big Bang
present Humans
stars, observe
galaxies the cosmos.
Era of and clusters
Galaxies (made of
atoms and
1 billion plasma)
years ¢ atoms and m gelaxies
lasma -
Era of stars
Atoms in ::‘oomg 'o::yn;
to form) tons ree
500,000 and become
years lasma of microwave
Era of ydrogen and background.
: & helium nuclei "
Nuclei Fusion ceases;
plus electrons
normal matter is
3 minutes 75%
protons, neutrons, hydrogen,
Era of electrons, neutrinos 25% helium, by
. Matter annihilates
0.001 s«:om!;&ﬂ e = - (mmo::tz? particles antimatter.
.30 e SO0y ‘s common) Electromagnetic and weak
107" seconds 0 RS forces become distinct.
Electroweak Era > W elementary
: particles Strong force becomes
10-* seconds ) el distinct, ps
GUT Era elementary causing inflation of
particles universe.
10-* seconds
Planck Era 2777
neutron electron - _ antiproton 4 : . _Ew
proton — __ s e antlt‘:oulr - _i“s antielectrons -cf;: quarks "’-‘ig-‘:




Despite all these successes...

We don't understand 96 % of the energy budget of the universe |

74% Dark Energy

4% Atoms



Precision Cosmology

WMAP Cosmological Parameters
Model: lecdm+sz+lens

Data: wmap7
102Q,h2 IOt i 1 —ng 0.037 £ 0.014
= 0.0079 < 1 —n, < 0.0642 (95% CL) | Apao(z = 0.35) AR
Cazo GGoNT G ) 142817158 Mpc
da(zs) 141161783 Mpe AZ (2.43+£0.11) x 10~?
h 0.710 £ 0.025 H, 71.0 £ 2.5 km/s/Mpc
7 0.0097415-0004% = 137.5+4.3
ls 302.44 + 0.80 ng 0.963 +0.014
o 0.0449 + 0.0028 Qyh? L0225 BT
fraction of the 0,222 .+.0.026 (=g 0.1109 4 0.0056
fotal.enecg Qn 0.734 + 0.029 O 0.266 + 0.029
density in "dark . It
7s(2q) 153.2 & 1.7 Mpc e e ) AR PR e i
rs(2z4)/Dy(z = 0.35) OrL T3 0038 rs(2+) 146.611-2 Mpc
R 1.719 £ 0.019 o8 0.801 + 0.030
Agy 0.9715:58 to 13.75 £ 0.13 Gyr
T 0.088 +0.015 0. 0.010388 + 0.000027
0. 0.5952 4 0.0016 ° & BraiiHa Sy
i 1088.2 4+ 1.2 24 1020.34+ 1.4
e 3196132 et 5=
Za 1090.7973-53
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‘fr'ac‘rlon of the tc

energy density in
matter

__age of the

universe



Atoms

Dark

4.6% Energy
72%
Dark ;
Matter
23%
TODAY
Neutrinos Dark
10% Matter
63%
Photons
15%
Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)



2 najor v - W/W é the Standurd Model

e the Dark Matter of the Universe

Some invisible transparent matter (that does not interact with photons)
which presence is deduced through its gravitational effects

.
—

S } 15% baryonic matter (1% in stars, 14% in gas)

85% dark unknown matter

e tThe (quasi) absence of antimatter in the universe

baryon asymmetry: N8-N8. 10-10
14 4 S

— observational need for new physics

— what does this have to do with the electroweak scale?




. ' Y distribution des vitesses
At large distances from the center, beyond observée

the edge of the galaxy, the velocity would be
expected to fall as 1/sqrt(r) if most of the
matter is contained in the optical disk while
it was observed to remain constant, implying
the existence of an extended dark halo

attendue d'apres
le nombre d'étoiles

In 1933, Zwicky uses velocities of galaxies inside
clusters to estimate the mass of clusters. The
mass he obtains is much larger than the mass of
stars contained in the galaxies

Zwicky



lentille
gravitationnelle

Galaxy Cluster Abell 2218 HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl, ST-ECF) * STScl-PRC00-08

observateur
terrestre




The existence of (Cold) Dark Matter has been established by a
host of different methods; it is heeded on all scales

. : Galaxy rotation curves
The "Bullet cluster”: lensing L ———

Gravitational lensing map versus X-ray image

I

T
150 — =
= NGC 6503

O J;ALAL 1 LALAL;[ 1 LAL 1 1 1
0 10 20 30
Radius (kpc)

Cosmic Microwave Background
_90° > 05° 0r ... etc

Angular Scale

6000

5000 [

4000 £

| -> Fraction of the universe's energy
| density stored in dark matter :
Qpmr 0.22

3000 F

Anisotropy Power (uK?)

2000 £

1000 £ =3

OE. L i L L 1 1 T | sl e}
10 100 500 1000
Multipole moment (1)

The picture from astrophysical and cosmological
observations is getting more and more focussed

DM properties are well-constrained (gravitationally interacting, long-lived,
not hot, not baryonic) but its identity remains a mystery




Matter power spectrum

Density fluctuations
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--> DM is not baryonic

matter-radiation equality
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Neutrinos

DM is not hot

hot dark cold dark
matter matter
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o
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o
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P(k) [h—2 Mpc?]

10-2 10-2 10-! T 109



Why can't dark matter be explained by the Standard Model?

Matter Forces
charged/unstable

v
Ag ‘ : X ‘g baryonic
3 ’ - K :'c_‘, S massless

</ U 23

g < €
s (CHHT TS
st <
a o
Q Y
$ WellulVr WE<Z

T IT ITT

radius o]‘ circle is
proportional to the mass

3 families of matter

Generation
| Il Il

W

contribution to the energy u . t A A

budget of the universe { S

S b
Particle Q type ' : @
Baryons 4-5% | cold v b ' 5
Neutrinos <2 % hot e . T Y
Dark matter | 20 - 26 % | cold Spin % Spin 1 Spin 0

Fermions Gauge Bosons  Higgs Boson



Dark Matter candidates

Two possibilities:

very light & only gravitationally
coupled (or with equivalently
suppressed couplings) -> stable
on cosmological scales

Long-lived
(stable on cosmological scales)

TDM > Tuniverse ~ 1018 s

sizably interacting (but not strongly)
with the SM -> symmetfry needed to
guarantee stability

stable by a symmetry

-> WIMP



The WIMP relic abundance follows from the generic
thermal freeze-out mechanism in the expanding universe

n+ 3Hn = —(ov)(n® — n2)

. freese-out :
i o Y
: NG
0.0001 1 H ~ M ~ I'=nov
10 ! P
> 10-¢ | ! . )
nereasing <> 5 Thermal relic: @ h? o« 1/<@an; v
o 10* {
B v };
_glo-w \L ! == <O-anni V> = 1 Pb
5 107 1
7 10-12 N "(‘35 ----------- i
& 1o \L ‘ 272
£ 1 -
1 - i 0 ~ &*/m
ey T EmT I
XX <5 [f | = m ~ 100 GeV
10~ 1
o ; The “WIMP miracle”
10~ !
lo-m1 - — ;‘1)3 :JC: QDMz O(l) pb
x=m/T (time =) Oanni

— a particle with a typical EW-scale cross section
Oami ® 1 pb leads to the correct dark matter abundance.



LOg [O-int/ pb]

Dark Matter Candidates Q~1

0
WIMP - thermal relic
=R KK photon (s=1) superWIMP
trino (s=1/2)
[ino (s=1/2) condensate
-10 - sterile "(':_gs)'o)
neutrino = gravitationnally
s=1/2 < produced or at preheating
-15- =
N
Q.
axion axino E
—20 - Bs=g s=1/2 3
e, T e
-30 - gravitino
s=3/2
St KK graviton
s=2
= ke, 6GeV |, | |

-18-15-12 -9 -6 -3 0 3 6 9 12 15 18
Log[M/GeV]



In Theory Space

reccei-Quinn

Supersymmetry
axion (,,ll )
almost
tadardWocel |, IR
3/‘62\//‘2‘/‘170

Sterile

P

nellrino

I xtra Dimensions

-WIMP thermal relic

| superWIMP

condensate
gravitational ﬁrodgcﬁon
] or at preheating

Techaicolor &
Comnosite Higgs




Supersymmetric Dark Matter

The lightest supersymmetric particle is stable due to R-parity, a symmetry
distinguishing partners and super-partners, originally assumed fo avoid proton decay

R-parity: Rp = (_1)33 FL42s

under which SM particles are even and superpartners are odd

Primarily introduced to prevent fast proton decay in supersymmetry:

(7 z et
>——<——<
d U

u - u

-> The Lightest Supersymmetric Particle (odd) is thus stable



Direct detection: We can "touch” dark matter

Indirect detection: We can “catch” the particles
emmitted by dark matter



WIMP direct detection

Because they interact so weakly, Wimps drifting through the Milky Way
pass through the earth without much harm.

Just a few Wimps are expected to collide elastically upon terrestrial
nuclei, partially transferring to them their kinetic energy.

Direct detection consists in observing the recoiled nuclei.




N

WIMP flux on Earth: ~ 10°cm?s™! (for a 100 GeV WIMP) - O) Nucleus -
even though WIMPs are weakly interactin?, this flux is large enough so that a:: ST
potentially measurable fraction will elastically scatter off nuclei \
Vo solar motion 4 WIVP-wind
X 30 km/s N\

Earth

60° \

230 km's

/

Nuclear recoils

Single scatters

x vic=7x10%
Er = 10 keV

Tunnel routier de Fréjus

Annual rate variation
~ few % effect

Pointe du Fréjus

FRANCE

Diurnal directional modulation:
~ 50% effect

for example, "EDELWEISS":

ITALIE




Dark Matter Direct detection

cnts / keV recoil energy Eg:

Px DM energy density, default: 0.3 GeV cm 3

Vmin: minimal DM velocity required to produce recoil energy Egr

DM velocity distribution
_, S - . Nexp (—v2/v?) Vv < Vese
f@(v, t) = fgal(v + V@ + V@(t)) fgal(V) ~ { 0 P( / ) -
v ~220km/s Vese = 550 km /s
sun velocity: Vo = (0,220,0) + (10,13,7) km/s
earth velocity: Ve (t) with v, &~ 30 km /s

WIMP Wind
ey

December



2-6 keV

DAMA/LIBRA annual modulation signal
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However not seen by other experiments ...

WIMP-Nucleon Cross Section [cm?]
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Dark Matter can produce
photons, electrons, protons, neutrinos, antiprotons, positrons :

y / Photons
|-

/n(l) Y

Dark Matter _x \
i
>T+’\V<&
M+
Dark Matter = X et
/ Neutrinos

7T
\ Vu
\ -
w\
Vi Ve
e

+ Antimatter



dlogN, /dlogE

__® Continuum Gamma-rys
secondary Y's A/y‘
\ T

WIMP Dark
Matter Particles
Ecm~100GeV

X

from hadronisation, decays
of SM particles & final state
radiation

10

—_
S

—_
S
O

W-/Z/q

L
>‘n+—'<\’\uve
koo
WH/Z/q } el

- Neutrinos

\"u

T
\

M-

e-

+ a few p/p, d/d

T T T LTTTT
!

Cirelli, Kadastik,
Raidall, Strumia "09

almost
featureless but
with sharp
cutoff at Wimp
mass

—
)

loop-level annihilation

into y+X
X X

-> mono energetic lines superimposed
onto continuum at

M?2
E. =M 1 - — X
[” DM( 4M%M)j

@ -> striking spectral feature,
SMOKING GUN signature of
Dark Matter

@ lines are usually small (loop-suppressed)
compared to continuum

Bergstrom, Ullio, Buckley 98



WIMP indirect detection

number of annihilation events between two wimps from the local halo

N~ nfgv.V.T
n~ 3103 cm> if mx100 GeV
ov~1pb.103 ~ 107" GeV
-> N /year ~ 10" cm3(GeV.cm)3 . V A

-> N /year/km3~ 107

--> look at regions where n is enhanced
and probe large regions of the sky
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Searches focus on regions of the sky where DM clumps:
Galactic Center, dwarf galaxies...

Astrophysical uncertainties on the
DM density profile

[

€
—
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[credit: Taoso]
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Search for antiprotons in space...
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and in space ...



Producing Dark Matter at LHC = "Missing Energy"” events
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The Dark Matter Decade
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Antimatter

Each particle species has its antiparticle,
carrying an opposite electric charge

électron
proton
neutron
muon
neutrino
quarks

positron
antiproton
antineutron
antimuon
antineutrino
antiquarks



Antiparticles are produced by cosmic rays
entering the atmosphere

raylon cosmique

rayon cosmiqy

positron




No concentration of antimatter in our
observable universe

Otherwise, we would have detected the radiation coming
from the annihilation between matter and antimatter



No concentration of antimatter in our
observable universe

At the scale of the system: no concentration of antimatter otherwise its
interaction with the solar wind would produce important source of Y's visible radiation

At the galactic scale: There is antimatter in the form of antiprotons in cosmic rays with
ratio ng /Ny, ~ 10~* which can be explained with processes such as
p+p—3p+D

At the scale of galaxy clusters: we have not detected radiation coming from

annihilation of matter and antimatter dueto p-+p — e Y

The universe we live in is made of matter (fortunately for us)



Where has the antimatter gone ?

Matter and antimatter should
have been formed in equal
quantities. However, today,
there remains only matter.

baryonic asymmetry ng-ng.. 10-10
Ne+nNg

np —"p
characterized in terms of 7’} — ~ 6 10—10
the baryon to photon ratio n ~y

The standard model is unable to explain
this matter-antimatter asymmetry



10 000 000 001
Matter




How much baryons would there be in a symmetric universe?
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. The great annihilation between
nucleons & anti-nucleons

Rl e s el e e

occurs when T ~ (myT)32e ™8T im2 ~ H ~ /g:T2 /mp

corresponding to a freeze-out temperature Tr~ 20 MeV
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Matter Aut-matter as /Wf / Z%é winverse.
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Similarly, Dark Matter may be asymmetric

— ~ D Does this indicate a common dynamics?

conservation of
global charge:
i obficiont Qam Qp Mam typical expected
annihilations: G Qdm Mp mass ~ GeV

two possibilities:
1) asymmetries in baryons and in DM generated simultaneously
2) a pre-existing asymmetry (either in DM or in baryons) is
transferred between the two sectors
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