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Evidence for a baryon asymmetry
In the Universe there seems to be much more matter than antimatter.

Obviously, there is not much antimatter around us. However, we know
that it exists:

It is produced in particle physics laboratories.
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Evidence for a baryon asymmetry
In the Universe there seems to be much more matter than antimatter.

Obviously, there is not much antimatter around us. However, we know
that it exists:

It is produced in hospitals (positron emission tomography).

It is produced in the decay of some radioactive nuclei. 

It is produced in particle physics laboratories.

40K 40Ar + ν + e+

One positron every 75 minutes

e+



  

The bodies of the solar system are also composed almost entirely
by matter and not by antimatter 

Mars Exploration RoverApollo 11

Venera 13



  

However, there is antimatter in the interplanetary and in the
interstelar medium of our Galaxy 

Antiproton-to-proton ratio



  

However, there is antimatter in the interplanetary and in the
interstelar medium of our Galaxy 

Positron fractionAntiproton-to-proton ratio



  

At larger scales there are also indications that there is more matter 
than antimatter. Many clusters of galaxies contain gas. If there were 
in the same cluster galaxies and antigalaxies, we would see a strong 
γ-ray emission from annihilations.

Could the Universe be baryon symmetric?Could the Universe be baryon symmetric?

Observations indicate that clumps of matter are as large as 
1012−1014 M. Beyond that, we don't know...



  

Annihilations of nucleons and antinucleons are in thermal equilibrium 
until very low temperatures, T~22MeV. 

The nucleon-antinucleon annihilation cross section is rather large

Then, the relic abundance of antinucleons (the number of antinucleons
that survive annihilations)

Some mechanism at temperatures larger than 38 MeV must
have existed, separating nucleons and antinucleons. But which?

The most natural solution: the Universe is not baryon symmetric

NO!!NO!!

with mπ=135 MeV.



  

Assumption: in the very early Universe there was already 
a tiny excess of baryons over antibaryons. These annihilated 
leaving a small excess of baryons.



  

How many baryons?

The abundances of the primordial elements and the height of 
the peaks of the CMB power spectrum depend on the ratio of
baryons-to-photons.

Fields, Sarkar

Strumia



  

Assumption: in the very early Universe there was already 
a tiny excess of baryons over antibaryons. These annihilated 
leaving a small excess of baryons.

But this is a very small number!!



  

NB=30 000 000 001 NB=30 000 000 000

t 10−6 s



  

Now the question is: why was there in the very early
Universe an excess of baryons

NB=1 NB=0

BaryogenesisBaryogenesis

now



  

Dynamical generation of a BAU:
Sakharov conditions

The baryon asymmetry can be dynamically generated if
the following three conditions are satisfied:

 Baryon number violation

 C and CP violation

If baryon asymmetry is conserved, no baryon number can
be dynamically generated. There must exist XB=0 YB=0+BB0

 Departure from thermal equilibrium

If C or CP are conserved, Γ(XY+B)= Γ(XY+B)  No net effect

In thermal equilibrium, the production rate of baryons 
is equal to the destruction rate: Γ(XY+B)=Γ(Y+BX)
 No net effect.



  

These three conditions are fulfilled in the simplest grand unified models.



  

In SU(5) models, quarks and leptons are in the same representation

X

q

l

 Baryon number violation

 C and CP violation. At one loop level

 Departure from thermal equilibrium, due to the expansion
of the Universe

These three conditions are fulfilled in the simplest grand unified models.

This scenario could generate dynamically a baryon asymmetry:



  

If C and CP are violated,                                                                                    

Mean net baryon number produced in the decay of X

Mean net antibaryon number produced in the decay of X

The resulting baryon asymmetry is:



  

Very attractive!!Very attractive!!



  

Very attractive!!Very attractive!!

But ruled out...



  

In the Standard Model, lepton and baryon number conservation
are accidental symmetries. However, it was discovered by 
't Hooft that non-perturbative effects can violate B and L:
instantons. Furthermore, the violation of B and L induced by 
instantons is very peculiar...

At the classical level, B and L are preserved:

where the currents associated to the B and L are

A new player in the baryogenesis game: sphalerons

Baryon and lepton number are defined as:



  

For these two currents, the Adler-Bell-Jackiw triangular anomalies 
do not cancel. B and L are anomalous at the quantum level

and NF = number of fermion generations

As a consequence, B and L are violated at the quantum level. As a consequence, B and L are violated at the quantum level. 
However, B-L is preserved:However, B-L is preserved:

The orthogonal combination, B+L, is of course non preserved
at the quantum level,

Where Wµν and Bµν are the SU(2)L and U(1)Y field strengths:



  

The violation of B+L is due to the non-trivial structure of non-abelian 
gauge theories. The change in B and L are related to the change in 
the topological charge (the Chern-Simons number): 

There is an infinite number of degenerate vacuum states with different 
Chern-Simons numbers (different baryon numbers) separated by a barrier

MW/αW

NCS1 2-2 -1 0



  

Transitions from one vacuum to another vacuum
are possible, with a change of ∆B and ∆L by three units. 

which gives interactions involving 12 fermions:

∆Ncs=1,2...3 generations

∆B=∆L=3 

There is an effective operator



  

At T=0, transitions among vacua by tunnelling



  

At high temperatures, the barrier can be crossed

T<TEW

At large temperatures, transitions violating B+L At large temperatures, transitions violating B+L 
(and preserving B-L) occur very often.(and preserving B-L) occur very often.

T>TEW

SPHALERONS
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“Revised” Sakharov conditions

The baryon asymmetry can be dynamically generated if
the following three conditions are satisfied:

 Baryon number violation

 C and CP violation

If baryon asymmetry is conserved, no baryon number can
be dynamically generated. There must exist XB=0 YB=0+BB0

 Departure from thermal equilibrium
In thermal equilibrium, the production rate of baryons 
is equal to the destruction rate: Γ(XY+B)=Γ(Y+BX)
 No net effect.

If C or CP are conserved, Γ(XY+B)= Γ(XY+B)  No net effect

B-L
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VERY SIMPLE IDEA:
“Baryogenesis Without Grand Unification”, Phys.Lett.B174:45,1986,
by Fukugita and Yanagida.



  
Citations according to the SPIRES database: 1492  

VERY SIMPLE IDEA:

And very popular...

“Baryogenesis Without Grand Unification”, Phys.Lett.B174:45,1986,
by Fukugita and Yanagida.



  

Why are people so excited about leptogenesis?Why are people so excited about leptogenesis?
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1998. Evidence of 
atmospheric neutrino
oscillations (Super-K)
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Why are people so excited about leptogenesis?Why are people so excited about leptogenesis?

1998. Evidence of 
atmospheric neutrino
oscillations (Super-K)

2001. Evidence of
solar neutrino
oscillations (SNO)

ci
ta

ti
on

s/
ye

ar



  

Neutrino masses

Neutrinos have mass!!

Schwetz, Tortola,
Valle
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Schwetz, Tortola,
Valle



  

There are two possible new terms that can be added to the
Standard Model Lagrangian to account for neutrino oscillations:

Dirac mass

Neutrinos are very special particles: it is the only known fermion
which is electrically neutral.

Majorana mass

(L conserved)

(L violated)



  

There are two possible new terms that can be added to the
Standard Model Lagrangian to account for neutrino oscillations:

Neutrinos are very special particles: it is the only known fermion
which is electrically neutral.

Majorana mass

Option preferred by theorists

(L violated)

Dirac mass (L conserved)



  

Dirac or Majorana?

If neutrinos are Majorana particles, the nuclear 
process  (Α,Ζ) (Α,Ζ+2)+e−+e− is allowed

Not observed yet. Lifetime >1024−1025 years

The rate of 0ν2β depends crucially
on the spectrum. If neutrinos are
degenerate or inverse hierarchical,
0ν2β could be observed in the next
generation of experiments (CUORE,
GERDA...)

The smoking gun: neutrinoless double beta decay

Bahcall, Murayama
Peña-Garay



  

● The observation of 0ν2β decay 
(L is violated) will constitute a 
strong hint for leptogenesis. 

B

L

B-L
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● The observation of neutron-antineutron 
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● The observation of 0ν2β decay 
(L is violated) will constitute a 
strong hint for leptogenesis. 

● The observation of neutron-antineutron 
oscillations (B is violated) will constitute 
a strong hint for baryogenesis. 

● The observation of proton decay 
(B and L violated) will not have any 
implications for baryogenesis/leptogenesis 
(since B-L is not violated)

B

L

B-L

B

L

B-L

B

L
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Origin of neutrino masses

The most popular one (perhaps the simplest and most elegant)
consists on introducing new heavy degrees of freedom:

Type I Type II Type III

H H H H

ν ν
ν ν

N N
x x

∆
∆

H H

ν ν
Σ Σ

x

(fermion singlets) (scalar triplets) (fermion triplets)

Many proposals!

See-saw mechanism
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ν ν
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(fermion singlets) (scalar triplets) (fermion triplets)

Many proposals!
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Type I see-saw mechanism: Introduce heavy right-handed neutrinos 
(at least two).

That's it!!

The most general Lagrangian compatible with the Standard Model
gauge symmetry is:

Naturally small due to the suppression 
by the large right-handed neutrino masses



  

The decays of the right-handedThe decays of the right-handed
neutrinos could generate theneutrinos could generate the
baryon asymmetry of the Universebaryon asymmetry of the Universe



  

Leptogenesis

The three Sakharov conditions are fulfilled:

Mechanism to generate dynamically the baryon asymmetry through 
a lepton asymmetry. The simplest version consists on leptogenesis 
via the out of equilibrium decays of the lightest right-handed neutrino. 

 Violation of B−L. Guaranteed if neutrinos are Majorana particles.

 C and CP violation. Guaranteed if the neutrino Yukawa couplings 
contain physical phases. 

 Departure from thermal equilibrium. Guaranteed, due to the
expansion of the Universe. 

The generation of a baryon asymmetry is guaranteedThe generation of a baryon asymmetry is guaranteed
in the leptogenesis mechanism. But, can leptogenesisin the leptogenesis mechanism. But, can leptogenesis
generate the generate the observedobserved baryon asymmetry? baryon asymmetry?



  

Leptogenesis

The three Sakharov conditions are fulfilled:

Mechanism to generate dynamically the baryon asymmetry through 
a lepton asymmetry. The simplest version consists on leptogenesis 
via the out of equilibrium decays of the lightest right-handed neutrino. 

 Violation of B−L. Guaranteed if neutrinos are Majorana particles.

 C and CP violation. Guaranteed if the neutrino Yukawa couplings 
contain physical phases. However, it is not guaranteed that the 
C and CP violation are large enough for leptogenesis.

 Departure from thermal equilibrium. Guaranteed, due to the
expansion of the Universe. However, it is not guaranteed that
the relevant processes are sufficiently out of equilibrium 
(this depends on the high-energy see-saw parameters).

The generation of a baryon asymmetry is guaranteedThe generation of a baryon asymmetry is guaranteed
in the leptogenesis mechanism. But, can leptogenesisin the leptogenesis mechanism. But, can leptogenesis
generate the generate the observedobserved baryon asymmetry? baryon asymmetry?



  

Calculate!Calculate!



  

3- Conversion of the lepton asymmetry into a baryon asymmetry.

Roughly speaking, the generation of a BAU through leptogenesis
proceeds in three steps:

1- Generation of a lepton asymmetry in the decay of the
lightest right-handed neutrino.

2- Washout of the lepton asymmetry.



  

At tree level, the total decay rate is:

The rate for N1  lH and N1  lcHc are identical. No CP asymmetry: 

1- Generation of the lepton asymmetry



  

At one loop, new diagrams contribute to the decay rate:

1- Generation of the lepton asymmetry



  

At one loop, new diagrams contribute to the decay rate:

Interference with the vertex correction

1- Generation of the lepton asymmetry



  

At one loop, new diagrams contribute to the decay rate:

Interference with the wave-function correction

Tricky! Calculable only when Mi -M1 Gi-G1 
Enhancement of the CP asymmetry when the 
right-handed neutrinos are almost degenerate

1- Generation of the lepton asymmetry



  

At one loop, new diagrams contribute to the decay rate:

The Yukawa coupling must be complex:
C and CP violation (2nd Sakharov condition)

1- Generation of the lepton asymmetry



  

The CP violating decays generate instantaneously a 
lepton asymmetry.

Not the end of the story...



  

The CP violating decays generate instantaneously a 
lepton asymmetry.

Not the end of the story...

There are also inverse decays which wash-out the lepton
asymmetry generated

If these processes are in equilibrium, there is 
no net effect. It is necessary a departure 
from thermal equilibrium (3rd Sakharov condition)

competition



  

The abundance of right-handed neutrinos is dictated
by a Boltzmann equation: 

2- Wash-out of the lepton asymmetry

Mass of the lightest RH neutrino

temperature
=



  

The abundance of right-handed neutrinos is dictated
by a Boltzmann equation: 

Equilibrium distribution

1.00.5 5.00.1 10.0 50.0 100.0

105

104

0.001

0.01

0.1

1

2- Wash-out of the lepton asymmetry



  

The abundance of right-handed neutrinos is dictated
by a Boltzmann equation: 

Decay term

Hubble rate at
temperature T

2- Wash-out of the lepton asymmetry



  

The abundance of right-handed neutrinos is dictated
by a Boltzmann equation: 

Decay term

Hubble rate at
temperature T

Decay rate at 
temperature T

2- Wash-out of the lepton asymmetry



  

The abundance of right-handed neutrinos is dictated
by a Boltzmann equation: 

Decay term

Hubble rate at
temperature T

Decay rate at 
temperature T

2- Wash-out of the lepton asymmetry



  

The abundance of right-handed neutrinos is dictated
by a Boltzmann equation: 

Decay term

 Substituting,

2- Wash-out of the lepton asymmetry



  

The abundance of right-handed neutrinos is dictated
by a Boltzmann equation: 

Decay term

It is convenient to write the decay term as a function of the “decay parameter” K:

 Substituting,

“Effective neutrino mass” “Equilibrium neutrino mass”

2- Wash-out of the lepton asymmetry



  

To summarize: the abundance of right-handed neutrinos is 
dictated by a Boltzmann equation: 

The solution depends on the initial condition and on K (or m1)~

vanishing initial abundance thermal initial abundance

K=100



  

To summarize: the abundance of right-handed neutrinos is 
dictated by a Boltzmann equation: 

The solution depends on the initial condition and on K (or m1)~
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vanishing initial abundance thermal initial abundance



  

To summarize: the abundance of right-handed neutrinos is 
dictated by a Boltzmann equation: 

The solution depends on the initial condition and on K (or m1)~

K=1

vanishing initial abundance thermal initial abundance



  

To summarize: the abundance of right-handed neutrinos is 
dictated by a Boltzmann equation: 

The solution depends on the initial condition and on K (or m1)~

K=1

vanishing initial abundance thermal initial abundance

Sizable departure from equilibrium,
when the “effective neutrino mass” 
equals the “equilibrium neutrino mass”



  

To summarize: the abundance of right-handed neutrinos is 
dictated by a Boltzmann equation: 

The solution depends on the initial condition and on K (or m1)~

vanishing initial abundance thermal initial abundance

K=10−1



  

To summarize: the abundance of right-handed neutrinos is 
dictated by a Boltzmann equation: 

The solution depends on the initial condition and on K (or m1)~

vanishing initial abundance thermal initial abundance

K=10−2



  

To summarize: the abundance of right-handed neutrinos is 
dictated by a Boltzmann equation: 

The solution depends on the initial condition and on K (or m1)~

vanishing initial abundance thermal initial abundance

K=10−3



  

competition

Remember: leptogenesis is a competition between decays (which 
generate an asymmetry) and inverse decays (which erase the asymmetry)

We have seen the conditions to keep these processes out
in equilibrium. What is the effect on the B-L asymmetry?



  

competition

Remember: leptogenesis is a competition between decays (which 
generate an asymmetry) and inverse decays (which erase the asymmetry)

Generates a B-L asymmetry.
The size depends on the CP asymmetry,
on the decay rate and on how many
right-handed neutrinos are out of equilibrium

We have seen the conditions to keep these processes out
in equilibrium. What is the effect on the B-L asymmetry?



  

competition

Remember: leptogenesis is a competition between decays (which 
generate an asymmetry) and inverse decays (which erase the asymmetry)

Washes-out the B-L asymmetry.
Depends on how large is the B-L
asymmetry itself and is proportional
to the rate of inverse decays.

We have seen the conditions to keep these processes out
in equilibrium. What is the effect on the B-L asymmetry?



  

competition

Remember: leptogenesis is a competition between decays (which 
generate an asymmetry) and inverse decays (which erase the asymmetry)

The washout rate is related to the rate of inverse decay, which is in turn
related to the rate of decay:

Then,

We have seen the conditions to keep these processes out
in equilibrium. What is the effect on the B-L asymmetry?



  

Set of Boltzmann equations



  

Set of Boltzmann equations



  

The solution depends on:

 Initial abundance of right-handed neutrinos

 “Effective neutrino mass”, m1, through 

 CP asymmetry, 

~
or

Set of Boltzmann equations



  

1.00.5 5.00.1 10.0 50.0 100.0

1010

108

106

104

0.01

1

1.00.5 5.00.1 10.0 50.0 100.0

1010

108

106

104

0.01

1

vanishing initial abundance thermal initial abundance

NB−L

NN1 NN1

NB−L

ε =10−6, K=100

Set of Boltzmann equations



  

vanishing initial abundance thermal initial abundance
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1010
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1NB−L

NN1 NN1

NB−L

ε =10−6, K=10

Set of Boltzmann equations



  

vanishing initial abundance thermal initial abundance
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Set of Boltzmann equations



  

vanishing initial abundance thermal initial abundance
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vanishing initial abundance thermal initial abundance
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Note that when K1 (strong washout) the final asymmetry 
is the same, independently of the initial condition:



  

NB−L

Note that when K1 (strong washout) the final asymmetry 
is the same, independently of the initial condition:



  

The solution is usually expressed in terms of an “efficiency factor”
(assuming that initially there is no B-L asymmetry)



  

An additional effect on leptogenesis: scatterings

In addition to decays and inverse decays, scatterings can also bring 
the right-handed neutrinos into equilibrium or washout the B-L 
asymmetry, through:

ℓ

ℓ

ℓ
ℓ

ℓ

ℓℓ

ℓ

ℓN

N

N

N N

q

qt

q

t

H

H
HH

H
H

H

H

∆L=1

∆L=2



  

Including these effects, the Boltzmann equations read:



  

Including these effects, the Boltzmann equations read:



  

Including these effects, the Boltzmann equations read:

Similar diagrams to the one giving neutrino masses:



  

The solution can still be written in the form:

Buchmüller, Di Bari,
Plümacher

No 
scatterings



  



  

3- Conversion of the lepton asymmetry into a baryon asymmetry.

Roughly speaking, the generation of a BAU through leptogenesis
proceeds in three steps:

1- Generation of a lepton asymmetry in the decay of the
lightest right-handed neutrino.

2- Washout of the lepton asymmetry.
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In a weakly coupled plasma, it is possible to assign a chemical
potential to each particle specie

In thermal equilibrium there are relations among the
chemical potentials

3- Conversion of the lepton asymmetry 
    into a baryon asymmetry

Thus, the asymmetry between the number of baryons (leptons)
and antibaryons (antileptons) is: 

fermions
bosons



  

● The effective 12-fermion interactions B+L induced by sphalerons leads to:

● The SU(3) QCD instanton processes lead to interactions between LH and
RH quarks, described by the operator                           . When they are
in equilibrium, they lead to: 

● The total hypercharge of the plasma must vanish, leading to:

● If the Yukawa interactions are in thermal equilibrium, the chemical
potentials satisfy:  



  

Assuming equilibrium among different generations, all the chemical
potentials can be written in terms of µℓ.

Then

Leptogenesis produces a B-L asymmetry. The equilibration,
leads to a baryon asymmetry and to a lepton asymmetry given by:

where (                        in models with NH higgses) 

c=28/79 in the SM with three generations



  

Recipe to calculate the BAU in leptogenesis

1- Take your favourite neutrino model (hν,M)
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Recipe to calculate the BAU in leptogenesis

1- Take your favourite neutrino model (hν,M)

2- Calculate 

3- Solve the Boltzmann equations to obtain

4-Calculate the baryon-to-photon ratio

Dilution factor due to photon production
between leptogenesis and recombination

Sphaleron conversion



  

Recipe to calculate the BAU in leptogenesis

1- Take your favourite neutrino model (hν,M)

2- Calculate 

3- Solve the Boltzmann equations to obtain

4-Calculate the baryon-to-photon ratio

5-Compare with the experimental value! 
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