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1. Introduction

Our goal is to explain

the Baryon Asymmetry of the Universe

~ (0.37 — 0.88) x 10710

«—— BBN, consistent with WMAP data

generation of BAU starting from [B-symmetric universe

i

Sakharov’'s conditions

(1) baryon number violation
(2) C' and C'P violation

(3) departure from equilibrium
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Scenarios of Baryogenesis

1. GUTs: % 1 multiplet > g, [ 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 C' P wviolation

constrained by the proton lifetime 7, > 10%?yr

discovery of the sphaleron

anomalous (B + L) nonconservation ( “sphaleron process”)
in equilibrium at T' € [Trw ~ 100GeV, 1012GeV]|

4
washout of (B + L)

BO> LO X (B — L)primordial

new possibilities of B-genesis

2. Leptogenesis, Affleck-Dine : B = —L # 0  via sphaleron process in equilibrium



3. Electroweak Baryogenesis

e (B + L)-genesis by the sphaleron process
the only B process in the EW theory

e the electroweak phase transition (EWPT) must be strongly first order
™ 10-1GeV > H(100GeV) ~ 10~ 14GeV > I'\"Y) ~ e~ Fopn/T

sph sph

e needs CP violation other than the KM phase

e free from proton-decay problem

FAB;A()(T = O) ~ 6_2Sinstanton ~ 10—164

related to physics within our reach

e Higgs spectrum
e CP violation



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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2. Why electroweak phase transition(EWPT) ?

x anomalous (B + L)-nonconservation x

* sphaleron x

* electroweak phase transition %



* Anomalous fermion number nonconservation  <— axial anomaly in the SM

Ny = number of the generations

€ 00

N |

integrating these equations,

N ty . _
B(ty) — B(ti) = 32;2 / d*z [gQTr(FWFW) — g’2BWBW}
t

= N¢[Ncs(ty) — Nes(ti)]

where N g is the Chern-Simons number:
in the Apg = 0 gauge,

1 2
Ncg(t> — /d3£E Eijk |:g2TI' (Fz]Ak — §gAZAJAk> — g/2BijBkz] .

3272



classical vacua of the gauge sector: & = S(E? 4+ B?) =0
<~ F,, =8, =0
—— A=1U"1dU and B = dv with U € SU(2)

L U(x): 8232 —UecSU(2)~S?

m3(57) ~ Z = U(x) is classified by an integer N¢ g

Energy

configuration A 4 Ngog=1
space b 7

vacuuln

Nes=0

10



background U changes with ANgcg =1 fermion: |
— AB =1 in each (left-) generation { e level crossing

e index theorem

Transition of the field config. with AB # 0

E )
> quantum tunneling low temperature .
> thermal activation high temperature
instanton
______ D >
- . N4 € config. space
transition rate with Nog =1 WKB approx. -
. : _q 42,2
At "= 0, tunneling amplitude ~ e~ “instanton = =47 /9

(& 4d solution with finite euclidean action
Instanton <

* integer Pontrjagin index ~ /d4xE FWFW

\

11



What is Sphaleron ?

sphaleros : ocpalepoo = ‘ready to fall’

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

4
Buon = 20e()\/g2) = 5.1TeV x (1.61 — 2.68) = 8.2 — 13.7 TeV
g2
(Esph ~ 9.4TeV for my, = 120GeV)
* unstable

* static (3d) solution with finite energy

x Chern-Simons No. = “1/2”

—> over-barrier transition at finite temperature

FSph ~U e_ESph/T
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% Transition rate [Arnold and McLerran, P.R.D36('87)]
W _

&b o) <T <Te w_:negative-mode freq. around the sphaleron
7

New = 26, Nior = 5.3 x 10° «+— zero modes

w? ~ (1.8 ~ 6.6)m3, for 1072 < \/g? <10, k=~0O(1)
& T >Tc symmetric phase — no mass scale

‘ Fggﬂ ~ k(awT)"
> Monte Carlo simulation (Nes(t)Nes(0)) = (Neg)? + Ae= 2PV as ¢ — 0o
k> 04 SU(2) gauge-Higgs system [Ambjgrn, et al. N.P.B353('91)]

kr=1.09+0.04 SU(2) pure gauge system  [Ambjgrn and Krasnitz, P.L.B362('95)]

‘sphaleron transition’ even in the symmetric phase.
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reaction rate: I'(T") > H(t) the process is in chemical equilibrium

a(t) |87 G T?
H(t) = —£ ~{/—p ~1.66/g,——
(t) a(t) 3/ 7 mpl

['(T') — time scale of interactions

o
1 A\ @
mean free path : \-0 = — < >
— n (») o //\\
m KT — A ~1t = mean free time . -
o //‘
[ ¢(3)
/d3k 1 gt ] T’ o o
S 3 gon/T = 9 3¢
(2m)F e/ T F 1 Z—<(2)T3 ¢(3) = 1.2020569 - - -
\ 4o
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2 o2 10 /a2\"" 10
For relativistic particles at 1", o ~ O; ~ ;2 A\~ T3 (;2) — 72T
For T = 100GeV, H~! ~ 10"GeV ™,
1 1 . .
As = — =~ 1GeV for strong interactions
Qg T1
Agw =~ > ~ 10 GeV™! for EW interactions
W T4
Ay (m_w> AEW for Yukawa interactions

time scale of sphaleron process

) o (1057 Gev T (T > Tc)
tsph = (Pspn/m) ™" =

1057~ LePsen/T GeV™! (T < Tp)



log t Hubble

sphaleron
electroweak

bﬂ\f

10'5GeV  10'2GeV Te  log a~log(T™)

If v(To) < 200GeV (eg. 2nd order EWPT), “Tyec, s.t.

Taee < T <Tc = T\ (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.

A(B + L) # 0 process is in equilibrium, for | Tc ~ 100GeV < T' < 10'2GeV |.

If AL # 0 process is in equilibrium in this range of T' = | B = L = 0!

To leave B # 0, Tarz0 < H(T) for T € [T, 10'2GeV].
——> constraints on models with AL # 0 processes.

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

— upper bound on m, < 0.8GeV

17



~ 10GeV !

T ~ 100GeV H YT) ~10"GeV ™! <« tgw ~
awTQ

. 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

1 1
Veg(0;T) = —=Tlog Z = —Vlog Tr [e_H/T]

%4 (p)=v

* dynamics — formation and motion of the bubble wall when 1st order PT

18



Vere(v;T) -

Verr(0:7) T>1.>

A A T > TC >
Minimal SM
order parameter:
L [0
. U . D) —
ivo v iUo v < > \/i (90)
2 v(T) (1) 1st order EWPT
% Uy
UC\
ve = lim p(T) #0
C
CrC CZ: CF( f

2nd order PT

1st order PT
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first-order phase transition

Veff (free energy density)

symmetric pha7 4
E broken )
phase /’\) RN
\
Pa
AB#0
o
broken symmetric
phase phase
Veo|l— — — — — -
z

bubble wall <= classical config. of the gauge-Higgs system

20



moving wall with CP violation \
AR=R'p; —R°'r #0

chiral-charge flux: | Fip ~ (Qr — Qr) X (AR)

bias on free energy along B: up o chiral charge # 0

MBFS)}Lm)

T

7.7,32—

condition for the generated B (in fact B 4+ L) not to be washed out:

r'" < H(Te) < 51

sph




3. Higgs mass and EWPT

relation between the condition| — > 1

[Veff(U;T)j

and the Higgs spectrum

mass parameter, coupling

22



Minimal SM — perturbation at the 1-loop level

1 A 2 3 _
Ver(p; T) = —5p’e” + 1904 + 2Buvip” + By* llog (f ) - 5] + V(g T)
0
3 4 4 4
where B = Y (2myy, + m7 — 4my),
0
_ T4
Vip;T) = 932 61p(aw) + 3Ip(az) — 61F(at)], (aa =ma(p)/T)

Ip r(a®) = / dz % log (1 Fe x2+“2) :
0

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

L a* .  Va? a4( 3) a*

Ip(a®) = AT —E(GQ)S/Q — —log —

7 2 4 2 4 3
Ir(a®) = i—W— 2~ L log Va? -2
360 24 16 T 16
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For

A
Ver(p3 T) = D(T? — Tg)p*~E Ty® + —-¢*
where
D = 1(2m +m3y + 2m?), E = ! (2m3y, +m3) ~ 102
vg " “ ! Ao W 4
3 4 My 4 my 4 m;
A=\ — 1672’03 (QmW log T2 + m7 log T2 — 4m; logm
1
Ty = 5D —(u® — 4Bv}), log appy = 2log (4)m — 2vE
2F T,
At Tc, “degenerate minima: ¢ = <
AT,
FéEfl) < H(To) <= % > 1 | = upper bound on A [ma = V2 ]
C

mp < 46GeV — MSM is excluded
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* Monte Carlo simulations [IMSM]

effective fermion mass : m¢(7") ~ O(1') « nonzero modes

. simulation only with the bosons

scalar fields: ¢(x) on the sites
gauge fields: U, (x) on the links

Z:/[dgdeM] exp {50, U/}

QFT on the lattice {

o SU(2) system with a Higgs doublet and a triplet  time-component of U,
[Laine & Rummukainen, hep-lat/9809045]

e 4-dim. SU(2) system with a Higgs doublet [Csikor, hep-lat/9910354]
EWPT is first order for m;, < 66.5 £ 1.4GeV

Both the simulations found end-point of EWPT at

= || no PT (cross-over) in the MSM !

= { 72.1 + 1.4 GeV
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Summary of Part 1

: .. v
e sphaleron decoupling condition : T—Z > 1

upper bound on the Higgs mass

e In the Minimal SM, this bound implies that m; < 66.5GeV

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

extensions of the SM which admit

* strongly first-order EWPT

* sufficient CP violation



4. EWPT in the MSSM

superpotential: W =yQrBrH s —y:QrTrH,

0
2 Higgs doublets: Hy > &, = (;fﬁ) :
d

Higgs potential

2

Vo = m3®!® 4+m3d] &, — (mie;; 0407 + h.c)+ 2

9+91

_ ,quHu

oo, = (%)

d

2 2
(@] @a - @f@,) + 192 2 |ole,

all the parameters are real: no CP violation

2
mi o =m?2 . + | vo and tan (3

Y

The Higgs mass is not completely a free parameter.
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1
—e
V2
vacuum: vy = /v5 + 02 = 246GeV, tan 8 = v, /v
1 Nambu-Goldstone mode in (a4, a,) and 1in (¢, ¢.)

1 .
After EWSB ¢2=ﬁ<vd+hd+z‘ad>, do = —=€"" (v, + hy +ia,)

physical modes: 3 neutral (h, H, A), 1 charged (H ™)

tree-level masses

1
i = 5 [ il e g co(25)).
Re(m2et?)
2 _ 3 2 =m?2 2
Ma = sin 3 cos (3 M = AT

mp < min{my,ma}, my > max{my,ma}

These bounds recieve radiative collections from

mp, < 135GeV [Okada, et al. PTP85 ('91) 1]
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One-loop Effective potential

N¢

Verr = Vo + 592

q=t,b | j=1,2

mass? at the one-loop level

|

/ 0%V g
ahfl

0%V g

2 ].

1 aQVeﬁr
\ cos B \ Ohg0aq,

)

(T =0)

> ()

m*(vgq, vy, 0): field-dependent mass

0%V g >

(

1

0%V g
Bh2

sin 3

2

CP—COHSGI’VIng M33 — mA

sin 3 cos (3

2

(soo)
D¢y Obu

0%V g

)

CP violation in the squark sector o< Im (MAqew)

3
2

) - 2(m;)” (log

1

cos (3

1

(

0*Vog

sin 3
1

(

0’V g

0%V g

sin B cos B \ Oayg0ay

M137 M23 7& 0

\

)

2
Mg

M2

3
2

|




mass eigenstates: (Hy, Ho, H3)

hq H,
hu =0 Hs ) OTMZO — diag(m%{p m%{y m?‘]g)
a H3

gauge and Yukawa interactions

_ Z Z,LL g2 «—
Eaauge ~ g21mw gvv i, <W;W " 2 0022 «9W> Hi+ 2 cos Oy 97 m;H; 2" <Hi8”Hj)

gamy — :
Ly ~ 5 b(gégbm + @’7595)@)[? H;
myw

corrections to the couplings

JgvVvH;, — O1;cos 8+ Os;sin 3

1 :
9ZH;H; = 5 [(0373013' — 033'017;) sin 3 + (037;023' — OSjOQi) COS 5]

1 P 2

S 2 S P 2
9vbH; = Olz‘@a 9vbH; = —O3; tan f, 9vbH; = (gbei) + (gbez.)
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* Electroweak phase transition

Vet (0;T) = Veg(v;T) + 6 Z Z 27_‘_2 (

q=t,b 3=1,2

AP

where m? is the eigenvalues of

2 2 2
m2+(S - E)0r - o)+ G 2 G+ A — i)

Mi=| " Y TP

* my = a (v — v+ Fo;
light stop scenario [de Carlos & Espinosa, NPB ‘97]
2 2 _
m7 =0orm; =0 smaller eigenvalue: m~ ~ O(v?)
: : I 5 372 3
high-T expansion: A;Veg(v;T) — — G—(mgl) ~ —Tv — 1st order PT
T

more effective for larger y; — smaller tan
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An example: tan 5 = 6, m;, = 82.3GeV, m 4 = 118GeV, mg, = 168GeV
Ikw:S%}4GeV,vC::]29GeV

150

| 2.0x108
| 1.8x10°
| 1.6x10°
— 1.4x10°

1.2x108
1.0x108
8.0x10°
6.0x10°
4.0x10°
2.0x10°

0.0x10°

‘/eff(vlav27 U3 = OaTC)

1.4

1.2+

0.8

0.6

v/ 1

tanp

6.5

6.4

6.3

6.2

6.1

6

mfR (GeV)

T T T T T T T
0 10 20 30 40 50 60 70 80

[KF, PTP101('99)]

GeV
200

1807£;I,//

160+

140+

120 Ny

100

80 my,

60

T T T T T T T
0 10 20 30 40 50 60 70 80
mTR(GeV)

mj -dependence (tan 3 = 6)
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* Lattice MC studies
e 3d reduced model [Laine et al. hep-lat/9809045]
strong 1st order for mi, < My and mj; < 110GeV

e 4d model [Csikor, et al. hep-lat/0001087]
with SU(3), SU(2) gauge bosons, 2 Higgs doublets, stops, sbottoms
Aip=0,tan8 ~ 6 —— agreement with the perturbation theory within the errors
106 | | | |
04f =
wh | ma =500 GeV
- /UC%/11j > 1
below the steeper lines
Y
i \ max. my, = 103 + 4 GeV
mg. =590 GeV N
92 - ms, =630 GeV NG for m;, ~ 560 GeV
90 | | | \

165 170 175 180
ng [GGV]
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Excluded by ILEP
(Preliminary) 7

light stop: my;, =0

negative soft mass®: mj, >

7100 ' 120
rnho (GeV/c )

—(65GeV)?

[PDG,
http://ccwww.kek. jp/pdg/]

[Laine & Rummukainen, NPB597]
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* Effects of CP violation on the EWPT
EWPT in the light-stop scenario

(> scalar-pseudoscalar mixing
Im(pAe?) #0 = ¢ ©induces § = Arg(m3)
| ® weakens the EWPT

field-dependent mass? of the lighter stop:

2 2 2 93 9% 2 2
mq~+ T YUy, + (Ud_vu)

[Carena, et al., NPB586]

[KF, Tao & Toyoda, PTP 109('03)]
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tan 8 = 10, u = 1500GeV, |A| = 150GeV

mass of the lightest Higgs boson (CP conserving)

R 111 A
I S~—
"3'(’)" /8!1110\ 140
HHTCLs
Il \ \ N
0
10000y TS 30
I
I
(AR —
g AN
3000 I/I/H \ 120— 120
il
gl i
1L
1000 1 A200 A:500 1000 A-2000
100  AT150 549 500 1000 2000
myt(GeV)

Oc+0

)

Oc

A-150
GeV rad
120 3
Uc Tc
115 257
110 2
105 1.5
M
100 1
95 0.5 -
90 0

5A(deg)

T T T T T T T T
0O 10 20 30 40 50 60 70 80 90

T T T T T T T T
0 10 20 30 40 50 60 70 80 90

5A(deg)

A-500
GeV rad
120 0.04
0.02
115
07
110 4 -0.02
[
-0.04
105
-0.06
100 -0.08
-0.1 1
l 012
90 T T T T T T T -0.14
0 10 20 30 40 50 60 70 80 90
dA(deg)

T T T T T T T T
0O 10 20 30 40 50 60 70 80 90

0 4(deg)

36



* Large CP violation and light Higgs [Carena, et al., NPB586]

OPAL preliminary

; 140 : T T T I T T T I T T T I T T T I T T T E — 180 - m- ‘ ‘ ‘ ‘
S f 3 % E- - ® MSSM CPX i
~ 3 3 o 170 g &
E'i 120 =] ‘; I F —
= 3 j==] ]
SI0E N 3 g 160 )
E 100 E_ _E 150 7; 10 E
3 3 140 = E
80 £ 3 130 = -
70 E M+ = 150 GeV, tanf =4 . E 3 L
E W=2TeV, IA)=1A)=1TeV ' 120 = |
60 E Mgy = 05 TeV, - m(gluino) = 1 TeV s E 110 _ = - .
50 é_ m(Wino) = m(Bino) = 0.3 TeV ' _é 100 = :I‘heoreti_cally é 1 b ’!‘heoretl'cally .
40 PRI S N ST T W T TN TN TN ST NN N SN RN ANS SNTA VNN inaccessible I E inaccessible ]
0 20 40 60 80 100 120 90 ] -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
arg (A) = arg (A,) [deg] 0 50 100 0 200 400
@ m,,, (GeV) m,,, (GeV)
% T T T ‘ T T T % \(d) T T ‘ T T T ‘ T
N § 1 pPr—rT17rTrT 17777177 L 8 MSSM CPX & I MSSM CPX 7
- 10 — 10 - —
T Theoretically Theoretically
J 1 . . - 1 . . —
C inaccessible ] r inaccessible ]
Conollonnllonnllonallonnllonnllons] Gonnllannnllnnnsllosnslloanallannnllanssllinsallanallnnndl
I I I I I I I I I I I I I I I I n I I I I I I 0 50 100 0 200 400
0 20 40 60 80 100 120
arg (A) =arg (A,) [deg] my, (GeV) my, (GeV)

(b)

OPAL PN524 (July, 2003) CPX scenario

The EWPT in the light-Higgs allowed region has not been investigated.
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5. EWPT in the NMSSM
W = i (1 HAQ'B — yeHiQ'T + yHYLIE — \NH}H]) = ZN°

A(N) ~ p in the MSSM

Loott D —m?\,n*n + [)\AAanHu + gA,inS + h.c.] .

tree-level Higgs potential:

Vo = m20id,+m2eid, +minn — ()\AAeianI)iZCI)Z n gA,inS n h.c.)
g5+ 97 2
8

AP ntn (cpgcpd + chcbu) + | Aei; B5D7 + kn’

n <<I>T<I> _ 3l e )2 g—g‘qﬂcb
d*d u=xU =+ 9 dEu

‘ 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 (AA,\ei(‘g*@)) , Im (kA,e*?) , Im (Am*ei(9—2¢))

3. v, — oo with \v,, and xuv,, fixed MSSM [Ellis, et al, PRD 39]

—— new features expected for v, = 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]

39



mass matrix of the neutral Higgs bosons

M2

0*Veg 8%V
Y=Y 2 2
<ahz‘3hj > <3hz‘3aj extract NG modes MS MSP
T
O Ve 0 Veg (M2%p)  M%
8alf')hj 8&1'8613'

MZ 3 x 3, MEL:2x2.  Mip: 3x2
(hgy by, by @y ay),

, Im ()\fﬁ;*ei(QO_ZS"O)) at the tree level
MSP 0.4

Im ()\funAt,bei(QOJr‘PO)) at the one-loop level

charged Higgs mass

m2 L 1 82‘/eff . <m2 )MSSM |
H= ™ sin By cos Bo 0 0du | HE) p=done#0/v/2
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At the tree-level,

(R)\ — Rgn) vn tan B + mZZ cos2/3 — (R)\ — Rgn) vn — m2Z sin 3 cos 3 + |)\|2 vguu —Ryvu + Royvn + |)\|2 vVqUn

./\/l%v = (R)\ — R§n>vnc0t6+m2zsin26 —Ryvg + Rvgun + |A|2vuvn
R}\’Ug;iu + 3Rkvn + 2 |,'-<v|2 v%
M2 = (R)\ - %Rvn) sin gZOSB (R + Run)vg
P v% sin B cos 3 ’
(Ry + Rvn)vg Ry T + 3Rkvn — 2Rv vy
0 %sinﬁ
M%P = 0 %cosﬁ Tvgon.
—% —2sin B cos (3
where we have defined
1 i(0o+¥0) 1 ACARRN
R)\ — —Re )\AAB y I)\ = —Im )\A}ﬂ ,
V2 V2
1 Bie0 1 ite0
R, = —Re (KJA,{B ) : I, = —Im (/iA,{G ) :

V2 V2
R = Re (A/@*ei(eo_Q‘PO)) : 7 = Re (A&*ei(QO_QS"O))
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oV, oV,
We have used the tadpole conditions: Ty — TN —0
8hz 8@2-
2 1 1, A
mi = | Ry — iR’UQn Von, tan By — 5"z cos(20p) — 7(’00” +vd,) 4
> _ (g1 L2 CPE
m5 = | Ry 2Rv0n Von, €Ot Bo + 5z cos(20p) 5 (v3, 4+ v5y) + -
2 V0odV0u |>‘|2 2 2 2 2
my = (Rx —Ruvon) o + Ryvon — T(UOd + vgy) — K" Vg, + o
1 3 u
I = STvon+-+-, I, = -7 2%
2 2 Von
We shall use my+ instead of Rjy:

Von
sin 260

1
o :m%/—i\)\\QUQ—I— (217, — Rovon) + -
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Definition of the couplings

(1) ()
P H,
gauge vs mass eigenstates: | h,, | = O| Hj |, O M20 = diag(m%ﬁ, e ,m%,5)
a H4
o)\
Lgauge 2 921w GV v H, (W;W_M + 20032 QWZMZ“) H; + 265829W92H¢HjZM(Hz’8qu)

ga21y
['Yukawa > —
QmW

B(Q&H@- + W%zﬁm)b H;

2

gvvi, = Oricos B+ Og;sin
1 .
{ Y9YZH;H; = 5 {((942'023' — (94]'(927;) cos 3 — (047;(913- — (943-(91,&-) sin ﬁ}

1
S o =y — L = —Oy4tan
\ IvvH; 1zCOSﬁ7 9IvbH;, 41 6

IvbH; = (gbeZ-) + (gbei>
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* MSSM vs NMSSM

tree-level mass relation (CP-conserving)

mp < min{m 4, mz} ma, <m < ma,

my > max{ma,mz} For m > vg, vy, mg, < mg, <m < mg,
A2 2 2 2.2

2 2 2 M= =mye —miyy + A7 v5/2

m = m5 +m

gt —'"vA %%

tree-level vacuum

The tadpole condition <—> = Even if the tadpole conditions are satisfied,

is sufficient for the EW vacumm the prescribe vacuum (vod, vou, von) is 10t

(vod, Vou) to be the global minimum always the global minimum.
of the potential.

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

vacuum condition

The vacuum (vg, von, tan By, 0o, wo) be the global minimum of Vg.

spectrum condition

The neutral Higgs boson with |gy/y 7| > 0.1 be heavier than 114GeV.

We scanned the parameter space for (CP-conserving case)
tan By = 2 — 10, vg, = 100 — 1000GeV, my+ = 100 — 5000GeV,
—1000GeV < A4, <0,0<)A <1, -1 <k <1

(1000GeV, 800GeV) heavy-squark
(mg, mg, =m; ) =< (1000GeV,10GeV)  light-squark-1
(500GeV, 10GeV) light-squark-2

At = Ab = 20GeV



e.qg., tan By = 3, von, = 200GeV, my+ = 400GeV, A, = —200GeV, heavy squark

spectrum condition
L

Vetr(0) < Vige(vg)

— vacuum condition

.r Heavy Higgs

T T T
0 01 020304 0506 07 0809 1

A
p) p) p) p) p)
A R M H M Hy M Hg MHy MHay | 9vvHy, 9vVvH, 9vvHs 9VVH, YIVVHg
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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Effects of CP violation
0. = Argr + 39 Argh + 6y + oo = 0
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0 0.050.10.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
/ /
oL /m [rad] oL/ [rad]

48



* 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 (7) argument [Pietroni, NPB402('93)27]

[ vy =wvcos B(T) = 1y cosa(T) cos B(T),
order parameters : ¢ v, = wvsin G(T) = ycosa(T)sin (T,

v, = ysina(T)

\

1 2

Vo = 2 ((m3cos? B+ misin® B) cos” a + my sin’ ) o

1
— (choszasinozcosﬁsinﬂ—l—gRﬁsin‘ga) TR

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 dimension of spacetime

symmetry of the system

various phases and transitions
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possible phases and transitions

phase || order parameters symmetries
EW v#0, v, #0 fully broken
l, I’ v=0,v,#0 local SU(2), x U(1)y
| v#0,v,=0 global U(1)
SYM v=1v, =0 SU(2)r x U(1)y, global U(1)

phase-l : heavy Higgs

phase-l": light Higgs

4 types of phase transitions

A: SYM | = EW
C: SYM = Il — EW

“j”

B: SYM — | = EW
D: SYM = EW

. EWPT
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expamles of the phase transitions in the CP-conserving case

common parameters: tan By = 5, v, = 200GeV, A, = —100GeV

A | mg+ =600GeV (A, k) =(0.9,—0.9) light-squark-1
B | my+ =600GeV (A, k) =(0.85,—0.1)  heavy-squark
C | my+ =600GeV (A, k) =(0.82,—0.05) light-squark-1
D | myg+ =700GeV (A, k) =(0.96,—0.02) light-squark-2
Higgs spectrum and V'V H-couplings
Hy H, Hs Hy Hs
m,(GeV) 119.53 203.59 265.74 617.24 637.47
Jvva, 0.9992 5.926 x 104 0 0 1.884 x 1074
m,(GeV) 38.89 75.31 131.11 625.61 627.95
gvve, | 6.213x107° 0 0.9999 6.816 x 107? 0
m,(GeV) 42.24 63.49 117.25 625.09 627.44
9x2/VH7; 0.00188 0 0.9980 9.541 x 107° 0
m i, (GeV) 41.88 58.62.08 115.15 730.51 734.58
IV, 0 1.015 x 107*  0.9997 1.632 x 10~* 0

A: heavy Higgs (MSSM-like), B, C, D: light Higgs
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reduced effective potential:
‘/eff(va Unjs T) — %H(UCOS 6(T)7 USinB(T)v 07 Uny 07 T) o ‘/eff(oa 07 07 Oa 07 T)

GeV type-A  A=0.9, k=-0.9 GeV type-D  A=0.96, k=-0.02
300
1x108 1x108
ox10°
5x107
-1x108
Uy, ox10°
-2x108
-5x107
-3x108
-4x108 -1x108
0 T T T T T 1 T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
v GeV v GeV
GeV type-B A=0.85, k=-0.1 G% type-C A=0.82, =-0.05
1.0x108 1x10°
600 8x10”
7 6x107
5.0x10 500
4x107
0.0x10° 400 2x10”
Up, Un, ox10°
-5.0x107 -2x107
-4x107
-1.0x108 -6x107
-8x10”
-1.5x108 Ax108
T T T 1 T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
v GeV

v GeV



Vetr (GeV?) A=0.9, k=-0.9
-2.0x108
1
~
1
-2.5x108
EW
-3.0x10%
-3.5x10° T T T T T T
0 20 40 60 80 100 120 140
T (GeV)

Vef (GeV?)

A=0.85, k=-0.1

0.0x10°

-5.0x107

-1.0x108 ]

T sYM

-1.5x108 T
0 20

T T T T T T T T
40 60 80 100 120 140 160 180 200

T (GeV)

* How the phase transitions proceed

type-A

Vefr (GeV?)
2.15x108

2=0.9, k=-0.9

-2.16x10%

2.17x108

2.18x108 T T T T
120 1202 1204 1206  120.8 121

T (GeV)

type-B

Veft (GeV4)

-6.2x107

A=0.85, k=-0.1

-6.3x107 |

-6.4x107
-6.5x107 ]
-6.6x10 ]
6.7x107 ]
-6.8x10" ]

-6.9x107

-7.0x107
110 1102 1104 1106  110.8 11

T (GeV)

(v,v,) = (106.92,194.23)(GeV)
To = 120.47GeV
(0,192.75)(GeV)

(v,v,) = (208.13, 248.85)(GeV)
To = 110.26GeV
(0,599.93)(GeV)
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Vot (GeV?)

A=0.82, k=-0.05

0.0x10°

-5.0x107 ]

SYM

-1.0x108

T
100 120

0 20 40 60 80
T (GeV)
Vefr (GeVY) 2A=0.96 k=-0.02
0.0x10°] I
SYM
-5.0x107
EW
-1.0x108 T \ ‘ ‘ ‘
20 40 60 80 100 120
T (GeV)

type-C

Veft (GeVY) 2=0.82, k=-0.05
5.0x10°
SYM
0.0x10° T T
-5.0x10%

-1.0x107

Vet (GeV?)

99

T T T T
101 103 105 107

T (GeV)

type-D

A=0.96 k=-0.02

2.0x108

0.0x10°

-2.0x10%]

-4.0x108

-6.0x10°]

-8.0x108

EwW

-1.0x10”
98

T
99

T
100

T T T
101 102 103
T (GeV)

(v,v,) = (194.27,173.75)(GeV)
Tn = 98.76GeV
(165.97,0)(GeV)

(109.54, 0)(GeV)
Tc = 107.44GeV
(0,0)

(v,v,) = (182.49,192.26)(GeV)
Tc = 103.14GeV
(0,0)
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type-A MSSM-like EWPT

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

type-B new type of 2-stage PT

leap from (v(Te_ ), v, (Te—)) to (0,v,(Tey))
strongly first order EWPT (no light stop is needed)

type-C new type of 2-stage PT

EWPT proceeds along v,, =0
a light stop is needed for it to be strongly first order

type-D 1-stage PT

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: d,, with dgpyv = 0 and 0y = g =0
tan 60 = 5, Von = QOOGGV, AK/ — —100GeV
m g+ = 600GeV, (A, k) = (0.83,—0.07), heavy-squark

S H, H, H; H, H-
o | ma(GeV) 38.89 75.31  131.11 625.61 627.945
Gy | 6.213x107° 0 0.9999 6.816 x 10~° 0
01 mHQZ.(GeV) 40.04 7324  131.20 625.54 627.56
' Jvve, | 2749 x107° 0.00169 0.9982 6.570 x 107° 2.363 x 10~°
09 mHQi(GeV) 43.21 66.95  131.38 625.40 627.85
' IV H, 3.133 x 107> 0.00531 0.9946 6.132 x 107> 6.407 x 107°
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4 4
Vet (GeVv?) §,=0 Vet (GeV') §,=0.17 Veft (GeV) §p=0.2m SYM
0.0x10

I 0.0x10°]

-5.0x107
-5.0x10”

o | -1.0x108
-1.0x10

EW

-1.5x108 -1.5x10°

-1.5x108 T T T T T T T ‘ ‘ T T T T T 1 1 1 1 T T T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

T (GeV) T (GeV) T (GeV)

0 = 0; at Ty = 133.22GeV, (v,v,) = (180.74GeV,195.49GeV) — (163.16GeV, 0)
at Tc = 158.27GeV 26.33GeV,0) — (0,0)

. (v, vn)
- (v,00) = (
5. = 0.17; at Ty = 136.58GeV, (v,v,) = (173.99GeV, 195.88GeV) — (154.78GeV, 0)
at Tc = 158.27GeV, ( ) = (26.33GeV,0) — (0,0)
- (v,00) = (

200.62GeV, 208.93GeV) — (0, 750.93GeV)

U, Un

v, Un

0, = 0.2m; at T = 120.16GeV
type-B

V, U,

In the phase-ll of type-C PT, 0(7T") = Arg(vy + iv3) is undertermined
For 8, = 0.2, o(T) = 0.05(EW) — 0.215(")
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6. Summary

Electroweak Baryogenesis

e based on a testable model «— stringent constraints

e 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

x CP violation

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

u, Ay, gaugino masses, 0, --- in SUSY models

* strongly 1st-order EWPT extra scalars: 2HDM, MSSM, NMSSM, - ..

Higgs spectrum and couplings

e my > 120GeV 1st-order EWPT in the MSSM X

e my > 135GeV MSSM X
NMSSM (light Higgs for 1st-order EWPT)
2HDM, etc.

NMSSM in the scenario with heavy charged Higgs
Minimal SM with 1st order EWPT (type-B), extra CP violation
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If no Higgs found

* origin of masses

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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| hope that
the Higgs boson(s) will be found and

its couplings (gvv m, g, etc.) will be precisely determined

quantitative estimate of the BAU
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