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Experiments show that:

Evidence:

Big-Bang Nucleosynthesis. 

Cosmic Microwave background.

Inflation will dilute everything after it ends, which sets 
the inital condition that B=0. 

ηB ≡
nB

s
= 9.2

+0.6
−0.4 × 10

−11

# of baryons - # anti-baryons

Entropy density
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Sakharov Conditions:

1.  B Violation: We must generate baryon number (“B”) 
through B-violating processes.

2. C and CP Violation: Essentially, if we don’t violate C 
and CP,  the sum of all baryon-violating processes will still 
result in no net baryon number.

3. Out of Equilibrium: If the processes which violate B 
are in equilibrium, the reverse processes will cancel out the 
B generated.

A. D. Sakharov, Pis’ma Zh. Eksp. Teor. Fiz. 5, 32 (1967)
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However, there is another possibility:

SOLUTION:

• CPTV

• Baryon number violation in equlibrium

A.G. Cohen, D.B. Kaplan, Phys.Lett. B 199, 251 (1987)

first discussed in “spontaneous baryogenesis”

A.G. Cohen, D.B. Kaplan, Nucl.Phys. B 308, 913 (1988)
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CPT theorem: any lorentz invariant, local 
quantum field theory preserve CPT.

An good possibliltiy is to break the the 
lorentz symmetry spontaneously. 

We break the lorentz symmetry spontaneously 
because such SLVB is very common in the early 

universe evolution. 



31/Baryogenesis 07Nov 9, 2007

General Discussion

7

S =
∫ .

.
d4x
√
−g(LA + Lint + Lm)

metric (−,+,+,+)

LA makes the      field condesate. Aµ

could be composite operators:Aµ

Aµ = (a0, 0, 0, 0)〈AµAµ〉 < 0

no spacial condensate as our universe is isotropic

∂µθ ψ̄γµψ, etc
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Lint = gAµJµ = −ga0Q

As far as the matter field is concerned, the interaction 
term could be viewed as an additional “chemical potential”

Such a chemical potential term will split the 
free enrgy of baryon and antibaryon  

Appling to baryon current, the addtional term becomes 

−ga0(nb − nb̄)
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nB = nb − nb̄ ≈
gbT 3

6π2

(
π2 µ0

b

T

)
≈ µ0

bT
2

nB

s
∼ µ0

b

g∗sTF
=

ga0

g∗sTF

Without SLVB With SLVB

Baryon Anti-baryon µ0
b = ga0 µ0

b̄ = −ga0
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In the presence of SLVB, the energy disspertion 
E =

√
!k2

i + m2 ± µ0relation is modified to 

The role of sphaleron transitions in thermal 
equilibrium is adjusting different particle 

density distributions in a way that preserve 
B-L to minimize the free energy. 

F (m, µ) = −T

∫
d3K

(2π)3
[ln(1 + e−(E++µ)/T ) + ln(1 + e−(E−−µ)/T )]

±

The free energy of  given fermion of mass m and chemical potential mum µ
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10 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,

∂µJµ
BL+LL

=
3g2

32π2
εαβγδW

αβ
a W γδ

a (2.1)

where Wαβ
a is the SU(2) field strength. 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,

∆B = ∆L = ±3 (2.2)

L

L

L

Q

Q

Q
!

e

µ

1

2

3
Fig. 4. The sphaleron.

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, Xq̄l̄ (2.3)

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

violated.

α ≡ 6 −

3

2π2

6∑

i=1

m2
qi

T 2

∆i ≡ Li −
1
N

B ≈ (µ + µ0)T 2

3N
α− (µi + µ0

i )T 2

2
βi

Write the number densities in 
terms of chemical potential in the 

high T appoximation (T >>m)

number of 
generation

Conserved quantity:

B ≈ −1
3
(µ + µ0)T 2α

βi ≡ 1 −

1

π2

m2

li

T 2

Li ≈
1
2
(µi + µ0

i )T
2βi

additional potential term 
for ith lepton from SLVB

addtional 
potential term 

for quarks 
from SLVB 

µ = −
N∑

i=1

µi

3NNo Lepton Flavor Violation 

The sphaleron transitions 
convert 3N quarks or N 

lepton into nothing:
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the sphaleron transtion will not wash out B+L. 
Instead, it will generate B+L! 

B(µ) = −2N

13
T 2(3µ0 +

1
N

N∑

i=1

µ0
i )

It reduced to 
B ∝ (µ0

B + µ0
L) = 2µ0

B+L
assume leptons have the 
same chemical potential

Calculate the corresponding chemical potential from 
the conserved quantity and write them back to the 
baryon expression, we can see there is an addtional 

term coming from SLVB 

As long as SLVB couple to          ,                   JB+L

(B − L = 0)
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The  sphaleron transition is the only source we 
know that violates B and connects B with L.

In general, the background field could also coupled 
to the lepton current. 

nB−L

s
=

g−a0(T−)
g∗sT−

,

nB+L

s
=

g+a0(T+)
g∗sT+

lowerst possible freeze-out temperature for 
any interactions that violate  B-L

The final baryon asymmetry depends on which 
one is bigger 

always negected in 
previous studies!

Lint = gBAµJµ
B + gLAµJµ

L = g−AµJµ
B−L + g+AµJµ

B+L
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Assume g+ ≈ g−

and we know T+ = 150GeV! T−

nB
s
__

1/T

(a)

(b)

T +T!

Figure 1: Two cases for the evolution of the baryon-to-entropy ratio in the presence of a

Lorentz-violating effective chemical potential µ0. In case (a), µ0/T increases or remains

constant as a function of 1/T (that is, as the universe expands), and the final baryon

asymmetry is determined by the temperature T+ at which (B + L)-violating interactions

freeze out. Since electroweak sphalerons violate (B + L), this will be at T+ ≈ 150 GeV.

In case (b), µ0/T decreases as a function of 1/T , and the final baryon asymmetry is

determined by the temperature T− at which (B − L)-violating interactions freeze out,

presumably at some higher temperature.

7

Text
(a) :

decreases asa0/T

1/Ta function of

a0/T

1/T

increases as
a function of

(b) :
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T− is very model dependent, 

In some modified seesaw model,     could 
be as low as TeV

T−

In general,                        for Majarana mass.1011 ∼ 1013GeV

increase with 1/T 

decrease with 1/T 

nB

s
=






nB+L

2s
∼ g+a0(T+)

g∗sT+
if

|a0(T )|
T

nB−L

2s
∼ g−a0(T−)

g∗sT−
if

|a0(T )|
T
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No real constraints as baryogenesis happens 
in the early universe while all experiments 

are at least later than CMB. 

The experiment bounds are very 
constrained today, so perhaps the SLVB 

undergoes a phase transition if it 
doesn’t decay away.
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• The constraints for vector current (neutral 
meson mixing)

• For a single species, aaaaaaa could be 
eliminated by a field redefinition. 

• We can only measure the difference of the 
coupling for different species.

• a

• For neutral K-mesons (d, s quark)

• For neutral D-mesons (u, c quark)

|∆a0| ≤ 10−20 GeV

JB , JL are the vector currents

aµψ̄γµψ
ψ → exp(iaµxµ)ψ

|∆a0| ! 10−15GeV

KTeV

FOCUS

∆aµ = rq1a
q1
µ − rq2a

q2
µ

some quark blinding and 
normalization effects
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• mainly decays to top quark pairs

• Constraints for axial vector current

• electrons

• nucleons

• Constraints for astrophysics.

• distant radio source (quasars)

• Future CMB polarization experiment.

ga0 ! 10−25GeV

ga0 ! 10−24GeV

ga0 ! 10−42GeV
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The vector field has a Mexican hat potential 

V (Aµ) =
µ2

2
AµAµ +

λ

4
(AµAµ)2

(∇(µAν))2(∇µAµ)2
we ignore terms like 

for simplicity.

a0
2 =

µ2

λ

increases with time
a0

T

a0 = µ = 1kev

We need a phase transition 
Replace into (µ′2 − α|Φ|2)µ2 µ′2 − αν2 < 0

High T 

with 

〈AµAµ〉 < 0

〈AµAµ〉 = 0〈Φ2〉 > 0

〈Φ2〉 = 0

Low T 

Higgs

TF = T+ = 150GeV
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Lint ⊃
g〈T 〉
Mk

ψ̄(γ0)k+1(i∂0)kψ + h.c.

nB

s
∼ g

〈T 〉T k−1
F

g∗sMk

Tensor field 

Symmetry non-restoration:

The finite temperature corrections to 
the effective potential make the vev 

zero at high temperature  

This is 
very rare!

k > 1

O. Bertolami, D. Colladay, V. A. Kesteleckey, and R. Potting 
Phys.Lett. B 395, 178 (1997)

TF = T−
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Ghost field:   wrong sign of kinetic term

L = P (X) X = −∂µφ∂µφ

φ = −M2t + π

P ′(M4) > 0

P ′(M4) + 2M4P ′′(M4) > 0

a0 = gM2/f = 1kev

From e.o.m.

Stability against    :
small fluctuations

π

In order to generate 
enough baryons We need a phase 

transition 

∂µφ = constant
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• Quintessential baryogenesis

• tracking behavior 

• mainly decays to top quark pairsφ̇ ∝
√

V (φ) ∝ √ρback = T 2

1
M2

∗

∫
d4x
√
−g(∂µR)Jµ

Ṙ ∝ ρ̇ ∝ T 5

∂µR
R Jµ Ṙ

R ∝ T 2

A. Felice, et. al. Phys. Rev. D 67, 043509 (2003)

M. Yamaguchin, Phys. Rev. D 68, 063507 (2003)

Mingzhe Li, et. al. Phys. Rev. D 65, 103511 (2003)

H. Davoudiasl et. al. Phys. Rev. Lett. 93, 201301 (2004)

Hong Li et. al. Phys. Rev. D 70, 047302 (2004)

sible for setting multiple parameters required by the standard

cosmology. Our contribution has been to generalize the

mechanisms by which inflation and dark energy domination

may be due to a single scalar and to introduce the idea that

this same rolling scalar might be responsible for generating

the baryon asymmetry of the universe. The mechanism that

we propose, quintessential baryogenesis, is an application of

the spontaneous baryogenesis model of Cohen and Kaplan

!48" to the quintessential inflation case.
It seems a particularly powerful idea to us that a single

rolling scalar field might be responsible for a number of the

fundamental initial conditions required to make the standard

cosmology work. In the case of the baryon asymmetry, this

allows us to associate the existence of an asymmetry with the

spontaneous breaking of CPT and the direction of the rolling

of the scalar field.

The evolution of the universe we envisage may be sum-

marized as follows #see Fig. 1$. At the earliest times in the
universe, inflation occurs due to the potential energy domi-

nance of the field % which begins rolling at very large and

negative values. Inflation ends when the kinetic energy of the

scalar field becomes important and the slow-roll conditions

are violated. Since our potential does not have a minimum at

finite %, unlike typical inflationary models, conventional re-
heating does not occur. Instead, matter is created gravitation-

ally due to the mismatch of vacuum states between the ap-

proximately de Sitter state of inflation and that of the

kination era. Since kinetic energy density redshifts more rap-

idly than radiation energy density, the universe eventually

becomes radiation dominated. At this stage the rolling scalar

has a negligible effect on the expansion rate of the universe.

However, the direction of rolling spontaneously violates
CPT. If % couples to other fields, as we expect it to generi-
cally, then the expectation value of the baryon number op-
erator in this background in thermal equilibrium is nonzero.

Thus a baryon excess is generated. After the electroweak

phase transition the baryon number violation is no longer

effective in the universe and the baryon number existing at

that time is frozen in. The scalar field continues to evolve

and in the late universe, after matter-domination has begun,

its potential energy can once again become dominant leading

to a new period of dark-energy domination.

The couplings required to make quintessential baryogen-

esis effective may be generated in a number of different

ways, for example by gravitational effects coupling the

inflaton/dark energy sector to visible sector fields. We have

considered the current experimental constraints on the nec-

essary operator and have found that there exist considerable

regions of parameter space in which our mechanism is con-

sistent. Further, it is possible that a restricted region of this

parameter space may be accessible to future experiments.

We have left a number of questions unanswered and will

return to them in future work. Perhaps the most pressing

issue is one that plagues rolling scalar models of dark energy

in general, namely the question of technical naturalness of

the potentials involved, and their stability to quantum correc-

tions. We have omitted any discussion of this here, while

laying out the general features of the model, but these issues

must be addressed to put our mechanism on firmer ground.

For example, it may be most natural to identify the field %
with a pseudo-Goldstone boson !28,58", since its coupling to
the current J& is derivative. However, this is a general issue

for quintessence models, and is not specific to our baryogen-

esis mechanism. We have therefore chosen to concern our-

selves with this issue separately.

Taken at face value, current observations imply that our

universe is entering an accelerating phase that may be gov-

erned by the rolling of a scalar field. If we are to understand

the physics of such a field then it is important that we inves-

tigate other ways in which it may impact cosmology and

particle physics. In particular, if, as we have suggested here,

the field is responsible for the generation of the baryon

asymmetry, then the result will be a more economical and

attractive cosmology.
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• Gravitational baryogenesis

  and cut off scale  
is very model dependent.

TF = T−, T−
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If SLVB come from scalar field, it must have a shift symmetry
so it must be PNGB.

We make the following assumptions: 

• The initial value              .  

• Freeze-out occurs at the end of rolling, but not begin 
to oscillate

L =
f2

2
(∂θ)2 − Λ4[1− cos(θ)] φ = fθ m =

Λ2

f

θ ∼ θ + c

φ ∼ f

H ∼ m

Combining with  e.o.m. 

3Hφ̇ +
dV

dφ
= 0

TF ∼ 10−8Mpl ∼ 1010 GeV

m ∼ T 2
F

Mpl
∼ 100 GeV

a weak scale mass!
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Conclusion 

• We need a vector background vev spontanteously 
break LI, it can vary with time or undergoes a 
phase transtion.  

• Such background field will couple to baryon/lepton 
number current. 

• We need B/L violation in thermal EQ. If        
increases with time, the freeout temperature is               
a                  . If         decreases with time, the 
freeout temperature is     which is model 
dependent.

24

a0/T

a0/TT+ ≈ 150GeV
T−

Not necessary, could be some other charges 
and then converted into baryon number.

General conditions:
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Conclusion 

• For a constant vector background, baryon is 
generated by sphaleron transition and we need 
phase transition to avoid experiment constraints.

• For a decrasing vector background, baryon is 
generated by B-L violation process. Experiments 
may still give a strong constraints to its late time 
behavior.

• For the PNGB, baryon is generated with a weak-
scale PNGB mass. No experiment constraints on 
LV as the PNGB will decay soon. 

25

In the presence of SLVB, the sphaleron transtion will 
generate B+L in stead of washing it out! 
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Important Results
• Sphaleron transitions will generate B+L in the 

presence of SLVB

• The freeze-out temperature also depends on how 
the SLVB evolves with time.  

• This provide a general rule to categorize different models of 
baryogenesis via SLVB and understand them in a unified picture. 

• Propose two interesting models

• Baryon asymmetry is generated through with spahleron 
transitions with constant SLVB.

• SLVB comes from PNGB with weak scale mass, baryon 
asymmetry is generated through B-L violation at intermediate 
scale.

26

1010 GeV
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EWPT from the Higgs profile spontaneously break 
the Lorentz invariance.

〈AµAµ〉 < 0 θ̇ != 0

If te is the CP violating phase, and it varies with time, 
then any currents coupled to such CPV phase will 

have a nonzero charge in thermal equilibrium.   

In general, you need a space-time dependent CPV phase, such CPV 
phase is different from inside and outside of bubble wall.  

“spontaneous electroweak baryogenesis”

Actually, this is used in non-local electroweak baryogenesis, where a 
nonzero te is inside the bubble wall when the bubble is expanding.  θ̇

θ

A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. B 263, 86 (1991) 

A. E. Nelson, D. B. Kaplan and A. G. Cohen, Nucl. Phys. B. 373, 453 (1992)
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MSSM, CPV in the squark sector.

L = ytt̃Lt̃∗R(AtHu − µ∗Hd) + h.c.

eiθ(x) ∼ AtHu(x)− µ∗Hd(x)

θ̇ ∝ ∂0(Hu(x)/Hd(x)) ∼ β̇

β̇ =
∆β

∆t
=

vw∆β

Lw

Baryogenesis 31

determined by the behavior of the Higgs potential at finite temperature, as shown

in figure 10. In a first order transition, the potential develops a bump which sep-

arates the symmetric and broken phases, while in a second order transition or a

smooth cross-over there is no bump, merely a change in sign of the curvature of

the potential at H = 0. The critical temperature Tc is defined to be the tem-

perature at which the two minima are degenerate in the first order case, or the

temperature at which V ′′(0) = 0 in the second order case.

V

H

T>Tc

T=Tc

T<Tc

V

H

T>Tc

T<Tc

T=Tc

Fig. 10. Schematic illustration of Higgs potential evolution with temperature for first (left) and second

(right) order phase transition.

A first order transition proceeds by bubble nucleation (fig. 11), where inside

the bubbles the Higgs VEV and particle masses are nonzero, while they are still

vanishing in the exterior symmetric phase. The bubbles expand to eventually

collide and fill all of space. If the Higgs VEV v is large enough inside the bub-
bles, sphalerons can be out of equilibrium in the interior regions, while still in

equilibrium outside of the bubbles. A rough analogy to GUT baryogenesis is that

sphalerons outside the bubbles correspond to B-violating Y boson decays, which

are fast, while sphalerons inside the bubbles are like the B-violating inverse Y de-

cays. The latter should be slow; otherwise they will relax the baryon asymmetry

back to zero.

In a second order EWPT, even though the sphalerons go from being in equi-

librium to out of equilibrium, they do so in a continuous way, and uniformly

throughout space. To see why the difference between these two situations is im-

portant, we can sketch the basic mechanism of electroweak baryogenesis, due to

Cohen, Kaplan and Nelson [32]. The situation is illustrated in figure 12, which

portrays a section of a bubble wall moving to the right. Because of CP-violating

interactions in the bubble wall, we get different amounts of quantum mechanical

reflection of right- and left-handed quarks (or of quarks and antiquarks). This

leads to a chiral asymmetry in the vicinity of the wall. There is an excess of

to determine the parameters that describe it. We write the solutions in the form of two
“kinks” with the proper asymmptotic behavior,

u(r) =
uc

2
[1 − Tanh (α (r − R))]

θ(r) = θu=0 +
θc − θu=0

2
[1 − Tanh (α (r − R))] (33)

where the radius of the bubble is ∼ R and the width of the bubble wall is ∼ 1/α. In
addition to imposing the form of the solution, we also assume that the bubble width is
the same for u and for θ (which we expect to be approximately true). We determine α
numerically by plugging the solutions of Eq. (33) into the action Eq. (30) and finding
the value of α which minimizes the action. For our standard parameter choice we find
α ∼ T/2 and Lw ≡ 1/α ∼ 2/T . The profiles are plotted in Fig 2. We expect that for
large bubbles, the details will become independent of R, which in fact proves to be true.

0 2 4 6 8 10 12 14 16 18
0

0.5

1

1.5

2

2.5

3

)
-1

r (TeV

u
 (

T
e

V
)

!

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

Figure 2: The bubble profile at the critical temperature Tc for R = 10 TeV−1.

Under our quasi-equilibrium assumption, the expansion of the bubble is driven by the
fact that the gauge bosons acquire masses inside the bubble, and thus the free energy is
minimized for large bubbles [47, 39]. By analogy with the SM EW phase transition, we
estimate the bubble wall velocity vw ∼ 0.05, though we find that our final results are very
insensitive to the precise value of vw.

11

Vev jumps 
from zero to 

nonzero as the 
bubble is 
expanding. 

1st OrderLw

v
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What if it is NOT a strongly first order phase transition, 
or even without phase transition (cross over)? as long as I 

have a nonzero h ?

Baryogenesis 31

determined by the behavior of the Higgs potential at finite temperature, as shown

in figure 10. In a first order transition, the potential develops a bump which sep-

arates the symmetric and broken phases, while in a second order transition or a

smooth cross-over there is no bump, merely a change in sign of the curvature of

the potential at H = 0. The critical temperature Tc is defined to be the tem-

perature at which the two minima are degenerate in the first order case, or the

temperature at which V ′′(0) = 0 in the second order case.

V

H

T>Tc

T=Tc

T<Tc

V

H

T>Tc

T<Tc

T=Tc

Fig. 10. Schematic illustration of Higgs potential evolution with temperature for first (left) and second

(right) order phase transition.

A first order transition proceeds by bubble nucleation (fig. 11), where inside

the bubbles the Higgs VEV and particle masses are nonzero, while they are still

vanishing in the exterior symmetric phase. The bubbles expand to eventually

collide and fill all of space. If the Higgs VEV v is large enough inside the bub-
bles, sphalerons can be out of equilibrium in the interior regions, while still in

equilibrium outside of the bubbles. A rough analogy to GUT baryogenesis is that

sphalerons outside the bubbles correspond to B-violating Y boson decays, which

are fast, while sphalerons inside the bubbles are like the B-violating inverse Y de-

cays. The latter should be slow; otherwise they will relax the baryon asymmetry

back to zero.

In a second order EWPT, even though the sphalerons go from being in equi-

librium to out of equilibrium, they do so in a continuous way, and uniformly

throughout space. To see why the difference between these two situations is im-

portant, we can sketch the basic mechanism of electroweak baryogenesis, due to

Cohen, Kaplan and Nelson [32]. The situation is illustrated in figure 12, which

portrays a section of a bubble wall moving to the right. Because of CP-violating

interactions in the bubble wall, we get different amounts of quantum mechanical

reflection of right- and left-handed quarks (or of quarks and antiquarks). This

leads to a chiral asymmetry in the vicinity of the wall. There is an excess of

Vev 
graduately 
changes 

from zero 
to nonzero. 

It really doesn’t matter if m jumps in a 
1st order PT or graduately changes 

dθ

dt
= −HT

dθ

dT Tf

Notice that T_ is the freeze-out temperature 
for sphaleron transitions, it is really before the 

Higgs vev become constant.

Tf
Tf

θ̇

θ̇

2nd Order

θ̇
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As long as we get a nonzero rr, it should couple to some 
currents, eventually the themal interactions will convert the 
corresponding charges generated to baryon number.   he  

We need a very fast Hubbe expansion at 
the electroweak scale. 

Hew ∼ Eew

• Modified Gravity! (FRW)

• Extra dimenions

• Kination domianted universe.

You can relax it by serveal orders, not too much. 

θ̇
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Constraints from higgs physics greatly 
relaxed! We maybe able to realize 

baryogenesis in more models beyond SM 
and still test those theory at LHC. 

M. Joyce. Phys. Rev. D. 55, 1875 (1997)

M. Joyce, T. Prokopec. Phys. Rev. D. 57, 6022 (1998)

Such a idea is only realized in some toy model, I 
was thinking if I could generalize it to MSSM, or 

other models. I need to find time................

If it works!


