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- Standard Model of Elementary Particles
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e ™ three generations of matter interactions / force carriers
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Detection of early-universe gravitational-wave
signatures and fundamental physics
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Gravitational wave spectra,BP4
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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, BESIII)

® New particles, symmetries (LHC, GW)

Trodden, Rev.Mod.Phys [9803479]
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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)

Published in: JHEP 04 (2019) 052 » e-Print: 1812.09333 [hep-ph]
pdf [= cite %) 120 citations
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- perturbative vs non >
iy, = 400GeV, by = 0.25,sinf = —0.05

£ (6, 4w, %5, 59> dimensional reduction |
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- Alves,Goncalves,Ghosh,HG,Sinha, JHEP [1909.05268]
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4

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] - |
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The current understanding:

(

energy near the wall

>

\

turbulent fluid + magnetic field

home.mpcdf.mpg.de

Bubble Collisions Sound Waves Magnetohydrodynamic Turbulence

dpaw
pedlog f 1a

Observable: Qaw(f) =
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Hubble size: 1/H* ~100-1000 Cai, Pi, Sasak, PRD [1909.13728]
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E-l:ld;stat-longakrﬁ -, : : : . LIGO -

':PPTA §InPTA

Indian Pulsar Timing Aray

ligo.caltech.edu

o [ Bk o 2 B R 31 (CPTA) Taiji CEEBIEEM) - LISA, Taij, Tiangin
15



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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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]

o pdf @ DOI [ cite - ' [Q reference search %) 189 citations
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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]
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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)
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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]

3

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
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L l{l“ ' day hour l MBHBs at z = 3
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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] 23
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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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» Comprehensive phenomenological studies
» Significant advances in PT and GW calculations
> Significant advances in experimental detections (LIGO, PTA, etc)

> Future: more precise predictions, and measurements






