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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]




Recent research largely driven by GWs
THE SPECTRUM OF GRAVITATIONAL WAVES @esa ]

Observatories Ground-based " Space-based observatory : Pulsar timing array Cosmic microwave
& experiments experiment : : background polarisation N

Timescales milliseconds seconds hours years 5
o o T B S @+ ccicss s s s cisY
Frequency (Hz) 100 1 102 10 106 10

o

Cosmic
sources Compact object falling e I_ < e
Supernova Pulsar onto Etlﬂ:lé %r;ll'leaSSNe Merging supermassive black holes
‘ /7 /_. wsh | Nasy
i
Merging neutron Merging stellar-mass black holes Merging white dwarfs
#lisa stars in other galaxies in other galaxies in our Galaxy

ESA
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The commonly adopted approach:
(see, e.g., Morrissey,Ramsey-Musolf, NJP [1206.2942])

barrier from BSM
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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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Minkowski spacetime: Hindmarsh,Hijazi, JCAP [1909.10040]
Expanding universe: HG,Sinha,Vagie,White, JCAP [2007.08537]

Statistical properties

Number of Bubbles per Hubble Volume

» Bubble Nucleation Rate
10"
~ False Vacuum Fraction e
> Unbroken Wall Area ) o
= £ 10%
> Bubble Lifetime Distribution Hindmarsh et al, 2015 o7,
. ; E 105}
> Bubble Number Density and Mean Bubble Separation(R*) 3
10
Useful for modelling of the process L T p—"
_ Loy SRR, By Sy =0
Important inputs for GW (or other observables) calculations 102} —— v, =03,k =09
ol == = Ve =07k =09
........... w =09k =09
1 bubble per Hubble volume > 10° . = : M W
99.6 99.8 100.0 100.2 100.4 *+eu, 100,60

(nucleation temperature Tn) T(GeV)



Usually chosen as given fixed value in EWBG and GW studies

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

d 2 d3 jmmmm————
0 + Vilgh+ X dn; f (2 fz 0/(p,x)]

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)

o EWBG generally requires small vw
® Might be possible at relatively large vw, Cline,Kainulainen, PRD [2001.00568]

Transmitted from s to h phase

reflected:

e
_— Transmitted from h to s phase
h; particle energy
A h—phase
s to s phase -
position z

Bodeker,Moore, JCAP [1703.08215]

LT T TTTT

-
-

1 L1 11l

1 1 ll—tlllh

— — CK: fluid
——— CK: diffusion _E
C——-VEV-VEV ]
- VEV-\-\-]KB | 1 _
0 0.2 04 0.6 0.8 1
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w

Cline,Kainulainen, PRD [2001.00568]



- % PRDY2,123009(2015)
- @ PRDY6,103520(2017)
. @ PRLI25,021302(2020)

— Deflagration Forbidden
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A clearer picture of the PT has been gained from GW studies

Bubble Collisions Sound Waves MagnetoHydrodynamic Turbulence

~

\

Hindmarsh, et al,PRL112,041301(2013) ngnso’g’h;fj::ﬁgfm’flpgde/ e et

) | J t [

I | |

energy concentrated at walls acoustic production turbulent motion
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Envelope Approximation

Simulations:

Kosowsky, Turner, Watkins, Kamionkowski, PRL69,2026(1992), PRD45,4514(1992), PRD47,4372(1993),
PRD49,2837(1994), Huber, Konstandin, JCAP09(2008)022

Analytical Modelling:

Jinno, Takimoto, PRD95,024009(2017)

Beyond the Envelope Approximation
Bulk flow model: Konstandin, JCAP03(2018)047, Jinno, Takimoto, JCAP01(2019)060

=

Direct large scalar lattice simulations: Cutting, Escartin, Hindmarsh, Weir, PRD97,123513(2018), arXiv:2005.13537

Expanding Universe: zhong, Gong, Qiu, JHEP02(2022)077

New Phenomena
Di, Wang, Zhou, Bian, Cai, Liu, Phys.Rev.Lett. 126 (2021) 25, 251102
Lewicki, Vaskonen, EPJC 80,1003(2020)
Zhao, Di, Bian, Cai, arxiv:2204.04427
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Numerical Simulations:
Hindmarsh, Huber, Rummukainen, Weir,

PRL112, 041301 (2014), PRD92, 123009 (2015), PRD96, 103520 (2017)

Analytical Modelling(sound shell model)

Minkowski: Hindmarsh, 120, 071301 (2018)
Hindmarsh, Hijazi, JCAP12(2019)062
FLRW: HG,Sinha,Vagie,White,JCAP 01 (2021) 001

(P =265 x 100 ) (

Usually the dominant source for a thermal plasma.

*

107 E
% PRD92,123009(2015)
@ PRDY6,103520(2017)
& PRL125,021302(2020)
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HG,Sinha,Vagie,White,JCAP 01 (2021) 001

& Previous formula enforces an infinite lifetime.
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Numerical Simulatic]

Hindmarsh, Huber,
PRL112, 041301 (2(

Analytical Modelling

Minkowski: Hindmd <
Hindm:
FLRW: HG,Sin"

Suppression(d

0.5

0.1

10*

1078

® Solve the fluid velocity profile
modes: detonation, deflagration, hybrid
Espinosa, Konstandin, No, Servant (JCAP06,028)

® Reduction found for alpha~1 and small vw
Cutting, Hindmarsh, Weir, PRL125,:021302(2020)
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The dominant source for a FOPT in a thermal plasma.
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Previous formula enforces an: infinite lifetime.
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Analytical Modelling

Kolmogorov spectrum:

Kosowsky, Mack,Kahniashvili, PRD66,024030(2002)
Gogoberidze, Kahniashvili, Kosowsky, PRD76,083002(2007)
Caprini, Durrer, Servant, JCAP12(2009)024

_ https://home.mpcdf.mpg.de/~wcm/projects/
5%~10% but uncertain homog-mhd/mhd.html

3
y (H\ (G2 (10072
trl(f) B T Loy s tl”b(f)
Caprini, Durrer, Servant, JCAP12(2009)024 (adopted by the LISA Cosmology Working group, JCAP04(2016)001)
(f/fturb)3 — T* gx -t%
Stur = 11 h;* = 16. i | : H R
6l 1+ (f/feun)]® (1 + 87 f/hy) B (1OUGeV) (100)

. _ 1 (B T, 9 V5
=27 % 10~ 2 mHz — ( )
Jeurd B ™ (H) (IOOGeV) 100

New result: Pol et al, PRD 102, 083512 (2020) 2
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@ Finite T effective potential calculations
® Phase transition parameter calculations (vw)
® GW spectra calculations (simujations, mpdellings)

® Possibly new phenomena

1077 4
= [ ISASNR =5
107° 1 == TijanQin SNR = 5
. ] — % =1/3,c2 =1/3
1

10_,01; =

10—11 .i

h?Qgy

10—12 1

10—13 .‘

ct =1/3,c%2 =0.25
¢} =0.25,¢2 =1/3
c2 =0.25,¢2 =0.25

107 (7 :
-— /7~ sound velocity
1074 1'0.‘3 ]0{‘2 107!

Wang,Huang, Li, PRD [2112.14650]

f[Hz]

AQaw /Qaw

4d approach

3d approach

T

N

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

onperturbative corrections

O(10% — 10%)
(101
O(10~1 — 109)
unknown
unknown

unknown

@(10° — 101)
O(1073)
@(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 O(10~*-10") 0(1071-10%) Random

Mean bubble separation 0(0-1071) 0(1071-10%) 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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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]




® Modified Higgs potential (Higgs physics, GW)

® Extra CP-violation (EDM, LHC)

The electroweak phase transition: a collider target

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

Michael J. Ramsey-Musolf

Tsung-Dao Lee Institute, and School of Physics and Astronomy, Shanghai Jiao Tong University,

Shanghai 200240, China
Ambherst Center for Fundamental Interactions, Department of Physics, LHC CPV E

University of Massachusetts- Amherst,

Amherst, MA 01003, U.S. A.

Kellogy Radiation Laboratory, California Institute of Technology, C .
| | orrelation

Pasadena, CA 91125, U.5.A.
Complementarity

E-mail: mjrm@sjtu.edu.cn, mjrm@physics.umass.edu
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Unbroken Phase

antiquarks

antileptons |




Im(yz)

@® CP-violation is generally small, decoupled from GW analysis
® Lepton-flavored EWBG is effective for baryon asymmetry generation

0.2

0.0

-0.2

~0.4

0.4r

HG,Li,Liu,Ramsey-Musolf,Shu, PRD [1609.09849]

Many studies since then:

De Vries,Postma, van de Vis, JHEP [1811.11104]
Modak,Senaha, PRD [1811.08088]
Fuyuto,Hou,Senaha, PLB [1705.05034]

and more...

Type Il 2HDM

LI — — LAY /Dy Vy®s]e) 1 He.

Yukawa
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m‘f o B
- Re(y,)7r + Im(y, )7iysz|h

OK

Unconstrained from EDM measurements

de

€

ACME 2014: |%

&

~ 1.87 x 107%|Imy, |

<87 x107%¢-cm

discovery or exclusion?

Collider Sensitivities

Collider pp PP pp ete” ete” ete” ete” e p vy putp™ ptp~| target
E (GeV) 14,000 14,000 100,000 250 350 500 1,000 125 125 > 500|(theory)
L (b 300 3,000 20,000 250 350 500 1,000 250

HZZ/HWW |4-107° 25-100¢® + 34-107*1.1-107%4.107°8-107¢ v v v | <1078
HAy~y - 0.50 T = = = - - 006 - - | <1072
HZ~y = ~1 v - —~ - - - - - - | <1072
Hgg 0.12  0.011 v - - - - - - - - | <107
Htt 0.24  0.05 v - — 029 008 - - | I
Hrr 0.07  0.008 " 0.01 000 002 006 - v £ =107
Hpp = = = = s = - — = v = <1072

Snowmass White Paper: Gritsan et al [2205.07715]
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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

sin @

~0.41 -

1 ILC:above+500GeV (4ab™")
: ILC:above+1TeV(2ab™)

| W
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i poalbo o s aw oyow T et ILC:500GeV(4ab™")+1TeV(8ab™")
0.0 0.2 0.4 0.6 0.8 1.0

6.'(3
Alves,Ghosh,HG,Sinha,Vagie, JHEP [1812.09333]
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® 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]

and more...

081 _ §=001
\ 3 @13TeV
06}
B ~._correlation S,
T 4b$
0.4} O
e o
< 4
= ' e
% ' Theoretically Allowed L:l* B
0.2} P |
\"\\ "y I /
------------- e
0.0t . . — e
300 400 500 600 700 800 900 1000
mhz(GeV)

Alves,Gongalves,Ghosh,HG,Sinha, JHEP [1909.05268]

Resonant Production

g

.y Y

0(gg — hy)BR(hy — hyh)(fb)

Morse, 2017

BR HH—xxyy
(mH = 125 GeV)
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0 600 700 800 900 1000 1100
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Alves,Gongalves,Ghosh,HG,Sinha, PLB [2007.15654]
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® WIMP naturally plays a role during EWPT f 2-step EWPT

1 1 1 8
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THE SPECTRUM OF GRAVITATIONAL WAVES @esa 1

Cosmic microwave

Space-based observatory
background polarisation N

Observatories Ground-b
& experiments experimgt

\a ’ ‘ ‘ : ; \i

-

Timescales milliseconds seconds hours years 5
B B £t . & @ ::c°ccccssssses e ns @ccceocae > . N
Frequency (Hz) 100 1 10 10 106 108 10

Cosmic fluctuations in the early Universe

o

Cosmic
sources Compact object falling = Tt S ep R g
Supernova Pulsat onto %Iglé %r;ll'leaSSNe Merging supermassive black holes
‘ /7 /_. wsh | Nasy
i
Me_rgin%neutron_ Merging stellar-mass black holes Merging white dwarfs
T stars in other galaxies in other galaxies in our Galaxy

ESA



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
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Fio- Sensitivity @result from gravitational wave@

Romero,Martinovic,Callister,HG,Martinez,Sakellariadou,Yang,Zhao, PRL [2102.01714]
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= Rapid experimental progresses (LIGO-Virgo-KAGRA, LISA/Taiji/Tiangin, PTA)

A much clearer picture of a first order EWPT (simulations, analytical insights)

More robost calculations (dimensional reduction, non-perturbative methods)

More accurate predictions for GWs

New observables (PBHSs, curvature perturbations, magnetic fields, etc)

Extensive phenomenological studies

Since LIGO’s first direct detection of GWs (announced in'20106)
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