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1. A77L OV

Sphaleron il i opalepos = ready-to-fall, deceitful (b o)

[Klinkhamer and Manton, Phys. Rev. D30 ('84)]

> IHDIEFRDEFH SR (BRIXRILF—)

> REE — GHEBOBADDESEDRARINUCTEOEE—K

4-dim. SU(2) gauge + 1-doublet Higgs [Klinkhamer and Manton, Phys. Rev. D30 ('84)]

2-dim. U(1) gauge-Higgs model Bocharev and Shaposhnikov, Mod. Phys. Lett. A2 ('87)]
2-dim. O(3) nonlinear sigma model
2-Higgs-Doublet Model

MSSM with Vg(T)

Next-to-MSSM

Mottola and Wipf, Phys. Rev. D39 ('89)]
Kastening, Peccei and Zhang, Phys. Lett. B266 ('91)]

|
[
|
|
[Moreno, Oaknin and Quiros, Nucl. Phys. B483 ('97)]
|

KF, Kakuto, Tao and Toyoda, Prog. Theor. Phys. 114 ('05)]
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#%m (saddle point) = least-energy path_E®@maximum-energy configuration

Energy

configuration
space

vacuuin

Ngg=0

least-energy path/gauge trf. = noncontractible loop

!

highest symmetry config.
[Manton, Phys. Rev. D28 ('83)]
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*x A77L0OVEINUAVE
SEEBROB, LALY DT/

: N % UV
Oust s = LB ) — 1, 5

aujg—L =0

B(ty) — B(t;)

N gl % DUV
32—7{2 /t | d'z [g3Te(F,, F*Y) — g2B,, B

= Ny [Nes(ty) — Nes(ts)]
ZZT Ngg ¥ Chern-Simons number:

1 2
NCS<t> = @ dBZE Eijk [g%TI‘ (Fngk — §92A1A3Ak) — g%szBk] .

—S}aﬁaferon c[ecoup[ing and fWﬁpﬁase transition.— 5/45



gauge RO HEMEZ : £ = L(E”+ B?) =0 F, =B, =0
A, =iU0,U, B, = 0,v with U € SU(2)
m3(57) ~ 7 = U(x) (FBEN s THBIND

igs
A8 72

/ &P e Tr[UTQ,U U'0,U U9, U]

DRFEU (1) — I EROHI:

axial U(1) anomaly — axial fermionZ(D %1t

ty
AQs = g dt dx €ty = Ncs(tf) — Ncs(ti),

am Jy.
Nes(t) = % dx Ay(t, ).
BEZEACL:  Aq(x) = lﬁxa(:v) with  a(oo) — a(—o0) =27 N
9

; NCS:N
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By smi

KX

>
1 O k> 2 Lahfq 2 Ny e FRhr2efg (R XT)

> EFFVRIVHIR  E&E

AB # 0812 .
> BENBTE =)m

I\\/*)Lﬁﬁg ~ 6_2Sinstanton — 6—871'2/9% ~ 6_164 < 1 B%?Eﬁi%@ﬁ:ﬁ%&b
BIEHER ~ o Lo/ T

T > ToCldsphaleronfl37F1E L2\ ds, [H 1112
anomalylZkAA(B + L) # Oitiftz A7 7LAVIBREE),
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2. A77L0OViEE

21 NosDEIbE 7 TILZAVE
HI S ORI T BB D7 2L 2

e indexEIE

nr — Ny,

A(chiral fermions)

e spectral flow (level crossing)

/ A
Yy,

€ P £ 0

VEBDEAL

[Atiyah and Singer, 1968]

167

g’ -
V=" /d4xTr(FWF“”)

Pontrjagin index = instanton number

[Ambj@rn, et al. Nucl. Phys. B221 ('83)]

el 4

vacuuin

AE
Yo | " TEARY [Cgauge 2 & on-off
@ Q ;
@ ¢ \‘ @

particle production
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> (1+1)RTTDBF
Dirac eq. | iy"(0, — igA,(z))Y(x) =0

i(0y — igAi(2))Yr (@)

10(x) = Hy(x) = 103 (0, — igAi()) h(z) = { —i(0p — igAi(x))YR(x)

JAINEE S0 (e + L) = ¢ (2)
U(z) = exp (zg/ dz’ Al(az)) ()

0
H(v) = ios0pb(x) with o+ L) = e o &0 A0y (e + L) = e Laj(a)
7 ' : 21N, Hyp(z) = +py(z)
r)=eP" with p = — + « - ~
v P { S —
Ai(z) =0 Ai(z) #£0 -
e L T AR
o o —— e O
—0— —o0— e e T
—0— —0— o 5 o — o
—0— —o0— —— o
—o— .
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2.2 INUAVEZE(LE

“fate of false vacuum”

* I"= 0: Callan-Coleman, Phys. Rev. D16 ('77); Coleman, The Uses of Instantons
* T # 0: Affleck, Phys. Rev. Lett. 46 ('81)

} V)

7

X >
4 \\
metastable min.
= false vacuum

5 5.\ 12
T =0COEEER: '~ _-Ink)~ ( - ) e %M1+ O(R)]

h 2mh
Fy = false vacuum|Zlocalize UTZIREED T TR )LF —
S.; = bounce®EuclidEFA
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T +# 0DIFZEDERER
FIIRRE: Bk e

(harmonic osc. at x)

Eﬁ—ﬁﬁ %hwo,T <K VE)
RRELR D E £
o0 G_E/T
[(T) = / iES " T(E)
0 Z
ZO _ Z e—ﬁwo(n-i—l/Z)/
n=0
hw_ 2
T < —: I'>—ImF ~ 77
* < o » m 0
hw_
f T p ¥ Brp ez
27T s

mwy>= V”(azo)

X1

S
N
%

|

Ty O 3

metastable min.
= false vacuum

L

huj()

1 7
(281Dhﬁ) : F(E):—;—m(¢*E¢E VEVE)

1 |27ThT/(E0)|_1/2 e—S[acb]/h

Ww_ _
e BV

47t sin(Bhw_ /2)
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4X7TSU (2)gauge-Higgsk(1-doublet) [Arnold and McLerran, Phys. Rev. D36 ('87)]
BIBE [/ 1/ 1]
* broken phase — VWK E approx. of i /(7)

3
(T) 2 b Ny N 22 (“WA@T) o BT
v

S0

sph

2T

zero modes: Ny =26, Nt = 5.3 x 10% for A\ = ¢°
negative mode: w? =~ (1.8 ~ 6.6)m3;, for 1077 < \/g* < 10

* symmetric phase — 7L

Fg;fq(T) ~ /i(OéwT)4

MC simulation — (Neg(t)Neg(0)) ~ (Neg)” + Ae tV1

k=1.09+0.04 SU(2) pure gaugest  [Ambjorn and Krasnitz, P.L.B362('95)]

—Sphaleron decoupling and EWrphase transitionn—  12/45



2.3 FHATIFLOVBREEFH

HarIFDES
FEROMETNEDMEZ DKM FEORRE | H(t) < T(T) | Al FDRINE
— D HHA T 12T, (kg = 1)
F

f:V:

d3
:th/<27Tp;3 ]Qg [1 = 6_(€p_ﬂ)/T}

d?’p ep

EZQ/(

2m)3 elep—1)/T 1 1

e
. 9
Iy NOP—BE 52_8_;

_ [ dp 1
e (27‘(’)3 e(ep_,u)/T F1
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Snm KR
f==P) {7/8} 90
€ g {7}8} 7T—2T4 gm (””’2”‘_:) " o—(m—n)/T
"’ {3/4} %T J (?—D e -
2
’ {7}8} %% I

FHNSZDEEDBEBEMDHF
T > m: oD EAERD @I UL, nooc T°
MEERNRITNIEFEFEfFEIES — BBUCTHA ~ e/ T

T ~m:

MEERMNEWEFEEIfmEHISHANS — decayHiF 1% S
2NN = PHHBICHITBHAER — BoltzmannAERX z#E<

—Sphaleron decoupling and EWphase transition.— 14/45



HE{FREDORKRAT—IL: ¢

> MRGRAIRL 7 — (JOREH) ! =1 ~ X : mean free path
> ZDRIFDEAFREEE= o
TR n(T) ~ 9., DT

Gen =598 + 23 ngF

1
A=
7T )
2 42
EPFEﬁqﬁﬁu%@f\% m; LT g~ ~ 5
S T

m; LT

—Sjaﬁaferon (fecou]a[ing and ijﬁﬁase transition.—
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x 8 T?
BESESRMOBWIRE  H(T) = /= p(T) = 1.66y/5: g

mp

SEHOWEOKEAT—IL  H(T)"

~ 1.66y/7. 17

. 1 1

z \\E' T N Z - t ~ e ~
REEDEE AT —) o) = aT

1O AE R Asym) L
A7 7L OVBERE(sym.) ton | = ST

, 1
277 L OB (br) )~ —e T
1474

T =Tc ~ 100GeV TEEMHEER — SU2)L x U(1)y DHFEHIBENL (D), #£ 0

*x T > To (NFHH) toep < tepw < éi{lm < H(T)™!

LTI —IEBERE.RD77LOVERI L2 E

« T < Te GENTH) — fqep < tew < H(T)™!
L RTOT—YBEER TS

—Sphaleron cﬂ’cou}vl/incq and QZW}?ﬁase transition.— 16/45



log t Hubble

sphaleron
electroweak

10"°GeV  10'2GeV. Te log a~log(;T )
SHEEHHBER (1) < 200GeV DEE,
Thee <T <To = ) > H(T)™' EBBTHEET Do

— JENFIHTZ 2 . RO 7 LOVERRIF 2T

—S}ofmferon c{ecouy(ing and ijﬁflase transition.—
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FHEIRETDEFE

BRFR Q; WhoEE SIEE: Z(T, ) =Tr [e—<H—Zwi@i>/T} 1g)
QUT.0) =Ty log Z(T.p) Qi OB

RE(C(XZ(T, ) DEHE S ERE

o {EE)H [Khebnikov & Shaposhnikov, Phys. Lett. B387 ('96);
Laine & Shaposhnikov, Phys. Rev. D61 ('00) ]

o BEIZIIL
BRTF- DI AR T2 2B AL, Q2 D THET,
LD I8 DR = NS RYASH

—S}?(iafenm cfecoup[ing and EW}vﬁase transition.— 18/45



* massless free-field approximation

(N) = (n) —(n) = / (;ijsg L(wk—;/T +1 e(wwxj/T == 1]

T3 o0 [ LUQ ZCQ ]
i

2

on? |, er—n/T 1  ex+u/T 1
(73
T
< - %, (bosons)
~ gt
I %, (fermions)
\

[Dreiner & Ross, Nucl. Phys. B410 ('93)]



WFDILERTYIvIL — NHARD 7oL 24 NgfElDHiggs doublets (¢ ¢™)

W= | upr | dor) | €inry | vin | @ | &

WIHER A E DA, ¢"~1ZNG moded 7+
color, charge neutrality — pgjuon = 1z~ =0
quark mixingl3 L7, LFVIZEEL

gauge: Uw = fd; — Hup = HiL — Hi = - T+ Mo N + 2

L1 |
Yukawa: 10 = flup — Huy, = Hdy, — Pdp = Hir — pir N + 2

" 3N + 7 — Q(N—I—Q) = N—|—3ﬂﬁld)3’$ﬁ7§: Y (,UWa Moy Mg s Uz)

sphaleron process : [0) = H(uLdeLVL),L- = N(pu, + 204, ) + Z”i =0

—Sjaﬁaferon afecou}afing and ijﬁﬁase transition.—

Quantum number densities in terms of u [Harvey & Turner, Phys. Rev. D42 ('90)]
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SEFHEE [1°/62HfET 2]

N(:uu[, + Hup + Hd;, T+ ,udR> — 4N/LLUL + 2NMW7

Z(Hi + pir + pir) = 30+ 2N pw — N

1

2

1
gN(:uuL + :LLUR) o §N<:udL + :udR) ke Z(N?ﬁL + :LLZ'R> — 2 2uw — 2Npgpu—

1

QN,LLUL — 2,LL — <4N —|—4 + QNH),LLW -+ <4N + 2NH>,LL()

1 1 1
SN By, = Hay) -3+ > (i — i) =2 2uw —2- 5 Nm (ko + pi-)

—<2N + NH + 4>/LW

MEZM



o T > T (symmetric phase) Q=13 =0Z&5%E. (1w =10)

B SN +4Ng
22N + 13Ny

14N +9Ng
22N + 13Ny

(B—L), L= (B—L)

o T'< T (broken phase) Q=0and ;i) =0 (" ¢" condensates)

8N +4(Ng +2)
24N +13(Ng +2)

16N + 9(NH + 2)
24N + 13(Ng + 2)

(B-L), L=

(B—1L)

AINICER (B — L) pinoraia = 0 85I B =L =10
. IREDFEICYE (baryon)h\FEFET DI=oHICIE,

(i) sphaleron@BREHEREE I BRIIC. B — L # 0D\FET Do

(i) B+ LZEF5—RHEEETERL. BD.
ZFDEESICsphaleroniBiEHEMICE S,

DELSHTRIFNIETRSTRN,

—S}alia[emn c{ecmg?[ing and QZW}?ﬁase transition.—
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3. B5HERE
T = 100GeVRLETIZ, tpyy ~ 10GeV "< H(T) ' ~ 10" GeV !
EERDFEETNEDMEZRD — (HEZ O 2 )

EETNEAOEWUN
AR FE9oIEm
R BB (M) (D(z)) = v
BEIRIF— | F(M:T)=a(T)M?*+b(T)M"* | Effective potential Vog(v;T)
STRIA B 2L A BRI D1 355 AL

BOEBHRODBEMRTVIPIL (T =0) — (D) = v EVWSHEREHFFE=DORNIRILF—

Vet (’U> HwR/NETRD v NNEZEERFHE [Coleman, Secret Symmetry]

Veg(v) = =T'[p(x) = v]//d‘lq; ['¢] = generating functional of 1P| vertex functions

—Spﬁafemn c{ecouyfing and EWJ}vﬁase transition.— 23/45



ERRE T, Effective potential = BEBIRILF—FBE

1 1
Veg(v; T') = —VTlog 7 = —VTlog Tr [e_H/T} ) R/INCT D v

BatT

1/T
path integral: Tr(e™#/T) = N(T dgb exp < / d'zg EE(Cb))
0

Euclidean ActionZzEuclidean time [0, 1/7] T

0,2) = &(1/T,
ZDIRRFF (S D EHED Tr DIz, #0, @) = oL/T, @)
£Xr

w(ov ) — _w(l/Tv w)

2nmT (boson)

Fourier mode k' = iw,, with w,, =
(2n + 1)7T  (fermion)




Vesr(v T) Verr(0;T)

HBERTE DREYL

TREEIESR

order parameter:

<
Sy
—_

A0)

1st order EWPT

0

Ve = %%I?C”<T) # 0

(P) =

T > T >0 A T > T >0
|U0 > N Ucl
I (%
A ?}(D
(%)
T T 1 T

2nd order PT

1st order PT

—Sjaﬁaferon Jecoup(ing and ijﬁﬁase transition— 25/45



EBIFETE T = 0TDloopttsy T, KifElfE 77 % Matsubara frequency w,, DANCEZIHLZ S

Ve (v) Veg(v; T) /&7:;4 % Z /d3k

n=—oo

;;/(Z;’; log(k? — m?) = /(Z:; log(k* — m?)+ Qﬁ’t (d31§ log (1 + e_ﬁ\/m)

d*k T4
:/ log(k* — )iz—/ dzx z° log (1 Te —\/@H(m/T)? )
0

(47)4 T

T = O-contribution

—S}alia[emn c{ecowvﬁng and QZW}?ﬁase transition.— 26/45



IREIRGR

1 p) 2 3 ~
Vet (0; T) = —§u2902 - 1904 +2Buvjp® + Bp* [log (%) -~ 5] + V(g T)
0
3 4 4 4
where B = 6471‘2?)61 (2myy + my — 4my),
_ T4
V(@) = o [6In(aw) +8I5(az) —6Ir(ar)], (04 =ma(e)/T)
Ig F(a) = / dz z* log (1 Fe V x2+a2> .
0
high-temperature expansion [m /T < 1]
7t 7l T at Va2 a? 3
T _ T e T3 G, VAT 4 9 O(a®
la) = =t —gle ) —ple T~ e ) +0l@)
Tt e a’ \/@ a’ 3
Ip(a) = = T2 L 0e X2 0 (L, —2) 406
Ple) = o T T T (W 4) +Ola)

—Sphaleron decoupling and EWrphase transition.— 27/45



AT
Vea(p; T) ~ D(T? — T5)p*—E T’ + I@‘l

D= 8%18(2777,%[/ +m%y +2m?), B = 473@8’(%% +my) ~ 107
A=A — 167?27) 7 (Qm%‘, log (::?2 + m4Z log QZ%Q — 477’2,;1 log ;:;2)
T} = (i~ 4B)
TeT. o = 0ERBRUBIND oo [CTETE: o0 = QfTTC
c
I < H(Te) % >1|= \I(CLER [me = V2]

my < 40GeV | — fEX#EIPSE(Lexcluded!

—Sphaleron decoupling and EWphase transition.— 28/45



* Monte Carlo simulations [HEEHE T ey
effective fermion mass : m (1) ~ O(1T) «— |w,,| = |2n + )71 > 7T
. bosons7Z(FTsimulation

scalar fields:  ¢(z) — IBF R (site)

LR {gauge fields: U,(x) —~UYD

Z:/[dgdeﬂ} exp{—95go, U, }

o SU(2) system with a Higgs doublet and a triplet time-component of U,
[Laine & Rummukainen, hep-1at/9809045]

e 4-dim. SU(2) system with a Higgs doublet [Csikor, hep-1at/9910354]
Emy, < 66.5 4+ 1.4GeV 2513 XKiE

M3 Dsimulation&H. end-point ZFKR:

= || no PT (cross-over) in the Standard Model

= { 72.1+ 1.4 GeV

—Sf)ﬁa[eron c[ecouy[ing and fWJjofmse transition— 29/45



Sphaleron decoupling condition

broken phase T®D J\UAVEZ{LER [Arnold and McLerran, Phys. Rev. D36 ('87)]

1 dB 13Nf w_
Bdt 12872 oy

K/NtrNrot e_ESph/T

CNDH(T) = 1.66,/9:T* /mp&D/NSWNEBLE, By, = 47T—vé’c‘:a“imat“,

g2
v 0.050 w T
— > ——— [43.17 + log(k Ny, Nyot) + 1 — 21
T~ ¢ + log(rNulNioy) +log (mw> o8 (100%\/)]
BUEMRDRER € = 2.00, Ny Ny = 80.13, w? = 2.3m3;, ZPRHL,

k=1, T =100GeV £95¢&,

% > 0.025 X (43.17 + 4.38 + 0.416) = 1.20

—Sphaleron decoupling and ﬂZW}?ﬁase transition—
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FAEIRGRZ ok LTEAREL DB

e MSSM (Minimal Supersymmetric Standard Model)
[fRZEIE5W + 1 Higgs doublet] + N5 Dsuperpartners
Supersymmetric Yukawa int.

gauge anomaly cancellation

e 2HDM (two-Higgs-doublet Model)
[FEXEIESR + 1 Higgs doublet], Py, D
Yukawa int.I2ES5 or M /7 DHiggs doubletz &>, &
Higgs potential (2L D DD Dvariation

e NMSSM (Next-to-Minimal Supersymmetric Standard Model)
MSSM + 1 Singlet Superfield

FUWY AT D38\ —XR I8R5 [KF, Tao and Toyoda, Prog. Theor. Phys. 114 ('05)]



Higgs potential (tree level)

superpotential W = fYLH LAER + f\L HiQaDp — [\ S H,.QAUp — nHyH,

2

9 + i 2

2 2
Vo = m @Dy + m 0l d, — (1m0, + h.c.) + (0}es - ola,) + 2 |ofo,

soft-SUSY-br. terms

Vo = m®id, +mdld, + (m did, + h.c)

1 1
+ 5)\1(@1@1)2 + 5)\2(@@2)2 + )\3(@1@1)(@@2) — M@I@z)(@g@ﬂ

— {%)\5(@1@2)2 + [)\6(@1@1) + )\7(@;@2)} (®]dy) + h-C-}

by — Dy, Dy — Dy,
2

9 | 9
_|_
>\1=>\2=—>\3=g2 491, >\4=—%, X567 =0




Higgs particles in the MSSM

g, By ADDEFERST (F281177) — 3DDNG modes = 5 = | 3 (neutral) + 2 (H7F)

Higgs potential V,M&/J\&Higgs mass (tree level)

. 1 fvgcosp 1 0
%—mln atq)d—ﬁ( 0 ), qDU_ﬂ(UOSinﬁ)
2

1 1
fHL. m =mitan B — §mQZ cos(28), m; = mjcot 3+ 5z cos(20)

VoDHiggs fieldsliZ k% 2 &85 — mass matrix of the Higgs particles

9
ms

m* =

p4Higgs sin 3 cos 3
1

m%,H =3 [m2Z +m4 T \/(m2Z + m?%)? — 4m%m? cos?(203)

rE8Higgs  mi+ = miy +m;

—Sphaleron decoupling and EWrphase transitionn—  33/45



Higgs potential D IEDREL ~ g., g7 8\ \Higgshi F
A my < min {mzz’mix} ; mpy > max {mQZ,mi‘}

LEPII OfE4LE P )

= 3t Dquark, squark®loop correctionHh'EE
[Okada, Yamaguchi and Yanagida, Prog. Theor. Phys. 85 ('91)]

3 m; m?2 + m?
m7 < m7 cos?(23) + 2—7r2v—2t log ( tm2
0 t

& (3. light-Higgs scenario H;FB=nTL\3,
h-H mixing®D72012, Z Z h-couplingd3/N&L 725

—Spﬁaferon ofecouy[ing and fW}?ﬁase transition.— 34/45



MSSM®DHiggs mass(Cxd 9 2R

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

my = 169.3, 174.3, 179.3, 183.0GeV

99.7%CL 95%CL.,...,...,.

-

Excluded Tevatron Preliminary |

by LEP MSSM Higgs —1t —

95% CL Exclusion .

m;- max . D@ (1.0fb") ]

B CDF (1.8 fb) _

Theoretically 0 100 120 140 160 180 200 220 240

i Inaccessible m, (GeV/c?)
A

PO S T [N T SR N N ST TR SO N SO W | N\
0O 20 40 60 80 100 120 14

m, (GeV/c")

my-max benchmark scenario

[PDG: C. Amsler et al., Phys. Lett. B667, 1 (2008)]

—Sphaleron decoupling and EWrphase transitionn—  35/45



* MSSM @ EWPT

| B | . B 1 0 B e’i@ 0
order parameter: (®y4) = ﬁ ( 0 ) ; (Do) = ﬁ (U2 4+ z’vg) N V2 (vu)

Vig(v: T v = D E U TwR/IINRZKDD,

Rk e A IROuH IR S
symmetric under ®; - Oy

/

mi; =mo =mg =10 [KF, Kakuto, Takenaga, Prog. Theor. Phys. 91]

Higgs bosonOBEEEEWPDER

" Ver(T = 0) > e

Higgs mass* matrix: /\/lf-j ~ < 96,00, prp=0)
iUPj

BT DT — 9220,

—Sphaleron decoupling and EWrphase transition—  36/45



1-loop level D& [Carena, Ellis, Pilaftsis and Wagner, Nucl. Phys. B586 ('00)]

m2 3
6471'2an ( M? 2)

' CCL

‘/eff<’l) T = O)

-2
mg

N—=T%EIBRT: a=t t, b bW, Z, -

field parametrization — VEV + fluctuation
B, (%(Ud—th—i—iad)) b — il ( gbzt )
: o 7 “ %(UU + hoy + tay,)

VEV = V¢ Mglobal min. Vg = vy cos 3, v, = vysin 3, 0 Zinputlc g B, soft mass

1 /OV, !
= @25 > = mi — Re(mye")tan § + gmzcos(2) +

0_1 OVt
v, \ Oh,
_1 a‘/eﬂ‘ _1 a‘/eff . 2 160

O_vu<8ad>_vd<8au>_lm<m3€ )+

_&\’}7651[61'0,;1 L{CCOH}’)[{Hg a,u{ EW}vﬁa,se transition.— 37/45

1
— Re(m3e*)cot 3 — §mQZcos(26) + -




neutral Higgs boson & charged Higgs boson mass:

0*Veg 0 Ve 1/ 0V \
Oh? Oh0hy cos B \ Ohg0ay

M2 = O Vet O Vet 1 [ 0V
OhgOhy oh2 sin B \ OhyOay
1 82 Veft 1 82 Veft 1 82‘/eﬁ
cos 3 \ Ohg0ay, sin 3 \ OhyOagy sin B cos 3 \ Oag0aqy, )

1 0%V, 1 |

9 eff 2 10 2
Mpg+ = — — ) = — Re(mze™) +my, + - - -
H sin B cos B \ 0¢pDu sin (3 cos 3 (mze™) W
input m2,. — Re(m3e')

mass eigenstates /7,

ha Hy
he | =0 | Hs |, 0T M0 = diag(m%ﬁ, m%,?, m%ﬁ)
a H3
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gauge and Yukawa interactions

_ Z Z'LL 92 >
Lgauge - gVVHZ (WJW " i 2 CO/;2 0W> Hl i m gZHiHjZ’u (H’La,qu>

gommy

£ ~ - B > .—|—. U . bHZ
Y Dy (gbbhz Z%bem)

corrections to the couplings

gvva, = Op;cos B+ Og;sin

1
9ZH,H; = 5 [(O3z'01j - 033'012') sin 3 + (037;02;' — 033'027;) COS 5]

1

S P 2 S 2 P \2
9vbH;, = OliCOS 3’ 9vbH,; = —O3; tan 5, 9vbH; = (gbei) + (gbei)

vy = 246GeV, tan 3, m e EloopZEBUTINKINOA—S (1, A, scalar soft mass, - - -)
ZinputE UT.INSDEE mi, m3, m; Z5t&
Higgs mass vs EWPT
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EWPTHO—XREr#% (/R Dparameter

light stop scenario [de Carlos, Espinosa, Nucl. Phys. B503 ('97)]

2

stop mass® matrix:

2
m2 (= Gt — o)+ Sl By (v + Al — i)

ME =
' % m? — g—%(UQ — i H Ui,
tp 6 U d 2 Yu
2 _ 2 _ - 2 2
m; = 0orm; =0 smaller eigenvalue: m; ~ O(v°)
= m R
_ T
Viv:T) — — 6—(m§1)3/2 ~ Tv*
T

— stronger 1st order PT

effective for larger 1y, — smaller tan (3
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[KF, Prog. Theor. Phys. 101 ('99)]
tan 8 = 6, my, = 82.3GeV, m4 = 118GeV, mg, = 168GeV
TC — 93.4GeV, Vo = 129GeV

150
| 2.0x10°
1 1.8x10°
— 1.6x10°
| 6
1.4x10 GeV
1.9%10° 1.4 6.5 200
1.0x10° v/ T @B 4o, 87 m;
1.2 160
8.0x10°
6.3 ]
6.0x10° 1 140
4.0x10° L2 1207 A
100
2.0x10% | 0.8 i
6.1 o0 mh
0.0x10°
! 0.6 T T T T T T T 6 60 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
(Y] mt, (GeV) M, (GeV)
Vet (01, 00, 03 = 0; Te) my ,-dependence (tan 3 = 0)
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* Lattice MC studies

e 3d reduced model [Laine et al. hep-1at/9809045]
strong 1st order for my, < My and m;, < 110GeV
e 4d model [Csikor, et al. hep-1at/0001087]
with SU(3), SU(2) gauge bosons, 2 Higgs doublets, stops, sbottoms
Ay =0, tan 3 ~ 6 —— errorOFIPHNTIEE)mE —
106 | | | |
] i ma = 500 GeV
102 —\\:\\\\ = T 1
=100 - ve/Tc >
S gg NS . below the steeper lines
< Me=1
= 96 Velle 7 U
ogq4F+_ m; = 440 GeV \\\ — Mmax. mp = 103 :': 4 Ge\/
Cmy =590 GeV N\
92 mi. = 630 GeV O\ - for mg, =~ 560 GeV

90 | | |
165 170 175 180

ng [GQV]
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4. XEH
REDOFE IS/ \VAVEHNFEETDEOHIERF ROANHDEICESNRIERSEL,

() BREEBETICAROR — LEAET 5,

(i) BIHEEETB + LA U ERICAT 7 LOVEEINREST %o

(i) — Leptogenesis, (B — L)-nonconserving GUTs, Affleck-Dine
(il) — FBHIHERRE DXL, M CHIER Higgshi 1~ D& i
Standard Model X
MSSM with
2HDM
NMSSM

HiggsfFDFERZ (I TR ZDHE(BREF) = HDHEH D,
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Sphaleron decoupling condition revisited

collaboration with E. Senaha

gtk FEERIC K BHIRDIEEDNH L LT AD T MG DREEZ LT 70,

—RIBEBEDIBRDD(E2 DDENHERT DT TRIFL LD IBED TN TH Do

\ Ea(T)\*?
SRR In(T) ~ T ( Qb(T>) e~ Fan(T)/T [Linde, Nucl. Phys. B216 ('83)]
T

Ea,(T) : critical bubbleTRJLF— « Vo (7)o 72 5Hm) /1t

A Ver(Tn)

N
>

UN

NS 0 r
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T (nucleation temp.)DEZE: I'n(Tn)H(Tn)® = H(TN)

Es(Ty) 3, FEup(Tn) I'n
— —Jog————= =152.59 — 21 ) — 41
Tn 2 BT 52.59 = 2log g«(Tv) — 4log 7o0m

FER(LEP2, B, etc)DiillfRZ2 7)) 7 L7zd5/37 XA =%t MIN LT,
Te = 117.97GeV, vo = 101.18GeV — Ty = 116.9GeV, ve = 117.9GeV

Ve
— = (.80 — — =1.01
Tc TN

* sphaleron decoupling conditionDf&E DA _E

o B (T) % Vi(T) 2 FGTEET 2,
> zero-mode factord . i[RI/ E TOMDE D DFES E D6,
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