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How can we reconcile the standard models of particle physics and cosmology?

Particle Physics Cosmology

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il 11l
mass | =2.2 MeVic® =1.28 Gevic® =z Gevi ] =124.97 GeVic*
charge ||% % % ] \ 0
spin u % (o] % t ’ 1 g o H

up J charm)j to|

; == Physics Beyond the SM?
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' @ Dark Matter
downJ strange * ) bottom photon
2 = = =9119Gevi® |
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Why more matter than anti-matter (baryogenesis, leptogenesis)? (phase transitions, solitons)

What is dark matter? (solitons, ultralight particles)



[T — Numerical relativity
I Reconstructed (template)
1 t

|| — Black hole separation
=== Black hole relative velocity

on (Rs)

i 1
R 030 0%
. 'PRL 116, 061102 (2016) Time (s)




Here will focus only on a (limited) collection:

Extreme densities
disturbances in the early universe

As Macroscopic Objects Environmental Effects

(non-) topological solitons Faking GW signals (dark matter)

Not covered: neutrino damping of GWSs, neutron star binary, ...
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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)

® B-violation: Sphaleron process (LHC, GW)

Morrissey,Ramsey-Musolf, NJP [1206.2942]




theoretical calculation of gravitational wave spectrum and detector simulation

<

Standard Model of Elementary Particles

10 - T
E Indirect \\
e th generations of matter t tions / fol
Limits (fermions) (bosons)
| Il il
108 Cosmic 3 ﬁ Mevic: Gevic:
Strings i o
- . @ t P |- H
NANOGrav % - < 3
up charm top gluon higgs
1010 ] > 7 Y N—
1 =47 MeVic* =86 MeVic* =418 GeVic* o
g % 1% =% ]
& ; @ - @ |- @ @ BSM
! ] down strange | bottom || photon
i J » J \ /
J =0.511 MeV. ic? =105.66 MeV/c* =1.7768 GeV/c* =91.19 GeV/c*
3 -1 - ~1 0
i % % l.l, % G 1 ;»
10" 1 s
electron muon tau Zboson | <2
) J 7 J VY5
73]
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O o 0 0 £
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g
Phase Transition Particle Physics Model

LIGO, LISA, Taiji, Tianqgin... Gravitational Wave Spectrum
Parameters

data analysis, constraints or discovery(parameter estimation)



Bubble Collisions Sound Waves MagnetoHydrodynamic Turbulence

=

https://home.mpcdf.mpg.de

Hindmarsh, et al,PRL112,041301(2013)
| J l J l ]

l ! |

energy concentrated at walls acoustic production turbulent motion

New observables: primordial magnetic field, scalar perturbations, anisotropy, primordial black hole...

Di, Wang, Zhou, Bian, Cai, Liu, PRL 126 (2021) 25, 251102
Jing, Bian, Cai, Guo, Wang, PRL 130 (2023) 051001

Li, Huang, Wang, Zhang, PRD 105 (2022) 083527

Huang, Xie, PRD105 (2022) 11, 115033, JHEP 09 (2022) 052

10



Energy density Spectrum

dpcw
0 -

bubble collision

H,\?2 2
> Qeon(F)A2 = 1.67 x 10—5A( ﬁp) (lxj_“a)

100\ 1/3
X ( 00) SC]’IV(f)"
9x

sound waves

st(f)hz = 2.65 x 10°° (Hpt) (sza>2 (100) 1/3
7 l1+a en T=1-(1+ 2TSWHpt)_1/2 (RD)
R g 7/2
wi( ) (4 4 3(f/fsw)2) w HG,Sinha,Vagie,White,JCAP 01 (2021) 001

SW

3 1/3
H K a\? (/100
2 _ —4 * turb

11

home mpodf mpg de Chiara Capirini et al JCAP04(2016)001
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S PHYSICAL REVIEW LETTERS 127, 251302 (2021)

Searching for Gravitational Waves from Cosmological Phase Transitions with the
NANOGrav 12.5-Year Dataset

Zaven Arzoumanian,' Paul T. Baker,” Harsha Blumer,** Bence Becqy Adam Brazier,"” Paul R. Brook**

Sarah Burke-Spolaor.348 Maria Char151, Shami Chaner]ee. Siyuan Chen.“i 12 James M. Cordes, Neil J. 'Cormsh,5

Fronefield Crawford,” H. Thankful Cromartie i Megan E. DeCesm' 415" paul B. Demorest,'6 Timothy Dolch,'™"*
Justin A, Ellis, % Elizabeth C. Ferrara, 20212 yWilliam Flore * Emmanuel Fonseca 3 Nathan Garver Daniels, 4

Peter A. Gentile,”* Deborah C. Good,™ Jeftrey S. Hazboun,” A. Miguel Holgado, %627 Kristina Islo,” Roqu Jenmngs.‘5

A - — Nima Laal.
con31dered n thls work. Because of the finite llfetlmel

[54,55] of the sound waves, to derive Qg Eq. (4) needs to
be multiplied by a suppression factor Y (zgy ) given by [54]

(6)

Megan L. Jon
Michael T. L
Dustin R.

David . Nice
Xavier Siemen

Cherry Ng,39
Kevin Slovall,lf’

T(zsw) =1 = (1 + 2rgwH,)?

(NANOGrav Collaboration)

- THE AsTROPHYSICAL JOURNAL LETTERS, 951:L11 (56pp), 2023 July 1
B © 2023. The Author(s). Published by the American Astronomical Society.
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The NANOGrav 15yr Data Set: Search for Signals from New Physics
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time of matter—radiation equality. The production of GWS from
sound waves stops after a period T, when the plasma motion
turns turbulent (Ellis et al. 2019a, 2019b, 2020; Guo et al.
2021). In Equation (34), this effect is taken into account by the
suppression factor
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Chung,Long,Wang, PRD [1209.1819]

® | arge cubic term from thermal correrctions (loop level)

® Add new scalars (iree level)

® |ncluding non-renormalizable operators

More general EFT approach: Cai,Hashino,Wang,Yu [2202.08295]

GUT
SUSsY
Extra Dimensions

B-L Left-Rght
Peccei-Quinn
QCD PT Composite

Classification according to the symmetries

Dark Matter

Baryogenesis
Leptogenesis

Neutrino, Flavor

Cosmic History

Classification according to the problems
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@® Collider and GW work towards a common goal

@® Correlation and complementarity in their roles

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.
Ramsey-Musolf Mairi Sakellariadou & Kuver Sinha, Lian-Tao Wang, Graham White, Yue Zhao, Haipeng An,

Ligong Bian, Chiara Caprini, Sebastien Clesse, James M. Cline, Giulia Cusin, Bartosz Fornal, Ryusuke Jinno,

Benoit Laurent, Noam Levi, Kun-Feng Lyu, Mario Martinez, Andrew L. Miller, Diego Redigolo, Claudia

Scarlata, Alexander Sevrin, Barmak Shams Es Haghi, Jing Shu, Xavier Siemens, Daniéle A. Steer, Raman

Sundrum, Carlos Tamarit, David J. Weir, Ke-Pan Xie, Feng-Wei Yang & Siyi Zhou  — Show fewer authors

General Relativity and Gravitation 54, Article number: 156 (2022) ‘ Cite this article

Contents .
Snowmass 2021 Whitepaper, GRG [2203.07972]
1 Introduction 3
2 Early Phases in the Evolution of the Universe 4
3 Phase Transitions 8
4 Topological Defects 13
5 Dark Matter . . . 16
Session leads: Michael Ramsey-Musolf and Lian-Tao Wang
[6 Complementarity between Collider and GW Observations 19l
: 6.1 Electroweak Phase Transition . . . . . . . .« v & vt v v v aim v o v s n o o 201
i 6.2 Theoretical Robustness . . . . . . . . . 0 0 o v v v i et v aa e e e e e e e 24:
: 6.3 Other Phase Transitions . . . . . . . . . . . .t v v 0 v vttt e e e e e e e 25]
7 Correlating GW Background with EM Observations 26
15

See also (Higgs exotic decay): Carena, Kozaczuk, Liu, Ou, Ramsey-Musolf, Shelton, Wang, Xie, LHEP [2203.08206]



h1: the Higgs
h2: heavier scalar

® First order EWPT achievable in simplest SM+Singlet model

® Correlation and complementarity between collider and GW probes

1m3 \ 1?7’1,21
& )h3 — = —m1(1 Hdka)ht

sin @
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Di Vita et al., JHEP [1711.03978]

Alves, Ghosh, HG, Sinha, Vagie, JHEP [1812.09333]



® Enhanced (resonant) di-Higgs production

See also:
No,Ramsey-Musolf, PRD [1310.6035]
Li,Ramsey-Musolf,Willocq, JHEP [1906.05289]

Huang,No,Pernie,Ramsey-Musolf,Safonov, PRD [1701.04442]
Zhang,Li,Liu,Ramsey-Musolf,Zeng,Arunasalam [2303.03612]

Liu,Xie,JHEP [2101.10469]

and more...
081 _ §=0.01
3 @13TeV
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Alves,Gongalves,Ghosh,HG,Sinha, JHEP [1909.05268]
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Resonant Production

0(gg — hy)BR(hy — hyh)(fb)

Morse, 2017

BR HH—xxyy
(mn = 125 GeV)
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[Electroweak-scale PT]

Detection with a single detector galactic foreground + astro background + cosmic background

® Complicated, and correlated noise _13
SGWB detectable down to =~ {10772)

® Complications from time-delay interferometry Boil t al, MNRAS [2105.04283]
olleau et al, ;

® Solution: null channel method, or with a network

The LISA-Taiji network

10'16; \ ' '
- Vonin Galactic Background
N day hour, ] MBHBs at z =3
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Observatory *
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10 | = = Total E
103 10 103 1072 10™" 10° Ruan, Liu, Guo, Wu, Cai, Nature Astron [2002.03603]

LISA[1702.00786] Frequency (Hz) Cai et al [2305.04551] 18



Using multiple interferometers (cross-correlation)

® So far, no discovery
. End-station @ 4 km K-
® Constraints set on power laws, and relevant sources (PT etc) ik g
Mid-station @ 2 km-— ':‘

o

LVK, PRD [2101.12130]

www.ligo.caltech.edu
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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)

£ ¥(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

Romero,Martinovic,Callister,HG,Martinez,Sakellariadou,Yang,Zhao, PRL [2102.01714]

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

OQper = 6.1 x 1077
&, =5.6x 10
Qppy (25 Hz) = 4.4 % 10-9/

Sound Waves

£ 95% CL UL

QSW(25 HZ) 5.9x107°
\ P/Hp <landTpy > 10° GeV

Jiang, Huang, JCAP [2203.11781]

Yu, Wang, PRD [2211.13111] 20




[QCD-scaIe PT]

® No evidence for GW, constraints set

f —— Envelope :
we 0000 == Semi-analytic ]
C —-—- Numerical =
1078 3 l-lf 5]
= 0TF T |
& C E
C:E 10—10 - 2 4
E o 4]
101 IS, BBN a=0.2
—12 =31 =3 no-auto HD
10 g_ 52 full HD
10—13: NPT, ST TIT B A T TTT] B ST _6—6 _'4 _12 (]} >
0~ 107t 107? 108 10~7
f (Hz) l0g10(T+/GeV)
NANOGrav, PRL [2104.13930] PPTA, Xue, et al, PRL [2110.030906]
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[QCD-scaIe PT]

10 g T T T | T T T T | T 3
: : . . - ' NANOGtav, ApjL [2306.16219 : ]
® Once discovered, firstly needs to know its origin A ! ' . PILL ] : ]
2 10 F & -
11 ” H O = " E
® Can be the next “CMB” (spectral shape, anisotropy, etc) : : See also Bian et al [2307.02376] |
@® Can be from first order QCD-scale PT g W Ghen, Huang [2307.03141] ¢ ]
; ¢+ New Physics ;
S New Physics + SMBHB B

| | | ] | | |

PPTA: Xue et al, PRL [2110.03096] nlOMN S- A- -
. &y &3 ’ 7 ’
NANOGrav (12.5-year): Arzoumanian et al, PRL [2104.13930] 5y & § g ) 52
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@ Topological solitons: symmetry breakings in the early universe (new physics, baryon asymmetry)

® Non-Topological solitons: as DM candidates (ultralight DM, macroscopic DM)

Topological Solitons Non-Topological Solitons
Static Solution Bose-Einstein Condensate
(Theory with Spontaneously Broken Symmetry) (of Ultralight particles)
Definition e Global symmetry  (Skyrmion, Cosmic String) e Galactic scale (DM Halo)
e Discrete symmetry (Domain wall) e Stellar scale (Boson stars)
e Local symmetry  (Monopole, Cosmic String or Vortex line...)
e Pure gauge theory (Instanton)
Boundary Non-Trivial (needs degenerate vacuum states) Trivial vacuum state
Conserved Charge, and Balancing
Stabilized Topology (boundary field values) ® quantum pressure
by e gravity (or not, Q-balls etc)

e self-interactions (or not)



@® Firstly proposed to form in the early universe (Kibble,1976) Name variant:
Topological Defects

(None observed)

@ Later proposed to form in condensed matter systems (Zurek, 1985)

(already oberved)

The Cosmological Kibble Mechanism in the

Laboratory: String Formation in Liquid Crystals
Science, 263 (1994)
Mark J. Bowick,* L. Chandar, E. A. Schiff, Ajit M. Srivastava

Can we detect the (cosmic) topological solitons?

Topology of cosmic domains and strings

T W B Kibble J.Phys.A 9 (1976) 1387-1398
Blackett Laboratory, Imperial College, Prince Consort Road, Lo

Received 11 March 1976 www.theguardian.com







" Example: the Abelian Higgs Model
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Burst types: cusps, kinks and kink-kink collisions

(Damour, Vilenkin, PRL 85,3671, PRD 64, 064008).
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® Proton decay measurement

® GW detection

® Dangerous defects
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Defects
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3 models considered

® Model A: (Blanco-Pillado et al., PRD 89,023512) (simulations)
® Model B: Lorentz et al., JCAP 10 (2010) 003 (analytical modelling, matched onto simulation result)

® Model C: Auclair et al., JCAP 06 (2019) 015 (interpolation between above 2)
C-1 (C-2) reproduces LDF of Model A (B) in the radiation era

and LDF of Model B (A) in the matter era modelling loop distribution (F, dimensionless)
d ¢ 4 0
— [*F(1,t)] = a*P(,t) + a’yy=—F l,t‘
5 [ F(L.0)] = a*P(1.1) + a*yum. F(L,1)
Large Nc or Nk does not necessarily lead \l
to large signal (loops decays faster) production from long strings ‘l'
w W, : : decay due to GW radiation
Yd = FdGu g Fe dimensionless decay constant
G,u, Z G,u /
372 g " 3??292 :
=N, 31‘2‘}3 + Nk 5 :’IL,S i Nka’a’ngikk
(26)1/3g; (26)2/3g,
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New Physics + SMBHB
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® Macroscopic Bose-Einstein condensate of ultralight particles

@® Boson stars can be very massive and compact

Mgs (Mg)
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100 — f=10" GeV, m=10"" eV .
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0T . 210" GeV, m=10"° eV,/ Poa e £ :
; , 71 | % Solitonic Boson Star (specific potential)
il o | | % Oscillaton (real scalar field)
0.010 .~ _.="" (C=mass/radius) | | % Proca Star (massive complex vector)
] U SO
31 T G S ibiaduaant s ‘54(f2) “1 \# Axion Stars (dense, dilute) 4
1078 108 10-4 1072

See, e.g., Liebling, Palenzuela, Living Rev Relativ (2017) 20:5
Lee,Pang, Phys.Rept (1992) 39
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® Difficult to distinguish Masses |n the Stellar Graveyard

irgo-KAG

@® Mass as discriminator

(SBH cannot be subsolar)

week ending

Py R VR Y GI19021 85 a Merger of Proca Stars: A Potential New Vector

Did LIGO Detect Dark Matter? |BOSOH of 8.7 x 10 b eV l
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@® Boson stars serve as macroscopic dark matter candidate

® So does the ultralight particle making up the boson stars

10~ %%V Wl ke Cey 1072 M

ultralight particles WIMP primordial black holes
(axion, dark photon) boson stars

\ ' l \ Y
wave dark matter particle dark matter exotic compact object
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Vector Scalar

1 1 Damour, Donoghue, PRD [1007.2792]

= ——F"F,, + -m?A*A, — ceJ*A
E 4 H + 2m a ce] : de d§63 A A
Lint(b — K¢[+ @F’{LVF’{LV — @F;“,F e
o Z (dm{- o ’ym,-dg)imil_pilpf]'
i=e,u,d
@® Dark photon dark matter @® Dilaton
® U(1)BorB-L ® Cause variation in fundamental constants

® Induces differential arm-length change for LIGO ® Changes mirror size and refractive index for LIGO
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® Ground-based GW detector: LIGO-Virgo-KAGRA, GEO600

® LIGO O1 data first analyzed in 2019
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New in O3 search:
1. Another search performed by the continuous wave group with a different method 46

2. An improvement factor included from finite light travel time (PRD.103.L051702, Morisaki, et al)




coupling strength &2,

@® Space-based GW detector: LISA, Taiji, Tiangin

® Lower frequency -> Lower mass

® Time delay interferometry: non-trivial detector response
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® Even lower frequency -> even lower mass
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GW is a new tool in particle physics studies

» Early universe symmetry breakings (phase transitions)

» Macroscopic solitons (topological and nontopological)

» Dark matter direct detection (environmental effects)






