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§1. Introduction
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[PDG: W.-M. Yao et al., Journal of Physics G 33, 1 (2006)]
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Baryon RIWR 22 T4 72 53U A v 52 )% % (Baryogenesis)
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po: np = 0 DFH %227 density operator (FIIHIREE) (np)y =Tr[pong] =0
density operator p(t) DfHIFERE 1Z Liouville J7 22

Op(t)
ot

ih + [p(t), H] =0

THhE %5, BRI H WIS pp TEDINLTWR 5,
HMPCORIEE C P XEFR p,C]=0 or [p,CP]=0

CBC™'=-B, CPB(CP)'=-B

(ng) = Tr[png] = Tr[pCnpC~' = —Tr[png] =0

(ng) = Tr[pCPng(CP)~ ' = —Tr[png] =0

(ng) £0 &% 2121d. C & CP ORADEAEFHIEES BN,




Baryogenesis D AJ g

[ explicit violation GUTs
INUFAVEIERTE { spontaneous violation  (squark) # 0
_ chiral anomaly sphaleron process

T = 0Tl proton decay Z it Z S 72\ > K 9 (T suppress S L7z 1T 3LIE 72 & 7\
C' violation <= chiral gauge interactions (EW, GUTs)

KM phase in the MSM

C'P violation _
beyond the SM — SUSY, extended Higgs sector

( FHOER Tapro~ H(T)
EEISDXL  —RIEER

| reheating (or preheating) after inflation




1 2D B4H4] — GUTs [Yoshimura, Phys. Rev. Lett. 41 ('78)]
minimal SU(5) model:
5* 1)t > d%, g (G B, X )
matter: e auge: A, = gl H
{ 10 : X[jlL 2 4L ,UR,€R salg H X’u WWBM
i=1-5 - (a=1-3,a=1,2)

Ling > QTL”VMAuw + gTr [X/VM{AW X}]

> ng,u [gaﬁvﬂ%’nyMQLﬁa + €ab (ng’y'ue% + l_Lbfylucha)]

BIR) 5 I N X-X NOFRETO
N F BERALD HAFRE

process | 7T | AB

2 1 2 1 - - X —qq r 2/3

(AB}:§T‘—§(1—T‘)—§’r—|—§(1—r):r—r )_(_>ql_ 1 —r _1/3

{( — qq r —2/3

. C or CP is conserved(r = 1) X —ql| 1—7 | 1/3
— AB =0
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W)Y suppress 4145 7 61X, Bocr — 7 DMEKINS,

T ~mx Tld, X DHHEEE: Tph ~ amx
— Tp~ H(T =mx) DT, XXNDAER - il Pl o N s,

H(T) ~ 1.661/gr——

SU(5) model l& B — L Z2{R%F — (B + L) z= L%

—— sphaleron@f2 V-l bEB+L—0
Y

‘ baryogenesis D1 L \» ] HE 4 |

sphaleron @R HIZ 72 ZHTIC, B — L 4 0ZEKL TEITFIT X v,

—
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Baryogenesis D7 U 7

R AB # 0 CP Dt FEP i
GUTs leptoquark O HHE decay vertex FHOER I'p < H
Leptogenesis heavy-v O HRi decay vertex FTHOWR I'p < H
Affleck-Dine (@), (1) # 0 scalar potential o LG D S E
Electroweak sphaleron Yukawa, gauge, SUSY-br. 59— X MR
string, DW(1) sphaleron defect D JH ]
inflationary(?) B-scalar (p)reheating

(1) Brandenberger and Davis, Phys. Lett. B308 ('93);
Brandenberger, Davis and Trodden, Phys. Lett. B349 ('94);

(2) KF, Kakuto, Otsuki and Toyoda, Prog. Theor. Phys. 105 ('01)
Rangarajan and Nanopoulos, Phys. Rev. D64 ('01).
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§2 Sphaleron Process

SM & [Fl U quark, lepton Z & €855 im : chiral U(1) anomaly in (B + L)-current

. N BRI, D LY
8/1']%—{—11 — 167‘:2 [ggTr(F,UVFIUJ ) o g%‘B,uI/BIu ]
8ujfl§—L =0
Nf ‘s 4 2 % 2 s
B(tf) — B(t;) = 39 2/ d"x [QQTT(FWFW) - nguuBW}
T Je,

= N¢[Nes(ty) — Nes(ti)]
Z ZT N¢gg & Chern-Simons number:

1 2
Ncs(t> p— 327‘(‘2 /dSZE ez'jk: [g%TI‘ (szAk — ggAzAjAk:> — g%Bka:L




gauge ROEHEMEZE : £ = (E°+ B?) =0+ F,,=B,,=0
<~ A=1U"'dU, B = dv with U € SU(2)
7T3(SS) ~ 7 = U(w) Ci?ﬁ&&]\fcs TIN5

E )

B
¥\
— =
NNEIZES Nes € e Ze i (FE R R TT)

> EFbURIVBIR (K
AB # 0

> BER En
bV ROVHER ~ e 25 imstanton = o=87°/05 ~ o= 164 o 1 PR RO [ |
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BREETOERBXE [Arnold and McLerran, Phys. Rev. D36 ('87)]

* broken phase

Espn = sphaleron energy

Nir = 26,  Niot = 5.3 x 103 for A = ¢°
w? ~ (1.8 ~ 6.6)m3y, for 102 < \/g? <10, k=~0O(1)

~———— Sphaleron (A7 7LAOY) &L ——
RLTE « BRIV S BLAR

Energy

i ¢ cpadepos = ready-to-fall, deceitful

configuration % ‘ Neg=1
[cf. a-sphalt] "
\_ ) T | ,

vacuum

N¢s=0
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* symmetric phase (s) 4 -
) ~ k(awT) KT

MC simulation — (N (t)Neg(0)) ~ (Neg)” + Ae EVE

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

PR (EiimAH ) “C i Sphaleron f# 12 {23, Sphaleron Transition &5 9,

bosonic configuration D2l = fermion number (B + L) ®ZAk

e index theorem

e level crossing (level hopping)



Sphaleron BRI FEHICE > LIES
— wash-out of B+ L —
B 5 MFEDNETH B 72 0 DA

WFEDIGRI AT = || £ =T HT) < HYT) || BEIRDOKEH A r — L

PN ERITRL A £~ )\

2
SRS 0 RITREERE 0(T) H(T) — ﬁpm ~ 1.661/7r——
mp;
1
g\ =—— - . e 2
n(T) TRLE - p(T) = 73T—Og*T4
O‘ \ - © TN H HEE: g.
o . o [ SM with N generation, Ny Higgs doublets
7
0 0 9. =24+ 4Ny + 5 - 30N Y2 106.75
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d’k

1
KBRS n(T) = g /
( ) (27’(’)3 6\/k2—|—m2/T T 1

DS YA NS O G = S o

3
"= g "
B §C(3)T3
. 4 2
10

T = 100GeV: 1

TP~ e~ Ban/T (T < Tp)

sph —
sphaleron process:
(T > Tc)

F(sym)

~ 4
sph — KJO‘WT



log t Hubble

sphaleron
electroweak

_1)

bﬂ\f

10"%GeV 10'2GeV Te  log a ~log(

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

Taee <T < Te = T\ (T) > H(T)

wash-out of B + L even in the broken phase
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DTS, —E sphaleron BIEIMELFEFEIZ R 3 &
Z D1E D baryon number & lepton number I

Bo (B-L) L« (B-1L)

primordial primordial

HAIRSIA A S N2 R TR TR E 20T, HICk D EL2
AU &, (B — L)primordial = 0 % 51E B=L=0

L BHEDOFH ITWVE (baryon) 3FAAE T 5 T2 & IT I,

(i) sphaleroniBREDWRIES T BRIIC. B — L £ 0DFET 5,

(i) B+ LB —RMHEEBTERL. H.
ZDERES Csphaleron BENEIET o (ve/Tc > 1)

DELOMLTRITNIUER S 70\,
(i) = GUTs, Leptogenesis, AD

(ii)) = EW baryogenesis
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83 Electroweak Baryogenesis

TV DRER CTHREEFIBE R IEER IC D HED <

review articles

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

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

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

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



~ BH9HHERTS (Electroweak Phase Transition)
UELINEADY/ & '

BRRY .
’ MR DR X ve/Tc — sphaleron 2D decoupling

«—— Higgs spectrum

HE —XHEBEBED S A F 7 X

~ FIEFENETE  sphaleron W DL -6 D XL
— BRI N BN T DT

* CPYIIREDIENL EWPT T?D CP violation

«—— EDM% B, K% CP violation
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* Electroweak Phase Transition

s T 1 _
MRS T ~ 100GeV HYT) ~10"GeV ™ < tgw ~ e R 10GeV ™+
w

2 TDRTI1ZFE UEE T kinetic equilibrium
Co IR o AlRE M 13— R B ER TS

study of phase transitions

e static properties < Effective Potential = HHH T %)V ¥ —%&

1 1
Vet(v; T) = —=Tlog Z = —Vlog Tr [e_H/T}

%4 (¢p)=v

e dynamics



HHERTZ DR EL E Higgs mass

Vetr(v;T) — Vere(05T)

A T>1c> A T>1T>

Minimal SM

order parameter:

o=

1st order EWPT

Uy
|

Sy
Sy

2 (1) zo(1)
Uc x

v = i i) 72 0

~
~3N

2nd order PT 1st order PT



Lo Lot e P |

EBIEH: Vg (o) —

d*k
eff(v;T) by/

B Z 13

2| (%3 og(i? = ) = (Zwl;‘* sl -

= /(Zﬂl; log(k* —

I

T = O-contribution

— MR .

(4m)*

[Dolan and Jackiw, Phys. Rev. D9 ('74)]

ﬁZ/dSk

n=—oo

y { 2mn /3 (boson)
! (2n+ 1)7/3 (fermion)

m?)+ 5 (d?)]; log (1 ¥ 6_5\/W>

T4
)iz—/ dz z° log (1:|:e \/x2+(m/T)2)
0

2

T=0DCT.TETDloop integral Z HIRIZTE %,
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Minimal SM

1 A 2 3 _
Verr (3 T') = —§u2902 - 1904 + 2Bvgp® + By® llog (%) - 5] +V(p;T)
0
3 4 4 4
where B = 64#2061(2mw +m7 — 4my),
N T4
Vip;T) = 93 6/p(aw) +3Ip(az) — 61F(as)], (aa =ma(p)/T)
Ip r(a) = / dz z° log (1 Fe V "32+a2) :
0
high-temperature expansion [m /T << 1]
7% 2 T a? \/a,i2 a? 3
I — _ a2 23/2__1 . Y O 6
B(a) = =0 5l 698 4 15l 7) TOW@)
Tt 72 a® \/? a? 3
I - V— 2 — _1 _ _ O 6
P@) =551 T 168 7 16 (W 4) (@)



AT
Vet (93 T) =~ D(T? — T5) >~ ETp° + 904

1
D=— —(2m3y, + my + 2m7), B=_ (2m3y, +m3) ~ 102
8ug ‘ ! 4o W z
A=A — 16720 (2mwlog - + m7 log BT — 4m} log -
1
Ty = 2D(’u — 4Bup),
28T,
At Tc, “degenerate minima: ¢ = <
ATy
™ < H(T. <> bound on A = /2
sph (Te) <= T ~ 1 | == upper bound on me = V2]

mp < 46GeV — MSM is excluded!



» Monte Carlo simulations [Minimal SM]

effective fermion mass : m (1) ~ O(T') «— |w,| = |(2n + 1)nT"| > 7T

. bosons 72 |7 C simulation

o i scalar fields:  ¢(x) on the sites
EeReietes { gauge fields: U, (x) on the links

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

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




* — RGO LFTFZIIRX

A
Vet
XEFRAE D o FEXFRAE D
ADER - R
< JEXIFRE
R\
14 N
\
$3 4R O ~ >
Ve

H R NENSE [Langer, Ann. Phys. 41 ('67)]

BN IR - BAAZRRE4 72 D D nucleation rate: [(T) = Ipe” 2F /T

EErOMICH LT AF(T) = %” 3 [po(T) = py(T)] + dr2c
[ p= =90 = Ve po(T) = =Veg(0;T) < po(1') = =Veg(v(T); T)

o do\ ?
LT AL E B oo /dz (d_¢>
Z
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critical bubble

9 4
OAF(T) —0 ro(T) = . critical bubble *-£%
or I

1. T < T (supercooled) T, ZMNFE S FIC L D 1(T) DWERTEr D bubble 23K,

2. 7> 71, Dbubble R T %,
FREEREE v(T) —|Liu, McLerran, Turok, Phys. Rev. D46 ('92)]

3. 222t A broken phasell7s>72 & 2T ATIE T,

SU(5) GUT @ 1st-order PT —— Guth and E. Weinberg, Phys. Rev. D28 ('81)
e EW with a light Higgs Carrington and Kapusta, Phys. Rev. D47 ('93)



f(t) . broken phase IZZ 2 6 N7 AHDE| &
V(t't) - R TR S 4172 1O D bubble DREZ ¢ TOMAFE

F(t) = / at' I(T(¢)) [L — £(#)] V(1)

o

V(tt)= %ﬂ [r*(T(t’)) + /t dt”v(T(t”))r

t/
v(T) : wall velocity
T =T(t) < RD-FRW universe

£(t) % Fv> T bubble DRREDREIIFEIE, bubble D ¥4 % G5

Minimal SM T, 1-loop level D V g Z H\» f(t) Z BUEFTH



t—tc = 6.5 x 10 "*sec Tbubble DB F %, [ cf. tew = 10725se(]

0.5
1.0

0.4
0.8

0.3
0.6
T

0.2
|
0.4

\

bubble density (micron=3)
average bubble radius (microns)

= | | _ linear
growth
o o
) ] . L . o , L .
6.5 6.7 8.9 7.1 6.7 6.87 8.9 7.1
t—t, (10714 sec) t—t, (10714 sec)

bubble D BRI 72288+ = 0.3um < Horizon size: H ' ~ 7.1 x 10'2GeV ™! = 0.14cm

Ic —1TN

JEHZ /N ZaEE -
Tc




1.0

g

S 883
&

5 23
e g
a | g

<wa| nucleation >

9 turned oft 2 °
g |} =
o 4 2

Q L

| a0 5
< o
[«M]

g- ﬂg/ \ . %g o i
6.7 6.87 6.9 7.1 0.001 0.01 0.1 1
t—t, (10714 sec) A-phase fraction
90%!Z bubble D& T
CEIRY [y 24 bubble D il K D ZHIC & O tHERE D3 Te
INE v/ Te JE L) bubble wall
2 ODMHDOBDOE:S &

B NFHDE D barrier



Ver(v;T)
r« . critical bubble

’Uc/TC
EOM

Veg(v; To) —  bubble wall profile
wall width: A(T)

1 -
A(T) ~ o = =
T = >
2 AN
wall width : A = 10 2 x 1071%ecm < r, ~ 0.2um : critical bubble *[*%
' 100GeV ST '

wall ~ i — ool




* Mechanism of EW Baryogenesis

T AT) (1-30)/T .
—‘//_’ & ~ |3 — - ~N —mmmm — p— . _
KAHELFE DRFIRI A 77—V tywan o)~ 0109 (0.01 — 3)GeV

T =100GeV TlZ,

t,~01GeV ' < ey ~ 1GeV ! « tsph 10°GeV ! <« H~ ' ~ 10"GeV ™
1. H ' > tpw 72 DT, bubble wall2> 5B 7-rTld, £ TORFIZEIURET

kinetic equilibrium il d 5,

2. Ay > dgw > AZDT, TXTDlepton & DD D quark lZ. bubble wall iZ
K 2 ELOHIE 135G £ BRICEHR T 5.

3. twall < tspn R DT, sphaleroni#fE (3 bubble wall D3I T chemical equilibrium
oA T RS,



(O \

|
Uw; i AB #0
(Ve :
broken : symmetric
phase | phase
Veol— — — o __ N I
>
<
bubble wall L OMHAMEH T B I3

symmetric phase D REIFH NS
CP Z 1% % bubble wall & DMHAAEH + bubble wall D)

chiral charge flux
Y. I

sphaleron ##F£(Z bias

B4, % D12 broken phase iZ7: D) HR¥E



l. chiral charge flux

bubble wall profile — (¢(z)) = v(z)e?’ ™)

yv(x)eie(a:)
(¢(x)) Z & T mass matrix

(i — m(x)) ¥(@) =0 m(z) =

> CP-violating wave equation

* M{Eﬁﬁ’: [Nelson, et al, Nucl. Phys. B373 ('92); KF, et al, Prog. Theor. Phys. 95 ('96)]
iz EdIE
expansion w.r.t. Im m(x) [KF, et al, Phys. Rev. D50 ('94)]

expansion w.r.t. m(x)
[Huet and Nelson, Phys. Lett. B355 ('95); Phys. Rev. D53 ('96)]

derivative expansion [Carena, et al., Nucl. Phys. B503 ('97)]

> Nonequilibrium field theory
[Riotto, Phys. Rev. D53 ('96): Kainulainen, et al., JHEP 06 ('01); Phys. Rev. D66 ('02)]



Il. diffusion equation

Qi(ta w) — DQZ'VQQi — Z PijCij + [source term]

J
Dg: @ D diffusion const.
Fiji }iﬁﬁi@@&: J: %) Qz @ﬁﬁfﬁ&li&; C;. ?‘%)iﬁ:ﬁ;{‘?
[Cohen, Kaplan, Nelson, Phys. Lett. B336 ('94); Joyce, Prokopec, Turok, Phys. Rev. D53 ('96)]

REE S
TR BRI T, (IR RESNDE

symmetric phase IZ%% % total charge &
Do ETRAT % flux TiHili T %



bubble wall DFREED (X (12—
72N Toh”
chiral charge D E & KN
¥\
chiral charge IZHHI U 72 i
L
4fa= i Aty |l I £abs \/ \/ Nes
HFFEERINRE ps |
. ,UBFsph
np = _3genT [Appendix of KF, Prog. Theor. Phys. 96]
. H _/\ Y
chiral charge = Y O5&.  up = (m T 5/3)1
m

chem. potential DR
[Nelson, Cohen, Kaplan, Nucl. Phys. B373 ('92)]

Debye screening # &8 L 7- Fa1 &
[Cohen, Kaplan, Nelson, Phys. Lett. B294 ('92)]



~ ERENSBAU

Fs h SFS h 2/ vw
— 322 [ dtun = D dt — Vgt
= T / HE = 0 ¥ 5/3)T3 /_oo py(z = vut)

bubble wall I—E#E v, THEI & T 5,
py (2): wall 2> 5 FEEE 2 D Y-density
DT =B DM ED S HAEDIIE 2 £ Twall 3FI K [BIICHTE 2 Y D=

py(2)
k > ANGR >
O z Z—Uut z
z /vy 1 00 Ia
/ dt py (z — v,t) = —/ dzpy(z) ~ i Fy
— 00 Vw Jo Vw

7 wall THUEL S L7 B3 wall IZHH £ % £ TS 5 Kffa] ~ diffusion length



BAU: — ~3 : : :
N KOy T

T
S w2g.

1 for quarks

N ~0Q1), 7~mfp — 77~ { 102 ~ 10> for leptons

m.f.p. [ total cross section % FH\ > TRl I 41 5 23,

MC simulation forward scattering enhanced :
for top quark 771 ~ 10 ~ 103 max. at v, ~ 1//3

for this optimal case

Fy
S VT

Fy

—g ™ O(10™7) +47% BAU




chiral charge flux DFI&L

() — m(a) Prap(x) —m* (2) Py () = 0
—y(¢(x)) = m(x) € C

symmetric phase broken phase

S S
Y, Trsi=ThsnR

R, /

iL(R) . K1 D L(R)-handed fermion 237D charge

R°p_.; @ symmetric phase fHI# 2> &5 A&} L 72 R-handed
fermion 3 ET & % & & D TR
Rin_  R°p_ DAAFHK




symmetric phase fEIICRA 9 5 charge DHEATFHE
symmetric phase D{ T~ « KA FDHFS- -
AQS = (Qr' — QL )R’ 1r+ (—QL' + Qr" )R r—1

+(=Q) T 1=+ T =) = (—Qr )T ret + T r )| 71
+(Q1 = Qr )R s + (—Qr + QLR R
H(—=Qr )T par + T o) — (—QL )T Lt + T° L)) [ R

broken phase D ¥~ « KA F DiEiHIC X 5 FF 5

AQ" = QL (T 11 f i+ T rer f'ri) + Qr (T L= f i + T i f Ri)
H(=QL VT rer f i+ T o fr) + (—QrR) T rarf i + T L r ' Ri)

unitarity: Ry _p+T° ., +T1T° p= 1, etc.

reciprocity: TR +1°rp = T, ., + TbR_>L, etc.
s(b s(b s(b
fz'L( ) :fi}%) Efi()



AQ* +AQ" = (Qr — Qr")(f — f)AR

* bubble wall ® profile JE X, CP DO

A — s_)__s_>
= I s = I i o ABHRL T

symmetric phase region [ZJit A9 5 total flux

FZQ QL47T_ QR / ClpL/ depT [fz (pL pT) f'L ( pLapT)} AR(mO pL)

a’ a
. DL 1
FAPert) = g e — v T T 1
PL 1
fib(_vapT) —

E exp[y(E + v,oy/p2 —mi)/T) + 1



N.B. e Fp x Qr — Qr = B®D X & vectorlike charge D flux [/ L 72 \»

o v, = 0T f*(pr.pr) — f'(=pr,pr) =0 . Fg—0
o pr < mg — BWHE=0: unitarity X ) R°r_; = R°r_; =1 AR =0

ARZ4 T % CPAFRMEDIK N

* Minimal SM — CKM phase

bt mi 7 m;:
dispersion IZ O(ay ) D CP DI DR

U Ut [Farrar, Shaposhnikov, Phys. Rev. 50 ('94)]
> QCD IZ X % decoherence [Gavela, et al., Nulc. Phys. B430 ('94)]
> bubble wall IZ X % % E#LEL [Huet, Sather, Phys. Rev. D51 ('95)]

n
‘—B‘ < 10726
S



* 5T EH

m(z) = mg

1 + tanh(az) ( 1= tanh(az))
5 exp | —im 5

e AR=R°n_,;, — R°p_1 [KF et al., Phys. Rev. D50 ('94); Prog. Theor. Phys. 95 ('96)]
wall width ~ wave length of the carrier — AR ~ O(1)
Y
N & 7% Yukawa coupling I
T LHRE L fluxz
HRL 22w

L L L L L B B B L B BN
1 11 1.2 13 14 15 16 17 1.8 19 2
pL/m0
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log |, (my /T)

D log plot

at T' = 100GeV

| log 10(.m0 /T)




84 Higgs Sector in the MSSM and NMSSM

Higgs K+ D'H =

Higgs potential
552 P EWPT — 050, ve/Te

SM MSSM NMSSM
. o
Higgs % b = 0 D4, P, Dy, D,
phySical H H17H27A7Hj: H17H27H37A17A27Hi
potential —[LQCI)T(I) -+ )\((I)T(I))Q VD((I)d, (I)u) + Viott VD((I)d, (I)u> -+ VF<(I)d,u7 n) + Vot

mass of the neutral Higgs bosons
SM: mg —=—vV 2)\?}0

. HFHE
MSSM: mp, < min{mz,ma} KL

m, < 135GeV

FHgi & OHlR: my > 114GeV LEPII 209GeV

e,




* MSSM
95 + gi 2 g5
Vo = mi®i0s+mield, — (midad, +he)+22T (cpg;cpd - @L@u) +2 ‘cbj;cbu

Higgs ¥ D B 22 MfFE

(®a) = (Ud/oﬂ)» (@,) = ¢ (vu/oﬁ) { v = /0] + v2 = 246GeV

tan = |vy /vdl

> no C'P violation
R 2 160
> ijq _ ?(m3e )
sin(20)
> C'P-even Higgs @ mass

2 — ( masin® B+micos? B —(mf +m3)sin feos 3
~\—(m?% +m%)sinBcos B m? cos? B+ m?%sin® 3

M+ zm?4+m%v

2 matrix:

mpg, < min{mz,ma}, mpg, > max{mz,ma}

ma — 00 (i.e., my+ — 00) MSSM — SM with a light Higgs (\ ~ gauge coupl.”)

2



one-loop fifi 1E

Ne¢ _9\? Ma, 3 o2 my 3
3972 Z | (m%’) <log M; B 2) —2 (mQ) log 5

q=t,b | j=1,2

Vet = Vo +

m?: mass? in the background of (v, v,e")

mi =y, /2, mz 1R DTN DA fH:
J

2 2 ‘
M2 — m, +me® + (%2 - g—i) (vi—vi) —ye(wa — Are™"v,) /V2
t : - 2
—ye(1 va — Arev,) /2 m? +m? + (02 — 0?)

tp d U

> Higgs mass 12 K & 2 fili IE

> squark sector D explicit C'P violation Higgs sector
e  # 0 is induced
e scalar-pseudoscalar mixing

M M .
M3 = ((M?gi)T M%f) with M% 5 oc 1/ Tm(pnA)




mass eigenstates: (Hy, Ho, H3)

ha H,y
h, | =01 Hsy |, OTM20 = diag(m%ﬁ, m%b, még)
a H3

gauge and Yukawa interactions

_ Z Z’UJ 92 <>
Eaauge ~ g2 gvv i, (W;W i 2 0022 Qw) Hi+ 2 cos Oy 9211, 2" (Hiaqu)

ga2mp — .
5 D(Gion, + 115950m,)b i
mw

Ly ~ —

corrections to the couplings

gvvm, = O14c08 B4 Og;sin 3

1 .
9ZH;H; = 5 [(OBiOlj — 033'01@') sin (3 + (037;023' — 033'02@') COS 5]

1 2 2
S P 2 S P
IvbH;, = Oli@a IvvH; = —O3; tan [, 9vbH; = (gbei) + (gbei)



e bound in the CP conserving MSSM

allowed region for the lightest neutral Higgs boson allowed region for the pseudoscalar Higgs boson

m, = 169.3, 174.3, 179.3, 183.0GeV

99.7%CL 95%CL

= A 100 -
E :
80 | E
10 F = - =
i 60 |- 3
Excluded cal CDF and DO E
by LEP § 40 MSSM Higgs Searches| :
Preliminary :
20 o 3
1 b ] no mixing =
Theoretically 0 :

i | Inacclessibl? | k i 80 100 120 140 2160 180 200

0 20 40 60 80 100 120 140 M, (GeVic)
m, (GeV/cz)

my-max benchmark scenario

[PDG: W.-M. Yao et al., Journal of Physics G 33, 1 (2006)]
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e Large CP violation and light Higgs [Carena, et al., Nucl. Phys. B586]

OPAL preliminary

'; 140 - T T T I T L] L] I L] L] L] I L] L] L] I L] L] L] : — 180 ﬂ ‘ ‘
3 130F 3 > 4 = L (b) | ]
= F E S 170 4 8 MSSM CPX
2 120 = ~ = - -
= E 3 g =
- wE N 3 g 160 -
E 100 E_ _E 150 *; 10 c 7:
90 F = 140 = . .
80 5 130 e - 4 1
7 M+ =150 GeV, tanP =4 E E L N e _
W=2TeV, A)=IA,l=1TeV 120 E I
60 Mgy = 0.5TeV, m(gluino) = 1 TeV “‘ _é 110 B - L é .
50 = m(Wino) = m(Bino) = 0.3 TeV | _E 100 Theoretically 1 b '.I‘heoretl.cally B
40 L1 1 I L1 1 I L1 1 I L1 1 I L1 1 ‘ [ W B inaccessible E C lnacceSSlble _
0 20 40 60 80 100 120 90 IIIIIIIIIIIIIIIIIIIIIIIIIII7 -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIr
arg (A) = arg (A,) [ deg] 0 50 100 0 200 400
@ m,,, (GeV) m,,, (GeV)
% : T T T ‘ T T T ] % I \(d) T T ‘ T T T ‘ T ]
] 8 MSSM CPX 8 MSSM CPX
1 10 —] 10 - —
i Theoretically Theoretically !
J 1 q q —] 1 - q q —]
inaccessible 7 C inaccessible ]
R nnnflnnnflnnnflnnnflonnflnnnflonnl Rnnaflnnanflnnnnflananflannalananflannnflannallonnalnnad
- L L L I L L L I L L L I L L L I n L L I L L L
10 0 20 40 60 80 100 120 0 S0 100 0 200 400
arg (A)=arg(A,) [ deg] My, (GeV) my, (GeV)
(b)

OPAL PN524 (July, 2003) CPX scenario
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* NMSSM

superpotential
W = i (0HAQ'B = yHL,Q'T + yHYLE = \N HjH]) = =N
A(N) ~ p in the MSSM

@d= () @i=%(0). =

tree-level Higgs potential:

Vo = m%(I)LCI)d -+ m%CIDLCI)u + m?\,n*n — ()\A)\Eijnq)éq)i + gAﬁn?’ + h.c.)

2

2, .2 5 2
+22 ggl (@2, - of0,) +2Z |ofo

+APn*n (CIDTCIDOZ—I—CIDJr > [ Xeij @47, + kn ’2




v, — 00 with \uv, ) and kv, fixed MSSM [Ellis, et al, PRD 39]
— v, = 0(100)GeV DG EITHT L\ & EDBIFFTE 2

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

32D C'P-even boson DRI X D mp, > 114GeV DR 2>
ShENGNG, [Miller, et al. NPB 681]

— Light Higgs Scenario —

2 .
MS: (R)\_ Rg”)vncotﬁ+m2zsm26 —R)\vd+72vdvn+|>\|2'vuvn

Ud’l)u 2 92
vn K’| U’n

(RA - Rgn) vp tan B + m2Z cos’ B — (RA - R;n) un — m2Z sin 3 cos 5 + WQUdvu e AQUdvn)

Ry

+ 3Rkvn + 2|

Ry = Re (AAAei(QO"HOO)) ., R, = Re (%Ame?)icpo) . R =Re ()\f-ﬁ;*ei(QO_Q“’O))

Sl

1
V2

. CP violation at the tree level: Im ()\AAei(“‘P)) , Im (kA,e*?) , Im ()\/-i*ei(e_QSO))



* MSSM vs NMSSM

tree-level mass relation (CP-conserving)

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

myr, > max{ma,my} m > v, v, D &, mg, < mg, <m < mg,
~2 02 2 2.2

. , m° = miy s —myy + |7 vg/2

My = My + My

tree-level vacuum

tadpole &4 <8VO
dpi

EW vacumm (vgq, vo,, ) 23 potential D
global minimum 272> T\ 5%

> =0 3 21X | tadpole condition 23 72 S 4L TWT b
(Vod, Vou, Vor ) 1E46F L b global minimum T
1372\

NMSSM IZMSSM & D 285 X — %132\ D3, constraint 2 \»



Constraints on the parameters

soft mass: m7, m3, m3, < tadpole conditions: <£Zejn> =02k D,

(UQ, UVno, tan ﬁ) T\y%&) %
Ry = Re(AAe!01%) My M HHRD 5
HIL . vy = 246GeV IC[EHE, (v,0,tan 8, my+) % input

O DN Kk, A, & loop i 1lETEIHR T % squark sector ? soft mass, A-term % free iZ L
T, XD 25427 -

1. || vacuum condition

f87E L7 (vo, vo,. tan By) 23 Veg D global minimum TH 5% Z &,

2. || spectrum condition

weak gauge boson & DFEEDIRKE W (|gyy | > 0.1)Higgs B & [EAREE (X
114GeV X h HW 2 &,



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

Verr(0) < Verr(vy)

spectrum condition
L

— vacuum condition

-1 Heavy Higgs
0 01 02 03 0.4 05 0.6 0.7 0.8 0.9 1 y 199
A
Y K m m 2 2 2 2 2
Hy Ho M Hg MH, MHy | 9vvHy 9vVvH, 9IVVHs 9IVVH, 9IVVHg
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




[GeV |
400+,

3501
300]
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FFRIZTH &
RDINT A —=FHB 2 A% v 75
tan 3o =2 —30,  wg, = 100 — 1000GeV,  mpy+ = 100 — 5000GeV,
—1000GeV < A, <0, 0<A<I, ~1<k<1

[ (1000GeV, 800GeV) heavy-squark
(mg,,, mg, =m; ) = ¢ (1000GeV,10GeV)  light-squark-1
| (500GeV, 10GeV) light-squark-2
At = Ab — 20GeV

Light Higgs ScenarioSA[E7Z /N7 X —% « ey b~ —7 L,
RE RO W THIRIRE TOHR 5 2V 2 5

[KF and Tao, Prog. Theor. Phys. 113 ('05)]
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* MSSM order parameter: vg, vy 0
2 ) RILZEHTD Vg (v; T) Die/IMERTE at each T

T (g,
‘/eff(’l),T):‘/eff(’U,T:O)—'—G Z Z 2—7_‘_213( Tilj) ‘|‘,

q=t,b 3=1,2
2

where mz is the eigenvalues of
J

2 2 2 .
m2(gh = E)02 =02 + Y2 e (poa+ Av,e )

2 _
Mi = > _ 91,2 _ 2\ Ui 2
* my = (v — v+ Fo;
light stop scenario [de Carlos & Espinosa, NPB ‘97]
2 _ 2 _ : C o2 2
m; = 0 or mz = 0 smaller eigenvalue: mz O(v?)
- - I 5 372 3
high-T expansion: A;Veg(v;T) — —3 6—(m£1) ~ —Tv — 1st order PT
7r

more effective for larger y, — smaller tan 3



An example: tan 5 = 6, m;, = 82.3GeV, my = 118GeV, mg, = 168GeV

To = 93.4GeV, vo = 129GeV [KF, PTP101('99)]
150

| 2.0x10°

| 1.8x10°

| 1.6x10°

- 6
1.4x10 GeV
1 2106 1.4 6.5 200
1.0x10° o ve/ T tanp Ag, Vw7
8.0x10° 1607

6.3
140
6.0x10° 1
4.0x10° Fe2 1207 Ml
2.0x10% | 081 1007
' 6.1 my,
0.0x10° 80
! 0.6 I I I I I I I 6 60 I I I I I I I
0 5 10 15 20 25 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
v 5 mTR(GeV) Mg (GeV)

Vet (0, vy, 0 = 0;T¢) m; ~dependence (tan 3 = 6)



Lattice MC studies
e 3d reduced model [Laine et al. hep-lat/9809045]
strong 1st order for m; < m; and m; < 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 L i ma = 500 GeV
=100 - vo/Te > 1
D, g8 | - below the steeper lines
- /=1
g o6 L Ve /e =14 Il
M — my, = 440 Gey - max. my = 103 =4 GeV
92 | mj, =630 GeV = for m;, >~ 560 GeV
90 | | |

165 170 175 180
ng [GGV]



* NMSSM order parameter: vq, Uy, Un 0, o

300 ) RILZEMETD Vog(v; T) Di/IMERE at each T

naive 7% ik i [Pietroni, NPB402 ('93)]
tree-level Tv3THDHLE: V2 — (AA,\eianI)ZCI){L + gA,{ng + h.c.)

( vy =wvcos B(T) = ycosa(T) cos B(T),
order parameters : ¢ v, = wvsin B(T) = ycosa(T)sin (T,

| vn = ysina(T)

2 2

1
Vo = 5 ((m1 cos? 3 + m% sin? 3) cos? o + my sin? a) Y’

1
— (RACOS2OéSiIIOzCOSﬁSiI1ﬂ—|—gRKsinga) yS 4

B\ — KRS



1 %80y 12 X % parametrization & 27> | doublet < single OFRFI 7 5 FRVE (2 MHE

— R I FHERRE D R %EE%%@ I 5, (universality class)
AR/ 1H & HRERTS
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=uv, =0 SU(Z)L X U(l)y, global U(l)

phase-l : heavy Higgs

-

N

phase-l": light Higgs

4 DD DIRER ~
A: SYM | = EW

C: SYM =l EW

B: SYM — I = EW
D: SYM = EW




expamles of the phase transitions in the CP-conserving case

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

A | myg+ =600GeV (A, k) =(0.9,—-0.9) light-squark-1
B | my+ =600GeV (A, k) =(0.85,—0.1)  heavy-squark
C | mygx =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
H,y Hy 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
Ivv, 0.00188 0 0.9980 9.541 x 107° 0
m,(GeV) 41.88 58.62.08 115.15 730.51 734.58
IV, 0 1.015 x 10~*  0.9997 1.632 x 10~* 0

A: heavy Higgs (MSSM-like), B, C, D: light Higgs



reduced effective potential (doublet-singlet *I*[il TD V.g)
Vet (0, 0,3 T) = Vege(veos B(T), vsin B(T), 0, v,,0; T) — Ver (0, 0,0,0,0; T)

GeV type-A  A=0.9, k=-0.9

3007

0t T T T

1x108

ox10°

-1x108

-2x108

-3x108

-4x108

0 50 100 150 200 250 300
v GeV

GeV type-B

2=0.85, k=-0.1

U,

1.0x108

5.0x107

0.0x10°

-5.0x107

-1.0x108

-1.5x108

T T T
0 50 100 150 200 250

3(;0
v GeV

GeV
300

type-D  A=0.96, k=-0.02

1x108

5x10”

ox10°

-5x107

-1x10®

T T T T
0 50 100 150 200 250 300

v GeV

GeV type-C

A=0.82, k=-0.05
700

1x108
600 8x107

6x107
500
4x10”

400 2x107

ox10°

-2x107
-4x107
-6x107

-8x107

-1x108

T T T 1
0 50 100 150 200 250 300

v GeV
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Vet (GeV?)

* Phase transition DiEATT — 75 local min. D Vg

A=0.9, k=-0.9
-2.0x108
1
_
1
-2.5x108
EW
-3.0x108
-3.5x10° 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

-1.0x108

-1.5x10°

T T
0 20 40 60 8

T (GeV)

0 100 120 140 160 180 200

type-A

Vefr (GeVY)
2.15x108

2=0.9, £=-0.9

-2.16x108 ]

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

2.17x10% ]

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

T (GeV)

type-B

Vet (GeV) A=0.85, Kk=-0.1

-6.2x107

-6.3x107

-6.4x107

-6.5x107

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

-6.6x107
-6.7x107
-6.8x107 ]

-6.9x107

-7.0x107

T T
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T (GeV)



Veft (GeV?) A=0.82, k=-0.05

SYM

0.0x10°]

-5.0x107 ]

-1.0x108 T T T T T
0 20 40 60 80 100 120
T (GeV)
4
Vetf (GeV?) A=0.96 k=-0.02
0.0x10° || B/
SYM
-5.0x107
EW
-1.0x108 T T T T T
0 20 40 60 80 100 120

T (GeV)

Vetf (GeV*)

type-C

A=0.82, k=-0.05

5.0x10°
SYM
0.0x10°] i
I
-5.0x10°]
-1.0x10"
1.5x107
2.0x107 T T T T T T
95 97 99 101 103 105 107
T (GeV)

Votf (GeV?)

type-D

A=0.96 k=-0.02

2.0x108

0.0x10°

-2.0x10%]

-4.0x10%]

-6.0x10%]

-8.0x108

EW

-1.0x107
98

T
99

T
100

T
101
T (GeV)

T
102 103

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



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

Ieap from (U(TC—)vvn(TC’—)) to (Oavn(TC—F))
(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 — NMSSM %5 D HERF



§6 Summary

EW Baryogenesis

* FREE I HE 7 b TR 2 D AT <
* B HREE D DI 72 o

2 ODMET DIWAEL

*x CP violation

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

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

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

Higgs spectrum and couplings



Higgs spectrum & B 55 HIEES (EWPT) DEIfR

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 T DIHEEFE
o 4D EW, SYM, I(I")) II

o 4 ODMIDMERF, 301 2 B g7l



NMSSM in the scenario with heavy charged Higgs (111, ~ 200GeV)
ma, < mp, < 114GeV < mg, < mg+ < mpg, < mpy,
Iovi, Gy, <1

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

Minimal SM & XAl TE 720\ ?
— Yukawa i & 12 B3 5 mixing Z | 5« Higgs decay D47l L

H U LHC(will start at Dec. 07, 14TeV) T

SUSY particle
Higgs boson (my > 135GeV)

x Light-Higgs scenario T® Dark Matter > A <
light neutralino CDM 2SH]HE y )

[Gunion, Hooper and McElrath, Phys. Rev. D73 ('06)]

} DO UL, NMSSM 23HH

— Phase transitions in the SUSY SM — 70/70



