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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 ?

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

The Large Hadron Collider (LHC)

At the LHC, we collide protons at an unprecedented energy of 14 ×1012 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

L = 400 km

L = 800 km

The elementary blocks of matter
relative size

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 ...

absolute size

Creation of matter from energy
Chemistry : rearrangement of matter
the different constituents of matter reorganize themselves

CH4 + 2 O2 −→ CO2 + 2 H2 O

Particle physics : transformation energy ↔ matter
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The energy of an electron accelerated by an electric potential difference of
−19
1.6
10
J
1 volt. One electron-volt is thus equal to ...

How heavy is this?
−24
10
kg
energies involved at CERN: 1 TeV = 1000 billions of eV=
...however, in terms of energy density... this corresponds to the mass of
the Earth concentrated in a 1 mm3 cube !

the kinetic energy of a mosquito

10−3 J ∼ 1016 eV ∼ 104 TeV

The Standard Model: matter
the elementary blocks:
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Elementary particles interact with each other by
exchanging gauge bosons

!e Standard Model of Pa"icle Physics
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- one century to develop it
- tested with impressive precision
- accounts for all data in experimental particle physics

(spontaneous)
electroweak symmetry
breaking sector
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The Higgs is the only remaining unobserved piece
and a portal to new physics hidden sectors
(it is the only fondamental

scalar

particle)

(spontaneous)
electroweak symmetry
breaking sector

At the LHC, the direct exploration of the Fermi
scale has started

i.e distances < 10-15 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

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.

v
λ

m ∝ λv

The number“v” is a universal property of the higgs field background. The
quantity λ is a characteristic of a particle moving in the higgs field. Particles
which have a large λ will have a large mass.
[M. Mangano]

A common analogy
to understand the Higgs mechanism

Electroweak Unification
neutral
current

γ

electromagnetism
W
γZ
charged
current

weak force

Z

Detecting $ Higgs Boson
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]

Event rate in hadron colliders
Total event
rate
Quark-flavour
production

10-3 b
10-6 b

High-pT QCD jets

W, Z production

10-9 b
gluon-to-Higgs fusion

10-12 b
new
physics

= 1/(10 billions)

squarks, gluinos
(m ~ 1 TeV)

Searching for the Higgs is like searching a corn seed
among 10 billions ...
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sive analysis refers to the search for a resonance in events with two photons that pass certain
iteria. The analysis reported here follows closely the event selection of past studies [3, 4]. The
erformance and optimization studies succinctly presented in Sections 3 and 4 are geared toward
ng the discovery potential of the inclusive analysis.
ollowing cuts are applied:

In practise:

east two photon candidates (see Section 3.2) in the central detector region defined as |η| < 2.37
luding the transition region between barrel and endcap calorimeters, 1.37 < |η| < 1.52 (crack in
following). At this level it is required that the event passes the trigger selection (see Section 4).

nsverse momentum cuts of 40, 25 GeV on the leading and sub-leading photon candidates, rectively.
SPECTS FOR THE D ISCOVERY OF THE S TANDARD M ODEL H IGGS B OSON . . .

fiducial cuts in Ia are motivated by the quality of the off-line photon identification and the
on rate (see Section 3.2). The values of the cuts on the transverse momentum of the photon
s (cut Ib) are not varied and are obtained from previous optimization studies [3].

H IGGS – P ROSPECTS FOR THE D ISCOVERY OF THE S TANDARD M ODEL H IGGS B O

300
erse momentum
cuts of 50 ATLAS
and 25 GeV on the leading and sub-leading photon candidates,
Signal
ively.
250
ce of at least two hadronic jets in |η| < 5 with Irreducible
pT > 40, 20bkg
GeV for the leading and subjet, respectively.
The
tagging
jets
must
be
in
opposite
hemispheres,
η j1 ·η j2 < 0, where η j1
200
Reducible bkg
correspond to the pseudorapidity of the leading and sub-leading jets, respectively. Finally,
uired150
that the pseudorapidity gap between the tagging jets be large, ∆η j j > 3.6.
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r of variables are chosen that are sensitive to the different kinematics displayed by the signal
nd processes [9]. The following is the optimized event selection after the application of cut
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e 6 shows the expected diphoton mass spectrum after the application of cuts Ia and Ib. The
stogram
0.5in the bottom corresponds to the contributions from events with one and two fake
The second hashed histogram corresponds to the irreducible backgrounds (see Section 2.2). The
0.4
nd contributions
are obtained with MC samples with a fast detector simulation normalized to
sections specified in Section 2.2. The fast detector simulation is corrected in order to reproduce
0.3
s of the detector performance critical to the analysis, which are obtained with a full detector
n (see0.2
Sections 3 and 4). The expected contribution from a Higgs boson signal for mH =
obtained with a full detector simulation, is also shown in Fig. 6.
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Figure 7: Diphoton invariant mass spectrum in fb obtained with the Higgs boson plu
0.07
(see Section 5.2). The same procedure as in Fig. 6 in Section
5.1 is used to obtain
Signal
Fig. 7. The same codes
0.06 for signal and backgrounds are used as in Fig. 6.
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Table 11: Expected cross-sections (in fb) of background Reducible
for the Higgs
bkg boson plus
0.04
Results are given after the application of cuts Ia and IIa-IIc (see Section 5.2). In
expected cross-sections within a mass window of mγγ of ±2 GeV around 120 Ge
0.03
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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.

bounded protons, heavy atoms

free protons & neutrons
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When the universe was denser and hotter, it
was populated by particles which are no
longer present in nature today
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We don’t understand 96 % of the energy budget of the universe

Precision Cosmology
WMAP Cosmological Parameters
Model: lcdm+sz+lens
Data: wmap7
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2 major observations unexplained by $ Standard Model
the Dark Matter of the Universe
Some invisible transparent matter (that does not interact with photons)
which presence is deduced through its gravitational effects
}

}

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

85% dark unknown matter

the (quasi) absence of antimatter in the universe
-10
n
-n
B
B
baryon asymmetry:
~
10
nB+nB→ observational need for new physics
→ what does this have to do with the electroweak scale?

galaxy rotation curves
At large distances from the center, beyond
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

M(r)

v2 r
GN

distribution des vitesses
observée

attendue d’après
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

gravitational lensing

lentille
gravitationnelle

observateur
terrestre

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

Cosmic Microwave Background

The “Bullet cluster”: lensing
map versus X-ray image

Galaxy rotation curves

... etc

-> Fraction of the universe’s energy
density stored in dark matter :
ΩDM≈ 0.22

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

Power spectrum for CDM
matter-radiation equality

Neutrinos
hot dark
matter

cold dark
matter

Collisionless damping
CDM
HDM

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

Forces

leptons

force mediators

quarks

charged/unstable

I
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III
3 Particule
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Ω
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radius of circle is
proportional to the mass

Dark Matter Candidates Ω~1
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In Theory Space
Peccei-Quinn
axion

Supersymmetry
(almost)
Standard Model

majoron
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Technicolor &
Composite Higgs

SU(2)-ntuplet
heavy fermion

neutralino
gravitino

GUT
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sneutrino

Extra Dimensions
Kaluza-Klein photon
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graviton

technifermion
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Kaluza-Klein
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WIMP thermal relic
superWIMP
condensate
gravitational production
or at preheating

How to detect Dark Matter?

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.

Direct detection
The earth feels a “wind of WIMPS”
A vary large number of experiments
(underground) try to detecter WIMPS by
measuring the recoil motion of nuclei due to
their collision with a WIMP.
Nucleus

for example, “EDELWEISS”:

Indirect Detection
Dar Matter can produce
photons, electrons, protons, neutrinos, antiprotons, positrons :
Photons
Dark Matter

Dark Matter

+ Antimatter

Indirect Detection
4. Les expériences
search for neutrinos in the South Pole

in the Mediterranean sea..

Détection indirecte de neutrinos

AMANDA

4. Les expériences

Antarès
ANTARES

Détection indirecte d’antiprotons : exemple d’AMS

IceCube

Search for antiprotons in space...

AMS

Indirect Detection
Search for photons on earth

and in space ...

Hess

Fermi

Seeing the light from Dark Matter
● photons travel undeflected and point directly to source
● photons travel almost unattenuated and don’t require a diffusion model
● detected from the ground (ACTs) and from above (FERMI)

Producing Dark Matter at LHC = “Missing Energy” events
7 TeV
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The Dark Matter Decade
Huge experimental effort towards the identification of Dark Matter
Indirect
Antimatter Signature of
Annihilation
Neutrinos
in space
Gamma Rays

Direct
Elastic Scattering
signature in
underground labs

Collider experiments
Missing Energy
signature in high
energy accelerators

Back to Direct detection
The earth feels a “wind of WIMPS”
A vary large number of experiments
(underground) try to detecter WIMPS by
measuring the recoil motion of nuclei due to
their collision with a WIMP.
Nucleus

for example, “EDELWEISS”:

Dark Matter Direct detection
cnts / keV recoil energy ER :
ρχ
dN
(t) ∝
dER
mχ
ρχ
vmin :

#

v >vmin

d 3v

dσ
v f⊕ ($v , t)
dER

DM energy density, default: 0.3 GeV cm−3
minimal DM velocity requiredIntroduction
to produce recoil energy ER

T. Schwetz, PPC11 CERN

3

DM velocity distribution
f⊕ (!v , t) = fgal (!v + !v" + !v⊕ (t))
v̄ # 220 km/s
sun velocity:
earth velocity:

fgal (!v ) ≈

!

"
#
N exp −v 2 /v̄ 2
0

vesc # 550 km/s
!v! = (0, 220, 0) + (10, 13, 7) km/s
!v⊕ (t) with v⊕ ≈ 30 km/s

v < vesc
v > vesc

nual modulation of the count rate with maximum at
52) Bernabei et al., 0804.2741, 1002.1028
DAMA/LIBRA annual modulation signal

V
DAMA/LIBRA (0.53 ton!yr)
(target mass = 232.8 kg)

Time (day)

energy shape of modulation is
important for constraining params
Chang, Pierce, Weiner, 0808.0196
Fairbairn, TS, 0808.0704

12

14

16 18 20
Energy (keV)

CDMS (Ge, Si), CoGeNT (Ge), COUPP (CF3 I), CRESST (CaWO4 ), D
(NaI), Edelweiss (Ge), KIMS (CsI), PICASSO (F), SIMPLE (C2 ClF5 ),
However
not(Xe),
seen ZEPLIN
by other (Xe),.
experiments
...
TEXONO (Ge),
XENON
..
appologizes for the ones I forgot

hwetz, PPC11 CERN

XENON100, 1104.2549

!e Ma'er Anti-ma'er asymmetry

Antimatter
1. Antiparticules
Each particle species has its antiparticle,
carrying
opposite
charge
Pour chaque espèce
dean
particule
il yelectric
a une antiparticule,
avec une charge électrique opposée.
électron
proton
neutron
muon
neutrino
quarks
photon

positron
antiproton
antineutron
antimuon
antineutrino
antiquarks
photon

Ces antiparticules peuvent interagir entre elles, se lier pour former
de l'antimatière.

Antiparticles are produced by cosmic rays
entering
the atmosphere
1. 1.
L'antimatière
produite
dans
l'atmosphère
L'antimatière
produite
dans
l'atmosphère
rayon
cosmique
rayon
cosmique
proton
proton

positron
positron

rayon
cosmique
rayon
cosmique rayon
cosmiqu
rayon
cosm
proton
proton
proton
proton

antiprotron
antiprotron

22 2

N

création
d'un
isotis
création
d'un
22 1
radioactif
( 22(Na,
radioactif
N
puis
dés.
beta
(pou
puis
dés.
beta
(p

No concentration of antimatter in our
observable universe

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

p + p → π 0 ... → γγ

No concentration of antimatter in our
observable universe
At the scale of the solar system: no concentration of antimatter otherwise its
interaction with the solar wind would produce important source of γ’s visible radiation
At the galactic scale: There is antimatter in the form of antiprotons in cosmic rays with
−4
ratio np /np ∼ 10
which can be explained with processes such as

p + p → 3p + p
At the scale of galaxy clusters: we have not detected radiation coming from
annihilation of matter and antimatter due to p + p → π 0 ... → γγ
.

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

Where has the antimatter gone ?

there is a
bit of an
unbalance

a
M

r
e
tt

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

baryonic asymmetry

Antimatter

characterized in terms of
the baryon to photon ratio

nB − nB
η≡
nγ

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

nB-nB-~ 10-10
nB+nB-

~ 6. 10-10

How do we measure η ?
Counting baryons is difficult because only some fraction of them formed stars and
luminous objecs. However, there are two indirect probes:

1) Big Bang Nucleosynthesis predictions depend on the ratio nB /nγ
Many more photons than baryons delays BBN
by enhancing the reaction D γ →pn

2) Measurements of CMB anisotropies
probe acoustic oscillations of the baryon/photon fluid
The amount of anisotropies depend on nB /nγ

Primordial nucleosynthesis

The abundance of light elements (deuterium, helium, lithium) strongly
depends on the amount of protons and neutrons in the primordial universe.

at t<1 s

Primordial abundances versus η

Dependence of the CMB Doppler peaks on η
(CMB temperature fluctuations)

{

η = 10−10 ×

6.28 ± 0.35
5.92 ± 0.56

η = 10−10 × (6.14 ± 0.25)

Ωb h2 = 0.0223+0.0007
−0.0009
baryons: only a few percents of the total energy density of the universe

Ma'er Anti-ma'er asymmetry:

nB − nB
η≡
nγ

~ 6. 10-10

The great annihilation

10 000 000 001
Matter

10 000 000 000
Anti-matter

1
(us)

How much baryons would there be in a symmetric universe?

The great annihilation between
nucleons & anti-nucleons

n + n̄ → π + π → γ + γ + ...
occurs when

Γ ∼ (mN T )3/2 e−mN /T /m2π ∼ H ∼

√

g∗ T 2 /mP l

corresponding to a freeze-out temperature TF ~ 20 MeV

Γ!H

Γ∼H

Γ!H

In absence of
an asymmetry:

nN
≈ 7 × 10−20
s

109 times smaller than observed,
and there are no antibaryons
-> need to invoke an initial asymmetry

10 000 000 001
Matter

10 000 000 000
Anti-matter
1
(us)

Sakharov’s conditions for baryogenesis (1967)

1) Baryon number violation
(we need a process which can turn antimatter into matter)
2) C (charge conjugation) and CP (charge conjugation ×Parity) violation
(we need to prefer matter over antimatter)
3) Loss of thermal equilibrium
(we need an irreversible process since in thermal equilibrium,
the particle density depends only on the mass of the particle
and on temperature --particles & antiparticles have the same
mass , so no asymmetry can develop)

Γ(∆B > 0) > Γ(∆B < 0)

Need to go out of equilibrium

In thermal equilibrium, any reaction which destroys baryon number will be
exactly counterbalanced by the inverse reaction which creates it. Thus no
asymmetry may develop, even if CP is violated. And any preexisting asymmetry
will be erased by interactions

Need for
-> Long-lived particles decays out of equilibrium
-> first-order phase transitions

Why can’t we achieve baryogenesis in the Standard Model?
B is violated
C and CP are violated
but which out-of-equilibrium condition?
no heavy particle which could decay out-of-equilibrium
no strong first-order phase transition
Electroweak phase transition is a smooth cross over

Also, CP violation is too small (suppressed by the small quark masses,
remember there is no CP violation if quark masses vanish)

Baryon asymmetry and $ EW scale
1) nucleation and expansion of
bubbles of broken phase

broken phase

2) CP violation at phase interface
responsible for mechanism
of charge separation

<Φ>≠0

Baryon number
is frozen

3) In symmetric phase,<Φ>=0,
very active sphalerons convert chiral
asymmetry into baryon asymmetry
Chirality Flux
in front of the wall

Electroweak baryogenesis mechanism relies on
a first-order phase transition

What is the nature of the electroweak phase transition?

Conclusion:

The Standard model of Particle Physics is incomplete:
It cannot explain the dark Matter nor the matter-antimatter
asymmetry of the universe

New Physics is needed!

Which physics beyond
)e Standard Model ?

ordinary matter is made of fermions which are tied to
each other by bosons

intensity of forces

Theories of grand unification
strong interaction

weak interaction

electromagnetic interaction

One single type of matter
One single fundamental interaction

Supersymmetry
Fermions

particles of matter

fermions repel each other

Bosons

particles of force

bosons can pile up

String Theory
(Hair)
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Extra Dimensions
String theories are (well) defined only in spacetime with 10 or 11 dimensions

These extra dimensions are assumed to be curled up

2010: A new era started
for particle physicists

Back to the energy budget of the universe:
How do we know?

The observable universe: ~ 3000 Mpc (1 Mpc
3.26×106 light-years

3×1024cm)

catalog of 200 000 galaxies -> measure
of the matter content of the universe)

The main characteristic of our universe: homogeneous &
isotropic at large scales (>100 Mpc)
at scales < 100 Mpc: very inhomogeneous structure
(galaxies, clusters, super-clusters)

Property 1: Universe is homogeneous and isotropic:
It looks the same whatever the position of the observer is
or whatever the direction being observed is
no preferred position,
no center

cosmic microwave background
anisotropies :

δT
∼ 0.001%
T

property 2: the universe is expanding

v= H × r
Hubble
constant
1929: Edwin Hubble
The velocity of recession of a galaxy is proportional
to its distance from us

spectral lines from distant
galaxies are shifted towards
the red end of the spectrum

Doppler Effect

√

λ’=λ

1+v/c
1-v/c

The amount of shift depends on the apparent
brightness and hence on the distance

The universe was denser and hotter in the past
Expansion dilutes the number of particles and “stretches” the wavelength of photons, i.e.
decreases their frequency-> redshift

Big Bang theory
Einstein
Equation :

Gμν = 8 π G Tμν
space-time is curved by the presence of matter/energy

The Robertson-Walker metric,
characterized by the “scale
factor” a(t)
expansion
rate

.
H= a
a

√

H=
expansion
rate

the energymomentum tensor

8πG ρ
3

a crucial assumption to derive the master
equation, the so-called Friedman equation:

total energy
density
homogeneity and isotropy

Friedmann
Equation:

√

H=
expansion
rate

8πG ρ
3
total energy
density

What is the value of ρ ?
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The 2.7 K Cosmic Microwave Background

The peak position
depends on Ωtot
the relative height
between the first two
peaks depends on Ωb

Why the same temperature everywhere?
δT
∼ 0.001%
T

particle horizon

rH =

!

0

t

c dt
R(t)

At last scattering the particle horizon was
only ~ 100 Mpc, subtending an angle of
about 1 degree. Why then are the large
number of causally disconnected regions
on the sky at the same temperature?
[H. Murayama]

To allow causal contact over the whole of the region
observed at last scattering requires a universe that
expanded “faster than light” near t=0
=> phase of accelerated expansion known as the
inflationary universe

From inflation to structure formation

The universe is larger than our observable horizon! Regions that we see now as widely separated in oppposite directions in
the sky were much closer together before inflation and could have been in direct contact, solving the horizon problem.

Back to dark Energy

How are we led to the conclusion that there is some “dark energy”?
1) Postulate a cosmological model
- Friedmann-Lemaitre-Robertson-Walker metric (Friedmann) equation
- energy content ρ = ρM + ρR + ρΛ + ...
2) Calculate observables
3) compare with observations: Supernovae, galaxies (distribution of matter
density fluctuations/power spectrum), galaxy clusters (mass, redshift,
structure), gravitational lensing (measurement of deflection angles is
affected by the presence of dark energy)
-> No possible “fit” of the cosmological model if ρΛ =0.
-> The “fit” gives the value of the “cosmological constant” :
ρΛ = (10-4 eV)4
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Rate Is a Key Quantity

Expansion Rate Is a Key Quantity
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confusing astronomical notation
related to supernova brightness
! brighter
fainter "

!CDM
Einstein-de Sitter:
spatially flat
matter-dominated model
(maximum theoretical bliss)

Astier et al. (2006)
SNLS

Evidence
for Dark
Energy
Supernovae
(SNe1a)

supernova redshift z

1) Use Standard candles
2) Measure luminosity and redshift
3) make an hypothesis on the cosmological model
4) compare observations and model
-> The “fit”leads to the value of the `cosmological constant’ ρΛ = (10-4 eV)4

what an embarrassment ....

value deduced from observations:
ρΛ = (10-4 eV)4 =10-16 eV4

expected (theoretical) value: ~ 10120 times the observed value
$#1#6;-@$$!"#6#B.$12,$#12(;"C
Λ= MPlanck -> ρΛ = 10112 eV4
Λ= TeV -> ρΛ = 1048 eV4
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vacuum quantum fluctuations

Questions ?

