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' ' / JY\ ! . ABSTRACT '
n

The possibility of building a theory of the origin of matter based on the complex
structure of the vacuum in the electroweak standard model and the chiral anomaly
is reviewed.

t, • ' I was asked by Berndt Miiller and Herb Fried to give the summary talk
' of this Workshop but the topics covered here are so diverse that I find very hard
; to summarize them in a coherent way. Instead, I would like to address an issue

I
1 : which, I think, bears some relevance to the present meeting, namely the possibility

of building a theory of the origin of matter based on the properties of the vacuum ',
(not of QCD but of the electroweak (EW) standard model.)

I During this week, the structure of the QCD vacuum has been scrutinized in ;
i'l many aspects. The least we can say today is that this structure is very complex.
•; Actually, the complexity of the vacuum structure is not only proper to QCD but is
\i a common property of non abelian gauge theories'1'. In particular, the electroweak

: I (EW) standard model possesses also a vacuum with a complex structure, and, as •
tl _ * will be argued later, it is the combination of this complex vacuum structure along •,*

•J^ with the chiral anomaly which leads to fermion number non conservation. This
•*5 <• I means that the standard model can by itself generate the baryons and electrons vk
- ; | . that make up the matter in the Universe. This feature, in turn, can provide an

' * explanation of the predominance of matter over antimatter in the Universe, the so ; ?
called baryon asymmetry in the Universe (BAU).
It has been long thought, for lack of better reasons, that the BAU is a boundary
condition set at the beginning of time. Besides the fact that this assumption is an
unaesthetic one, it is now believed that if the Universe is baryon asymmetric to day *• •
it was almost baryon symmetric at the earliest time121.

"j* '; The necessary conditions for BAU
]g \ If BAU is not a boundary condition then it requires of course baryon number •

*\ non conservation. However, this is not sufficient to generate a net baryon asymme-
! try. As pointed out by Sakharov'3', one needs two more conditions:
f - the theory must have C and CP violation, otherwise equal numbers of i.
I baryons and antibaryons are produced, giving no net increase

' ; - there must be a departure from thermal equilibrium at some epoch during ^
1 , \) the evolution of the Universe, otherwise the dominant dynamics drives the system
.' . to equal mixtures of baryons and antibaryons.
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Before elaborating on the mechanism for the EW standard model to generate BAU,
let me mention that the grand unified theories (GUTs) were thought to be a natural
theory for BAU since they meet all three of these conditions. GUTs violate baryon
number and CP. The BAU results from the out of equilibrium decay of superheavy
bosons at temperatures below the GUT scale (^ 10" - 1015 GeV). One can easily
produce the observed ratio v = baryon number/entropy ~ 10~".
However, the proton has not yet been observed to decay. Moreover, there is another
serious problem due to the large temperature range between the GUT scale (io14 -
io15 GeV) and the EW scale (io2—103 GeV). As it will be shown later, baryon number
proceeding through electroweak anomaly will wash out any asymmetry produced
by GUTs unless the baryon number minus the lepton number is not conserved.
Another advantage in favor of the EW baryogenesis is that the physics at ~ 102 GeV
is under better control than that at 1015 GeV.

Baryon Number Violation in the EW Standard Model

For sake of simplicity, let us consider the EW standard model with an SU(2)
gauge group and a Higgs field. This model possesses a non trivial vacuum structure,
i.e., in addition to the usual perturbative vacuum configuration At = 3.A\ = 0 and
<t> = 4>o, there is an infinite number of pure gauge configurations

uesif{2)
(i)

characterized by an integer topological number (Chern-Simons number)

^ J Ak - ^2.AiAjAk) (2)

all with zero energy.
The classical potential energy E of the fields can be schematically represented as in
Fig. 1.
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Fig. 1

In order to change from a vacuum configuration with one integer value of Ncs to
that with another integer value, it is necessary to pass through a non vacuum, i.e.,
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finite energy field configurations. Between the vacua, it has been shown'4' that there
exist !instable, time-independent solutions of the field equations called sphalerons
with Ncs = 5, \, • • • Also, at these saddle points, the height of the barrier has been
found to be 4*-^* ~ 8 - 14 TeV (Mw : W boson mass).
Associated with the twisting of the gauge field from one vacuum state to another
one is the violation of chiral fermion number through the chiral anomaly'5'. At the
semi classical level, baryon number, lepton numbers are conserved in the standard
model. However, as pointed out by t'Hooft'6', the quantum corrections invalidate
these conservation laws at the absolute level. Due to the chiral anomaly the currents
only obey partial conservation laws:

Tr F^F*) (3)

where F^ is the strength tensor for the SU(2) gauge fields, g is the weak coupling
constant and n/ the number of quark families. It can be easily shown that the
R.H.S. of eq. (3) is proportional to B11K* where

(4)

The time component of K^ is simply the Chern Simons number density of eq. (2).
Integrating eq. (3) over 4-dimensional space between 3-dimensional hyperplanes
t = t) and t = t2, yields

AL = [Ncs{t2) - Ncs(ti)\ (5)

Thus, non conservation of baryon number B and lepton number L is related to a
change in the Chern-Simons number NCs of the SU(2) gauge vacuum. -;'

Under normal conditions (i.e. T = O and/or low densities) the change from %
one vacuum configuration to another can be achieved by quantum tunneling. The ':
transition rates are suppressed by a semi-classical factor'6'

~150

Therefore at zero temperature, the baryon number non conservation is negligible.
This can be easily understood in terms of the very large barrier (~ 10 TeV) sepa-
rating vacua of definite baryon number due to the sphaleron.

At finite temperature, thermal excitations over the barrier are, however,
expected to increase the transition rate, leading to no suppression of the baryon
number violation'7'. At intermediate temperatures, the rate for penetrating the
sphaleron barrier is essentially given by the Boltzmann factor associated with form-
ing a sphaleron,

r ~ {awT)* e-
E"WT (6)
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where the energy of the sphaleron at temperature T is given by

E,P(,T) = B—SiLJ1 MW(T) : W boson mass at temperature T

At temperatures well above the electroweak phase transition, chiral symmetry is
restored. The Higgs field has zero expectation value, and hence all particle masses
vanish. The variation of the W boson mass with temperature is shown in Fig. 2.

MW(T)

Symmetric (unbroken)
phase < <j> > = 0

Broken phase
(Higgs)

Tc~ (1-3)* 102GeV

Fig. 2

Thus, for temperatures T » Tc ~ 102 GeV, the transition rate becomes

r~(*w7y
This rate is very large, and any pre-existing baryon and lepton asymmetry would
be wiped out by the time of the electroweak phase transition. In particular, the
BAU generated from GUTs at T~ 1015 GeV disappears at that time unless B-L is
not conserved.

The Electroweak Phase Transition

At any fixed temperature, the Higgs field <j> adopts the value at which the
free energy density is minimum. Since the EW phase transition temperature (~ 102

GeV) is far above the quark-hadron phase transition temperature (~ 102 MeV) the
particles and antiparticles are quarks and leptons. Also, in this range of temperature
the net quark and lepton number densities are small and therefore their chemical
potentials are negligible. Then, in the simple approximation that the bosons and
the fermions form a plasma of free quarks, leptons, gluons, W bosons e t c . , the free
energy density or the effective potential is given by

117

A E / dkk2 log[l±exp(-(k2 (7)

where i refers to the particle species, K is the coupling constant of particle i to the
Higgs field (so that A,</> is the particle i mass) and V(4>) is the Higgs potential at zero
temperature. The shapes of F(^1T)'9' are shown in Fig. 3.
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Fig. 3

For T » Tc, chiral symmetry is restored, the only minimum of the free energy occurs
at <j> = 0 corresponding to the unbroken phase (the false vacuum). As the Universe
cools down, a second minimum at a value 4> ^ 0, appears. This second minimum
becomes degenerate with the unbroken phase minimum at a critical temperature
Tc where a 1" order phase transition begins to take place. The phase transition
proceeds via nucleation of bubbles of the broken phase <f> ^ 0 in the unbroken phase
4> = Q. The broken phase corresponds to the true vacuum. If a bubble of the broken
phase appears with a too small radius it collapses, but if its radius is larger than
some critical value, it expands. At some temperature lower than that corresponding
to the absolute instability of the unbroken phase, all bubbles coalesce and produce
a large bubble filling up the whole space.

i : '
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The Bubble Nucleation

The dynamics of the bubble formation was studied in some details by Linde'8',
and he proposed the following expression for the bubble formation rate per unit
volume:

e (8)bub*' J - UrT
f

) [ det(-V* +

Ik
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where det' means that the zero modes have been removed. The 3-dimensional action
S3 is defined by

j# [ i^2 ] (9)
The so called bounce solution is to be used in the above action

dF,. _
) (10)

This solution satisfies the boundary conditions 4> -» 0 as r -* oo, and ^ — 0 as r -» 0.
The prefactor appearing in r^ u is very hard to calculate but by dimensional ana-
lyzis it must be roughly proportional to T4 so that

, 3 / 2

Fig. 4 illustrates the evolution of the bounce action S3 with temperature.
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Fig. 4
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It was obtained191 by solving numerically eq. (10) with a Higgs meson mass Mn ~ 50
GeV and a top quark mass Mt = 100 GeV. Right after the phase transition, the
high potential barrier between the unbroken and broken phases produces a very
large action but as the Universe cools the barrier drops, and the action decreases
exponentially.

The Bubble Expansion

The bubble nucleation rate given by eq. (8) or eq. (11) is the formation rate
of bubbles that are large enough to expand. For a spherically symmetric expanding
bubble centered at the origin, the Higgs field <f>(f,t) satisfy the evolution equation

This equation is obtained by assuming that the total free energy (including the
kinetic energy) of an expanding bubble is transfered during its propagation to the
hot plasma of the unbroken phase. This gives rise to the damping term »7§£, and the
parameter T/ can be estimated by assuming that the moving bubble front is equiva-
lent to a beam of Higgs particles interacting with the particles in the plasma'10''111'.
Equation (12) can be solved numerically with boundary conditions corresponding
to perturbations around the critical profiles of Fig. 3. The solutions of eq. (12) are
shown in Fig. 5'9).

** 1
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Fig. 5
The profile of the Higgs field at T = 86.7 GeV for t = 0 and t = IQ-24 s.
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The Baryon Production

For the minimal EW standard model with one Higgs doublet, the CP vio-
lating contributions to the free energy density come from the relative phases in the
quark mass matrix and turn out to be too small. With two Higgs doublets and CP
violation in the Higgs sector, fermion loops approximation (e.g. the low<;st order
diagram is shown in Fig. 6) gives rise contributions of the following

FCP(4>,T) = (13)

Fig. 6

where 6 is the relative phase of the Higgs fields, the coefficient -fa depends on the
Higgs boson and the top quark masses and the VEV of the Higgs field at T = 0.
Using the anomaly equation (3) and integrating by parts, one can relatedFcp to
the baryon number density pa and the variation of the Higgs field. In the adiabatic
limit where the Higgs field changes slowly, dropping the spatial gradient

Fcp = ~zWr2~TtpB

The total free energy density can be written as

39 1 , 1 de
Ftot = (14)

where the 1" two terms correspond to the CP conserving contributions. At thermal
equilibrium ^f- = 0, which yields p'g = ^j^§-te.
The regime of interest is that near thermal equilibrium where the baryon number
density satisfies the relaxation equation

(15)^ = V(T)\pB(t) -

where V(T) is the rate of sphaleron formation in the bubble.
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This has the solution

(16)

This solution exhibits the good properties that outside the bubble pa(t) is small
because the sphaleron rate there is large enough to wash out any net baryon pro-
duction, but inside the bubble pB(t) is not suppressed since the sphaleron rate there
is exponentially small. Eq. (16) also shows that the baryons are essentially produced
in the region where §f is the most significant i.e. near the bubble wall.

After the phase transition, the baryon number violation rate due to the
sphaleron formation may be large compared to the expansion rate of the Universe.
In this case, any asymmetry produced during the transition will be quickly wiped
out. The requirement that the transition be low enough that this not to occur
places constraints on the models. In the minimal standard model with one Higgs
doublet, the Higgs mass must be smaller than a critical value Merit ~ 45 MeV'14'.
This is to be compared with the recent experimental lower bound from LEP which

57 GeV. For models with extended Higgs sector Merit may be larger but dependsis
on the details of the interaction, generally Afu

Conclusions

In this lecture, arguments are put forward to voice that there exists a pos-
sibility of explaining the baryon asymmetry of the Universe from the anomalous
electroweak phase transition at T ~ 100 GeV. The CP violation in the minimum
standard model with only one Higgs doublet gives insufficient baryon number viola-
tion to account for the value v ~ l0~n . The multi-Higgs models are more promising
since CP violating phases are larger.

Although the idea of BAU from anomalous EW standard model is very simple
and clear once it is proposed, the detailed calculations are more foggy. The dynamics
of the EW phase transition should be studied more carefully. For example, the
order of the phase transition is not yet established, the prefactor appearing in
the bubble nucleation rate has been only estimated but not really calculated, the
nature of the bubble propagation, relativistic versus non relativistic, is still under
discussion. On the other hand, the calculation of the CP violating contribution to
the free energy is far of being complete. All these uncertainties, of course, afflict
the prediction of the asymmetry parameter tj. According to Linde'151 "the literature
contains contradictory claims and statements on almost every important question".

Nevertheless, I believe that the concomittant presence of a rather well formu-
lated theory with many still unsolved problems renders the EW theory of matter
genesis even more interesting, besides the fact that it concerns one of the most
challenging issues in Theoretical Physics and Cosmology.
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