
Courtesy: H. Oide

Wash-in Leptogenesis 
as a New Framework for Baryogenesis

Based on : V. Domcke (CERN), KK, K. Mukaida (KEK), K, Schmitz (CERN), M. Yamada (Tohoku), 
                 Phys. Rev. Lett 126 (2021) 201802 (arXiv: 2011.09347[hep-ph])

Kohei Kamada  
(RESCEU, U Tokyo)

PASCOS 2021 
18/06/2021 @ on-line / Institute for Basic Science



Courtesy: H. Oide

Sakharov’s condition (’67 Sakharov) … necessary condition for the BAU.

1. B-violation 
2. C & CP-violation 
3. Deviation from thermal equilibrium

Heavy particle decay in B/C&CP-violating way easily satisfies this condition.

e.g.) GUT gauge boson/Higgs boson decay
(’78 Yoshimura, ’78 Dimopoulous & Suskind, ’79 Toussaint+, ’79 Weinberg, ’79 Barr+, …)

Well-motivated model.  
We have understood the origin of the matter-antimatter asymmetry of the Universe,  
though difficult to prove it experimentally…? 
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1. B-violation 
2. C & CP-violation 
3. Deviation from thermal equilibrium

Heavy particle decay in B/C&CP-violating way easily satisfies this condition.

e.g.) GUT gauge boson/Higgs boson decay
(’78 Yoshimura, ’78 Dimopoulous & Suskind, ’79 Toussaint+, ’79 Weinberg, ’79 Barr+, …)

Well-motivated model.  
We have understood the origin of the matter-antimatter asymmetry of the Universe,  
though difficult to prove it experimentally…? 

The story is not so simple. 
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Electroweak sphaleron (’84 Klinkhamer & Manton) 

                                    … washes out B+L asymmetry (’85 Kuzmin, Rubakov & Shaposhnikov).
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Options thus far: 
   - Generate B-L asymmetry (much) before EWSB.  
   - Generate B(+L) asymmetry after EWSB
First option…  
   need to violate B-L asymmetry,  
   exact (non-anomalous) symmetry of the SM.
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killed SU(5) GUT baryogenesis. 
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Options thus far: 
   - Generate B-L asymmetry (much) before EWSB.  
   - Generate B(+L) asymmetry after EWSB
First option…  
   need to violate B-L asymmetry,  
   exact (non-anomalous) symmetry of the SM.
Right-handed neutrinos can be naturally introduced.   
                                                  (Leptogenesis; ’86 Fukugita & Yanagida) 
But BAU from their decay needs severe conditions  
on the CP-violation and right-handed neutrino mass.

(See e.g., ’05 Buchmüller, Di Bari, & Plumacher)
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An issue in the B+L washout by EW sphalerons. 
It completes when the electron Yukawa gets in equilibrium @ 
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T . 100TeV
(’92 Campbell+)

Approx. conserved quantities prevents from the completion of washout. 

@lower temp., the SM has only B/3-Li as a global conserved quantities 
@higher temp., many other global conserved quantities appear, depending on temp.

Equilibrium temperature of Yukawa/sphalerons
(Figure from ’20 Domcke+)Figure 2: Equilibration temperatures for individual SM interactions, TÆ. Each dashed line indicates the range from 10TÆ to

TÆ, within which one can expect non-trivial effects due to partial equilibration. The solid arrows (starting from the vertical

lines) indicate that the interactions are in equilibrium for T < TÆ. At the top of the figure, we also show the decoupling

temperature of lepton number violating interaction via the dimension five Weinberg operator as a vertical line, above which

it is in equilibrium [see Eq. (5.5))]. The dashed line starts from TÆ/10 in this case, as this interaction is weaker for lower

temperature.

where ∑WS ' 24 for T = 1012 GeV.\16 Comparing the rate per unit time, ∞WS
P

i (nWS
i )2/gi = 36°WS/T 3, to

the Hubble parameter, one may estimate the equilibration temperature as

TWS ' 2.5£1012 GeV. (3.12)

Strong sphaleron. The strong sphaleron involves both left- and right-handed quarks, which are charged

under SU(3)C. The charge vector, nSS
i , is given so that

X

i
nSS

i µi =
X

f

≥
2µQ f °µu f °µd f

¥
. (3.13)

Substituting m2
D = 2g 2

3 T 2 into Eq. (3.8), we can estimate the rate per unit time-volume as

°SS =
∑SS

2
Æ5

3T 4 , (3.14)

where ∑SS ' 2.7£102 for T = 1013 GeV. Comparing the rate per unit time, ∞SS
P

i (nSS
i )2/gi = 24°SS/T 3,

to the Hubble parameter, we get the equilibration temperature:

TSS ' 2.8£1013 GeV. (3.15)
\16 This sphaleron rate is about 1.3 times larger than the one reported in Ref. [34]. If one use the latter rate, TWS is estimated

as 1.9£1012 GeV.
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is compatible with the neutrino option, which denotes the
idea that RHNs with masses of a few PeV are responsible
for radiatively generating the electroweak scale in the SM
[32–36]. Wash-in leptogenesis is also independent of the
amount of CP violation in the RHN sector, which liberates
it from the Davidson-Ibarra bound MI ≳ 109 GeV; and its
success is not jeopardized by large Yukawa couplings. In
fact, in the presence of additional conserved charges, strong
asymmetry wash-out turns into efficient asymmetry
wash-in.
Our proposal builds on earlier work, which already

partly considered some of the ideas presented here [37–
41] (see also [42]). The essential new elements of our
analysis are the following: (i) We provide a systematic
discussion spanning ten orders of magnitude in temper-
ature, T ∈ ð105; 1015Þ GeV. In doing so, we account for all
possible unconstrained charges in each temperature regime,
which allows us to develop a general toolkit for construct-
ing new baryogenesis models; see our main results in
Table II. (ii) We pay particular attention to flavor. That is,
we allow for an arbitrary flavor composition of the
primordial charge asymmetries, and we take into account
charged-lepton flavor effects in our analysis of wash-in
leptogenesis. This especially includes effects related to
flavor coherence or decoherence. (iii) We go beyond
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

numerous 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 gen-
erated 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 Letter is
therefore organized as follows: First, we will study wash-in
leptogenesis 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 completions that illustrate how wash-in
leptogenesis can successfully create the BAU, even if
B − L ¼ 0 initially. Specifically, we will consider the
generation of nonzero Bþ L charge during GUT baryo-
genesis and axion inflation [44–47]. A lesson from these
examples is that wash-in leptogenesis is able to resurrect
baryogenesis scenarios that would otherwise suffer from

TABLE II. Numerical coefficients xC that describe the composition of μeqB−L ¼ qeqB−L6=T
2 in terms of the conserved charges μC ¼

qC6=T2 in different temperature regimes; see Eq. (15). The ✗ symbol marks the absence of the corresponding μC due to an efficient SM
interaction. The second column indicates the active flavors lα with respect to N1 interactions; see the discussion around Eq. (13). The
last column contains nΔ⊥ , which vanishes in the case of B − L-symmetric initial conditions. P and Pτ are model dependent and encode
the flavor composition of the primordial qe;μ;τ asymmetries with respect to the N1 wash-out direction [see the text for examples and
Eqs. (S41) and (S56) [43]]. In this table and throughout the Letter, we assume vanishing global hypercharge, μY ¼ 0. For more details,
see Supplemental Material [43].

TB−L[GeV] Index α μe μ2B1−B2−B3
μu−d μd−s μB1−B2

μμ μu−c μτ μd−b μB μu μΔ⊥

(v) ð105; 106Þ e; μ; τ − 3
10

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iv) ð106; 109Þ e; μ; τ − 3
17

0 − 7
17

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iii) ð109; 1011−12Þ kτ; τ ð142 − 225PτÞ=247 0 − 123
247 −

82
247

123
494

ð142 − 225PτÞ=247 ✗ ✗ ✗ ✗ ✗ 225
247

(ii) ð1011−12; 1013Þ k ð−23Pþ 7Þ=30 1
5 − 3

5 − 1
6 − 3

10
ð−23Pþ 7Þ=30 3

10
ð−23Pþ 7Þ=30 − 4

15
23
90

✗ 23
30

(i) ð1013; 1015Þ k ð−3Pþ 1Þ=4 1
6 − 5

6
− 1

4 − 1
4

ð−3Pþ 1Þ=4 1
4

ð−3Pþ 1Þ=4 − 1
3

1
6

1
3

3
4

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

T[GeV] ye yds yd ys ysb yμ yc yτ yb WS SS yt

(v) ð105; 106Þ qe ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
(iv) ð106; 109Þ qe q2B1−B2−B3

qu−d ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

(iii) ð109; 1011−12Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ ✓ ✓ ✓ ✓ ✓ ✓

(ii) ð1011−12; 1013Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB ✓ ✓

(i) ð1013; 1015Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB qu ✓

PHYSICAL REVIEW LETTERS 126, 201802 (2021)
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List of conserved quantities at several temperature regime 
(’21 Domcke, KK+)
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temperature.

where ∑WS ' 24 for T = 1012 GeV.\16 Comparing the rate per unit time, ∞WS
P

i (nWS
i )2/gi = 36°WS/T 3, to

the Hubble parameter, one may estimate the equilibration temperature as

TWS ' 2.5£1012 GeV. (3.12)

Strong sphaleron. The strong sphaleron involves both left- and right-handed quarks, which are charged

under SU(3)C. The charge vector, nSS
i , is given so that

X

i
nSS

i µi =
X

f

≥
2µQ f °µu f °µd f

¥
. (3.13)

Substituting m2
D = 2g 2

3 T 2 into Eq. (3.8), we can estimate the rate per unit time-volume as

°SS =
∑SS

2
Æ5

3T 4 , (3.14)

where ∑SS ' 2.7£102 for T = 1013 GeV. Comparing the rate per unit time, ∞SS
P

i (nSS
i )2/gi = 24°SS/T 3,

to the Hubble parameter, we get the equilibration temperature:

TSS ' 2.8£1013 GeV. (3.15)
\16 This sphaleron rate is about 1.3 times larger than the one reported in Ref. [34]. If one use the latter rate, TWS is estimated

as 1.9£1012 GeV.

16

is compatible with the neutrino option, which denotes the
idea that RHNs with masses of a few PeV are responsible
for radiatively generating the electroweak scale in the SM
[32–36]. Wash-in leptogenesis is also independent of the
amount of CP violation in the RHN sector, which liberates
it from the Davidson-Ibarra bound MI ≳ 109 GeV; and its
success is not jeopardized by large Yukawa couplings. In
fact, in the presence of additional conserved charges, strong
asymmetry wash-out turns into efficient asymmetry
wash-in.
Our proposal builds on earlier work, which already

partly considered some of the ideas presented here [37–
41] (see also [42]). The essential new elements of our
analysis are the following: (i) We provide a systematic
discussion spanning ten orders of magnitude in temper-
ature, T ∈ ð105; 1015Þ GeV. In doing so, we account for all
possible unconstrained charges in each temperature regime,
which allows us to develop a general toolkit for construct-
ing new baryogenesis models; see our main results in
Table II. (ii) We pay particular attention to flavor. That is,
we allow for an arbitrary flavor composition of the
primordial charge asymmetries, and we take into account
charged-lepton flavor effects in our analysis of wash-in
leptogenesis. This especially includes effects related to
flavor coherence or decoherence. (iii) We go beyond
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

numerous 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 gen-
erated 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 Letter is
therefore organized as follows: First, we will study wash-in
leptogenesis 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 completions that illustrate how wash-in
leptogenesis can successfully create the BAU, even if
B − L ¼ 0 initially. Specifically, we will consider the
generation of nonzero Bþ L charge during GUT baryo-
genesis and axion inflation [44–47]. A lesson from these
examples is that wash-in leptogenesis is able to resurrect
baryogenesis scenarios that would otherwise suffer from

TABLE II. Numerical coefficients xC that describe the composition of μeqB−L ¼ qeqB−L6=T
2 in terms of the conserved charges μC ¼

qC6=T2 in different temperature regimes; see Eq. (15). The ✗ symbol marks the absence of the corresponding μC due to an efficient SM
interaction. The second column indicates the active flavors lα with respect to N1 interactions; see the discussion around Eq. (13). The
last column contains nΔ⊥ , which vanishes in the case of B − L-symmetric initial conditions. P and Pτ are model dependent and encode
the flavor composition of the primordial qe;μ;τ asymmetries with respect to the N1 wash-out direction [see the text for examples and
Eqs. (S41) and (S56) [43]]. In this table and throughout the Letter, we assume vanishing global hypercharge, μY ¼ 0. For more details,
see Supplemental Material [43].

TB−L[GeV] Index α μe μ2B1−B2−B3
μu−d μd−s μB1−B2

μμ μu−c μτ μd−b μB μu μΔ⊥

(v) ð105; 106Þ e; μ; τ − 3
10

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iv) ð106; 109Þ e; μ; τ − 3
17

0 − 7
17

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iii) ð109; 1011−12Þ kτ; τ ð142 − 225PτÞ=247 0 − 123
247 −

82
247

123
494

ð142 − 225PτÞ=247 ✗ ✗ ✗ ✗ ✗ 225
247

(ii) ð1011−12; 1013Þ k ð−23Pþ 7Þ=30 1
5 − 3

5 − 1
6 − 3

10
ð−23Pþ 7Þ=30 3

10
ð−23Pþ 7Þ=30 − 4

15
23
90

✗ 23
30

(i) ð1013; 1015Þ k ð−3Pþ 1Þ=4 1
6 − 5

6
− 1

4 − 1
4

ð−3Pþ 1Þ=4 1
4

ð−3Pþ 1Þ=4 − 1
3

1
6

1
3

3
4

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

T[GeV] ye yds yd ys ysb yμ yc yτ yb WS SS yt

(v) ð105; 106Þ qe ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
(iv) ð106; 109Þ qe q2B1−B2−B3

qu−d ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

(iii) ð109; 1011−12Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ ✓ ✓ ✓ ✓ ✓ ✓

(ii) ð1011−12; 1013Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB ✓ ✓

(i) ð1013; 1015Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB qu ✓

PHYSICAL REVIEW LETTERS 126, 201802 (2021)

201802-2

List of conserved quantities at several temperature regime 
(’21 Domcke, KK+)

Something can be implemented after the generation of asymmetry 
with B-L=0, before the completion of washout for net B generation. 

Equilibrium temperature of Yukawa/sphalerons
(Figure from ’20 Domcke+)



Courtesy: H. Oide

Once initial asymmetry is generated by a “genesis” mechanism,  
one can determine the conserved charges and evolution of each particle asymmetries 
redistributed in a la Turner & Harvey (’90)’s way.  

<latexit sha1_base64="WhXnu7niPbMQHD0RW6Z1eo7KkUo=">AAACMHicbVDLSgMxFM3UV62vqks3oUUQhDJTRN0IRTdduKhiH9CWIZPJtKFJZkgyQhlm79e4cKOfoitx6w+4NW1nYVsPBA7n3EvOPV7EqNK2/WHlVlbX1jfym4Wt7Z3dveL+QUuFscSkiUMWyo6HFGFUkKammpFOJAniHiNtb3Qz8duPRCoaigc9jkifo4GgAcVIG8ktlno8dpPYvU/hFZzyumun8BRm+m1acItlu2JPAZeJk5EyyNBwiz89P8QxJ0JjhpTqOnak+wmSmmJG0kIvViRCeIQGpGuoQJyofjK9JYXHRvFhEErzhIZT9e9GgrhSY+6ZSY70UC16E/Ffz+NzPyfKRBsSfyGODi77CRVRrInAszRBzKAO4aQ96FNJsGZjQxCW1BwE8RBJhLXpeNKUs9jLMmlVK855pXp3Vq5dZ53lwREogRPggAtQA3XQAE2AwRN4Bq/gzXqx3q1P62s2mrOynUMwB+v7F3SsqVM=</latexit>

µuR = µH0 + µuL

<latexit sha1_base64="T/DFkEgk9Vswh71GLNEgEIpPvXA=">AAACLnicbVDLSsNAFJ3UV62vqEs3g0UQhJJUUTdC0Y0rqWAf0IQwmU7aoTNJOjMRSujWr3HhRj9FcCFu/QO3TtMsbOuBgXPPvZc59/gxo1JZ1odRWFpeWV0rrpc2Nre2d8zdvaaMEoFJA0csEm0fScJoSBqKKkbasSCI+4y0/MHNpN96JELSKHxQo5i4HPVCGlCMlJY8E57COy+Ajky4N4QOT7zhSVawrLiyPLNsVawMcJHYOSmDHHXP/HG6EU44CRVmSMqObcXKTZFQFDMyLjmJJDHCA9QjHU1DxIl00+ySMTzSShcGkdAvVDBT/26kiEs54r6e5Ej15XxvIv7b8/nMz6nU1vqkO2dHBZduSsM4USTEUzdBwqCK4CQ72KWCYMVGmiAsqD4I4j4SCCudcEknZc/nskia1Yp9Xqnen5Vr13lmRXAADsExsMEFqIFbUAcNgMETeAav4M14Md6NT+NrOlow8p19MAPj+xe7oKh3</latexit>

3Nf

X

q

µq +
X

l

µ=0

Yukawa: 

Sphaleron:

: chemical potential for each particle


: chemical potential for conserved charge


: chemical potential for approx. conserved  
  charge, such as B or B+L

<latexit sha1_base64="tZQygwx/pAIfAaLuJmX+vtdSXr4=">AAACEXicbVDLSgMxFM34rPVVdekmWARXZaaIuiy6cVnBaQvtUDKZO21okhmSjFCGfoMLN/op7sStX+CXuDVtZ2FbDwQO59zLPTlhypk2rvvtrK1vbG5tl3bKu3v7B4eVo+OWTjJFwacJT1QnJBo4k+AbZjh0UgVEhBza4ehu6refQGmWyEczTiEQZCBZzCgxVvJ7IuuzfqXq1twZ8CrxClJFBZr9yk8vSmgmQBrKidZdz01NkBNlGOUwKfcyDSmhIzKArqWSCNBBPgs7wedWiXCcKPukwTP170ZOhNZjEdpJQcxQL3tT8V8vFAuXc22jDSFaimPimyBnMs0MSDpPE2ccmwRP68ERU0ANH1tCqGL2Q5gOiSLU2BLLtilvuZdV0qrXvKta/eGy2rgtOiuhU3SGLpCHrlED3aMm8hFFDD2jV/TmvDjvzofzOR9dc4qdE7QA5+sXvL6eOA==</latexit>µi

<latexit sha1_base64="avPsbsNQrhQIzKNN/jHhLn/m4fw=">AAACEXicbVDLTgIxFL2DL8QX6tJNIzFxRWaIUZdENi4xcYAEJqTTKdDQdiZtx4RM+AYXbvRT3Bm3foFf4tYCsxDwJE1Ozrk39/SECWfauO63U9jY3NreKe6W9vYPDo/KxyctHaeKUJ/EPFadEGvKmaS+YYbTTqIoFiGn7XDcmPntJ6o0i+WjmSQ0EHgo2YARbKzk90Tab/TLFbfqzoHWiZeTCuRo9ss/vSgmqaDSEI617npuYoIMK8MIp9NSL9U0wWSMh7RrqcSC6iCbh52iC6tEaBAr+6RBc/XvRoaF1hMR2kmBzUivejPxXy8US5czbaONaLQSxwxug4zJJDVUkkWaQcqRidGsHhQxRYnhE0swUcx+CJERVpgYW2LJNuWt9rJOWrWqd12tPVxV6nd5Z0U4g3O4BA9uoA730AQfCDB4hld4c16cd+fD+VyMFpx85xSW4Hz9An2onhI=</latexit>µC

<latexit sha1_base64="om/h9bIf0AbjRM0DrJqr+Rh6oWg=">AAACMnicbVC7SgNBFJ2Nrxhfq5Y2g1GwCrtB1EYIprGMaB6QDcvs7E0yZGZ3mZkVwpIf8GssbPRPtBNbe1snj8IkHhg4nHMvc+4JEs6Udpx3K7eyura+kd8sbG3v7O7Z+wcNFaeSQp3GPJatgCjgLIK6ZppDK5FARMChGQyqY7/5CFKxOHrQwwQ6gvQi1mWUaCP59oknUp/ha+ypVPhVnHma8RDw/cjPWHWEx3bVt4tOyZkALxN3Ropohppv/3hhTFMBkaacKNV2nUR3MiI1oxxGBS9VkBA6ID1oGxoRAaqTTa4Z4VOjhLgbS/MijSfq342MCKWGIjCTgui+WvTG4r9eIOZ+zpSJ1odwIY7uXnUyFiWphohO03RTjnWMx/3hkEmgmg8NIVQycxCmfSIJ1ablgmnKXexlmTTKJfeiVL47L1ZuZp3l0RE6RmfIRZeogm5RDdURRU/oGb2iN+vF+rA+ra/paM6a7RyiOVjfv4Rdqms=</latexit>

µi =
X

C

S̃iCµC

<latexit sha1_base64="muew++PGqLeKk9h/9/VJJL5hdBs=">AAACNnicbVC7TsMwFHXKq5RXgJHFokLqVCUVAhakii6MRdCH1FSR47itVduJbAepivILfA0DC/wHCxtiZWPFbTPQliNZOjrnXPneE8SMKu0471ZhbX1jc6u4XdrZ3ds/sA+P2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE48bU7zwSqWgkHvQkJn2OhoIOKEbaSL5d8Xjie4jFIwSvoacS7jdgep/5aS42MjiNNHy77FSdGeAqcXNSBjmavv3jhRFOOBEaM6RUz3Vi3U+R1BQzkpW8RJEY4TEakp6hAnGi+unsogyeGSWEg0iaJzScqX8nUsSVmvDAJDnSI7XsTcV/vYAv/Jwqs9qIhEvr6MFVP6UiTjQReL7NIGFQR3DaIQypJFiziSEIS2oOgniEJMLaNF0yTbnLvaySdq3qXlRrd+fl+k3eWRGcgFNQAS64BHVwC5qgBTB4As/gFbxZL9aH9Wl9zaMFK585Bguwvn8B22esFw==</latexit>

µ↵ =
X

C

S↵CµC

or
<latexit sha1_base64="d7azih37Qc0B5yeXNq8oglhWJ3w=">AAACFnicbVC7TsMwFL0pr1JeBUaWiAqJqUoqBIwVLIxFog/RRJXjOI1V24lsB6mK+hcMLPApbIiVlS9hxW0z0JYjWTo6517d4xOkjCrtON9WaW19Y3OrvF3Z2d3bP6geHnVUkklM2jhhiewFSBFGBWlrqhnppZIgHjDSDUa3U7/7RKSiiXjQ45T4HA0FjShG2kiPHs8GHmJpjAbVmlN3ZrBXiVuQGhRoDao/XpjgjBOhMUNK9V0n1X6OpKaYkUnFyxRJER6hIekbKhAnys9niSf2mVFCO0qkeULbM/XvRo64UmMemEmOdKyWvan4rxfwhcu5MtFiEi7F0dG1n1ORZpoIPE8TZczWiT3tyA6pJFizsSEIS2o+ZOMYSYS1abJimnKXe1klnUbdvaw37i9qzZuiszKcwCmcgwtX0IQ7aEEbMAh4hld4s16sd+vD+pyPlqxi5xgWYH39AsqxoGM=</latexit>µ↵

From this calculation we obtain the well-known formula 
<latexit sha1_base64="2c6J6sWMVe1GEInV/Q1cquTJXtc="></latexit>

µB =
28

79
µini
B�L

after the electron Yukawa equilibration.



Courtesy: H. Oide

Once we introduce the right-handed neutrinos,  
the way how asymmetries are redistributed changes. 

New equilibrium condition: 
<latexit sha1_base64="+cVSwxxYjAq1EdZTFWn+BTSIeug=">AAACM3icbVDLSsNAFJ3UV62vqEs3g6UgCCUpom6EopsuRKrYBzQ1TKbTduhMEmYmQgn5Ar/GhRv9EnEnbl27dZpmYVsPDJw5917uuccLGZXKst6N3NLyyupafr2wsbm1vWPu7jVlEAlMGjhggWh7SBJGfdJQVDHSDgVB3GOk5Y2uJvXWIxGSBv69Goeky9HAp32KkdKSa5YcHrnxtesgFg5Rcpx+awm8gCm7ce8eaAJds2iVrRRwkdgZKYIMddf8cXoBjjjxFWZIyo5thaobI6EoZiQpOJEkIcIjNCAdTX3EiezG6TkJLGmlB/uB0M9XMFX/TsSISznmnu7kSA3lfG0i/lvz+MzmWGprQ9Kbs6P6592Y+mGkiI+nbvoRgyqAkwBhjwqCFRtrgrCg+iCIh0ggrHTMBZ2UPZ/LImlWyvZpuXJ7UqxeZpnlwQE4BEfABmegCmqgDhoAgyfwDF7Bm/FifBifxte0NWdkM/tgBsb3LyI1q0U=</latexit>

µL↵ + µH = µN
i
R

When the right-handed neutrinos are almost massless, 

the L-violating effect should not be relevant. 

We might expect the L asymmetry is induced. 
(also see ’02 Fukugita & Yanagida)



Courtesy: H. Oide

Once we introduce the right-handed neutrinos,  
the way how asymmetries are redistributed changes. 

New equilibrium condition: 
<latexit sha1_base64="+cVSwxxYjAq1EdZTFWn+BTSIeug=">AAACM3icbVDLSsNAFJ3UV62vqEs3g6UgCCUpom6EopsuRKrYBzQ1TKbTduhMEmYmQgn5Ar/GhRv9EnEnbl27dZpmYVsPDJw5917uuccLGZXKst6N3NLyyupafr2wsbm1vWPu7jVlEAlMGjhggWh7SBJGfdJQVDHSDgVB3GOk5Y2uJvXWIxGSBv69Goeky9HAp32KkdKSa5YcHrnxtesgFg5Rcpx+awm8gCm7ce8eaAJds2iVrRRwkdgZKYIMddf8cXoBjjjxFWZIyo5thaobI6EoZiQpOJEkIcIjNCAdTX3EiezG6TkJLGmlB/uB0M9XMFX/TsSISznmnu7kSA3lfG0i/lvz+MzmWGprQ9Kbs6P6592Y+mGkiI+nbvoRgyqAkwBhjwqCFRtrgrCg+iCIh0ggrHTMBZ2UPZ/LImlWyvZpuXJ7UqxeZpnlwQE4BEfABmegCmqgDhoAgyfwDF7Bm/FifBifxte0NWdkM/tgBsb3LyI1q0U=</latexit>

µL↵ + µH = µN
i
R

When the right-handed neutrinos become massive,  
the L-violating effects should be effective. 

We might expect the L asymmetry is induced. 

<latexit sha1_base64="xql37fyHSIdGMgvOCxLU58nClVU=">AAACGXicdVDLSgMxFM3UV62vqks3wSK4KkmRPnZFNy4r2Ae0Q8lkMp3QzMMko5Sh3+HCjX6KO3Hryi9xa6atYIseCBzOuZd7cpxYcKUR+rRya+sbm1v57cLO7t7+QfHwqKOiRFLWppGIZM8higkesrbmWrBeLBkJHMG6zvgq87v3TCoehbd6EjM7IKOQe5wSbSR7IPnI10TK6AGiYbGEygghjDHMCK5VkSGNRr2C6xBnlkEJLNAaFr8GbkSTgIWaCqJUH6NY2ymRmlPBpoVBolhM6JiMWN/QkARM2eks9BSeGcWFXiTNCzWcqb83UhIoNQkcMxkQ7atVLxP/9Jxg6XKqTDSfuStxtFe3Ux7GiWYhnafxEgF1BLOaoMslo1pMDCFUcvMhSH0iCdWmzIJp6qcO+D/pVMq4Wq7cXJSal4vO8uAEnIJzgEENNME1aIE2oOAOPIJn8GI9Wa/Wm/U+H81Zi51jsATr4xs1cKGt</latexit>! 0 <latexit sha1_base64="UBM8fy6ZP6Snei3rErgVwYVqSDU=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWaKqMuiG1dSpS9ohyGT3rahycyYZApl6J+4cKOf4k7c6pe4NW1nYVsPBA7n3Ms9OUHMmdKO823l1tY3Nrfy24Wd3b39A/vwqKGiRFKo04hHshUQBZyFUNdMc2jFEogIODSD4e3Ub45AKhaFNT2OwROkH7Ieo0QbybftGu4oJuAJCz+99x8nvl10Ss4MeJW4GSmiDFXf/ul0I5oICDXlRKm268TaS4nUjHKYFDqJgpjQIelD29CQCFBeOks+wWdG6eJeJM0LNZ6pfzdSIpQai8BMCqIHatmbiv96gVi4nCoTbQDdpTi6d+2lLIwTDSGdp+klHOsIT7vCXSaBaj42hFDJzIcwHRBJqDaNFkxT7nIvq6RRLrmXpfLDRbFyk3WWRyfoFJ0jF12hCrpDVVRHFI3QM3pFb9aL9W59WJ/z0ZyV7RyjBVhfv0UuoqM=</latexit>

T ' mNR
when 

At this point,                         are not conserved charge. 

<latexit sha1_base64="muew++PGqLeKk9h/9/VJJL5hdBs=">AAACNnicbVC7TsMwFHXKq5RXgJHFokLqVCUVAhakii6MRdCH1FSR47itVduJbAepivILfA0DC/wHCxtiZWPFbTPQliNZOjrnXPneE8SMKu0471ZhbX1jc6u4XdrZ3ds/sA+P2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE48bU7zwSqWgkHvQkJn2OhoIOKEbaSL5d8Xjie4jFIwSvoacS7jdgep/5aS42MjiNNHy77FSdGeAqcXNSBjmavv3jhRFOOBEaM6RUz3Vi3U+R1BQzkpW8RJEY4TEakp6hAnGi+unsogyeGSWEg0iaJzScqX8nUsSVmvDAJDnSI7XsTcV/vYAv/Jwqs9qIhEvr6MFVP6UiTjQReL7NIGFQR3DaIQypJFiziSEIS2oOgniEJMLaNF0yTbnLvaySdq3qXlRrd+fl+k3eWRGcgFNQAS64BHVwC5qgBTB4As/gFbxZL9aH9Wl9zaMFK585Bguwvn8B22esFw==</latexit>

µ↵ =
X

C

S↵CµC

<latexit sha1_base64="H8oz+czoMDQAMEljvYUFYHzIZpU="></latexit>

0 =
X

C 6=�i

S↵CµC +
X

i

S↵�iµ�i

<latexit sha1_base64="E37kxNwOvHueIRkF/5IvH1NJE6Q=">AAACJXicbVDLSsNAFJ3UV62vqAsXbgaLUBFKUkTdCEU3XbioYB/QhjCZTJqhk0mYmQgl9GtcuNFPcSeCKz/DrdM2C9t6YOBwzr3MucdLGJXKsr6Mwsrq2vpGcbO0tb2zu2fuH7RlnApMWjhmseh6SBJGOWkpqhjpJoKgyGOk4w3vJn7niQhJY/6oRglxIjTgNKAYKS255lGlj1gSIngD792cnsPGmWuWrao1BVwmdk7KIEfTNX/6fozTiHCFGZKyZ1uJcjIkFMWMjEv9VJIE4SEakJ6mHEVEOtn0gDE81YoPg1joxxWcqn83MhRJOYo8PRkhFcpFbyL+63nR3M+Z1NFC4i/EUcG1k1GepIpwPEsTpAyqGE4qgz4VBCs20gRhQfVBEIdIIKx0sSXdlL3YyzJp16r2ZbX2cFGu3+adFcExOAEVYIMrUAcN0AQtgMEYPINX8Ga8GO/Gh/E5Gy0Y+c4hmIPx/QtMrqQH</latexit>

(↵ = L↵ +H)

<latexit sha1_base64="RU7JsBridomiKBycXUNdxfe8cos=">AAACJ3icbVC7SgNBFJ2Nrxhfq1ZiMxgEG+NuFLUM0cLCIoJ5QBKW2dmbZMjsw5nZQFiCX2Nho59iJ1r6FbZOki1M9MDA4Zx7mXOPG3EmlWV9GpmFxaXllexqbm19Y3PL3N6pyTAWFKo05KFouEQCZwFUFVMcGpEA4rsc6m7/auzXByAkC4N7NYyg7ZNuwDqMEqUlx9xrXQNXxGG4BQ8xG+DyySk+xrcOc8y8VbAmwH+JnZI8SlFxzO+WF9LYh0BRTqRs2lak2gkRilEOo1wrlhAR2iddaGoaEB9kO5mcMMKHWvFwJxT6BQpP1N8bCfGlHPqunvSJ6sl5byz+67n+zM+J1NF64M3FUZ3LdsKCKFYQ0GmaTsyxCvG4NOwxAVTxoSaECqYPwrRHBKFKV5vTTdnzvfwltWLBPi8U787ypXLaWRbtowN0hGx0gUroBlVQFVH0iJ7QC3o1no034934mI5mjHRnF83A+PoBZfmlJA==</latexit>

�i ⌘ B/3� Li

<latexit sha1_base64="BUXCWfDU+Ax3yhP8CM0lPMmZB/c="></latexit>

µ�i =
X

C

S�1
↵�i

S↵CµC

B-L asymmetry is induced in the system (and fixed quickly)! We name it 

“wash-in” process.

(also see ’02 Fukugita & Yanagida)



Courtesy: H. Oide

(also see ’02 Fukugita & Yanagida)

Once we introduce the right-handed neutrinos,  
the way how asymmetries are redistributed changes. 

New equilibrium condition: 
<latexit sha1_base64="+cVSwxxYjAq1EdZTFWn+BTSIeug=">AAACM3icbVDLSsNAFJ3UV62vqEs3g6UgCCUpom6EopsuRKrYBzQ1TKbTduhMEmYmQgn5Ar/GhRv9EnEnbl27dZpmYVsPDJw5917uuccLGZXKst6N3NLyyupafr2wsbm1vWPu7jVlEAlMGjhggWh7SBJGfdJQVDHSDgVB3GOk5Y2uJvXWIxGSBv69Goeky9HAp32KkdKSa5YcHrnxtesgFg5Rcpx+awm8gCm7ce8eaAJds2iVrRRwkdgZKYIMddf8cXoBjjjxFWZIyo5thaobI6EoZiQpOJEkIcIjNCAdTX3EiezG6TkJLGmlB/uB0M9XMFX/TsSISznmnu7kSA3lfG0i/lvz+MzmWGprQ9Kbs6P6592Y+mGkiI+nbvoRgyqAkwBhjwqCFRtrgrCg+iCIh0ggrHTMBZ2UPZ/LImlWyvZpuXJ7UqxeZpnlwQE4BEfABmegCmqgDhoAgyfwDF7Bm/FifBifxte0NWdkM/tgBsb3LyI1q0U=</latexit>

µL↵ + µH = µN
i
R

When the right-handed neutrinos become massive,  
the L-violating effects should be effective. 

We might expect the L asymmetry is induced. 

<latexit sha1_base64="xql37fyHSIdGMgvOCxLU58nClVU=">AAACGXicdVDLSgMxFM3UV62vqks3wSK4KkmRPnZFNy4r2Ae0Q8lkMp3QzMMko5Sh3+HCjX6KO3Hryi9xa6atYIseCBzOuZd7cpxYcKUR+rRya+sbm1v57cLO7t7+QfHwqKOiRFLWppGIZM8higkesrbmWrBeLBkJHMG6zvgq87v3TCoehbd6EjM7IKOQe5wSbSR7IPnI10TK6AGiYbGEygghjDHMCK5VkSGNRr2C6xBnlkEJLNAaFr8GbkSTgIWaCqJUH6NY2ymRmlPBpoVBolhM6JiMWN/QkARM2eks9BSeGcWFXiTNCzWcqb83UhIoNQkcMxkQ7atVLxP/9Jxg6XKqTDSfuStxtFe3Ux7GiWYhnafxEgF1BLOaoMslo1pMDCFUcvMhSH0iCdWmzIJp6qcO+D/pVMq4Wq7cXJSal4vO8uAEnIJzgEENNME1aIE2oOAOPIJn8GI9Wa/Wm/U+H81Zi51jsATr4xs1cKGt</latexit>! 0 <latexit sha1_base64="UBM8fy6ZP6Snei3rErgVwYVqSDU=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWaKqMuiG1dSpS9ohyGT3rahycyYZApl6J+4cKOf4k7c6pe4NW1nYVsPBA7n3Ms9OUHMmdKO823l1tY3Nrfy24Wd3b39A/vwqKGiRFKo04hHshUQBZyFUNdMc2jFEogIODSD4e3Ub45AKhaFNT2OwROkH7Ieo0QbybftGu4oJuAJCz+99x8nvl10Ss4MeJW4GSmiDFXf/ul0I5oICDXlRKm268TaS4nUjHKYFDqJgpjQIelD29CQCFBeOks+wWdG6eJeJM0LNZ6pfzdSIpQai8BMCqIHatmbiv96gVi4nCoTbQDdpTi6d+2lLIwTDSGdp+klHOsIT7vCXSaBaj42hFDJzIcwHRBJqDaNFkxT7nIvq6RRLrmXpfLDRbFyk3WWRyfoFJ0jF12hCrpDVVRHFI3QM3pFb9aL9W59WJ/z0ZyV7RyjBVhfv0UuoqM=</latexit>

T ' mNR
when 

At this point,                         are not conserved charge. 

<latexit sha1_base64="muew++PGqLeKk9h/9/VJJL5hdBs=">AAACNnicbVC7TsMwFHXKq5RXgJHFokLqVCUVAhakii6MRdCH1FSR47itVduJbAepivILfA0DC/wHCxtiZWPFbTPQliNZOjrnXPneE8SMKu0471ZhbX1jc6u4XdrZ3ds/sA+P2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE48bU7zwSqWgkHvQkJn2OhoIOKEbaSL5d8Xjie4jFIwSvoacS7jdgep/5aS42MjiNNHy77FSdGeAqcXNSBjmavv3jhRFOOBEaM6RUz3Vi3U+R1BQzkpW8RJEY4TEakp6hAnGi+unsogyeGSWEg0iaJzScqX8nUsSVmvDAJDnSI7XsTcV/vYAv/Jwqs9qIhEvr6MFVP6UiTjQReL7NIGFQR3DaIQypJFiziSEIS2oOgniEJMLaNF0yTbnLvaySdq3qXlRrd+fl+k3eWRGcgFNQAS64BHVwC5qgBTB4As/gFbxZL9aH9Wl9zaMFK585Bguwvn8B22esFw==</latexit>

µ↵ =
X

C

S↵CµC

<latexit sha1_base64="H8oz+czoMDQAMEljvYUFYHzIZpU="></latexit>

0 =
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B-L asymmetry is induced in the system (and fixed quickly)! We name it 

“wash-in” process.
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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,µø 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
247 7 7 7 7 7 225

247
(ii)

°
1011°12,1013¢

“ °23P+7
30

1
5 ° 3

5 ° 1
6 ° 3

10
°23P+7

30
3

10
°23P+7

30 ° 4
15

23
90 7 23

30
(i)

°
1013,1015¢

“ °3P+1
4

1
6 ° 5

6 ° 1
4 ° 1

4
°3P+1

4
1
4

°3P+1
4 ° 1

3
1
6

1
3

3
4

with charge vectors nC
i and multiplicities gi ; see [48] 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 sponta-
neous baryogenesis [49, 50], specifically, spontaneous lep-
togenesis [51, 52], where the rolling of a (pseudo)scalar field
' induces effective chemical potentials µ0

Æ / q0
Æ in the

plasma [48] (see also [53, 54]). The difference between spon-
taneous leptogenesis and our scenario is that we assume
the primordial charge asymmetries to be constant, whereas
spontaneous leptogenesis involves time-dependent asym-
metries, not necessarily related to conserved charges, that
are only present when the field' is in motion. This requires
that LNV processes must be efficient exactly at the time
when ' is rolling. In our scenario, such a temporal coinci-
dence is not needed. Still, it is straightforward to generalize
the following analysis to time-dependent charges q0

Æ [55].
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 [56]. 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).

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
be created and destroyed by N1 interactions, and `“ø is the
same field after projecting out its ø component. Denoting
the N1 Yukawa couplings by he

1, hµ1 , and hø
1, we can write

h“`“ = he
1 `e +hµ1 `µ+hø

1 `ø h“ø`“ø = he
1 `e +hµ1 `µ , (13)

where h2
“ =

ØØhe
1

ØØ2+
ØØhµ1

ØØ2+
ØØhø

1

ØØ2 and h2
“ø =

ØØhe
1

ØØ2+
ØØhµ1

ØØ2
. Flavor

coherence at higher temperatures also implies that some
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leptogenesis, TB−L. (iv) Compute the final BAU according
to Eqs. (15) and (16).
Possible UV completions.—Let us now showcase two

possibilities for generating primordial charge asymmetries
prior to wash-in leptogenesis. Both scenarios result in
Bþ L ≠ 0 but preserve B − L. First, we consider SU(5)
unification,where the decay of the heavy coloredHiggs field
Hc ⊂ 5 mainly proceeds via the third-generation Yukawa
coupling, Hc → Q̄3Q̄3, tτ, Q3lτ, t̄ b̄ [7,70,71]. The pro-
duction and decay of Hc bosons after inflation
in the SU(5)-broken phase (see, e.g., Refs. [72,73] for a
viable scenario) then results in μQ3

¼ μlτ ¼ −μτ ¼ μ0,
μt ¼ −2μ0=3, and μb ¼ −μ0=3 or, equivalently,
μB ¼ −μ2B1−B2−B3

¼ μlτ ¼ −μτ ¼ 3μd−b ¼ μ0, while all
other chemical potentials vanish. Here, μ0 is determined
by the decay rate, CP violation, and production mechanism
of the colored Higgs field. This scenario sets the stage for
wash-in leptogenesis above the equilibration temperature of
the tauYukawa interaction,T ≳ 1011–12 GeV. Similarly, one
can constructmodelswhere extraHiggs scalars also generate
primordial asymmetries in the first two fermion generations.
The initial qe;μ;τ asymmetries are then encoded in general
fields ē ¼ ceeþ cμμþ cττ or ēτ ¼ cτeeþ cτμμ, such that

P¼ jaec#eþaμc#μþaτc#τ j2; Pτ ¼ jbecτ#e þbμcτ#μ j2 ð17Þ

in Table II, where ae;μ;τ ¼ he;μ;τ1 =hk and be;μ ¼ he;μ1 =hkτ .
Our second example is axion inflation featuring a cou-

pling of the axion-inflaton field φ to the Chern-Simons term
of the hypercharge gauge field, φ=ð4ΛÞYμνỸμν [74]. This
coupling sources nonvanishing hYμνỸμνi during inflation
[75–77], which induces primordial chemical potentials for
all SM fermion species via the SM chiral anomaly [78,79],
μi=T ¼ &3ðnYi Þ2αY=πðhY=T3Þrh [46,47], with hypercharge
fine-structure constant αY , hypercharges nYi , and & for left-
and right-handed fermions. hY ¼ hAY · BYi=a3 is the physi-
cal hypermagnetic helicity density, which is defined in terms
of the comoving vector potential AY , comoving flux
density BY, and cosmic scale factor a. In the parameter
region where hY=T3 is approximately conserved [47,80–82],
its value at reheating after inflation dictates the
magnitude of the conserved charges in each temperature
regime. For T ∈ ð105; 106Þ GeV, e.g., we have μe=T ¼
−3αY=πðhY=T3Þrh and, hence, μB−L=T ¼ 9=10αY=
πðhY=T3Þrh. Axion inflation with a Hubble rate of
Hinf ∼ 1010 GeV can therefore readily give rise to the
observed baryon asymmetry [47]. The evolution of B and
L in this scenario is schematically shown in Fig. 1. Axion
inflation produces all lepton flavors in a symmetric way,
meaning P ¼ 1=3 and Pτ ¼ 1=2 in Table II.
Conclusions.—In this Letter, we presented a systematic

discussion of wash-in leptogenesis, a mechanism to gen-
erate nonzero B − L in the type-I seesaw model. Our
mechanism successfully operates at low RHN masses,

strong wash-out, negligible CP violation in RHN decays,
and B − L-symmetric initial conditions. We focused on N1-
dominated wash-in leptogenesis; however, the inclusion of
heavy-neutrino flavor effects [83], or even the generaliza-
tion to a density-matrix formalism [84–86], is straightfor-
ward. Similarly, one may generalize our mechanism to
other sources of LNV in the early Universe. The general
concept of wash-in leptogenesis opens the door to a
plethora of possibilities.
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FIG. 1. Schematic evolution of B and L in arbitrary units after
axion inflation. The colorful straight lines represent the equili-
brium attractors of wash-in leptogenesis in different temperature
regimes.
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Advantages of wash-in leptogenesis

- Sakharov’s condition does not have to be satisfied simultaneously. 

C&CP-violation/Deviation from equilibrium: asymmetry genesis @high temp. 
(not have to be B-L)

B-L violation: Right-handed neutrino decoupling @ <latexit sha1_base64="UBM8fy6ZP6Snei3rErgVwYVqSDU=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWaKqMuiG1dSpS9ohyGT3rahycyYZApl6J+4cKOf4k7c6pe4NW1nYVsPBA7n3Ms9OUHMmdKO823l1tY3Nrfy24Wd3b39A/vwqKGiRFKo04hHshUQBZyFUNdMc2jFEogIODSD4e3Ub45AKhaFNT2OwROkH7Ieo0QbybftGu4oJuAJCz+99x8nvl10Ss4MeJW4GSmiDFXf/ul0I5oICDXlRKm268TaS4nUjHKYFDqJgpjQIelD29CQCFBeOks+wWdG6eJeJM0LNZ6pfzdSIpQai8BMCqIHatmbiv96gVi4nCoTbQDdpTi6d+2lLIwTDSGdp+klHOsIT7vCXSaBaj42hFDJzIcwHRBJqDaNFkxT7nIvq6RRLrmXpfLDRbFyk3WWRyfoFJ0jF12hCrpDVVRHFI3QM3pFb9aL9W59WJ/z0ZyV7RyjBVhfv0UuoqM=</latexit>

T ' mNR

# RHN sector does not have to violate C & CP. 

- Depending on the initial asymmetries, wash-in works with relatively light RHNs. 

can be consistent with naturalness
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mNR . 107GeV (Vissani bound (’98))

and also the neutrino option (’17 Brivio & Trott)

c.f.) The vanilla leptogenesis requires 
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Applications/Realizations

- SU(5) GUT baryogenesis from the GUT Higgs decay

B+L but not B-L asymmetry is generated.  
Wash-in helps to avoid the sphaleron washout. 
Lowest RHN mass for the wash-in depends on the decay ratio of the GUT Higgs. 

- Axion inflation
              coupling generate both B+L asym. and hypermagnetic helicity through chiral anomaly.

They can annihilate each other at a later time.  
Wash-in prevents from the complete cancellation of B+L and helicity. 
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Final baryon asymmetry is the summation of the B+L with wash-in  
and hypermagnetic helicity decay at EWSB. 

(See also F. Uchida’s talk)

(Domcke, KK+, in prep.)
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Summary

- Wash-in leptogenesis is a new framework for baryogenesis. 

- It uses the redistribution of the asymmetries with the RHN mass term,  
  between the asymmetry generation and completion of would-be sphaleron washout. 

- The idea is based on the fact that the Sakharov’s condition does not have to be  
   satisfied simultaneously. 

- Relatively light RHN can be useful, consistent with naturalness problem  
  and neutrino option. 

- SU(5) GUT baryogenesis and baryogenesis from axion inflation is rescued,  
  but the idea does not have to be limited to these examples. 


