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1. Introduction
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Baryon Asymmetry of the Universe: B ’ b
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Sakharov’s Conditions scenarios to explain the BAU

e GUTs
1. Baryon number violation

o Affleck-Dine
2. C and CP violation

e Leptogenesis
3. Out of equilibrium

* EW Baryogenesis
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Anomalous (B + L)-nonconservation in EW theory

suppresed at 7" = 0 by e~ ?%instanton ~ 1()~ 164

at T < To ; T} ~ TP/ T

at T >To ; T™ ~ raw T — (k~1.1)

mfp (time scale) of elementary processes: \ -0 =

m << T — )\ ~t= mean free time

S|
©
Q
©

For relativistic particles at 7',

o?  o? 10 <a2)1 10
ga=T
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10"°GeV  10'2GeV Tc  log a~log(T™)

If v(T) < 200GeV (eg. 2nd order EWPT), “Tyee, s.t.
Taee <T < Te = 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

(i) 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 my in the seesaw model

— upper bound on m, < 0.8GeV
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T ~ 100GeV H YT) ~10"GeV ™! < tpw ~ ~ 10GeV !

()éV[/T2

. 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) = —=T'log Z = —Vlog Tr [e_H/T}

%4 (¢p)=v

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

Vet (v; T) paramters of the model mass, coupling of the Higgs bosons
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2. Higgs mass and the EWPT in the MSM

3. EWPT in the MSSM

4. Phase Transitions in the NMSSM

5. Summary
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2. Higgs mass and the EWPT in the MSM

perturbation at the 1-loop level

1 A 2 3 _
Verr(p; T) = —§u2¢2 + 1904 + 2Bvgp* + By® [log (%) —~ 5] + V(e T)
0
3 4 4 4
where B = 647T2U§ (2my, +m>y — 4my),
N T4
Vip;T) = 532 6/p(aw) + 31p(az) — 61F(as)], (aa =ma(p)/T)
Ig r(a®) = / dz z° log (1 Fe Vv w2+a2) :
0
high-temperature expansion [m /T << 1]
Tt 2 T a* \/? a* 3\ a*
() = T 2 T oo G, VA~ 4 22 L ot
(%) = =g+ 0 @) 6% 4 "1\ ) 5 TOW)
Tt w2 a? \/? a* 3
Ip(a?) = L T2 _ @ g Y (2 £ 0(a8
P) = 560721 T 1618 T T 16 (7’5 4) +0(@)
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For

A
Vert(9; T) =~ D(T? — T2)p?~E Tp> + -

4
where
1 1 3 3 —2
D = 8v0(2mW+mZ+2mt) E = 47w8’(2mw+m2) ~ 10
3 4 myy 4 my, 4 m;
A = A — 167T2’061 <2mW log o l? + my log o2 — 4m, log P
1
T3 = 2D(,u — 4Bv3), log appy = 2log (4)m — 2vE
2T
At Tc, “degenerate minima: o = <
AT,
D) < f(T; 705 bound on A = V2\
sph c) — To R — upper bound on [mp = Vo)

my < 46GeV — MSM is excluded
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* Monte Carlo simulations

effective fermion mass : m¢(71") ~ O(T') < nonzero modes

". simulation only with the bosons

QFT on the lattice {

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

Z:/[dgdeu] exp{—5g|¢0,U,l}

o SU(2) system with a Higgs doublet and a triplet

e 4-dim. SU(2) system with a Higgs doublet

time-component of U,

[Laine & Rummukainen, hep-lat/9809045]

EWPT is first order for m;, < 66.5 + 1.4GeV

Both the simulations found end-point of EWPT at

h = { 721+14GeV

no PT (cross-over) in the MSM !
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3. EWPT in the MSSM

superpotential: W =uyQrBrHy—yQrTrH, — nH H,
o o
2 Higgs doublets: H;> &4 = <¢§> : H,> ®, = ( 3 )
d d

Higgs potential

95 + g3 2

o 2 2
Vo = m2®®y+m20!d, — (mie; @107 + h.c.)+ (cbjlcbd - @L@u) +%2 |<I>jl<1>u

all the parameters are real: no CP violation

2
mi o =m2 + |pu|” < vo and tan 3

Y

The Higgs mass is not completely a free parameter.
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1 1
After EWSB 0= —(vqg+ hg+iag), ¢)=—e¢
Dd \@( i+ ha+iaq), ¢ 7
vacuum: vy = /v3 + v2 = 246GeV, tan 8 = v, /vg
1 Nambu-Goldstone mode in (a4, a,) and 1in (¢, ¢.,)

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

Z'Q(Uu + hy +iay,)

tree-level masses

1
Mho = 2 [m% +m% F \/(mzz +m})? — dmZm3 cos?(26) | ,
Re(m?2et?

~ sinfBcos g’

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

radiative collections from

mp, < 135GeV [Okada, et al. PTP85 ('91) 1]
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One-loop Effective potential || (7' = 0)

— 9 _ o
NC _ 9 2 mqj 3 ) 2 mq 3
Vir = Vot 55 > | 2 () <log o ~z) 720\ lee g 3

g=t,b | j=1,2

m?(vg, vy, 0): field-dependent mass

mass® at the one-loop level
( 82Veﬂ' 82Veff 1 82Vef—f \
oh? Oh 0hay cos B \ Ohg0ay
MQ — 82Veﬂ' 82Veff 1 82Veff
OhgOhy, 8h% sin 3 \ OhyOay
1 82Veff 1 62Veff 1 82Veff
\ cos 3 \ Ohg0ay sin 8 \ OhyOag sin B cos B \ Oag0ay,
2
HE — . + _
sin G cos B\ 0¢p ) Ou

CP-conserving — M3, = m?%
CP violation in the squark sector o Im (,quew) = M3, Moz # 0

— Phase Transitions in the NMSSM— 13/39



* Electroweak phase transition

Ve (v;T) = Veg(v; T) +62 227@ ( >+...’

q=t,b3=1,2

where m? is the eigenvalues of
J

2 2 2
m2+(E - D)oz — o)+ % 2 (uva+ A — )

2 tr, 2
Mi = 2 Gi(,2 _ 2\ Ui, 2
* my = (v, — v oy
light stop scenario [de Carlos & Espinosa, NPB ‘97]
2 2 - . 2
m7 =0orm; =0 smaller eigenvalue: mj ~ O(v?)
: : I 3/2 3
high-T expansion: A;Veg(v;T) = —3 6—(m£1) —Tv — 1st order PT
7

more effective for larger 1y, — smaller tan 3
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An example: tan 3 = 6, my, = 82.3GeV, my = 118GeV, m;, = 168GeV

Toc = 93.4GeV, vo = 129GeV [KF, PTP101('99)]
150 —
| 2.0x10°
| 1.8x108
| 1.6x10°
- 6
1.4x10 GeV
1 o108 1.4 6.5 200
1.0x10° ve! Te and 4., ™9 my,
127 160-
8.0x10°
6.3
6.0x105 1407
4.0x10° o2 1201 T4
100}
2.0x10° 087 e,
0.0x10°
! - 0.6 T T T T T T T 6 60 T T T T T T T
0 5 10 15 20 25 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
(%t My (GeV) My (GeV)
Vet (v1, V2, v3 = 0;T¢) m; -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 mg, < my and my, < 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 | | | |

104 - -

102 i m 4 = 500 GeV

= Uc/TC > 1
below the steeper lines
Y

max. my = 103 = 4 GeV
for my =~ 560 GeV

165 170 175 180
mfR [GGV]
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540 “’ ‘o 7

Excluded by ILEP
(Preliminary) ;

by Theory

100 1

mho (Gev/ich  [PPG |
http://ccuww.kek. jp/pdg/]

light stop: my;, =0

negative soft mass®: m; > —(65GeV)? [Laine & Rummukainen, NPB597]
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3. EWPT in the NMSSM

W = € (o HLQ'B — y, H.Q'T + y HiLE — ANH}HY) — gN?’

A(N) ~ p in the MSSM

Lot D —m?\,n*n + {)\A,\anHu + gAmn3 + h.c.} :

tree-level Higgs potential:

Vo = m%@jﬂ)d + mgch;% + min*n — ()\AAeianI)ZCI){L -+ gA%n?’ -+ h.c.)
g5 + g1 2
8

+AP n*n (CIDZ;CIDd + (I)L(I)u) + [N @LPI + Kn”

_|_

2 92
(22s - of0,) + 2 |olo,

‘ 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 ()\A,\ei(eﬂ")) , Im (K,A,ie?’w) . Im ()\,i*@i(9—290))

3. v, — oo with \v,, and xv,, 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, PTP 113 ('05)]

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

* sphaleron solution [KF, Kakuto, Tao, Toyoda, hep-ph/0506156]
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mass matrix of the neutral Higgs bosons

a2Vveff 82Veff 2 9
MQ _ Oh;Oh; Oh;0a; extract NG modes MS MSP
T\ (e ) [V > (M2p)" M2
aaiahj 8@1'8@]' SP P

M%Z:3x3,  Mp:2x2. Mzip: 3x2

where the basis is (hq, by, hn, a, ay),

Im ()\/ﬁ:*ei(HO_Q‘PO)) at the tree level

MZ, x ,
o Im ()\vnAt,bez(QOﬂOO)) at the one-loop level

charged Higgs mass

2. — 1 Vg \ (m? >MSSM |
H= ™ sin By cos Bo 0o 0du | HE) p=Xvye'#0/y/2
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At the tree-level,

(R)\ — Rgn) vp tan B + m2Z 00826 — (R>\ — Rgn) vn — m2Z sin 3 cos 3 + |>\|2 vguu —Ryvu + Royvn + |)\|2vdvn

M% = (R)\_ Rgn)vncotﬁ+m2zsin2ﬁ —Ryvg + Rvgun + |A|2vuvn
R}\Ug:)lu + 3Rkvn + 2 |m|2 ’U%
2 (RA - %Rvn) sin EZOSB (R + Run)vg
Mp = UZSinBcosB ’
(Ry + Run)vg Ry 0 7 + 3Rgvn — 2Rv vy
0 %sinﬂ
M%«p = 0 %cosﬁ Tvgvn.
—% —2sin B cos 3
where we have defined
L i(90+0) L i(90+0)
R, = ﬁRe AA e\ ) I,\:ﬁlm AAe"0 :
1 3100 1 310
R, = ﬁRe (/{A,{e ) : 1. = \ﬁlm (/{A,Qe ) :
R = Re (Am*ei(eo_w‘))) : 7 =1Im ()\/i*ei(go_w()))
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oV, oV,
We have used the tadpole conditions: < ff> < ﬁ> 0

Oh; Oa;
‘= (R 1R t _ L2 260) — ﬁ 2
mi = A~ 5 Ron | von tan Bo 5"z cos(20p) 5 (v3, +v3,) + -
1 1 A
ms = (RA — iRUOn) Vor, cot By + §m2Z cos(20p) — %(Uon +vgy) + -
2 V0dV0u A7 5 2 o
mpy = (R)\ - RUOn) Vo + R/{/UOn - T(UOd + ’Uou) — |/{,’ UO?’L + ...
1 3 "
Ty = ~Tvgy + -+ I — _ 3 Yol
2 2 Von

We shall use m g+ instead of Ry:

Von
sin 2 60

1
m?{:l: :m%/v—§|)\|2’02—|_(2R)\_R/UOn) +
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Definition of the couplings

[ ha H,
AN
gauge vs mass eigenstates: | h, | =0 Zg , OT M0 = diag(m%ll, c ,m%IS)
Qa 4
\an ) \ 5
_ 1 go g
Loauge A\ wiwe Z,Z" | H; 1. ZM(H; 9 ,,H,;
gaug 992ngVVHZ( " +2€OSQ o 2P > +200 QWQZHZHJ (H;0uH;)

ga2my
QmW

/

gvvH, = O15c08 B+ Og;sin 3

1 :
{ 9ZH,H; = § {((941(92]' — O4j(92z') cos 3 — ((947;(91j — 043'(917;) S1I 5}

1
gbe — Olz Sﬂ gézHi = —(y; tanﬁ

\
2

Jopr, = (gbei)Q + (Gom,)
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* MSSM vs NMSSM

tree-level mass relation (CP-conserving)

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

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

, , , M= = mis —myy + |7 vg/2

m = M5 +m

gt — '""tA W

tree-level vacuum

The tadpole condition <8—> = Even if the tadpole conditions are satisfied,
Pi : -
is sufficient for the EW vacumm the prescribe vacuum (voa, vou, von) is not

(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 (v, von, tan By, Oy, o) be the global minimum of Vig.

spectrum condition

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

We scanned the parameter space for (CP-conserving case)
tan By = 2 — 10, vg, = 100 — 1000GeV, m g+ = 100 — 5000GeV,
—1000GeV < A, <0,0<)A <1, -1 <k <1
(1000GeV, 800GeV) heavy-squark
(1000GeV, 10GeV)  light-squark-1
(500GeV, 10GeV) light-squark-2

At = Ab = 20GeV

(mg, mi, =m; )=
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A necessary condition for the vacuum condition: Veg(vg) < Veg(0)

2,2 2,4 2 3
5 _ 2|\ “vg, 2|kl vy, | RY, 4R,
M+ . 2 2 .2 - 2 i 2
sin“28y,  wvgsin“2Gp sin20  3vgsin® 205

+m3, cot? 26y + miy

for fixed (A, k), upper bound on m+

this bound becomes irrelevant in the MSSM-limit

for fixed m g+, an elliptic region in (A, x)-plane is excluded

the region shrinks to a point for vg,, — 00

We excuted numerical search for the global minimum of V.g to
ensure the vacuum condition.
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e.g., tan By = 3, vo, = 200GeV, my+ = 400GeV, A, = —200GeV, heavy squark

spectrum condition
—

Verr(0) < Vegt(wo) . .
Light Higgs
/

- vacuum condition

p S Heavy Higgs
0 0.1 02 03 04 05 0.6 0.7 0.8 y 1199
A
2 2 2 2 2
A ,4, MHy  M™MHy  ™MHy  ™MHy  MHy | 9yvHy Y9VvVH, 9vvH3 9vvH, IVVH:
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 4254 456.4 0.828 0.170 0 0 0.0028
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along the line of A = 0.9

[GeV |

400
350
300}
250
200}
150
100

50

L
.....
.
3

.
.,
e
.

0

L L B L B B R R RN RN RN R
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Y

A e B B amman

-1 -0.9-08-0.7-0.6-05-04-03-02-01 0

K

0.0005-

0

7 gz
1 9vvH

\rT—\‘rT'\\3r7\\"7'\\FTT\FW'\{T'T—\\FT'\\FT\\F\ T ﬁ
1 -09-0.8-07-06-05-04-03-02-0.1 0

K
2
] 97 H, Hy
, ’/
-
e
] /,
e
] Yzmm 4
/
/
1 /
] /
/
] Wi
R AR 2
1 :..' // .......QZH2H5
] ,f’,/ ..........
i ..0/ ...............
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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 (7) argument [Pietroni, NPB402('93)27]
vg =wvcosB(T) =ycosa(T)cos B(T),

(

order parameters : ¢ v, = wvsin G(T) = ycosa(T)sin B(T),

v, = ysina(T)

\

1
Vo = 5 ((m7 cos® B+ m3sin® 3) cos® a + miy sin® a) y”
o 2 . . 1 . 3 3
Ry cos” asinacos (3sin B + SRﬁsm aly’+---
strongly 1st order PT by the tree-level cubic term 7?7

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
|, I v=0,v,#0 local SU(2)r x U(1)y
I v#0,v,=0 global U (1)
SYM v =v, =0 SU((2)r x U(1)y, global U(1)

phase-l : heavy Higgs

phase-I’: light Higgs

4 types of phase transitions

A: SYM | = EW
C: SYM =1l — 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, vg, = 200GeV, A, = —100GeV

A | myg+ =600GeV (N, k) =(0.9,—-0.9) light-squark-1
B | my+ =600GeV (A, k) =(0.85,—0.1)  heavy-squark
C | myx =600GeV (A, k) = (0.82,—0.05) light-squark-1
D | my+r =700GeV (A, k) = (0.96,—0.02) light-squark-2
Higgs spectrum and V'V H-couplings
H, Hy Hs Hy Hs
m,(GeV) 119.53 203.59 265.74 617.24 637.47
IV, 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
Jov, 0.00188 0 0.9980 9.541 x 107? 0
m,(GeV) 41.88 58.62.08 115.15 730.51 734.58
Jov, 0 1.015 x 10~*  0.9997 1.632 x 10~* 0

A: heavy Higgs (MSSM-like), B, C, D: light Higgs
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reduced effective potential:
Vet (v, v,; T) = Vg (vecos B(T), vsin 3(T),0,v,,,0;T) — Veg(0,0,0,0,0;T)

GeV type-A  A=0.9, k=-0.9 GeV type-D  A=0.96, k=-0.02
300 300
1x108 1x10°
ox10°
5x107
-1x108
Un Un ox10°
-2x10®
8 -5x107
-3x10
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 GeV type-C A=0.82, k=-0.05
700
1.0x108 1x10°
6001 x40
7 6x10”
5.0x10 5001
4x10”
0.0x10° 400 2x10”
ox10°
-5.0x107 -2x10”
-4x107
-1.0x108 -6x107
-8x10”
-1.5x108 ~1x108
T T 1 T T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300

[ GeV v GeV
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Vet (GeV?) A=0.9, k=-0.9
-2.0x108
1
~
1
-2.5x108
EwW
-3.0x10%
-3.5x108 T T T T T T
0 20 40 60 80 100 120 140
T (GeV)
Vet (GeV?) A=0.85, k=-0.1

0.0x10°
SYM

-5.0x107 |

—
e —

-1.0x108

-1.5x108 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
T (GeV)

* How the phase transitions proceed

Vet (GeV?)

type-A

A=0.9, k=-0.9

-2.15x108

-2.16x10% ]

-2.17x10%

-2.18x108
120

Vett (GeV4)

T
120.2

T T T
120.4 120.6 120.8

T (GeV)

type-B

121

-6.2x107
-6.3x107 ]
-6.4x107 ]
-6.5x107 ]
-6.6x10 ]
-6.7x107 ]
-6.8x10 ]

-6.9x107

-7.0x107
110

T
110.2

T
110.4

T T
110.6 110.8
T (GeV)

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

(v,v,,) = (208.13, 248.85)(GeV)
Te = 110.26GeV
(0,599.93)(GeV)
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Vetr (GeV?)

A=0.82, k=-0.05

0.0x10° ]

-5.0x107

SYM

-1.0x108

Vet (GeV?)

2‘0 4‘0 6‘0 8‘0 160 120
T (GeV)
A=0.96 k=-0.02

0.0x10°

-5.0x107 ]|

-1.0x10°

T T T T T
20 40 60 80 100 120

T (GeV)

Vet (GeV?)

type-C

2=0.82, k=-0.05

5.0x10°

0.0x10°]

-5.0x10° ]

-1.0x107 ]

Vet (GeV?)

97

T T T
99 101 103

T (GeV)

2=0.96 k=-0.02

T T
105 107

type-D

2.0x108

0.0x10° ]

-2.0x108 ]

-4.0x10° ]

-6.0x10° ]

-8.0x10%

EwW

-1.0x107
98

T
99

T
100 101 102 103

T (GeV)

(v,v,,) = (194.27,173.75)(GeV)

Ty = 98.76GeV
(165.97,0)(GeV)

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

(v,v,) = (182.49,192.26)(GeV)

Te = 103.14GeV
(0,0)
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type-A

type-B

type-C

type-D

MSSM-like EWPT

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

new type of 2-stage PT

leap from (U(TC—)avn(TC—)) to (Ovvn(TC—i—))
strongly first order EWPT (no light stop is needed)

new type of 2-stage PT

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

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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4. Summary

EW Baryogenesis

* based on a testable model

* free from the proton decay problem

needs extensions of the MSM for

x CP violation

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

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

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

— Higgs spectrum and couplings
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e my > 120GeV 1st-order EWPT in the MSSM X

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

We studied the phase transitions in the NMSSM to find
e there are 4 phases EW, SYM, I, I, Il

e 4 types of PT, 3 of which have 2-stage nature
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In particular,

NMSSM in the scenario with heavy charged Higgs

TTLH3

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

— may be by precision measurements of the couplings

SUSY particle _ N
|f _ are found, the NMSSM will be promising.
Higgs boson (my > 135GeV)
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