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Model definition

CxSM (Complex singlet extension of the SM) Barger etal, arXiv:0811.0393
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Bubble nucleation
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CPV CxSM and CPC CxSM

Phys.Lett.B 823 (2021) 136787,

arXiv:2105.11830

Inputs | v [GeV]  vg [m %T'E;\LE mr, [GeV] oy [rad] | a2 [rad]
BPl1 | 246.22 0.6 0.3 125.0 124.0 1245 ) 7 /4 0.0
BP2 | 246.22 0.6 0.4 125.0 124.0 124.5 x/4 (.0
CPV BP3 246.22 0.6 \ 0.5 ) L 125.0 124.0 124.5 ) /4 0.0
Qutputs| m?* by [GeVE]  b] [GeV? A 82 da aj [CeVY] |a} [GeVY)
BP1 |—(124.5)2 —(121.2)2 —7.717 x 107*2|  (L.511 1.51 1111 —(18.735)3| (14.870)°
BP2 |—(124.5)2 —(107.3)* 5.145 x 107" | 0.511 1.40 0.962  —(18.735)% (16.367)*
BP3 |—(124.5)% —(90.82)* 0.0000 0.511 1.29 0820 —(18.735)* (17.630)*
Inputs | v [GeV] |my, (WIEIRN [GeV] a [rad] |a; [GeV3]|vs [GeVIHEEY)E
BP4 246.22 125 124 w/4 | —6576.17 0.6 62.5
BP5 246.22 L 125 124 w/4 |—6576.17 0.6 \ 2000 |
CPC Outputs |m? [GeV?]| by [GeV?] | ba [GeV?] | A a1 [GeV?]| da 2
BP4 |—(124.5)2| (107.7)% | (178.0)2 | 0.511 |—6576.17| 1.77 1.69
BP5 |—(124.5)2| —(1996)2 | (1991)2 | 0.511 |—6576.17| 1.77 1.69
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Bubble nucleation
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Bubble nucleation
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CPV CxSM and CPC CxSM
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CPV CxSM and CPC CxSM
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CxSM (Complex singlet extension of the SM)

CxSM (Complex singlet extension of the SM):
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CxSM (Complex singlet extension of the SM)
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CxSM (Complex singlet extension of the SM)
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CxSM (Complex singlet extension of the SM)
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Inputs | v [GeV] |[my, [GeV]|my, [GeV]|a [rad]|a1 [GeV?]|vg [GeV]
BP1 | 246.22 125 124 /4 | —6576.17 0.6 || Variable
BP2 | 246.22 125 126 —m/4 | -668225 0.6 || Vanable
Outputs [m? [GeV?]| b1 [GeV?] [ b2 [GeV?] | X |a1 [GeV?]|  do 2
BP1 |—(124.5)%| —(107.7)% | —(178.0)% | 0.511 |—-6576.17| 1.77 1.69
BP2 | —(125.5)%| —(108.8)% | —(178.4)% | 0.520 | —-6682.25| 1.70 1.59
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Scheme HT PRM Parwani AE
BP1 . ‘ 184.4 __ 95.6 201.5 202.7
vge |GeV] 1.5 1.2 1.2 1.2
'v‘;:‘;." GeV]| 134.6 137.3 144.8 145.3
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The general scalar potential

m? ! "y 0 d»
V= ——H[*+ S |H|*+ ZH[?|IS|*+ =|S|*+ —|9|*
I2|I 4II 2|II| 2II 4|I
| " " o] C1 Co dq ds
+ a; S+ —|H’PS+ 2|H|?S%+ =52+ 233+ 25|52+ —S*+ 232|512 + c.c.
1 4I | 4I | 7 5 5 S| 3 3 S|
The minimalization condition  Mixing angle «
| "2 2
! " “Z\/Vs vl |
I m? = Zv2+ 2V2, tan2! =2 -2 . cos2 = 22 >
2 2 §V2| !2 mhl! mh2
I :"_2V2+ %VZ‘F + 2 éﬂ
' b 2 2 > by Vs
d f— a
Mass eigenvalues m2 . _ 1 !_V2+!2! 2V 2 Vs 2Vs
e 2 2 cos?2
H % o o
1.1 O&I 2 &#2 2(
= Z% 2412 V2" 12 44 Cyyg )
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Degenerate scalar scenario@ one-loop Azevedo etal., 1801.06105

o HWinfumy Z(m2 1 m2) .
! .N,';lo =sin2" R N TN TN Ny e Mhy). loop func ! mﬁl mﬁz
Mp, Mp, V VS
X X ,
S(;‘; ----------- :"3a Sy e, — ca — ca“. ............ = ca
hy 1
q q
2 2 2
(S4Ca) " f (mh1’mh1) —2(8,¢)"f (mh amh) oCa) S (mh2 mh2)

Sum = (5,62 (f(1.1) = f(1,2)) + (s,¢,)%(f(2,2) = f(2,1)) K> 0 for my, ~ m,
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NDABDENEARAT7 7LAOY

(B-L) [FRF
(B+L) IERFFS 11732 L)

bRV THEE

instanton ! €

A7 7 LAY EBHESE
(per time per volume)

@broken phase

@symmetric phase
1] 4
!:(c,;)h P (wT)
lw = g&/(4"),#= 0(1)
mm C/NU A VM ZiD
BIENBEEEICEE B

16! %193 | 1@ 162

Classical vacuum

( )
Baryon number
quark © 1/3
antiquark : -1/3
lepton : O
boson : O
Energy . _
Sphaleron
lrf‘x_{lr_’rl'sp-'.' —— ’."., _.f 5"_5.
.J'f '”t. .-; 1
"n,_ .’I( .'-,I II.' '.II
| Tunmeling effect
A\, ll\\ .-"i'll II:-_-"! » N
-1 0 1
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2! Symmetric phase

(@) = 0

(3) Broken phase

() #0

@ On the wall

N
~

k= SIY 4

-~

.

Transmittance, Reflectance

Left-handed quark qL = Right-handed antiquark (HB

Left-handed antiquark q}' = Right-handed quark qR

~

)

ng ng
nL — nk
n.qR—nR
L L R R _
ng =n, —ng —I—'n.q —Ng =

nQ;nL—né’—an—n?#{]

@ Symmetric phase

nQ

L L
Ng — N

changed!

® Broken phase

Not to wash out
generating

baryon number

q

r®)

baryon number generation sph

<H

Hubble constant



BIg/IN\VAITXRIR

The change rate in the baryon number in the broken phase ! g’) (T)

To generate baryon number

L S(T)

must be small

(D)
(M) (pre) =t (pre)e Eo T

T 3 Esph - sphaleron energy

A

Sphaleron rate/time/volume

(b) 4 ) Eqon /T
!Sph! T7e &sp

TN

Higgs vev must be large

SI&
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G (T) < H] - 1OTY1 (pre)e BT <H (T)! 166 G T mp

g ... massless dof

mp...... Plank mass

Esph =41 VE/g 2 — Yo - SU(2) gauge coupling constant

\ U2 .
— I =_(42.97 + logcorrections’
T g geIrHlog ons,

In the case of the SM

mp = 125 GeV,E =1.92(T =0) I 1.1€

V
T

->



BMRT > v )l (one-loop)

BWRTYIvI)LEEEDZHMMN?
—> ESNEHDEE. BREBDZIToIER. BWMERICNA T RATFE%Z

DFEHEDEEZHD
L] = d*xVe (!¢) Tlg,] : BRER
BEMRTIvIL
BARRICIE
1~ d* " #

Var (! 0) = Vo(l o) + =! Indet iD-*(k;!.) + &é

2" i(2")3

Tree level One-loop Two-loop U E



TORERMNRT> Y vIl(one-loop)

1 d*k y V1 - # v
5! (27) Indet ID--(k;!¢) + ac

Ver (1¢)= Vo(le)+

Vl(¢c)
D' BORATFED Y. THDELDBREZETD O — 5 — D
det : ETCDZDRAFICDOWVWTDITIIT
One-loopDEMREBWRT Vv IL V()
(R 717 —33]

1" d*k ! :
Vi(le)= = In k% + m? (!
1( C) 2 (2")4 ( C)
1 d% " ; 27T IAVOEBE
(7 zIL=AVE] Vi(le)=12 ETF (2H) In k*+ MA (1) 2=10:791LEF1Tv2)
Jxlb=AY

s e 1 d%
[ﬁ'—yi@—] V1 (' C)—SETI' (2")4

+
log k?+ (M gb)2 (!¢) 3:massives—IRY VOBEHE



ARJTCIERIME

XRITIEAMEZ WS
A1 Z—5D0ne-loopEMNRT > vIL%ED =4 - 2¢ (TR

o= et a kS may
L\re)/ = 5 H (2" )4 2! log k+ m~(!¢) u: BERITEFDEDIAHRAT—I
m*(¢,) T .
11 " 4" 2!
V! (| ) — 2 d k 1
1lc)= 5 H — 5]
2 (2 )4 2! k2+m2(! C)
: k2”! " #n o " n' N o
d"k 3 g2 + 3, # "L _
(k2 + M 2) v !2 %#! (#) = ZRWT mi(¢,) TR
1 1 . 2 l Wil
Vi ()= I «  m(l¢)
1(fe) L (#m (1)

32" 2 (4!22!) ' (4!22!) 1 412




A JCIERIME

1 (2) = %! e+ O(2) ZFHWS & v~ 0.5772 : A4 Z—DE
_mi(le) 1 . m(l¢) 3 i
Vi(!e) = a2 ! ﬁ! $c +log4" +log e ! §+ O(! #

MS AF¥F—LZRAWTEBIEICHNLT 5

FBUBE+TE
m*(l:) 1
64 # 2oy =5 =LK > TRNEENIER W
Lich' - T (Z IV A VG, T—I15)
. )
I M0, 3 wea- ey oMl 3
Vi(le) = 64"2m (!c) log 12 ! > 322! ! I 2
1 4 Mgzb(!c) 5
Vl(!c):364#2Mgb(!c) log 2 ! 6
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BREEDEMNNRTY Y vILIZIBEBDO R EZ RO 2 FTCERICEE
BRERBOFREERMNT > ¥ v )L (one-loop): VI (¢, T)




CPC CxSM
BWRT VIOV ILDEFEAF—LA
MEZDBES PR M T BICITBMRT VYV VPILAEE
Ve T.: BR5EE
— RIBERT # — > 1
AARERE 1. ™ ve: T-CDhiggsDvev

OQA4DDEMNT YV VIVDEERAXF—LZHAWTETET S

1RV

U-IJ Jl

[2D(Dgauge dependentLitE A E]
tree levellNT >V ¥ vIIL+ EREBWRT VYV vIL+BREEBIINT > v )L

! i o8 T g2
Va (! ,!s;T)= Vo(!,1s;T)+ i Vew mf +ﬁIBF Tz

Parwani scheme m2% thermally corrected FDM M2ICEZH#2 X %

! T 1 H y
AE scheme Vdaisy (' N S;T) = | Ny —— I\WZ:I%/Z miZ:b?:/Z

T ZMMA 5



Daisy resummation&2DODAF—L14

7N Z D & S 7&multi-loop diagram(Daisy diagram) %

(/\,\f/ o EZ25 & mm CIEBRERRDIKGE

— BIRT > v )LRICESF T Bfield dependent
mass m; ZF]1IE9 %

[Parwani AF+—L1A]
BIRBREBRMNT > v ILRD J[m2/ T, Jm T ] DFDM m? %

Thermally corrected FDM M? ICEBEH#Z %

[Arnold-Espinosa(AE) AF+—LA]
’ T # _ P32 H# P32
Vdaisy (I, 1s;T)= I n; 17 |\ﬁjiz | mi2

| = h1’2,!
W2

ZBWRT Vv I)LICINZ %




CPC CxSM

BMMT Y P IVORBEAFX—L  rreanio e

[2D dDgauge independent’ait&E 5 7E] ERER LR OBO2ROE

V
HT potential: tree leveliR7 > 2 ¥ JL+thermal mass

1) ..
VAT (1 T)= Vot e)+ 5 twl 24+ 151§ T2

HEm: EENRERE I BIciFone-loopDHF S IFERTE AL
— gauge independentTh Done-loopD&F Sz & H 1= L)

PRM scheme the Nielsen-Fukuda-Kugo identityzZ B\ T T, Z#R& %

! Ve! (" ’#)
l#

' Vo (", #
=1 C(",H—= ( ) M. J. Ramsey-Musolf, JHEP 07 (2011), 029.

sym sym _ .
Vo 0, VSy tree T V1 0, Vsy tree ' T = Vo (Viree » Vs, tree ) + V1 (Viree s Vs, tree 3 T)

Ve, Voo & vsym VIl Z{ES5TETEIT D
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BMRTOvILDETERA*F—L
iR D A M A EEE
NI (tree level DEARM =
T—IREFE one-loopTH 5D One loopD&F S
7> TCTWBHY)
Parwani
scheme Q O
AE scheme Q Q O
HT potential x Q x
PRM scheme x x O




B EZFEELIMEROETE

We use a public code micrOMEGAs to calculate Q 4* and oy; .

The value of Q)(h2 should not exceed the observed value

| 5v h? = 0.1200+ 0.001:

In the case of m, = 30 GeV, for instance, the maximum value is o5 ~ 4.1 X 10~ cm?

under the assumption Q = Qp,, .

In cases that Q, < Qp,;, we scale o as

I 'Sl
- DM
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The viable DM regions: m, = 62.5 GeV, 2 TeV

When m, =2 TeV, one can find the first-order EWPT In the HT, Parwani,
and AE schemes while not in the PRM scheme.

A

4 )

sym sym . _ .
VO 0, Vsy tree T Vl 0, ng tree ' T = Vo (Viree » Vs, tree )+ V1 (Viree , Vs, tree ; 1)

the right-hand side has to be lower than the left-hand side at zero
temperature, otherwise the degeneracy point where T, is defined
would not exist.

Ex) BP1 For m, 2 700 GeV, the right-hand side would exceed

the left-hand side.
\_ J

— This bound could be relaxed when one includes higher-order corrections.
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H/)\O7 D3%E

1. NU A EDIEN

2. CxfntE. CPRfREDIEN
3. BVEEH S OB

arXiv:i2105.11830, 2205.12046

CP-conserving CxSM®D X 11 5 —#Ei1RFEIE T
5 W\—RIBEEZ DI B DIFoh - o
R CP-violating CxSM#%Z {5

=i
- CPV phaseNEWPTICEZ 2 E % FAND
- bubble profilezZANEWPTHRXODEHKZREH

- SETIEIDM(SDREER) DL EMEZ CPXIREIC K DRIEL TULV
- ZODMTlZrelic densityDERENE(C (E5E /278 L)
— SISO EZBIFDM TG < BE Ddecayd 2hF & LTIRD

- BAUDEIRICIZCPV phaseZzSM®dDmatter sectorlC{zZ 37
S &coupled 2#ifckfermionhinE
7&%1%%&
SENIBEBRICKELETE T Bscalar’FDIRDO A ZE XS




Model definition
CPV CxSM

Tadpole condition with respect to 4,s, y

IVO "m2 n 5 #2
— =V —+ v+ —|v =0
'h 2 4 2! S'
! ] #bz #2 lji 1
| Vo r -
- =V = —v+—v — + 2a —bvs =0
I I g ) S# 2 4 4 | Sl 2 1 2“1 S
' Vo B 2 U_L 1,
Y = — —V + — |V R 2a' " ZPhve =0
| s 2772 4 ; 1vs| 2V
Mass matrix S oo o .
’ '§V 7VVS 7VVS .
o _m ol do\,r2 2a; b; vg I b|1_|_ dzv V OA
Ms =4 2 Vs v Rz 2 Vi 2, 2's's ‘
Mixing matrix
1 0 O c;c 0 !'s Ct !'sy
O!)=" 0 ¢ !sg$”" 0 1 0 %" 5 ¢



CP domain wall
CPV CxSM

a, b ER B UL q, #0 1D al =bl =0 DEE
Vo(H, S) |& Z2XI¥NVE y — — y IEXF U TAZE
72 FED B FEMICHE LD & CP domain wallh’&4Ed %

| — H# r2 '
Ve = =7 | VL7 + !
S S no r
21 1d, | VL

explicit CPV(al, b)) D' NI, CDMEBRE L 22D Dminimald@HE S
domain wallldf~ZE (LR S — explicit CPVZRFE




Parameters
CPV CxSM

ANT— /_I_\T//‘V)lz@9j@§ =
21! 1"2 bZ d21a~11a11U;|_ lj]_

| m2, 1, Ul vev3D ERME( . tadpole conditions)
B, =0 :d HphaseZIkIX

%052 : {Mp,,Mp,, My, ! 1, 2} &XH#E(- Mass matrix)



Parameters
CPV CxSM

tadpole conditions&k D
| ’

2 _ 1 "2 2 2
m-=1—-vo!l —|vg|
2 2 o o
T r |
_ 2 2, O 2 5 91, &
bz—'iv'5|vs|' 2 v_f!_i
| 1] S VS
oot ar i
g=1 2 2,2 Ay2
- vh v b o
S S MZ =] Fovg
M 2 2 Fos
M S i = Oix Ojk M, KD
k 1 0
2' ) ) O(O&l): 0 C3
I = ﬁ Olimh 0 S3
i
5 | |
2= — O1iO2mp. = —  O4;Ogimy
VVg VA
11 I I 11
B | 7 | |
2 2a, 2 2a
dp = vh2 i - O%imﬁi = vi2 ) V! -+
S S , S S

b2 r 0o 7
2 Vs 2 Vs
2 Us T 2 o, > T 3 VsUs
by do .\ r .1 do 32 V2a} bl vg
2 T 2 UsUs 2 Vs T i T 2 r

0 C2 0 —S9 C1 —S1 0

—S83 0 1 0 S1 C1 0

C3 S92 0 Co 0 0 1

# 1]
2 ! )
2 2 —
Ogimhi — [ OZi Ogimhi
VeV
S'S i



Parameters

CPV CxSM
d, DRILKD

Y " vt
ay = | = Oz Oy ! O3—= mf

2 Vg

L, # R G
g = & Osi Oy ! QZ.E m?2
1 é | | | |Vg hi

a; [FIRIITIF7R <S5, DRADSEMILLUTORLDSEZ 5B

l ™ 2T 2T
: Oy . Og; , _ Mg |, Mg 15 _
Oy —21 =3 m2 = TS12y TS13-g
VL VL VL Vi




Higgs coupling
CPV CxSM

Higgs & fermion(f), gauge boson(V = W*, Z)Mcoupling

Lhgp=——Lhff = ==L 3" rithiff

1=1—3

! 1
Ly = ~h(myZ,2" + 2mi, WIW ) = = 3" wivhy (m5 2,21 + 2miy W, W)
1=1—-3

lie = O1i, liv = Oy

SM IImlt—C‘ci Klf — KIV — 1 and K2,3f — K2,3V — O
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CPV CxSM
gg! hy! VV' stws7O0tzxxz£x3%

amplitude '3
: 1
_ SM | SM
Mggr hit vv! = M glh ST m2 +imh|h!IVMh! VV!
i=1 i o
Squared amplitude
1 1, #3 122
2 _ | 121y SM |2 T,
M ggt ht vy 7= "M oggi ' "M gy y 5 2% 2 | 2
iz1 S mhI T mhI h;
| VR [ I
+2Re = 1T gV WY %
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CPV CxSM

Ly < 1M1 41MeV) " my (! 125GeV & ONWADMEZ S

! ) ' .
" s! m? = Ilim m: N ds L -1

10 (s! m2)°+ m2! 2 w2 (s! m2)°+ m2r2 2m!

i=1, j=2&79 5 &interference termi&

ds 1
=, ke (s! m2+imq! ) (s! m2! imy! )
| $ %% b
- ds S| m% S! m% + mim»y! 11>

5 >
v 2L (s m2)(s! m2)+ mimy! 1! o} + {myl (s m3) ! mylo(s! m2)}
my! s+ myls

> >
(mf! m3)"+(my! 1+ my! )

1

M1 = 12 = 1l DE&E=X | = MLt 1)
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CPV CxSM

_ mq! 1+ Mol
| & D

- 2 2
(ME! m5)"+(my! 1+ my! o)

= 2
m2l m2 “<mqyli+myl, — Mp, ! Mp|! Th, +1h, D&

interference termI3EE & 4515

LWE. mass deferenceld 500 MeV. total decay width®&&tid 4.1 MeV
BE RO Tinterference termi3\ERTE 5

Higgs total decay width®D EERHIHIFR
| PP < 14.4MeV (ATLAS ) and ! ® = 3.2/ 3MeV(CMS)
Z DETILDtotal decay widthZHIfR 9 % 1F & precise Tl ALY
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CPV CxSM

Cross section

n ||2 ||2 N
. D vy | | SM it v | SM |
) [

| SM 2D vy oM 21 SM
baggt hit vve D hggr pa@Brgyye Db DAL

- N
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CPV CxSM

2 | : _ 2 — | 2
M s i Oik Ojx mjy = 1y mj
K
A2 8y, 07 8y i
2 522?]7“ da 12 2\/2315 bi vy b} 2U(ZST ; I 0 0 ca 0 —s9 c1  —sq
ME =] Tvvg TFUg oT +2®S —3 + FUsvs Oi)=| 0 5 —sq 5 1 0 o o
I R I L R AT LRIV
2 2C, H# % 1
— 2 — 2 2 2 2 2 2 &2
2 = " Oqi OZimhl = . mhl ' M. S1C1C3 + S2S3 mh3 ' mth%! mh231
Ws . VVg

(M3);; (i # ) IclEs, P, EEND
ERE®/ETITE 6, < 1,ld,! < ITHBIRENH DD, 5, DREZ(F
EWPTD&E S ICIERE

ZITYIv<1&ULTS=0(1) and d, = 6(1) ICIRD

P



CPV CxSM
TN T, v O
CP phasezE& A U HPTICEL %15IE3DIC

HTRT> v )L @, 9%, @t H,ReS, ImS DI\ 7750V K5
! - [} ] ! .Il T2# $
VAT 1 L r LT =V L e L t Lyl 2+ 1 gl 2+ 1 gl
2 [} ] I 1
:m_|2+_|4 #52|f82+|'82 .|.%|r82+|i522
4 16 8 16 '
|_| n 1 I 2 2|| I 2 2
Fry r n I I F<n I r I
+ 2 a!g alIS+ZH1|S 's"‘z's""s
T2 # 5
P ! Tl sl

3DDAANZ7—FZMERRRT %
| = zcos", !5 =zsin"cos#+ws, !5 = zsin"sin#+ vg



TEERIR T, v DI
CPV CxSM

T, TCOIRT>V )l

no. _ 2 2 _ U3
V(Zc,!c, C,Tc)—C4Z (ZI Zc) : Zc—2—C4
VHT | " C323 + C4Z4
S CF. ! o "
C3 = | C4. - C"C‘V.{Q, + S"CV'IS o + d2t!2c:
ct | , s
—_ - C 1
Cy = 16 +2!2t!c+d2t!c
r ol i ol
= Jsc ' ¥sc _ Vsc! ¥sc
© Ve Cr . Ve S,
|t!c|! 1DEE ' 2|2" , H# $(VOOL V"
ve ! — |¥sc|™" Vg V5e ' Ui V5o 1" _rSC ,
Vsc
| , \
' \ )
1 !
TC ' T n m2 n _2 |V_SC|2 ,
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EMMRR T, v O

—RIBEENIIE D EE

2, o v £ W—RIBEFE D 5
VC I T |V‘SC| V-ISC V-ISC " tICV-rSC 1" rSC , gﬁ A7I§H Eﬁfg 7|<1t|:

Ysc Ve
! ¢ ) 7 2 1
1 !
Tc ! "m2t 2 vsc|” A — c _
2! 4 2 \

EIEANEZTE
ve DERIVIFALD LD

ZIDSONBTE > KER 5, NS 57,5 HEFE UL

2 ¢ 2 ¢
r QliOZimﬁi = — O C):%imﬁi
VVg VVg CPV CxSM&E D

\ EWPTANDEESHH S
ZIHSDONBTE = INSTR v, vd DIEFE L L =

!2:
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CPV CXSM I P ' S

S
Phase dependent part of HT potential | .
Vi) = 2 ey e+ g e e I
= ! i's!aﬂcos! s" alsin! S"+ %b& %lcos’-! s" sin’ls |,
lg=1!scos's !g=!gsin"g

Temperature dependent structure

Tl g 12+ 1 =T4 g2 — phase is time- independent

1 s(T) = "s(T) IIT=0TDME 's(T=0)=tan ' L Vil ERU
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bubble nucleation

BN /B /EEH 7= D Dnucleation rate

S 7 s
NOINE g >:(T)
21 T

Sy(T): T IZ& T Scritical bubble® TX)LF—

nucleation temperature T, D E#

N TN ) 166 g (T )T2
—_ . |
H3(Tn) " " mp H(Ty): Ty TDI\Y FILISSG A —% —
Ss(Tn) , 3, Ss(Tn) g (Tn) TN
1 2 = 143.41 2| | 4]
TN > T " 100 " 100Gev

EWPTDRACIE Sy(Ty)/Ty S 140 NEFEINS
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critical bubbles

DR PSP R

1 1
L gauge-Higgs = | ZFj‘!Fa”! | ZBH!B“! +(DyH) D*H + 1, S'I¥S!1 V(H,S)

. 'e 1

A, =0 7 —Thenergy functional

: 1 1 | .
E[H;S;T]: d3X ZFi?Fi?-I_ ZBij Bij +(DiH) DiH+!;S1,S+ V(H,S;T) :

Pure gauge configuration

!a | - ] '
g2 5AS = (WU Uy L By = (MU U} !

ZRWS &
E= d® (\;H) !'H+!1;S'1;S+V(H,S;T)
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bubble nucleation

Energy functional

d#x (!iH) 'iH+!1;S'1,S+ Vo (H,S;T)

S3(T) =
' 0 # L J
!Hx":#lt , !Sx":#lilrx+|!'x
( ) 5 !(X) ( ) > S( ) S( )
v | LA P 2 H P 92 + . P2
1 d 1 d"e 1 d".
=4 2 Z o+ Z >+ 2 5 + ¥
=3(T) 0 rr 2 dr 2 dr 2 dr ©
EOMs w/ boundary conditions
d?! 2 d! "¢ _ - _ - r ol
2 5 c I o = 0 IrI!!'m !I(r)—O, IrI!!Im !S(rl)—-k/S,
d”ls 4 2dlg | "¢ _ dl ()] di5(r)|
az Tt dr | "I L =0 dr | ; =0, gr | ; =0,
d21l |, pdll g _
ar tra ! omp =0

lim 15(r) = s,

!
a5 (r) |

I =0.
dr *




bubble nucleation
CPV CxSM

Thick wall regime

The bubble wall thickness L is larger than the typical interaction length.

At temperature T, the interaction length is expressed as [ ~ 1/T

Ly, > UT

In BP1 L, ! 0.1GeV !

/Ty ! 0.01GeV * — thick wal
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CPV CxSM

EEDARY b T A

L ow (F)h? =1 co(f)h? + 1 gu(f)h” + 1y (F)D°

| h2=1671 105 - 2 #2100 YR 0113 38(f/f ca)™”

| ol 67! 0. 1+ 4 g 0.42+VZ  1+2.8(f/f Cog&s
| : | " , n # 712
o 11 4 2 100 1/ 3 : f 3 7

| ,h2=265 106 - —  Vw

SW H. 1+ # g " fsw 4+ 3(f/f SW)2
! gl 3 ! "3 3
| wph2=3351 104 — R 7 )
H 1+ # g [1+ (T ww )] (1+88f/h )

v,, - wall velocity
T T g YUe

100GeV 100

, =1.65! 10 ° Hz
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FOrvwzl !CO| I

1 | 4 3
715" + — =
1+07158 °© 27 2

0.73+0.083 " + "
lwp ! (0.05# 0.1)!,

Peak frequency

| 0.62 T, * g Pus

— g T h
H- , 18" O.dvy +VvZ  100GeV 100 ‘

! T # o] $1/6

fo =16.51 10 ©

1
few=1.9! 10 ° = H
W Vw  H-, 100GeV, 100 ‘
e b T. # o} $1/6
frup =2.71 10 vt — Hz

H. 100GeV 100



