Baryogenesis
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Matter vs Anti-matter

® Earth, Solar system

made of baryons

® Our Galaxy

Anti-matter in cosmic rays galaxy

ﬁ/p t 0(10—4) secondary s D D D D)
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Asymmetry between matter and anti-matter

Baryon density Qgh?
0.005 0.01

How Large Asymmetry!?

t

Big Bang Nucleosynthesis

LB
S

B al il

S: entropy density

)

Baryogenesis

before BBN after inflation

Baryon-to-photon ratio 1 X 10710
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Baryogenesis

Sakharov’s Condition

(1) B Violation

(2) C, CP Violation

| | | | | |
(3)Out of Equilibrium
. ,.‘4 ] i T "_" . y [} 41 9.“.- - i

AV,
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1. Necessary Obviously

C ftrans.

IfCinv. T(A°+ B - C°+D°)=T(A+B—C+ D)

=) . B-0

3. Thermal Equilibriun™® Tinvariance
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Baryogenesis Mechanism

® Electroweak Baryogenesis

® Leptogenesis via Heavy Majorana Neutrino

e Affleck-Dine Mechanism
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Electroweak Baryogenesis

® B violation &= Sphaleron Process

® C, CP violation &= Kobayashi-Maskawa

® Out of Equilibrium «mm 1storder EW phase

transition
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Vacuum Structure of SU(2) gauge Field

E Multiple Vacuum Structure

AVAVE

Chern-Simons Number
92 ik 19
Nes = 20— / A3z R Ty {AjajAk — S AiAjA;

Ag = 0 gauge
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Baryon Number Current
g~ Q"Q = %[Qv“(l —75)Q + Q7" (1 +75) Q)

EW = Fermions couple chirally to W, B

Anomaly

W ny : number of generation
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B = 2P F,, B
Tty = lhes, dozjg — [,_,d°zjp = AB

= 327r2 (ft ts PrK® — ft odeKO)
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Sphaleron

E Multiple Vacuum Structure

N

NB=AL=n;=3 Ay

Tunneling by instanton /dm‘l(wgy —We,)2 >0

:» / o [Te(W,, WH) 4 Te(W, W) — 2Te (W, W) > 0

2 2
posls 45E—2<1§Z>N0520 = SEZ%NCS
47 2
[ ~ exp GW) silosE BB G S raa ]
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Sphaleron

E Multiple Vacuum Structure

B:AL:anB

47 g
Tunneling by instanton ' ~ exp <_) oAl
Wb I
1o 00 small !
Finite Temperature
[Sphaleronj ' M4, exp (_ i]\%) T < My
(awT)* T > My,
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Sphaleron

Saddle-point solution in Weinberg-Salam theory

AY = (0 gauge, static configuration

1 1
1&:/ﬁ%{éwgwg+Ef@E¢+QMmWD@%+Vw)

Fi;j =0

2 €ija

a’/‘ .
Ansatz Ay = == f(¢)
Sl deo i i 6 et a

&
.~'.«

2009411 A11HKEH



4 : 8
RADIAL DISTANCE ¢
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Sphaleron rate

[(T) ~ My, exp (-
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CPViolation in Standard Model

Quark ;L = (

Mass Term =
—MD;jrDyr — M,

Redefine Ur, ¥

(1, My My
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—U'D;, 4= D, =U

_ b d L
mass eigenstate

L

still can define phase of mass eigenstate
U = ViUV, Vi,Vy : diagonal unitary

2n¢s — 1 relevant phase

- o = - 3 B ] -
. Rty U e = o LAl g | D e . N o 8 .
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EVV Phase Transition

Higgs potential

V(g, T =0) = A(|¢]" —v*)

® V takes min.at ® =0

W in thermal eq. <« My ~ 0
T2
PP eV =» ¢°—|ol

2
Ver = TTI6 — 20?9 =|T 2 =
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® V takes min.at ® = v

W not in thermal eq.

Mw ~ g¢ 2 3T
= V(¢,T)=V(¢,T=0) for ¢ 2 3T/g

3T
- |02
9
VA g e Doy
L ey R Paseiiiopa
QQUNTNSU » \/7,\,6 5
Higgs mass

small Higgs mass
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However,

* Small CPViolation

1
ocp ﬁ(mf—mi

x (my, —m3)(

* EW Phase Transition is 2nd Order

~4 o
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Baryogenesis Mechanism

® Electroweak Baryogenesis

® Leptogenesis via Heavy Majorana Neutrino

e Affleck-Dine Mechanism
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Leptogenesis

Heavy Majorana Neutrino

== small neutrino mass by see-saw mechanism

<= Super-K discovery

N_){ v+ o (AL =+1)

V neutrino,

¢ Higgs

Ut ousalN Laerall)

o a i »
»>
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® CPViolation
CP phase in mass matrix of N

mp ['(N v+ ¢)#T(N — v+ o)

® Out of Equilibrium Condition
n\/s

® Spharelon Process
el (L+ B)=0 £0

g - -/ N 4 0is"y/%
= P ARyt 'n" | —e .:.;'l ,-_|-- i ‘_“' - ."' -

s (T
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Deacy Process
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Interference term

= ['(N —/(+¢)AT(N — I+ o)

_ T(N—t+¢)—T(N—1+¢)
D(N—=L+@)+D(N—=L+D)  |pal > |hia| > |hi| (i=1,3)

= o gy [1m(hh )3 32z + Im(hh')a 372

3 5 |hss|? My
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Decay Rate
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e=—10"°

Z

wash-out
rinefficient production of lepton

-of heavy neutrino asymmetry

M; = 10"

10—12 III| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| | IIIIIII| ] IIIIIII|
10-* 10-¢ 10> 10+ 103 0.01 O.1

M, (eV) neutrino mass

Plumacher (1998)
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Chemical Equilibrium
chemical potential for massless particles

( 9€2 w; (fermion)

N — Nj =

| g,ui (boson)
Sphaleron interaction
Op+L = H(QLiQLiC]LiZLi)

1

el Z(?),uqi o :uﬁq;) =10

{

total hypercharge = 0

# Z(:uqi + 200, — Bd; — e, — He; T+ Qqub/Ng) U

1
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® Yukawa interaction

L = _hdq’,j CZRiC]Lij — huij ﬂRiQngbc — h‘eij éRinggb

Hq; — Mg — Hd; =0
— Pg, + e — Hu; =0
fho; — Mg — fe; =0

mixing in Yukawa couplings

Ll ol L e Lo
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Baryogenesis Mechanism

® Electroweak Baryogenesis

® Leptogenesis via Heavy Majorana Neutrino

e Affleck-Dine Mechanism
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Affleck-Dine Mechanism

Affleck, Dine
(1985)

In Scalar Potential (= sauark, slepton, higgs)
of MSSM (minimal supersymmetric standard model)

There exist

Flat Directions

- ® (AD-field)

( Flat if SUSY and no cutoff )
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Supersymmetry (SUSY)

Fermion «<=>» Boson

® Hierarchy Problem
Keep electroweak scale against radiative
correction

® Coupling Constant Unification in GUT
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SUSY Breaking Scheme

Low Energy W (mg, mj ~ 1TeV > mgy, my)
(A ) Gravity Medlated SUSY Breaking

: . Observable
R sector .
. gravity :(s)quark,(s )Iepton

8 Squark, slepton masses
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(B) Gauge Mediated SUSY Breaking

. 1Nt Messenger: Nt i Observable
> sector € sector

M Squark, slepton masses
g° Mg »
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Affleck-Dine Mechanism Affleck, Dine (1985)

In Scalar Potential (= sauark, slepton, higgs)
of MSSM(minimal supersymmetric standard model)

There exist Flat Directions = & (AD-field)
(Flat if SUSY and no cutoff)
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Superpotential
(I)n—I—S

Mn

S

W =

Scalar potential

V(D) rALAPEee 4

|(I)|2n—|—4

(I)n—I—S ‘|‘ (I)*n—l—?) 3 C’2

sl B2 e w w uw e O M2,
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Dynamics of Affleck-Dine Field

‘(I)‘Qn—|—4
M n

*

13 /2
M'n

*

V = (m3 — cH?)|®2 + A

((I)n—I—B + (I)*n—I—S)

(i) During Inflation
H ~ O(10"%) GeVn > mg ~ 0(100) GeV

for simplicity A=c=1, n=1
| 2‘n+4

= P [ 0 () AT [Nyl BT | N TN 17 ¢ Tk eI LPv O | S [ A, WY Sy :
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(ii) After Inflation

H>me Hoa 3?2 D ~ (M, H)?

\Y
H ~me = P oscillation

by ~ (mq)M*)l/2

ms/2
Mn

ES

A (Dl D
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AD Baryogenesis
|(I) | 2n-+4

Mn

*

T3 /2
Mn

*

V = (mg — cH?)|®]* + A (P"F° + 1)

®>5qG, ¢, H Ingeberal ® has a baryon number
UB(l) . & — 6iaq)

Noether current  jg , = o ®*0,® — 0,07 P)

L] o
a

e . LS
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np = jt(l(CI)é[) c1><1>)) 1,(c1>*c'1'>-c’1’>*c1>)

Equation of Motion ®+ 3H® A 82)* V(®)=0

v v
# ng +3Hng = 22 ((I) 35 —(I)a—q))

21

(S s 22 Bsin 40

2 FUIERN 3 P 44ams /o .

¥ 5 -’-‘: - o il R y — .
TR R /N M o R L MO AN B S P v e
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aH L 7= sin(46)|®o*

a_T3/2 gin(460)(m2 M2)

maop M*

mamg oM, sin(40)

iy mamg oM, sin(40) g
O Hs e - maM,

OSC x

sin 460

Reheating pint ~ T ~ sTg
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