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Hearing beyond the standard model with
cosmic sources of Gravitational Waves:
theories and challenges in this era
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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)

Morrissey, Ramsey-Musolf [1206.2942]




Standard Model of Elementary Particles
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Phase Transition

Parameters Particle Physics Model

Gravitational Wave Spectrum

LIGO, LISA/Taiji/Tianqin, PTA, ...
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@® First order EWPT achievable in simplest SM+Singlet model h1: the Higgs
h2: heavier scalar

® Correlation and complementarity between collider and GW probes
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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




bubble collision Energy density Spectrum
2 2 dp
H Ky L GW
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————————————

: T* gx 1/6 3 .
H causalit
E (100Gev> (100) g A )

Hubble size: 1/H* ~100-1000 Cai, Pi, Sasak, PRD [1909.13728]

nHz (~100MeV)  QCD scale ~mHz : (~100GeV) weak scale ~100Hz (~PeV - EeV) high scale

E-l:ld;stat-longakrﬁ -, : : : . LIGO -

3k

PPTA $INPTA

¥
* Indian Pulsar Timing Aray

ligo.caltech.edu

& ki 2 BT FES] (CPTA) “ LISA, Taiji, Tiangin



NANOGrav, ApjL [2306.16219 | Boileau et al, MNRAS [2105.04283] Romero,Martinovic,Callister,HG,Martinez,Sakellaria
EPTA [2306.16227] LISA: Caprini et al [2403.03723] dou, Yang,Zhao, PRL [2102.01714]

, Network: Wang, Han, PRD [2108.11151] ... Badger, ..., HG, ..., PRD [2209.14707]
Xue,Bian,Shu,Yuan,Zhu, et al, PRL[2110.03096]  TDI optimization: Wang, Li, Xu, Fan, PRD [2201.10902] " Jiang, Huang, JCAP [2203.11781]

Bian et al [2307.02376] Yu, Wang, PRD [2211.13111]

Wu, Chen, Huang [2307.03141]

nHz (~100MeV)  QCD scale ~mHz : (~100GeV) weak scale ~100Hz (~PeV - EeV) high scale

E;d;sﬁtlongam = oy . > LIGO_ —=.

Mid-station @ 2 km."&3)

:PPTA §InPTA

Indian Pulsar Timing Aray

ligo.caltech.edu

& ki 2 BT FES] (CPTA) “ LISA, Taiji, Tiangin
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v Gaussian, Stationary, Isotropic, Unpolarized

(i, Db (0 = P

052

stochastic GWSs: noise-like

x 102 Example Stochastic Gravitational Wave
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solution: cross-correlation

splitter photadetector

CERN Courier

splitter photedetector

CERN Courier



01+02+03@LIGO (H1, L1), Virgo
@® No Evidence for Broken Power Law Signal
® No Evidence for Bubble Collision Domination Signal

® No Evidence for Sound Waves Domination Signal
Bubble Collision

95% CL UL with fixed Tpt and beta/Hpt

Phenomenological model (bubble collisions)

Q%5%(25 Hz)

coll

BIH\T, 107 GeV 10 GeV  10° GeV 10" GeV
0.1 92x10° 88x10° 1.0x108 7.2x107
1 1.0x10~% 84x10 5.0x 107

10 40x107° 63x10° ()

no sensitivity

See also Jiang, Huang, JCAP[2203.11781], Yu, Wang, PRD[2211.13111]

Broken Power Law
95% CL UL (CBC+BPL)

Qop = 6.1 x 1077
&, =5.6x 10

QBPL(zs Hz) = 4.4 x 10-9/

Sound Waves

95% CL:- UL
Q.. (25 Hz) 59 x 1077

 P/Hy <landTy > 10° GeV

4
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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
P Galactic Background
L l{l“ ' day hour 5 l MBHBs at z = 3
10—1 7 L L0 s % Verification Binaries
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B e
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107 104 107! 100 -
LISA[1702.00786] Frequency (Hz) Ruan, Liu, Guo, Wu, Cai, Nature Astron [2002.03603]

Cai et al [2305.04551]

Gowling et al, JCAP [2209.13551, 2106.05984]
Caprini, Jinno, Lewicki, ..., JCAP [2403.03723] 13
Hindmarsh, Hooper, Minkkinen, Weir [2406.04894]



Waveform white dwarf binary in our Galaxy

— 0-CO
—— He-CO
— CO-NeO
—— He-He
—— He-NeO

T
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107°
Frequency [Hz]

Bayes factor

NANOGrav, ApjL [2306.16219]

10% I T T I I I I T T 1 | T I T3
= ' T ! :
" B " ! See also Bian et al [2307.02376] ]
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Ghosh, Ghoshal, HG,; ...; JCAP [2307.02259]
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@ Finite T effective potential calculations =

AQcw /Qcw

4d approach

3d approach

® Phase transition parameter calculations (vw)

® GW spectra calculations #Simulations,

v

Uncertainty pre-factorl pre-factor2 pre-factor3

T, 0.003%  0.003%  0.002%
BR* 8.1% 7.9% 5.9%
Niot 11.4% 11.0% 9.8%
byt 11.8% 12.0% 14.1%
Qawhig.  37.6% 36.5% 28.9%
i 36.4% 36.4% 35.1%
Qcawh,  334.0% 330.8% 336.7%

HG, Xiao, Yang, Zhang, PRD [2310.04654]

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]

Effect(fixed wall velocity

Range of error (medium)

Range of error (low)

Type of error

Transition temperature
Mean bubble separation
Fluid velocity
Finite lifetime

Vorticity effects

0(10~*-10%)
O(0-1071)
0(1072-10%)
O(1073-10714)
O(10~1-107%)

O(1071-10°)
O(1071-10%
0(1072-10°)

O(10'-10%)

Random
Suppression
Random
Enhancement

Random

HG, Sinha, Vagie, White, JHEP [2103.06933]
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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, PRD [2308.12943]

Sharma, Dahl, Brandenburg, Hindmarsh [2308.12916]

Hybrid approach: Jinno, Konstandin, Rubira, JCAP [2010.00971]

L

Numerical Simulation

® Suppression found for strong transitions with small vw

® Need to cover more parameter space (very strong PT)

1 _ 2
W20 (f) = 2.65 x 10~° (100)‘ (H) (h—"‘%) Vo Sew () L (Tow)

9« g 14
10'E = T o
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05- § ® Q @
@ PRL125,021302(2020) * z 9 0 g )
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¢ Hybrid g *
— — —_— ‘_ — — — — o s .
| kY ¢ o PO | S ot
* * o rS = *
| * * o o o | 2 *
o 107 1h * ¢ o * & 7
| e * o * o ! 2
N et = e e (e O i ] 5
] 2 O v, =092 *
. . o 105 }D onat
1021 | @, =038
E M v, =056
* e N @ o O | } _
- @ v, =044 | Deflagration
. . *
N Deflagration Detonation % v, =024
107 g ; : ; . = 107 ; ‘ :
0.0 0.2 0.4 0.6 0.8 1.0 1072 0.1 0.5
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Cutting, Hindmarsh, Weir, PRL [1906.00480]
20




Waves
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A generic formula to describe a wide class of scenarios:

O Expansion dominated by radiation 0 Generic equation of state
Trp =1— -
Y

3(1—w)

T =

U Expansion dominated by matter

2 1
T =3 (1= 73)

HG, Jiahang Hu, Yang Xiao, Jin Min Yang,Yang Zhang [2410.23666]

: . o . 23
A universal factor in all similar stochastic sources.
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® New slopes found for low frequency ranges (k*3 -> k -> k*9)
® Growth rate becomes f-dependent

"o

1 E = —,'?:‘Iﬂ
EC 0.10 sfien

—n=250 .

L Lill L1
| g o

es becomes f-d penden:

1074 ¢ Qaw(kp)e N ‘
0.01 : 1 10 100
described by previous
k Upsilon factor

Pol, Procacci, Caprini, PRD [2308.12943]
Sharma, Dahl, Brandenburg, Hindmarsh [2308.12916]



GW depends on (large) bulk velocity of the system

h ~ 10—22 M/M® @)2
r/100Mpc \ ¢

Dissipative effects dissipate away the bulk kinetic energy (leaves imprint)

a—l—

0 (av (v - V)v) = —Vp J{uvzv + (( + %u)v(v - v)} /\

Navier—Stokes equations studiousguy.com ‘

So far, it has largely been neglected, especially in connection with new physics. 26
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® Peak frequency in strongly dissipative systems

@® Upsilon factor might not appear

<N

damped velocity power spectrum
I | R R T T
107°F ey E
: N ]
10'65— ,-"
107} r:'l
: )
B r
1
/ '
/ : !
1078 / '
- /
{
10~°h ' el Ll wnl Ll
107" 10° 10! 102 108
e

damped GW spectrum

(kR.)’ Py [(27%)

HG [2310.10927]

10—12§ "

assuming const

“J‘\‘\\
\‘\,_)\dD
\‘ ‘ —;
T
N\
" \.‘: =
'l 1107 1107 i
a ! : 1073\
Ll Ll oty ol Lo 1l CHIY GO "R
10° 10! 10° 10° 104

kR.
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® Probe very weak interactions (analog: Silk damping)

@® Break parameter degeneracy

® Can be searched for at LIGO, PTA, LISA/Taiji/Tiangin ...

(kR.)*Pyy /(277

-|0—12E L

damping of GW

10-2
1076

10-9;

1072\ ]

|

100 10" 102 10°  10f
kR,
HG [2310.10927]

Silk damping of CMB Anisotropy
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Hu,White, ApJ [9609079]
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® Expansion of the universe provides an effective lifetime
® Dissipation effects, when strong, provide a shorter effective lifetime

® Onset of MHD turbulence serves as a cut-off (dissipation causes changes)

Realistic cases: intertwining of these effects (makes GW spectrum model dependent)

Model dependent spectrum carries information about each model (break parameter degeneracy)

31



» Phase transition is an important target for all GW experiments
» Precision studies now become high priority
» Progress in GW spectrum from sound waves (slope, growth rate)

» Dissipative effects can serve as new observables






