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High Energy Physics and Cosmology Today

There has been impressive progress in both particle physics 
and cosmology in the last 30 years

Laboratory and satellite based experiments complemented 
with theories of the dynamics of the cosmos and the 
micro-cosmos have led to what are today known as 
Standard Models in both fields

All experimental observations are consistent with the 
predictions of these models



Standard ModelStandard Model

!! Gauge Theory Based on the groupGauge Theory Based on the group

!! All particle interactions of the three families of quarks, chargedAll particle interactions of the three families of quarks, charged
leptons and neutrinos well described by the Standard Model (SM)leptons and neutrinos well described by the Standard Model (SM)

!! Excellent description of all experimental observablesExcellent description of all experimental observables

!! Includes heavy particles, like the top quark and the weak gaugeIncludes heavy particles, like the top quark and the weak gauge
bosons, as well as the almost bosons, as well as the almost massless massless neutrinos.neutrinos.

YLC U(1)SU(2)SU(3) !!

Standard Model of Particle Physics
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Open Questions in Particle Physics and Cosmology

Origin of Mass of fundamental particles 

Nature of Dark Matter

Source of Dark Energy

Quantum Gravity and the Unification of Forces
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Missing Question

 The four percent of ordinary matter present in the 
Universe does not  seem to introduce any challenge to 
our understanding of the Universe

This naive impression is wrong. Two very puzzling 
questions remain:

Why is anti-matter absent in the observable Universe ?

What explains the smallness of the baryon number 
density when compared to photons or neutrinos ?
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The Puzzle of the Matter-Antimatter asymmetry

• Anti-matter is governed by the same interactions as
matter.

• Observable Universe is composed of matter.

• Anti-matter is only seen in cosmic rays and particle
physics accelerators

• The rate observed in cosmic rays consistent with
secondary emission of antiprotons
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Baryons and Leptons

Ordinary matter is composed of baryons (protons 
and neutrons) and leptons (electrons and neutrinos)

One can associate an experimentally conserved 
number to baryons and leptons. Baryons and leptons 
carry one unit of these numbers, and antibaryons and 
anti-leptons carry a negative unit.

The predominance of matter over antimatter is 
equivalent to the existence of a net baryon number

To estimate their number, baryons should be treated 
as stable thermal relics of the Big Bang



Evolution of Dark Matter Density
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Numerical Estimate

Baryons annihilate with antibaryons via strong 
interactions mediated by pions

This is a very efficient annihilation channel and the 
equilibrium density is 

The first problem is the equality of baryon and 
antibaryon number density.  Even obviating this 
problem, how does this compare to experiment ?

nB̄
nγ

= nB
nγ
! 10−20



Baryon Abundance

• Information on the baryon abundance comes from two

main sources:

• Abundance of primordial elements.   When combined

with Big Bang Nucleosynthesis tell us

• CMBR, tell us ratio

• There is a simple relation  between these two quantities
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Element Abundance and Big-BangElement Abundance and Big-Bang

Nucleosynthesis Nucleosynthesis predictionspredictions
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Dark
matter
density

Baryon density

Information coming from the CMBRSound wave on the sky: WMAP temperature power

spectrum
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Experimental evidence 

Baryon Number abundance is only a tiny fraction of other 
relativistic species

Still, it is much larger than what the situation of equality of baryon 
and anti-baryon number densities would suggest

Why is                                            ? 

What generated the  small observed baryon-antibaryon 
asymmetry ?

ΩΛ ! ΩCDM ! Ωb



Small Asymmetry must be generated 
primordially
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Matter and Anti-Matter

Early Universe

1,000,000,001 1,000,000,000

Matter Anti-matter

TAnnihilation will occur efficiently and finally the small asymmetry
   will be the only remaining thing left in the Universe

Murayama



Baryogenesis Baryogenesis at the weak scaleat the weak scale

! Under natural assumptions, there are three conditions,

    enunciated by Sakharov, that need to be fulfilled for

    baryogenesis. The SM fulfills them :

! Baryon number violation: Anomalous Processes

! C and CP violation: Quark CKM mixing

! Non-equilibrium: Possible at the electroweak phase
transition.

Baryogenesis



The Higgs Mechanism and the Origin of Mass

Spontaneous Breakdown  of
the symmetry :
Vacuum becomes a source of
energy =  a source of mass

A scalar (Higgs) field is introduced. The Higgs field acquires a
nonzero value to minimize its energy

A physical state (Higgs boson) appear associated to fluctuations in the
radial direction . Goldstone modes: Longitudinal component of massive
Gauge fields.

Masses of fermions and gauge  bosons proportional to their
couplings to the Higgs field:
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Non-equivalent Vacua and Static Energy

        in Field Configuration Space

The sphaleron is a static configuration with non-vanishing

values of the Higgs and gauge boson fields.

Its energy may be identified with the height of the barrier

separating vacua with different baryon number
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The quantity v is the Higgs vacuum expectation

value,   < H > = v.

This quantity provides an order parameter which

distinguishes the electroweak symmetry 

preserving and violating phases.
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Instanton configurations may be regarded as semiclasical

amplitudes for tunelling effect between vacuum states with

different baryon number

Weak interactions:  Transition amplitude exponentially small.

No observable baryon number violating effects at T = 0
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Baryon Number Violation at finite T

 Anomalous processes violate both baryon and lepton number, but 
preserve  B – L. Relevant for the explanation of the Universe 
baryon asymmetry.

 At zero T  baryon number violating processes highly suppressed

 At finite T, only Boltzman suppression

    
 

Klinkhamer and Manton ’85, Arnold and Mc Lerran ’88

Γ(∆B != 0) = Γ(∆L != 0) ∝ AT exp
(
−Esph

T

)



Baryon Asymmetry Preservation

If Baryon number generated at the electroweak phase

transition,

Baryon number erased unless the baryon number violating

processes are out of equilibrium in the broken phase.
Therefore, to preserve the baryon asymmetry, a strongly first order

phase transition is necessary:

Kuzmin, Rubakov and Shaposhnikov, ’85—’87



Electroweak Phase Transition

Higgs Potential Evolution in the case of a first order 

Phase Transition



Finite Temperature Higgs Potential

 D receives contributions at one-loop proportional to the
sum of the couplings of all bosons and fermions squared, and is
responsible for the phenomenon of symmetry restoration

E receives contributions proportional to the sum of the cube
of all light boson particle couplings 

Since in the SM the only bosons are  the gauge bosons, and the 
quartic coupling is proportional to the square of the Higgs mass,



If the Higgs Boson is created , it will decay rapidly 
into other particles

At LEP energies mainly into
pairs of b quarks

One detects the decay products
of the Higgs and the Z bosons

LEP Run  is over 

• No Higgs seen with a mass below 114  GeV

• But, tantalizing hint of a Higgs  with mass about 
   115 -- 116 GeV   (just at the edge of LEP reach)

Electroweak Baryogenesis in the SM is ruled out



CP-Violation sources 
Another problem for the realization of the SM electroweak 
baryogenesis scenario:

Absence of sufficiently strong CP-violating sources

Even assuming preservation of baryon asymmetry, baryon number 
generation several order of magnitues lower than required
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Figure 7: (a) shows the non-integrated CP asymmetry (∆CP ) produced by down quarks in
the narrow energy range which dominates for zero damping rate, when masses are neglected
in the internal loop. (b) shows the dramatic effect of turning on the damping rate effects, in
the same approximation.

the other hand, in the case γ != 0 and in the limit m << γ 23, the expression for the peak
value of the asymmetry beautifully reduces to
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(5.26)
This was expected from naive order-of-magnitude arguments.

Finally, the results (5.25) show that non-leading effects in T give the main contribution
to the asymmetry in the case of non-vanishing damping rate and, in contrast with [11], the
up-sector dominates the asymmetry.

Very recently, Huet and Sather[28] have analyzed the problem. These authors state that
they confirm our conclusions. As we had done in ref. [1], they stress that the damping rate is
a source for quantum decoherence, and use as well an effective Dirac equation which takes it
into account. They discuss a nice physical analogy with the microscopic theory of reflection
of light. They do not use wave packets to solve the scattering problem, but spatially damped
waves, as in our heuristic treatment at the beginning of Sect. 4.

5.4 Wall thickness.

Notice that the derivation in sect. 4 is totally independent of the shape of the function
r(k). The only requirement was a singularity structure limited to a cut in the region of total
reflection. This is quite generic: only for very special wall shapes can other singularities be
expected. For instance, when the wall is not monotonous, a pole with an imaginary part
may express the decay of a quasi-bound state trapped in a potential well.

The thin wall approximation used in this paper is valid only for wall thickness l $ 1/6γ,
while perturbative estimates suggest l ≥ .1GeV−1 ≥ 1/6γ. The CP asymmetry, generated in

23This is valid for down external quarks, the case we considered
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Yukawa couplings) than δhR, because they give a zero contribution at this order , we can
easily obtain:

δhb
R = αwλiλf

∑

l

KliK
∗
lfIR(M2

l ), δhb
L = αw

∑

l

KliK
∗
lfIL(M2

l ) (5.15)

and

c =
λf

mi

∑

l

KliK
∗
lfIm(M2

l ), (5.16)

where we have defined

IR(M2
l ) = −

π

2
H(Ml, MW ), IL(M2

l ) = λ2
l IR(M2

l ), Im(M2
l ) = πλlMlC(Ml, MW ). (5.17)

It then follows that the first effect in the asymmetry appears at O(α2
w) and it comes only

from the interference of the O(αw) effects in δhb
R and δhb

L. Consequently, there is no effect
at O(α2

w) at leading order in T , because at this order δhb
R = 0. It is interesting to analyze

the expression for the non-integrated asymmetry at this order, where the GIM mechanism
is explicitly operative:

∆(2)
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∆(2)
CP can be shown to have the following structure:

∆(2)
CP ∼ α2

w (2iJ) T int T ext, (5.19)

where J , T int and T ext contain the expected “à la Jarlskog” behaviour of the asymmetry as
a function of the weak angles (J), the internal quark (T int) and the external quark masses
(T ext). The connection between (5.18) and (5.19) is
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b
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l,l′
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∗
ljKl′jK

∗
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2
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∗
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2
1s2s3sδ,

and

T int ≡
∑

l

(λ2
l − λ2

l+1)IR(M2
l )IR(Ml+1). (5.21)
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γ : Quark Damping rate



Baryogenesis and New Physics

As Dark Matter and Dark Energy, then Baryogenesis does not 
have a natural explanation within the Standard Models of 
particle physics and cosmology 

New mechanisms should be invoked. Many of these 
mechanism use the baryon and lepton number violation 
induced by the sphaleron processes.

New sources of CP-violation are also necessary

And new processes, going out of equilibrium at some point in 
the evolution of the Universe
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Generic Scenarios: Leptogenesis

Neutrinos have tiny masses. These can be naturally explained if they 
proceed from the Yukawa coupling of ordinary neutrinos with heavy 
Majorana neutrinos 

These heavy Majorana neutrinos decay into ordinary leptons through lepton 
and CP-violating processes induced by the Majorana mass and the complex 
Yukawa couplings, respectively

The resulting lepton asymmetry is then converted into a baryon asymmetry 
via the anomalous processes, which try to erase B+L, and conserve B-L.

This generic mechanism of generation of baryon number from lepton 
number is called leptogenesis, and is very attractive since it is tied to the 
mechanism of neutrino mass generation 28

Mν ! Y T M−1Y v2



Generic Scenarios: Electroweak Baryogenesis

Like in the Standard Model, assume that baryogenesis is 
generated by processes occurring at the electroweak phase 
transition

Attractive models will be those associated with the new 
physics responsible for the explanation of electroweak 
symmetry breaking and the generation of mass (and 
hopefully dark matter)

Again, new sources of CP-violation are necessary

Testable in near future experiments
29



Alternative Scenarios

The baryon asymmetry may be generated already in the 
inflationary period 

Or after sphaleron processes are out of equilibrium. 

Or it may result from a violation of Lorentz or CPT 
symmetries. 

Or....
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Aim of the Workshop

In this workshop, many different scenarios  for the generation of 
the baryon asymmetry will be presented.

We hope to get an understanding of the feasibility of each 
scenario, as well as the what are the observable consequences of 
these scenarios

Many talks will be dedicated to variations of leptogenesis (5 talks) 
and electroweak baryogenesis  (6 talks), but a large number of 
talks (8 talks) will cover other scenarios 

I am quite confident that we will all learn from this excercise !
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