
Baryogenesis

Or Making baryons from nothing  
in the Big Bang



where nB = nb − nb is the difference between the number of baryons and antibaryons per unit volume,

and nγ = 2ζ(3)
π2 T 3 is the photon number density at temperature T . The parameter η is essential for

determining the present cosmological abundances of all the light elements (viz. H, 3He, 4He, D, B and
7Li) produced at the nucleosynthesis epoch [3]. The parameter η has been constant since nucleosynthesis.

Historically, η was determined using big bang nucleosynthesis. The theoretical predictions and experi-
mental measurements are summarized in Figure 1 [4]. The boxes represent the regions which are consistent
with experimental determinations, showing that different measurements obtain somewhat different values.
The smallest error bars are for the Deuterium abundance, giving

η = 10−10 ×
{

6.28 ± 0.35
5.92 ± 0.56

(2)

These values are consistent with the 4He abundance, though marginally inconsistent with 7Li (the
“Lithium problem”).

Figure 1: Primordial abundances of light elements versus the η parameter.

In the last few years, the CMB anisotropy has given us an independent way of measuring the baryon
asymmetry [5]. As illustrated in Figure 2, the relative sizes of the Doppler peaks of the temperature
anisotropy are sensitive to η. The WMAP data fixed the combination

ΩBh2 = 0.0224± 0.0009, (3)

corresponding to [4]
η = (6.14 ± 0.25)× 10−10 (4)

which is more accurate than the nucleosynthesis determination. Apart from the Lithium problem, this
value is seen to be in good agreement with the value given in Eq (2). The CMB-allowed range is shown
as the vertical band in Figure 1.
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Figure 2: Dependence of the CMB Doppler peaks on η.

To see that the standard cosmological model cannot explain this observed value of η [6], suppose we
start initially with η = 0. We can compute the final number density of nucleons b that are left over after
annihilations have frozen out. At temperatures T . mp ∼ 1 GeV, the equilibrium abundance of nucleons
and antinucleons is [3]

nb

nγ
' nb

nγ
'

(mp

T

)3/2

e−
mp

T (5)

When the Universe cools off, the number of nucleons and antinucleons decreases as long as the annihilation
rate

Γann ' nb〈σAv〉 (6)

(where v is the velocity of the particles and σA is the nucleon-antinucleon annihilation cross section) is
larger than the expansion rate of the Universe

H ' 1.66 g
1/2
∗

T 2

MPl
(7)

where g∗ is the number of massless degrees of freedom. The thermally averaged annihilation cross section
〈σAv〉 is of the order of 1/m2

π with v ' c = 1 (where mπ is the pion mass). Moreover, for nucleons (p, n)
and antinucleons, g∗ = 9 [7]. Hence the freeze out temperature is obtained by setting

Γann ' H, or T∗ ' 20 MeV, (8)

below which the nucleons and antinucleons are so rare that they cannot annihilate any longer. Therefore,
from Eq (5), we obtain

nb

nγ
' nb

nγ
' 10−18 (9)

which is much smaller than the value required by nucleosynthesis, cf. Eq (2). In order to avoid the
annihilation catastrophe, we may suppose that some hypothetical new interactions separated matter from
antimatter before t ' 38 MeV, when η ' 10−10. At that time, t ' 10−3 sec, however, the horizon was
too small to explain the asymmetry over galactic scales today. This problem can be solved by invoking
inflation; however, these scenarios pose other serious cosmological drawbacks. If the processes responsible
for the separation of matter from antimatter took place before inflation, then the baryon number would
be diluted by an enormous factor ∼ e200, because of inflation. On the other hand, if the separation took
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Expectations in a Symmetrical 
Standard Universe

Suppose one starts out with a universe with η(=Nb

 

/Nγ
and η_bar equal, and at very high temparatures

 
=1, i.e. 

as many baryons as photons. As T drops with universe 
cooling, at some point when T is below threshold for 

the inverse reaction γγ
 

to make baryons, but the 
annihilation of baryon-anti-baryon continues until the 

density is too low. Crudely speaking this happened at:
σρB

 

vB

 

= Γ
 

= H(t) 
Putting in numbers for a temparature

 
of order GeV,or

 
a 

few MeV, one finds that η
 

~10 -18

 
for both baryons and 

antibaryons.



So there are two facts needing 
explanation:

•
 

Why is observed η
 

(of about 10-9) so much 
bigger than 10-18

 
?

•
 

Why is η
 

>> η_bar ?



Some Early  Suggestions:
•

 
Statistical Fluctuation………?

•
 

Matter-Antimatter separation at early 
times(Omnes)……..?

•
 

Symmetric Cold Big Bang(Alfven-Klein)…Meta-
 Galaxy = Observed Universe…..?

•
 

Radical(Cline-Rubbia): Anti-proton is unstable 
and decays quickly! CPT has to be violated. The 
lifetime has to be just right else η

 
may go to 1 or 

to 10-18….Soon after the proposal, antiproton 
was found to live for fairly long times, over 40 
hours……



Evidence for lack of antimatter

None on earth!
None on the moon, planets.

None in the galaxy or in cosmic rays(less 
than 1/10,000)

None in interstellar space (Faraday 
rotation observed).

No annihilation products seen.
No evidence for anti-stars etc.



A MATTER-ANTIMATTER UNIVERSE? 
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Abstract 

We ask whether the universe can be a patchwork consisting of 
distinct regions of matter and antimatter. We demonstrate that, af- 
ter recombination, it is impossible to avoid annihilation near regional 
boundaries. We study the dynamics of this process to estimate two of 
its signatures: a contribution to the cosmic diffuse yray  background 
and a distortion of the cosmic microwave background. The former 
signal exceeds observational limits unless the matter domain we in- 
habit is virtually the entire visible universe. On general grounds, we 
conclude that 3 matter-antimatter symmetric universe is empirically 
excluded. 

1 Introduction and Outlook 
The laws of physics treat matter and antimatter almost symmetrically, and 
yet the stars, dust arid gas in our celestial neighborhood consist exclusively 
of matter. The absence of annihilation radiation from the Virgo cluster 
shows that little antimatter is to be found within ~ 2 0  Mpe, the typical size 
of galactic clusters. F'urthemore, its absenee from X-rayemitting clusters 
implies that these structures do not contain significant admixtures of matter 
and antimatter. 

*cohen@bu. edu, derujula&m<h21. cern. ch, glashow@physies .Barnard. edu 
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Many cosmologists assume that the local dominance of matter over anti- 
matter persists throughout the entire visible universe. A vast literature at- 
tempts to compute the baryonic asymmetry from first principles. However, 
observational evidence for a universal baryon asymmetry is weak. In this r e  
gard, searches for antimatter in cosmic radiation have been proposed [I]-[3]. 
Early next century, the AntiMatter Spectrometer (AMS), deployed aboard 
the International Space Station Alpha [2, 31, will search for antimatter in 
space. Its reach is claimed to exceed 150 Mpc [4]. The detection of cosmic 
anti-alpha particles would indicate the existence of primordial antimatter; 
the detection of anti-nuclei with Z > 2 would imply the existence of extra- 
galactic anti-stars. 

The possible existence of distant deposits of cosmic antimatter has been 
studied before [5]-[8]. Steigman [5] concluded that observations exclude sig- 
nificant matter-antimatter admixtures in objects ranging in size from planets 
to galactic clusters. Stecker et  al. [6] interpreted an alleged shoulder in the 
cosmic diffuse g m m a  (CDG) spectrum near 1 MeV1 as relic 7-rays from an- 
timatter annihilation. Recently, Dudarewicz and Wolfendale [B] used similar 
arguments to reach a contrary conclusion: that the observed CDG spectrum 
rules out any large antimatter domains. These conflicting results are not 
based on specific dynamics in a consistent cosmologjr. Our analysis uses cur- 
rent data and avoids ad hoe assumptions concerning a matter-antimatter 
universe. 

We explore the possibility of universal (but not local) mat ter-antimatter 
symmetry. In what we term the B = 0 universe, space is divided into re- 
gions populated exclusively by matter or antimatter. Our conclusions do 
not depend on how this structure evolved, but it is reassuring to have an 
explicit model in mind! consider an inflationary cosmology in which baryon 
(or antibaryon) excesses develop in the manner suggested by Sakharov [9]. 
In models with spontaneous CP violation, the Lagrangian may be chosen 
judiciously so that the 'sign' of CP violation (determining whether a local 
baryon or antibaryon excess develops) is randomly and abruptly assigned 
to regions as they emerge from their horizons during inflation. Soon after 
baryogenesis, the domain walls separating matter and antimatter evaporate. 
As regions of matter or antimatter later re-enter their horizons, the B = 0 

'We refer to cosmic diffuse photons by conventional names according to the current 
photon energy: the night sky, the CDG and the CBR refer to visible, N 1 MeV and 
microwave photons, respectively. 



v U-L U V L I ~ A U U I V A ~ .  

Finally, we claimed that matter and antimatter domains must touch by 
recombination, if they are not to  produce obsewable (and unobserved) scars 
in the CBR. Our irgument depended on the absence of strictly isothermal 
fluctuations at  recombination. If this hypothesis is false, matter and anti- 
matter islands could be separated by regions of vanishing baryon density, 
with a uniform photon didribution throughout. If these isothermal voids 
are so wide that they persist after recombination, annihilation might be pre- 
vented. Annihilation might also be prevented by 'mapping' different regions 
with domain walls, whose properties are designed to block the penetration 
of thermal matter while avoiding cosmological constraints (25). We have not 
further pursued these eontrivd lines of thought. 

I 

7 Conclusions 
- 
Part of the energy released by annihilations a t  cosmological distances ends 

up as microwave photons that would appear as a non-ther,mal correction to  
the cosmic background spectrum. However, we find that measurements. of 
the CBR spectrum do not lead to a competitive constraint on the B =' 0 
universe. 

High-energy photons produced by annihilations at  cosmological distances 
(most of which survive to the current epoch) are redshifted to  current energies 
of order 1 M ~ V ,  thereby contributing to the diffuse y-ray spectrum. Our 
conservative estimate of the relic CDG flux far exceeds its measured value. 
Thus, we have ruled out a B = 0 universe with domains smaller than a size 
comparable tp that of the visible universelo. It follows that the detection of 
Z > 1 antinuciei among cosmic rays would shatter our current understanding 
of cosmology, or reveal something unforeseen in the realm of astrophysical 
objects. 
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The initial condition for BBN

As we have seen from BBN discussion the only
necessary initial condition concenrs the parameter

η = (nb – nanti-b)/ng ~ 10-10 = 7.04 (nb – nanti-b)/s

Such a tiny asymmetry is responsible for the 
apparent large asymmetri matter-antimatter 
that we observe in the present universe.

This is compatible with the idea that anti-p be
produced in high energy collisions with ordinary
matter

In everyday life it is obvious that there is more 
matter than antimatter. In nature we see antimatter
mainly in cosmic rays:  anti-p/p ~10-4
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It is impressive that A. Sakharov realized the need for 
dynamically creating the baryon asymmetry in 1967, more 
than a decade before inflation was invented. The idea was 
not initially taken seriously; in fact it was not referenced 
again, with respect to the idea of baryogenesis, until 1979.

Sakharov’s Conditions for Baryogenesis

It is traditional to start any discussion of baryogenesis
with the list of three necessary ingredients needed to 
create a baryon asymmetry where none previously existed:

1. B violation

2. Loss of thermal equilibrium

3. C, CP violation



A brief history
In 1958, even before  CP violation was 

discovered experimentally in K decays(1964), 
there was a paper by Susumu Okubo. He pointed 

out that although the CPT theorem guarantees 
equal lifetimes for unstable particles and anti- 

particles, CP violation CAN give rise to 
differences in partial rates/branching ratios when 

there are
Several decay modes. This “Okubo effect” as it 
was called by Sakharov inspired Sakharov to 

write his
1967 paper.



Sakharov wrote his paper in 1967 
and was ahead of his time in trying 

to account for the BAU(Baryon 
Asymmetry of the Universe). 



Sakharov  9

The “Installation” (Sarov) was a secret city in
the central Volga region of the USSR, where the
thermonuclear bomb was constructed (1953).

Sakharov's drawing of the Tokamak idea
(1950), with explanations added.

Yakov Zeldovich, Andrei Sakharov
and David Frank-Kamenetskii at 

the “Installation”

In 1953 Sakharov was elected full member of the 
Soviet Academy of Sciences, awarded the Hero of 

Socialist Labor Medals, a Stalin Prize and 
a dacha (villa) in the Moscow suburb Zhukovka.



Sakharov  10
Sakharov became activist against nuclear tests “The Radioactive Danger of Nuclear Tests”

„The conscience of the contemporary scientist cannot distinguish 
the suffering of his contemporaries and that of posterity.”

Limited Nuclear Test Ban Treaty 
(Moscow Treaty),10 October 1963

„would it not be more natural to expect the matter and antimatter to be present in equal quantities, 
since the laws of fundamental physics treat particles and anti-particles in exact symmetry?“ 1967

The opening page of Sakharov’s paper (1967)

„From S. Okubo’s effect at high temperature a coat 
is tailored for the Universe to fit its skewed shape“

In 1958 Susumo Okubo proposed proposed CP-asymmetry.

Cosmology

May 1968 he completed an essay, “Reflections on Progress, 
Peaceful Coexistence, and Intellectual Freedom.” published by the Dutch newspaper Het Porool

and by The New York Times in July 1968.

“Far in the future, in more than 50 years, I foresee a universal information system (UIS)” (1974)(1974)

Solzhenitsyn, Nobel Prize laureate for literature of 1970,
in 1973 nominated Sakharov for the Nobel Prize for Peace, and which he won in 1975.



Subsequent History:
• In 1978, Yoshimura wrote a paper outlining a 

possible generation of BAU from the B violation in 
SU(5), and the C and CP violation present in the 
theory. This was flawed as it only used scattering, 
and would give zero since it did not take into 
account the loss of thermal equilibrium as pointed 
out by Barr, following Touissant et al. and 
Dimopoulos and Susskind(they were the first to 
use out of equilibrium decays). None of these 
authors knew about Sakharov paper. There were 
papers by Yoshimura(correctly now) and 
Weinberg with quantitative estimates in GUT.

• The first paper to cite Sakharov and the need for 
going out of equilibrium was Kuzmin et al(1978) 
but without GUT, the main achievement of that 
paper was to raise the awareness of Sakharov
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• B violation

In the standard model, B is violated by the triangle 
anomaly, which spoils conservation of the left-handed 
baryon + lepton current,

where Wαβ
a is the SU(2) field strength. This leads to

the nonperturbative sphaleron process which involves 9 
left-handed (SU(2) doublet) quarks, 3 from each
generation, and 3 left-handed leptons, one from each
generation.  It violates B and L by 3 units:

∆B = ∆ L = ± 3
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In grand unified theories, like SU(5), there are heavy gauge 
bosons Xµ and heavy Higgs bosons Y with couplings to 
quarks and leptons of the form Xqq or Xq l

The simultaneous existence of these two interactions imply 
that there is no consistent assignment of baryon number to 
Xµ. Hence B is violated.

GUT theories normally account for processes like

p  → π+ ν or p  → π0 e+

--

• Loss of thermal equilibrium

The second condition of Sakharov is also easy to 
understand. Consider a hypothetical process 

X → Y + B



Taken from arXiv:hep-ph/0609145
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where X represents some initial state with vanishing 
baryon number, Y is a final state, also with B = 0, and B
represents the excess baryons produced. If this process 
is in thermal equilibrium, then by definition the rate for 
the inverse process, Y + B → X, is equal to the rate for 
the direct process

No net baryon asymmetry can be produced since the 
inverse process destroys B as fast as the direct creates it.
The classic example is out-of-equilibrium decays, where X 
is a heavy particle, such that MX > T at the time of decay, 
τ=1/Γ. 



Taken from arXiv:hep-ph/0609145
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In this case, the energy of the final state Y + B is of 
order T , and there is no phase space for the inverse 
decay: Y + B does not have enough energy to create a 
heavy X boson. The rate for Y + B → X is Boltzmann-

suppressed, Γ(Y + B → X)~ exp{−MX/T} .

•C, CP violation

The most subtle of Sakharov’s requirements is C and CP
violation. Consider again some process X → Y + B, and 
suppose that C (charge conjugation) is a symmetry. 
Then the rate for the C-conjugate process, X → Y + B
is the same:

__ _
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The net rate of baryon production goes like the 
difference of these rates,

and so vanishes in the case where C is a symmetry. 
However, even if C is violated, this is not enough. We 
also need CP violation. To see this, consider an example 
where X decays into two left-handed or two right-
handed quarks: X → qL qL and X → qR qR

Under CP 

qL → qR Note that both of them are doublets under 
electroweak SU(2)

_
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Under C

qL→ qL Therefore, even though C violation implies 
that

_

CP conservation imply
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Then we would have

As long as the initial state has equal numbers of X and X, 
we end up with no net asymmetry in quarks. The best we 
can get is an asymmetry between left- and right-handed 
quarks, but this is not a baryon asymmetry.

Let us recall exactly how C, P and CP operate on scalar 
fields, spinors, and vector fields. For complex scalars,

_



Another way to see that T invariance 
(which by CPT is equivalent to CP 

violation) is necessary:

Suppose that e+d_bar -> uu reaction 
takes place violating B and C 

conservation. But if uu-> e+d_bar at the 
same rate, no net baryon number is 
generated. Hence T invariance must 

be broken(and CP since CPT is 
conserved). 



Taken from arXiv:hep-ph/0609145
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For fermions

For vectors

Let us suppose that C and CP are both violated and that
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where now we ignore the distinction between qR and qL

One might object that if all X’s decay into q q and all X 
’s decay into q q, with nX = nX initially, then eventually 
we will still have equal numbers of q and q, even though 
there was temporarily an excess.

To avoid this outcome, there must exist at least one 
competing channel, X → Y , X → Y , such that 

_

_
__ _

__

and with the property that Y has a different baryon 
number than q q. One can then see that a baryon 
asymmetry will develop by the time all X’s have decayed. 
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Why is it then, that we do not have an additional fourth 
requirement, that a competing decay channel with the 
right properties exists? 

The reason is that this is guaranteed by the CPT
theorem, combined with the requirement of B violation. 

CPT assures us that the total rates of decay for X and X
are equal, which in the present example means

_

The stipulation that B is violated tells us that Y has 
different baryon number than q q. Otherwise we could 
consistently assign the baryon number 2/3 to X and there 
would be no B violation.
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An instructive Example: GUT baryogenesis

In particle physics, the Georgi-Glashow model is a particular grand 
unification theory (GUT) proposed by Howard Georgi and Sheldon Glashow
in 1974. In this model the standard model gauge groups SU(3)×SU(2)×U(1)
are combined into a single simple gauge group -SU(5). 

The unified group SU(5) is then thought to be spontaneously 
broken to the standard model subgroup at some high energy scale called
the grand unification scale. 

Since the Georgi-Glashow model combines leptons and quarks into 
single irreducible representations, there exist interactions which do not 
conserve baryon number, although they still conserve B-L. This yields a 
mechanism for proton decay, and the rate of proton decay can be 
predicted from the dynamics of the model. However, proton decay has not 
yet been observed experimentally, and the resulting lower limit on the 
lifetime of the proton contradicts the predictions of this model. However, 
the elegance of the model has led particle physicists to use it as the 
foundation for more complex models which yield longer proton lifetimes.
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SU(5) breaking occurs when a scalar field, analogous to 
the Higgs field, and transforming in the adjoint of SU(5) 
acquires a vacuum expectation value proportional to the 

hypercharge generator

When this occurs SU(5) is spontaneously broken to the 
subgroup of SU(5) commuting with the group generated by 
Y. This unbroken subgroup is just the standard model
group: [SU(3)×SU(2)×U(1)_Y]/Z6.

Under the unbroken subgroup the adjoint 24 transforms 
as

giving the gauge bosons of the standard model.
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The standard model quarks and leptons fit neatly into 
representations of SU(5). Specifically, the left-handed 
fermions combine into 3 generations of 

(dc and l) 

(q, uc and ec) 

(νc) 
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Just to summarize:

In SU(5) there exist gauge bosons Xµ whose SU(3), SU(2)
and U(1)y quantum numbers are (3, 2,−5/6 ), as well as 
Higgs bosons Y with quantum numbers (3, 1, 1/3 ), and 
whose couplings are similar to those of the vectors. 
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We see that the requirement of B violation is satisfied 
in this theory, and the CP-violating decays of any of 
these scalars can lead to a baryon asymmetry. To get 
CP violation, we need the matrix Yukawa couplings hij , 
yij to be complex, where i, j are generation indices. It 
will become apparent what the invariant phases are.

Let’s consider the requirement for Xµ or Y to decay out 
of equilibrium. The decay rate is

where α = g2/(4π) or ~ (y + h)2/(4π), for Xµ or Y, 
respectively, m is the mass, N is the number of decay 
channels, and g the Lorentz gamma factor which we 
assume to be ~ 1
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The out of equilibrium condition can be set in the 
following form

where g
∗∗∗∗

is the number of relativistic degrees of 
freedom at the given temperature. Therefore we need α
α << (m/Mp)(√g

∗∗∗∗
/N). Let us first consider the decays 

of the X gauge boson. Since it couples to everything, 
the number of decay channels N is of the same order as 
g
∗∗∗∗
, and we get
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But unification occurs at the scale m ~ 1016 GeV, for 
values of g2 such that α ~ 1/25, so this condition cannot 
be fulfilled. On the other hand, for the Higgs bosons, 
Y, we get the analogous bound

which can be satisfied by taking small Yukawa 
couplings. Therefore the Higgs bosons are the 
promising candidates for decaying out of equilibrium.

For clarity, we will now focus on a particular decay 
channel, Y → uR eR, whose interaction Lagrangian is
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At tree level, we cannot generate any difference between 
the squared matrix elements, and we find that

The complex phases are irrelevant at tree level. To get 
a CP-violating effect, we need interference between 
the tree amplitude and loop corrections
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Suppose there are two or more Y bosons with different 
Yukawa matrices; then we get

which no longer vanishes. Let us now proceed to estimate 
the baryon asymmetry. Define the rate asymmetry

which is the fraction of decays that produce a baryon 
excess. The sum in the denominator is over all possible 
final states. 
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The resulting baryon density is

where Bq is the amount of baryon number produced in 
each decay (Bq = 1/3 for the channel we have been 
considering). Of course, we should also add the 
corresponding contributions from all the competing B 
violating decay channels, as was emphasized in the 
previous section. For simplicity we have shown how it 
works for one particular decay channel. Up to factors of 
order unity, this channel by itself gives a good estimate 
of the baryon asymmetry. 
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where we used nY = (2ζ(3)/π2)T3 × 3, the final factor 
of 3 counting the color states of Y . The number of 
degrees of freedom is

For SUSY SU(5)

Thus one needs 
Easy to 

arrange in 
the model
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B and CP in the Standard Model

• B violation

In 1976, ’t Hooft showed that the triangle anomaly 
violates baryon number through a nonperturbative
effect. The baryon current is not conserved in the 
presence of external W boson field strengths. However 
this violation of B is never manifested in any 
perturbative process. It is associated with the vacuum 
structure of SU(N) gauge theories with spontaneously 
broken symmetry.



Baryon violation in the SM:  Axial current anomaly

--at at tree level fermionic current is conservedtree level fermionic current is conserved

--at at one loop the current  is one loop the current  is anomalousanomalous

Adler, Bell, JackiwAdler, Bell, Jackiw

`t `t HooftHooft

-left fermionic current is anomalous due 
to the non-Abelian nature of SU(2)L

-baryon number violation is computed by integrating 
the baryonic current nonconservation:

-B-violating processes are topological (like in Schwinger model)

Manton 1983,Manton Klinkhamer 1984Manton 1983,Manton Klinkhamer 1984

Kuzmin, Rubakov, Shaposhnikov 1985Kuzmin, Rubakov, Shaposhnikov 1985

Arnold, McLerran 1987Arnold, McLerran 1987
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Instanton & sphaleron transitions

Manton, Phys. Rev.  Phys. Rev.  D28D28, 2019 (1983), 2019 (1983)
`t Hooft, Phys. Rev. Lett. Phys. Rev. Lett. 3737, 8 (1976), 8 (1976)

Belavin, Polyakov, Schwartz and Tyupkin, Phys. Lett. Phys. Lett. 59B59B, 85 (1975), 85 (1975)

Arnold,McLerran, Phys.Rev. Phys.Rev. D36D36, 581(1987), 581(1987)
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At finite temperatures, the transition rate is determined by the saddle 
point of Yang Mills-Higgs equations (sphaleron). One finds an energy 
barreer                             with the transition rate
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J. M Cline 

the magnitude of its baryon asymmetry.) It is easy to see why these conditions 
are necessary. The need for B (baryon) violation is obvious. Let's consider some 
examples of B violation. 

2.1. B violation 

In the standard model, B is violated by the triangle anomaly, which spoils con- 
servation of the left-handed baryon + lepton current, 

where W F ~  is the SU(2) field s

tr

ength. As we will discuss in more detail in 
section 4, this leads to the nonperturbative sphaleron process pictured in fig. 4. . 

It involves 9 left-handed (SU(2) doublet) quarks, 3 from each generation, and 3 
left-handed leptons, one from each generation. It violates B and L by 3 units 
each, 

Fig. 4. The sphaleron. 

In grand unified theories, like SU(5), there are heavy gauge bosons X" and 
heavy Higgs bosons Y with couplings to quarks and leptons of the form 

and similarly for Y. The simultaneous existence of these two interactions imply 
that there is no consistent assignment of baryon number to XP. Hence B is 
violated. * 



Baryogenesis aboveabove the electroweak scalethe electroweak scale

produced @produced @

Harvey & Turner, 1990
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1~
3 0B  (B - L)

0, L0B c ewT T = T

2~
3

 0L  (B - L)

c ewT T = T-- one then  finds that @one then  finds that @

 0NB: B + L
NB2:NB2: If baryons are produced at the electroIf baryons are produced at the electro--

weak scale, then weak scale, then B=B=--LL, such that , such that B+L=0.B+L=0.

=~



Phase transition in the Minimal Standard Model (MSM)

in MSM for Higgs mass  72.4±1.7 GeV ew transition is a crossover 
Kajantie,Laine,Rummukainen,Shaposhnikov 1995, 1998

LEP evidence for Higgs particle with mass ~ 114 GeV (~1.7 )

sphaleronsphaleron boundbound: in the broken phase, the condition: in the broken phase, the condition

Shaposhnikov, 1987

ALEPH, CERN 

sphaleron H 

requires a strong phase transition: requires a strong phase transition: H cT 
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Czikor, Fodor, Heitger 1998

QCD
c w Y c em em

ew scaleSU(3) SU(2) U(1) SU(3) U(1) U(1)     
crossover or 2crossover or 2ndnd order transitionorder transition:: 11stst order transitionorder transition::

Arnold, McLerran, 1987

H
sphaleron 2

w

4exp
g T

  
   

 



Baryogenesis atat the electroweak scale: the electroweak scale: 
crossovercrossover or or second ordersecond order transition?transition?

Kuzmin, Rubakov & Shaposhnikov, 1985
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2
sph B~ (B T )  

dB
dt

c ewT T T 100 GeV  In standard cosmology @                    =
Joyce & Prokopec, 1998 Hubble parameter      ~ 1610H T

2 5
sph F sph w sph4N T, 20     

Guy Moore, 2000

2 2 16 3
B freeze CP CPB [ T ] HT 10 T   

-calculated at the sphaleron freeze-out temperature

10(6.1 0.3) 10



  B Bn n

n


~ ~

=



Phase transition in the MSM (2)
xc = 0.10: Higgs mass = 72.4±1.7 GeV
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11 stst
order transition 

order transition 

line
line

xx = = 33 ((gg33)/)/gg33²    ²    
yy = = (m(m33((gg33)/)/gg33²²))²²

gg33² = ² = g²g²(())kkBBTT+..  +..  
33 = = 33(())kkBBTT+..+..

Kajantie,Laine,Rummukainen,Shaposhnikov 1995



How to get a strong first order ew phase transition (2)
 19

Recipe: add additional heavy scalars and fermions,  
i.e. which strongly couple to the Higgs sector

Megevand 2003

(a)(a) Use split susyUse split susy:: Arkani-Hamed, Dimopoulos, 2004
--some particlessome particles ((charginoscharginos)) can couple stronglycan couple strongly toto HiggsHiggs (e.g.(e.g. YukawaYukawa > 2)> 2)

Carena, Megevand, Quiros, Wagner, 2004

-- TheThe „„bumpbump““ is created is created notnot byby
IRIR scalar excitationsscalar excitations,, but by but by 

changing the effective numberchanging the effective number
ofof degreesdegrees ofof freedomfreedom::

*broken *symmetricg g

(b)(b) UseUse a `a `nonrenormalizablenonrenormalizable‘‘ HiggsHiggs potential:potential: Grojean, Servant, Wells, 2004

            


* 2 2 * 2 3
eff 2

1V ( ) ( / 2) ( / 2) const.

Generated by couplingGenerated by coupling aa singletsinglet toto HiggsHiggs,, or by dynor by dyn.. symsym.. breakingbreaking atat TeV scaleTeV scale



Taken from arXiv:hep-ph/0609145
27

• CP violation in SM 

It is well known that CP violation exists in the CKM 
matrix of the SM

Most practitioners of baryogenesis agree that CP 
violation in the SM is too weak; one needs new sources 
of CP violation and hence new physics beyond the SM. A 
way out is represented by Leptogenesis………



Although the SM Sphaleron 
mechanism cannot generate enuf 

baryon asymmetry, it is  very 
efficient in washing out an 

asymmetry generated earlier by 
other means such as GUTs.



LEPTOGENESIS 
.sea-saw mechanism for neutrino mass generation 

8 AL= 1 processes : decays and 
inverse decays of a heavy 
Majorana neutrino (Nc = N ) 

3 0 .  
Fukugita, Yanagida, 1985 

CP violation E in Majorana neutrino decays 

&cause of E>O (which is generated by interference of tree level and one 
loop decays) there is a net lepton production in Majorana neutrino (N) decays. 



After the lepton asymmetry and a net 
lepton  number Li has been created at 
some high scale, as the universe cools 

and temperature drops to the 
electroweak scale, the sphaleron 
converts the lepton symmetry into 

baryon asymmetry. As  B-L is 
conserved, one expects the final Bf = - 

Li /2 and Lf = Li /2. the actual detailed 
calculation gives Bf closer to –Li /3.



There are other ways to overcome the 
problems of baryogenesis in SM. For 
example, supersymmetry can make the 
phase transition strong enujf, and supply 
extra CP violating phases……..

There are also other methods, such as the so- 
called Affleck-Dine mechanism…….etc

But at the moment leptogenesis seems to be 
the most attractive idea and may be possible 
to test it at low energies.
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