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§1. Evidence of the BAU

Baryon Asymmetry of the Universe

nB

s
=

nb − nb̄

s
= (0.48 − 0.98) × 10−10 s =

π2

45
g∗T

3 ' 7.04nγ: entropy density

g∗ = massless degrees of freedom

— constant during the expansion of the universe, once ∆B 6= 0 is turrned off

nb, nb̄ ∝ a(t)−3 ∝ T 3 [entropy a3s ∝ a3T 3 = const., where a =scale factor]

This value is determined by the data of

? WMAP — observation of fluctuation in the Cosmic Microwave Background Radiation

The evolution of the fluctuation is determined by the components of the
universe (baryon, CDM, electron, photon) at the decoupling.

−→ T0, H0 (→ ρC = 3H2
0/(8πG)), ΩB = ρB/ρC (ρ = energy density)

? Big Bang Nucleosynthesis
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• T À 1MeV

n + νe ⇀↽ p + e− ... nn ' np

• T = TF ' 1MeV (Γn↔p ' H)

nn

np
' e−(mn−mp)/TF ' 1

6

• T = 0.3 − 0.1MeV

depending on η = nB
nγ

,
nn

np
=

1
7
− 1

6
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Y ≡ 2nn

nn + np
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1
7
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Missing antimatter [Steigman, Ann. Rev. Astron. Astrophys. 14 (’76)]

1. observed antiparticles in cosmic rays = secondary antiparticles

2. clusters of galaxies are stable

mass of a cluster: Mcluster ' 1012−14M¯ (M¯ =solar mass)

In the universe, is there net baryon number?

Starting from a Baryon-symmetric universe, can we extract finite nB？
At T < 1GeV, a bit of nucleons and anti-nucleons exist with the same number

because of thermal fluctuation: nN = nN̄ = (mNT )3/2e−mN/T

nb

s
=

nb̄

s
' 8 × 10−11 at T = 38MeV

At this T , total energy within a causal volume (∼ H−3) is 10−7M¯¿ 1012M¯

— Baryon Asymmetry of the Universe — 5/30



At a higher T , there are more nb/s and nb̄/s, but

Ecausal ∼ ρ(T )H−3(T ) ∼ T 4(T 2/mPl)−3 = m3
PlT

−2 < 10−7M¯,

where

H =
ȧ(t)
a(t)

=

√
8πG

3
ρ(T ) with ρ(T ) = g∗

π2

30
T 4

Even the Maxwell’s demon could not separate matter and antimatter

to create the present universe, without violating causality.

Before the era of nucleosynthesis, we must have

nB

s
= (0.48 − 0.98) × 10−10

over a region broader than a causal region at T = 1MeV.
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§2. Requirements for the baryogenesis

= generating B starting from B-symmetric universe

Sakharov’s ３ conditions

(1) Baryon number violating process

(2) Violation of C and CP symmetries

(3) Out of equilibrium

(1) is obvious.

(3) In equilibrium, ∆B 6= 0-process and its inverse occur with
the same probability. Then no B is generated.
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Let us consider the case in which (2) is not satsified.

Suppose that a local state of the spatially uniform universe is described by

density operator

ρ(t) =
∑

n

pn|n(t)〉〈n(t)| (pn = prob. to find the universe in the state |n(t)〉)

Expectation value of some observable O:

〈O〉(t) = Tr [ρ(t)O] =
∑

n

pn〈n(t)|O|n(t)〉

time evolution of ρ(t) is governed by the Liouville equation:

ih̄
∂ρ(t)
∂t

+ [ρ(t),H] = 0

(⇐ Schrödinger eq. ih̄
∂

∂t
|n(t)〉 = H|n(t)〉)
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ρ0: density operator of an initial state with nB = 0 〈nB〉0 ≡ Tr [ρ0 nB] = 0

density operator ρ(t) at a later time is given by the solution to

ih̄
∂ρ(t)
∂t

+ [ρ(t),H] = 0

with the initial condition ρ(t0) = ρ0

The solution is formally written in terms of H and ρ0

⇒ If H is invariant under C- or CP -trf. =⇒ [ρ, C] = 0 or [ρ, CP] = 0

CBC−1 = −B, CPB(CP)−1 = −B (i.e., B is vectorlike and odd under C)

⇒


〈nB〉 = Tr[ρnB] = Tr[ρ CnBC−1] = −Tr[ρnB] = 0

or

〈nB〉 = Tr[ρ CPnB(CP)−1] = −Tr[ρnB] = 0

... Both C and CP must be violated to have 〈nB〉 6= 0
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§3. Scenarios of baryogenesis

— models of particle physics realizing baryogenesis

(1) ∆B 6= 0 process

• quark-lepton mixing — in Grand Unified Theories (GUTs)

W−

d

ū

l−

ν̄l

X

q

l

W−

• in Supersymmetric theories,

quark: q ↔ q̃ :scalar quark (squark)

lepton: l ↔ l̃ :scalar lepton (slepton)

}
=⇒ 〈q̃〉 6= 0, 〈l̃〉 6= 0

• axial U(1) anomaly in the (B + L)-current

— exists in the Standard Model
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∂µjµ
B+L =

Nf

16π2
[g2

2Tr(FµνF̃
µν) − g2

1BµνB̃
µν]6= 0

for some specific configuration of the SU(2)-gauge field

We shall discuss this process later.

All these processes must be suppressed at T = 0, in order for a proton not to decay

=⇒

• in GUTs, mX must be heavier than some value ∼ 1016GeV

• The potential for the squark fields must have such a form that

〈q̃〉 6= 0 is realized in the early universe, while 〈q̃〉 = 0 at T = 0

• at T = 0, ∆(B + L) 6= 0 process occurs by quantum tunneling

As shown later, the probability is negligible
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(2) C and CP violation

? C violation ←− chiral gauge interactions in EW theory and GUTs

SU(2)L gauge int., different U(1)Y charges for L- and R-fermions

? CP violation ←− complex parameters with irreducible phases

In renormalizable field theories, only some types of interactions can violate CP .

• In the SM, KM phase and FµνF̃
µν (θ-term)

|θQCD| ' 0 by neutron EDM experiment

• Extended models:

. SUSY models: relative phases of µ, gaugino mass, A, B (soft-SUSY-br.)

. extended Higgs sector: complex Higgs self-couplings

magnitude of CP violation is limited by experiments

— e.g., B-factory, EDM of neutron and lepton, K-rare processes
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(3) Out of equilibrium

“equilibrium in the expanding universe” ⇔ time scale of process: τ < H(T )−1

for relativistic particles, τ ' λ: mean free path

λ

σ

σ : total cross section

n(T ) : particle number density

σ · λ =
1

n(T )

H(T ) =

√
8πG

3
ρ(T ) ' 1.66

√
g∗

T 2

mPl
ρ(T ) =

π2

30
g∗T

4

relativistic degrees of freedom for SM with Nf generation, NH Higgs doublets

g∗ = 24 + 4NH +
7
8
· 30Nf

MSM= 106.75
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number density: n(T ) = g

∫
d3k

(2π)3
1

e
√

k2+m2/T ∓ 1

m¿T' g


ζ(3)
π2

T 3

3
4

ζ(3)
π2

T 3

ζ(3) = 1.2020569 · · ·

for relativistic particles, σ ' α2

s
' α2

T 2
... λ ' 10

gT 3

(
α2

T 2

)−1

=
10

gα2T

T = 100GeV:



H(T )−1 ' 1014 GeV−1 expansion

λs '
1

αs
2T

∼ 1 GeV−1 strong interactions

λEW ' 1
αW

2T
∼ 10GeV−1 EW interactions

λY '
(

mW

mf

)4

λEW Yukawa interactions
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time scale of EW interaction vs that of the expansion

log a ~ log(T�
–1

)

Hubble

electroweak

10
15

GeV

log τ

100GeV
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Possible out-of-equilibrium processes τprocess < H(T ) ?

• Expansion of the universe

EW or GUTs interaction in the radiation dominated universe at T > 1015GeV

Heavy particle (e.g., heavy Majorana neutrino) at T > 1010GeV

• First-order phase transition

some rare process runs out of equil. even at T = 100GeV

— (B + L)-violating process in EW theory

• Reheating or preheating after inflation

accompanying production of a large amount of entropy

−→ dilution of baryon number density
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An example — GUTs [Yoshimura, Phys. Rev. Lett. 41 (’78)]

minimal SU(5) model:

matter:

{
5∗ : ψi

L 3 dc
R, lL

10 : χ[ij]L 3 qL, uc
R, ec

R
gauge: Aµ =

(
Gµ, Bµ Xaα

µ

Xaα
µ Wµ, Bµ

)
i = 1 − 5 → (α = 1 − 3, a = 1, 2)

Lint 3 gψ̄γµAµψ + gTr [χ̄γµ{Aµ, χ}]

3 gXa
αµ

[
εαβγūc

RγγµqLβa + εab

(
q̄α
Lbγ

µec
R + l̄Lbγ

µdcα
R

)]
Expectation value of ∆B in decays of X-X̄
pairs generated from the plasma

〈∆B〉 =
2
3
r−1

3
(1 − r)−2

3
r̄+

1
3
(1 − r̄) = r − r̄

... C or CP is conserved(r = r̄)

=⇒ ∆B = 0

process BR ∆B
X −→ qq r 2/3
X −→ q̄l̄ 1 − r −1/3
X̄ −→ q̄q̄ r̄ −2/3
X̄ −→ q, l 1 − r̄ 1/3
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If the inverse process is suppressed, B∝ r − r̄ is generated.

Indeed, at T ' mX, the decay rate of X: ΓD ' αmX (α ∼ 1/40)

⇒ ΓD ' H(T = mX) ... annihilation and production of XX̄ out of equil.

H(T ) ' 1.66
√

g∗
T 2

mPl

SU(5) GUT conserves B − L — (B + L)-genesis

EW ∆(B + L) 6= 0 process in equilibrium → B + L → 0

⇓

new possibility of baryogenesis

B − L 6= 0 before EW ∆(B + L) 6= 0 process in equil.

Leptogenesis: ∆L 6= 0 → B = −L
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EW ∆(B + L) 6= 0 process ⇐ chiral U(1) anomaly in (B + L)-current

∂µjµ
B+L =

Nf

16π2
[g2

2Tr(FµνF̃
µν) − g2

1BµνB̃
µν]

∂µjµ
B−L = 0

Nf = # of genenrations

F̃µν ≡ 1
2
εµνρσFρσ

integrating the sum of these eqs.

B(tf) − B(ti) =
Nf

32π2

∫ tf

ti

d4x
[
g2
2Tr(FµνF̃

µν) − g2
1BµνB̃

µν
]

= Nf [NCS(tf) − NCS(ti)]

where NCS is the Chern-Simons number: in the A0 = 0-gauge

NCS(t) =
1

32π2

∫
d3x εijk

[
g2
2Tr

(
FijAk − 2

3
gAiAjAk

)
− g2

1BijBk

]
t
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classical vacuum of the gauge fields: E = 1
2(E

2 + B2) = 0 ⇐⇒ Fµν = Bµν = 0

⇐⇒ A = iU−1dU , B = dv with U ∈ SU(2) U(x) : S3 → U ∈ SU(2) ' S3

π3(S3) ' Z =⇒ U(x) is classified by the integer NCS

NCS ∈ config. space(∞-dim)

E

0 1–1 2tunneling

thermal activation

∆(B + L) 6= 0 process

{
. Quantum Tunneling low-T

. Thermal Activation high-T

tunnel. prob. ∼ e−2Sinstanton = e−8π2/g2
2 ' e−164 ¿ 1

... no proton-decay problem

— Baryon Asymmetry of the Universe — 20/30



? (B + L)-transition (sphaleron transition) rate ?

• T < TC : EW phase transition temperature (broken phase)

Γ(b)
sph ' T e−Esph/T

• T > TC (symmetric phase)

Γ(s)
sph ' κα4

WT with κ ∼ O(1)

sphaleron = static saddle-point solution of SU(2)-gauge-Higgs system

NCS=1

NCS=0

vacuum

vacuum

Energy

configuration
space

Esph = O(1)TeV

first found by Manton [Phys. Rev. D28 (’83)]

Now found in the MSSM (2HDM),

the Next-to-MSSM
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time scale of the sphaleron transition vs that of the expansion

Hubble

sphaleron
electroweak

1015GeV 1012GeV Tc

log τ

log a ~ log(T�–1)
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For TC < T < 1012GeV, Γ(s)
sph > H(T )

=⇒ B ∝ (B − L)primoridal at T ≤ TC

... For the matter in the Universe to be left at present, either

(i) B − L 6= 0 must exist before the sphaleron process decouples, or

(ii) B + L must be generated at the EW phase transition and

the sphaleron process becomes ineffective after that.

(i) ⇒ (B − L)-violating GUTs, Leptogenesis

(ii) ⇒ Electroweak baryogenesis

sphaleron decoupling condition: Γ(b)
sph(TC) < H(TC)

−→ lower bound on Esph(TC) ∝ v(TC) (v(T ) = 〈Φ〉; Φ = Higgs doublet)

−→ upper bound on the Higgs mass (see below)
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§4. Electroweak baryogenesis
— closely related to the particle physics at the weak scale

(i) Baryon number violation ←− sphaleron process in the symmetric phase

must decouple just after the EW phase transition

(ii) C and CP violation ←− KM phase, or complex parameters in extended models

(iii) Out of equilibrium ←− sphaleron process can be out of equilibrium at the EWPT
if Esph(TC)/TC is sufficiently large

— strongly first-order PT

As we shall see, the conditions (ii) and (iii) require an extension of the standard model,

because

? KM phase is insufficient to produce the present BAU

? EWPT is not of first order for the Higgs mass mh > 114GeV (LEP bound)

for reviews , see • KF, Prog. Theor. Phys. 96 (1996) 475

• Riotto and Trodden, Ann. Rev. Nucl. Part. Sci. 49 (1999) [hep-ph/9901362]

• Bernreuther, Lec. Notes Phys. 591 (2002) 237 [hep-ph/0205279]
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Electroweak phase transition (EWPT)

T > T  > 0c T > T  > 0c

v v

v0
v0

vC

v0

v(T)

T

v(T)

v0

vC

TC TTC

2nd order PT 1st order PT

free energy

Standard Model

order parameter:

〈Φ〉 =
1√
2

(
0
ϕ

)
... 1st order EWPT

m

vC ≡ lim
T↑TC

ϕ(T ) 6= 0
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Minimal SM — perturbation at the 1-loop level (W , Z, top quark loop)

Veff(ϕ;T ) = −1
2
µ2ϕ2 +

λ

4
ϕ4 + 2Bv2

0ϕ
2 + Bϕ4

[
log

(
ϕ2

v2
0

)
− 3

2

]
+ V̄ (ϕ; T )

where B =
3

64π2v4
0

(2m4
W + m4

Z − 4m4
t ),

V̄ (ϕ; T ) =
T 4

2π2
[6IB(aW ) + 3IB(aZ) − 6IF (at)] , (aA = mA(ϕ)/T )

IB,F (a) ≡
∫ ∞

0

dxx2 log
(
1 ∓ e−

√
x2+a2

)
.

high-temperature expansion [m/T << 1] γE = 0.5772 · · ·

IB(a) = −π4

45
+

π2

12
a2−π

6
(a2)3/2 − a4

16
log

√
a2

4π
− a4

16

(
γE − 3

4

)
+ O(a6)

IF (a) =
7π4

360
−π2

24
a2 − a4

16
log

√
a2

π
− a4

16

(
γE − 3

4

)
+ O(a6)
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Applying the high-T expansion assuming T > mW ,mZ,mt,

Veff(ϕ;T ) ' D(T 2 − T 2
0 )ϕ2−E Tϕ3 +

λT

4
ϕ4

where

D =
1

8v2
0

(2m2
W + m2

Z + 2m2
t ), E =

1
4πv3

0

(2m3
W + m3

Z) ∼ 10−2

λT = λ − 3
16π2v4

0

(
2m4

W log
m2

W

αBT 2
+ m4

Z log
m2

Z

αBT 2
− 4m4

t log
m2

t

αFT 2

)
T 2

0 =
1

2D
(µ2 − 4Bv2

0), log αF (B) = 2 log (4)π − 2γE

At TC, ∃degenerate minima: ϕC =
2E TC

λTC

Γ(br)
sph < H(TC) ⇐⇒ ϕC

TC

>∼ 1 =⇒ upper bound on λ [mH =
√

2λv0]

−→ mH <∼ 46GeV =⇒ Minimal SM is excluded!
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Nonperturbative study by Lattice Gauge Theory:

mh > 73GeV ⇒ PT disappears (crossover)

... The EWBG does not work in the Standard Model with mh ≥ 114GeV.

If the EWPT is of first order,

it proceeds accompanying nucleation and growth of the bubble walls:

−→ sphaleron process becomes out of equilibrium

symmetric phase

∆B 6= 0

∆B = 0

broken phase

vC

vco

vw

broken
phase

symmetric
phase

z

v
∆B 6= 0
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ψ
R

RR→L
s

TR→L
s

TR→R
s

→

symmetric phasebroken phase Difference in the reflection rate for ψL and ψR

⇓
chiral charge flux into the sym. phase

QL 6= QR, conserved in sym. phase: Y , I3

⇓
bias on the sphaleron process

⇓
B + L 6= 0 in the symmetric phase

⇓
B + L frozen in the broken phase

? Minimal SM — CKM phase

W

U U†mj

−→
mi 6= mj:

O(αW ) effect in the dispersion

[Farrar, Shaposhnikov, Phys. Rev. 50 (’94)]

. decoherence by QCD correction [Gavela, et al., Nulc. Phys. B430 (’94)]

−→
∣∣∣nB

s

∣∣∣ < 10−26
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effective CP violation at the tree level

? relative phase of Higgs doublets in the extended models

mf(x) = yf |φ(x)| eiθ(x) — spacetime-dependent phase

? complex parameters in the mass matrices of SUSY particles

e.g. chargino: Mχ± =
(

M2 − i√
2
g2vue−iθ

− i√
2
g2vd −µ

)
x-dependent vd and vu −→ effectively x-dependent phases

For the EWBG to work, we need an extension of the Standard Model.

. Higgs sector — MSSM: mH1 ≤ 120GeV and a light stop mt̃1
≤ mt

2HDM, NMSSM: possible for mh > 130GeV

. CP violation — Higgs doublets more than 2

complex parameters in the SUSY models
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