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Chapterr 9 

Conclusion n 

Ass for many models of baryogenesis, the scenario of Cold Electroweak Baryogenesis 
consistss of several parts, which come together to create the observed baryon asym-
metry.. Fitting all the pieces together requires some care. Whereas baryogenesis 
modelss relying on physics beyond the SM usually have some freedom in the choice of 
parameters,, the scenario studied in this thesis is strongly constrained by our substan-
tiall  knowledge of the SM. This can however also be considered an appealing feature 
off  the model, since it makes it falsifiable at coming accelerator experiments. In this 
thesiss we have studied Cold Electroweak Baryogenesis piece by piece. It is reasonable 
thatt we should conclude by laying the jigsaw puzzle and comment on the missing 
pieces. . 

InIn chapter 7 we added to a phenomenological model of inflation [26] where inflation 
endss at the electroweak scale. We imposed the severe restrictions on the inflaton 
potential,, that: 1) it should reproduce the measured anisotropics in the CMB. 2) the 
inflatonn should trigger electroweak symmetry while. 3) not upsetting experimentally 
establishedd electroweak physics. In a simple power expansion of such a potential, non-
renormalizablee terms seemed to be unavoidable. This, and the fact that the model 
probablyy breaks down at energies above a few TeV suggest that we should look at 
suchh a potential as a low energy effective limi t of a higher theory. Embedding low-
scalee inflation in such a model may also provide an origin for the initial value of the 
inflaton.. By including powers 2, 4 and 5 (or maybe 2. 3 and 5), we were able to nicely 
accomodatee the WMAP results (Fig. 7.2). Having done this and imposing restrictions 
onn the speed of the symmetry breaking quench, we found that the electroweak sector 
couldd be kept essentially unchanged. The one difference being the existence of two 
particless (rather than one) with the quantum numbers of the Higgs. mixtures of the 
SMM Higgs and the inflaton field. If this model is realized in Nature they should be 
seenn at coming accelerator experiments. 

Iff  inflation ended at the electroweak scale and the inflaton triggered Higgs symmetry 
breaking,, we may expect the Universe to have been re-heated by the process of tachy-
onicc preheating, rather than through inflaton decay. In particular, the initial condition 
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forr the transition was at zero temperature. We studied this process in chapter 6 in a 
simplifiedd model of the SM including only the S£/(2)-Higgs sector. We applied clas-
sicall  dynamics, the validity of which was confirmed a posteriori since both the scalar 
andd gauge fields acquired very large occupation numbers during the initial transition. 
Inn order to study the subsequent equilibration process, we introduced a set of "particle 
numbers""  and "frequencies". These definitions were not gauge invariant, but we saw 
thatt different gauges agreed at later times and for large occupation numbers (Fig. 
6.8).. We were able to study the initial approach to kinetic equilibration and saw that 
althoughh the temperature was low compared to the electroweak scale, there was a 
sizeablee chemical potential (Fig. 6.17). One of the aims was to establish whether 
tlu11 effective temperature is low enough after electroweak tachyonic preheating that 
sphaleronn transitions are suppressed, thus avoiding wash-out of a generated baryon 
asymmetry.. We found that given the low energy density present and the short time-
scalee of the initial equilibration (a few 100 w^-1). we are safe from wash-out. This was 
confirmedd in chapter 5. 

Havingg established that a baryon asymmetry generated during tachyonic preheating 
effectivelyy freezes in. the question remains how to generate this asymmetry. We saw 
inn chapters 4 and 5 that explicitly including a CP-violating term1 (eq. (5.5)) into 
thee equations of motion (the size of which was parametrized by K). an asymmetry in 
Chern-Simonss number is indeed generated. Through the anomaly equation (3.47). this 
cann in turn be related to a baryon asymmetry. In the simulations in 1 + 1 dimensions, 
wee were able to find a regime where the asymmetry was linear in the C/P-violation 
parameter,, as well as a complicated dependence on the masses of the Higgs and gauge 
fieldfield (Figs. 4.6. 4.7) . Also it seems that topological defects play only a small role in the 
creationn of the asymmetry (Fig. 4.12). The much more demanding task of including 
CP-violationn in the 3+1 dimensional 5,Lr(2)-Higgs model was undertaken in chapter 
5.. We saw that there is indeed an asymmetry produced, although apparently we had 
nott reached the linear regime as in 1 + 1 dimensions. WTe saw evidence of a possible 
dependencee on the particle masses, although statistics were not quite adequate (Fig. 
5.4).. Our estimate of the generated asymmetry is 

—— = (0.46 + 0.21) x 10_2Kï?ïfr. {run = V2mw). (9.1) 

Theree are several issues which need to be discussed. The most pressing one is to 
determinee the size of the effective CP-violation. Whereas the simulations in chapter 
55 gave us an estimate of the asymmetry generated given the coefficient K. extracting 
thiss effective coefficient from the SM CKM matrix is quite complicated [89]. Since 
CEBB takes place at zero temperature, there is hope that the suppression by oc 10_2() 

(eq.. (3.75)) can be bypassed. In [98] it is shown that in a covariant gratlient expansion 
off  the effective action, the first CP-violating term (fourth order in gradients) vanishes 
inn the SM. This means that in order to include the SM CP violation in the dynamics, 
wee should either go to the next order in the expansion, or include all three fermion 
generationss in the dynamics. This is a tough task, in the case of classical bosonic 

JCC and P violating in 1 + 1 dimensions, eq. (4.1). 
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fieldss and quantum fermions sus well as when all fields are quantum (for instance in a 
gauge-fermion-scalarr version of the 2PI-$-derivable scheme). There is however reason 
too believe that the overall size of the Yukawa couplings cancels out. as wrell as the size 
off  the Higgs vev [98]. 

Itt would be satisfying to further determine the dependence of the asymmetry on the 
Higgss and W masses as well as find a linear regime in the asymmetry as a function 
off  K, in 3+1 dimensions. Also, it is not clear whether topological defects play a role 
inn the 3+1 dimensional version of the model. This could be investigated by looking 
forr such defects during the roll-off and study how they wind and unwind under the 
effectt of CP-violation. 

Al ll  the simulations above were done using classical dynamics, and the classicality 
criterionn of high occupation numbers seemed to be very well obeyed in tachyonic pre-
heatingg (Fig. 6.8). In chapter 8 we used an approach to out-of-equilibrium quantum 
fieldss based on the 2PI effective action. Rather than averages over random samples of 
initiall  conditions, we could now calculate the full quantum propagator, using different 
truncationss of the <E> functional. In tachyonic preheating, we saw that for early times 
classicall  dynamics reproduce very well the evolution of the low momentum modes as 
calculatedd in a NLO truncation of the 2PI-1/7V effective action (Fig. 8.16). These are 
thee modes responsible for baryon number violating processes, and we are therefore 
pleasedd that the classical approximation gets those right. 

Inn chapter 8 we also presented a study of equilibration and thermalization in the sym-
metricc and broken phases of scalar éA theory in 3+1 dimensions. Such equilibration 
wass indeed found when including memory kernels in the equations of motion, and we 
weree able to establish kinetic and chemical equilibration (Figs. 8.4, 8.9). This is work 
inn progress, where we intend to further compare the effect of the one-loop ("'Pippi") 
andd the two-loop ("Sunset") diagrams on equilibration times. 

Otherr issues include the dependence of the asymmetry on the speed of the symmetry 
breakingg quench. In all the simulations the quench has been assumed instantaneous, 
andd the inflation model of chapter 7 was built to accommodate a rapid quench. We 
expectt that as the speed goes to zero, so does the generated asymmetry, as the 
departuree from equilibrium becomes small. 

Thee speed of the quench also has significance for the choice of initial conditions. At 
zeroo temperature, we expect the SM to be in a confined phase with strong interactions, 
andd it is unlikely that our free field initial conditions used in chapter 5. 6 are good 
reproductionss of that. Also, the effective Higgs mass, as given by the rolling infiaton 
field,, is time-dependent around symmetry breaking, so it is not even clear whether 
thee initial state was in equilibrium (or even at zero temperature). Such questions 
couldd perhaps be addressed using ^-derivable methods for an inflaton-Higgs system 
{orr an inflaton-gauge-Higgs system). 
Wee consider all of these issues interesting topics for future work. 
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