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® Baryon number density of the
Universe 1s well determined:

n Ngp
0 aoR ) 10 Meei g
S S

® For symmetric components,

NN < nrm freezes out at Ty ~
my /43 leading to ng/s ~ 10718,

¢ Requires large initial asymmetry:

Np — Np
Yy = ——2 ~ 0.85 x 10710
S
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Baryvon asymmetry ot the Universe

¢ Dynamic generation of baryon

asymmetry [Sakharov]

e Baryon number violation
 C & CP violation

* Qut of equilibrium

Beyond Standard Model
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Seesaw & Leptogenesis

& Heaviness of sterile RHN for
lightness of active neutrinos:
iy fhictyend
L = yV lLHNR +_M NISNR + h T

2
2

Vh

= W M_N
|Fukugita-Yanagita]

* Lepton number violation: M # 0

C & CP violation: CP phase in y,,
Out of equilibrium: N decay

= m,, T
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& RHN decay produces lepton
asymmetry-

= I['(N - IH) — F(N — l_ﬁ)
N S (N - IH)

® L asymmetry converts to B
asymmetry by EW spharelon
process violating B + L:

ny

Yp = cgk e —
S
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Efficiency (washout)

r 2 M m
@KE N N)’v R v

~y

H(T=My) 8mnMy  meV

® K ~ 1:lH —» N barely in equilibrium
K > 1: N < [H in equilibrium during

T = (MN/Zin’ MN/Zout)-

1
KInK

® Efficiency factor: k =

& i, = 0.05eV (K = 50) = K ~ 1072
(strong washout)
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Spontaenous Baryogenesis

Cohen-Kaplan, '87,’88

¢ Consider U(1)g spontaneously broken at the scale f.

¢ Its pseudo—-Goldston boson ¢ couples to the Baryon current: %auqug where

jg = Ty XpyH*P with x,, being the B number.

& In the background of homogenous classical field, 8 = ¢/f # 0, Y/ gets an
“extra chemical potential” shifting the energy E = Ey F xwé (CP violation)

¢ When a B violating interaction involving y i1s in thermal equilibrium, the thermal
chemical potential develops py = x,,0 generating B asymmetry ug = cf at Ty
when B violation decouples.
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AxXiogenesis

& PQ symmetry breaking - axion ¢ Co-Harygaya, 1910.02080

00000000000000000

¢ Quark chiral symmetry broken by GG Domcke et.al.,, 2006.04138
& GG in equilibrium > p,, — g, = 46

¢ B+ L violation in equilibrium by EW sphaleron 2 3u,, +y;, =0
SR (B IEaE sae | by s SO Ze T At Bt I e e = O

& Y& Ypu?

0 26

107GeV\”
T

fa
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Majoron & Leptogenesis

Sk SN 1 e .
L=y,l; HNp +=yy®PNiNg + h.c. with & = ie”

2 V2
¢ B-L (L) symmetry broken by My = 3%’f] & y,.

& Majoron couples to jp_;: 6 Xy xypyH.

® Ny decay/inverse—decay & EW sphaleron are in equilibrium: (N < [H) =
(NoIH)=(N<IH)=(N<IH) > py+ug =26 & 3u, +u; = 0.

® B-L (B) asymmetry washed in at Tz = Tjp ~ Af—(’)" Ve U= Tom o (i e
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1) 8 # 0 from conventional misalienment

© 0, #0&60, =0.

® Assuming soft—
breaking of B-L

cDTL+4~
by el

+ h.c.:

V(6) = m;fi(1 — cos(h))
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i1) @ = 0 from initial kinetic motion

® 0, =0&86, # 0:
= Yeo = f]zéo/S(To)
& Evolution of the classical field 6:

g
6 +—0 +sinf =0
2X

where § = — with x = m;t
dx

Majoron DM: p] = PpMm ?
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Yy from 1nitial kinetic motion

My

% Shut down LNV when My > T,y = T Tew,
out
2 .
20 R My _no _ f767
M
< Shut down Sphaleron when My < Tgy < Ty, = —Z_N :
mn

Tgw

y)
1
f > Requiring My = z;, T, = K 3 Ty,
J

eq 1
Yp =Yg (Tegw) = CBYQ
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Co—genesis of Yg & Ypy

® Baryon density:

. S thermal
n B 4 5 6 = 106 majoror
Cp ? (TB) ~ 10 10

N =
TR

Ng 3 széz
S S

& DM density: v, =

Ty a5
- 2m2g, T3

m; Yy (Tg) = 0.4eV

109
2 - .
Y M 1070 10°° 1
:m]iz—BzOAeV (TB:—N ]
TE cp 10 my [eV]
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Summary

® In the seesaw model with spontaneous L. number breaking,
leptogenesis can be driven by the CP violation provided by the
kinetic motion of majoron.

® It relies on the Majorona property of a RHN and the equilibriation of
its decay and inverse—decay.

& It works for 10 < My /GeV < 10? and m; < keV.

@ It requires a large majoron number Yy > 1 for My < 10‘4f], and thus a
huge initial kick ty0,.
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Thank vou!




Bae k=P

¢

® External chemical potential of Majorana fermion carries opposite sign
according to its helicity:

i . 6

® Opposite helicity states have the same decay rates and thus the
chemical potentials cancel out:

I'(N, - [H) =T(N_ - lH)
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