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Baryon Asymmetry of the Universe (BAU) Baryogenesis models:

nE — nr EWBG, GUTBG, ADBG, LG, ...
np = ——2 ~ (6.14 + 0.25) x 1071

Ty

Baryon-to-photon ratio from BBN/CMB

Matter Anti-matter

Sakharov conditions
1. B violation
2. Cand CPviolations
3. Out-of-equilibrium

SM satisfies them, but not enough



Baryogenesis models:

Baryon Asymmetry of the Universe (BAU) =1
EWBG, GUTBG, ADBG,iLGi

np = BB L (6.14+0.25) x 10710
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Large
discrepancy!

A. Matsumoto et al (2022)

Lepton Asymmetry of the Universe (LAU)
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reported by EMPRESS (Extremely Metal-Poor

Representatives Explored by the Subaru Survey)
with *He abundance observation
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Baryon Asymmetry of the Universe (BAU)

[
—np 1LG! ...
np = BB (6,14 0.25) x 10710 2
Tty Leptogenesis
. CP-violating out-of-equilibrium decay of
Large BAU is Heavy Majorana neutrino

determined
before EWSB

LNTI'_ — f‘I’, ﬁ-rf_ — F‘I’T

|

Lepton Asymmetry

discrepancy!

Lepton Asymmetry of the Universe (LAU)
Sphaleron l

ny — Ny
N = ——L ~ (75715 x 1072
Ty Baryon Asymmetry

Sphaleron decoupling
at EWSB
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Baryon Asymmetry of the Universe (BAU)

[
—Np 1LG! ...
nB = 158 (6.14 4+ 0.25) x 10~ 1Y -
Tty Leptogenesis
CP-violating out-of-equilibrium decay of
Large Heavy Majorana neutrino

Nt'- — E(I), Nf_ — F‘Iﬂ

|

Lepton Asymmetry

discrepancy!

Lepton Asymmetry of the Universe (LAU)

N, —n- Sp on
_ L L +4.5 2
nL = ——= ~ (7.5737) x 10
Ty LAU can be % Asym y
changed
if LG exists Sphaleron decoupling
after EWSB at EWSB
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Baryon Asymmetry of the Universe (BAU)

-

ILGI ...

__Np—MNg [

np = ——=2 =~ (6.14 4 0.25) x 107 e
i First Leptogenesis

First Production and Decay of N
Large EV\{SB
discrepancy!

“Second Leptogenesis”

Lepton Asymmetry of the Universe (LAU)

ny —ni .. and Second Production and Decay of N
v
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Realization of “Second Leptogenesis” with Wave Dark Matter

e S —— o
" QCD axion %M limit unitarity limit

classic window \
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non-thermal I dark sectors
bosonic fields 1 sterilev :
N e o o e o e o e o 7 can be thermal T. Lin (2019)
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Realization

of “Second Leptogenesis” with Wave Dark Matter

(1)
o

¢v' ‘
1«1 >> ‘”{3)
4 )/}(/) ’ .5.

LAY ) 1 ~a
my X @0 ol

~~~~'l

4 )

l LD (My+ gd)NEN + h.c.

Temperature-dependent mass of NV

7\ 32
M(T) ~ My + M, (T) T >T > Ty,
*
L M Ty >T.

T. from Ty from

Ty 3/2

Mass variation  Mass variation term

starts becomes negligible
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Realization of “Second Leptogenesis” with Wave Dark Matter

o, 1
H > my ‘
' 2/)(/) (T~o

—x g=3/21, . "‘\
n m My, (ff 7”3/2',' 1st 1st 2nd 2nd
- Production Decay Production Decay

A1)
)

4 )

l L D (Mg + go)NEN + h.c.

Temperature-dependent mass of NV

’A"[* T > T*)
7\ 32
M(T) ~§ My + M, [ — Ti>T>Ty, —
T, ~
e Ty >T. =
T, from Ty from : : Mo
3/2 : : : : :
T : : : :
H(T,) = my My ~ M, (?) T>M(T) T<M(T) T>M(T) | T<M(D)
. * . f e
Mass variation  Mass variation term M T, v M
starts becomes negligible ‘
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Parameter space for Second LG

T, =1TeV (my~14x 1073 eV)

10 A. Dey, G. Krnjaic, P Machado, H. Ramani (2022)
.—— To avoid dominant quartic coupling
8 . .. .
To avoid thermalization of wave DM by scattering
%“ _
O 9
S
s 4
2
| M, <T. S
2f e |
-0 -8 -6 -4 -2 0 2 4 =
log,,Myi (GeV) ‘ M
(M, T>T., 7'>M(T)J‘ 7'<§-u(7') G I'>;’|§f('1") ké‘knm';
ﬂ‘i, > 7'1 > T:V > ﬁl%

T\ 32
M(T):<MO+M*(T—) T, >T > Ty,

\.MO Ty >T.

(These are naive conditions for 2nd LG, not the exact
requirements of 2nd production & decay of N)
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Boltzmann equation (density matrix form)

Nn,, Nqop + Comoving number density of N;, B—L

- =" Temperature-dependent mass of N
dNw, _ _ (D3 +S}) (N, _-Noqy Insert P P
dz \—d v ) (M, T >T1T,,
dNag (il (eal I -1 3/2
o= EEJﬁEPJ —INEH + ﬂW (P, N}as M(T) = { My + M, (2) T.>T > Ty.
?: N = - \__J ——J T*
| M, Ty >T.

where z = My /T, i=1,2,3, and o, 8 = ¢, p, T.

D; : Decay term

S; : Scattering term
W; : Washout term

ES%: CP asymmetry

Nﬁg : Equilibrium density
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Temperature-dependent mass of NV

8 . T, =1TeV :
- TsT S “"6' M,y = 40 TeV 1106
' v & 104' Mi(T) Moy = 10 GeV 2104
M T\ ! 110
A(T) ~ § My + M, [ — T, >T>1T, = 102 1102
T, S | |
(M, Ty >T. [ , . . . T~
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=My /T
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_____ Boltzmann . ]
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105 i v Vo

% b - Lo L
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Temperature-dependent mass of NV

108 - N T, =1TeV 108
4 - I . M,y =40 TeV |
(M T>T i 1106
* > s 8 10 N M(T) ]\/1—01 =10 GeV 10
A[(T) ~ ¢ My + M, (—) T, >T >1Tn, F:_ 102} 1102
T, = ! 11
(M, Ty >T. [ , . . . . . . T~
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Equilibrium density
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Decay channel alternation

under heavy neutrino mass variation

(1) Before EWSB: N — (P
(N decay to massless lepton & Higgs doublets)

———————lEWSB———————-

@QN — W, N— Zv,.N = W/

(N decay to massive on-shell bosons)

l after M(T) = myg or mw, z

BN — 3v,N — yjie, N — ver? ...

(N decay to leptons & mesons ...)

PHENO 2025

 doniumiaminn \

szJVi

=— (ID; + SH(Ny, — N9,
dz (\ID_i_ID( J\h N)
dN, i e 1
dzﬁ =-y leg%Di(NNi = N3 + 5 Wil P Nag

%

(M (2) (3)

T/H

1074 1072 1 102
Z—;MOI/T T, =1TeV
M*l =40 TeV
]\/f()l =10 GeV
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Decay channel alternation

under heavy neutrino mass variation

(1) Before EWSB: N — (P
(N decay to massless lepton & Higgs doublets)

———————lEWSB———————-

@QN — W, N— Zv,.N = W/

(N decay to massive on-shell bosons)
l after M(T) = myg or mw, z

BN — 3v,N — yjie, N — Ve ..

(N decay to leptons & mesons ...)

Scattering channel Nv — (¢ via Z

has resonance when M(7) is around Z boson mass

PHENO 2025 Second leptogenesis (Yechan Kim)

dNy, AR
dN,, — (:Dz + SZD (]VNi o IV;E)’
z N ’
dNa,ﬁ (4) °q 1
- :_Z [easDz’(NNi —NN¢)+§WZ'{P75’N}O‘5
, T T T T
= | ' Resonance
103+ I XY
LY j
o i
| / 1073

1 102

T, =1TeV
M, = 40 TeV
My, = 10 GeV
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CP asymmetry

: resonant LG is adopted for enough BAU in relatively small scale of M.

sy _ 1 ooty ek 1 M
“08" = TomtusN E {? Winis(wy")ji — vis¥ia(yy')ij] i
( V2 A2\ g2 1

1[ — 11[ )11[ |

B T O N 2T A (M i /)" i
+ilyiayis(Wy i — vis¥ialyy')il }: (M2 — 22+ MAT2 /AR

I\ J 2 t ] J,

Resonant condition
‘ﬂfj — ﬂfz‘ ~ FJ/Q

Casas-lbarra parametrization (almost degenerate mass of V')
of Yukawa matrix

Yy = \/QRAL{/ 2 Rﬁz,l,/ 2t /v

ir/4 L Complex phase in R
(source of CP violation)

w1 =we =0, wg =0.2¢e
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Resonant condition is not satisfied exactly

CP asymmetry

: resonant LG is adopted for enough BAU in relatively small scale of M.

say 1 {T
‘a8 = Ton(yyT 2 U Wiatio ()i

J#i

- . i
i [yiayis Wy i — Yia¥iayy') il }'( g

i=1,2,3,anda, B=e, u, T.

: i 0.1°f
Wi = wo — 0. wa = 0.2¢i7/4 L Complex phase in R
1 2=0,w3 =0 (source of CP violation)

Resonant condition (exactly)

PHENO 2025

= Vit ()] 57

I‘[ j

(M} = MPMZ
— M2+ M2 /M3

Resonant condition
|f\fj — f\le ~ FJ/Q

(almost degenerate mass of NV's)

leN .

dz

AN,z
dz

-—J

— (Di+ Si)(Nn, — NyH.

——;E 4Di (N

i/’

.= NVy)

1

solid, dashed, small-dashed
= e, U, T components

]. E T T T T %
LTI
Maximal |
ol T CP asymmetry
I
« LAU
2nd/3rd O ]
| heavy 1077 sesessenenerannes, o
Neutrino i f
(for resonant LG) Small 1 —_— ]
1g-0 CPasymmetry !’ . ‘
1074 1072 1 10?
BAU z=Mpy /T
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Nn,. Ny : Comoving number density of N;, B—L

ANy .
d;l = —(D; + S;)(Nn, — N3,

IN
: ”‘_Z[ Y Di(Ny, - Ny ——n AP A\}“]

where 2z = Moy /T, i=1,2,3, and o, B =€, p, T.

Wave

T,=1TeV (my ~1.4x 1073 eV) DM

Moy =40 TeV ], 1st heavy
My = 10 GeV | neutrino
w1 = wy = 0, wy = 0.2¢77/4 Complex phase in R

(source of CP violation)

AMl*Q = MOQ — M()l = —-2.0x 1079 eV
AMyz = Moz — My = —2.0 x 10 8 ¢V | 2nd/3rd
| heavy
Af\f{}g = Mys — My, = Talr=1,/2 Neutrino
Aﬂ[& = Moz — Mo, =~ Ts|r—7,/2 (for resonant LG)

PHENO 2025

1073

1077

Sphaleron decoupling
(Tepn ~ 100 GeV)

1073

1076

1 BAU

1077
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a‘fsph -------l
= Np-r ~46.14 x 10719 BAU
. AT T LT T4
1 (FT====
— I
nL = FNB L =0.85 x 10~ 31 LAU
—————— -l
Sllghtly smaller than
desired value
— 1932/43 Photon dilution
! 32/43 from 1st LG to BBN
' =176/43 Photon dilution
from 2nd LG to BBN
asph = 28/79  Sphaleron factor
PHENO 2025

Sphaleron decoupling
(Tupn ~ 100 GeV)

LAU

1073

1076

1 BAU

10°8 1076 1074 102 1 102
I I I I I I I
41
Ny, 51
N 1
1073 F \
1
L 1
Ny \
O \
< 105F \
1
L 1
| BAU
1079
i | |
1078 107°
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Summary

» The temperature-dependent mass of
the heavy Majorana neutrino by using
wave DM provides the second
leptogenesis with two moments of
production and decay of N.

» The second leptogenesis can explain

the baryon- asymmetry
discrepancy of the universe if the Second LeptogeneSIS
sphaleron decoupling appears between

1st and 2nd LG.

Thank Youl!
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Backup slides



L D (My+ gp)N°N + h.c.

Constraint on the coupling between Wave DM & RHN
A. Dey, G. Krnjaic, P Machado, H. Ramani (2022)

Constraint on the bare mass of the heavy neutrino
P. D. Bolton, F. F. Deppisch, P. S. Dev (2020)

¢ couples exclusively to vy or vy, m% = Am?
! ) » Mp 21

1’"\:‘1\\'\( r\ i (l 10—8 L - .l
| g, 1008 L L ¢v thermalize
6 e e 1t OnG _
1072 V \F% }r\ I( ]M il\] ‘li o 10 il gﬂ
el (MY N fBene v 10120 =
LIS W OF W ! EWPD [ &
P I e et I I3 % 107 ML =
10 ‘ ; A DELPHI L E
N e . —16
B & Borexino *. ! BESIII ~337/7ATLAS 10 =
& CMB \ S L
= 1070 N\ { o 107" ;/ o
g N\ N fonarM & ’
= VG AN, > 1077t
N Super—K L
1078 NAG2 02 oMB-D?
Supernovae “\5\\ T2K ].0 L
_10 \BBN e -
10 10-2 EEe— -
\ \’ M=
X—ray \ CMB +BAO +H, M, Gsa 10 I .
10121 L ‘ e 10~ — ] | weak gravity
10_9 10_6 10_3 1 103 —-’--.-‘-- -.i..i..l..--.i...l‘-l-....T....-l‘--..i.-‘..-I.-‘.-i...-.ll-.-‘?-....I-..-.i..l-..l.
1072 107% 107% 7" 1072 1w 1w 107

my [GeV]

my [eV]

MO > 1 GeV to avoid Neff constraint from BBN or CMB ¥y = g here, and some constraints holds for only quasi-Dirac
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CP asymmetry after EWSB

: resonant LG is adopted for enough BAU in relatively small scale of M.

e = E ity yig(yy" )i — v qys (yy' )| =—
7 167 (yyhi < intio (9 = vistla 0 i)y
J#i

(M3 — M7)M;?
— M7?)? + M}3 /M

+ilyiayis )i — vigyia(wy');i] } W

i=1,2,3,anda, B=e, u, T.

S(i) I'; B M,
a8 TOM{(RTR)u)? Z{ [RaiRj;(R'R)ji — Ry Rag (RTR) 5] 77

2 2 2
(M? — M2)M;

+i[RaiRY; (R R)ij — RyRaj (RR);] )

r; M;\? M;
_ i M N Lot rta) e — () ] 2
A CTONE ; ( Mj) {%[ymyﬁj (Y'Y)ji — YpiYai(¥'y)is] 77

. .t . ; (M J,? — ME)ME
+ ’L[ym‘yﬁj(y ?J)z‘j - yﬁiya’j(y ?J)J%} } (ﬂ’f-z — ﬂ/fg)z T ﬂ/[‘.‘lF?./J\/I?'
J i il
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(M? — M?)2 + MT2/M?

Active-sterile mixing matrix

Rai = Yaiv/(V2M;)
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T T T
- ' (a) Resonance
108 | 4
: : l—_; 'H (==z5)
o iﬂfz’ =l S In\___ S
=~
i (b) Fp/H>1]
Lo / after z>30
16*4 | 10‘*2 1 1(|)2
z=My/T
CP asymmetry variation
1 E T T T : ; T T T ;
01: | &I '{;P- ----- - DRk ':
107 /\ |
=1 |
< |
(d) Sign flip RO
1077 pposnnnnunsnnnnnns. AL | near z=2
N | —_—
H
o —
H N |
10—10 1 1 1 | [ 1 1
104/ 102 1 10
(c) Small B
CPasymmetry 2~ Mo/ T
PHENO 2025

Decay channel alternation & Scattering c

hannel resonance
T

103

(a) Follow

(b) N decay
equilibrium at z=100
1078 106 1074 102 | 1 102/
1._---I ------ I-------I-“ I I I I _1
Nwleq ‘\ _
\ 1073
1
. 1
1
1
1
[}
107°° - b 10°°
; \
| BAU : |
]
; 1107°
.
! ]
I .
I I I [
10 106 107 102 1| 10
(c) Small BAU z =My /T (d) Sign flip
=2
** sign flip due to My, = 10 GeV nearz

N—N,q4 sign change

Second leptogenesis (Yechan Kim)
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Photon dilution and Sphaleron factors

n. (t s(T. Photon number increases by
f = ny(t) — g:(T) the annihilation process of the
Ty () 9:(T) particles.

g(T..,) = 106.75 (SM) + ; -3-2 (3N) =112

7 7 7

7 7,\° 43
T — 92 (~ ~.3.2. = -
9(TsBN) (;)+8 3 (Tw) (v) 11

— 192392/43 Photon dilution
! 3 / 3 from 1st LG to BBN

f =176/43 Photon dilution
from 2nd LG to BBN

PHENO 2025

8Nr + 4N,
22N + 13N,

Sphaleron factor (with the # of fermion
generations & Higgs doublets)

a.sph —

= 28/79

Second leptogenesis (Yechan Kim)
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