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The Gravitational Wave Spectrum
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NEW physics&GW from 1st PT

Particle
physics model
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P'T parameters
Effective action — 3, H.
Energy budget — a, k(a, vw)

Bubble wall dynamics — vy
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Thermal field theory
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Numerical simulations —
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Lattice simulation
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PTA,LIGO,LISA, % 5, KM,

LISA sensitivity

Configuration + noise level —
h2 Qsens(f)

Signal-to-noise ratio
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Chiara Caprini et al JCAP03(2020)024



SGWB spectrum
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SFOEWPT simulation

Field basis equation of motion Lattice implementation
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SFOEWPT simulation
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Collider&GWs searches of 1st EWPT

m Higgs&GWs
@  SM+Scalar Singlet

Profumo, Ramsey-Musolf, Wainwright, Winslow

14, Bian, Huang, Shu 15, Cheng, Bian 17, Bian,

Tang 18,Chen, Li, Wu, Bian,19...
@  SM+Scalar Doublet

Dorsch, Huber, Mimasu,No.14,Bernon,
Bian, Jiang 17, Bian, Liu 18, Huang, Yu,
18,...

@  SM+Scalar Triplet

Zhou, Cheng, Deng, Bian, Wu
18,Zhou, Bian, Guo,Wu 19, Ramsey-
Musolf etal 21, Zhou,
Bian,Du,22,...

Double Higgs Production
at Colliders Workshop

Many Colliders in the Horizon
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68%,95%CL(combined with HL-LHC)

, rates and distributions
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@ Composite Higgs
Bruggisser, Harling, Matsedonskyi, Servant, 18,
Bian,Wu,Xie 19, Bian,Wu,Xie 20,...

@ NMSSM

Bi, Bian, Huang, Shu, Yin 15, Bian, Guo, Shu
17,Baum, Carena, Shah, Wagner, Wang 20,

@ SMEFT

Cao, Huang, Xie, & Zhang 17, Zhou,
Bian, Guo 19, Cai,Hashino,Wang,Yu,22...
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LIGO-Virgo search for FOPT

High-scale PT Romero, Martinovic,Callister, Guo, et al., Phys.Rev.Lett. 126 (2021) 15, 151301
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PPTA search for FOPT

PPTA DR2 dataset constrain low-scale phase transition, dark sector and QCD scale FOPT

log1o(B/H=)"1

PHYSICAL REVIEW LETTERS 127, 251303 (2021)

Editors' Suggestion Featured in Physics

Constraining Cosmological Phase Transitions with the Parkes Pulsar Timing Array

Xiao Xue®,"*? Ligong Bian®,*>" Jing Shu,"**”*" Qiang Yuan®,”'®"* Xingjiang Zhu®,'"'**% N. D. Ramesh Bhat,"
Shi Daj‘i'i?é€‘,15 Yi I-“‘engiif:*,16 Boris Goncharov“ﬁii‘,”’12 George Hobbs,17 Eric Howard--“'l?i",”’18 Richard N. Manchester@"-,17
Christopher J. Russelluiz?:',19 Daniel J. Reardon® ,12’20 Ryan M. Shannon‘1:5*,12'20 Renée Spiewakf‘iz?@,m’20
Nithyanandan Thyagarajan“'iifii’,22 and Jingbo Wang‘f'iéf‘z3

TABLE I: Description of hypotheses tested in this work and the Bayes factors between them.

Hvoothesis Pulsar| Common HD process Baves Factors Parameter Estimation (median and 1-o- interval)
Yi o noise |red process| FOPT spectrum yes e T./MeV, a x 10°, B/ H, Acomreds Yeomred
HO:Pulsar Noise | yes no no
H1:Common Red| yes yes no 10° (against HO) —-14.457002 3.31-8
H2:FOPT yes no yes (full HD) | 10"* (against HO)|  7.4%}%%, 27175, 9.9+
H3:FOPTI yes yes yes (full HD) | 1.04 (against H1)| 9.6:2%2 3.87"7 8547707 | -14.5170613.36
H4:FOPT?2 yes yes |yes (no-auto HD)|0.96 (against H1)[10.975% 3.2*1%9 1053731570 | —14.4570%2 3.27*1-1)
_14 _14 795% CL.
Excl.
=3 -2 -
-3 -
-4 - i) A
BBN a=0.2 BBN a=0.5 BBN a=1.0
=51 nc-auto HD =51 no-auts HD =51 no-autc HD
@82 full HD @82 full HD @82 full HD
—6 Ll L) T —6 Ll A T —6 T Al T
-6 -4 -2 0 2 -6 -4 -2 0 2 -6 -4 -2 0
l0g10(T +/GeV)
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Two step EWPT DM+ BAU

SFOEWPT

Electroweak baryogenesis and dark matter from a singlet Higgs

James M. Cline (McGill U.), Kimmo Kainulainen (Jyvaskyla U. and Helsinki Inst. of Phys. and Helsinki
U.) (Oct, 2012)

Published in: JCAP 01 (2013) 012 « e-Print: 1210.4196 [hep-ph]

pdf ¢ DOI = cite

SM+real singlet

Gravitational wave, collider and dark matter signals from a scalar singlet

%) 217 citations

electroweak baryogenesis

Ankit Beniwal (Adelaide U. and Adelaide U., Sch. Chem. Phys.), Marek Lewicki (Adelaide U. and
Warsaw U. and Adelaide U., Sch. Chem. Phys.), James D. Wells (DESY and Michigan U., MCTP), Martin
White (Adelaide U., Sch. Chem. Phys. and Adelaide U.), Anthony G. Williams (Adelaide U., Sch. Chem.
Phys. and Adelaide U.) (Feb 20, 2017)

Published in: JHEP 08 (2017) 108 « e-Print: 1702.06124 [hep-ph]

pdf & DOI = cite %) 131 citations
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Theor. Phys. and Beijing, KITPC), Weicong Huang (Beijing, Inst. Theor. Phys. and Beijing, KITPC), Jing
Shu (Beijing, Inst. Theor. Phys. and Beijing, KITPC) (Feb 26, 2015)

Published in: Phys.Rev.D 93 (2016) 6, 065032 « e-Print: 1502.07574 [hep-ph]

CxSM

pdf & DOI [E cite %) 102 citations

_/

Unified explanation for dark matter and electroweak baryogenesis with direct
detection and gravitational wave signatures

Mikael Chala (DESY), Germano Nardini (U. Bern, AEC), lvan Sobolev (Lomonosov Moscow State U. and
Moscow, INR) (May 27, 2016)

Published in: Phys.Rev.D 94 (2016) 5, 055006 « e-Print: 1605.08663 [hep-ph]

Composite DM

pdf ¢ DOl [= cite %) 125 citations




Two step lattice simulation
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PHYSICAL REVIEW LETTERS 126, 171802 (2021)
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Two-step FOPT potential

Type-a
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Motivated for DM&EWBG, see:1804.06813,1702.06124,1609.07143, 1605.08663, 1605.08663,etc
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Two-step PT with the second-step being FOPT
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Two-step PT with the second-step being FOPT
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Collider search for 2step FOPT
® Zh@ILC/CEPC

Vo= —p?|H> + N\ H|*+ %/@SZ + Ags|H|?S? + i,\ss‘1
Verr (b, T) = Vo(h) + V5" (k) + Vir(h, T) + V(h, T)
8
6
4
Z 2
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negative runaways (tree—level)
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Curtin, Meade, Yu,1409.0005
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Real Scalar Singlet (Z>-Limit)

Craig,Englert, and McCullough,1305.5251
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Huang, Long, and Wang,1608.06619



Collider search for 2 step FOPT

@ Off-shell Higgs@LHC
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20- VBF
100 150 200 250 300 350
Mg [Ge\/]

Goncalves,Han,and Mukhopadhyay, 1710.02149

See also: Lee, Park,and Qian, 1812.02679
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PBH from delayed vacuum decay

Probability for a Hubble volume
not to decay until time L,

Postponed Hubble volume Vjy

4 a(t)’ Un-dlluted false vacuum energy
= —aH -3
V(1) 37 (tppm) 2omr)’ l
[T ad(t) ] PBH
P(t,) =exp | —— H3(t [(t)dt
( ) P [ 3 ./tz- a3(tPBH) ( PBH) ( )

Collapse of the
PBH abundance Qfom — p(; ) Hubble horizon
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PBH from delayed vacuum decay

F(Y)

B/H, = 14.8, o, = 6

Case 1: a strong PT
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Curvature from delayed vacuum decay

Press-Schechter formalism

Hubble-sized -
_ , 16 (™ dk -
perturbations On = g1 ; ~ (kRy)" W= (k, Ryy) Pr(k)
Causality requires
Py  k?
5|-|/a
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Vacuum decay is
postponed in a Hubble
horizon

— — -5/2
Sn = \/ (6p(HZ N p)? o< a(B/H.)™
at the Hubble scale
J Liu, LL Bian, RG Cai, Zong-Kuan Guo, SJ Wang, Phys.Rev.Lett. 130 (2023) 5, 051001, 2208.14086
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Constraints on PT models

low-scale and slow 1st PTs motived for dark PT and
EWBG

GW constraints
(PPTA)
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Thanks



PBH from delayed vacuum decay

Spatial fraction of the F(t) = exp [_4?% / " AT () (¢) (. t,)]
false vacuum ti

Bubble nucleation rate Comoving radius of vacuum bubble

T(t) = Tpe? r(t,t') = [, a"Y(r)dr
False vacuum energy density pv = F(1)AV
_y : d(pr + pw dpy
Radiation evolution Eq. G ;;p ) +4H (pr + pw) = (—%)

Relativistic plasma and bubble walls  pw, pr < a=4(t)

FLRW Eq H? — Pv + Pr + Pw
3
_ Pt ) + Pt )
PBH threshold O(tppp) = o omr 1)+ . Comer 1) 1 26, = tppy
pPBH X a”°
PBH mass dm

Mpgph ~ ?'YH—g(tPBH)pc = 4myvH ' (tpgn)
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