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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 )
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Physics Beyond the SM?
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REVIEW s try 1010341586015 1120+ What is dark matter? (solitons, ultralight particles)
Why more matter than anti-matter? (phase transitions, solitons)
The new frontier of gravitational waves 3

M. Coleman Miller"? & Nicolds Yunes**




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, |
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[T — Numerical relativity
I Reconstructed (template)
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|| — Black hole separation
=== Black hole relative velocity
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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
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LIGO, LISA, Taiji, Tianqgin... Gravitational Wave Spectrum
Parameters

data analysis, constraints or discovery(parameter estimation)
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® Infrared problem (Linde, 1980) 4 L (6 Ay, S, 8) —> dimensional reduction

® Gauge dependence
(see, e.g., Patel,Ramsey-Musolf, JHEP [1101.4665])

[superhoavy + 7T ] > Integrate out n > 0 modes and S,,—g

L3(¢3, A, Ao, 53)

Non-perturbative method overcomes these problems [ heavy + g7 | ) Integrate out Ao, s3 fields

® But yet quite limited in BSM studies E'}({Bg @:)

[ light f g?7] 3D EFT

Gould,Kozaczuk,Niemi,Ramsey-Musolf, Tenkanen,Weir, PRD [1903.11604]

Dimensional Reduction (Status)
SM
MSSM
xSM (SM + Singlet)
2SM (SM + Triplet)
2HDM

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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Bubble Collisions Sound Waves MagnetoHydrodynamic Turbulence

=

Hindmarsh, et al,PRL112,041301(2013) ngnsogh;?;::ﬁgimpgde/ wemiprojects/

\ ' J \ ' J L ' i

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 12
Huang, Xie, PRD105 (2022) 11, 115033, JHEP 09 (2022) 052



Energy density Spectrum

dpcw
0 -

bubble collision

H,\?2 2
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sound waves
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PHYSICAL REVIEW LETTERS 127, 251302 (2021)

- TuE ASTROPHYSICAL JOURNAL LETTERS, 951:L11 (56pp), 2023 July 1

::: Editors' Suggestion Featured in Physics

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

Zaven Arzoumzmmn Paul T. Bﬂ.ker Harsha Blumer 4 Bence Becsy, Adam BraZIer
Sarah Burke—Spolaor,“s Maria Charisi,’ Shami Chaner]ee. Siyuan Chen, '

Fronefield Crawford,"”> H. Thankful Croma.rtie,f’ Megan E. DeCesar," "> Paul B. Demorest,'® Timothy Dolch,'"!#
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| pecr & lconsidered in this work. Because of the finite lifetimef; ;..
Megan

7 Paul R Brook,**

o be multiplied by a suppression factor Y (zqy ) given by [54]

Xavier

Y(rgw) = | = (1 + 25w H,)"/?

(NANOGrav Collaboration)

© ©2023. The Author(s). Published by the American Astronomical Society.
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James M. Cordes, Neil J. Comlsh,5

I Jennings,‘5

ez 1154,55] of the sound waves, to derive Qgy Eq. (4) needs to ™™ Laal,

in Stovall,'®
I. Vigeland,™®

hitps:/ /doi.org/10.3847 /2041-8213 /acdc91
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The NANOGrav 15yr Data Set: Search for Signals from New Physics

- Adeela Afzal'>® | Gabriella Agazielfﬁ- , Akash Anumarlapud13@ , Anne M. Archibald*®, Zaven Arzoumanian®, Paul T. Baker®®

Bence Bécsy7‘:-ﬂ, Jose Juan Blanco-Pillado® '@ Laura Blecha“ﬂ“ Klmberly K Boddylz&“ Adam Brazier'>1*®,
Paul R. Brook'>®, Sarah Burke- Spolam'16 @ Rand Burnette’, Robin Case Maria Chansn 8@, Shami Chal{eljee”L
Katerina Chatzuoamu:)ulgé Belinda D. Cheeseborom i , Siyuan Chen™®, Tyler Cohen®' [

Neil J. Cornish™ @, Froneﬁeld CrawfordB: H. Thankful Cromartie'*”” O Kathryn Crowter™* @, Curt J. Cutler'*>> ®
Megan E. DeCesar’® @, Dallas DeGan’, Paul B. Demorest®’ © . Heling Deng Timothy Dolch?®% @ “‘ Brendan Dra(:l'ller3031
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time of matter-radiation equality. The production of GWs from
sound waves stops after a period 7, 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

T(rw) =1 — (1 + 21 Hy) /2,
T =T

The NANOG rav Collaborahcon




THE SPECTRUM OF GRAVITATIONAL WAVES

Observatories | "~ Space-based observatory
& experiments experimnt :

Timescales milliseconds seconds
& B
Frequency (Hz) 100 1

PeV_Ee ~1 OOGeV ic fluctuations in the early Universe

Cosmic ¥y Y e

sources 4 Compact object falling s L e
onto a supermassive Merging supermassive black holes
Supernova . ; black hole

o\ o
o’ =

Merging neutron Merging stellar-mass black holes Merging white dwarfs
stars in ot%er galaxies in other galaxies In our Galaxy




01+02+03@LIGO (H1, L1), Virgo

Broken Power Law

_ | 95% CL UL (CBC+BPL)
@® No Evidence for Broken Power Law Signal ;
Qe = 6.1 x 10~
@® No Evidence for Bubble Collision Domination Signal 0, =56 10
Qppy (25 Hz) = 4.4 % 10-9/
@® No Evidence for Sound Waves Domination Signal
e Sound Waves
Bubble Collision & .
95% CL UL with fixed Tpt and beta/Hpt 95% CL UL
Phenomenological model (bubble collisions) qu(25 HZ) 59 X 10-9
Qoo (25 H) H, <1andT, > 10® GeV
B/H\Ty 107 GeV  10° GeV  10° GeV  10'° GeV - pl pis = = 4TG0 8 i = s Y
0.1 92x10° 88x10° 10x10® 7.2x10°
1 1.0x10® 84x10? 5.0x107°
10 40x107° 63x10° ()

Fio- Sensitivity @result from gravitational wave@

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




[QCD-scaIe PT]

10 g T T T | T T T T | | 3
: : . . - ' NANOGrav, ApjL [2306.16219 : ]
® Once discovered, firstly needs to know its origin i * ' L ] ‘ ]
2 10 F & -
13 ” 0 o E H 3
® Can be the next “CMB” (spectral shape, anisotropy, etc) : : . See also Bian et al [2307.02376] E
® Can be from first order QCD-scale PT § VS U S S S SRS S SO S (SO R S S O 4 -
; ¢+ New Physics ;
S New Physics + SMBHB B

| | | ] | | |

PPTA: Xue et al, PRL [2110.03096] F F oy 5 oE s
. &y &3 ’ 7 ’
NANOGrav (12.5-year): Arzoumanian et al, PRL [2104.13930] 5§ & § g § s £
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§F§ 73
See also Kepan Xie’s talk
10'62 LI ) R R 7 107° - 10 10 i 04T : :
=" SIDM Navocm 3 supercooled PT  Z.5; xSM improved SW formula lf»
% yr data % 1077 107 10’4 [ ]
-; Q10" }-, -"?:}'ﬂ.
3 Ea = B % NANOGrav 3 & 7 .
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) 7 cPTA \\.\é ’ 10 1,"
1 G ol S | .
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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 et al [2307.02259]
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and more...



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

..'u [Ili IL'L"'\-

Hrtlltl,,l.',I J'": ordet

phase transition

W :-i'r',h::l

Caold DA

Drark Radiation and

small seale structure

Sh charged

Triplet [20-23] .,r v v X
complex and real Triplet [23] 4 v 4 X
| Georgi-Machacek mosdel )
Multipler [24] 4 o 4
ZHDM [25-30) " " X
MLRESM [31] W o x x
NMESM [32-36] W o v X
S5MM uncharged
S, (xSM) [37-49] o v X X
3 &5 s [50) « o o X
5. {exSM) [49, 51-54] o o o X
U1}y (no interaction with SAI) [55] o o o X
{1}y, (Higms Portal) [56] W o W
(1)}, (Kinetie Mixng) [57] 4 o o
Composite SUT)/SU06) [58] o o v
(L), [59] o v o x
SU({2) — global S0H3) 4 X
by a donblet [G0-62)
SU(2)p —+ Ull)g W "4
bw a triplet [G3-65]
U2} —+ Z2 o x
by two triplets [6H46]
B2}y — Za o X
b & quadrmplet [G7, 68
SU R 2 UL — £ 2 Zo o x
by a quintuplet and a S, [60]
SU2), with two dark Higgs doublets [T0] ' ¥ X X
SU{3)p —+ &2 = & by two triplets [62, 71 ¥ X
S5U{3) (dark QCD) (Higgs Portal) [72, 73| v o v
Clape = Gpaw = Zp [T o+ o L
Gigag % G sw * Gosga -+ [TH L o «
Current work
BU(Z)y — U1}, (see the text) W o o s

Ghosh,HG,Han,Liu, JHEP [2012.09758]










@ 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
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" Example: the Abelian Higgs Model
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cosmological scale (17 ) degenerate vacua

with nontrivial topology
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Symmetry breakings at scales higher than  (10'!) GeV
with Cosmic String production are excluded

Caveat (loop distribution model) Model C-1
13 : ; L

- -~ 107 | g

GW measurement tells

scale () of symmetry breaking 1071
7 2 Gu 1072 e e st e
G~ 19
1017GeV "
- line mass densit _'f 1
K 2 . / 1016 Stochastic ===-- PTA
Burst =~ s=eme- CMB
1D—1E I ] I T 1 I i i i ]
Results from PTA Measurements 1 20 40 60 80 100 120 140 160 180 200
Bian, Cai, Liu, Yang, Zhou, PRD (Letter) 103 (2021) 8 Ny,

SHLIECED, ST, AR, Vson ) LIGO-Virgo-KAGRA collaborations, PRL 126, 241102 (2021)



Giant Bose-Einstein condensate of ultralight particles (DM)

M?
—99 < Pl
murLDM 7~ 10 eV M E— ~ 1 —10
™~ MuLDM \inULDM 0~ "eV
Galactic Scale: solve small scale structure problems Stellar Scale: soliton stars
Galaxy
halo
=)
g g @
:\"\/ g
P N -\
\T V7Y | — = I
DM: particles % sssssssssis
Bag £ einiares
Condensate D:\I:‘ ;0-11::1;-nse1t0
core
)\[“, >d

Ferreira, Astron.Astrophys.Rev. 29 (2021) 1



® Boson stars can be very massive and compact

@® Thus can be detected just like black holes and neutron stars

Mgs (Mg)

1000F 2105 Gev, m=10""2 ev '
100 — f=10" GeV, m=10"" eV .
- — 1107 GeV, m=10" eV <* Mini-Boson Star (without self—interactionﬁ
OF . 210" GeV, m=10"" ev,/ A e . _
; , 71 | % Solitonic Boson Star (specific potential)
il o | | % Oscillaton (real scalar field)
0.010 .~ _.="" (C=mass/radius) | | % Proca Star (massive complex vector)
E ‘;::‘.-"' r_ lg“ya ¢*0 b — lmzlqle _ é (?722) |¢‘4 . . .
o001t L FT Tm Ta ) P \ < 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) 28

Cas
HG, Sinha, Sun, JCAP 09 (2019) 032



Masses in the Stellar Graveyard

@ Difficult to distinguish
® Mass as discriminator

(SBH cannot be subsolar)

week ending

ety SO O L GW190521 a5 a Merger oj Proca Stars: A Potential New Vector
‘ _1°
Did LIGO Detect Dark Matter? 1L BQSQH _Of _SZX_IQ 1_} QV_I

Simeon Bird, Ilias Cholis, Julian B. Muiioz, Yacine Ali-Haimoud, Marc Kamionkowski,
Ely D. Kovetz, Alvise Raccanelli, and Adam G. Riess

Juan Calderon Bustillo, Nicolas Sanchis-Gual, Alejandro Torres-Forne, Jose A. Font, Avi Vajpeyi, Rory Smith,

Department of Physics and Astronomy, Johns Hopkins University, Carlos Herdeiro, EUQEH Radu, and Samson H.W. Leong
3400 North Charles Street, Baltimore, Maryland 21218, USA :
(Received 4 March 2016; published 19 May 2016) Phys‘ Rev. Let. 126 081101 Published 24 Februaw 2021




® Amplitude and SNR increase as the chirp mass increases

Same Chirp Mass Binaries

p

_____
= ~

~
————————

equal subsolar masses

m m 2/3
— 273 (—)
K = M mm)

-------

———————

large mass ratio

N

-

My =

the chirp mass

(m1m2)3/5

N

(ml I mz)

1/5
J

P

To probe a lighter one, make the other one heavier: larger mass ratio

30
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See also Xiao-Ping Wang, Jia Liu, Cheng-Cheng Han,

@® Boson stars serve as macroscopic dark matter candidate and Yong Tang's talks
® 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

S~ .




silicon mirror

a single dark photon S
=~ T e (1) : 1/GeV
ﬁé .. (1) - :1/2GeV

light storage arm T

611\[/? atA(t7 Xz’)

1

a;(t,x;) ~ ee
splitter photodetector

CERN Courier acceleration

—

typical LIGO frequency

1 .
wn =ma(l+ 2v2) = 27 x (100Hz) ~{4 x 10~ ®ev}— typical dark photon mass
2 LIGO is sensitive to

vo~O(107%) == Af/f = 10~ === Signal: a narrow peak in frequency domin



mleY) mass (eV/c?)
- 10'—13 10;12 01 10712 03 10-11
,. Red:  O1 result —
1040 _\ —— Cross correlation ;
. ' Blue:  assume observed SNR=0 e B d
1 and optimal bin choice == Eot-Wash 7
. 1-05 (2 yearks o MICRF)SFIOPE r
10 // BSD limits =10
", 4043 / __________________________________
ovk ANt |
107 — wq%‘ - i ot
1046 The e Ave optimal O1 limits (893 hours)
i O Ave optimal 04-05 limits (2 years)
— — — — Eot-Wash limits L L |
107 - e 102 10°
10" 10 10
£(Hz) frequency (Hz)
(Nature) Commun.Phys. 2 (2019) 155, HG, Riles, Yang, Zhao Phys.Rev.D 105 (2022) 6, LIGO-Virgo-KAGRA Collaborations

See also Yuan,Jiang,Huang, PRD [2204.03482], Yu,Yao,Tang,Wu [2307.09197] 35




GWs as a new important tool in particle physics studies

» Early universe symmetry breakings (phase transitions)

» Macroscopic solitons (topological and nontopological)

» Dark photon (environmental effects)






