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Earth, Solar system

made of baryons 

Our Galaxy

Anti-matter in cosmic rays

                         secondary 

    Our Galaxy is made of baryons

Cluster of Galaxies

No strong    rays are observed

     Near clusters are made of baryons

Matter vs Anti-matter

p̄/p ∼ O(10−4) p + p → p + p + p + p̄

γ

galaxy

anti-galaxy

γ

p

galaxy

B
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BESS experiment

01.11.30 BESS・折戸記念セミナー 21

BESS97の結果

Orito et.al, PRL84, 2000

BESS97
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Asymmetry between matter and anti-matter

How Large Asymmetry?

Big Bang Nucleosynthesis

nB

s
= (6 − 8) × 10−11

s: entropy density

Baryogenesis

before BBN after inflation

20. Big-Bang nucleosynthesis 3
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Figure 20.1: The abundances of 4He, D, 3He and 7Li as predicted by the standard
model of big-bang nucleosynthesis. Boxes indicate the observed light element
abundances (smaller boxes: 2σ statistical errors; larger boxes: ±2σ statistical and
systematic errors). The narrow vertical band indicates the CMB measure of the
cosmic baryon density. See full-color version on color pages at end of book.

20.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and 7Li, which are
essentially determined by t ∼ 180 s. Abundances are however observed at much later

July 14, 2006 10:37
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Baryogenesis
Sakharov’s Condition

(1) B Violation

(2) C, CP Violation

(3)Out of Equilibrium
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1. Necessary　Obviously

2. e.g.

3. Thermal Equilibrium         T invariance
+ CPT invariance            CP invariance 
                B = 0

A + B → C + D A
c
+ B

c
→ C

c
+ D

c

Γ(Ac + B
c
→ C

c + D
c) = Γ(A + B → C + D)

C trans.

If C inv.
B = 0

〈B〉 = Tr(e−H/T B) = Tr((CPT )(CPT )−1e−H/T B)

= Tr((CPT )−1e−H/T B(CPT )

= −Tr(e−H/T B) = 0
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Baryogenesis Mechanism

Electroweak Baryogenesis

Leptogenesis via Heavy Majorana Neutrino

Affleck-Dine Mechanism

. . . . . . 
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Electroweak Baryogenesis

B violation

C, CP violation

Out of Equilibrium

Sphaleron Process

Kobayashi-Maskawa

1st order EW phase
transition

Electroweak Baryogenesis
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Vacuum Structure of SU(2) gauge Field 

E

A
a

µ

Chern-Simons Number

NCS =
g2

32π2

∫

d3xεijkTr

[

Aj∂jAk −

ig

3
AiAjAk

]

Multiple Vacuum Structure

A0 = 0 gauge
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Baryon Number Current

jµ
B ∼ Q̄γµQ =

1

2
[Q̄γµ(1 − γ5)Q + Q̄γµ(1 + γ5)Q]

EW         Fermions couple chirally to W, B

Anomaly

J
µ
B W

W

∂µjµ
B = ∂µjµ

L = nf

(

g2

32π2
W a

µνW̃aµν −

g
′
2

32π2
FµνF̃µν

)

W̃aµν =
1

2
ε
µναβ

Wαβ

nf : number of generation
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∂µjµ
B = ∂µjµ

L = nf

(

g2

32π2
∂µKµ

−

g′2

32π2
∂µkµ

)

Kµ
= εµναβ

(

W a
ναAa

β −

g

3
εabcA

a
νAb

αAc
β

)

k
µ

= ε
µναβ

FναBβ
∫

d4x∂µjB =
∫

t=tf
d3xj0

B −

∫

t=0
d3xj0

B = ∆B

=
nf g2

32π2

(

∫

t=tf
d3xK0

−

∫

t=0
d3xK0

)

K0 = εijk
(

W a
ijA

a
k −

g
3
εabcA

a
i Ab

jA
c
k

)

= εijk
(

(∂iA
a
j − ∂jA

a
i + gεabcA

b
iA

c
j)A

a
k −

g
3
εabcA

a
i Ab

jA
c
k

)

= εijk
(

2∂iA
a
j Aa

k + 2g
3

εabcA
1
i A

b
jA

c
k

)

= εijkTr
(

Ai∂jAk −

ig
3

AiAjAk

)

∆B =

∫
d4x∂µjµ

B =

∫
t=tf

d3xj0
B −

∫
t=0

d3xj0
B = nf [NCS(tf ) − NCS(0)]
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E

A
a

µ

Multiple Vacuum Structure

∆B = ∆L = nf = 3

Tunneling by instanton 

too small !

Sphaleron

Γ ∼ exp

(

−

4π

αW

)

∼ 10−170

4SE − 2

(

16π2

g2

)

NCS ≥ 0 ⇒ SE ≥
8π2

g2
NCS

⇒
�

dx4
�
Tr(WµνWµν) + Tr(W̃µνW̃µν)− 2Tr(WµνW̃µν)

�
≥ 0

�
dx4(W a

µν − W̃ a
µν)2 ≥ 0
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E

A
a

µ

Multiple Vacuum Structure

∆B = ∆L = nf = 3

Tunneling by instanton 
too small !

Sphaleron

Finite Temperature

Sphaleron

Γ ∼ exp

(

−

4π

αW

)

∼ 10−170

Γ ∼







M4
W

exp
(

−
2MW

αW T

)

T <
∼ MW

(αW T )4 T # MW
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Sphaleron 

Saddle-point solution in Weinberg-Salam theory

A
0

= 0 gauge, static configuration

E =

∫

d3x

[

1

4
W a

ijW
a
ij +

1

4
FijFij + (Diφ)†(Diφ) + V (φ)

]

Fij = 0

Aa
i =

2

g

εijaxj

r2
f(ξ)

ξ = rgv

φ = i
v
√

2

"τ · "x

r
h(ξ)

(

0
1

)

Ansatz

f(0) = h(0) = 0 f(∞) = h(∞) = 1

E = 4πv
g

∫

∞

0
dξ

[

4
(

df
dξ

)2
8

ξ2 (f(1 − f))2

+ 1

2
ξ2

(

dh
dξ

)2

+ (h(1 − f))2 + 1

4

(

λ
g2

)

ξ2(h2
− 1)2

]
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E = 4πv
g

∫

∞

0
dξ

[

4
(

df
dξ

)2
8

ξ2 (f(1 − f))2

+ 1

2
ξ2

(

dh
dξ

)2

+ (h(1 − f))2 + 1

4

(

λ
g2

)

ξ2(h2
− 1)2

]
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E = 4πv
g

∫
∞

0
dξ[· · ·] = 2 4π

g2

1

2
gv

∫
∞

0
dξ[· · ·]

= 2MW

αW

∫
∞

0
dξ[· · ·]

Sphaleron rate

Esph(T ) ≡
MW (T )

αW

ε (3.2 < ε < 5.4)

High temperature

Sphaleron rate

no Boltzmann suppression

magnetic screening length = (αW T )−1

Γ(T ) = κ(αW T )4

Γ(T ) ∼ M
4
W exp

(

−

Esph(T )

T

)
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CP Violation in Standard Model

Quark ψjL =

(

Uj

Dj

)

L

UjR DjR (j = 1, · · · , nf )

Mass Term
−M

D
jkD̄jRDkL − M

U
jkŪjRUkL

Redefine UR, ψL

Redefine DR

M̃U = diag(mu, mc, mt)

−M̃
D
j!U

†
!kD̄jRDkL

−M̃
U
jkŪjRUkL

M̃D = diag(md, ms, mb)

U
† unitary matrix = CKM matrix
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d

s

b





L

= U
†
DL DL = U





d

s

b





L

mass eigenstate

still can define phase of mass eigenstate
U ⇒ V1UV2 V1, V2 : diagonal unitary

2nf − 1 relevant phase

number of independent phases

n
2

f − (2nf − 1) −
1

2
nf (nf − 1) =

1

2
(nf − 1)(nf − 2)

unitary
matrix

orthogonal
matrix

nf = 3 only one phase δCP

δCP != 0 CP violation
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EW Phase Transition

High T

T=0

V

φ
v

Higgs potential

V (φ, T = 0) = λ(|φ|2 − v2)

V takes min. at Φ = 0

W in thermal eq. ⇐ MW ∼ 0

g2|W |2|φ|2 ∈ V g2
T 2

2
|φ|2

Veff !
g2

2
T 2|φ|2 − 2λv2|φ|2 ⇒ T >

∼
2
√

λ

g
v
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High T

T=0

V

φ
v

V takes min. at Φ = v

W not in thermal eq.

small Higgs mass

MW ∼ gφ >
∼

3T

⇒ V (φ, T ) = V (φ, T = 0) for φ >
∼

3T/g

v >
∼

3T

g

2

√

λ

g
v <
∼

T <
∼

g

3
v

√
λ <
∼

g2

6
#

2παW

3

Higgs mass mH ∼ 2
√

λv <
∼

40GeV
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• Small CP Violation

• EW Phase Transition is 2nd Order

However, 

EW Baryogenesis may not work 

mH ≤ 80GeV1st Order

mH ≥ 114GeVexperiment

Higgs mass

δCP � 1
T 12

(m2
t −m2

c)(m
2
c −m2

u)(m2
u −m2

t )

×(m2
b −m2

s)(m
2
s −m2

d)(m
2
d −m2

b)
� 10−20
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Electroweak Baryogenesis

Leptogenesis via Heavy Majorana Neutrino

Affleck-Dine Mechanism

. . . . . . 

Baryogenesis Mechanism
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Heavy Majorana Neutrino

small neutrino mass by see-saw mechanism

Super-K discovery

N →
{

ν + φ (∆L = +1)
ν̄ + φ (∆L = −1) ν neutrino, φ Higgs

Deacy Process

N
φ

φφ

Nν νν N

Leptogenesis
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CP Violation
CP phase in mass matrix of N

Out of Equilibrium Condition 

Spharelon Process

Γ(N → ν + φ) "= Γ(N → ν̄ + φ)

1/T

EQ

n  /sN

(L + B) = 0
(L − B) "= 0 ⇒ B "= 0

B =
8Ng + 4NH

22Ng + 13NH
(B − L) " 0.3(B − L)

Successful Baryogenesis [Fukugita-Yanagida (1986)]

Ng : # of generations , NH : # of Higgs doublets
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Deacy Process

h1j h1i h†
i3 h3j

N1 νj
νjνiN1 N3
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Interference term

Γ(N → ! + φ) "= Γ(N → !̄ + φ̄)

ε1 = Γ(N→!+φ)−Γ(N→!̄+φ̄)
Γ(N→!+φ)+Γ(N→!̄+φ̄)

= 3
16π

1
(hh†)11

[

Im(hh†)213
M1

M3
+ Im(hh†)212

M1

M2

]

!
3

16π
δeff

|h33|2M1

M3

ε1 !
3

16π
δeff

mν3M1

〈φ〉2

h33 Largest
(hh†)213 = [(hh†)13]2
M1 �M2,M3

|hi3| > |hi2|� |hi1| (i = 1, 3)
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ΓNi
= Γ(Ni → ! + φ) + Γ(Ni → !̄ + φ̄)

= 1

8π
(hh†)iiMi

Out of EQ Decay

ΓNi
< H(T = Mi) !

g1/2M2
i

3MG

mν1
= (hh†)11

〈φ〉2

M1
! 4g

1/2
∗

〈φ〉2

MG

(

ΓN1

H

)

T=M1

<
∼

10−3eV

〈φ〉 = 174GeV

g∗ ! 100

Decay Rate

1/T

EQ

n  /sN

2009年11月11日水曜日



Plümacher (1998)

M1 = 10
10

neutrino mass

ε = −10−6

wash-out
of lepton 

asymmetry
inefficient production 
of heavy neutrino
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Buchmuller, Plümacher (2000)

YEQ

YN

YL
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• Sphaleron interaction

• total hypercharge = 0

chemical potential for massless particles

ni − n̄i =







gT 2

6
µi (fermion)

gT 2

3
µi (boson)

OB+L =
∏

i

(qLiqLiqLi!Li)

∑

i

(3µqi
+ µ!i

) = 0

The crucial departure from thermal equilibrium can also be realized in several ways.
One possibility is a sufficiently strong first-order electroweak phase transition9. In this
case CP violating interactions of the standard model or its supersymmetric extension could
in principle generate the observed baryon asymmetry. However, due to the rather large
lower bound on the Higgs boson mass of about 115 GeV, which is imposed by the LEP
experiments, this interesting possibility is now restricted to a very small range of parameters
in the supersymmetric standard model. In the case of the Affleck-Dine scenario the baryon
asymmetry is generated at the end of an inflationary period as a coherent effect of scalar
fields which leads to an asymmetry between quarks and antiquarks after reheating10. For
the classical GUT baryogenesis and for leptogenesis the departure from thermal equilibrium
is due to the deviation of the number density of the decaying heavy particles from the
equilibrium number density. How strong this deviation from thermal equilibrium is depends
on the lifetime of the decaying heavy particles and the cosmological evolution. Further
scenarios for baryogenesis are described in ref.11.

The theory of baryogenesis involves non-perturbative aspects of quantum field theory
and also non-equilibrium statistical field theory, in particular the theory of phase transitions
and kinetic theory. A crucial ingredient is the connection between baryon number and lepton

Sphaleron bL

bL

tL

sL

sL

cL

dL

dL

uL

νe

νµ

ντ

Figure 1. One of the 12-fermion processes which are in thermal equilibrium in the high-temperature phase
of the standard model.

number in the high-temperature, symmetric phase of the standard model. Due to the chiral
nature of the weak interactions B and L are not conserved. At zero temperature this has no
observable effect due to the smallness of the weak coupling. However, as the temperature
approaches the critical temperature TEW of the electroweak transition, B and L violating
processes come into thermal equilibrium12.

The rate of these processes is related to the free energy of sphaleron-type field config-
urations which carry topological charge. In the standard model they lead to an effective

2

�

i

(µqi + 2µui − µdi − µ�i − µei + 2µφ/Ng) = 0

Chemical Equilibrium
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• Yukawa interaction

L = −hdij
d̄RiqLjφ − huij

ūRiqLjφ
c
− heij

ēRiqLjφ

µqi
− µφ − µdj

= 0

µqi
+ µφ − µuj

= 0

µ!i
− µφ − µej

= 0

mixing in Yukawa couplings
µ!i

= µ! µqi
= µq · · ·

µe =
2Ng + 3
6Ng + 3

µ�

µu =
2Ng − 1
6Ng + 3

µ�

µd = −6Ng + 1
6Ng + 3

µ�

µd =
4Ng

6Ng + 3
µ�

µq = −1
3
µ�
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nB =
B

6
T

2
nL =

L

6
T

2

B =
8Ng + 4

22Ng + 13
(B − L) � 0.3(B − L)

B = Ng(2µq + µu + µd) = −4
3
Ngµ�

L = Ng(2µ� + µe) = −10Ng + 11
6Ng + 3

Ngµ�
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Electroweak Baryogenesis

Leptogenesis via Heavy Majorana Neutrino

Affleck-Dine Mechanism

. . . . . . 

Baryogenesis 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)Φ

( Flat   if SUSY and  no cutoff )

Dynamics of 
AD Field

Baryon 
Number 

Generation
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Hierarchy Problem
Keep electroweak scale against radiative 
correction

Coupling Constant Unification in GUT

Supersymmetry (SUSY)

Boson Fermion

 quark          squarks 
lepton          slepton

photon           photino
graviton          gravitino
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SUSY Breaking Scheme

SUSY
sector
MSUSY

Observable
sector

(s)quark,(s)leptongravity

Low Energy SUSY (mq̃,m!̃ ∼ 1TeV " mq,m!)

Squark, slepton masses

Gravitino

(A) Gravity Mediated SUSY Breaking

mq̃,m!̃ ∼
M2

SUSY

Mp
∼ 102−3 GeV

m3/2 ∼ 102−3 GeV

MSUSY ∼ 1011−13 GeV
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(B) Gauge Mediated SUSY Breaking

SUSY
sector
MSUSY

Observable
sector

(s)quark,(s)lepton

gauge
int. Messenger

sector
MF

gauge
int.

Squark, slepton masses

Gravitino

mq̃,m!̃ ∼
g2MF

16π2
∼ 102−3 GeV

m3/2 ∼ M2
SUSY

Mp
∼ keV − GeV

MF ∼ 104−6 GeV
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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)Φ

V (Φ) = m2
Φ|Φ|2 +

|Φ|2n+4

M2n
∗

+ A(Φn+3 + Φ∗n+3) + · · ·

U(1) symmetry

A-termNon-renormalizable
term

SUSY breaking

U(1)

( Flat   if SUSY and  no cutoff )

A ∼

m3/2

Mn
∗

2009年11月11日水曜日



V (Φ) =
∣

∣

∂W

∂Φ

∣

∣ − 3
MG

|W |

= |Φ|2n+4

M2n
∗

− 3C

M2
G

Mn
∗

(Φn+3 + Φ∗n+3) − 3 C
2

M2
G

W =
Φn+3

Mn

∗

+ C

+F
2
susy

Superpotential

Scalar potential

Cosmological const. = 0 C ∼ MGFsusy ∼ m3/2M
2
G

m3/2 ∼ Fsusy/MG

SUSY breaking
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Dynamics of Affleck-Dine Field

(i) During Inflation

H ∼ O(1013) GeVn " mΦ ∼ O(100) GeV

for simplicity

V = (m2
Φ − cH

2)|Φ|2 + λ
|Φ|2n+4

M2n
∗

+ ã
m3/2

Mn
∗

(Φn+3 + Φ∗n+3)

λ = c = 1, n = 1

V = −cH
2|Φ|2 +

|Φ|2n+4

M2n

∗

⇒ |Φ| ∼ (M∗H)1/2

�
ã
m3/2

M∗
|Φ|4 ∼ ãm3/2H|Φ|2 � H

2Φ|2
�
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(ii) After Inflation
H > mΦ H ∝ a

−3/2 |Φ| ∼ (M∗H)1/2

H ∼ mΦ ⇒ Φ oscillation

Φ0 ! (mΦM∗)
1/2

V

Φ

Kick in phase direction

ImΦ

ReΦ

V = m
2
Φ|Φ|2 + ã

m3/2

Mn
∗

(Φn+3 + Φ∗n+3)

nB = −i(Φ̇∗Φ − Φ∗Φ̇)

∼ θ̇|Φ|2

2009年11月11日水曜日



AD Baryogenesis

V = (m2
Φ − cH

2)|Φ|2 + λ
|Φ|2n+4

M2n
∗

+ ã
m3/2

Mn
∗

(Φn+3 + Φ∗n+3)

Φ ! q̃, !̃, H ΦIn geberal      has a baryon number

UB(1) : Φ → e
iαΦ

Noether current jB,µ =
1

2i
(Φ∗∂µΦ − ∂µΦ∗Φ)

nB = jB,0baryon density

Potential    A-term violates U  (1) 

during inflation

B

〈|Φ|eiθ〉 #= 0 ⇒ CP,  out of eq.
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ṅB =
d

dt

(

1

2i
(Φ∗Φ̇ − Φ̇∗Φ)

)

=
1

2i
(Φ∗Φ̈ − Φ̈∗Φ)

Equation of Motion Φ̈ + 3HΦ̇ +
∂

∂Φ∗
V (Φ) = 0

ṅB + 3HnB =
1

2i

(

Φ∗
∂V

∂Φ∗
− Φ

∂V

∂Φ

)

{

|Φ| ∝ a
−3/2

t ∝ a
3/2

⇒ |Φ|4 ∝ a
−6 ∝ t

−4

ṅB + 3HnB =
4ãm3/2

M∗

|Φ|4 sin 4θ

a3nB =
∫

dta3|Φ|4
4ãm3/2

M∗

sin 4θ
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⇒

nB " ãH−1
osc

m3/2

M∗

sin(4θ)|Φ0|4

" ã
mΦ

m3/2

M∗

sin(4θ)(m2
Φ
M2

∗
)

∼ mΦm3/2M∗ sin(4θ)

nB

ρinf

!

mΦm3/2M∗ sin(4θ)

H2
oscM

2
∗

!

m3/2

mΦM∗

sin 4θ

Reheating ρinf ∼ T 4
R ∼ sTR

⇒
nB

s
=

nB

ρinf/TR
"

m3/2TR

mΦM∗

sin 4θ

nB

s
!

TR

M∗

sin 4θ ∼ 10
−10

(

TR

1010GeV

)

m3/2 ∼ mΦGravity mediation

sin 4θ
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