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Moftivation

[ Universe is baryon asymmetric. ( -+ cosmological data)

Baryon asymmetry of the Universe (BAU)

[HB = (5.1 —6.5) X 107°, (95% C*L.)] [PDG ‘09]

Ty Ty

1 How does the BAU arise dynamically from the B-symmetric Universe?

Conditions for the BAU  sakharov ('67)
[(1) B violation (2) C and CP violation (3) out of equilibrium]

B violation sphaleron process
SM: C' violation chiral gauge interactions
' Dvidlatian CPV in the CKM matrix is not sufficient
out of equilibrium phase fransition (PT) is not strong 1°f

order for my > l14.4 GeV. (see later)

J New physics is required fo overcome these 2 issues.
J MSSM is one of the candidates for successful baryogenesis (BG).
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B violation { sphaleron process
SM: C' violation chiral gauge interactions
" C'Pislation CPV in the CKM matrix is not sufficient
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J New physics is required fo overcome these 2 issues.
J MSSM is one of the candidates for successful baryogenesis (BG).




Tensions In tThe MSSM BG

Strong 15" order PT vs. LEP/B phys. data

3 To have a strong 15" order PT, the light Higgs boson is needed.
(see later)

J LEP/B phys. data can constrain such a light Higgs boson.
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[ MSSM BG is highly constrained, but there is still a viable window.




“viable” MSSM BG

[M. Carena, G. Nardini, M. Quiros, CEM. Wagner, NPB812, (2009) 243]
O Electroweak phase transition is strong 15" order if
myg < 127 GeV, mg, < 120 GeV

{ EW vacuum: metastable (long-lived),
Charge-Color-Breaking (CCB) vacuum: global minimum

overlooked issues?

= Sphaleron decoupling condition Pg;)h <H > v/l > (

Q.1 Is vc/Tc > 0.9 enough for the sphaleron decoupling?

] Effective potential at the 2-loop level

2-loop effects at finite temperature (1) can be sizable.

(based on the High-7" expansion (HTE)) [P. Arnold, O. Espinosa, PRD47, ('93) 3546,
J.R. Espinosa, NPB475, ('96) 273 etc]

Q2. How reliable is the HTE at the 2-loop level?




Overview of EWBG

[Kuzmin, Rubakov, Shaposhnikoy, PLB155,36 ('85) ]

3 EWPT must be a 15" order with expanding bubble wall.
symmetric phase (®) =0

} e, > H outline

ek Ja ~ (/[ violation at the bubble wall

brczlg)n ;laaﬁe causes the chiral charge flux.

I‘ﬁ{:H

-+ Accumulation of the charges in the

Y X symmeftric phase.
@ i
o & Left-handed particle number densities
=t z are converted info 5 via sphaleron
f.f 7 hf process.
(b) r® > H .
Leph < H “Eh_l_ r Sphaleron process is decoupled after
broken symmetric the PT.
h
pakse PR9%E  « Biis frozen.
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Overview of EWBG

[Kuzmin, Rubakov, Shaposhnikoy, PLB155,36 ('85) ]

3 EWPT must be a 15" order with expanding bubble wall.

symmetric phase (®) =0

(@)

T

broken phase

(@) #0
(b)

Ieph < H

(a)
Ioon > H

N B+E

« Sakharovs cond.
(omd)

f :f o | :JE
()
b
- Lopn > H
broken symmetric
phase phase

.

outline

-+ (/P violation at the bubble wall
causes the chiral charge flux.

-+ Accumulation of the charges in the
symmeftric phase.

& Left-handed particle number densitie
are converted into B via sphaleron
process.
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> ~» | Sphaleron process is decoupled after
G " el :

the PT.
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EWPT



Effective potential

[ To discuss the phase transition, the effective potential is used.

[ gauge bosons and 3rd generation of quarks/squarks are taken

iInto account.

/

erﬂ“(q)d: q)u) — %(q)da q)u) == AV(q)d: q)u:n T):

Tree: Vg(fli'd:, ‘-'I?'u) = m?@g‘i}d e mé@i‘i}u = (méﬁﬁfbgfbﬂ =i h.c_)
0 0 0
g5 T 91

8
l-loop: Av(a,®, T) = N o [Fg(mi) - EIE,F (ﬂ)]

A

g
4+ (8184 — BL&.)° + 2(2]8.)(8] ),

m* me 3 w
Fo{m?) = i (IHW - E) , Ipp(a®) :/[; dz z*1n (1 SR )

.

Numerical evaluation of Ig p(a?) are extremely time-consuming.

N
Fitting function: Isr(a®) =e*> difa” |Isr—Isp| <107° (N
ri=[]

= The fitting function is used in our numerical analysis.

— 40).




1St order PT

3 order parameter = Higgs VEVs
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3 At Ic, the Higgs potential has two degenerate minima.
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1St order PT

3 order parameter = Higgs VEVs

Vett 1st order PT

—— D5(
= g
4]
G e —
200 _
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150
46
10 = lim v # 0
i e
50
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0 50 100 150 200 250 200 7 T Gy
¢ e
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J At Tc, the Higgs potential has two degenerate minima.
J How do we get the negative contribution in the Higgs
potential?




High-1" expansion

3 For a small a=m /T, Inr (a?) can be expanded in powers of a2

£ 2 £ - 3
fHlEe ey 0 IW o hpangie - O 8 Ol
g @) =t mgw) T 5 SR e [ (7).
T a a’ a” 3
IHTE 2 :___2__ 1 e O 6,
PR = s e B, g O

J Bosonic loop gives a cubic term with a negative coefficient, which
comes from the zero frequency mode.

wy, = 2nnd for boson ¢f w, =@2n+ )xT for fermion
Igvs. IH" fpve -l

Tnla®)

validity of the HTE

1|Ip — THTE| < 0.05 if g < 2.3

| |[Ip — TETE| < 005 ifa < 1.7




High-1" expansion

3 For a small a=m /T, Inr (a?) can be expanded in powers of a2

Tt e T a’ a 3
e = = | 12{12[— E(az)gﬁ} ﬁ(lc}g@ - §> L{a),

it 7% o O e

= = = s )
360 24 32( = 2) O

J Bosonic loop gives a cubic term with a negative coefficient, which

comes from the zero frequency mode.

wy, = 2nnd for boson ¢f w, =@2n+ )xT for fermion
Igvs. IH" fpve -l

Tnla®)

I35 (a?)

validity of the HTE

1|Ip — THTE| < 0.05 if g < 2.3

| |[Ip — TETE| < 005 ifa < 1.7




AT AT
o 2 2 St e g e
[%ED(T T — ETv® + s (v — v2) ]
Vetr
2 Bsm ~ — (2miy +my) ~ 0.01
E T>Te
: — - 2Wg vo cubic coeff.
= -~ s Ao Te  quartic coeff.
0 50 100 150 200 250 300
v [GeV]
' < H T =, < 48 GeV
sph = =i UO/ o = C MpsM =, €
(discuss later; SM EWBG is ruled out.

3 Light Higgs boson (small A} is favored.
3 Additional bosons (AE) can rescue this situation.




Caveat

"Bosons do not always play a role.”

Suppose that a boson mass is given by

M? — m? =E 92@2? m?: gauge invariant mass
g. coupling constant

If m? <« g°v® v, et [ -
T g v eff 7 —G 1 ' ek hEIPFUI boson
2.2 3/2
e m3T< | gmz ) helpless boson

Requirements: 1. large coupling ¢, 2. small m?

In the MSSM  — top Yukawa coupling: 3z — small m~R




stop loop effects

[Carena, Quires, Wagner, PLB380 ('96) 81]

e .INP bound on my. mZ > m?ﬁﬁ){f? X, = A; — pcot 8
® p parameter (6.5 TeV)? >

Stop masses

s =
e 7
_ 0 o Yy sl o X, 2 y y
&
e e i
_ 9 S Y, Sl 6 Xt 2 2
e =1 (1——9>‘U +0(g°) 4
s
. § y

At finite T, there is a thermal correction,| Apmz [~ O(T%).

tp

To have a large loop effect, m? - ATmth must be small.

e
m: +Arm: =0, . m; <0 = CCB vacuum
H A s
mg, < My light stop is needed!!

Also, X; = 0 (no-mixing) can maximize the loop effect.




Sphaleron



Sphaleron

[ Static saddle point solution w/ finite energy of the gauge-Higgs

system. Energy [N.S. Manton, PRD28 ('83) 2019]
4 sphaleron
e A et
Instanton: quantum tunneling
_/instanton, Sphaleron: thermal fluctuation
1 0 1 Ncs
B violation:

Ng: number of generations
ol — NN !
! - N 92 /dgm erilr

7F T 3pu

2
Fz’jAk = ggzﬂiﬂjﬂk

vacuum transition rates:

©) ~ kot T, aw = g2/(4r), &= O(1)

broken phase: Fé;{] ~ Tle—Espn/T
At T = 0 " F ™~ E_Z‘Sfinstant@n = E_lﬁﬂgXﬂ?é ~ 10—161
1 B violating process is active at finite 7' but is suppressed at T=0.

-> no proton decay problem

symmetric phase: [



Sphaleron solution

O gauge-Higgs sys’rem in the MSSM

—EF;,F&W

— 9,4,

ﬁgauge—l—liggs =

e :
EFSU — aﬂ*’*‘d‘[” — 143 [AH? AU]?

o, — a,

g1 = 0 for simplicity

+ (D@D ®; + (D, 2, DH®, — Vo()

—- igEAg){bd?u

[ Ansatz for a noncontractible loop u € [0,7], (1,0, 8) € 5%, m(SU(2)) ~ 7

AGer,0,8) =~ 1000, 00w 0,8) 7= Va? :
Balu,r,8) = {(1 mo) (5 ) s (g )}
St d) = 20—t ( E_wiw )+ v o (91

[ e"™(cos p — isin pcos ) e*® sin p1 sin 6
: G 6,0) = ( e~ sin 1 5in # e~ *(cos 4 + i sin jt cos 6) )

Elf, h, ho(p =7/2) =0—
w/ b.c.

f(0) =

hi2(0) = 0,

) — hLQ(GG) = 1.

EOM of sphaleron
f (oo



Sphaleron decoupling condition

3 To avoid the washout of the generated BAU, the sphaleron
process must be decoupled after the PT.
[Arnold, McLerran, PRD36,581 ('87)]

= 1 g, N7 < BT 1665

|
|

Ni; 1 translational zero modes,
N, : rotational zero modes.

If we denote Fqpn = 4mvE /go

- N

& g2 W 1 G+ L
? b R 42.97 + lﬂ(mrﬁ'{;gt) 5 In (ﬁ) = 5 In (106?5) —21n (100 GQ\;’)}
\, /

In +h _ [Klinkhamer, Manton, PRD30,2212 ('84); Carson, McLerran, PRD41,647
1 e SM: ('90); Akiba, Kikuchi, Yanagida, PRD40,647 ('89), etc (list is not complete)]

£ =200, NyNow = 80.13, w? =2.3m%,, k=1, T = 100 GeV, ) = g2.

— > 0.026 x (42.97 + 4.38 + 0.416) = 1.24
- 10% correction




MSSM case

J We investigate the effects of T and zero modes factors
on the sphaleron decoupling condition.

Consider 3 cases

[: based on Vg(T = 0) without the zero modes
[1: based on Vog(T = 0) with the zero modes
[[T: based on Veg(7T # 0) with the zero modes

For the typical parameter set = =

tan § = 10.1, mz+ = 127.4 GeV, G R SR
Ay = Ap = —300 GeV, p = 100 GeV. Ne | — | 7.36 | 665
Nmt == 10,84 Loy

) Zero mode factors cannot be neglected.

oy /Ty > | 1.17 | 1.29 | 1.38

1 T-dependence must be taken into account.
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J We investigate the effects of T and zero modes factors
on the sphaleron decoupling condition.

Consider 3 cases

[: based on Vg(T = 0) without the zero modes
[1: based on Vog(T = 0) with the zero modes
[[T: based on Veg(7T # 0) with the zero modes
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) Zero mode factors cannot be neglected. Aot = === loe S

uy /Ty > [ 1.17 | 1.29 | 1.38
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Q.1 Is ve/Tc > 0.9 enough for the sphaleron decoupling?

A. No, vo/Tc =z 1.4 is needed.




2-loop analysis




Toy model

[ As a first step towards the complete analysis, I discuss
the PT in the foy model at the 2-loop level.

{
L— EAbelian—Higgs =+ AL,

1
ﬁﬂbelian—l—liggs = _EFJ_LL’FMF =F; (DM@)*DM‘@ = %(‘C@F)?

1 .
D,® = (0, —ieA,)®, Vu(|®]*) = —°|2]? + —| % b= \E(” + i+ 2a)

1 _ 2 e .
AL = (8,8, — 8,8, + (8, — igs o) — m i — JHH — w2I0 P
N y

J Landau gauge &=0, MS-bar scheme

Field-dependen’r masses
3Aﬁ =i

— 2 _ = 2
M, = 1 . b ==t




Effective potential

1-loop diagrams

(1) _ y L M2
V 5 _[F“(miw Tk <T2>
1=0

4 H z \ 2l
‘: | T20
3 o = i T2 : oo : =
Wi Fm(mij':ﬁil?rg In 7 — O, fg(ﬂ)z/[; dz 111(1—5 )
2-loop diagrams
= E Vv
Ir.-’ff HH-.“ I‘,"“ V H\h
T
Sunset: ---2---. S
: 1 {
"'.xh‘ S #;.-" '..,HH‘ Sf f..-'f
, . counter terms
i : - >
Figure-eight: °.._.~ FR




1-loop resummed Ve

3 At high 7, thermal corrections to the masses must be
taken into account.

Thermally corrected masses

12
mT(T) — ?ﬁ“?ﬂu m%(n . m?ﬂl
I"FgQ
mg@ T) =0, m?‘;}T(T) = ?Tz
Resummed potential
i N
W), TOR(T) i, (T) 8 i (T) ma(T) 3
e = e (1“ = g Ve

m ¢ ﬂ 1), D (, 000 1) 3D, 08D o)




Scalar sunset

_-S-..
fz ‘\
! & \ // ]_
_______ H(m) =
E T T L BT @ P QF
A\ 3 r 1
S8t = H"(m) + H(m)
e divergent  finite
— 2 dd—lP o o 2
/P:,LLT;/(%)@_IP P?2 = 2mxT)? + P
Finite part:
= 3m2 | m> me 7 e 2
H =i s gl Se RieE e TR =
(m) e e +2+12+3fg} 1=0
3 | me T T | |
+(2w)4 = (1]:1 7 lmd — ik %> hila™y — j (o) + 1 1#0

where a=m /T, f.=-1.7579.

[ I focus on K(a) which is more relevant than others.




2-loop function

2 N

1
K o mnne = [
0 E

ds /1 dt Y_ED}(S:, t;ay, g, @s)
G

o,
4 (S:-t: &1;&2?&3)

where
_ 1
:ED:I(S?t;{Ih{Ig? gn) = 16 [ = 1{({11 -+ {Ig)g = {1%}{({11 — {Ig)g = a%}

—|—{1% In¢(lnt — 2a5) + mé Ins(lns — 2a;)

2
+(a + a2 —a2)/Ins(lns — 2a;) Int(nt — 2{19)] .

. £
Kla) =K _(a,a6,0)
For a=m/T<1 HTE of K(Q) [R.R.Parwani, PRD45, 4695 (1992)]
s 5 ™
K"™%(a) = —< (Ina® + 3.48871 + - - )
A, /

This formula is exclusively used for the EWPT at 2-loop level in the
literature.




HTE

The sunset diagram is expressed as

% 3m me m* T 2
iHnl = B it -
(m) (4w)4{n = 11zu +2+12+ fz}
5 i 1= 7
+64?T2 {—2 (111?4—1112—2) — ;3(0) —GH—QIH{I} + Ofa).

where 7(0) = C(2)(1 — vg) + ¢'(2) and cg = 5.3025.

F 22 3
o = . m e 1 072 3
m*H(m) 3 = In w2t (m*T°—m*T)

Im =~ gu
positive quadratic coefficient
-> enhance the curvature at v=0

negative cubic coefficient -> enhance vc/Tc

NOTE: If —m?H(m), ve/Te gets smaller.




Validity of the HTE

40—

e

-3 -

KETE {ﬂ}i-"‘.‘l‘-'

I IIIIIII| 1 IIIIIII| I IIIIIII| I LA
0001 0ol 01 1 10

1 Numerical evaluation (red) vs.
HTE (blue)

1 HTE of K(a) is valid only for
small a (s0.01).

If T ~ 100 CeV, m < 1 GeV

[ For a strong 15" order EWPT, a=0(1).

[ This result is consistent with the previous study.
[M.Laine, M.Losada,NPB,582 (2000) 277]




SSV sunset

4 \ AQ? — 4(P . Q)2/ P2
NANNNS Do) = || oo e i

A 4 = Dggv My, Trig, M) ‘|‘D33V(m1 Mo, M) +ﬁSSV(m1;m2;M:':

et S finite part

Desv(ma, ma, M) = T_(M) (f_(ml) . f_(mg)) ~ T_(mi)I_(ms)

+m1MTE (M) = 1()) (T-(ma) — I_(ma))

|+ )iz (M) + M2 (37 () + 67 (ma) ) = i (s i (ma
R (= ) (i (M) = i7(0)) + 22 (i) =i ma)) b
& 2 2 2 (mi—m3)*] - =
+ | M*® — 2(m] + mz) + : H(mq, ma, M)
(i — )t z =2
k— ME H(ml?mg D) |




. SVV sunset

% 4P - @ﬁ/(Pg@)
Dsvvim, My, Ma) = // P9+M1 QMMQ (P + Q)%+ m?)

Dt ( My, Mo, m) + Doy (M, Mo, :l—l—f:'gvv(Ml:.Mz:.m):

= finite part
= (;? —(m? +M?+ME)—#(F (m) + I_ (M1)1+f-(Mz)) _ _ _
*E(MM” 7 (0 ))( (M) — (m)) e (I-(Mp) = I_(0) ) ( - (M2) — I_(m))
_MT;E (L (M) = I.(0)) (I-(M2) - I_(0))
| B 2”"( (M) - c))
M 2 (0 - 20)) — 2 - 710)|
r+ﬁ H(Mf + M3 — ) + 8MIM } H(m, My, M) :
L —(M? — m?®)2H (m, M,0) —(ME—mﬁ)gﬁtm}ﬂfﬂ)+m4§(m}D}D)L L




Figure-eight diagrams
[ Putting all figure-eight diagrams together, one gets

’

RV 0 T) = 2 [3(10m) + ) + 21 () ()

16
+§(D — D) I_(ma) (I_(7) + I_(1M,) ),

L () [ () + L(m0)] + 212me) + (D — Dbl (0)-(my
where D—=4_¢

e 2

I_ ) - I P - B @ ‘J
m?) =~ 2 4 T () + i (m?) + O,
0 0 0
= n M M = 5
f{m) = i <1HF— 1) = ﬂgf_’é(a i

i

i

roty =2 (2 1) 414 ] - D (D a2 e + )

&

J No K(a) in the figure-eight diagrams.

A Corrections to quartic term. (v¢/Tc gets smaller:)




2-loop Veri

Unresummed potential
,
2.8 i
e L e S s ol e e
B V—'ﬁ ('U] T) = 1_6 “i'_.; [BH(mh) e H(mh} mm}:la)} 5 PSE‘F(mh} TE’} mA) SUHSE'I'
e*ufut -~ = " or
= "r'fl DSVV(TT?&}T]TIA}T?IA)[_ %Dssv(ﬁlg}miﬁj = yz’u ﬂzﬂ(mh:-mi:-mfﬂ
T 3 27 r r
= 3( 12 () + I2(a) ) + 2 () (170) | + Eegf—(m)( () + I_(1)
el g = o oee g
o [P ( L (P) + L(a) ) + ( 8+ — =
ygf Ly 58 f - f = ;F T Qf [ (Bf 12 _g
i T _{ E)( _ () + —(ma,)) S (M) + 931-(0) | 31_(mz) T o3
e _BEEME—F Get 4 252 —gﬁe%ry’* e | 650 ()
1672 | 4 4 E
+lﬁ; _35%9 -+ G}P = %‘«e?) WE} i (Ma)
—I_lF;;rz :659y9 L(—3)et L mEﬂFﬁE“E] 3£_}(mﬂ)
1 oD 7 3 5 i B S WO 395 _o.(
e {—3_@3??104—%“ (—EQE—I-'SJ gt | 85 (mg) — B2 25(0)
k v




Assumptions

® Sunset diagram with the unequal masses

1
By mam) = || o G T BT O

which is approximated by

H(ml,mg,mg) =2 5] (ml —I_ng —I_mg) +O(m2)

[P. Arnold and O. Espinosa, PRD47, (1993) 3546]

@ Resummation

I replace the masses with the thermally corrected masses under
the assumption 7. (T) = m7(T) (theoretically unjustifiable, though)




UCJ'/ ik (preliminary)
vo =200, e=05, y=1.0 A=X=0.03, m2=0.

Abelian-Higgs part (\e) + t-t-G,, | full result
4 1
BB p———
................................... ?A\\
P ]
F ]
2.5
| 2-loop
2 — —— = D dson (HTE)
R —— s s ]__]_QDP
1'5_""I'"'I""I""I""I'"'I""I""I""I"" LS
R S e o SRS - 11 12 1814 15 1.6 L7 1.8 1.9 3
g gs

) 2-loop effect can play a role.

3 ve/Te can be enhanced if E_E_GM diagram is dominant.
O But, ve/Tc is overestimated if the HTE of K(a) is used.




Towards MSSM baryogenesis

[J stop-stop-gluon sunset diagram is the dominant 2-loop
contribution to vc/Tc. [IR. Espinosa, NPB4TS, ('96) 273 etc]
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Q2. How reliable is the HTE at the 2-loop level?

My answer: numerical evaluation w/o the HTE is necessary.




Summary

[ We have discussed the sphaleron decoupling condition in
the MSSM.

A vc/ 1o z 1.4 is needed for the sphaleron decoupling.

[ We also examined the validity of the high-T" expansion
used in the 2-loop effective potential using the toy model.

[ HTE of K(a) is valid only for small a<0.0l.

) f—f—G‘p, diagram can enhance ve/Te.

[ HTE of K(a) can lead to the overestimated vc/Tec.

Analysis of the EWPT at the 2-loop level w/o the HTE is
necessary to check the feasibility of the MSSM
baryogenesis.
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Experimental constraints
e.g. Higgsstrahlung

2

3 Higgs bounds@LEP [pLeses, 61 (2003)]

=

LEP

C (@) Vs= 01210 GeV

Q%;-EE x Br(H; — ff?:' < Fu,z(mau,),
g%éHﬁg x Bi(H; — ff) xBt(H; — ff) < Fuu,(ma, + mau,),

CL limit on g

where f = b,7. S,z and J g, g, are the 05% C.L. upper limits E% 10 '1:

J Lower bounds for SUSY particles:
e.g my, > 95.7 GeV, m+ > 94 GeV, myo >46 GeV o T7
3G 40 60 B0 100 120

J p-paramefter: m,(GeVic)
Ap < 0.002

If, (Higgs mass)<140 GeV
constraints on

} light charged Higgs bosons

3 B physics observables:

Br{(B, — o, o = Ll 1052
Br(B— X 3)ap = (3.52:0.23 £0.09) % 1075,
BrlB.—pty - = 0,23 1) — light neutral Higgs bosons




vc/Ic in the allowed region

mg = 1200 GeV, my, = 107* GeV, my . = 1000 GeV, A; = A, = —300 GeV.

mp —190 GeV IUDrGeV

L [Exdluded by { oo O vc/dlc> 0.9

= 4- | O max of v/l
= : tan 8 = 10.1, my+ = 127.4 GeV
g™ [Excluded) e vg _10710GeV _

| by LEP _ T ey

b '_“"--1-1,- o ‘ | O Sphaleron process is

- \
\Excluded By ==~ _ not decoupled at 7.
& - -‘1| L B_}X’T I‘."-.-.“‘.h-:"
120 126 130 135 140 7 loophole: “supercooling”

= PT begins to proceed with bubble wall at below Tt.




Below 1

Vis e.g. ldim
: T=Tc
0-
T TN
OHH5IDH lClD 15|D Iﬂlédlléédlléﬂﬂ
v |GeV]

We evaluate the nucleation temperature 1.




Critical bubble

J EWPT develops with the expanding bubbles.

"Not all bubbles can grow”

@ Bubble which is smaller than a critical size

Surface energy dominates = shrink by the surface tension

© Bubble which is larger than a critical size

Volume energy dominates = grow

Critical bubble = bubble which has the critical size




Critical bubble

Energy functional in the femporal gauge:

B
= / D [iF..F.. + S ByBy + (D) Dby + (Di®,) D&, + Via(®, 9,5 T)

LS

Here we assume that the least energy has the pure-gauge config. for A%(z)

and B(I)j F?jj — Bz'j —

b . = :
V2 0 2\ Pu
Equation of motion (EOM):
S =\
b.c.

e TQ% L WVer — 0, lim pytr} =10, lim p {7} =0,

'.T'Q dr dr 39& =y i 1 ) \/72

F— i §

—La Cadiy Vet _ o  dpalr) =

re dr dr 00, | B, T e
\ i = /

3 Solutions can exist only for To< 1< T¢.

At To, Ve at the origin is destabilized. = not a local min.




Bubble nucleation

O Nucleation rate per unit time per unit volume

3/2
FN(T) ~ T4 (E'Eb (T)) e b (L)
2nT [A.D. Linde, NPB216 ('82) 421]

Eop(T): energy of the critical bubble at T

A Definition of nucleation temperature (T)
horizon scale ~ H—(T)

[I‘N (TN H(Ty) > = H(TN)]

BEulTy) 3 (Ecb(TN)

=
Il TN

Ty
= 15259 — 2 g, (1) — 4]
Iy 2 ) 0.9 T) ﬂ( )

100 GeV

Roughly, E4, /T < 150 is necessary for the development of the EWPT.




Bubble nucleation

mg = 1200 GeV, my, = 107* GeV, my = 1000 GeV, A; = A, = —300 GeV.
(1) tan 8 = 10.1, mpg+ = 127.4 GeV

v En 3

pa(r)

E=vr, hi(f) = , ha(g) =

v Cos

mn— Eoo(Tw)/ T = 150.386

: T R A S e e
0 10 20 30 40 50 60 70 S0 90 100 111 112 113 114 118 | 116

3 T [GeV] Ty = 115.50 GeV
B, f_ N
Uy 116.73 GeV UN
[m RO 1.01 10% enhancement! BU'I', ﬂ >1.38
o’ \ /

Sphaleron process is not decoupled at I'v either.




Light Higgs scenario

mp < 114.4 GeV, myz ~ mgy
As—Ay — 200 Cey e — 100 GV = 100 (o

| = 100 GeV.
m; (GeV) 1200 1300 1400 1500
tan 5 10.11 0.87 0.75 057
mus (GeV) 127.40 127.40 127 50 127.50
107.096 107.512 107.769 107.915
T — 0.921 — (0.923 — 0.023 — 0.922
vo/To 116.274 116.496 116.770 117.045
tan fo 13.802 13.640 13.507 13.455
116.727 117.155 117.404 117.531
T = 1010 = 101 = 1.}12 — 1.010
UL 115.585 115.798 116.067 116.339
tan Gy 13.676 13.503 13.453 13.307
B 150.386 150.379 150.370 150.360
5 1.769 1.770 1.770 1771
N, 6.652 6.658 6.662 5.667
AL, 12.266 12.953 12.240 12.929
) T 1.383 1.382 1.382 1.380

Typically, vy /Ty > 1.38 is needed for the sphaleron decoupling.




Light Higgs scenario

mp < 114.4 GeV, myz ~ mgy
As—Ay — 200 Cey e — 100 GV = 100 (o

1| = 100 GeV.
m; (GeV) 1200 1300 1400 1500
tan 3 10.11 0.87 0.75 0.57
mgs (GeV) 127.40 127.40 127 50 127.50
107.096 107.512 107.769 107.015
T — 0.921 — 0.923 — 0.923 — 0.022
vo/To 116.074 116.496 116.770 117.045 ‘
tan Fo 13.803 13.640 13.507 13.455
116.727 117.155 117.404 117.531
T =l =i — 1.012 — 1.010
UL 115.585 115.798 116.067 116.339
tan Sy 13.676 13.503 13.453 13.307
Bs(Tn) /Ty 150.386 150.370 150.370 150.260
5 1.760 1.770 1.770 771
N, 6.652 6.658 6.662 6.667
AL 12.266 12.953 12.240 12.929
on /Ty > 1.383 1.382 1.382 1.380

Typically, vy /Ty > 1.38 is needed for the sphaleron decoupling.




Decoupling limit

mp > 114.4 GeV m, <€ my

3 No strong B physics constraints.
Ay = |As| = |p|/ tan B, my, = 107* GeV, m;_ = 1000 GeV,

| =100 Gel.
mg (GeV) 1700 1800 1900 5000
tan 3 12.62 15.10 10.97 0.35
mygs (GeV) 1000.00 1000.00 1000.00 1000.00
111.461 111.460 111.483 111.440
T — 0.953 — 0.953 — 0.953 — 0.952
vo /1o 116.993 117.007 116.994 117.060
tan B 42,966 15.171 11.022 0,304
121.454 121.452 121.478 121.424
T — 1.045 — 1.045 — 1.045 — 1.044
o /Ty 116.221 116.236 116.222 116.288
tan By 42055 15.168 11.019 3,392
B (T Py 150.366 150.370 150.264 150.360
5 1773 1.773 1.773 1.773
N, B.677 6.677 6.678 6.678
T 12.211 12.210 12.210 12.200
o /Ty > 1.379 1.379 1.379 1.379

7 No region satisfying the sphaleron decoupling condition
elther.




Decoupling limit

mp > 114.4 GeV m, <€ my

3 No strong B physics constraints.
Ay = |As| = |p|/ tan B, my, = 107* GeV, m;_ = 1000 GeV,

| =100 Gel.
mg (GeV) 1700 1800 1900 5000
tan 3 12.62 15.10 10.97 0.35
mygs (GeV) 1000.00 1000.00 1000.00 1000.00
111.461 111.460 111.483 111.440
T — 0.953 — 0.953 — 0.953 — 0.952
vo/ = 116.993 117.007 116.994 117.060
tan Bo 42 066 15171 11.022 0.304
121.454 121.452 121.478 121.424
T — 1.045 — 1.045 — 1.045 — 1.044
o /Ty 116.221 116.236 116.222 116.288
tan By 42055 15.168 11.019 3,392
B (T Py 150.366 150.370 150.264 150.360
5 1773 1.773 1.773 1.773
N, B.677 6.677 6.678 6.678
T 12.211 12.210 12.210 12.200
o /Ty > 1.379 1.379 1.379 1.379

7 No region satisfying the sphaleron decoupling condition
elther.




Loop integrals

-

If( g) 1/ d 7 i
a') = — s :
5 2 : ‘\/3:2 _|_ {12 Evmz—l—az i 1

7 lnzx 1

e dx .
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>

For a=m/T<1

HTE of I's(a?) and j(a?)

4

12

: where j(0)

2 &

P = T({f)lf? (1{:‘@ “—E - 1) + O(aY),

2 Ve x/_>
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Validity of HTE

Numerical integration vs. HTE

L 0.5

04—

0.5

U2

0.1

llat) —3 * e = 001 fora < 2.6
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