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Baryon Asymmetry in Inflationary Cosmology
‣ Need tiny asymmetry in the early Universe

- Pair creation/annihilation in equilibrium
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Baryon Asymmetry in Inflationary Cosmology
‣ Need tiny asymmetry in the early Universe

- Pair creation/annihilation is decoupled at low T
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Baryon Asymmetry in Inflationary Cosmology
‣ Need tiny asymmetry in the early Universe

- Pair creation/annihilation is decoupled at low T
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Baryon Asymmetry in Inflationary Cosmology
‣ Need tiny asymmetry in the early Universe
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Baryon Asymmetry in Inflationary Cosmology
‣ Need tiny asymmetry in the early Universe

- Inflation does NOT allow us to put it as an initial condition before inflation!
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‣ Sakharov’s conditions on Hamiltonian (H) and state (ρ)

- Violation of Baryon charge

Heisenberg eq.
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- Violation of Baryon charge

- Violation of C and CP

Heisenberg eq.
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- Violation of Baryon charge

- Violation of C and CP

- Departure from thermal equilibrium

Heisenberg eq.
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- Violation of Baryon charge

- Violation of C and CP

- Departure from thermal equilibrium

Heisenberg eq.
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Heisenberg eq.
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‣ Chiral anomaly

Baryon # SU(2)w
Chern-Simons

E

Msph

B = b0−Nf

L = l0−Nf

B = b0

L = l0

B = b0+Nf

L = l0+Nf

[A,ϕ ][Asph, ϕsph ]

Figure 1.1: A Schematic behavior of the energy dependence on the configuration of
the gauge and Higgs fields [A(x),ϕ(x) ] [6]. The minima correspond to topologically
distinct vacua with different baryon (B) and lepton (L) numbers. The configuration
[Asph(x), ϕsph(x) ] represents the saddle point of the energy functional, the sphaleron
solution.

to the next vacuum (B = b0 ± Nf and L = l0 ± Nf) occurs at the rate [6]

Γ = C(T ) T exp

(

−
Msph(T )

T

)

, (1.5)

where dimensionless factor C(T ) depends on the ratio v(T )/T and the coupling constants.4

Msph(T ) represents the free energy of the sphaleron configuration (at temperature T ),

which is given by [31]

Msph(T ) = 4πB(T )
v(T )

g2(T )
, (1.6)

where B(T ) depends on the gauge coupling g2(T ) and the 4-point coupling constant of

the Higgs potential λ(T ) as B = B(λ/g2
2), varying from 1.5 (λ/g2

2 → 0) to 2.7 (λ/g2
2 →

∞) [31]. The rate in Eq. (1.5) should be compared with the Hubble expansion rate

H = (π2g∗/90)1/2 × T 2/MG. (MG = 2.4× 1018 GeV is the reduced Planck scale and g∗ is

defined in Appendix B.2.) Then, it is found that the sphaleron rate in Eq. (1.5) indeed

exceeds the Hubble expansion rate for T > T∗, where T∗ is given by

T∗ % 4πB(T∗)
v(T∗)

g2(T∗)
×
[
ln
(

MG

T∗

)]−1

. (1.7)

4See comments below.
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- Instanton @ vacuum
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‣ Sakharov’s conditions on Hamiltonian (H) and state (ρ)

Sakharov’s conditions
Recipe for Baryon Asymmetric Universe
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Weak sphaleron & Baryogenesis
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Weak sphaleron & Baryogenesis

‣ Electroweak Baryogenesis
- We need a new source of CP violation & strong EWPT
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Weak sphaleron & Baryogenesis
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- We need a new source of CP violation & strong EWPT
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Nonzero QB-L 
allows nonzero QB

[Kuzmin, Rubakov, Shaposhnikov]
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Weak sphaleron & Baryogenesis
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‣ Electroweak Baryogenesis
- We need a new source of CP violation & strong EWPT
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‣ Leptogenesis (B-L genesis)
- Two faces of the dim 5 operator

Nonzero QB-L 
allows nonzero QB

[Kuzmin, Rubakov, Shaposhnikov]

Chemical transport in SM

Sakharov’s conditions 
should be applied to B-L
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• B-L violation (1st condition)

• neutrino mass

<latexit sha1_base64="mh5q3eH8TLKLtoKCRoP1iWlXnFo="></latexit>n
[Fukugita, Yanagida]

Probed by 
0νββ decay!

<latexit sha1_base64="xEhcDk6Zy8noagnyWRkq7YYihPg="></latexit>

c
f f

0
5
M

°
LL f ·H

¢°
LL f 0 ·H

¢
<latexit sha1_base64="FPFyGWx0ojR8749BRJdj6V8Vr9M="></latexit>+1

<latexit sha1_base64="FPFyGWx0ojR8749BRJdj6V8Vr9M="></latexit>+1



Leptogenesis &  
its descendants

3.



Kyohei Mukaida 19

Thermal Leptogenesis

<latexit sha1_base64="6rj5/YDyAOw9RrG0Ovvrx6txX1g="></latexit>

102 GeV

<latexit sha1_base64="/Jrqsxa5kA9pWD9pPqYLTBjAJ2Q="></latexit>

U(1)B
<latexit sha1_base64="/Jrqsxa5kA9pWD9pPqYLTBjAJ2Q="></latexit>

U(1)B

<latexit sha1_base64="zBSQgXMql1gBn93FjFVN+4Eosqg="></latexit>

T

<latexit sha1_base64="Fvt1auXLnq9b5dy6bYDCfQNcWMw="></latexit>

U(1)B°L

<latexit sha1_base64="4+niDDyg6QDlgd3u6fur5ouWY6k="></latexit>

1012 GeV

EWPT

Weak sphaleron equilibrated

<latexit sha1_base64="KqBHXU3q+Yf+eenr6iOkhq59uuw="></latexit>

qB ' 28
79

£qB°L

<latexit sha1_base64="/Jrqsxa5kA9pWD9pPqYLTBjAJ2Q="></latexit>

U(1)B
<latexit sha1_base64="Fvt1auXLnq9b5dy6bYDCfQNcWMw="></latexit>

U(1)B°L
<latexit sha1_base64="5ihO4nNof6o50SNF2pfmxj2kSeE="></latexit>

c
f f

0
5
M

°
LL f ·H

¢°
LL f 0 ·H

¢

<latexit sha1_base64="IJ9IL8btgRaecUQ7ilobe32Rqkk="></latexit>

ª 1013 GeV



Kyohei Mukaida 20

Leptogenesis via Majorana RHν

Thermal Leptogenesis
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Thermal Leptogenesis

- non-equilibrium + CP-violating decay of Majorana RHν @ T ~ M

[Fukugita, Yanagida Phys.Lett.B 174 (1986)]
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‣ Wash-in Leptogenesis
- Some conserved (?) charge q● is converted to qB-L
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Approximate conserved charges in SM
‣ Decoupling of SM interactions at high T

Decoupled Equilibrated

[B.A.Campbell+ Phys.Lett.B 297 (1992) 118-124; KM+ JHEP 08 (2020) 096]
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‣ Decoupling of SM interactions at high T
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Approximate conserved charges in SM
‣ Decoupling of SM interactions at high T
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Approximate conserved charges in SM
‣ Decoupling of SM interactions at high T

- Conserved charges emerge at high T

2

TABLE I: Decoupling of SM interactions and associated conserved charges qC . Yukawa interactions are denoted by yi , weak (strong)
sphalerons by WS (SS). The X symbol marks efficient interactions. Hypercharge and the ¢Æ asymmetries are always preserved in the SM.

T [GeV] ye yd s yd ys ysb yµ yc yø yb WS SS yt

(v)
°
105,106¢

qe X X X X X X X X X X X
(iv)

°
106,109¢

qe q2B1°B2°B3 qu°d X X X X X X X X X
(iii)

°
109,1011°12¢

qe q2B1°B2°B3 qu°d qd°s qB1°B2 qµ X X X X X X
(ii)

°
1011°12,1013¢

qe q2B1°B2°B3 qu°d qd°s qB1°B2 qµ qu°c qø qd°b qB X X
(i)

°
1013,1015¢

qe q2B1°B2°B3 qu°d qd°s qB1°B2 qµ qu°c qø qd°b qB qu X

yond LNV two-to-two scattering processes mediated by the
dimension-5 Weinberg operator, considering also the ordi-
nary decays and inverse decays of dynamical RHNs.

While wash-in leptogenesis can provide the basis for nu-
merous new baryogenesis models, it does not represent a
complete model by itself. It should rather be regarded as
a general mechanism that describes how RHN interactions
reprocess primordial charge asymmetries that were gener-
ated at higher temperatures. This includes the intriguing
possibility of creating a nonvanishing B°L asymmetry from
B°L-symmetric initial conditions. But it is agnostic about
the ultraviolet (UV) physics that is responsible for setting
these initial conditions. This is an advantage, as it allows us
to perform a model-independent analysis from a bottom-
up perspective. The remainder of this paper is therefore or-
ganized as follows: First, we will study wash-in leptogene-
sis in the spirit of an effective field theory that describes the
evolution of its input parameters (i.e., the primordial charge
asymmetries) from some high-energy matching scale down
to low energies. Then, we will turn to concrete UV comple-
tions that illustrate how wash-in leptogenesis can success-
fully create the BAU, even if B°L = 0 initially. Specifically,
we will consider the generation of nonzero B+L charge dur-
ing GUT baryogenesis and axion inflation [43–46]. A lesson
from these examples is that wash-in leptogenesis is able to
resurrect baryogenesis scenarios that would otherwise suf-
fer from strong asymmetry wash-out, in a way that is more
complex than simply resorting to standard leptogenesis.

Wash-in leptogenesis — We begin by considering a particu-
larly interesting and simple scenario: N1-dominated wash-
in leptogenesis at temperatures of a few 100 TeV. In this
temperature regime, all SM interactions are equilibrated —
except for the electron Yukawa interaction, which renders
the comoving charge asymmetry of right-handed electrons
a classically conserved quantity, qe /s = const, with entropy
density s. Its anomalous violation via the chiral plasma in-
stability is negligibly slow for the qe /s values of interest [47–
49]. At the same time, all charged-lepton flavors Æ = e,µ,ø
are fully decohered, which allows us to work with the stan-
dard Boltzmann equations for the three lepton flavor asym-
metries ¢Æ = B/3°LÆ in the type-I seesaw model [24, 26],

° (@t +3H) q¢Æ = "1Æ°1

≥
nN1 °neq

N1

¥
°

X

Ø

∞w
ÆØ

µ`Ø +µ¡
T

, (1)

which is valid in the nonrelativistic regime, T . M1, where

any N1 chemical potential is clearly negligible because of
the N1 Majorana mass, µN1 ' 0. The negative sign on the
left-hand side follows from ¢Æ æ°LÆ. The charge asymme-
try qi for a particle species i is defined as the difference of
its particle and antiparticle number densities, qi = ni °nı̄ =
gi µi T 2/6, with chemical potential µi and multiplicity gi ,
while qC = µC T 2/6 for all conserved charges C , with µC in
Eq. (5). The first term on the right-hand side of Eq. (1) is the
standard source term describing the asymmetry production
from RHN decays, while the second term is the standard
wash-out term, with total wash-out rate per unit volume,

∞w
ÆØ = ∞id

ÆØ+
X
æ

£°
±ÆØ+±æØ

¢
∞¢L=2
Ææ +

°
±ÆØ°±æØ

¢
∞¢L=0
Ææ

§
, (2)

which encompasses RHN inverse decays, ∞id
ÆØ

= ∞1Æ±ÆØ as
well as ¢L = 2 and lepton-flavor-violating ¢L = 0 two-to-
two scattering processes (see [24, 26] for more details).

Before we are able to solve the coupled system of equa-
tions in Eq. (1), we have to specify the relation among the
chemical potentials µ`Æ , µ¡ and µ¢Æ . In standard leptoge-
nesis, this relation is encoded in the flavor coupling ma-
trix

°
C

¢
ÆØ = CÆØ [50–55], whose structure is determined by

SM spectator processes [56–58]. The crucial difference be-
tween standard leptogenesis and our scenario is that, in a
nontrivial chemical background, the standard linear rela-
tion µ`Æ +µ¡ =°P

ØCÆØµ¢Ø turns into an affine relation,

µ`Æ +µ¡ =µ0
Æ°

X

Ø

CÆØµ¢Ø , (3)

where, at temperatures of a few 100 TeV, the translation by
the constant shift vector µ0

Æ is solely induced by the con-
served chemical potential of the right-handed electrons,

0
B@
µ`e +µ¡
µ`µ +µ¡
µ`ø +µ¡

1
CA=

0
B@
° 5

13
4

37
4

37

1
CA µe °

0
B@

6
13 0 0

0 41
111

4
111

0 4
111

41
111

1
CA

0
B@
µ¢e

µ¢µ
µ¢ø

1
CA . (4)

Eqs. (3) and (4) follow from analyzing all 16 SM chemical
potentials µi (i = e,µ,ø,`e ,`µ,`ø,u,c, t ,d , s,b,Q1,Q2,Q3,¡):
In any given temperature regime, the number of linearly in-
dependent conserved charges C and the number of SM in-
teractions in equilibrium always add up to 16; see Tab. I.
This results in 16 constraint equations in each temperature
regime that allow one to express the chemical potentials µi
of all SM species as linear combinations of the conserved

Reprocessed into B-L charge via RHν
[KM+ Phys.Rev.Lett. 126 (2021) 20, 201802]
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TABLE II: Numerical coefficients xC that describe the composition of µeq
B°L = qeq

B°L 6/T 2 in terms of the conserved charges µC = qC 6/T 2

in different temperature regimes; see Eq. (15). The 7 symbol marks the absence of the correspondingµC due to an efficient SM interaction.
The second column indicates the active flavors `Æ with respect to N1 interactions; see the discussion around Eq. (13). The last column
contains n¢? , which vanishes in the case of B°L-symmetric initial conditions. P and Pø are model-dependent and encode the flavor
composition of the primordial qe,µ,ø asymmetries with respect to the N1 wash-out direction [see text for examples and Eqs. (S41), (S56)].
In this table and throughout the paper, we assume vanishing global hypercharge, µY = 0. For more details, see the Supplemental Material.

TB°L [GeV] Index Æ µe µ2B1°B2°B3 µu°d µd°s µB1°B2 µµ µu°c µø µd°b µB µu µ¢?

(v)
°
105,106¢

e,µ,ø ° 3
10 7 7 7 7 7 7 7 7 7 7 7

(iv)
°
106,109¢

e,µ,ø ° 3
17 0 ° 7

17 7 7 7 7 7 7 7 7 7

(iii)
°
109,1011°12¢

“ø,ø 142°225Pø
247 0 ° 123

247 ° 82
247

123
494

142°225Pø
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247
(ii)

°
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“ °23P+7
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3
1
6
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4

chemical potentials µC (C = ¢Æ, · · · ). In general, we there-
fore obtain a constant shift vector µ0

Æ in Eq. (3) of the form

µ0
Æ =

X

C 6=¢Æ
SÆC µC , µC =

X

i
nC

i giµi , (5)

with charge vectors nC
i and multiplicities gi ; see [59] for de-

tails. We provide explicit expressions for nC
i , gi , the flavor

coupling matrices CÆØ, and source matrices SÆC in all tem-
perature regimes of interest in the Supplemental Material.

Eqs. (1) and (3) tell us that the Boltzmann equations are
linear in the lepton flavor asymmetries¢Æ. This allows us to
split q¢Æ into contributions from thermal and wash-in lep-
togenesis, respectively, q¢Æ = q th

¢Æ
+qwin

¢Æ
, such that

(@t +3H) qwin
¢Æ

=
X

Ø

°w
ÆØ

µ
q0
Ø°

X
æ

CØæqwin
¢æ

∂
, (6)

where°w
ÆØ

= 6/T 3∞w
ÆØ

. Eq. (6) is reminiscent of spontaneous
baryogenesis [60, 61], specifically, spontaneous leptogene-
sis [62, 63], where the rolling of a (pseudo) scalar field ' in-
duces effective chemical potentials µ0

Æ / q0
Æ [59] (see also

[64, 65]). The difference between spontaneous leptogene-
sis and our scenario is that we assume nonzero primordial
asymmetries stored in a set of conserved charges, whereas
spontaneous leptogenesis involves time-dependent asym-
metries — controlled by the interaction Lagrangian of the
field ' and not necessarily related to conserved charges —
that are present only when' is in motion. This requires that
LNV processes must be efficient exactly at the time when '
is rolling. In our scenario, such a temporal coincidence is
not needed. Still, it is straightforward to generalize the fol-
lowing analysis to time-dependent charges q0

Æ [66].
At any given temperature, the total wash-out rate is typi-

cally dominated by a single process, such that it factorizes
into °w

ÆØ
= PÆØ°w, where the temperature dependence is

contained in the flavor-blind wash-out rate °w and where
the matrix

°
P

¢
ÆØ = PÆØ encodes the flavor structure. In this

case, it is then possible to write down an exact solution of
Eq. (6). For arbitrary initial conditions q ini

¢Ø
, we find

qwin
¢Æ

=
X

Ø

°
±ÆØ°EÆØ

¢
qeq
¢Ø

+
X

Ø

EÆØ q ini
¢Ø

s

sini
. (7)

qeq
¢Æ

is the equilibrium attractor in the presence of RHNs,

qeq
¢Æ

=
X

Ø

C°1
ÆØ q0

Ø =
X

Ø

X

C 6=¢Æ
C°1
ÆØ SØC qC , (8)

which can also be derived from Eq. (3) by requiring all RHN
interactions to be in equilibrium, µ`Æ +µ¡ = µN1 = 0. The
matrix

°
E

¢
ÆØ = EÆØ describes how the RHN interactions ac-

tively drive the plasma exponentially close to this solution,

E = exp
°
°w K1 P C

¢
, w = 1

K1

Z1

0
dz

°w

zH
, z = M1

T
, (9)

where K1 denotes the standard N1 decay parameter,

K1 =
°1 (T = 0)

H (T = M1)
. (10)

At temperatures of a few 100 TeV, the total wash-out rate is
dominated by inverse decays, such that PÆØ = p1Æ±ÆØ and

E = exp
°
°wK1C 1

¢
,

°
C 1

¢
ÆØ = p1ÆCÆØ , p1Æ = °1Æ

°1
, (11)

where w º 3º/4 assuming Maxwell–Boltzmann statistics for
all particles [67]. For strong wash-in, K1 ¿ 1, and a generic
flavor structure, p1Æ 6ø 1, all entries of E are exponentially
suppressed. The total washed-in B°L asymmetry then reads

qwin
B°L ' qeq

B°L =
X
Æ

qeq
¢Æ

=° 3
10

qe , (12)

which also immediately follows from Eq. (4). Any UV mech-
anism that results in qe 6= 0 at high temperatures thus in-
duces nonzero B°L at temperatures of a few 100 TeV.

Flavor effects — Next, let us generalize the above discussion
to arbitrary temperatures T 2

°
105,1015¢ GeV. Eqs. (1) to (9),

except for Eq. (4), remain valid in this case, the only differ-
ence being that the meaning of the flavor index Æ is now
different. At T 2

°
109,1011°12¢ GeV, electrons and muons

propagate as coherent states, which meansÆ=“ø,ø, while at
temperatures T 2

°
1011°12,1015¢ GeV, all three charged lep-

tons propagate in coherent superpositions, such that Æ =“.
Here, `“ represents the coherent single-flavor field that can
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- It works even if… 1. M > 105 GeV,   2. No CPV,   3. Strong wath-out

Electron Yukawa equilibrated

How do we generate qeR?
(or in general qC?)
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Two heavy “Higgs” Hj (i.e., 3HDM)E.g.,

28

Examples of qC asymmetry generation

Wash-in Leptogenesis

‣ Non-equilibrium CPV decay of heavy particle (revival of GUT baryogenesis?)

‣ Effective chemical potential from axion inflation
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Other options?

Leptoflavorgenesis
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‣ Wash-in Leptogenesis [KM+ Phys. Rev. Lett. 126, 201802 (2021)]
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Electron Yukawa equilibrated

‣ Thermal Leptogenesis [Fukugita, Yanagida Phys.Lett.B 174 (1986)]
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Probed by 0νββ decay
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Other options?

Leptoflavorgenesis
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Electron Yukawa equilibrated

‣ Thermal Leptogenesis [Fukugita, Yanagida Phys.Lett.B 174 (1986)]

<latexit sha1_base64="Bzhosy/pnY+EE7natpySk/OuPdI="></latexit>

qB ' 0.03£
X

f
y2

e f
q¢ f

‣ Leptoflavorgenesis [KM+ to appear in Phys. Rev. Lett.]
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lepton Yukawa corrections 
to ideal gas approx.

Probed by 0νββ decay

<latexit sha1_base64="JZ4YkR4fNKzCm0RwbOfpDps8c0M="></latexit>

U(1)Le°Lµ
<latexit sha1_base64="scLbmzagy4690993f/IB+xYwYr4="></latexit>

U(1)Lµ°Lø

Sakharov’s conditions 
should be applied

[Laine, Shaposhnikov 9911473]



Kyohei Mukaida 31

cLFV & Leptoflavorgenesis
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cLFV & Leptoflavorgenesis
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Baryogenesis via Leptogenesis

‣ Leptoflavorgenesis via LFV (dim 6 op.)

Summary

[KM, K.Schmitz, M.Yamada 2111.03082]

‣ B-L genesis by Majorana RHν (dim 5 op.)

- Thermal leptogenesis - Wash-in leptogenesis
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Resonant leptogenesis, 
Flavored leptogenesis,…

[KM+ PRL 126, 201802 (2021)]
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Need large lepton asymmetry
[Gao, Oldengott PRL 128 (2022)]1st order QCD PT?
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