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Cosmic Inflation v.s. Baryon Asymmetry
‣ Inflation: accelerated expansion of Universe

- Solve horizon/flatness problems + Provide density perturbations.

- Dilute unwanted relics, but also baryons.

‣ Baryogenesis after inflation

- Baryon to photon ratio → 

➡ Baryogenesis from Inflation?

Inflaton
SM 
particles

- Reheating requires couplings btw inflaton and the SM particles.

Baryogenesis ?�
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‣ Flat potential protected by shift sym:

‣CP-violation from its coherent motion (cf. Spontaneous BG,  Affleck-Dine BG)
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‣ Turn off EY;  BY field modifies the dispersion relation.

Horizon

v⇥BY
<latexit sha1_base64="CTXQB946QehWd8Tf9f1W56TI/cY="></latexit>

BY

<latexit sha1_base64="U7zWx6h2wD0Vaj7m3UNs2H3uL8k="></latexit>

- Landau level n : transverse motion 

- Pz : parallel motion



Kyohei Mukaida

Fermion Production
Lowest Landau Level (n=0) & Chiral Anomaly

13

‣ Turn on EY and see what happens. Nielsen, Ninomiya, Phys.Lett.130B (1983) 
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Nielsen, Ninomiya, Phys.Lett.130B (1983) ‣ Turn on EY and see what happens.
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Nielsen, Ninomiya, Phys.Lett.130B (1983) ‣ Turn on EY and see what happens.
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Higher Landau Levels (n≧1) & Pair Production
e.g., V.Domcke and KM 1806.08769
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Higher Landau Levels (n≧1) & Pair Production

Tunneling Tunneling

- Never contribute to asymmetries!

e.g., V.Domcke and KM 1806.08769
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Higher Landau Levels (n≧1) & Pair Production

Tunneling Tunneling

➡ Pair-production via Schwinger effect

- Never contribute to asymmetries!

e.g., V.Domcke and KM 1806.08769
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ṅ (n )R/L =
g 2

Y Q 2
Y

4⇡2
EY BY

1

e
2⇡BY

EY �1

<latexit sha1_base64="+xu3cM6g5488vB+dPzw15RhN53Y="></latexit>

BY ! 0����! g 2
Y Q 2

Y

8⇡3
E 2

Y

<latexit sha1_base64="5ee3jM50YPI1RhvLtUK0SZ6sQ6U="></latexit>

See e.g., Cohen+ 0807.1117



Kyohei Mukaida

‣ Turn on EY and see what happens.

Fermion Production in BY ∥ EY

Right-handed

En
er

gy

Pz

Left-handed

Fermion Production

19

EY
<latexit sha1_base64="4DBiH7hxvwLGrsjvFkELNv1iYDI="></latexit>

EY
<latexit sha1_base64="4DBiH7hxvwLGrsjvFkELNv1iYDI="></latexit>

- Chiral anomaly from the lowest Landau level (n=0).

- Pair production from higher Landau levels (n=1,2,…).

e.g., V.Domcke and KM 1806.08769



Kyohei Mukaida

‣ Primordial B+L asymmetry

20

‣ Backreaction suppresses gauge field

Implications on Axion Inflation

� � � � ��
���

���

���

���

���

�

��
��
���
�/
�
�

w/o backreaction
w/ backreaction

where

Helical gauge & Chiral fermion
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Avoid complete annihilation
‣ Annihilation v.s. Sphaleron + Yukawa

Survival of Helical Gauge Field
V.Domcke, B.Harling, E.Morgante, KM 

1905.13318

qe

<latexit sha1_base64="sWgkaJRaPQ/UQ1WCvtJJuDDJbQI="></latexit>

°ÆY

2º
hY

<latexit sha1_base64="gUR6Ob2xx7T7Lc5QaR7jdo9b8MQ="></latexit>

Pair creation

Pair annihilation
via chiral plasma instability

¡̇= 0

<latexit sha1_base64="SfMTRKak/Ad0AZWL9Ka+LyweATA="></latexit>

¡̇hY

<latexit sha1_base64="IiMnD/5RdVVMGECbN2Vr4y0PSKQ="></latexit>

- Chiral plasma instability occurs @

TCPI ª 105GeV
µ

Hrh

1014GeV

∂3
√≠
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Avoid complete annihilation
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‣ Chiral Magneto Hydro Dynamics (ChMHD)

Avoid Magnetic Diffusion
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‣ Transport equation @ EW Crossover
Baryogenesis from Decaying Helicity

Regeneration of Baryon Asym.

- Slowest processes: EW sphaleron & Decaying helicity
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Baryogenesis from Decaying Helicity

Regeneration of Baryon Asym.
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Baryogenesis from Decaying Helicity

Regeneration of Baryon Asym.
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Viable parameters for Baryogenesis
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Figure 1: Tree level and one-loop diagrams contributing to heavy neutrino decays whose

interference leads to Leptogenesis.

Once the temperature of the universe drops below the mass M1, the heavy neutrinos are

not able to follow the rapid change of the equilibrium distribution. Hence, the necessary

deviation from thermal equilibrium ensues as a result of having a too large number

density of heavy neutrinos, compared to the equilibrium density. Eventually, however, the

heavy neutrinos decay, and a lepton asymmetry is generated owing to the presence of CP-

violating processes. The CP asymmetry involves the interference between the tree-level

amplitude and the one-loop vertex and self-energy contributions (see Fig. (1)). In a basis,

where the right-handed neutrino mass matrix M is diagonal, one obtains [57] for the CP

asymmetry parameter ε1 assuming hierarchical heavy neutrino masses (M1 ! M2, M3):

ε1 "
3

16π

1

(hh†)11

∑

i=2,3

Im
[(

hh†
)2

i1

]
M1

Mi
. (55)

In the case of mass differences of order the decay widths, one obtains a significant en-

hancement from the self-energy contribution [58], although the influence of the thermal

bath on this effect is presently unclear.

The CP asymmetry of Eq. (55) can be obtained in a very simple way by first inte-

grating out the heavier neutrinos N2 and N3 in the leptonic Lagrangian. This yields

Leff
ν = h1jNR1#LjH −

1

2
M1N c

R1NR1 +
1

2
ηij#LiH#LjH + h.c. , (56)

with

ηij =
3∑

k=2

hT
ik

1

Mk
hkj . (57)

The asymmetry ε1 is then obtained from the interference of the Born graph and the one-

loop graph involving the cubic and the quartic couplings. This includes automatically

both, vertex and self-energy corrections [59] and yields an expression for ε1 directly in

terms of the light neutrino mass matrix:

ε1 " −
3

16π

M1

(hh†)11v2
F

Im
(
h∗mνh

†
)

11
. (58)

The CP asymmetry then leads to a (B-L)-asymmetry [12],

YB−L " −YL = −
nL − nL

s
= −κ

ε1

g∗
. (59)
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Figure 1: Tree level and one-loop diagrams contributing to heavy neutrino decays whose

interference leads to Leptogenesis.

Once the temperature of the universe drops below the mass M1, the heavy neutrinos are

not able to follow the rapid change of the equilibrium distribution. Hence, the necessary

deviation from thermal equilibrium ensues as a result of having a too large number

density of heavy neutrinos, compared to the equilibrium density. Eventually, however, the

heavy neutrinos decay, and a lepton asymmetry is generated owing to the presence of CP-

violating processes. The CP asymmetry involves the interference between the tree-level

amplitude and the one-loop vertex and self-energy contributions (see Fig. (1)). In a basis,

where the right-handed neutrino mass matrix M is diagonal, one obtains [57] for the CP

asymmetry parameter ε1 assuming hierarchical heavy neutrino masses (M1 ! M2, M3):

ε1 "
3

16π

1

(hh†)11

∑

i=2,3

Im
[(

hh†
)2

i1

]
M1

Mi
. (55)

In the case of mass differences of order the decay widths, one obtains a significant en-

hancement from the self-energy contribution [58], although the influence of the thermal

bath on this effect is presently unclear.

The CP asymmetry of Eq. (55) can be obtained in a very simple way by first inte-

grating out the heavier neutrinos N2 and N3 in the leptonic Lagrangian. This yields

Leff
ν = h1jNR1#LjH −

1

2
M1N c

R1NR1 +
1

2
ηij#LiH#LjH + h.c. , (56)

with

ηij =
3∑

k=2

hT
ik

1

Mk
hkj . (57)

The asymmetry ε1 is then obtained from the interference of the Born graph and the one-

loop graph involving the cubic and the quartic couplings. This includes automatically

both, vertex and self-energy corrections [59] and yields an expression for ε1 directly in

terms of the light neutrino mass matrix:

ε1 " −
3

16π

M1

(hh†)11v2
F

Im
(
h∗mνh

†
)

11
. (58)

The CP asymmetry then leads to a (B-L)-asymmetry [12],

YB−L " −YL = −
nL − nL

s
= −κ

ε1

g∗
. (59)
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Figure 1: Tree level and one-loop diagrams contributing to heavy neutrino decays whose

interference leads to Leptogenesis.

Once the temperature of the universe drops below the mass M1, the heavy neutrinos are

not able to follow the rapid change of the equilibrium distribution. Hence, the necessary

deviation from thermal equilibrium ensues as a result of having a too large number

density of heavy neutrinos, compared to the equilibrium density. Eventually, however, the

heavy neutrinos decay, and a lepton asymmetry is generated owing to the presence of CP-

violating processes. The CP asymmetry involves the interference between the tree-level

amplitude and the one-loop vertex and self-energy contributions (see Fig. (1)). In a basis,

where the right-handed neutrino mass matrix M is diagonal, one obtains [57] for the CP

asymmetry parameter ε1 assuming hierarchical heavy neutrino masses (M1 ! M2, M3):
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16π

1
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∑
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In the case of mass differences of order the decay widths, one obtains a significant en-

hancement from the self-energy contribution [58], although the influence of the thermal

bath on this effect is presently unclear.

The CP asymmetry of Eq. (55) can be obtained in a very simple way by first inte-

grating out the heavier neutrinos N2 and N3 in the leptonic Lagrangian. This yields

Leff
ν = h1jNR1#LjH −

1

2
M1N c

R1NR1 +
1

2
ηij#LiH#LjH + h.c. , (56)

with

ηij =
3∑

k=2

hT
ik

1

Mk
hkj . (57)

The asymmetry ε1 is then obtained from the interference of the Born graph and the one-

loop graph involving the cubic and the quartic couplings. This includes automatically

both, vertex and self-energy corrections [59] and yields an expression for ε1 directly in

terms of the light neutrino mass matrix:

ε1 " −
3

16π

M1

(hh†)11v2
F

Im
(
h∗mνh

†
)

11
. (58)

The CP asymmetry then leads to a (B-L)-asymmetry [12],

YB−L " −YL = −
nL − nL

s
= −κ

ε1

g∗
. (59)

20

• No CP violation 
in ν-Yukawa

• Strong washout

via Sphaleron 
+ Yukawa

⊿ hY is converted 

to U(1)em
• M1 ~ 105 GeV

- Works even if

L-violation

V.Domcke, K.Kamada, KM, K.Schmitz, M.Yamada 
2011.09347, 21xx.xxxxx



Kyohei Mukaida 44

Summary
SM (+ RHν) + Inflaton w/ U(1)Y CS coupling
‣ Dual production of B+L asymmetry & helical U(1)Y

Time

Inflation

TYe ª 105 GeV
<latexit sha1_base64="5LMXV2chYjtMysacNlnYZYo6EaI="></latexit>

TEW ª 102 GeV
<latexit sha1_base64="S7MiOKh0XeG9yh5MkPJXT2zCIFg="></latexit>

<latexit sha1_base64="QZ6SdrY50XFnEPy6JqhI5toBIgU="></latexit>

T ª M1

via RHν scatterings

N1

l

H

+ N1
H

l

N

H

l

+

l

H
NN1

l

H

Figure 1: Tree level and one-loop diagrams contributing to heavy neutrino decays whose

interference leads to Leptogenesis.

Once the temperature of the universe drops below the mass M1, the heavy neutrinos are

not able to follow the rapid change of the equilibrium distribution. Hence, the necessary

deviation from thermal equilibrium ensues as a result of having a too large number

density of heavy neutrinos, compared to the equilibrium density. Eventually, however, the

heavy neutrinos decay, and a lepton asymmetry is generated owing to the presence of CP-

violating processes. The CP asymmetry involves the interference between the tree-level

amplitude and the one-loop vertex and self-energy contributions (see Fig. (1)). In a basis,

where the right-handed neutrino mass matrix M is diagonal, one obtains [57] for the CP

asymmetry parameter ε1 assuming hierarchical heavy neutrino masses (M1 ! M2, M3):
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In the case of mass differences of order the decay widths, one obtains a significant en-

hancement from the self-energy contribution [58], although the influence of the thermal

bath on this effect is presently unclear.

The CP asymmetry of Eq. (55) can be obtained in a very simple way by first inte-

grating out the heavier neutrinos N2 and N3 in the leptonic Lagrangian. This yields

Leff
ν = h1jNR1#LjH −

1

2
M1N c

R1NR1 +
1

2
ηij#LiH#LjH + h.c. , (56)

with

ηij =
3∑

k=2

hT
ik

1

Mk
hkj . (57)

The asymmetry ε1 is then obtained from the interference of the Born graph and the one-

loop graph involving the cubic and the quartic couplings. This includes automatically

both, vertex and self-energy corrections [59] and yields an expression for ε1 directly in

terms of the light neutrino mass matrix:
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3
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The CP asymmetry then leads to a (B-L)-asymmetry [12],

YB−L " −YL = −
nL − nL

s
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ε1

g∗
. (59)
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