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Symmetry
Restoration

Temperature drops

—> Electroweak Baryogenesis

—

1st order from BSM

i

® Modified Higgs potential (Higgs physics, GW)
@® Extra CP-violation (EDM; LHC)

® New particles, symmetries (LHC, GW)

Trodden, Rev.Mod.Phys [9803479]
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Detection of early-universe gravitational-wave
signatures and fundamental physics

Robert Caldwell, Yanou Cui, Huai-Ke Guo & Vuk Mandic, Alberto Mariotti, Jose Miguel No, Michael J.
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Probing the Electroweak Phase Transition with Exotic Higgs Decays

Marcela Carena, Jonathan Kozaczuk, Zhen Liu, Tong Ou, Michael J. Ramsey-Musolf, Jessie Shelton, Yikun Wang, Ke-Pan Xie
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Scalar-mediated dark matter model at colliders and gravitational wave detectors -- A White paper for Snowmass
2021

Jia Liu, Xiao-Ping Wang, Ke-Pan Xie
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RS Snowmass 2021 Whitepaper, GRG [2203.07972]
1 Imntroduction 3
2 Early Phases in the Evolution of the Universe 4

I3 Phase Transitions Session leads: Huaike Guo, Graham White BI
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7 Correlating GW Background with EM Observations 26
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Collider and Gravitational Wave Complementarity in Exploring the
Singlet Extension of the Standard Model

Alexandre Alves (Diadema, Sao Paulo Fed. U.), Tathagata Ghosh (Hawaii U.), Huai-Ke
Guo (Oklahoma U.), Kuver Sinha (Oklahoma U.), Daniel Vagie (Oklahoma U.) (Dec 21, 2018)
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/ Nucleation rate \

SB,b(T)]

The Usual Method

(Tree + Coleman-Weinberg + Daisy Resummation) P = poexp [— -

24 fluctuations

K critical bubble/ :
\ :
_ 2 2y a2 B, 4
V(g,T)=D(1" - Tg)¢ 4¢ Sidney Coleman Andrei Linde

I= 2/ T 2 3/2)
Vr = Vigee + Vew + = Zcz’Mi (¢) — 127 . dAM; (#)]

i

e Gauge-invariant method proposed

=Te

Lofgren, Ramsey-Musolf, et al, PRL [2112.05472], JHEP [2112.08912]

@-—1 = / ‘
w S3 = 009_3/2 +a1g” P+ A
1 1
e Infrared problem (Linde, 1980) — 7 5sld] = _fjd% [Vfg(ﬁbb) + ViLo(¢s) + [1 + Znro (o, T)) (Bis)” +

® Gauge invariance (ok for high-T expansion)

(Patel,Ramsey-Musolf, JHEP [1101.4665]) 11




L (¢,Au, 1, S,s) —> dimensional reduction
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Gould et al, PRD [1903.11604]

Dimensional Reduction (Status)

Farakos,Kajantie,Rummukainen,Shaposhnikov (1994)
Cline,Kainulainen(1996), Losada(1996), Laine (1996)

Brauner, Tenkanen, Tranberg,Vuorinen, Weir, JHEP [1609.06230]
Niemi,Patel,Ramsey-Musolf, Tenkanen,Weir, PRD [1802.10500]

Gorda,Helset,Niemi, Tenkanena,Weir, JHEP [1802.05056]
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Usually chosen as fixed value in baryon asymmetry and GW studies

But, significant advances in recent years (driven by GW studies)

06+ viie) + Y0 [ LG o

Friction from out-of-equilibrium (Moore,Prokopec, PRL [9503296]; PRD [9506475])

Transition radiation (Bodeker,Moore, JCAP [1703.08215])

All orders resummation (Hoche et al, JCAP [2007.10343])

Lineared distribution or not (Laurent,Cline, PRD [2007.10935]; PRD[2204.13120])

Singularity or not (Dorsch,Huberb,Konstandin, JCAP [2112.12548], Laurent,Cline)
Hydrodynamic (Cai, Wang, JCAP [2011.11451], Wang, Yuwen, PRD [2205.02492 ], 2310.07691)

Transmitted from s to h phase

e Transmitted from h to s phase

h; particle energy

A h—phase
reflected:
s to s phase e ——

|BAU

position z

Bodeker,Moore, JCAP [1703.08215]
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Cline,Kainulainen, PRD [2001.00568]
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The current understanding:

(

energy near the wall

>

Bubble Collisions

\

turbulent fluid + magnetic field

home.mpcdf.mpg.de

Sound Waves Magnetohydrodynamic Turbulence

15
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Envelope approximation:
Kosowsky, Turner, Watkins, Kamionkowski,

PRL69,2026(1992), PRD45,4514(1992), PRD47,4372(1993), PRD [9310044]
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57], Mégevand,Membiela, JCAP [2302.13349]
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S R S Phase Transitions in an Expanding Universe: Stochastic Gravitational

Waves in Standard and Non-Standard Histories

Huai-Ke Guo (Oklahoma U.), Kuver Sinha (Oklahoma U.), Daniel Vagie (Oklahoma U.), Graham
White (TRIUMF) (Jul 16, 2020)

Published in: JCAP 01 (2021) 001 « e-Print: 2007.08537 [hep-ph]
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Searching for Gravitational Waves from Cosmological Phase Transitions with the
NANOGrav 12.5-Year Dataset
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Analytical Modelling

® Refine the sound shell model

@® Synergy with simulations

Sound: Shell Model

Hindmarsh, PRL [1608.04735]

Hindmarsh, Hijazi, JCAP [1909.10040]

HG, Sinha, Vagie, White, JCAP [2007.08537]
Cai, Wang, Yuwen, PRD Letter [2305.00074]
Pol, Procacci, Caprini [2308.12943]

Numerical Simulation

® Suppression found for strong transitions with small vw

® Need to cover more parameter space (very strong PT)
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Earlier studies based on Kolmogorov spectrum:
Kamionkowski,Kosowsky, Turner, PRD [9310044]
Kosowsky,Mack,Kahniashvili, PRD [0111483]
Gogoberidze,Kahniashvili,Kosowsky, PRD [0705.1733]

T?;j ~ (p + 8)’0in — Bsz

9 B = H, Kturb & @ L
h*Quurb(f) = 3.35 x 10 ( LG . Vw Sturb(f)

Caprini,Durrer,Servant, JCAP [0909.0622] (used von Karman’s spectrum)

b | L

— 0.05" velocity spectrum -
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— 0025_ von Karman, PNAS, 1948
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Progress on numerical simulations, and analytical modellings

® Strong dependence on initial conditions

® Flatter spectrum at low frequency (violate causality?) Magnetic Field Generation (simulation)
I 1
i i
107 : e~ .
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1077 - e o ] --- pg=107%, t/R. = 2.62, Without Gradient| :
- 1 1
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100 1000 10000 10~ %4 ———rrrr -t L
k 107t 10° 10?

(REVY/RET)f[hz]
Pol et al, PRD [1903.08585]

Di,Wang,Zhou,Bian,Cai, PRL [2012.15625]
Modelling: Sharma, Brandenburg, PRD [2206.00055] Yang,Bian,PRD [2102.01398]
Time decorrelation: Auclair et al, JCAP [2205.02588]
Decay, viscosity: Dahl et al, PRD [2112.12013]
Polarization: Pol et al, JCAP [2107.05356]



stochastic GWSs: noise-like

Romero,Martinovic,Callister,HG,Martinez,Sakellariadou,
Yang,Zhao, PRL [21 02.0171 4] <102 Example Stochastic Gravitational Wave
4 T T T T T T T T

® No Evidence for Broken Power Law Signal
@® No Evidence for Bubble Collision' Domination: Signal

® No Evidence for Sound Waves Domination Signal

See also: Jiang, Huang, JCAP [2203.11781], Yu, Wang, PRD [2211.13111] . | | | | | |
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[Electroweak-scale PT]

Detection with a single detector

: s . :
® Complicated, and correlated noise galactic foreground + astro background + cosmic background

. ) ) . -13
® Complications from time-delay interferometry SGWB detectable down to e ()
® Solution: null channel method, or with a network Boileau et al, MNRAS [2105.04283]

1016 The LISA-Taiji network
E\ T
S VN Galactic Background
L l{l“ ' day hour l MBHBs at z = 3
10—1 7 L L0 s % Verification Binaries
: u\u\ TR = EMRI Harmonics
% L | N | = LIGO-type BHBs
= 018l N\ 10° Mo | — GW150914
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E 10'19;- \\
2 g \
E} i
B e
V Observatory fr
10_21 7 . gcl:;rlacteristic Strain /
107 104 107! 100 -
LISA[1702.00786] Frequency (Hz) Ruan, Liu, Guo, Wu, Cai, Nature Astron [2002.03603]

Cai et al [2305.04551]

PT Parameter Estimation: Gowling et al, JCAP [2209.13551, 2106.05984] 26



_ Xue,Bian,Shu,Yuan,Zhu, et al,
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Han,Xie,Yang,Zhang [2306.16966]  Zu,Zhang,Li,Gu,Tsai,Fan [2306.17239] - Xiao,Yang,Zhang [2307.01072] Yang,Ma,Jiang,Huang [2306.17827] Ghosh, Ghoshal, HG, ...[2307.02259]
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@ Finite T effective potential calculations =

® Phase transition parameter calculations (vw)

® GW spectra calculations #Simulations,

v

AQcw /Qcw

4d approach

3d approach

Uncertainty pre-factorl pre-factor2 pre-factor3

TP
BR*
Ntot

foR
fpeak

S11m

2
QGthim

0.003%
8.1%
11.4%

11.8%
37.6%

36.4%
334.0%

0.003%
7.9%
11.0%

12.0%
36.5%

36.4%
330.8%

0.002%
5.9%
9.8%
14.1%
28.9%
35.1%
336.7%

RG scale dependence
Gauge dependence
High-T" approximation
Higher loop orders

Nucleation corrections

Nonperturbative corrections

O(10% — 10%)
@(101)
0101 — 10%)
unknown

unknown

unknown

@(10° — 101)
I
@(10° — 102?)
@(10° — 101)
X~ — 109

unknown

Croon, Gould, Schicho,Tenkanen, White, JHEP [2009.10080]

HG, Xiao, Yang, Zhang [2310.04654]

Sound speed: Wang,Huang,Li, PRD [2112.14650], etc
See also: Athron, Balazs, Fowlie, Morris, White, Yang Zhang, JHEP [2208.01319]

Effect(fixed wall velocity) Range of error (medium) | Range of error (low) | Type of error
Transition temperature O(10~*-10") 0(1071-10°) Random
Mean bubble separation O(0-1071) 01071109 Suppression
Fluid velocity O(107%-10") 0(1072-10°) Random
Finite lifetime O(1073-1071) O(10'-10%) Enhancement
Vorticity effects O(1071-10°) - Random
HG, Sinha, Vagie, White, JHEP [2103.06933]
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/ Primordial magnetic fielh Primordial black holes and Solitons / Curvature perturbations \

i :
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L r A Lu,Kawana,Xie, PRD [2202.03439] 1 5 10 50 100
(REW/RPT)fThz] Liu,Bian,Cai,Guo,Wang, PRD [2106.05637] B/,
Di,Wang,Zhou,Bian,Cai, PRL [2012.15625] Liu,Bian,Cai,Guo,Wang,PRL[2208.14086]
Yang,Bian,PRD [2102.01398], ... Jiang,Liu,Sun,Wang, PLB [1512.07538]
and more...

GW Anisotropy: Geller, Hook, Sundrum, Yuhsin Tsai, PRL [1803.10780]
Li, Huang, Wang, Zhang, PRD [2112.01409]
Li, Yan, Huang, PRD [2211.03368] 29



Weinberg, ApJ, 1971

® Going beyond the perfect fluid approximation (viscosity, heat conduction)

: : C R : : ATY = —q (80}5 +6U5 _g5ijv'U> —(6;;V- U,
@® Particle physics origin of dissipations (very weak interactions) Ozt~ da* 3
; oT .
. - 0 __
® Can be searched for at LIGO, PTA, LISA/Taiji/Tianqgin ... AT = —x (ami +TU¢)- (1)
Silk damping of CMB Anisotropy damping of GW
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Hu,White, ApJ [9609079] HG [2310.10927]
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» Significant advances in phenomenological studies
» Significant advances in PT and GW calculations
> Significant advances in experimental detections (LIGO, PTA, etc)

> More work to be done to probe better particle physics






