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7. I . Bargogenesis and baryon asymmetry
Observational evidences

Antimatter was predicted by Dirac (1928 ) and found (positrons) in cosmic Rays by

Anderson (19323 . Since then
,
we know that all particles have their antiparticles ,

with the same mass and opposite charge (CPT invariance) .
However

,
we do not observe any antimatter in the Universe

,

there is an asymmetry . The ratio of antiproton - proton flux in
cosmic

rays is n 104 over a large range of energies .
The

anti - Helium to Helium flux is constrained to be less than
~ t

""" ? There is no evidence for antinuclei in the Universe,

but anti - hydrogen has been generated in the lab .

Today , we think all antimatter annihilated in the early Universe with matter to produce

photons :

ptp⇒ 2+8

We need to figure out why there is a small remnant of matter left and why didn't
it all annihilate into photons .

Baryon to photon ratio .

We can parametrize this asymmetry using z, relating the remnant density of baryons and

antibaryons to the density of photons .
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This constancy is true at least at late times, but at early times and high temperatures

many heavy particles were in thermal equilibrium, which later annihilated to

produce more photons but not baryons .

It is better to use the entropy :
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It is common to use geo instead of z :

Neo = 10102 = 273
.
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BBN (2014 ) Bio = G .
2 ± 0.5

ly constrainsPlanck (2018) Bio = 6.103 ± 0.038

Origin of baryons
Even in a homogeneous baryon - symmetric universe , there would still be a few baryons
and anti - baryons left since annihilation is not perfectly efficient .

At freeze - out there is a small remnant :

Mrs

NT
= FBI neo

- 20

Which is too small to account for BBN or CMB
.

Hot Big Bang theory
In the old HBB theory , baryon asymmetry was considered as an initial condition .

However
,

in the context of inflation this is not possible since inflation would dilute any primordial

asymmetry, and we would start again in a baryon - symmetric Universe after

reheating . (universe grows by e n 1027 : Im - 126cg) .

Therefore , the baryon asymmetry of the universe must be generated after inflation .

7. 2 . Sakharov conditions

Baryon number violation

we require more baryons than antibaryons .

At tree level
,
the SM Lagrangian is invariant under Baryon number phasetransformations

. B- violating interactions today are eitreamly weak, otherwise we would have

observed them (e.g . via the decay of the proton) .

Current limits to the proton lifetime are from Superkamiokande (2014) :

Ep > 1.29 x 1034 years (95% c. l.)
.



The lowest - dimension (6) operators mediating proton decay are of the form :

qqql dcucucec
, SB = SL =L b (B-2) = O

v u

with typical decay process : pt , et tito - et t 28

GUT theories

In GUT theories it is postulated that quarks ( 13=113) and leptons (2=1) are members

of the same multiple of a larger group G = SU CS) or socio ) . The breaking of 6

generates the difference between quarks and leptons . The gauge bosons X and Y are

the mediator of GUT interactions .

B - violating GUT interactions go via operators Xqq , XEE
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In GUT theories

,
the proton decay is via X gauge bosons :

Zp n Aoi? M×4 Mp
- s > 1.29×1034years ⇒ Mx > 1016 GeV

But the Universe never reheated above such high energies after inflation .

Present bounds (from

absence of B -modes in CMB polarization) suggest that inflation reheated well below GOT

energies , and thus thermal GUT bargogenesis is not viable .
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, CP violation

C
, CP and CPT symmetries
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C
. CP violationing interactions

Sakharov realized that it is not enough to have B- violating interactions out of equilibrium , one

also needs C and Cp violating interactions :

C violation : excess of b > 5 must not be balanced by 5 > b

CP violation : bas 5r different from 52 > br

Consider the decay X→ Y TB and the @haze) C conjugate process I
→ ItB

. If C

is a symmetry of the Lagrangian , then the rates are the same :
P (I - I t B ) = r (X - y t B)

If there are equal number of 13=0 states X and C - conjugate I , then the net baryon
production grows like :

date x Cx → Yt B ) - r (I- I + B)
and thus vanishes in the case of C - conserving interactions

.
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Shakharov also realized that one needed CP violating interactions . Let us consider the

decay X - GL t GL and X → Gr t Gr .

Under CP : GL→ Gr

Under C : q → qtr } Li R keeps track of fermion in SUCz) doublet

Even though CP- violation implies MCX→ get ga) t r(I - Est GI )
CP - conservation would imply :

P (x - get ga) = PCI - Er tgr )
T (x - gr t ga) = r CI - E tgc)
and therefore :

P (x- 9-at 9-a) t r Cx - Gr t gr) = rCI- gin + gin ) t r (I→ EL tote)
Thus
, as long as the initial state has equal numbers of X and 5 , we end up with no net

baryon asymmetry .

Out of equilibrium interactions and Sm

Most of the history of the Universe has occurred via adiabatic expansion , with fundamental
interactions keeping particles in thermal and chemical equilibrium .



In order for bargogenesis to occur
,
it is necessary that the B- violating interactions

occur out of equilibrium , since otherwise all the produced baryons will be washed out .

Suppose a process such as X
- Y TB with initial 13=0 state decaying into a

state Y also with 13=0
, plus a state B with non - zero baryon number

. If the

process occurs in thermal equilibrium, then the rate in one direction is identical to

the rate in the opposite direction :

P(X →YtB) MY t B - X)

So that no net baryon number is produced, since the inverse process destroys B as

fast as the direct process generates it.
Out of equilibrium decay of massive particles
A classic example is the decay of a massive particle X out of equilibrium , when mx > T

at the time of X decay , Z ~ YPCX → ale)
In this case, the energy of the final
state Y tB is of the order of the

temperature T, and there is no

phase space available for the inverse

decay Yt B → X since Mx >T and

the rate is Boltzmann - suppressed :
P (y t B - X) ~ @

-
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Thus
,
we generate an extra abundance of B .


