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< Outline

1. Motivation
2. Electroweak phase transition (SFOPT) and phase transition

gravitational wave (GW) in a nutshell

3. dynamical Dark matter (DM)
4. Phase transition dynamics (bubble wall velocity)

5. Summary and outlook
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‘Q Motivation Higgs particle cosmology in post-Higgs Era

What is the role of Higgs — BIRBEYR AR & RBETERNS <— j yome R
in the early universe?

Higgs’ deep connections to } - @ \/
R =

cosmology, such as EW

baryogenesis,

dark matter(DM)

testable by colliders

&GW signals
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*J Motivation

Collider signals at loop
level @CEPC/LHC
*EHE L 51 7 e Bt 2 AN

7 %27 4 32 (Higgs potential), Z-pole % 32
TeV #4938
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*J Motivation

From
lattice
simulation

SM Higgs Potential

SFOPT for my< 75 GeV

V(4 T) TST

Ew

Quantum
tunnelingand = Tcn'tzTEW

. Thermal

fluctuation

/T 4
. ;am s [ ¢‘

EW Vacuum (¢,=v)

Cross over for my> 75 GeV
VigT) T> Tsw TfTEW Iz TEW

x “’“
/
Smooth / /
/

transition /
/

EW Vacuum (¢y,=V)

—_—

Extension of the Higgs sector is needed to SFOPT for 125 GeV Higgs boson.

We discuss well-motivated extensions (baryogenesis, DM...) of Higgs section to realize strong
first-order phase transition (SFOPT) with abundant cosmological effects.
EW phase transition and its GW signals becomes realistic after the discovery of Higgs by LHC

and GW by LIGO.
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*J Motivation

EW phase transition/ ‘
dark energy
LISA/Tianqin/Taiji in

baryogenesis:

LISA/TianQin/Taiji/CEPC e
Scale a(t) e derk ages reionization
rehentijg BBN synergy with CEPC helps
A to explore the early

s 0" universe around 100 GeV,

’ s« DM and baryogenesis.

“Lensing

= Cosmic Microwave Background —
(omedym -
dens@y fluctuations ;
B-mode Polarization c
gravity waves :
e
? neutrinos > Ti
- - S —— ime [vears
10-¥s 3 min 380,000 13.7 billion l ]
< ‘ Redshift
10° 1,100 25 6 2 0 .
< = - Energy .
LeV 1 meV credit:D.Baumann

10 GeV 1 MeV
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*J Motivation

Complementary

Particle approach Wave approach

CEPC/SppC, FCC etc. LISA/TianQin/Taiji ~2034
— 3 == 1 Relate by Higgs
P 10l zz:z::z x; - physics:EW phase
5 | ILC-Baseline (Snowmass 2021) | transition/
‘?b CLIC-Baseline (Snowmass 2021): baryogenesis i ’
n_‘_" 105 —g Y ,ﬁw% i 4 i
8 o =
£ 1 Double test on the
3 1 e + Higgs potential and ) "

- \ | baryogenesis, DM Harpe in space
yic} I oo
10 10°
(s [GeV]
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:J Phase transition GW in a nutshell

R ' calculate the finite-temperature effective
potential using the thermal field theory:

0y

&

it B, wakE [ =0

S(T) = / d'a E %)2 + Ve (6,T)

Vi (8) = mi| / (;:)pp In(p® +m; () + Jor (mi@ )]

Tr

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 )
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*d Phase transition GW in a nutshell

206 ~ - =
his = 2 QT (t-1/¢) ‘ ‘ ] 81 G
‘ R.—~—Rg +Ag. m= T
B o Overlapping of sound w9 Euv v o d
ubble collision shell .
. V2
l l s hij(x,t) + 3 H hij(x,t) — p —5 hij(x,t) = 167Gl;;(x, 1)
Shells of rarefaction ‘ : \ : S Shells of compression
Overlapping of sound | ’g' I-':j ﬁi ‘ri
shell

Bubble collision E. Witten, Phys. Rev. D
ng &jj '}'&é 30, 2;2 e(111984)ys o
N C. J. Hogan, Phys. Lett.
Fﬁé_}: Fljl jj‘& B 133, 172 (1983);
Detonation mode Deflagration mode M. Kamionkowski, A.

. Kosowsky and M. S.
General form Hij Turner, Phys. Rev. D 49,

2837 (1994))
[ai PO J O] = EW [()hase transition
Turbulence GW becomes more
interesting and
[_ E,E; — B; BJ-]TT realistic after the
- discovery of

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 oV, 0;® Higgs by LHC and

GW by LIGO.
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*d Phase transition GW in a nutshell

1
characteristic frequency of the GW signal { fe = 72 > H *J

e — 0. H Ratio of the typical length-scale of the GW sourcing
o AR process (size of the anisotropic stresses) and the
Hubble scale at the generation time

fo g 1.65 x 10~7 [ g(T)\ "% T, -
= T« = Z

FH, 55 FH 25 56 N (WA AT R AE mHz 3, WIEFAE 23 18] 5] 7 S8
(LISA. KRE:. M) [X 8]
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*J Phase transition dynamics

Theory: F22 5| J1 A5 5 Finite-temperature effective potential
YR . BT B Vo (6,T)

BT R B O H 5 s - ‘F>@
W R ? .

(1). Daisy resummation problem: Pawani scheme vs. Arnold scheme
(2). Gauge dependence problem: see Michael J. Ramsey-Musolf’s works
v (3). No perturbative calculations: lattice calculations

b and dim-reduction method: by D. Weir, Michael J. Ramsey-Musolf et.al

*

Experiment: S£5 Bubble wall velocity Energy b
e gy budget

LR E RS Uy this talk ' I K

H A2 Y v B i 3 P

L]
[ ]
aerV.2404.XXXXX S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang

, arXiv:2007.10343, F. Giese, T. Konstandin, K. Schmitz and J. van de Vi

Av illfricdlancl/m: I_an Banta, James M. Cline, David Tucker-Smith, arXiv:2010.09744
arXiv:2009.14295v2 Xiao Wang, FPH and Xinmin Zhang
Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903 Pl - R: D 103 2‘071 10 1035,;0 &
Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005 ys-Rev.D 103 (2021) 10, 10352

Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006

I
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J EREEEXER

TS| S1PAE 5 HRREYIR DK

BHFEHBEBIETEIENRREZ )
£y Bﬁ%ﬁ%?@j@ﬂﬁ}ﬂ&ﬁg U'LU 10-9.% LISA SNR=5

GW detection favor lager U, 10-10 ]
EW baryogenesis favor smaller Uqy :
Dynamical DM is sensitive to Uy,

TianQin SNR =5

S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang, arXiv:2007.10343,
Avi Friedlander, Ian Banta, James M. Cline, David Tucker-Smith,
arXiv:2009.14295v2

Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903 13 |
Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005 1077 5

Deflagration

1073 1072 1071
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< SFOPT and Higgs potential

What is the shape of Higgs Current data tells us nothing but the

potential? quadratic oscillation around the VEV
- 246 GeV with 125 GeV mass.
77 V(h) = i,k’/ﬁ £ A

//
/
\\/N\\ //\ h I’\al 4
¢ / ; :
l!/ | 1 \ 1

C ) or V(h)= -p°h* - —ht* + —hS SMEFT

SM Higgs Potential

Produce a éFOPT, largé deviation of
Higgs trilinear coupling, and GW

j Xinmin Zhang Phys.Rev. D47 (1993) 3065-3067;C. Grojean, G. Servant, J. Well PRD71(2005)036001
D.J.H. Chung, A. J. Long, Lian-tao Wang Phys.Rev. D87(2013) 023509
FPH, et.al, Phys.Rev.D94(2016)n0.4,041702 ; FPH, ct.al, Phys.Rev.D93 (2016) no.10,103515

arXiv:1511.06495, Nima Arkani-Hamed et. al.; PreCDR of CEPC; arXiv: 1811.10545,CDR of CEPC
2024/04/14 & /&8 (Fa Peng Huang), EBSSIEEAINFRUEHTE—BERE 13



https://arxiv.org/abs/1811.10545

:d SFOPT and Higgs potential

1078

10—9 L

Sory=2.1% S, =1.8%
10714} A=600 GeV A=650 GeV

1073 1074 1073 102 107! 10°
f [Hz]
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:J SFOPT and EW baryogenesis

ng =np/n, = 5.8—6.6x 10710
(CMB, BBN)

2024/04/14

A long standing problem 1n particle cosmology i1s
the origin of baryon asymmetry of the universe.

After discovery of Higgs@LHC & GW @aL.I1GO,
EW baryogenesis becomes a testable scenario.

SM technically has all the 3 elements for

baryogenesis(Sakharov conditions)

» B violation from anomaly in B+L current;

» C and CP-violation: CKM matrix, but too weak, need
new CP-violating sources;

» Departure from thermal equilibrium: SFOPT with
expanding Higgs bubble wall

&M (Fa Peng Huang), EBSSIEEMFAVEIRITE —EESRE 15
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D. E. Morrissey and
M. J. Ramsey-Musolf,
New J. Phys. 14,
125003 (2012).

<>=0

Bubble Wall ==

Credit:
T. Cohen
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*d SFOPT and new DM mechanism/signal

> The observation of GW@LIGO initiates a
new era of exploring DM by GW.
> SFOPT could provide a new approach for o
DM production.

Phase Primordial

Non- Gravitational Environ-

Dark perturbative
photons DM pro-
duction of dark matter

wave p robes mental
effects

JJaeckel, V. V. Khoze, M. Spannowsky,
Phys.Rev. D94 (2016) no.10, 103519
Zhaofeng Kang,et.al. arXiv:2101.03795, arXiv:2003.02465 T s 0
Yan Wang, Chong Sheng Li, and FPH, arXiv:2012.03920

FPH, Eibun Senaha Phys.Rev. D100 (2019) no.3, 03501 Direct

FPH PoS ICHEP2018 (2019) 397 searches

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028
FPH, Jiang-Hao Yu, Phys.Rev. D98 (2018) no.9, 095022
FPH, Xinmin Zhang, Phys.Lett. B788 (2019) 288-
Haipeng An, et.al, arXiv: 2208.14857, arXiv:2009.12381, arXiv:2201.05171

Credit: Gianfranco Bertone et. al.
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*d SFOPT and new DM mechanism/signal

Case I: anti-filter case 4 3/4 3 413 /4
The cosmic phase transition with Q-balls production ~pmYp = 3.3 (2’7 BS 0) Aso"l /

can explain baryogenesis and DM simultaneously

-

Q-ball formation

l N l The global
o Q-ball model
;‘#E proposed by
T.D. Lee

my = ky(S) > T,

True vacuum
b ‘ i

(a) Bubble nucleation:y particles trapped in the false (b) Q-ball formation: After the formation of Q-balls,
vacuum due to Boltzmann suppression they should be squeezed by the true vacuum

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028;
2024/04/14 #/&HB (Fa Peng Huang), EBSSIEAHFASITE —EEERE 1918
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*J SFOPT and new DM mechanism/signal

DM Case II: filter case

In the recent two years, this dynamical DM formed by phase transition has
became a new idea and attracted more and more attentions.
Namely, bubbles in SFOPT can be the “filters” to packet your needed heavy DM.

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028 // PHYSICAL

arXiv:1912.04238, Dongjin Chway, Tae Hyun Jung, Chang Sub Shin EEE?IZS
arXiv:1912.02830, Michael J. Baker, Joachim Kopp,and Andrew J. Long

arXiv:2012.15113, Wei Chao, Xiu-Fei Li, Le1 Wang /

arXiv:2101.05721, Aleksandr Azatov, Miguel Vanvlasselaer, Wen Yin

arXiv:2103.09827, Pouya Asadi, Eric D. Kramer, Eric Kuflik, Gregory W. Ridgway, Tracy R. Slatyer, J. Smirnov
arXiv:2103.09822, Pouya Asadi , Eric D. Kramer, Eric Kuflik, Gregory W. Ridgway, Tracy R. Slatyer, J. Smirnov

arXi1v:2008.04430 Jeong-Pyong Hong, Sunghoon Jung, Ke-pan Xie
Haipeng An, et.al, arXiv: 2208.14857

Siyu Jiang, FPH, Chong Sheng Li, arXiv:2305.02218

more and more new works. .. e —

2024/04/14 #2508 (Fa Peng Huang), FESSHEESEIISA0RS SEEEHRE -

3




*Jd SFOPT and new DM mechanism/signal

Michael J. Baker, Joachim Kopp, Andrew J. Long,Phys.Rev.Lett. 125 (2020) 15, 151102

(¢) =0 yl‘”z pz>m;rl <¢>:Uiz>n
m(;(ut ~T, X _>> _>’ m;‘ > T,
) — ¢ Vo €— .

Y
)Z+ ............... QS pz < m;?
¢ ........ @ ‘‘‘‘‘‘‘‘ SM X —
¢ """"""""" SM P

r —

o0 x —B
| paeh? ~ 017 (22 ) (220 % exp (=
l omh” =0T 75 N\ 30m, ) &P
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*Jd SFOPT and new DM mechanism/signal

Bubble wall dynamics
: (#)=0  (6)#0
plays an essential . f
role in the filtered PA=Z D
DM mechanism. pehezston
FPH

2024/04/14 B &M (Fa Peng Huang), EBSS{EERN I AUSIRITE——EESRE
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*J SFOPT and new DM mechanism/signal

108

104

L

—
T

QD.\[h2

1072

—
|
IS

1076

103

YwV+

‘ T > dp, A - ,
ny = < / (22)2A(z > Ly, p2) €Xp [fy+ (v+pz — /P2 + (mir)? ) /T+] ( p2 + (mir)?

v = 0.01

102
10"

10°

SZDXIIIQ

107!
1072

1073

\\
o SS
Qpyh” = 0.12 Yy
~, So
\\ \\

N N . \\\ \\\
=== without heating (analytic) N SN
—— without heating (numerical) SN N
—== deflagration (analytic) \\
—— deflagration (numerical) AN

~
15 20 25 30 35 40 45
in
my(T,) /T
vy = 0.9
N, .
N\, N\,
\ \
\\ \\
N N,
N\ N\,

Qpnh? = 0.12

=== without heating (analytic)
= without heating (numerical) \,

N,
=== detonation (analytic)

—— detonation (numerical)

60

2024/04/14

80 100 120 140 160
"21“( II)/II

2 A&HR (Fa Peng Huang), EESSHER DI AURSEIRITE

)
4+ —
T+

vy = 0.01
analytic numerical
mit(1,)/Ta | QUYH? /R | mid(Ta)/Ta | QENK/Q5H
BP, 31 66 32 71
BP, 31.1 7.9 32.2 8.1
BP; 30.8 778.8 31.9 858.5
BPy * * * *
Uy = 0.9
analytic numerical
mit(1,)/ T | Qpath?/Qneh® | mi(Tn)/Ta | QD2 /Q0%H?
BP, 125.3 1/19 147.8 1/27
BP, 125.9 1/7 148.7 1/9
BP; 124.6 1/10 147.3 1/12
BP, 123.8 1/(1.2 x 10'3) 146.5 1/(2.2 x 10'%)

EENRE
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*Jd SFOPT and new DM mechanism/signal

The hydrodynamic effects play essential 1075 5
roles in the filtered DM mechanism. For :
the deflagration mode with low bubble wall
velocity, the hydrodynamic effects -
significantly enhance the relic density. In 10_10? 8P, o=
contrast, for the detonation mode, the relic .

10-9 LISA SNR=5

TianQin SNR=5

10711 -

density is obviously reduced. For the hybrid | 2
mode, the hydrodynamic correction is = 012 ]
extremely large. .,
1071 5 \\

Precise calculation of filtered DM relic : \\\
density can help to decide the phase- Ut N\,

. . . . . \
transition parameters prem-s.ely. This gives o5 ¥ | . | N S\
more accurate phase-transition GW spectra. 1073 1072 10-1

2024/04/14 8&A8 (Fa Peng Huang), EESSHEENIFAUSHTE—GEERE




*d Phase transition dynamics

2024/04/14

Bubble wall

() # 0

Pressure
~Vet(®) —

The Universe

frame

The wall frame

(¢) =10

Friction
(From interaction

— between particles in

—

V_ <— Ub=0

the plasma and
background filed ¢ )

17.*. [E—
]» Fluid velocity

17.,_‘—

& FB (Fa Peng Huang), EESSHETGNIFAUSHRITE—GEEEE
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 EEEETEIRE

(1—v2 h”+Z TN (27r)32Ei5fi(m,p)+

ATAZY, Bk ?ﬂi = Cj“— L_ﬁ-él B 48 5 7 plasma ¥ &9 F A% BT 335 B A2
d’p OWVest (b, T)
Oh

=0

:

R R % Z T AT 2 Fim B R FE G A

eq z 22/ 0 eq eq
e +5fz)—<( +p—)5—ﬁw>(f +8f) ={-Cl(fE + 8]

A= T ke 7kt At nc

K 432 ¢ flow ansatz A &

) E IR T AR A

truncation scheme, KA R AL 8 St

ofi §

— FRHRNE S F A2, BAL KRR AR BBt

—F TR RN FENR wHETERFMEI N KET

oY 'UwaLw

2024/04/14 #=&FH (Fa Peng Huang),
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*J Phase transition dynamics
A simple DM Model: Bubble wall velocity in inert doublet model

if EOM|._,00 # 0

i Pe tu bat ions Approximated ! Final
EOM \/1 [ ” More
l

Boltzmann
equation

1
1
1
1
1
1
1
1
1
:
1
Specific model | 1 Prior value | Hydrodynamic
T'nr. i equations
N, N ' Vaw s L

<= accurate
if My #0or My #0 processes
! 7}
|
Siyu Jiang, FPH, Xiao Wang, Phys.Rev.D 107 (2023) no.9, 095005
2024/04/14 # /&R (Fa Peng Huang), SHESHE 26




I BEAFEplasmarhFEiSEANEEh A1

The energy-momentum tensor of the scalar field

1
T = 0609~ g ( 50006~ Viol9) )
The energy-momentum tensor of the plasma

Z/d3 P2 i)

Using energy-momentum conservation V,(Ty" + To)) = 0. Vegr(9, T) = Vi—o(o) + Vr(9)

<
d 2 3
ef-f(cb, n. Z m; [_d 3sz 5f.(x, p) = 0| (EOM)

J/

— ¢ +

WV
friction term

\_ _J
2024/04/14 &M (Fa Peng Huang), EBSSIEEMFAVEIRITE —EESRE 27




I BEAFEplasmarhFEiSEANEEh A1

Higgs EOM in the plasma frame

2 7 dm% d3 8Veﬁ' (¢7T) L
(1=vi)d"+2 1o | @mypap, i) g =0

friction term

Key point to calculate bubble wall velocity is to obtain the distribution function for
the massive particles or the friction term.

How to calculate the distribution function or the friction term?
Boltzmann equation !

)ﬂ

2024/04/14 #/&HB (Fa Peng Huang), EBSSIERSAFAEHTE— B8R
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BRI/ REREESmTE

The distribution function for each particle can be described by Boltzmann equation under
WKB approximation 5,
_ — 4 —
dtf ( Z pZ )f m

7z =pz/E and p; = —0,E = —(m?)'/(2E) (external force from bubble wall)

1
f= e(E+6)/T £+ |

Parameterization of the distribution function

KA H i flow ansatz

E
) = — b — Upg — 7_(5T-|— 5Tbg) — Pz(5V+ 5ng)

The light particles contributes to the background.

2024/04/14 B &M (Fa Peng Huang), EBSS{EERN I AUSIRITE——EESRE
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BRI/ REREESmTE

( ‘-"‘v Q7= -
FIIR U B FRAREET0 B AT EHEG KA 2

L (ot s5) - ((vw+ ) o~ A % >(ff‘1+6fi) —{Ol(f + 61

E 2FE Op,

Boltzmann equation for each particle species:

E
(_ﬂ)) ( [(92,u + Taz (5T-|— 5Tbg) + Pzaz (5V—|— 5ng)] + Ol

E 2
+T@(M44W@)+pgﬁ@v+5%9)+Jtmﬁ75v (—f) = ( )

How to solve this equation?

2024/04/14 B &AR (Fa Peng Huang), EESSHEESENISFAMEHRITE
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BRI/ REREESmTE

K truncation scheme, KA ILFH 6984 7 F248

After integration by [d®p/(27)3 fEd3p/ 2m)2, and [ p,d3p/(2n)3, (truncation scheme)

Vi €}

ViuCh (.U, + :u‘bg) + Vi Cl (57-/ + 0T, ) ?é (5‘/ + 0, ) + pil' i+ 0Tl i = oT (mi2)/ ;
cT VuC.

ViuCs (Hi + g ) +vinCh (8T, + 0Thg ) + == (805 + 0V ) + L + 6Ty = 52 (m7)’

C3 VWC4

3 (M,Jrubg) ' (57”+57”b) (5 +5\/bg) +6viTl, ;=0 .

2024/04/14 B &M (Fa Peng Huang), EBSSHEERN N AUSIRITE— B8RSR
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*J Phase transition dynamics

1 1
Vo =ui|®* + w3lnl? + §A1I<I>|4 + §Az|n\4

1
+ A3 @2 [n]* + Aa| DT + 5{%(‘1)*77)2 +H.ec},

G*t H*
@Z 1 . 0 777: 1 i Y
75 (h+ v +1iGY) 75 (H +iA)

Vow(o.T=0) = Y- o k(o) (™2 - 2+ oz o)

7

T4 (M2

%H(¢7 T) — %((/b) + VCW(¢) 55 VT((b) T).

2024/04/14 B &M (Fa Peng Huang), EBSS{EERN I AUSIRITE——EESRE




*d Phase transition dynamics

1

" E
(—f3) (% [azu + ?az (0T + 0Tbvg) + p.0; (dv + 5vb9)] + O

#3006 +Tiy) + 9.0 (B0-+ Sus,) ) + TClu, 0T 60] = ()

truncation scheme

L
>
2024/04/14

> A 5! —I— _ 7source term

collision term

2F

5 = (,Ut, 5E, Tévt, Y7 7 5TW7 TCSUW[) KA, 5TA7 TCS,UA) ]7

v
S (), ch(m?), 0, (md )l (i)', 0, ef (3
A, 00 Uit Vel 26
A= 0 Ay 0 |, where A= Uity Ul &€
0 O AA 1 1 1 3 1

§03 §C4 §’UwCi
&8 (Fa Peng Huang),

A
7C2

O (m2)




*d Phase transition dynamics

Collision terms (Monte Carlo integration)

Toie = (5.0 x 1071 + 5.8 x 107*g2y;) T,
Drig Doy > (11 x 107%g2 + 1.3 x 107%¢g2y7) T,
Doy~ (1.1 x 10 %gs +4.0 x 107°¢2y7) T,
Tys =~ (2.0 x 107264 + 1.8 x 1073g%2) T, Fow = (5.7 10

2024/04/14

—2

Tuia~1.0x 1072037,
Tppa~Toa>~4.9x 1072037,
Droa >~ 5.1 x 1072037
[pa>~1.8x1073)\3T .

2 A&HR (Fa Peng Huang), EESSHER DI AURSEIRITE

Taw =~ (2.3 x107%g2g2

Trow ~ (1.5 x 107%¢2g?,

+2.0x107%gs) T,

Priw =~ Dpow =~ (4.7 x 107°¢2g;, + 4.1 x 107°g,) T

+1.5x107%g,) T,

922 +1.5x 107%¢2) T,

THESR

I
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*d Phase transition dynamics

Solving perturbation
equations:

Green Function -
Method 0010

0.005

0.025

0.000

-0.005

0.0020
0.0015
0.0010
0.0005
0.0000
-0.0005

-0.0010

2024/04/14

— /T
— 0T,/T

— vy
== pw /T
--- 6Tw/T

--- duw

-0.5 0.0 0.5
z [GeVTY

4B (Fa Peng Huang), EESSHET N IFAUSHRITE—EESR

4
N

d2F(2)/

0.0020

0.0015

0.0010

0.0005

0.0000

-0.0005

-0.0010

0.008F

0.006
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*d Phase transition dynamics
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*d Phase transition dynamics

T. [GeV] | Ty [GeV] U L [GeV~!]
Benchmark A 118.3 117.1 0.165 0.084
Benchmark B 118.6 117.5 0.164 0.085
Benchmark C 119.4 118.4 0.164 0.088

In the allowed parameter spaces, the bubble wall velocity varies slightly around 0.165.

The basic procedure in this work can also be used for any other SFOPT model.
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*J Summary and outlook
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THQHES / Comments and collaborations are welcome!
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Email:huangfp8@sysu.edu.cn
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