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Outline

Type I Seesaw & Baryon Asymmetry from RHN decay

Kinetic motion of a pNGB leading to
CDM population & Spontaneous Baryogenesis

Type I seesaw with spontaneously broken U(1)gz_;

Majoron as a common origin of
Baryon Asymmetry and Dark Matter
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Seesaw and Baryogenesis
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Seesaw & Leptogenesis

Type I seesaw from Fukugita-Yanagita, 1986]

Majorana singlet fermion * Lviolation (Majorana neutrinos) &
B+L violation (EW sphaleron)

 C & CP violation: complex Yukawa

1
L=y, IHN +~MyNN + h.c.

coupling y,
2 * Out of equilibrium: N decay
= my, =Yy M_y"T
N e
['(N - IH)—T(N - IH)
€ = S
(%) yy ~ 0.5, My ~ 10'2GeV = m, ~ 0.05eV [(N - IH)+T(N - [H)

ny
Yp = cg¥p; = cgk € —
S
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Efficiency (washout)

Strength of decay/inverse-decay
parameterized by
FN _')/5 MP i mv
H(T = My)  8tMy meV
K ~ 1:[H < N barely in equilibrium
at T ~ My (weak washout)
K > 1: [H < N in equilibrium
till late T < My (strong washout)

K =

Efficiency factor: k =
KInkK

L . (*) [H < N in equilibrium for
(*) m, = 0.05eV (K = 50) > k ~ 10 3My = T = 0.1My for K = 50
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CDM & Baryogensis
from
kinetic motion of pNGB
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Coherent oscillation from misalignment

When a boson field have an
initial amplitude displaced from
the vacuum value 6; = % + 0, it

starts to oscillate at H(T,.) = m,
and becomes coherent (wave)
dark matter:

2202
Pom _ Mafq 0

Preskill, Wise, Wilczek; Abbott, Sikivie;
Dine, Fischler, 1983

~ ~ 0.44 eV
s st
1
. eV \4 6 + 3HO + m?2 sinf = 0
= fa ~ 510 GeV m—
a

1.
o = [ (E 0% + m2(1 — cos@))
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Coherent oscillation from kinetic motion

Co, Hall, Harigaya, 1910.14152

With a kinetic motion 6; # 0, it gets
first trapped by the potential when
KE-EE: g - pigic = om0

i, Or-
S S

= conserved

(note) Yy =

Then, oscillation starts after a while if
H(Typ) > mg (i); or immediately if

m, > H(Tp) (1)

PDM S(Tosc) :
= XA p2 2
S el
\S(Ttrp) a9
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Spontaneous Baryogenesis

Cohen-Kaplan, 1987, 88
Consider U(1)z spontaneously broken at the scale f,.
The pNGB coupling to the baryon current f—laaua le Xl/)l/;)/“llj shifts the
energy of /iy by Epmp o Lo + x¢9 in the background of § = fﬁ (CPT
violation).

When B violation is in thermal equilibrium, the chemical potential of
Y/ is generated 1, = c¢9 depending on the equilibration processes.

2
This leads to the baryon asymmetry V5 = . BST with which

freezes at T = Ty when B violation decouples.
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Axiogenesis

Application to a chiral U Sl) po Symmetry. Co-Harygaya, 1910.02080;
Anomaly interaction aGG /aWW in equilibrium: Do;nclie et.al., 2006.04138;
. and others

Strong sphaleron 2 2, + pyc + pge = cs0
EW sphaleron =2 3u, + y; = ey O
B (B-L) asymmetry is frozen at Tz = Tgw: g = Cpb

My fr

fa

Hl, =

TE w

2
Yg ~ O.1Y9< ) ~10710 106GeV\*
fa = m, ~ 10 eV

f
pDTM ~ m,Yy ~ 0.44eV -
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Type I seesaw with @m !

Majoron as the common origin of
baryon asymmetry and dark matter
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Majorogenesis

P" .
+h.c with & = f—“ele

An—4 \/E

¢ Anomaly-free B-L symmetry broken by My = %’ i

#The pNGB (Majoron) coupling: 6 X, x,1y %
where x,, = (é —é, —é, —1,1) for Y = (q,u%,d¢, 1, e°)
¢ N decay/inverse-decay in equilibrium to generate (g p_;) X 6,
. v _ cgB(TR)TE _ TN | aip
which freezes at Ty = o 7 — ST = cgYy (fa) ~ 10

€ CDM population generated when 0 trapped by the potential
V. — n—tmﬁfﬁ(l — cos(n@)) > 22M = m,Yy ~ 0.44eV

S

1
£ =y,IHN + - yy®NN +
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Chemical equilibration

Four Yukawas + EW Sphaleron + charge neutrality (simple case):

Yuqu‘H = :uq+.uuc+.uH:0
—13 2 —289'
YaqdH = pg + pge —py =0 e A e ) S
- 51 .
L ol e Rl L me =13 (2 = pee) = =776

79

INH = p+puy —6 =0 (LNV: py=0
v (o ( N=0) MB—L:HB_ML:HQ

ApsL(WW) = 3Buq + 1) =0

1 % 3 1 1
Y =0=3 EZBMq—§3,uuc +§3,udc—§2,ul+,uec _EZZuHZO
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Cogenesis from initial kinetic motion

+ Simultaneous generation of Yz & ppum:

Y =044eV = Y, = 0.1Y. i 2"'010'446 Bz
m = V. e ~ U. ~ U.
al@ B V) Fa a Fa

M

7
> TB — When L > TEW:
Zout Zout
Trapping condition m, ~ 4-10°eV y#
eV

1/4
a

X8 TB —_ TEW When MN < TEW:

.0
f, ~2-10°GeV

mg
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Cogenesis from 1nitial misalignment

Starting from 0=0 6~ m, arises at Tyo. ~
Jm Mp around which Yy is supposed to be
generated.

Considering T,.. = Tg, one finds m, ~ 103GeV

S
and T ~ =% ~ 10'° GeV, and thus 22 ~ Z8/d 5,

S S(Tosc)
0.44 eV.

Way out: Early oscillation with m,(T) > m to

separate out T > T -
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Symmetry non-restoration

Consider a U(1) breaking field ® coupling to the
Higgs or any bosons S in thermal equilibrium:

/ Amix /15 \
V(®,S) = A|®|* + AsIS|* — 2Amix| PI?ISI? — pg|PI? + piS|? -
_ % Liane)
e o L e =
k mix /
Temperature dependent VEV and mass:
Ao ($)r = fulD) = |ffo +aT? = f 14
B = 2o G M =L =
Pbn 1 na fa(T)>n_2
. . = . AWERL
I = e e = = m&(T)f,7(T) (1 cos (fa(T)>> ) e °< fao
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Dynamics of sliding pNGB

- (0N 1 _ .

0 + <3H + Zfa(T)> 0 + Emé(T)sm(nG) =0
() e e
£ = _HT_c?‘(l +T_CZ> ~—H for T > T,

n—2

2 Ty 2
melr) — e (1 + F)

c

e _ initial
0+ HO + Emﬁ(T)sm(nH) =0 : oscillation
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First oscillates at high T

Starting from the initial 6; # 0, the early oscillation starts to produce
0 + 0 around T, when H(T,) = m,(T,)

3 3
100\ / ¢ \2 /Mgon\2 [10°GeV
. oanll
7510w (10) () (T (1)
It escapes from oscillation at 7};;. when the kinetic energy becom
es larger than the potential energy.

: 2 {
0 (Tslige) = gma(Tslide) — e Te (50))* T,
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Slides and oscillate again

It slides downas 6 o« T below which temperature depe
ndence disappears and thus falls down as 6 « T3.

1 1
faO faO 2 108 Z
T.~ |— = 10%GeV e
. / o ¥ \106Gev )

As the kinetic energy reduces as T°, it soon gets trapped in the
potential and the second oscillation starts to produce dark matter
density: Tosc = Tirp-

S5 1 5

e =1 () (A2 () ()
ose = 2 i 6
C3(50,)3 100 @ Mgo 10°GeV
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Cogenesis corner

56=1, C=10

3

(©).  ~107cks0)? (1) () (Tas)” (s

. My
1 for T, < Tgy or

out

: 2
45 0 T M

e e 3 ( EW> for = - Tew < T,
on 9« T i Tc Zout

2
& M
( N) for Tgw <—<T, r :
\ ZoutTc Zout I —
o 5 100 % Ca % Mgoy3 (10°GeV - C | i
= I~ 007eV 62(561:)2 < > (108) ( V) < ) Myo = - . (1%*0)3< >
* e fao C9(56,)9 Ca 1
5 5
L 2 (100\° o
fao = 3-10°GeV 51—8(5906( ) (1638)18
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Summary

Type-I seesaw model with majoron provides an affordable
framework for the simultaneous generation of baryon
asymmetry and dark matter enjoying freedom with the
parameters (mg, f,, My).

Needs a comprehensive study for general K and n > 5.
Simply(?) extendable to various seesaw models.

Way to realize cogenesis with QCD axion?

Origin of Yy: T-dependence, AD mechanism, Inflation, ...
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