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After the discovery of 125 GeV scalar, it becomes a realistic portal to
study the fundamental physics and its deep connections to cosmology.

What is the role of Higgs in the early universe?

How to test?

i, 7am Higgs boson!

, ) , , . Hi, Higgs !
ﬁy my mass is so ﬁgﬁt have many questions? (What is the my role in\ poocs us’% AP
comyarec{ to Planck mass? fBaryon asymmetry qf exp Fin your

the universe??
Electroweak

(77
Earyogeneszs. . y

osmo&vgica[ relaxion??

What is my|potential 4
o
/
\\,‘\ /\f h I\'\’/
N e/ What is the my role in
= = dark matter models?? wave experiments(L1SA)

T ianqin/‘f aifi
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\ ° °
'Q Motivation res Higgs Era: Higgs particle cosmology

Higgs’ deep connections to cosmology, such as EW
phase transition/baryogenesis, dark matter(DM)

testable by colliders &GW signals

O =M?—g¢ O =1l

Relaxion neutrino mass and
leptogenesis

O = R<_’ +OhiddenHTH‘—'O — ¢¢

Higgs (bouncing ) inflation Higgs portal dark matter

Preferred by CMB data

at Planck — EW phase transition/
O ¢S’ ¢¢ baryogenesis
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‘Q M Otlvatl ON post Higgs Era: Higgs particle cosmology
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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.

2024/01/20
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< Motivation
LISA/Tianqin/Taiji in

EW phase transition/ ‘
A — dark energy
synergy with CEPC helps

baryogenesis:
LISA/TianQin/Taiji/CEPC
e reionization In
21 cmm =
: to explore the early

universe around 100 GeV,

recombination

LSS

Scale a(t)
reheatifig BBN
BAO
QSO
* 7 L]
Lya DM and baryogenesis.

7 P
Lensing
> g

Cosmic Microwave Background

T | Gerd
dens@y fluctuations
B-mode Polarization =
gravity waves 1
- ol
? neutrinos > Ti
10%s  3min 350,000 13.7 billion ime [years]
i 100 1,100 2 6 5] 0 Rodehift
g e - = ) Energy .
10 GeV 1 MeV 1eV 1 meV credit:D.Baumann
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*J Motivation

Complementary

Particle approach
CEPC/SppC, FCC etc.

L —#— FCC
% — CEPC (30 MW)
t 10%; --e-- CEPC (50 MW) E
3] - ILC-Baseline (Snowmass 2021) -
‘?b CLIC-Baseline (Snowmass 2021) |
o 10 =
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= \
(/)] '
o .
= \*
£ "\‘..'
3 1 E ‘\\;3 =

= \m

o] Lol

10° 10°
(s [GeV]
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Wave approach
LISA/TianQin/Taiji ~2034

Relate by Higgs
physics:EW phase
transition/
baryogenesis

o

Double test on the
Higgs potential and
baryogenesis, DM

“FzE"

“Harpe in space”
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*<J GW in a nutshell

The quadruple nature of GW !

EM wave
radiation

d = ex

e
Lelectric quadrupole — 20 Q2 e '2_— QJk QJk

1
= 2 €4 (xijAk Y SjkrA2)
A

2024/01/20

GW
radiation

= Z maxa=p=>0

particles A

momentum conservation

£

mass quadrupole =

7

J

------

TPy =

1
Towrc’)

A
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:J Phase transition GW in a nutshell

(h) =

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

free energy density.

- dD ~ m2 —
V;a(frfl) (¢) = an [/ (27-‘-)pD ]n(p2 + m3(¢)) + JB,F( %(;b)

s@)= [ dts [; (%) Ve (6,7)

['=Tpe "0

X BRG], R E B

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045
# &R (Fa Peng Huang), FB3SHEE4FR
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:d Phase transition GW in a nutshell
Bubble collision O Q@/OV eﬂap‘;iﬁ‘efil"fs"“nd R, - %R 8w + A8, = 8?—46 T,

l

Shells of rarefaction ShellyoFcompression

) 3 |

hij > —— Qi (t —r/c)

Overlapping of sound | :
e i

shell Bubble collision

E. Witten, Phys. Rev. D
30, 272 (1984)
C. J. Hogan, Phys. Lett.
B 133,172 (1983);
O M. Kamionkowski, A.
Kosowsky and M. S.
O Turner, Phys. Rev. D 49,
2837 (1994))
EW phase transition
Turbulence GW becomes more
interesting and
realistic after the
discovery of

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 gi\%gs ll))i ll,:lligoa.nd

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 11
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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

Hz

1.65 x 10~7 [ g(TH\"® T,

100 GeV
HA, 559 40 AR X N B AR AEmHZ T, WG 2% 8] 5] 7
P SEE(LISA. REE. AR 7 X A

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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*d Phase transition GW in a nutshell

Bubble collisions
H.R. 1 ( e )2 (100)1/3 0.11vy  3.8(f/fe0)?8

h2Qco(f) ~ 1.67 x 1075(

@m)1/3’ \1+a) \ g 0.42 + v 14 2.8(f/ feo)®®
Turbulence
3/2 1/3 3
9 - 4 Kturb® 100 (f/fturb)
h Qturb(f) ~ 1.14 x 10 H*R* < 1+ a ) ( s ) (1 + f/fturb)11/3(1 + 871’f/H*)

Sound wave

9 1/3 7/2
W2 Qe (f) =~ 1.64 x 10 5(Hy 7o) (Hy Ry (flaa) (lg(io) (f/fow)’ (4+ 3(;/fsw)2)

/-~

E. Witten, Phys. Rev. D 30, 272 (1984); C. J. Hogan, Phys. Lett. B 133, 172 (1983);

M. Kamionkowski, A. Kosowsky and M. S. Turner, Phys. Rev. D 49, 2837 (1994))Mark
Hindmarsh, et al., PRL 112, 041301 (2014); Lots of unlisted papers.

See Huai-ke and Ligong’s works for current constraints from GW data

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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:J Phase transition GW in a nutshell

E%?ﬁ%ﬁﬁ@?lﬁ%ﬁ : & 1h Bk
hij 0, 2) 4+ 3 H huy(0c,) = g hig(x, 1) = 167Gl (x,0)| - BIVINIIK R

W Sources of tensor anisotropic stress | General form II;;
Collisions of bubble walls scalar field gradients [0:00;0)""
Sound waves and turbulence bulk fluid motion Y (p + p)viv]*”
Primordial magnetic fields gauge fields -E,E; - B;B;]""

Scalar perturbations second order scalar perturbations oV, 0,

2024/01/20 #&HB (Fa Peng Huang), EBSSHEEM/ER 14



*d Phase transition dynamics

;ﬁhgg%*)aﬁ % glﬁ%@%% % Finite-temperature effective potential

B T A0 Verr@®T) T, "R

M TS 1K 2 HOR Y O i S b *
(1). Daisy resummation problem: Pawani scheme vs. Arnold scheme \

(2). Gauge dependence problem: see Michael J. Ramsey-Musolf’s works

v b (3). No perturbative calculations: lattice calculations
and dim-reduction method: by D. Weir, Michael J. Ramsey-Musolf et.al

*

B o
Experiment: K 525 LU TR VRO ' Energy budget

FBREERNMHEZSEH
2 VL VA R K T B
L/ S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang

’ aAr>‘(.iA\ :1210071' 140343’ , i id T —Smifl F. Giese, T. Konstandin, K. Schmitz and J. van de Vi
A.\xl-I};L()(()Snl:le()?g Banta, James M. Cline, David Tucker-Smith, arXiv:2010.09744
Lo - Xiao Wang, FPH and Xinmin Zhang,

Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903

Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005 Phys.Rev.D 103 (2021) 10, 103520

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

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 15



*d Phase transition dynamics

Detonation Deflagration Hybrid
Vp > Cs Vp < Cs Vp > Cs

Stronger GW signal favored EW baryogengesis favored

2024/01/20 #&HB (Fa Peng Huang), EBSSHEEM/ER
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*d Phase transition dynamics

Classify the SFOPT into four cases:

2024/01/20

* Slight supercooling: o, < 0.1 the GW is too weak

to be detected by LISA, might be within the sensitivity of
BBO and ultimate-DECIGO.

* Mild supercooling: 0.1 <o, <0.9 the GW
could be detected by LISA, TianQin, Taiji, BBO, DECIGO.

* Strong supercooling: 0.0 < o <1
e Ultra supercooling:  ap > 1

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045

& /&8 (Fa Peng Huang), EBSSHEZHIE
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*J Motivation
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bubble wall velocity
energy budget
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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. mass
. 1 A

V(h) = 5/12/)2 + I/)J‘

/
/
/
\\/N\ //\ h I’\.«/
\ ’ | ’| ;
\\1/ \Q/ l \

92919 / l :
L) or V(h)=-u“h® - — R
- ':|'> 2 |

2 A?
Produce a SFOPT, large 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
2024/01/20 & /&8 (Fa Peng Huang), EBSSHEZHIE 19



https://arxiv.org/abs/1811.10545

< SFOPT and Higgs potential

SFOPT leads to obvious deviation of the
tri-linear Higgs coupling

»Ch hh = —— (1 + (511 )Ah h 3 At one-loop level, deviation of the
3! tri-linear Higgs coupling

6, €(0.6,1.5)

The Circular Electron Positron
Collider (CEPC), ILC, FCC-ee can
precisely test this scenario by precise
measurements of the hZ cross
section (e- et——hZ).

SM NNLO hZ cross section recently
by Lilin Yang, et al 2016, Yu Jia et

N (GeV) at 2016
~

e Ohz 6 40 See the new work of
>““’WW\' - -i\ 0 = ——— — 1 Lilin Yang, Zhao Li

- .
hz,SM Yu Jia et.al,
2024/01/20 BE/&HH (Fa Peng Huang), EBSStEHEZHIE 20




< SFOPT and Higgs potential

2024/01/20

Hints at hadron collider: Modify the invariant
mass distribution of Higgs pair due to

interference effects: >
golelelelelo) —— = -7
— — - & -
’FYOY‘YY? N » Two peaks for the baryogenesis scenario,
E E— 1 one peak for the SM.
“E ce EWBG,=15=0.1) | 1 > Due to the difficulties to suppress
4 EWBG=13=0) |= backgrounds at the LHC, it will be difficult
< 35k = to completely pin down these anomalous
£ 4 coupling at 14 TeV LHC, even with 3000
Ly 3 ab~! integrated luminosity.
Ef e 3 » Exploiting boosted tricks helps to increase
3 1 5E- 3 ability to extract the anomalous couplings.
© 3 » More precise information may come
E J  from futurel00 TeV hadron collider, such as
05 vy = SppC, or future lepton collider, such as
Ro=56 306 06 506600706 a0 eno 1000 CEPC.

M,,(GeV)

LHC_E 11403 18 L
&@%\éﬁ%W%ﬁ%Z

& /&8 (Fa Peng Huang), EBSSHEZHIE 1



< SFOPT and Higgs potential

Correlate particle collider and GW signals: double
test on Higgs potential from particle to wave

0.001
aLIGO
-6
10 eLISA C4 e 590GV
05,y = 22%
107 /| 600GV
7 eLISA C1 0riz = 21%
o} e 650G V]
kY 4 br.. = 1.8%
~ =12 YA Thz
10 DEC Ioo/ e iy
~7 8uyz = 1.5%
1018 U-DECIGO — T50GeV]
0, =139
o CEPC
1076 107 0.01 1 100
f[Hz]

FPH, et.al, Phys.Rev.D94(2016)n0.4,041702 ; FPH, et.al, Phys.Rev.D93 (2016) n0.10,103515
B &HA (Fa Peng Huang), FESS/EE4/7EE

2024/01/20

» For CEPC with 10
ab~1 at+/s = 240
GeV, precision of
o, may be about
0.4% and can test
the scenario.

» LISA, BBO,U-
DECIGO are

capable of detection
» The study on EW phase
transition naturally
bridges the particle
physics at collider with
GW survey and
baryogenesis

22



:d SFOPT and Higgs potential

1078

S0, =2.1%
10714} A=600 GeV

A=650 GeV

1075 16—4 16—3 16—2
f [Hz]
2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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< SFOPT and Higgs potential

SM EFT S, . .
LD —p“|H|" = ANHI|* 4+ cs|H|
+ c7O1r + cww Oww + other dimension-six operators

Oo(nz) ~ (0.26cww +0.0lcpp + 0.04cw g — 0.06cy — 0.04ep + 0.74¢1"

+0.28¢% +1.03¢) — 0.76¢5,) x 1 TeV? + 0.0166),.

SFOPT produces large 5
modification h
of trilinear Higgs coupling

dominates the hZ cross section
deviation

Ce

Taking a general study of the scalar extended models and the composite Higgs
model as examples, we find that the Higgs sextic scenario still works well after
considering all the dim-6 operators and the precise measurements.

Qing-Hong Cao, FPH, Ke-Pan Xie, Xinmin Zhang, arXiv:1708.0473,

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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< SFOPT and Higgs potential

Qing-Hong Cao, FPH, Ke-Pan Xie, Xinmin Zhang, arXiv:1708.0473,

One examples

6L =D,®' D'®

— A3[(®- H)

A
— M2oto — T‘I’(qﬂ‘@)
2+ he)+ (nu|H|)? + ne|®|*)(® - H + h.c.),

2 _\NOT®OHTH — \y|® - H|?

Using Covariant Derivative Expansion method, the matched dim-6 operators and their

coefficients in the doublet scalar models are obtained:

2024/01/20

Wilson coefficient

Dimension-six operator
2\ 1712 .
OWW =g |H| I/V;Uu/aﬂu

=l

cww (4_#7 @M+ )5

OQW = —l(D/’LWf,,).2

Oaw = % ge™W W, b"W cp

Ogp = g'2|H|2Bu,,B‘“’

Ows = g9 H'o"HW, B" o
Ozp = -1(0"B")? 2B = ﬁf%ﬁg
On = 5(8,|H[")’ e = g lomenn + (AN + e + X + )]
Or = L(H'D,HY? or = k(8- M)
O = |H[| D H[ er = rrage (O +3 (03 +4X3)) g7
Os = |H|° o =iz + g [3Aemh + 6me (M +Xa) = §(2X1 +30ha + 30N +15) = 20 + )M 3y

B /&AA (Fa Peng Huang), FESStE4IE
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*Jd Motivation

FHL 55 2 7 A AL A
EW I e AT L )
S ERE]

51 BE S
bubble wall velocity
energy budget

K HE R R TIR SEEUIREREY
7 15 3 5 eR U AR FHHF A A 2R

FL 55 A AR
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*Jd SFOPT and EW baryogenesis

A long standing problem in particle cosmology is
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

ng =ng/n, =58—6.6x10710
(CMB, BBN)

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 27




*J SFOPT and EW baryogenesis . - '/

b

: ) ,"- \ ".‘ :

B e |

: \ D. E. Morrissey and

M. J. Ramsey-Musolf,
New J. Phys. 14,
125003 (2012).

Sphaleron

<0>%0 <=0

Bubble Wall ==

Credit:
T. Cohen
2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 28



*d SFOPT and EW baryogenesis

Credit:
_ T. Cohen
2024/01/20 B /&AA (Fa Peng Huang), FESStE4IE 29



*Jd SFOPT and EW baryogenesis

i IR 555 :Bubble wall velocity is essential in EW baryogenesis
low/high bubble wall velocity, thin/thick wall, local/non-local

Precise calculation of EW baryogenesis requires to solve the transport equations

vacuum expectation value insertion approximation (VIA)

D7l// v ‘n/ . .VIA n.l = , | /([4.\' [l‘(S} (\.\)Z' ('\'“\') — {\ <> \'}) A.RiOttO, PhyS.ReV.D53, 5834(199()),
(282} + Vw i C’L [ J] S‘ 1A, . Nucl.Phys.B518,339(1998).

—iZ oS (m?20"y
semiclassical (WKB) formalism —VuwYwhsp gmm=—1fi,

PEER) Y B / /
/ - FVwYw I lsp% (fgl - A’U-f‘l/,u>
A i + ( _ 2)/ B, i _ CWKB _ YwOwks,1 &
i\ m; i\ i = [ » M. Joyce, T.Prokopec,andN.Turok, Phys.Rev.Lett.75,1695 (1995);
t L WKB,1 J.M.Cline and K.Kainulainen, Phys.Rev.Lett.85,5519 (2000).

In Phys.Rev.D 101 (2020) 6, 063525, James Cline and Kimmo Kainulainen make a comparison between the
two methods in a given model, they found that the predictions typically differed by factors of 10-40.

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 30




*Jd SFOPT and EW baryogenesis

Recently, it has been pointed out that the VIA
source terms exactly vanish by performing
correct resummation of 1PI self energy.

EW baryogenesis
with high bubble
wall velocity

CP-violating transport theory for Resummation and cancellation of the VIA source in
electroweak baryogenesis with thermal electroweak baryogenesis
corrections

P.Auclair, C.Caprini, D.Cutting, M.Hindmarsh,
Marieke Postma,” Jorinde van de Vis’ and Graham White® 2 2
Department of Physics, University of Jyviiskyli, « Nikhef, K.Rummukainen, D.A.Steer and D.J.Weir,
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PL 64, Helsinki 00014, Finland : b Deutsches Elektronen-Synchrotron DESY, J.Dahl, M.Hindmarsh, K.Rummukainen and D.J.Weir,
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Abstract. We derive CP-violating transport equations for fermions for electroweak baryogen- ABSTRACT: We re-derive the vev-insertion approximation (VIA) source in electroweak
esis from the CTP-formalism including thermal corrections at the one-loop level. We consider ) . e e s e« ) S

both the VEV-insertion approximation (VIA) and the semiclassical (SC) formalism. We show baryogenesis. In contrast to the original derivation, we rely solely on 1-particle-
that the VIA-method is based on an assumption that leads to an ill-defined source term self-energy diagrams. We solve the Green’s function equations both perturbatively and
containing a pinch singularity, whose regularisation by thermal effects leads to ambiguities resummed over all vev-insertions. The VIA source corresponds to the leading order
including spurious ultraviolet and infrared divergences. We then carefully review the derivation
of the semiclassical formalism and extend it to include thermal corrections. We present the
ical Boltzmann equations for thermal WKB-quasiparticles with source terms up to it vanishes both for bosons and fermions, both in the perturbative and in the resummed

reducible

contribution in the gradient expansion of the Kadanoff-Baym (KB) equations. We find that

semicla:
the second order in gradients that contain both dispersive and finite width corrections. We approach. The non-existence of the source is a result of a cancellation between different
also show that the SC-method reproduces the current divergence equations and that a correct
al source term even with conserved

terms in the KB equations, and persists after resumming the masses.

implementation of the Fick’s law captures the semiclass

total current d,j* = 0. Our results show that the VIA-source term is not just ambiguous,

but that it does not exist. Finally, we show that the collisional source terms reported earlier KEYWORDS: Baryo-and Leptogenesis, Cosmology of Theories BSM, Early Universe Particle

in the semiclassical literature are also spurious, and vanish in a consistent calculation. . h
Physics

Keywords: baryon asymmetry, cosmological phase transitions, particle physics - cosmology

connection ARXIV EPRINT:

06.01120

ArXiv ePrint: 2108.08336

2024/01/20 & /&8 (Fa Peng Huang), EBSSHEZHIE 31



*Jd SFOPT and EW baryogenesis

S Iy R X -

Large enough pretty small

CP-violating source Strong tension . .
8 in most cases CP-violation

for successful M to avoid strong EDM
EW baryogenesis constraints
de| <4.1x107% ecm

Science 381 (2023) 6653

How to alleviate this tension for successful baryogenesis?
Dynamical CP violation for baryogengesis ?

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 32



*Jd SFOPT and EW baryogenesis

Question: How to alleviate the tension for successful baryogenesis ?

Answer: Dynamical CP-violating source

Negligible
CP-violating source
at current time

Large enough Alleviate by assuming the

CP-violating source CP-violating source is time dependent

for successful . to avoid strong EDM
EW baryogenesis Dynamical/cosmological evolve constraints

i : , Zhuoni Qian, Mengchao Zhang,Phys.Rev. no.1, ; ,Chong Sheng Li,
> Effective field theory: FPH, Zhuoni Qian, Mengchao Zhang,Phys.Rev. D98 (2018) no.1, 015014;FPH,Chong Sheng L.
Phys. Rev. D 92, 075014 (2015); lots of works

> Renormalizble model: Complex 2HDM,Xiao Wang, FPH, Xinmin Zhang, arXiv: 1909.02978, work in progress with Eibu
Senaha, Xiao Wang in an extended IDM model

Baldes, T. Konstandin and G. Servant, arXiv:1604.04526;1. Baldes, T. Konstandin and G. Servant, JHEP 1612, 073
(2016);S. Bruggisser,T.Konstandin and G. Servant, JCAP 1711, no. 11, 034 (2017)

See Matthew Reece’s recent study on the dynamical CP-violation.
2024/01/20 &R (Fa Peng Huang), EESS{EZ/EE 33



*Jd SFOPT and EW baryogenesis

Taking the effective scenario as a representative example:

Nop & 1 l o2 Liaa 1
Lom — 4y SQrtn +Het 29,80 + -’ — 228" — kS (®10)
The singlet and the dim-5 operator can come From many types composite
<S> ) Higgs model, arXiv:0902.1483 , arXiv:1703.10624 ,arXiv:1704.08911,
J. R. Espinosa, B. Gripaios, T. Konstandin and F. Riva, JCAP 1201, 012 (2012)
, CPV #0 J. M. Cline and K. Kainulainen, JCAP 1301, 012 (2013)
Baryogenesis
& GWs
CPV =0
- >
(®)
Phys.Rev. D98 (2018) no.1, 015014 , FPH, Zhuoni Qian, Mengchao Zhang 107 0.001 ] [;O]O 0.100 1
VA
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*Jd Motivation

FHL 55 25 7 A2 AL A
EW I S AT L )
S ERE]

51 BE S
bubble wall velocity
energy budget
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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. A

> DM can trigger a SFOPT in the early g i Diack Toles g (7% "
universe and detectable GW signals.

> SFOPT could provide a new approach for
DM production. No- Gravitational oo

Dark perturbative robes I
photons DM pro- wave probes mental
effects

duction of dark matter

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

DM Case I: Vo = M3D'D+ A\p(D'D)? 4+ X3®1®D'D
Inert Doublet Models + M|®TDP + (A5/2)[(®TD)* + h.c],
Vo= 1Mgs2 +M3HIH,+ 1,1532 D2 + 1,0 OHIH,

2 2

mixed singlet-doublet model
+ A4 |®TH, 2 +% (®'H,)?+H.c] +A[S®H] +H.c.].

mixed singlet-triplet model Vo= %M%SZ + M3Te(H3) + s @ OTr(H3)
+ g |O[28% + £SO H,®.
provide natural produce SFOPT and phase transition
DM candidate GW

FPH, Jiang-Hao Yu, Phys.Rev. D98 (2018) no.9, 095022

Yan Wang, Chong Sheng Li, and FPH, Phys.Rev.D 104 (2021) 5, 053004 ;
2024/01/20 &R (Fa Peng Huang), EESS{EZ/EE 37



*Jd SFOPT and new DM mechanism/signal

DM Case II: anti-fileter case

New DM production scenario filtered by the bubbles
during a SFOPT in the early universe.

The cosmic phase transition with Q-balls production can explain
baryogenesis and DM simultaneously, where constraints on DM mass
and reverse dilution are significantly relaxed. We study how to probe
this scenario by GW signals and collider signals at QCD NLO.

FPH, Chong Sheng Li, Phys. Rev. D96 (2017) no.9, 095028
3/4 37 A13/4
pomv, - = 73.5(2nps0) Aso T/
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*d SFOPT and new DM mechanism/signal

SFOPT naturally correlates DM, baryogenesis, particle
collider and GW signals.

Q-ball’formation
l \ l The global
e Q-ball model
proposed by

T.D. Lee
(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;
2024/01/20 & /&8 (Fa Peng Huang), EBSSHEZHIE 2039




*J SFOPT and new DM mechanism/signal

DM Case III: fileter 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 ESE?IZS
arXiv:1912.02830, Michael J. Baker, Joachim Kopp,and Andrew J. Long me——r—s
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

Haipeng An, et.al, arXiv: 2208.14857 .n.
Siyu Jiang, FPH, Chong Sheng Li, arXiv:2305.02218

more and more new works. .. e G
2024/01/20 #%A8 (Fa Peng Huang), FESSHEZIER -

arXiv:2008.04430 Jeong-Pyong Hong, Sunghoon Jung, Ke-pan Xie

physis Volume 127, Number 21



*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
plays an essential
role in the filtered
DM mechanism.

FPH
2024/01/20 #E&FH (Fa Peng Huang), EE55fEZ4IE
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*Jd SFOPT and new DM mechanism/signal

-0 z 0 +00
Original work: — —
?}p] = Vw, T - TI - TI‘L Vs4 = gsh % Vs— U+ E - = gw = Uy
F—
S rticles ;. |2
Toy = Ty |4 |1, PAUCICS 1 ) 2ip
\ ] J
symmetric phase bI‘OkGI‘l phase
V= Tl T'=T (this work with hydrodynamic effects) .
-1 00 9 T3 1_|_~ in(1_~ )/T .
; g T+m Vi) 4+ 5 in(]_ s
J’l];}n — gX > / dCOS HCOS 8/ - dp — ~p ; = — X +( '; X : ) e—7+mx (1—’U+)/T+.
(2m)2 Jo —x e+ (1+0. cosO)p/T. 47r2ﬁ+(1 —0y)
ol TE g RO ) Ty iy (it )
YwUw pc/h2 s (T_) T° GeV g, (T_) 1°
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*Jd SFOPT and new DM mechanism/signal

1 1.01 ] :
ny o 2 - 1
T<z‘> = O P — g 5( 3¢) iV 5 (¢) Energy-momentum | E )
tensor of scalar field 0.8 ,
1
1
Bl 0.6 e e ibo=ef ..
Z / —— kMR (k) Energy-momentum
2m)3 E; tensor of fluid 0.4 |
1 I
1 |
nz nz iz [T v . i E
Y = = — H
Tﬂ Td) + Tpl WUy rg Energy-momentum 0.0/ deflagration E hybrid E detonation
conservation 00 02 04 06 08 10
~2 ~2 ~2 ~2 ~ 2 ~ 2
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1 1
o —mm
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— 4 [
ay =€/ (asT?) ry = wi/wo = (axT)/(a_T?) 1.1 } \
1
5 1.)0F————r———— — — } ...... S——
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*J SFOPT and new DM mechanlsm/5|g

General phase-transition model

i +DT2 3 g 2T
——¢" = CT
2 ot ¢ 90

‘/::ff(d)a T)

3CT
=0, L

4\ (u? + DT?)
b \/1 9C2T?

iy = B 6o = o(T)

9 T3 (%(1 — o) my /Ty + 1) o= (1= )mia (1) /T

in

X Yty 4243 (1 — o)’

We found:
(a) for vy, < 0.2: the DM relic density is enhanced

(b) for vw < 0.2 : the DM relic density is reduced

2024/01/20
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*Jd SFOPT and new DM mechanism/signal

Boltzmann equation

(L[f)=CIf] ]

fX = A(zapz) J(;?_‘_ - A (Zapz) eXp <_;)‘/+(E - 'ﬁ-{-pz))

Ty

/ q P in \
. P afx My 8mx afx _my (Qb—) 2z
LN =F%. " F o o, () 2 Aty

dpzdpy . ¢, p. O om,\ 0 Omy \ Y40+ DML 5, (5402 —fm202) /T
gx/ SAFMES [( — — - A(z,p.)| Z—=—c¢ X
27)2 m, 0z 0z ) Op, 0z T 21y
\ ( 7T) X + 4 /
a includingx X <> ¢¢, Xp <> X&, XX > XX XX > XX; - - - N\

dpdpy ~ , dp..dp, o "
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- _ngY/ (27r)22l;;’ quP4FUx>2—>¢¢ [Afxgﬂr Xja+ - fngig]
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*Jd SFOPT and new DM mechanism/signal

Yw Y+

. T > dp, - (. : .
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*Jd SFOPT and new DM mechanism/signal

The hydrodynamic effects play essential
roles in the filtered DM mechanism. For
the deflagration mode with low bubble wall
velocity, the hydrodynamic effects
significantly enhance the relic density. In
contrast, for the detonation mode, the relic
density is obviously reduced. For the hybrid
mode, the hydrodynamic correction is
extremely large.

Precise calculation of filtered DM relic
density can help to decide the phase-
transition parameters precisely. This gives
more accurate phase-transition GW spectra.

2024/01/20
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*J Anisotropy and primordial seeds

Primordial power spectra

H2

2
aH=k Wgsrmpl aH =

Prk) = o (1ReP)

Angular power spectra

9 [ ., The primordial density
Ci=" /0 dkk"Pr(k)Ti(R)I" perturbation (quantum
fluctuation) from inflation or
alternative as the origin of
structure

obs

1
oobs — o
¢ 2£+1%‘“ @em
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*J Anisotropy and primordial seeds

The quest for small-scale power spectrum——The road less traveled
-2 I |__|___|__|_ L 1 1 1T 1T 1T 1T 1T 1T 1T T d
10-3 |— WIMP kinetic decouplingl = Saaamaa ~— 102
e | J 1 — 103
Phys. Rev. D 85, 125027 Allowed regions i B
\\\\\ — Ultracompact minihalos (gamma rays, Fermi-LAT) — 10-5
‘‘‘‘‘‘‘ Ultracompact minihalos (reionisation, WMAPS5 7.) 10-6
\ — — Primordial black holes
— 10—7
— CMB, Lyman-«, LSS and other cosmological probes
= i CMB R Al -0
— — 107°
(. 1+ +r + ¢ ¢+ &+ & & &+ &+ & &1 1
\ \ 10 40* 10° XOA‘ X05 XOG XOT 10° 4Q° XQ“) XGﬂ “)1‘2 1013 XQM 1015 1016 xOﬂ XO&B Xow

k (Mpc™1)

v" A complete model of inflation requires a solid understanding of the small-scale primordial power spectrum;
v" however, it is hard!

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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*J Anisotropy and primordial seeds

Phys. Lett. B, 2017, 771: 9-12 ; Phys. Rev. D, 2019, 100(12): 121501 ; Phys.
Rev. D, 2021, 103 (2): 023522 ; Phys. Rev. Lett., 2021, 127(27): 271301

of(n,p

r - y &L, ’
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quantify the imhomogeneity of
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d,
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*J Anisotropy and primordial seeds

1
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*J Anisotropy and primordial seeds

Planck: In(10'°A4,) = 3.040 £0.016  n, = 0.9626 & 0.0057

2.5 1
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OF = 0P = 35 | PR 092 (0 ) o o

o
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Ju—
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1
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v" The anisotropy of PTGW is stronger than CMB anisotropy at all scales multiple ¢
v" The anisotropy of PTGW goes up at small scale Angular power spectra
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*J Anisotropy and primordial seeds

10 x10~8
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v" The anisotropy of PTGW keeps more small-scale information.
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*J Anisotropy and primordial seeds
Application to EWPT: #8325 |JiRAIRmIEMHEEEIE D] seiRNIRE

YD
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*J Motivation
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bubble wall velocity
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*d Phase transition dynamics

;ﬁhgg%*)aﬁ % glﬁ%@%% % Finite-temperature effective potential

BT RO K Verr@®T) T, "R

S5 R Y Y i P / b *
(1). Daisy resummation problem: Pawani scheme vs. Arnold scheme \

(2). Gauge dependence problem: see Michael J. Ramsey-Musolf’s works

v b (3). No perturbative calculations: lattice calculations
and dim-reduction method: by D. Weir, Michael J. Ramsey-Musolf et.al

*

Experiment: 325 Bubble wall velocity S Energy budget

FBREERNMHEZSEH
2 VL VA R K T B
L/ S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang

’ aAr>‘(.iA\ :1210071' 140343’ , i id T —Smifl F. Giese, T. Konstandin, K. Schmitz and J. van de Vi
A.\xl-I};L()(()Snl:le()?g Banta, James M. Cline, David Tucker-Smith, arXiv:2010.09744
Lo - Xiao Wang, FPH and Xinmin Zhang,

Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903

Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005 Phys.Rev.D 103 (2021) 10, 103520

Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006
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*d Phase transition dynamics

Systematically calculation of bubble wall velocity in specific model:

Standard Model (small Higgs mass):
Guy D. Moore,Tomislav Prokopec, How fast can the wall move? A Study of the electroweak phase

transition dynamics, Phys.Rev.D 52 (1995) 7182-7204

Minimal Supersymmetric Standard Model:
P. John, M.G. Schmidt, Do stops slow down electroweak bubble walls?, Nucl.Phys.B 598 (2001) 291-305

Higgs + scalar singlet:
Jonathan Kozaczuk, Bubble Expansion and the Viability of Singlet-Driven Electroweak Baryogenesis,

JHEP 10 (2015) 135
Avi Friedlander, Ian Banta, James M. Cline, David Tucker-Smith, Wall speed and shape in singlet-

assisted strong electroweak phase transitions, Phys.Rev.D 103 (2021) 5, 055020
Inert Doublet Model:

Siyu Jiang, FPH, Xiao Wang, Bubble wall velocity during electroweak phase transition in the inert
doublet model, Phys.Rev.D 107 (2023) 9, 095005
2024/01/20 &R (Fa Peng Huang), EESS{EZ/EE 58



*d Phase transition dynamics

The Guy Moore’s method would be invalid at around sound velocity, there are
some other solutions:

New ansatz:
Benoit Laurent, James M. Cline, Phys.Rev.D 102 (2020) 6, 063516
James M. Cline, Avi Friedlander, Dong-Ming He, Kimmo Kainulainen, Benoit Laurent, Phys.Rev.D 103
(2021) 12, 123529
Marek Lewicki, Marco Merchand, Mateusz Zych, JHEP 02 (2022) 017
Benoit Laurent, James M. Cline, Phys.Rev.D 106 (2022) 2, 023501
Stefania De Curtis, Luigi Delle Rose, Andrea Guiggiani, Angel Gil Muyor, Giuliano Panico, JHEP 03
(2022) 163

Higher order corrections in Guy Moore’s ansatz
Glauber C. Dorsch, Stephan J. Huber, Thomas Konstandin, JCAP 04 (2022) 04, 010
Glauber C. Dorsch, Daniel A. Pinto, arXiv:2312.02354

Phenomenological parametrization of friction (friction=nv,,)
Ariel Megevand, et.al, Nucl.Phys.B 820 (2009) 47-74, Nucl.Phys.B 825 (2010) 151-176 ...
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*d Phase transition dynamics

Hydrodynamical backreaction:

Marc Barroso Mancha, Tomislav Prokopec, Bogumila Swiezewska, JHEP 01 (2021) 070
Wen-Yuan A1, Bjorn Garbrecht, Carlos Tamarit, JCAP 03 (2022) 03, 015

Wen-Yuan A1, Benoit Laurent, Jorinde van de Vis, JCAP 07 (2023) 002

Shao-Jiang Wang, Zi-Yan Yuwen, Phys.Rev.D 107 (2023) 2, 023501

Jun-Chen Wang, Zi-Yan Yuwen, Yu-Shi Hao, Shao-Jiang Wang, arXiv:2310.07691
Tomasz Krajewski, Marek Lewicki, Mateusz Zych, Phys.Rev.D 108 (2023) 10, 103523

Bubble wall velocity for ultra-relativistic bubble walls (run-away criterion):
Dietrich Bodeker, Guy D. Moore, JCAP 05 (2009) 009

Dietrich Bodeker, Guy D. Moore, JCAP 05 (2017) 025

Stefan Hoche, Jonathan Kozaczuk, Andrew J. Long, Jessica Turner, Yikun Wang, JCAP 03 (2021) 009
Aleksandr Azatov, Miguel Vanvlasselaer, JCAP 01 (2021) 058

Yann Gouttenoire, Ryusuke Jinno, Filippo Sala, JHEP 05 (2022) 004

Wen-Yuan Ai, JCAP 10 (2023) 052

WA FZ IR S
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*d Phase transition dynamics

Bubble wall velocity Bubble wall

beyond leading-log

approximation
in electroweak
phase transition

2024/01/20

() # 0 (¢)=0

Friction
(From interaction

Pressure ' ¢ between particles in
—Veff (@)

the plasma and
background filed ¢ )

The Universe

frame

]» Fluid velocity

The wall frame V. — vp=0 v, *+—

& /&8 (Fa Peng Huang), EBSSHEZHIE
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*d Phase transition dynamics

Bubble wall velocity beyond leading-log approximation in

electroweak phase transition
The EOM of Higgs filed (order parameter field)

* Energy momentum conservation of scaler-plasma system in WKB

approximation
Ly [ o
dp | @ryp2E’ P ="

Zero-temperature part of -
effective potential l f — f 0T (Sf .

Full thermal effective
potential Friction term

Deviation from equilibrium

Field dependent mass
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*d Phase transition dynamics

arXiv:2011.12903, Xiao wang, FPH, Xinmin Zhang

Bubble wall velocity o
0acls

beyond leading-log
approximation

in electroweak
phase transition

EOM of Higgs field
(order parameter field)

First-order
approximation

EOM with first order Wall profile —
approximation of Bubble wall velocity
perturbation

2024/01/20 #E&FH (Fa Peng Huang), EE55fEZ4IE
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*d Phase transition dynamics

The deviation distribution part for each massive particle is crucial

With WKB approximation p>> 1/L, , we can describe it with Boltzmann
equation

d g .0 .0
Ef: <§+Z£ +Pz8pz)f:—c[f] ;

To solve the Boltzmann equation

* Appropriate form for the distribution function (flow ansatz)

* Proper treatment of collision term

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 64



*d Phase transition dynamics

Key point: calculate the particle scattering amplitude in thermal plasma

The collision term in Boltzmann equation

UEDY L[ e SIMPEn S o+ k=~ K)PIf
2F, | (27)92E,2E,2E), T 0P p il

Plfil = fifo(L £ f5)(1 £ fu) — fafu(L £ fL)(L £ f2) .

To the first-order approximation:

L +62;53 - 54f1f2(1 £ fs) (L £ fa) -

Plfil =

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 65



*d Phase transition dynamics

9

Top quark: tt —» gg 000000
« Interactions of 0(gg) f g . 1

a

W/Z boson: Wu — dg
* Interactions of 0(gsg4) S

g

a

H t

Higgs boson: HH — tt - - e
> >
* Interactions of O(y¢) - ) L :

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 66




*J Phase transition dynamics

E
0= —p— fpg — f((ST—{- 5Tbg) —p.(0v + 51)1)9)

To the first order of perturbations, we can derive the following EOM of
the Higgs field.

O*Verr (0, T)
P 9T o

T:T++5Tbg(2) A77—171 - T_+_ =T
Here we take an
approximation

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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*d Phase transition dynamics

Bubble wall velocity beyond leading-log approximation in
electroweak phase transition

* For a specific benchmark point, the results of beyond leading-log
approximation with the contribution of Higgs boson

A/VE [GeV]| vy LT v /T. T, [GeV]

Two-particle 780 0.3382 20.1863 1.1044 100.977

Three-particle 780 0.2499 18.1759 1.1044 100.977

arXiv:2011.12903, Xiao wang, FPH, Xinmin Zhang

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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*J Phase transition dynamics
A simple DM Model: Bubble wall velocity in inert doublet model

if EOM|._,00 # 0

runcation Pe t bat ions Approximated | | Constrain Final
EOM o, v, L | More
|
1
1
1
1
1
1
1
1

Boltzmann
equation

<€ accurate
processes

if My #0or My #0

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

Siyu Jiang, FPH, Xiao Wang, Phys.Rev.D 107 (2023) no.9, 095005
2024/01/20 &R (Fa Peng Huang), EESS{EZ/EE 69



*d Phase transition dynamics

1 1
=3P + p3ln|* + §A1\<I>I4 + §Az|n\4

1
+ X3 |nf* + M| @) + Q{As(@*nf +H.ec},

G H*
o= o= N E

Vonl6.T =01 =3 it [ mt(o) ("5 - )+ 2mtmio).

7

T (M2
Vi(o, T > 0) anwlb (Tz)

Vert(9,T) = Vo(¢) + Vew(¢) + Vr(9,T) .

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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*d Phase transition dynamics

2 E

1 (—fo) (p_ [azﬂ + =0, (0T + 6Thg) + p.0. (dv + 5Ubg)] + Ot

f= =7 E iR
(B+0)/T + |

E O (m?
+T8t (0T + 6Tyy) + p-0; (dv + 5’Ubg)> +TClu, 8T, 0] = (—f§) — (m’)

_ 2F
truncation scheme

> A S —I— _ 7source term

collision term

5 = (/Jt, 5E7 T5Ut7 Hw 5TW7 TCSUW[’ KA, 5TA’ TCS,UA) ]’

Uy

E — 2_rTr (Ctl(m%) C2(mt) O ) C1 ( a/)/?Cg/(m%/V)lvoaCf(m?ﬁl)/7cj24(mz24

A 0 O Yoty Tl 20

A 0 Aw 0 |, where A= | v,c vyci 3¢ :
A 14 14 1, .
0 0 Ay 2Cs BCl SUyC)

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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*d Phase transition dynamics

Collision terms (Monte Carlo integration)

T~ (5.0x 107"g} + 5.8 x 107*g2y7) T, w2~ (2.3 x 1072292 +2.0 x 107°g, ) T,

Prig o Doy = (L1 x 107095 + 1.3 X 107°g30) T, Ty o Do = (4.7 x 10736292 + 4.1 x 107%¢2) T
Trop >~ (1.1 x 107%g5 +4.0 x 107°¢2y;) T, Crow =~ (1.5 x 107%g2g2 + 1.5 x 107 2g,) T,

Toe > (2.0 x 1072g5 + 1.8 x 107°g2y7) T, Tow =~ (5.7 x 1072¢2g2 + 1.5 x 107 2¢2) T,

Tuia~1.0x 107207,
Trpa~Tpupa~4.9x10730T
Droa >~ 5.1 x 107°)3T
Tya~1.8x1073NT .

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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*d Phase transition dynamics

Solving perturbation

: . 0.025 —I/u/T ' ] 0.0020
equatlons . .- - fT//T 0.0015
Green Function - ;,;,/T ] 0.0010
il 0.0005

Method a5

--- duy

0.0000
0.005 / \
1 N
-0.0005
0.000 QS{V _______ =
-0.0010
-0.005 et
-0.5 0.0 0.5 -05 0.0 0.5
2 [GeV 2 [GeVT
0.008FT
0.0020 0.006
0.0015 <= 0.004}
=
0.0010 e 0.002F
0.0005 Lsz
‘ &2 o000}
0.0000 -0.002f
-0.0005 -0.004}
-0.0010 . L L -
-0.5 0.0 0.5 0.1 0.2 0.3 0.4 0.5
z [GeV"l] Uy

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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< Phase transition dynamics

Vg (8. Ty)  N,T, dm?
Spom = (1 —v}) ¢" + (¢ +)+ T (e + b (5T, + 6Thy)

aqs 2 d¢
N, d
N ;;" (s + & (6T, + 6Th,)) =0,
b
Solving the
EOM { Ml - /SEOM¢/CZZ = 0, M2 - /SEQM(qu — gﬁ_)gb,dz =0 ]

0.200 0.200

L [GeVY

2024/01/20 B &AR (Fa Peng Huang), EBSStEESYIR



*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.

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR



*d Phase transition dynamics

Energy bUdgEt (to measure the efficiency of the energy released by
a SFOPT converting to the kinetic energy of sounding plasma)

- GW signalsggenerated during a SFOPT are directly related to efficiency parameter: h{lcy,
X K2 or kz;
« Most of current studies of the efficiency parameter are based on bag EoS, which assume

the sound velocity is 1//3 in both phases. But for a realistic SFOPT, particle can obtain the
mass, hence, the sound velocity can deviate from pure radiation phase.

New trend: the energy budget/efficiency parameter

100 ] *\ beyond the bag model:
Deflagration 5

goe Xiao Wang,FPH and Xinmin Zhang, PRD 103 (2021) 10, 103520
Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006

5
“ 1071 4

a=0.01
J. R. Espinosa, T. Konstandin, J. M. No, and G. Servant, JCAP 06

(2010) 028.

1
1
]
1
1
]
! 0
1o
]
]
]
1
]

10-2 4 ’ Detonation

?

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Vb

LISA Cosmology working group JCAP 03 (2020%)7%% (Fa Peng Huang), ERSBiEESE 76
£ , IR

Xiao Wang, FPH and Xinmin Zhang, JCAP 05, 045 (2020)
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*d Summary and outlook

» EW first-order phase transition has abundant collider and
cosmological effects in baryogenesis, DM, GW...

» The correlation between GW and collider signals at CEPC can
make complementary test on the Higgs nature, baryogenesis,
DM and the cosmic evolution history at 100 GeV.

» More precise study: reliable resummation, non-perturbative

calculations, bubble dynamics (wall velocity, energy budget).

2024/01/20 & /&8 (Fa Peng Huang), EBSSHEZHIE 78



*J Backup slides

® Expected in 2035

® Geocentric orbit, normal triangle
constellation, radius ~10°km

® Unique frequency band, easier
for deployment, tracking, control,
and communication

Ecliptic

RX J0806.3+1527

Celestial equator

"FzE"

J. Luo et al. TianQin: a space-borne gravitational wave detector, Class. Quant. Grav. 33 (2016) no.3, 035010. “ Harpe in space”

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR 79



*Jd SFOPT and new DM mechanism/signal

Phase transition GW can provide a unique way to probe many
important physics processes: inflation, PQ-symmetry breaking,
neutrino physics, axion physics, extra dimension, primordial
magnetic field, cosmic defects...

Wei-Chih Huang, et. al, arXiv: 2012.11614
Mark Hindmarsh, et. al. arXiv: 2011.12878
Bhupal Deyv, et. al. arXiv: 1905.00891
Yiyang Zhang, et. al. arXiv:1902.02751
Yang Bai, et. al. arXiv:1810.04360
Andrew Long, et. al. arXiv:1703.04902
Graciela Gelmini, et. al. arXiv:2009.01903
Stephen King, et.al. arXiv:2005.13549
Bhupal Deyv, et.al. arXiv:1602.04203
Astrid Eichhorn et.al. arXiv:2010.00017

2024/01/20

Yuefeng Di, et. al., arXiv: 2012.15625
Haipeng An,et.al. arXiv:2009.12381

FPH, Xinmin Zhang, Phys.Lett. B788 (2019) 288-29,
Jia Liu, et.al. arXiv:2104.06421

Zhao Zhang, et. al. arXiv:2102.01588

Wei Liu, et.al. arXiv:2101.10469

Cheng-wei Chiang, et.al. arXiv:2012.14071
Ke-Pan Xie, et.al. arXiv:2011.04821

Ligong Bian, et.al. arxiv:1907.13589
Zhaofeng Kang,et.al. arXiv:2101.03795
Zhaofeng Kang, et. al. arXiv:2003.02465

a lot of new and nice works unmentioned here

# &R (Fa Peng Huang), FB3SHEE4FR
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*J Motivation

Collider signals at loop
level @CEPC/LHC

Correlation and complementaryftest with gravitational wave (GW)

(potential), Z-pole physics, TeV new physics ]

Phase transition
Higgs)and PTGW

recise calculatio

)}

New dark matter(DM) formation mechanism;
New approach to explore DM

Baryon asymmetry of our

Early universe; symmetr
niverse (EW baryogenesis)

breaking at high energy

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR

81



*J SFOPT and new physics/early universe

/
Generally 10 kaueo
-6
10 SKA
- 10—8,
O
&
S 10—10,
Dark QCD .
107" 100 MeV High
scale
10-14 10000 TeV
TeV scale
1010 1078 10-6 104 0.01 1 100

f[HZ]
FPH, Xinmin Zhang, Phys.Lett. B788 (2019) 288-29,
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*d Phase transition dynamics

2024/01/20

Energy budget for phase transition GW

4 Bag EoS
P+ = §0+T+4. —€, er=ayTi+¢e, Qo = ﬁﬁ, = l(ei ~3p.)
3 w4 4
1
L p_ = ga_Tf e, e =aT'+e . Strength parameter

dp/de = c? = constant

(" EoS with different sound velocity (DSVM)

2 4 4
pr=cia T —€, er=a,T t+e,

p- = aT -e, e = aT L&,

\_

A6
g =-— 6O=e-p/c*
3w,

Strength parameter

\

J

F. Giese, T. Konstandin, and J. van de Vis, JCAP. 07 (2020) 057.

# &R (Fa Peng Huang), FB3SHEE4FR
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*d Phase transition dynamics
Energy budget for phase transition GW

* Matching condition

20,2 — w. n2 2
wovZyl + po=wiviri + pa, oy = Pr=P- Vr e+ py
N N ﬁ = Yy =
n v: =w. . v €y —e_ U_ e .
W_U_Y_ = W, v, Y. + + 1
1.0 -
—_— ) =0 N //
+ A ST B -
-=- ag =001 SRR P =
~ .
081 —.. o =01 e —-"”
..... af =03 ‘\\\ ’,,’
0.6 1
+
> r”_ ‘‘‘‘‘
0.4 ,,,’ ~~~~~~~
¥ I [
et N Sy
0.2 1 - -
-
-
-
i
T iy -0 2.0 F RO S SRR o R R S C TR e ST
0.0 4 e By = :
0.0 0.2 0.4 0.6 0.8 1.0
V-

FIG. 1. The fluid velocities v, and v_ in the reference frame of bubble wall for different definitions and values of phase transition
strength parameter. The horizontal and vertical gray lines indicate the sound velocities of symmetric and broken phase. Left panel: the
bag model. Right panel: the DSVM with ¢ = 1/3 and ¢2 = 0.25.

X. Wang, F. P. Huang and X. Zhang, PRD 103 (2021) 10, 103520
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*J Phase transition dynamics

Energy budget for phase transition GW
« Energy momentum conservation
derive fluid equation:

2

/‘ 2§_y(1 vg)[——l]afv

(¢ - V)ase _ 2; + 2(1—vE)d,v , Velocity profile
” ,

(1- Vf)afvp =y} (£ = v)dgv . '< aETW (1 e )wQﬁsv

Enthalpy profile

0:T
\ el = y2udzv

T

Different boundary conditions give
different hydrodynamical modes. Temperature
profile

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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*d Phase transition dynamics

Energy budget for phase transition GW

* The method to map a particle physics model on the
DSVM to get efficiency parameter

: . : : Sound velocity of both
Particle physics I Effective potential (free N bses s S
model energy)
parameter
Efficiency parameter

2024/01/20 #&AR (Fa Peng Huang), EBSSHEESYIR
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*d Phase transition dynamics
Energy budget for phase transition GW

The evolution of sound velocity of broken phase and
symmetric phase in Dim-6 effective model:

4 M ‘|‘CT2

F(,7) ~ =27+ B2 4 2t 4 L

0.35 I

0.30

0.20 A

—— AIWE = 750 GeV
—— AIWE = 700 GeV
0.15 - —— AIK = 650 GeV
AT = 600 GeV

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
TIT,

X. Wang, F. P. Huang and X. Zhang, PRD 103 (2021) 10, 103520
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*d Phase transition dynamics
Energy budget for phase transition GW

GW spectrum and SNR for different EoS with different parameter combination:

BP;  A/Vx =587 [GeV] BPs  AVk =586 [GeV]
10-6 7 - 10-6 7 -
/ — g fin — am fn
\ / - = aw fip \ [ -= awhp
10-8 4 TianQin g B 108 2 TianQin aapl s
LA
-— ai by 25210 / -= awhp
— ap HR; — ap HRy
—— apHR, 10710 - = apHR,
(;5107“ i DECIGO
g
10-1
/)
10—16 -
1018 4 . . : : : . : : 10718 Loy . : : : . : : :
10-5 10 10-* 10-* 10-2 10-!' 10° 10' 102 10-6 10~ 10~* 10~ 10-2 10-! 10° 10' 102
f [Hz] i
TABLE III. The SNR of BPg for different experiment con-
TABLE II. The SNR of BPs for different experiment configu- figurations with different combinations of phase transition
rations with different combinations of phase transition parameters parameters and models of EOS.
and models of EOS. N - - -
= = = = ag, Pn (19,,/},, g, Pu agp/}p g, HR, g, HR,
Aga P p Pp ApuPu @5, Py g, HR, a5, HR, SNR(1;sa) 14.230 15.368 22.470 26382 17367 40.816
SNR(sa)  7-949 16.930 10.913 28.836 16.009 27.468 SNR(1,ji)  38.666 427.813 61.208 1000.501 213.123 500.668
SNR(pz 14760 58.607 20.271 100.343 66.216 113.609 SNR(1imqin) 1.060 5.569 1.678 12.934 3.973  9.333

SNR(1ianqin) 0452 1.506 0.620 2.576 1.629  2.794

X. Wang, F. P. Huang and X. Zhang, PRD 103 (2021) 10, 103520
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*d Phase Transition dynamics

Sound velocity effects on the phase transition gravitational wave spectrum in

the Sound Shell Model .. . @ = 0.003, vy = 0.44
% =1/3,¢% =1/3
1072 5 ¢ =1/3,¢2 =0.25
] —-= %2 =0.25,¢% =1/3
1073 g ¢z =0.25,c2 =0.25
- 104 4
aet ]
X :
£ 1075 E

1071 100 10! 102
: o . » KR .
Xiao Wang, FPH, Yongping Li, Sound velocity effects on the phase transition gravitational wave spectrum in the Sound Shell Model,

arXiv:2112.14650
Xiao Wang, FPH, Xinmin Zhang, Energy budget and the gravitational wave spectra beyond the bag model ,Phys.Rev.D 103 (2021) 10, 103520
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*d Phase transition dynamics

1077 5
] e LISA SNR = 5
1078 4 mem= TianQin SNR = 5
] — % =1/3,¢2 =1/3
1079 -
¢z =1/3,¢% =0.25
10—10_; — C%_ =0.25, CZ_ =1/3
5 NS c% =0.25,¢c2 =0.25
G 10711 4
< ]
10712
10713 4
10714 1
10_15 T T
1074 1073 1072 10!

f[Hz]

Xiao Wang, FPH, Yongping Li, Sound velocity effects on the phase transition gravitational wave spectrum in the Sound Shell Model,
arXiv:2112.14650
Xiao Wang, FPH, Xinmin Zhang, Energy budget and the gravitational wave spectra beyond the bag model ,Phys.Rev.D 103 (2021) 10, 103520

2024/01/20 #&HB (Fa Peng Huang), EBSSHEEM/ER 90



*J Anisotropy and primordial seeds

H = P/3M§1

h2Qaw(f) ~ 1.64 x 107° (%)% (H.R.)? (fiaa)g X (1;())% (f/ fow)’ <4+3(;/fsw)2)

NI~

_ 1 T. Gs \ 6
~Y 5 * * -5
fSW o 26 x 10 HZ H* R* ( 100GeV) < 100> Peak frequency v === PTGW, Benchmark 1
—— PTGW, Benchmark 2
QCD-like DM model 10771
10794
phase transition strength a=0.5 |
D.O.F g* = 10 g 1011 4
efficiency factor fp 22 0.44 oo
bubble wall velociy vp = 0.95
characteristic temperature T. =1 MeV T, =5Mev. ™
mean bubble separation H. R, =0.15 H.R. =02 107 el s ™ o
Benchmark 1 Benchmark 2 1 1M
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*J Anisotropy and primordial seeds

1
Vary = — ) (20 4 1)CY 10+
47‘(‘ ( + ) ¢ === TIsotropic PTGW, Benchmark 1
£ —— Isotropic PTGW, Benchmark 2
5 106 4 === Anisotropic PTGW, Benchmark 1
oQwW (p) = h2QGW (p) Var GwW (p) —— Anisotropic PTGW, Benchmark 2

CMB TT anisotropy 4x107°
PTGW anisotropy 1x10*

PTGW energy spectra anisotropy 8 x 1074 (> fsw )
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*J Anisotropy and primordial seeds

paw(n, x) Z/d3ppf(n,w,p) Z/dpdi)p?’f(n,w,p,ﬁ)

dp - .
Qaw(n,x,p) = / 4_17:QGW(777P) 14 daw(n, z,p, D)]

anisotropy of GW energy spectra

[Pt df(n,p) )
= /dpz lf(n,p) —pa—pg(n,m,p)
(5GW _ 5QCEW(n7w,p7ﬁ)
Qaw(n,p)
. OIn ) D) | .
daw (1, x,p,p) = [4— 8ci’:lvp(n P) G(n,x,p)

C)V (p) =|g*(p

2024/01/20

# &R (Fa Peng Huang), FB3SHEE4FR

l

-0.00196774 0.00227284

1 == SW,Benchmark 1

] == CO,Benchmark 1

Frequency dependence g(f)
~ o

== SW Benchmark 2

= CO,Benchmark 2
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*J SFOPT and new DM mechanism/signal

pg —+ mi = const v, = 0.01 (without heating) 54 vy = 0.9 (without heating)  Log(A)
1000 '
». 1000 0
1.20
_ ™ L6 ™ 32
S . 54
3 o 128 0
—_— N oy oy
——— > in 1.08 " 16
—m} —mi
1.04 8
-1000 -1000
-1 0 1
v, = 0.9 (detonation) Log(.A)
48
1000 1.06 1000
p. O om,\ O 5 Dy d 1.05 =
Mg iO% Oz ) Opz my dz mi g
= 1.04 — 32
> s
dA O 0 1.03 O, 0 24
— =c(A,p,, 2) & &
dz 9 p27 _mn\x} 1.02 . 16
) —ml!
1.01 8
o -1000 -1000
-1 0 1
Z/Lu' Z/L,p
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