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1. Introduction

Our goal is to explain

the Baryon Asymmetry of the Universe

nB

s
≡ nb − nb̄

s
' (0.37 − 0.88) × 10−10

←− BBN, consistent with WMAP data

generation of BAU starting from B-symmetric universe

⇑
Sakharov’s conditions

(1) baryon number violation

(2) C and CP violation

(3) departure from equilibrium
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Scenarios of Baryogenesis

1. GUTs: ? 1 multiplet 3 q, l =⇒ B and/or L violation
(cf. B − L is conserved in the minimal SU(5) GUT)

? out-of-equil. decay of the heavy bosons (leptoquarks) with CP violation

constrained by the proton lifetime τp > 1032yr

discovery of the sphaleron

anomalous (B + L) nonconservation (“sphaleron process”)
in equilibrium at T ∈ [TEW ' 100GeV, 1012GeV]

⇓
washout of (B + L)

B0, L0 ∝ (B − L)primordial

⇒ new possibilities of B-genesis

2. Leptogenesis, Affleck-Dine : B = −L 6= 0 via sphaleron process in equilibrium
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3. Electroweak Baryogenesis

• (B + L)-genesis by the sphaleron process

— the only B/ process in the EW theory

• the electroweak phase transition (EWPT) must be strongly first order

⇒ Γ(sym)
sph ∼ 10−1GeV À H(100GeV) ∼ 10−14GeV À Γ(br)

sph ∼ e−Esph/T

• needs CP violation other than the KM phase

• free from proton-decay problem

Γ∆B 6=0(T = 0) ' e−2Sinstanton ' 10−164

related to physics within our reach

⇐⇒

{
• Higgs spectrum

• CP violation
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plan of my talk ...

2. Why electroweak phase transition(EWPT) ?

3. Higgs mass and EWPT

4. EWPT in the MSSM

5. EWPT in the NMSSM

6. Summary
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review articles

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

• Rubakov and Shaposhnikov, Phys. Usp. 39 (1996) 461-502
(hep-ph/9603208)

• Riotto and Trodden, Ann. Rev. Nucl. Part. Sci. 49 (1999) 35
(hep-ph/9901362)

• Bernreuther, Lect. Notes Phys. 591 (2002) 237
(hep-ph/0205279)

very elementary article on Big Bang Cosmology

http://dirac.phys.saga-u.ac.jp/~funakubo/BAU
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2. Why electroweak phase transition(EWPT) ?

key words

? anomalous (B + L)-nonconservation ?

? sphaleron ?

? electroweak phase transition ?
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? Anomalous fermion number nonconservation ⇐= axial anomaly in the SM

∂µjµ
B+L =

Nf

16π2
[g2Tr(FµνF̃

µν) − g′
2
BµνB̃

µν]

∂µjµ
B−L = 0

Nf = number of the generations

F̃
µν ≡

1

2
ε

µνρσ
Fρσ

integrating these equations,

B(tf) − B(ti) =
Nf

32π2

∫ tf

ti

d4x
[
g2Tr(FµνF̃

µν) − g′
2
BµνB̃

µν
]

= Nf [NCS(tf) − NCS(ti)]

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

NCS(t) =
1

32π2

∫
d3x εijk

[
g2Tr

(
FijAk − 2

3
gAiAjAk

)
− g′

2
BijBk

]
t
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classical vacua of the gauge sector: E = 1
2(E

2 + B2) = 0

⇐⇒ Fµν = Bµν = 0

⇐⇒ A = iU−1dU and B = dv with U ∈ SU(2)

... U(x) : S3 3 x −→ U ∈ SU(2) ' S3

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

NCS=1

NCS=0

vacuum

vacuum

Energy

configuration
space
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background U changes with ∆NCS = 1
=⇒ ∆B = 1 (∆L = 1) in each (left-) generation

⇐⇒ fermion:{
• level crossing
• index theorem

Transition of the field config. with ∆B 6= 0

. quantum tunneling low temperature

. thermal activation high temperature

transition rate with NCS = 1 ⇐= WKB approx.
NCS ∈ config. space

E

instanton

At T = 0, tunneling amplitude ' e−Sinstanton = e−4π2/g2

instanton


? 4d solution with finite euclidean action

? integer Pontrjagin index ∼
∫

d4xE FµνF̃
µν
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What is Sphaleron ?

sphaleros : σϕαλερoσ = ‘ready to fall’

a saddle-point solution of 4d SU(2) gauge-Higgs system
[Klinkhammer & Manton, PRD30 (’84)]

Esph =
4πv0

g2
E(λ/g2

2) = 5.1TeV × (1.61 − 2.68) = 8.2 − 13.7 TeV

(Esph ' 9.4TeV for mh = 120GeV)

? unstable

? static (3d) solution with finite energy

? Chern-Simons No. = “1/2”

=⇒ over-barrier transition at finite temperature

Γsph ∼ e−Esph/T
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? Transition rate [Arnold and McLerran, P.R.D36(’87)]

♣ ω−

(2π)
<∼ T <∼ TC ω−:negative-mode freq. around the sphaleron

Γ(b)
sph ' kNtrNrot

ω−

2π

(
v2

T

)3

e−Esph/T

Ntr = 26, Nrot = 5.3 × 103 ← zero modes

ω2
− ' (1.8 ∼ 6.6)m2

W for 10−2 ≤ λ/g2 ≤ 10, k ' O(1)

♣ T >∼ TC symmetric phase — no mass scale

Γ(s)
sph ' κ(αWT )4

. Monte Carlo simulation 〈NCS(t)NCS(0)〉 = 〈NCS〉2 + Ae−2ΓV t as t → ∞

κ > 0.4 SU(2) gauge-Higgs system [Ambjørn, et al. N.P.B353(’91)]

κ = 1.09 ± 0.04 SU(2) pure gauge system [Ambjørn and Krasnitz, P.L.B362(’95)]

‘sphaleron transition’ even in the symmetric phase.
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reaction rate: Γ(T ) > H(t) ⇐⇒ the process is in chemical equilibrium

H(t) ≡ ȧ(t)
a(t)

'
√

8πG

3
ρ ' 1.66

√
g∗

T 2

mP l

Γ(T ) → time scale of interactions

mean free path : λ · σ =
1
n

m ¿ T ⇒ λ ' t̄ = mean free time

λ

σ

n = g

∫
d3k

(2π)3
1

eωk/T ∓ 1
m¿T' g


ζ(3)
π2

T 3

3
4

ζ(3)
π2

T 3 ζ(3) = 1.2020569 · · ·

mÀT' g

(
mT

2π

)3/2

e−m/T
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For relativistic particles at T , σ ' α2

s
' α2

T 2
=⇒

#

"

Ã

!
λ ' 10

gT 3

(
α2

T 2

)−1

=
10

gα2T

For T = 100GeV, H−1 ' 1014GeV−1,

λs '
1

αs
2T

∼ 1GeV−1 for strong interactions

λEW ' 1
αW

2T
∼ 10GeV−1 for EW interactions

λY '
(

mW

mf

)4

λEW for Yukawa interactions

time scale of sphaleron process

t̄sph = (Γsph/n)−1 '

{
106T−1 GeV−1 (T > TC)

105T−1eEsph/T GeV−1 (T < TC)

[cf. Esph ' 10TeV for v0 = 246GeV]
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log a ~ log(T�
–1

)

log t
–

Hubble

sphaleron
electroweak

1015GeV 1012GeV Tc

If v(TC) ¿ 200GeV (eg. 2nd order EWPT), ∃Tdec, s.t.

Tdec < T < TC =⇒ Γ(b)
sph(T ) > H(T )

wash-out of B + L even in the broken phase
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To have nonzero BAU,

(i) we must have B − L before the sphaleron process decouples, or

(ii) B + L must be created at the first-order EWPT, and
the sphaleron process must decouple immediately after that.

N.B.

∆(B + L) 6= 0 process is in equilibrium, for TC ' 100GeV < T < 1012GeV .

If ∆L 6= 0 process is in equilibrium in this range of T ⇒ B = L = 0!

To leave B 6= 0, Γ∆L6=0 < H(T ) for T ∈ [TC, 1012GeV].

=⇒ constraints on models with ∆L 6= 0 processes.

e.g., lower bound on mN in the seesaw model

→ upper bound on mν < 0.8GeV
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T ' 100GeV ⇒ H−1(T ) ' 1014GeV−1 ¿ t̄EW ' 1
αWT 2

∼ 10GeV−1

... All the particles of the SM are in kinetic equilibrium.

nonequilibrium state ⇐= 1st order EW phase transition

study of the EWPT

? static properties ⇐ effective potential = free energy density

Veff(v;T ) = − 1
V

T log Z = − 1
V

log Tr
[
e−H/T

]
〈φ〉=v

? dynamics — formation and motion of the bubble wall when 1st order PT
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T > T  > 0c T > T  > 0c

Veff(v;T) – Veff(0;T)

v vv0 v0

vC

v0

v(T)

T

v(T)

v0

vC

TC TTC

2nd order PT 1st order PT

Minimal SM

order parameter:

〈Φ〉 =
1√
2

(
0
ϕ

)
... 1st order EWPT

m

vC ≡ lim
T↑TC

ϕ(T ) 6= 0
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first-order phase transition

ϕ

symmetric phase

broken

phase

Veff (free energy density)

ϕ

v0

vco

v
w

broken
phase

symmetric
phase

∆B≠0

z

bubble wall ⇐ classical config. of the gauge-Higgs system
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moving wall with CP violation

⇓
∆R ≡ Rs

R→L − R̄s
R→L 6= 0

⇓

ψ
R

RR→L
s

chiral-charge flux: FQ ∼ (QL − QR) × 〈∆R〉 (e.g., weak hypercharge, isospin)

⇓
bias on free energy along B: µB ∝ chiral charge 6= 0#

"

Ã

!
ṅB ' −

µBΓ(sym)
sph

T

condition for the generated B (in fact B + L) not to be washed out:

Γ(br)
sph < H(TC) ⇐⇒ vC

TC
> 1
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3. Higgs mass and EWPT

relation between the condition
vC

TC
> 1 and the Higgs spectrum

↑ ⇑¶
µ

³
´Veff(v;T ) ⇐= mass parameter, coupling
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Minimal SM — perturbation at the 1-loop level

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 (a2) ≡
∫ ∞

0

dxx2 log
(
1 ∓ e−

√
x2+a2

)
.

high-temperature expansion [m/T << 1]

IB(a2) = −π4

45
+

π2

12
a2−π

6
(a2)3/2 − a4

16
log

√
a2

4π
− a4

16

(
γE − 3

4

)
a4

2
+ O(a6)

IF (a2) =
7π4

360
−π2

24
a2 − a4

16
log

√
a2

π
− a4

16

(
γE − 3

4

)
+ O(a6)
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For 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 =⇒ MSM is excluded
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? Monte Carlo simulations [MSM]

effective fermion mass : mf(T ) ∼ O(T ) ← nonzero modes

... simulation only with the bosons

QFT on the lattice

{
scalar fields: φ(x) on the sites
gauge fields: Uµ(x) on the links

Z =
∫

[dφ dUµ] exp {−SE[φ,Uµ]}

• 3-dim. SU(2) system with a Higgs doublet and a triplet time-component of Uµ

[Laine & Rummukainen, hep-lat/9809045]

• 4-dim. SU(2) system with a Higgs doublet [Csikor, hep-lat/9910354]

EWPT is first order for mh < 66.5 ± 1.4GeV

Both the simulations found end-point of EWPT at

mh =
{

72.3 ± 0.7 GeV
72.1 ± 1.4 GeV

⇒ no PT (cross-over) in the MSM !
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Summary of Part 1

• sphaleron decoupling condition :
vC

TC
> 1

=⇒ upper bound on the Higgs mass

• In the Minimal SM, this bound implies that mh < 66.5GeV

• CP violation by the KM phase is insufficient for EW baryogenesis

=⇒ extensions of the SM which admit

? strongly first-order EWPT

? sufficient CP violation
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4. EWPT in the MSSM

superpotential: W = ybQLBc
RHd − ytQLT c

RHu − µHdHu

2 Higgs doublets: Hd 3 Φd =
(

φ0
d

φ−
d

)
, Hu 3 Φu =

(
φ+

u

φ0
d

)
Higgs potential

V0 = m2
1Φ

†
dΦd+m2

2Φ
†
uΦu−

(
m2

3εijΦi
dΦ

j
u + h.c.

)
+

g2
2 + g2

1

8

(
Φ†

dΦd − Φ†
uΦu

)2

+
g2
2

2

∣∣∣Φ†
dΦu

∣∣∣2
all the parameters are real: no CP violation

m2
1,2 = m2

soft + |µ|2 ↔ v0 and tanβ

The Higgs mass is not completely a free parameter.
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After EWSB −→ φ0
d =

1√
2
(vd + hd + iad), φ0

u =
1√
2
eiθ(vu + hu + iau)

vacuum: v0 =
√

v2
d + v2

u = 246GeV, tanβ = vu/vd

1 Nambu-Goldstone mode in (ad, au) and 1 in (φ+
d , φ−

u )

=⇒ physical modes: 3 neutral (h,H,A), 1 charged (H±)

tree-level masses

m2
h,H =

1
2

[
m2

Z + m2
A ∓

√
(m2

Z + m2
A)2 − 4m2

Zm2
Z cos2(2β)

]
,

m2
A =

Re(m2
3e

iθ)
sinβ cos β

, m2
H± = m2

A + m2
W

−→ mh ≤ min {mZ,mA} , mH ≥ max {mZ,mA}

These bounds recieve radiative collections from loops of the top quarks and squarks

−→ mh <∼ 135GeV [Okada, et al. PTP85 (’91) 1]
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One-loop Effective potential (T = 0)

Veff = V0 +
NC

32π2

∑
q=t,b

 ∑
j=1,2

(
m̄2

q̃j

)2
(

log
m̄2

q̃j

M2
− 3

2

)
− 2

(
m̄2

q

)2

(
log

m̄2
q

M2
− 3

2

)
m̄2(vd, vu, θ): field-dependent mass

mass2 at the one-loop level

M2 =


〈

∂2Veff

∂h2
d

〉 〈
∂2Veff

∂hd∂hu

〉
1

cos β

〈
∂2Veff

∂hd∂au

〉
〈

∂2Veff
∂hd∂hu

〉 〈
∂2Veff
∂h2

u

〉
1

sin β

〈
∂2Veff

∂hu∂ad

〉
1

cos β

〈
∂2Veff

∂hd∂au

〉
1

sin β

〈
∂2Veff

∂hu∂ad

〉
1

sin β cos β

〈
∂2Veff

∂ad∂au

〉


m2
H± =

1
sin β cos β

〈
∂2Veff

∂φ+
d ∂φ−

u

〉
〈· · ·〉 = values at the vacuum

CP-conserving ⇒ M2
33 = m2

A

CP violation in the squark sector ∝ Im
(
µAqe

iθ
)
⇒ M13,M23 6= 0
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mass eigenstates: (H1,H2,H3) hd

hu

a

 = O

 H1

H2

H3

 , OTM2O = diag(m2
H1

,m2
H2

,m2
H3

)

gauge and Yukawa interactions

Lgauge ∼ g2mW gV V Hi

(
W+

µ W−µ +
ZµZµ

2 cos2 θW

)
Hi +

g2

2 cos θW
gZHiHj

Zµ
(
Hi

↔
∂ µHj

)
LY ∼ −g2mb

2mW
b̄(gS

bbhi
+ iγ5g

P
bbhi

)bHi

corrections to the couplings [MSM: gV V H = 1, gZHH = 0, gbbH = 1]

gV V Hi
= O1i cos β + O2i sin β

gZHiHj
=

1
2

[(O3iO1j − O3jO1i) sinβ + (O3iO2j − O3jO2i) cos β]

gS
bbHi

= O1i
1

cos β
, gP

bbHi
= −O3i tanβ, g2

bbHi
=

(
gS

bbHi

)2
+

(
gP

bbHi

)2
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? Electroweak phase transition

Veff(v;T ) = Veff(v;T ) + 6
∑
q=t,b

∑
j=1,2

T 4

2π2
IB

(
m̄q̃j

T

)
+ · · · ,

where m2
t̃j

is the eigenvalues of

M2
t̃ =

 m2
t̃L
+

(
g2
1

24 −
g2
2
8

)
(v2

u − v2
d) + y2

t
2 v2

u
yt√
2
(µvd + A(v2 − iv3))

∗ m2
t̃R

− g2
1
6 (v2

u − v2
d)+

y2
t
2 v2

u


light stop scenario [de Carlos & Espinosa, NPB ‘97]

m2
t̃L

= 0 or m2
t̃R

= 0 =⇒ smaller eigenvalue: m2
t̃1
∼ O(v2)

... high-T expansion: ∆t̃Veff(v;T ) ⇒ − T

6π
(m2

t̃1
)3/2 ∼ −Tv3 → 1st order PT

more effective for larger yt — smaller tanβ
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An example: tanβ = 6, mh = 82.3GeV, mA = 118GeV, mt̃1
= 168GeV

TC = 93.4GeV, vC = 129GeV [KF, PTP101(’99)]
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? Lattice MC studies
• 3d reduced model [Laine et al. hep-lat/9809045]

strong 1st order for mt̃1
<∼ mt and mh ≤ 110GeV

• 4d model [Csikor, et al. hep-lat/0001087]

with SU(3), SU(2) gauge bosons, 2 Higgs doublets, stops, sbottoms

At,b = 0, tan β ' 6 −→ agreement with the perturbation theory within the errors

v   /T  =1CC

hm

mA = 500 GeV

vC/TC > 1
below the steeper lines

⇓
max. mh = 103 ± 4 GeV

for mt̃L
' 560 GeV
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1

10
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2

20 40 60 80 100 120

1

10
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2

m
h° (GeV/c

2
)

ta
n
β

Excluded by LEP

(Preliminary)

Not Allowed
by Theory

Excluded
by CDF

[PDG,

http://ccwww.kek.jp/pdg/]

light stop: mtR
= 0

negative soft mass2: m2
tR

> −(65GeV)2 [Laine & Rummukainen, NPB597]
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? Effects of CP violation on the EWPT [KF, Tao & Toyoda, PTP 109(’03)]

EWPT in the light-stop scenario [mt̃R
= 10GeV]

Im(µAte
iθ) 6= 0 ⇒


. scalar-pseudoscalar mixing [Carena, et al., NPB586]

. induces δ = Arg(m2
3)

• weakens the EWPT

field-dependent mass2 of the lighter stop:

m̄2
t̃1

=
1
2

[
m2

q̃ + m2
t̃R

+ y2
t v

2
u +

g2
2 + g2

1

4
(v2

d − v2
u)

−
√(

m2
q̃ − m2

t̃R
+

xt

2
(v2

d − v2
u)

)2

+ y2
t |µvd − A∗

te
−iθvu|2

]
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tanβ = 10, µ = 1500GeV, |A| = 150GeV

For parameter sets with mH1 ≥ 105GeV, introduce δA = ArgA
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? Large CP violation and light Higgs [Carena, et al., NPB586]
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The EWPT in the light-Higgs allowed region has not been investigated.
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5. EWPT in the NMSSM

W = εij

(
ybH

i
dQ

jB − ytH
i
uQjT + ylH

i
dL

jE − λNHi
dH

j
u

)
− κ

3
N3

λ 〈N〉 ∼ µ in the MSSM

Lsoft 3 −m2
Nn∗n +

[
λAλnHdHu +

κ

3
Aκn3 + h.c.

]
.

order parameters: 〈Φd〉 =
1√
2

(
v0d

0

)
, 〈Φu〉 =

eiθ0

√
2

(
0

v0u

)
, 〈n〉 =

eiϕ0

√
2

v0n

tree-level Higgs potential:

V0 = m2
1Φ

†
dΦd + m2

2Φ
†
uΦu + m2

Nn∗n −
(
λAλεijnΦi

dΦ
j
u +

κ

3
Aκn3 + h.c.

)
+

g2
2 + g2

1

8

(
Φ†

dΦd − Φ†
uΦu

)2

+
g2
2

2

∣∣∣Φ†
dΦu

∣∣∣2
+|λ|2 n∗n

(
Φ†

dΦd + Φ†
uΦu

)
+

∣∣λεijΦi
dΦ

j
u + κn2

∣∣2
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1. 5 neutral and 1 charged scalars (3 scalar and 2 pseudoscalar when CP cons.)

The lightest Higgs scalar can escape from the lower bound 114GeV, because of
small coupling to Z,W caused by large mixing among 3 scalars. [Miller, et al. NPB 681]

— “Light Higgs Scenario” —

2. CP violation at the tree level: Im
(
λAλei(θ+ϕ)

)
, Im

(
κAκe3iϕ

)
, Im

(
λκ∗ei(θ−2ϕ)

)
3. vn → ∞ with λvn and κvn fixed =⇒ MSSM [Ellis, et al, PRD 39]

−→ new features expected for vn = O(100)GeV

? study of the Higgs spectrum and couplings without/with CP violation
[KF and Tao, hep-ph/0409294]

? study of the EWPT without/with CP violation [KF, Toyoda and Tao, hep-ph/0501052]

? sphaleron solution [KF, et al. in preparation]
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mass matrix of the neutral Higgs bosons

M2 ≡

 〈
∂2Veff
∂hi∂hj

〉 〈
∂2Veff
∂hi∂aj

〉〈
∂2Veff
∂ai∂hj

〉 〈
∂2Veff
∂ai∂aj

〉  extract NG modes−→
(

M2
S M2

SP(
M2

SP

)T M2
P

)

M2
S : 3 × 3, M2

P : 2 × 2. M2
SP : 3 × 2

where the basis is (hd, hu, hn, a, an),

M2
SP ∝

{
Im

(
λκ∗ei(θ0−2ϕ0)

)
at the tree level

Im
(
λvnAt,be

i(θ0+ϕ0)
)

at the one-loop level

charged Higgs mass

m2
H± =

1
sinβ0 cos β0

〈
∂2Veff

∂φ+
d ∂φ−

u

〉
=

(
m2

H±
)MSSM

µ=λvneiϕ0/
√

2
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At the tree-level,

M2
S =

0

B

B

@

“

Rλ − Rvn
2

”

vn tan β + m2
Z cos2 β −

“

Rλ − Rvn
2

”

vn − m2
Z sin β cos β + |λ|2 vdvu −Rλvu + Rvuvn + |λ|2 vdvn

· · ·
“

Rλ − Rvn
2

”

vn cot β + m2
Z sin2 β −Rλvd + Rvdvn + |λ|2 vuvn

· · · · · · Rλ
vdvu
vn + 3Rκvn + 2 |κ|2 v2

n

1

C

C

A

,

M2
P =

0

@

“

Rλ − 1
2Rvn

”

vn
sin β cos β

(Rλ + Rvn)v0

(Rλ + Rvn)v0 Rλ
v2
0 sin β cos β

vn + 3Rκvn − 2Rvdvu

1

A ,

M2
SP =

0

B

@

0 3
2 sin β

0 3
2 cos β

−1
2 −2 sin β cos β

1

C

A

Iv0vn.

where we have defined

Rλ =
1√
2
Re

(
λAλei(θ0+ϕ0)

)
, Iλ =

1√
2
Im

(
λAλei(θ0+ϕ0

)
,

Rκ =
1√
2
Re

(
κAκe3iϕ0

)
, Iκ =

1√
2
Im

(
κAκe3iϕ0

)
,

R = Re
(
λκ∗ei(θ0−2ϕ0)

)
, I = Re

(
λκ∗ei(θ0−2ϕ0)

)
— independent of phase convention
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We have used the tadpole conditions:

〈
∂Veff

∂hi

〉
=

〈
∂Veff

∂ai

〉
= 0

m2
1 =

(
Rλ − 1

2
Rv0n

)
v0n tanβ0 −

1
2
m2

Z cos(2β0) −
|λ|2

2
(v2

0n + v2
0u) + · · ·

m2
2 =

(
Rλ − 1

2
Rv0n

)
v0n cot β0 +

1
2
m2

Z cos(2β0) −
|λ|2

2
(v2

0n + v2
0d) + · · ·

m2
N = (Rλ −Rv0n)

v0dv0u

v0n
+ Rκv0n − |λ|2

2
(v2

0d + v2
0u) − |κ|2 v2

0n + · · ·

Iλ =
1
2
Iv0n + · · · , Iκ = −3

2
I v0dv0u

v0n

We shall use mH± instead of Rλ:

m2
H± = m2

W − 1
2
|λ|2v2 + (2Rλ −Rv0n)

v0n

sin 2β0
+ · · ·
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Definition of the couplings

gauge vs mass eigenstates:


hd

hu

hn

a
an

 = O


H1

H2

H3

H4

H5

, OTM2O = diag(m2
H1

, · · · ,m2
H5

)

Lgauge 3 g2mWgV V Hi

(
W+

µ W−µ +
1

2 cos2 θW
ZµZµ

)
Hi +

g2

2 cos θW
gZHiHj

Zµ(Hi

↔
∂ µHj)

LYukawa 3 −g2mb

2mW
b̄(gS

bbHi
+ iγ5gP

bbHi
)b Hi


gV V Hi

= O1i cos β + O2i sinβ

gZHiHj
=

1
2
{(O4iO2j −O4jO2i) cos β − (O4iO1j −O4jO1i) sinβ}

gS
bbHi

= O1i
1

cos β
, gP

bbHi
= −O4i tanβ

g2
bbHi

≡
(
gS

bbHi

)2
+

(
gP

bbHi

)2
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? MSSM vs NMSSM

tree-level mass relation (CP-conserving)

mh ≤ min{mA,mZ} mA1 < m̂ < mA2

mH ≥ max{mA,mZ} For m̂ À v0, vn, mS1 < mS2 < m̂ < mS3

m2
H± = m2

A + m2
W

m̂2 = m2
H± − m2

W + |λ|2 v2
0/2

tree-level vacuum

The tadpole condition

〈
∂V0

∂ϕi

〉
= 0

is sufficient for the EW vacumm
(v0d, v0u) to be the global minimum
of the potential.

Even if the tadpole conditions are satisfied,
the prescribe vacuum (v0d, v0u, v0n) is not
always the global minimum.

Although the NMSSM has more parameters than the MSSM,
it must satisfy more constraints than the MSSM.

λ, κ,Aλ, Aκ,m2
N
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? Constraints on the parameters

1. vacuum condition

The vacuum (v0, v0n, tanβ0, θ0, ϕ0) be the global minimum of Veff.

2. spectrum condition

The neutral Higgs boson with |gV V H| > 0.1 be heavier than 114GeV.

We scanned the parameter space for (CP-conserving case)

tanβ0 = 2 − 10, v0n = 100 − 1000GeV, mH± = 100 − 5000GeV,

−1000GeV ≤ Aκ ≤ 0, 0 ≤ λ ≤ 1, −1 ≤ κ ≤ 1

(mq̃,mt̃R
= mb̃R

) =

 (1000GeV, 800GeV) heavy-squark
(1000GeV, 10GeV) light-squark-1
(500GeV, 10GeV) light-squark-2

At = Ab = 20GeV

45



e.g., tanβ0 = 3, v0n = 200GeV, mH± = 400GeV, Aκ = −200GeV, heavy squark

��κ

λ
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Veff(0) < Veff(v0)
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x

x
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λ κ mH1
mH2

mH3
mH4

mH5
g2

V V H1
g2

V V H2
g2

V V H3
g2

V V H4
g2

V V H5
0.9 −0.05 75.0 83.5 145.7 436.0 448.2 0.0094 0 0.9897 0.0009 0
0.95 −0.95 139.6 180.9 360.3 425.4 456.4 0.828 0.170 0 0 0.0028
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along the line of λ = 0.9 ,
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Effects of CP violation

δ′κ ≡ Argκ + 3ϕ0 Argλ + θ0 + ϕ0 = 0 ⇔ small EDM
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? Phase transitions in the NMSSM

There has been a belief that the EWPT in the NMSSM is strongly first-order because
of the cubic terms in the Higgs potential.

naive (?) argument [Pietroni, NPB402(’93)27]

order parameters :


vd = v cos β(T ) = y cos α(T ) cos β(T ),

vu = v sinβ(T ) = y cos α(T ) sinβ(T ),

vn = y sinα(T )

V0 =
1
2

(
(m2

1 cos2 β + m2
2 sin2 β) cos2 α + m2

N sin2 α
)
y2

−
(

Rλ cos2 α sinα cos β sinβ +
1
3
Rκ sin3 α

)
y3 + · · · .

strongly 1st order PT by the tree-level cubic term ?

Is such a parametrization valid ?
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No!

... no symmetry between the doublets and the singlet

order of phase transitions
(universality class)

⇐=

{
dimension of spacetime

symmetry of the system

Indeed, we have found various phases and transitions among them.
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possible phases and transitions

phase order parameters symmetries
EW v 6= 0, vn 6= 0 fully broken

I, I′ v = 0, vn 6= 0 local SU(2)L × U(1)Y

II v 6= 0, vn = 0 global U(1)

SYM v = vn = 0 SU(2)L × U(1)Y , global U(1)

global U(1): Φu 7→ eiαΦu, n 7→ e−iαn — exact for κ = 0

phase-I : heavy Higgs phase-I′: light Higgs

4 types of phase transitions

A: SYM → I ⇒ EW B: SYM → I′ ⇒ EW

C: SYM ⇒ II → EW D: SYM ⇒ EW

“⇒” : EWPT
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expamles of the phase transitions in the CP-conserving case

common parameters: tanβ0 = 5, v0n = 200GeV, Aκ = −100GeV

A mH± = 600GeV (λ, κ) = (0.9,−0.9) light-squark-1
B mH± = 600GeV (λ, κ) = (0.85,−0.1) heavy-squark
C mH± = 600GeV (λ, κ) = (0.82,−0.05) light-squark-1
D mH± = 700GeV (λ, κ) = (0.96,−0.02) light-squark-2

Higgs spectrum and V V H-couplings

H1 H2 H3 H4 H5

A
mHi

(GeV) 119.53 203.59 265.74 617.24 637.47
g2

V V Hi
0.9992 5.926 × 10−4 0 0 1.884 × 10−4

B
mHi

(GeV) 38.89 75.31 131.11 625.61 627.95
g2

V V Hi
6.213 × 10−8 0 0.9999 6.816 × 10−5 0

C
mHi

(GeV) 42.24 63.49 117.25 625.09 627.44
g2

V V Hi
0.00188 0 0.9980 9.541 × 10−5 0

D
mHi

(GeV) 41.88 58.62.08 115.15 730.51 734.58
g2

V V Hi
0 1.015 × 10−4 0.9997 1.632 × 10−4 0

A: heavy Higgs (MSSM-like), B, C, D: light Higgs
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reduced effective potential:
Ṽeff(v, vn;T ) = Veff(vcos β(T ), vsin β(T ), 0, vn, 0;T ) − Veff(0, 0, 0, 0, 0;T )
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? How the phase transitions proceed

type-A
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type-C
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type-A MSSM-like EWPT — proceeds along almost constant vn 6= 0

a light stop is needed for it to be strongly first order

type-B new type of 2-stage PT

leap from (v(TC−), vn(TC−)) to (0, vn(TC+))

strongly first order EWPT (no light stop is needed)

type-C new type of 2-stage PT

EWPT proceeds along vn = 0

a light stop is needed for it to be strongly first order

type-D 1-stage PT (so far mainly considered in the NMSSM)

a light stop is needed for the EWPT to be strongly first order

type-B,C,D — light-Higgs scenario — peculiar to NMSSM
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? Phase transitions in the presence of CPV

explicit CP violation: δκ with δEDM = 0 and θ0 = ϕ0 = 0

tanβ0 = 5, v0n = 200GeV, Aκ = −100GeV

mH± = 600GeV, (λ, κ) = (0.83,−0.07), heavy-squark

Higgs mass and V V H-couplings

δκ H1 H2 H3 H4 H5

0
mHi

(GeV) 38.89 75.31 131.11 625.61 627.945
g2

V V Hi
6.213 × 10−8 0 0.9999 6.816 × 10−5 0

0.1π
mHi

(GeV) 40.04 73.24 131.20 625.54 627.56
g2

V V Hi
2.749 × 10−6 0.00169 0.9982 6.570 × 10−5 2.363 × 10−6

0.2π
mHi

(GeV) 43.21 66.95 131.38 625.40 627.85
g2

V V Hi
3.133 × 10−5 0.00531 0.9946 6.132 × 10−5 6.407 × 10−6
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SYM

δκ = 0; at TN = 133.22GeV, (v, vn) = (180.74GeV, 195.49GeV) → (163.16GeV, 0)
type-C at TC = 158.27GeV, (v, vn) = (26.33GeV, 0) → (0, 0)

δκ = 0.1π; at TN = 136.58GeV, (v, vn) = (173.99GeV, 195.88GeV) → (154.78GeV, 0)
type-C at TC = 158.27GeV, (v, vn) = (26.33GeV, 0) → (0, 0)

δκ = 0.2π; at TC = 120.16GeV, (v, vn) = (200.62GeV, 208.93GeV) → (0, 750.93GeV)
type-B

In the phase-II of type-C PT, θ(T ) = Arg(v2 + iv3) is undertermined (global U(1))

For δκ = 0.2π, ϕ(T ) = 0.05(EW) → 0.215(I′) (chiral charge enhanced)
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6. Summary

Electroweak Baryogenesis

• based on a testable model ←→ stringent constraints

• free from proton decay problem

other attemps:

? GUTs

? Leptogenesis

? Affleck-Dine

? Inflationary Baryogenesis [KF, Kakuto, Otsuki & Toyoda, PTP 105(’01)]

[Nanopoulos & Rangarajan, PRD 64(’01)]

? Gravitational Baryogeneisis
[Alexander, Peskin & Sheikh-Jabbari, hep-th/0405214]
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EW Baryogenesis needs extensions of the SM for

? CP violation

new sources of CP violation EDM, precise measurements of CP-viol. BR

µ, Aq, gaugino masses, θ, · · · in SUSY models

? strongly 1st-order EWPT extra scalars: 2HDM, MSSM, NMSSM, · · ·

=⇒ Higgs spectrum and couplings LHC, LC, ...

• mH > 120GeV =⇒ 1st-order EWPT in the MSSM X

• mH > 135GeV =⇒ MSSM X

NMSSM (light Higgs for 1st-order EWPT)

2HDM, etc.

NMSSM in the light Higgs scenario with heavy charged Higgs

' Minimal SM with 1st order EWPT (type-B), extra CP violation

How can we distinguish it from the MSM?
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If no Higgs found

? origin of masses (origin of symmetry breaking)

Higgsless model, technicolor, · · ·

? origin of the matter

• EW B-gensis in the Higgs less or TC model?

• beyond the EW physics

Leptogenesis, Affleck-Dine, GUTs, · · ·
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I hope that

the Higgs boson(s) will be found and

its couplings (gV V H, gbbH, etc.) will be precisely determined

within the next 5 years.

(and also the SUSY particles by that time.)

⇓
quantitative estimate of the BAU
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