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STRING THEORY

> 3 spatial dimensions

= Curled up? Size scale?

= Deviations from Newton'‘s law

Big
Bang

BARYOGENESIS (E.G. GUT)
= Baryon number violation

= CP violation

= Thermal non-equilibrium

BigBang 10*sec 10%sec

ELECTROWEAK BARYOC.ENSIS

= Baryon numbe! violatio: (sphaleron)
= CP violation (e.g. EDV neutron)

= Thermal non-¢quilibrium

/

L=

Gravitational waves?

2

PRIMORDIAL NUCLEOSYNTHESIS PRODUCTION OF hi
How many neutrons available for ELEMENTS

nucleosynthesis = Supernova explosions

= Coupling constants = Nuclear physics in neutron
= Lifetime rich stars

10"°sec 105sec 100 sec 400,000 years 10 billion years 13.7 billion years

BHAFEHEK
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ATLAS + CMS, f=a+n/2

<¢p>=0
Bubble Wall =—>

Chup etal, Rev Mod Phys.91.015001

05 10 15 20 25 30

Bian, Liu*, Shu*, Phys.Rev.Lett. 115 (2015) 021801
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®(t, x) : Higgs field doublet defined on sites;

Ui (t, x) and Vi (t, x) : SU(2) and U(1) link fields, defined on the link between the

neighboring sites x and x +1, ®D(t, x), Ui (t, X) and Vi (t, xX) are defined at time steps t +
At, t+ 2A¢, .. .;

Conjugate momentum fields: II(t+At/2, x), F (t+At/2, x) and E(t+ At/2, x), are defined
at time steps t + At/2, t + 3At/2.

1

Ui(t,7) = exp ( _ %gA:BJ“VV{’) D;® = Az [Ui(t, z)Vi(t,z)®(t, z + 1) — P(¢, :L')]
1

: Do® = — [Uy(t, z)Vo(t, z)®(t + At, z) — B(t, z)].

Uo(t,$)=exp(—%gAtaaW61) 0 At[ o(t, z)Vo(t, ) ®( z) — B(t,z)]
B i O(t+ At,z) =P(t,z) + AtIl(t + At/2,x)

Vi(t,x) = exp ( - §gAxB,;) 'y

: Vi(t+ At,x) =-g' AzAtE;(t + At/2,x)V;(t, x)
Vo(t,z) = exp ( - 3gAtBo). 2

’ 2 U;(t + At, z) =gAzALF;(t + At/2,z)Us(t, z),
Temporal gauge leapfrog

U0 (t, x) =12, VO (t, %) = 1

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102
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Field basis equation of motion Lattice implementation

I(t + At/2,z) =II(t — At/2,z) + At{ﬁ 3 [Uilt, 2)Vilt, 2)@(t,  + i)

agq) =D,;D;® — L@’), oU
do —20(t,z) + Ul (t,z — i)Vl (t, 2 — 1)®(t, z — 3)] — W}
ang = - asz'j + g' Im[@TDiq)], g
Im[Ey(t + At/2,z)] =Im[Ey(t — At/2,z)] + At{EIm[QT(t, T+ k)U] (t,2)V] (t,z)®(t, z)]

RW = — Wi — g™ WEWS, + gIm([®10° D, 9], . o
PGSR OVACERDIACE

000, B;—g' ITm[®19,®] = 0,

+ Vilt,z — ))Vi(t, 2)V; (t,z + k — i)V (t, = — )]
Bo0;Wi+g e WP0WS — gIm[®T5*9y®] = 0. ‘ ‘ }

Trlic™ Fy(t + At/2,z)] =Tr[ic™ Fy(t — At/2,z)] + At{ AixRe[@(t, T+ k)U(t, 2)V] (t, z)ic™®(t, z)]
1

A > Trlic™Us(t, 2)Us(t, = + k)UL(t, = + i) U] (¢, 7)

+io™Uk(t, &)U} (t, @ + k — ) U] (t, 2 — ))Ui(t, @ — i)]},

Finite-T Veff Nucleation Expansion&Percolation
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I 200

PT temperature (T )
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400

I U U HP U S S TS S S S PSS S 500 (SN
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h
Finite-T calculation Lattice Simulation

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102

500
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. . oV . . U,V, Z m

Zi+0;(Z;iVI)+ 0ip+ 0ip = —nW (¢ +V?0;¢4)0;¢ t
10J0) L
) OV .

equation of state e(T,¢) =3aT" +V(¢,T) — T o,

V 1is the fluid 3-velocit
p(T,¢) = aT* - V($,T) g

- ; _ S
fluid momentum density 7, — W (e + p)U; Ul=WV !, W: relativistic y-factor
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m Higgs&GWs

three generations of matter

Standard Model of Elementary Particles

interactions / force carriers

@  SM+Scalar Singlet p—— et . , ,
-\ = Bruggisser, Harling, Matsedonskyi, Servant,18,
Profumo, Ramsey-Musolf, Wainwright, Winslow " w j; ) j @ | © Bian,Wu,Xie 19, Bian,Wu,Xie 20,...
° . . u charm to luon higgs
14, Bian, Huang, Shu 15, Cheng, Bian 17, Bian, -~ °= p )
Tang 18,Chen, Li, Wu, Bian,19... ‘@ MO @ | + g NMSSM
L down L strange bottom photon ) w
@  SM+Scalar Doublet “rsituere | (<imoenene | (irmon | (Swoere ) g 24 Bi1, Bian, Huang, Shu, Yin 15, Bian, Guo, Shu
' @ . M @ 2 g s ’ s ’ ) 9 s
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Bian, Jiang 17, Bian, Liu 18, Huang, Yu, 59 L@ | W gé ¢ SMEFT
18, cee ﬂ | :'::ttrl;:: J nmxmno | neutdno J LW boson y S§
@  SM+Scalar Triplet Cao, Huang, Xie, & Zhang 17, Zhou,
Zhou, Cheng, Deng, Bian, Wu Bian, Guo 19, Cai,Hashino,Wang,Yu,22...
18,Zhou, Bian, Guo,Wu 19, Ramsey-
Musolf etal 21, Zhou,
Bian,Du,22,...
1m? 1m
Double Higgs Production AZ = —E—h(l +8K3)h° — g—(l + 8ky)h* 0
Many Colliders in the Horizon at Colliders Workshop
10"
The Road Ahead 10 Bl 68%,95%CL(combined with I?ILFHC)
HL-LHC:14TeV(3ab™ ).mt(‘s and distributions 10
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2015 2025 2035 2045 2055 CLIC:+Zhh at 1.4TeV
Wikipedia Year CLIC:binned My, in vvhh(4bins) 102
e —— ILC:500GeV (4ab~1)+1TeV(2.5abY) 107 100 100 104 102 e - T -
£ Fermilab -=-= ILC:500GeV (4ab™")+1TeV (8ab™") Frequency | Hz

SNR > 10 for

and one-step SFOEWPT
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@  Composite Higgs

C J Moore et al. Class. Quantum Grav. 32 (2015) 015014.
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PHYSICAL REVIEW LETTERS 127, 251303 (2021)

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 Dai ,15 Yi Feng ,16 Boris Goncharov ,11’12 George Hobbs,17 Eric Howard® ,17'18 Richard N. Manchester ,17
Christopher J. Russell ,19 Daniel J. Reardon ,12’20 Ryan M. Shannon ,12’20 Renée Spiewak ,21’20
Nithyanandan Thyagarajan % and Jingbo Wang 2
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LIGO-Virgo O3 LI #UEIR & PeVEEIR—F1EZE
Romero, Martinovic,Callister, Guo, et al., Phys.Rev.Lett. 126 (2021) 15, 151301
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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

RERB+ IR EY

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

NN
y fieupi

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]

pdf & DOI = cite #5: ;ﬁ*ﬁﬂ _I_E#i: %i%@ 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]

2o 2

pdf ¢ DOl [= cite %) 125 citations

15/22



M H3E

Type-a

0, (o))

27nd 1st

0 ((h), 0) h

1 1 1
Va(¢’ ha T) = é(ru’é + C¢T2)¢2 + 5)\h¢h2¢2 + Z)‘¢¢4

1
+ —(=p2 + e, T*)h? + Z’\hh4

L
2
Cp = Ao /44 Ao /3

cn = (2mZy+m%42m?)/(4v?)+An/2+ Ang /12

s/TO

0.0

K

0.0 0.5 1.0 1.5 2.0 2.5

16/22

h/TO



1.2 2.00
175

Type-a
| /2 [1 -t ()

1.25 h(t = 0,r) =

6o “ 0.75 ot =
0.50

0.2
0.25

0.6 W z -1.oo§
0,7) n¢/2[1+tanh(rzR0)]

00 25 50 75
t/R

/R« = 0.004

A -

t/R* = 0.004
200 AT .
e ——
y P _‘ .
-/(’A l - T——
100 « ‘ - ——
- 3
g d
//‘ ]
0o A | 1.0
< | /|
\ T~ | '.' 0.8
L T 4 |
200\ T / .'
i T — / | 0.6
L — ,
'I ) -_‘r |' 1
1 - | 1
¥4 L ] f 0.4 ¥4 L
". R S | lu
100"r~ | - ‘|' 100
| | . 0.2 !
1 | / \
\ /" ¥
ol | 0 \
/ oL/
o | / “~
- / 0 /
—~ / . /
T | /'/ \\'J‘\. z’/
100 ~ |/ 100 /
~ | / ~ /
) 4 ) // X 4 I //
200 V 200 T~ J/

Zhao, D1, Bian, Cai,2204.04427

17/22



3 [y solid: both
J|S
a5 dash-dot curves: h
¥ — .
o i) > dotted curves: ¢ ..
ac IR AROY 2otk C .
é .\.:‘_.u £ | ................................. J
._O, - - ..... l T L L LAY LT LT LT Py l o
5 ey g | |
8 —6 " | |
o —-= /R =16.59 I
—= t/R* =4.39 i
== tjR* =2.22 |
- : ! : : el
0.5 1.0 1.5 2.0
Ioglo[kR * ]

18/22

Zhao, D1, Bian, Cai,2204.04427



XENIRNA D —F1H3E
@ Zh@ILC/CEPC

1

Vo = —p?|H> + N H|* + 5

4

Vest (h, T) = Vo(h) + Vg™ (k) + Ve (h, T) + Vi (B, T)

1
1282 + Ags|H|2S% + =XgS4

Nonperturbative Ay required to avoid -
-2 negative runaways (tree—level)

200 400 600 800 1000

mg [GeV]

Curtin, Meade, Yu,1409.0005

0.100f
0.050|

OQhzz = Ghzz / gg‘z -1

1.x107%}
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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
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@ Off-shell Higgs@LHC
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Goncalves,Han,and Mukhopadhyay, 1710.02149

See also: Lee, Park,and Qian, 1812.02679
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Probing the Higgs Potential shape and EWPT patterns
with GW production and Colliders complementarily

»»Lattice simulation

e PT GW and Electroweak sphaleron simulations
* Topological defects: Magnetic monopoles, cosmic strings, domain walls

Axion string-wall ongoing project with R-G Cai and J Shu
&
“*Pheno

1. Baryon Asymmetry of the Universe and GW from FOPT

* Sphaleron process, bubble velocity

2. DM and GW from FOPT

* DM and high/low-scale PT, DM out-of-equilibrium & FOPT, PBH DM&FOPT
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I. Thermally (BEC) Driven IIA. Tree-Level (Ren.) Driven

N N
g 2 2\ h 2 2,312 4 g 2 3 4
2+ (-~ +cT)h - T (") +h = +h- ~h +h
- a
< v
Z 2
2 3
&= =
= 163

Higgs Field [ h | Higgs Field [ h |

IIB. Tree-Level (Non—-Ren.) Driven III. Loop Driven

S S /
= = +h* Log[h?)
= - - =
- +h- -h?* |+h [
A o +h’? ~h*
v L
= 2
3 3
& =
= =

Higgs Field [ h ] Higgs Field [ h |

Chung, Long, Wang, Phys.Rev.D 87 (2013) 2, 023509
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-~ Bubble collisions

Quh? = 1.67 x 107° <£>2( K )2 (100)1/3( 0.11v} ) 3.8(f/ fonv)?8
o 8) \1+a) \g ) \042+07) 1428(F/ foun)?®

k fr ncy: _ 6 ( T, g« \'/6
peak frequency fore =165 x 107 ( =5 ) oo (100) Hz

~  Sound Wave

Q2 (f) = 2.65 x 10~8(H,7 )(ﬁ)—lvb(n,,a )2(9_*)—%(f>3( - >7/2
SW . *x T sw H 1+« 100 fsw 4+3(f/fsw)2

phase transition duration: Tow = MVIN [HL 3_] H.R, = v,(8m)Y/3(B/H) ™
Root-mean-square four- 2 . 8 K
velocity of the plasma: T 41+«
eak frequency: f —19><10‘5’81 L (g*)%Hz
P HqHeney. w = H v, 100 \100

> MHD turbulence
Qh2,, (f) = 3.35 x 107 (%) o (f’:—a)

5B 1 To [ gu\s
oy = 2.7 x 1070 ( ) H
peak frequency fourb X H v 100 \100 z

11

(g* )_%’U (f/fturb) (1+f/fturb) 3
100/ " [1+8xfao/(a.H,)]

[ ][V
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