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

np = (6.11 £0.19) x 107"
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Why was there 1n the very early
Universe a tiny excess of baryons?

[Baryogenesis



Dynamical generation of a BAU:

Sakharov conditions

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

e Baryon number violation

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

e C and CP violation L
If C or CP are conserved, I (X—Y+B)=I1'(X—>Y+B) = No net effect

e Departure from thermal equilibrium

In thermal equilibrium, the production rate of baryons
1s equal to the destruction rate: I'(X—>Y+B)=I'(Y+B—X)
—> No net effect.



These three conditions are fulfilled 1n the simplest grand unified models.
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Unified Gauge Theories and the Baryon Number of the Universe

Motohiko Yoshimura

Deparitment of Physics, Tohoku University, Sendai 980, Japan
(Received 27 April 1978)

I suggest that the dominance of matter over antimatter in the present universe is a con-
sequence of baryon-number—nonconserving reactions in the very early fireball. Unified
guage theories of weak, electromagnetic, and strong interactions provide a basis for
such a conjecture and a computation in specific SU(5) models gives a small ratio of

baryon- to photon-number density in rough agreement with observation.



These three conditions are fulfilled 1n the simplest grand unified models.

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

q

[

This scenario could generate dynamically a baryon asymmetry:
e Baryon number violation
e C and CP violation. At one loop level

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




Very attractive!!



Very attractive!!

But ruled out...



Very attractive!!

But ruled out...

The requirement of baryon number
violation 1s not enough!



In the Standard Model, lepton and baryon number conservation
are accidental symmetries. However, 1t was discovered by
't Hooft that non-perturbative effects can violate B and L.

There 1s an infinite number of degenerate vacuum states with different
Chern-Simons numbers (different baryon numbers) separated by a barrier
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In changing from vacuum to vacuum, B and L are violated, but B—L is preserved.



In the Standard Model, lepton and baryon number conservation
are accidental symmetries. However, 1t was discovered by
't Hooft that non-perturbative effects can violate B and L.

There 1s an infinite number of degenerate vacuum states with different
Chern-Simons numbers (different baryon numbers) separated by a barrier

At zero temperature, transitions among vacua only through tunnelling
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In the Standard Model, lepton and baryon number conservation
are accidental symmetries. However, 1t was discovered by
't Hooft that non-perturbative effects can violate B and L.

There 1s an infinite number of degenerate vacuum states with different
Chern-Simons numbers (different baryon numbers) separated by a barrier

At high temperature, the barrier can be easily crossed
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In the Standard Model, lepton and baryon number conservation
are accidental symmetries. However, 1t was discovered by
't Hooft that non-perturbative effects can violate B and L.

There 1s an infinite number of degenerate vacuum states with different
Chern-Simons numbers (different baryon numbers) separated by a barrier

At high temperature, the barrier can be easily crossed

A

At high temperatures, transitions violating B+L
(and preserving B-1.) occur very often.




In the Standard Model, lepton and baryon number conservation
are accidental symmetries. However, 1t was discovered by
't Hooft that non-perturbative effects can violate B and L.

There 1s an infinite number of degenerate vacuum states with different
Chern-Simons numbers (different baryon numbers) separated by a barrier

At high temperature, the barrier can be easily crossed
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Described by an effective interaction Op+r = || (qz.qz.9z.0z,)
1=1,2.3
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We estimate the rate of the anomalous electroweak baryon-number non-conserving processes in the cosmic plasma and find
that 1t exceeds the expansion rate of the umverse at T > (a few)x10? GeV We study whether these processes wash out the
baryon asymmetry of the umiverse (BAU) generated at some earlier state (say, at GUT temperatures). We also discuss the
possibility of BAU generation by the electroweak processes themselves and find that this does not take place if the electroweak
phase transition 15 of second order No definite conclusion 1s made for the strongly first-order phase transiuon We point out
that the BAU nught be attributed to the anomalous decays of heavy (Mp= My, /ay,) fermuons if these decays are
unsuppressed



this means that 1f the primordial baryon asymmetry
1s generated by the (B — L) conserving processes (which

is the case in the minimal SU(5) model [22]), 1t 15
completely washed out by the moment of the electro-
weak phase transition.










Unified Gauge Theories and the Baryon Number of the Universe

Motohiko Yoshimura

Department of Physics, Tohoku University, Sendai 980, Japan
(Received 27 April 1978)

I suggest that the dominance of matter over antimatter in the present universe is a con-
sequence of baryon-number—nonconserving reactions in the very early fireball. Unified
guage theories of weak, electromagnetic, and strong interactions provide a basis for
such a conjecture and a computation in specific SU(5) models gives a small ratio of

baryon- to photon-number density in rough agreement with observation.



Unified Gauge Theories and the Baryon N umbab\'ne Universe
0

Motohifo Yos M

ysics, oku Unt ty, Sendai 980, Japan
0

ce April 1978)

Deparvtment of
I suggestt dognin@nc er over antimatter in the present universe is a con-
sequence of b ~-nul nconserving reactions in the very early fireball. Unified
guage theorie sPelectromagnetic, and strong interactions provide a basis for

such a conjectu®e and a computation in specific SU(5) models gives a small ratio of
baryon- to photon-number density in rough agreement with observation.



“Revised” Sakharov conditions

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

B~

o Bl number violation

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

e C and CP violation o
If C or CP are conserved, I (X—Y+B)=I1'(X—>Y+B) = No net effect

e Departure from thermal equilibrium

In thermal equilibrium, the production rate of baryons
1s equal to the destruction rate: I'(X—>Y+B)=I'(Y+B—X)
—> No net effect.


















VERY SIMPLE IDEA:

“Baryogenesis Without Grand Unification™, Phys.Lett.B174:45,1986,
by Fukugita and Yanagida.
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Why are people so excited about leptogenesis?
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A simple model of neutrino masses:

The type I seesaw model

Extension of the particle content of the Standard Model by heavy
right-handed neutrinos (at least two).

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

—ﬁeﬁz—Q(L H)T [hIM~'h, | (L - H) + h.c.

M, = hl M~ h, (H°)?

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



The out-of-equilibrium decays of the
right-handed neutrinos could generate
the baryon asymmetry of the Universe




Leptogenesis

Mechanism to generate dynamically the baryon asymmetry through
a lepton asymmetry.

The three Sakharov conditions are in general fulfilled:

e Violation of B-L. Guaranteed if neutrinos are Majorana particles.

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

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



Leptogenesis

Mechanism to generate dynamically the baryon asymmetry through
a lepton asymmetry.

The three Sakharov conditions are in general fulfilled:

e Violation of B-L. Guaranteed if neutrinos are Majorana particles.

e C and CP violation. Guaranteed if the neutrino Yukawa couplings
contain physical phases. However, it 1s not guaranteed that the
C and CP violation are large enough for leptogenesis.

e 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.

The generation of a baryon asymmetry is basically
suaranteed in the leptogenesis mechanism. But, can

leptogenesis generate the observed baryon asymmetry?



Calculatel




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

+H




N =~ 0.96 X 10_2 €1 Ky



ng ~ 0.96 x 107% ¢

“Efficiency factor”
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B ~ 096 X 10_2

“Efficiency factor’
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e =~ 0.96 x 107%(ey )iy

CP asymmetry: generated through the interference between tree level
and one loop decay diagrams
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A CRUCIAL QUESTION...




A CRUCIAL QUESTION...




The connection 1s not simple...

e The high energy leptonic Lagrangian contains 12+6 new parameters

M has 3 real parameters, £, has 9 real parameters and 6 phases

e The effective Lagrangian contains 6+3 new parameters

M, has six real parameters (3 masses, 3 angles) and three phases

There 1s, compatible with the observed neutrino parameters,
an infinite set of Yukawa couplings:

Right-handed “Fixed” by
neutrino masses experiments
3 real parameters Orthogonal matrix: RTR=1
CoC3 —C1583 — §189C3 8183 — C189C3
R = (ﬁg,ﬁg ¢1C3 — 818283 —81C3 ﬁl,ﬁgég)
59 S1C2 ¢1Co

3 real parameters and 3 phases



Implications

1) Implications of leptogenesis for the seesaw parameters

For hierarchical right-handed neutrinos, there exists an
upper limit on the CP asymmetry:

3 ﬂfjl \/ Aﬂlgt[ﬂ

| <
a1l < 167 V2

M1 Z 109 GeV

Implications for:

e Naturalness of the electroweak symmetry breaking.
e Cosmology of supersymmetric scenarios (gravitino problem).

e Inflationary scenarios: leptogenesis requires a very high
reheating temperature.



Implications

2) Implications of leptogenesis for low energy experiments
Very few and very vague:
e Non-vanishing neutrino masses

e [_epton number violation (0v305)

e However, no direct connection with the neutrino mixing
angles or CP violating phases (only 1n concrete scenarios)



Implications

3) Implications of low energy experiments for leptogenesis

e The observation of lepton number violation (0v56) would provide
strong support to leptogenesis (first Sakharov condition fulfilled)

B BL

(However, a lepton asymmetry 1s converted into a baryon
asymmetry only at temperatures larger than a few hundreds of GeV.)

e The observation of CP violation 1n neutrino oscillations would
provide strong support to leptogenesis (second Sakharov condition
fulfilled)

(However, a large CP violation 1n neutrino oscillations does not
guarantee successful leptogenesis.)



Conclusions

e Neutrino masses constitute an evidence for Physics beyond the
Standard Model. Notably, the origin of the cosmic matter-antimatter
asymmetry could be related to the origin of neutrino masses

— the leptogenesis mechanism.

¢ In the simplest (most plausible) frameworks, leptogenesis occurs 1n the
very first stages of the Universe and involves very heavy particles.
Leptogenesis 1s difficult to test!

e No smoking gun for leptogenesis as the origin of the observed baryon
asymmetry has been 1dentified. However, the discovery of 0vf3 and
CP violation 1n neutrino oscillations would provide strong support to
leptogenesis.
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