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Early Cosmology

Today 14 hillion years
Life on earth )

1 »
Acceleration 11 billion years
Dark energy dominate! s = S

Solar system form: e

Star formation peak
Galaxy formation era\ y

Earliest visible galaxie:

Recombination Atoms form
Relic radiation decouples (CMB))

Matter domination 5,000 years
Onset of gravitational collapse

Nucleosynthesis 3 minutes
Light elements created - D, He, Li

Nuclear fusion begins 0.01 seconds
Quark-hadron transition | ?
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking
Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation
Quantum gravity wall
Spacetime description breaks down
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Introduction

The Baryon asymmetry can be parametrized by:

n= "Bn_ "B|, = (6.21 + 0.16) x 1071
Y

ng — nNg

YaB = lo=(8.754+0.23) x 107!

where s = g, (2m2/45) T3,
Also

n = 2.7410"8Qgh?
where Qg = pg/perit
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Dynamical generation or Initial Condition?

The reasons in favour of dynamics generation:

1. Fine-Tuning

"For every 6,000,000 g, there should have been 6,000,001 g

2. Inflation!
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Experimental Signals of the Asymmetry

1. Big Bang Nucleosynthesis (D, 3He, *He, " Li)

Synthesis of *He: D(p,~)3He and 3He(D, p)*He
n(D) < n, n(3He) o n?.

47x1070 <5 <65%x10710  0.017 < Qgh? < 0.024
2. CMB Recombination: ©(7) = A—TT

0.02149 < Qgh® < 0.02397
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Sakarov Conditions

(1967, Sakarov)

1. Baryon Number Violation: YaAg=0— Yag #0
2. C and CP violation:

3. Out of equilibrium dynamics: ng = ng
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Standard Model?

1. AB= AL = %3, this is proportional to e 87"/&
2. C and CP violation: due to CKM matrix, (J ~ O(10~29))
3. Out of equilibrium dynamics: ElectroWeak Phase Transition
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Possible Solutions

GUT Baryogenesis, X —

Leptogenesis

Electroweak Baryogenesis (two Higgs Doublet Model)
The Affleck-Dine mechanism (¢, in SUSY ¢(sq, H, sL))
Others...

ok W
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Thermal Leptogenesis

We need a "new” neutrino:

r(VR — HL) — r(VR — F/[)
r(VR — HL) + r(VR — F/Z)

€aa =
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Thermal Leptogenesis

L
| S e— H
N! N‘f N>
H
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See Saw Models
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Freeze-in and Freeze-out

100

z=m/T

Schematic comparison of the freeze-in (dashed) and freeze-out (solid) scenarios.
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See Saw Models
L = mvgyy + Mugrg + h.c.

L= (v vg) <r(r)1 A’TD (Z;)

so the eigenvalues are:

Mass Matrix:

)\2"“

=5
0
<
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Thermal Leptogenesis

Again... o
M(vgr — HL) — T'(vg — HL)
M(vg — HL) + T (vg — HL)

Then, via the sphaleron process:

€aa =

Ya =~ 10735040/’704
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Thermal Leptogenesis

Using:

L =ylHvg + h.c.
We get:
i Im }/Tyjl]) ( 2/M2)
8r = (viyu

gx) = vx(1—x)1+1—(1+x)In(1l +1/x)), and xo = M3/ M?
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Thermal Leptogenesis

We expect to find:
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Thermal Leptogenesis

Yag ~ 10736?7,

where 1 gives the efficiency of this process! And... How can we calculate
n?
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Boltzmann Equations

hn -+ 3Hy = = [Na... <> ij...],

a,irj
—a_ [8mp
where H= 2 =,/ M2
. nyn,... nin;...
— q J ed
[Na... — Ij] = ~eqgeq ) T “eq.eq
ny'n n;’n
na - i o
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Boltzmann Equations

107 M
N
1 " )
< -2
2 10
@ ) dominant N
£ 107 thermal N,
© ) zero N,
1076
-8

100 10 100® 100* 1072 1
m;ineV
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Wash-Out Coefficient

For case 0: (zero initial Ny population )

. 33x107%V ml 16

1
n m + (0.55 x 10-3eV
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Leptogenesis Bound on Neutrino Masses

SM MSSM

1078 1078
.~ 3G ranges -~ 30 ranges
< =
E E
= 1077 - 107
E £
= =
s s
g £

10710 10-10

0.08 0.1 0.12 0.14 0.16 0.08 0.1 0.12 0.14 0.16
heaviest vmass m; mmeV heaviest vmass mj; ineV

where, m3 = m? + Am?,,, + Am?,,. The lower bound for the right-handed

atm sun-
neutrinos is given by:

4.5 x 108GeV
n

m Ny
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Finally

Thank you!
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	Example

