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Baryon asymmetry of the Universe

Observation: Our universe is made of matter, not antimatter.
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(main topic of this talk)



To generate baryon asymmetry...

Sakharov conditions

* B number changing process

obvious

* Cand CP violation
no net effect if any of them is conserved

LHB

!

LH B

RH B

!

RH B

* Departure from thermal equilibrium

(nB = qu

d3p
(2m)3

f1@) = (ns =34 J

d3p
(2m)3

f))

In SM

Weak sphaleron
SU(2) Chern-Simons number transition
— B + L transition

C violation: electroweak interaction
CP violation: CKM matrix (not enough)

EWPT (cross-over... not enough)
Some freeze-out process (... not enough)

We need new physics.
(there are many scenarios)




To generate baryon asymmetry...

Sakharov conditions In SM
* B number changing process Weak sphaleron
obvious SU(2) Chern-Simons number transition

— B + L transition

e (Cand CP violation

no net effect if any of them is conserved C violation: electroweak interaction
CP violation: CKM matrix (not enough)

LHB RH B
P >
LH B RH B

. ‘D'E'pa'rt-u-l:e-ﬁ:nm thermal equilisbrium EWPT (cross-over... not enough)
(nB =Y,/ (zﬂ; fq(p)> + (ng = qu(jn; fc‘z(P)) Some freeze-out process (... not enough)

*

Spontaneous baryogenesis/leptogenesis (Cohen, Kaplan, 87, 88)
fq # [q in the presence of CPT violation (due to background field dynamics)




Spontaneous baryogenesis/leptogenesis

* Consider a pseudo-scalar field a with a current interaction

d,a
L =--4+ _H- l/ﬂ&“l/)

a b =0 o
and its homogenous motion: W'c"d =ny —ngy)
a . . .
=+ 6+0 = H:---—jd3x9(n¢—n¢) = —0Qy

a

= (ny —ng) ~ [ dpp? (e =0T — e=B+0/T) ~ ¢, T2

* Chemical equilibration (Charge transportation)

Depending on what interactions are in the thermal bath, there are a series of
chemical equilibrations, i.e. asymmetry re-distribution.

e.g. Top quark Yukawa — pg, + pec + iy = 0 li =

EW sphaleron — 2iCBug, + 1) =0 r mn;+mng

* Scenario is specified by
v How its motion (6 # 0) is generated
e.g. coherent oscillation, kinetic misalignment, first-order phase transition, etc.



An example

Misalignment mechanism Cohen, Kaplan, 87
* 0 was stuck at O(1) initial misalignment angle, and starts oscillation when H(T,.) = m,.

0+0 0_
' 6

9? ~ 0(1) " \f\

* 0 acts as a source term in the Boltzmann equation.

'le + 3H Npg = —FB(nB — CBé Tz)

!

Tg,.: decoupling
temperature of I'g

time
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An example

Misalignment mechanism Cohen, Kaplan, 87
* 0 was stuck at O(1) initial misalignment angle, and starts oscillation when H(T,.) = m,.

0+0 0_
' 6

9? ~ 0(1) " \f\

* 0 acts as a source term in the Boltzmann equation.

'le + 3H Npg = —FB(nB — CBé Tz)

!

Tg,.: decoupling
temperature of I'g

* Q:can 0B-oscillation also be DM? time



Is “co”genesis possible for standard misalignment?

Quick estimation
yO© _TB| 0(Tg.) _ mg 1 mg _, Mg 2100 GeV
B s ltg,  9.Tg. 9. Tosc g« | My T, = 101° GeV
~ 10_10 fa >> TOSC
Tuning of T, ~ Tp. is needed
to have the maximal value
= 0 oscillation cannot be DM
(its energy density is too large)
(when m, is constant)
What if m (T) « T# ? (this work) mg (T)

Baryogenesis is completed at high T when m, is large.

Dark matter abundance is determined by m, at T = 0. Baryogenesis

(original motivation... but the story is not that simple)

Dark matter :

v



Realization of m,(T) «< T* by symmetry non-restoration

A complex scalar field ¢ = ® exp[if] whose axial mode is the pNGB for cogenesis.

V2
my

VA

V(®) = Ay |®|* — m2 | @2 > £ = (¢) =

Thermal corrections
1 a1 5 2 42 3
VT(¢) =Z/1¢¢ —Emo ¢ +|(DT d) —ETd) +)'
|
thermal corrections (high-T expansion)
1 1 D~ g* +y? + Anmix
_ 4 2 2 42
—Z/l¢¢ —E(mO—ZDT)qb + --- T
coupling with SM Higgs
* D > 0:Usual scenario with symmetry restoration at high T  or additional scalars

* D < 0:Symmetry non-restoration at high T

(P)r = fa(T) = J( a(o))z 4 T? =~ () , T<T,= fa(O)/\/C_A

with ¢; = [D[/4 Vo T : T >T,




Realization of m,(T) «< T* by symmetry non-restoration

 VEV of radial mode increases as T above T,

D<0 |f(D=ygT|, T>T.=£a

* An explicit U(1) breaking operator to generate pNGB potential

1 5
I{y.m = K(DS + h C. = VpNGB(B) ~ % (1 - COS(SB) )
— ¢(0)
fa(T)3/2 m® . T<T, =9
= my(T) ~ aAT ~ a c a
mO(T/T)2 . T>T,

v In the end, we need A > Mp;.

2
This can be achieved by considering V = M%X P> - (A = %)
Pl

with a proper discrete symmetry to prevent higher dimensional operators from dominating.



Realization of m,(T) «< T* by symmetry non-restoration

An explicit example: ® with an additional complex scalar S

V(®,S) = A5 D|* — 2245 PI2[S|? + AslS|*
—m3 |®|? + m2|S|?

Stability condition: 254, > 15,

III

Consistency at one-loop: 4 > —— for 4, A A" = Ay, Ag, s

m?
Vp(p,s) =V + Ve + ZJB ( ((]5))

1 1 1
~ Zﬂ.¢¢4 — E(m(z) + E)LCPS T2> ¢2 +

Aps
Large c, = 6;{’(!): As ~ 0(1), Ags ~ A5, Aps < 1



Realization of m,(T) « T¥ by symmetry non-restoration

An explicit example: ® with an additional complex scalar S

V(D,S) = Ag|D|* — 2205 PI2|S|2 + A,|S]|*
—m3 |®|? + m2|S|?

Stability condition: 4454 > A5

. ).’).,,
Consistency at one-loop: 4 > o2 for L, 1", 2" = Ay, A, Ags
10° /
1 Vl."4/ﬁ1m,|
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Realization of m,(T) «< T* by symmetry non-restoration

An explicit example: ® with an additional complex scalar S
V(D,S) = Ap|@|* — 2245|PI%|SI? + As|S|*
—m¢ |®|% + mZ|S|?
Stability condition: 254, > 15,

Consistency at one-loop: 4 > 116';2 for ,A',1" = Ay, A, Agps

2.x 10715 - .

— £(M=./(£@) +¢; T2 with ¢,=108
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pNGB dynamics with symmetry non-restoration

* Assuming that ¢ follows its potential minimum (which must be justified later),

.. 1
0 + 3H+2fa 0 = —=m2(T) sin 56
fa) 5
~ H for T >T,
e H « T? (radiation- domlnated)
1 Dimensionful 5
° my X T3/2 for T > T, quantities Hoc T

my(T) o« T3/2
 AthighT,H(T) >m,(T) > 0 = 6,.

* ATy (H(To) = ma(To) ), 6 = mq(To)
* During the first dropping, potential

barrier decreases faster than the
redshift of K.E.

+ [0~ 0,

H(Ty) = ma(To)
- T




pNGB dynamics with symmetry non-restoration

. AW 1
0+ |3H + 2f—a 0 = —=m2(T) sin 56
\ fa J 5
'~ H forT > T,
Im[®]
Ty
9 = 01 |
T > To |
1000+
ORI
Re[®] ,
0.1
Tslide 7 T
pNGB sliding R




pNGB dynamics with symmetry non-restoration

iy AW 1
0 + <3H + Zf—a>9 = ——mZ2(T) sin 56
\ fa ] 5
'~ H forT > T,
T,

S H o T? 0
| \ma(T) |
1f o T30
> | 9 =) _
i 107‘3} ] |
_ 0.17
10-10F :

' To -1 10 5 0

Tru x=In(T/Tp)




[GeV]

pNGB dynamics with symmetry non-restoration

fa

é+<3H+2f—“>'

'~ H forT > T,

H o T?

10° ——

-15
TOSC

Ie

-10 -5

x=In(T/7))

| mqa(T)
1 X T3/2

6

Tsiia@  Tru

1
6=—=

5

01

mZ(T) sin 50

1000F

0.1-

-15 -10 -5 0
x=In(T/T})

« AtT<T,f,=0,s06 o T3 until K. E < barrier height (i.e. the pNGB gets trapped).
* Then, pNGB starts oscillation (T < T,s.), and becomes dark matter.



pNGB dynamics

Im[®]

When 56; ~ 0.2

fa
fa 5

.. . 1
0 + (BH + 2—)9 = ——mZ2(T) sin 56

'~ forT > T,

pNGB sliding

104_

10+

16

0.01+
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Summary of pNGB dynamics

TOSC

) f, 1
9+<3H+2fa>9_—g

0(t) ~ A (t) cos lf dt' mg(t' )] with A(t)?m,(t) < =

6 mg (Tslide)
— =~ const =
T Tslide

mZ(T) sin 50

----------------------------------- H(To) — ma(TO)

R(t)
K. E. (Ts1ige)
= Barrier(Tyige)

________________________________________ fa = ( ) &m, = m(o)

K.E. (Tosc)
= Barrier(Tys.)



Summary of pNGB dynamics

TOSC

fa

.. : 1
0 + <3H+2—>9 = ——mZ2(T) sin 56

fa 5

8291'

* NGB current interaction with fermions 8,6 ¥'a*y
— generates external chemical potential
— charge transport — baryon asymmetry
ng = cgb T?
v\(model-dependent)
T, >T,:baryon number is effectively frozen
before oscillation

y(© _ 45 cg 6(Tp.)

= =8.75x 10710
B 27'[2 9« TB*
 (scillation becomes DM
P ‘;“ = 0.44 eV

D
o
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o]
2
~x
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Required conditions in the scalar sector

* Conditions for ¢
v Scalar field that gives —|D| T?¢? correction must be in the thermal bath.
(Higgs or singlet scalars)

v' ¢ should be in the thermal bath — its relic abundance must decay before BBN.

— mixing with the Higgs boson with mc(po) > 2m, ~ MeV and sin 04 > 1075

v ¢ must follow the potential minimum
Time scale of ¢ dynamics is much shorter than others: m(T) > m,(T), H
Thermal friction — sufficiently large damping can be provided.

* Conditions for a
v’ “Particle” pNGB should not be produced (hot DM component).
Estimation of freeze-in process of ¢¢p - aa = ¢; > 107,

v' Lifetime of pNGB “DM” must be large enough. Depending on decay channel,
there are several constraints.



Type-I seesaw with Majoron

* Interaction lagrangian in the lepton sector

1 _
—AL = <Ey d vev© + YpHIvE + h. c.> y(|®l) = My,
1 1 a = pNGB
—_M-vSv¢ + Y~HIvE + h.c. _ U from spontaneous
— <2 NV ve + YpHIVvC + h.c ) + > 0,0 Jg_;. U1, breaking
» te;-Lielp ¥ =Majoron

generates external
chemical potential o< 6

B — L changing process is required: any process involving My,
e.g. inverse decay of v¢,

g + 3H ng = —Tg(ng — cz0 T?)
FB == min(FEw, FMN)

« Inverse decay of v¢ is active for

ST < 10My

1nourcaseMN—\/_yf( ) = \/_yc;/zT forT > T,

Vo 72

=activeat T > T, if TN y s N




Type-I seesaw with Majoron

1 1
01 —=s<ys<10—
Ve Ve
] if needed
 Potential terms in the scalar sector 4
AV = =2 ApgHI*|PI* = (224, ®I?Is:]?) + -
4 N, 1,
T3h9 + (3379%) 127" _ A
- C/1 = =

* We ensure that y does not spoil symmetry non-restoration,
i.e. no tuning of (large number) — (large number) is required.

A(p ~ )“IzniX’ Ah(p ~ A(psi ~ AmiXJ y S Y, Amix

 Baryon number is frozen around Ty ~ 130 GeV
when electroweak sphaleron is decoupled.



Type-I seesaw with Majoron

* Free parameters: Amix,/ld,,m‘(lo), f,(lo), (9. ¥,0;), (Try) -

Two conditions for cogenesis: DM abundance and Y

~ g.~ 100

1 1

0l —sys7—

Ve Ve
50; ~ 0(1)

5/9
108

8

® ~ 3 %106 GevV|—
Ca

0 )5/18

Try > T,




Viable parameter space

56;=1,C=10




Viable parameter space

56,=1, C=10 // sin 6,4 assuming no s;
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Viable parameter space

50,=1, C=10 // sin §h¢, assuming no s;

1016} E
' | Mg
10°17¢ ; /
/ ¢ must decay before BBN through
s 10-18L Higgs portal
: sin Oy > 107> and my > 2m,
1077t E
10—20;_ E

10-!1 10-10 10?2 10-8



Viable parameter space

56;=1,C=10

L

Potential unbounded from below
ApAp < Afnix or Agls < Afnix

¢ must decay before BBN through
Higgs portal
sin Oy > 107> and my > 2m,



Viable parameter space

| ,,,?,61:,1? C:IO - qLifetime constraint from CMB & BAO

T, > 250 Gyr

1016}
: * Potential unbounded from below
o] ApAn < A% OF ApAs < A% s
|+ ¢ must decay before BBN through
Higgs portal

< 1071
sin @ > 107> and my > 2m,

-19 | i
10 : epfial unbounded

from below

K 10-8

Minimal Higgs portal works
without singlet scalars

10720¢

10-!1 10-10 10

Amix
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Viable parameter space

10—16;_
10—1?;_
10-18é
10—19;_

10720¢

56;=1,C=10

from below

efial unbounded |

10-8

a Lifetime constraint from CMB & BAO
T, > 250 Gyr

Potential unbounded from below
/1¢Ah < Afnix or A(p/ls < Afnix

¢ must decay before BBN through
Higgs portal
sin @ > 107> and my > 2m,

Singlet scalars are expected to be

around EW scale to avoid tuning.

T, ~ Tgy (accidentally!)
> M ~ 100 GeV

Minimal Higgs portal works
without singlet scalars



Viable parameter space

ogskeslo 56,=0.2, C=10
10-16;- 10_16;_
07 o]
- 10_18% L2 10715,
102, 0]
o2, o)

0102 N ST R TE RN
i Amix

Minimal Higgs portal



Future sensitivity

Radial mode ¢ search
(MeV < mg < 20MeV)

Heavy Neutral Lepton search
heaviest MIE,O) ~T. ~ 100 GeV

sin 6h¢)

10—2:_ T T T T L | T _:

I MicroBooNE |
107 KOTO (2020) LHCb

-------------------- PS191 ;
1071""?7?.’;?;’"3 ”””

T Future Sensmvlty

| P — frem KOTO ste p__Z, and KLEV ER

10™ fék]]i S BBN E

20 ' 50 "' 1(30 200 500

2201. 07805

my, (MeV)

0%1072_L“ coupling dominar

o 1072

Muon coupling dominance: Uj: U:UZ = 0:1:0

= o0
= 107
DELPHI

107
10-5 L

S | SH:P ’xl(J pol
gid "ﬁ'ﬁ (upper limit)

Tau co
3
F
10 E
105K 107 r
10 10°F
107k =l
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10 . 4 104 ;_
107k LE
]0_“]: 10 g‘
107! E 1041»;_
]07]2 E aul il 1 Io—ll £ 1
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my (GeV)

2203. 08039




Summary

* (Global symmetry non-restoration) + (dim-5 explicit br operator) - pNGB sliding

* Cogenesis is possible when m( ) ~ 5eVand f( )~ 3 x10° GeV.

* For the Majoron case, we find a viable parameter space.

56,=1,C=10

v’ sinfpy > 107> & my, > 2m, is needed to avoid BBN.
— Kaon experiments may test it. 10-16.

v M]s,o) < 100 GeV for the leptogenesis 10717
— HNL searches (beamdump, LHC, ...) ﬁ
< 10718¢
v" Singlet scalars in non-minimal model around 100 GeV |
— LHC and future colliders may test it. :

afial unbounded

from below

10—20 L

Thank you!



Thank you!



Lepton asymmetry generation

n; +3Hn, = N _rlea)(N S 1 H) — Clo T reaq,H - N)
a a n(eq) a n(BCI)n(eCI) a
N I e H I
. W r(eq) T ) - " neq) (T
- ) n; +3Hng, = D reO(N - 1,H) - MM r¢a(l,H - N)
N lo 'H
n n
fia, + 3Hny, = 0(ecp) —(Ela 4 “AENplea (g g - N)
n(eq) n(eq)
ly H

Source term
in conventional Wash-out term

thermal leptogenesis

l 9 #* 0: Ui ﬁﬂi—(B;L)ié

: _ nay, 0 NAH (eq)
Nag, + 3HnAla = — n(eQ) — T + n(eQ) rleqa (laH - N)
ly H

Source term: wash-in mechanism



PNGB dynamics When 56; ~ 0.2

) AW 1
0 + 3H+2f—a 0 = —=m2(T) sin 56
[ | fa J 5

'~ forT > T,

10°F " —T " H < T?
g S\ =2 P« T
1__ "_\_
5 10—5i |
=~ i 19
I
I .
10—10_- ::
:/Tosc :
-15 -10 -5 0 Tru



