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STRING THEORY ELECTROWEAK BARYO®ENSIS 10—3
> 3 spatial dimensions = Baryon number violation (sphalerori) v

= Curled up? Size scale? = CP violation (e.g. EDM 1eutron) L " t f f
= Deviations from Newton's /aw = Thermal non-equilibriura :

8 9 10

o
)
=S
o
o)}
-l

Baryon-to-photon ratio 1) x 10719

The Gravitational Wave Spectrum

BARYOGENESIS (E.G. GUT) | / PRIMORDIAL NUCLEOSYNTHESIS PRODUCTION OF HEAVY Quantum fluctuations in early universe

= Baryon number violation How many neutrons available for ELEMENTS " &

= CP violation nucleosynthesis = Supernova explosions

= Thermal non-equilibrium = Coupling constants = Nuclear physics in neutron
= Lifetime rich stars

S A S S S S | S | § S S S

Big Bang 10*“sec 10~*sec 10"°sec 10°sec 100 sec 400,000 years 10 billion years 13.7 billion years

Binary Supermassive Black
Holes in galactic nuclei

Nd ~
L 4
g I jJ IE Compact Binaries in our

Galaxy & beyond

Source/

Compact objects

captured by Rotating NS,
Supermassive Black

Hol Supernovae

iy iy oles & 2

wave period age of A?EEGZ S
2 universe years hours sec ms [

B o e e .

log(frequency) -16 -14 -12 -10 -8 -6 -4 -2 0 +2
ReeiniAT  FRSSMEE  mAEATIEE
Cosmic microwave Space Terrestrial
background Interferometers interferometers

polarization

Detectors

Rk EREFHRT LISA,RZE, X HATFH5INERXE (LIGO)
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BSM for FOPT GW

PTA,LIGO,LISA,TianQin,Taiji,...
Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions)
| 1} 1l
s 2 Mevi = 1.28 Gevict =173.1 GeVier ‘o =124.97 Gevie?
chage | 3% #* % 0 < 0
oo (@) J - @& |IF@ || o H
. up charm J top gluon higgs
\ \ )
Particle —=
4.7 Mevic? =96 Mevic? 4,18 Gevic? 0
hysics model (2 re e e
p . down strange bottom photon
| | \ J
RE—

=0.511 MeVic? = 105,66 MeVic? = 1.7768 Gevic* ;nl 19 Gevier

=i -1 = 0 -

‘'@ |'® |'® || ®
electron muon ‘ tau J Z boson

R . “ 7
1 e 80.39 Gevier

o BOSW S 8 |

GAUGE BOSONS

2]
Z |<roevic <0.17 Meviet <18.2 Mevic? B sevi
O o 0 o >
LW (W | ® | w
w electron muon tau
~J |_neutrino j| neutrino neutrino kW boson )
4 N\
(" h e R

PT parameters
GW power spectrum LISA sensitivity

Effective action — 3, H.
| Numerical simulations — | Conﬁguration + noise level —

h2Qcw (f; He, @, B, vw) P*Qsens (f)

Energy budget — a, k(a, vw)

Bubble wall dynamics — vy

Lattice simulation
Thermal field theory

' ’ ’ _ ! ' . . .
04| — =0 | Signal-to-noise ratio
| — T=Tn |

02 7\. —— T=TC f_
- — T>Tc |
.l SNR
< \ e Py /
> oof \ Va - S /

\ y /; \\ /
-0.21
-300 -éOO —1‘00 O ‘I(‘)O 260 300
h

Chiara Caprini et al JCAP03(2020)024
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FOEWPT&Higgs physics

SM
T o —T=0
|
0! \ ~— T=50 GeV
i \ ~— T=90 GeV
03] \ — T=120 GeV
S .
050\
-10¢ _
~15¢ —— *
=400 -200 0 200 400
h
04! — T=0
| — T=Tn
— T=Tc
027
~ — T>Tc
= ,
£
> |
004 \
3 . TUnneIing B
-02¢F
=300  -200 ~100 0 100 200 300

Higgs announcement seminar on 4 July 2012

Grojean, Servant, Wells
05, Huang, Jokelar, Li,

Wagner 15, Cao,
Huang, Xie, & Zhang

17, Zhou, Guo 19
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Beyond SM models for FOPT

m Higgs&GWs

@ SM+Scalar Singlet s"'"’".."..'f..;";;.'.‘.’le"""""‘...._" = @ Composite Higgs
Bian, Huang, Shu 15, Cheng, Bian 17, Bian, Tang : Bian,Wu.Xie 19, Bian,Wu,Xie 20

18,Chen, Li, Wu, Bian,19 1 7_) f_J 3. [ g NMSSM
@ SM+Scalar Doublet .}, ® ; @ |
Bi1, Bian, Huang, Shu, Yin 15, Bian, Guo, Shu 17

Bemnon, Bian, Jiang 17, Bian, Liu 18 \
@ SM + Scalar Triplet ‘®'®|'® If: @ SMEFT
- Zhou, Bian, Guo 19

Zhou, Cheng, Deng, Bian, Wu 18,Zhou, Bian, Guo,Wu 19,

i

i||{ e

fe!

le
NSH +§ =

GAUGE BOSONS

LEPTONS

Zhou, Bian,Du,22

[Double Higgs Production] o _ 1™y L send 1™y 4 s nt

Many Colliders in the Horizon Iat Colliders Workshop 2v ' 8¢ "1 -
The Road Ahead - S0 0 Clcombined with HLLNC) a -
/ .
// 1 b ‘ =
‘/,.— 2
e MLAMG  FOC (on, b, oh) e
R :
2015 2025 2005 2045 2055 -
W Yoor > CLIC bimaen] My i snbA( 41 "
I|ﬂplﬂ a Maras Siae ’ —_— I; ;ull-\’l..‘ : + 1 TA(2 Sy " " " " - " o " -
O Fermiad e B O | 3 e s
Macen i éKs C J Moore et al. Class. Quantum Grav. 32 (2015) 015014.
SNR > 10 for and onc-«top SFOEWPT

PTA,LISA,TianQin,Taiji,LIGO,...
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One-step FOPT

PHYSICAL REVIEW LETTERS 126, 251102 (2021)

Magnetic Field and Gravitational Waves from the First-Order Phase Transition

Yuefeng Di, Jialong Wang, Ruiyu Zhou, and Ligong Bian )
Department of Physics, Chongqing University, Chongqing 401331, China

Rong-Gen Cai'
CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences,
P.O. Box 2735, Beijing 100190, China,
School of Physical Sciences, University of Chinese Academy of Sciences, No. 19A Yuquan Road, Beijing 100049, China,
and School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study,
University of Chinese Academy of Sciences, Hangzhou 310024, China

Jing Liu*
School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study,

University of Chinese Academy of Sciences, Hangzhou 310024, China
and School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

Nucleation Expansion&Percolation

v

100 100

l 200

200

F PT temperature ( T+ )
§ duration ( B ) \
strength ( a) 300 300
400 400

e 500 200 1 T
=300 =200 =100 0 100 200 300 0 100 200 300 400 500 100 200 400 500
h
Finite-T calculation Lattice Simulation
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Lattice EW field foundation

@(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 +1i1, ®©(t, x), Ui (t, x) and Vj (t, x) are defined at time steps t +
ALE T+ ZAL ...k

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.

| ™ | |

Ui(t,z) = exp ( - ;gAzo“W,“) e ad Az Uit 2)Vilt, 2)®(t, z + ) — B(t, )]
1

' Dy® = Up(t,z)Vp(t,z)P(t + At,z) — ®(t,z)|.
Us(t, 7) =exp(— %gAta“W(;’) 0 At[ olt,z)Vo(t, z)®(t + At,z) — B(t,z)]

' O(t + At,z) =0(t, z) + AtII(t + At/2,
Vi(t, z) =exp(— ;gAxB,) (t + At, z) 1( z) + (t + At/2,z)

: Vi(t + At, z) =-g' Az ALE;(t + At/2, z)Vi(t, z)
Vo(t,z) = exp ( - igAtBo). -

2 Ui(t + At,z) =gAzAtF;(t + At/2, z)U;i(t, z),

Temporal gauge leapfrog

Uo(t,x)=12, Vo (t,x)=1

D1, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102
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PT process simulation

Field basis

O2® =D;D;® — 2\(|®]2 — n?)® — 3(®T®)2® /A2,
0iB; =—0;B;; + ¢ Im[®'D;®],
RWE =—0 Wi — g WEWS, + gIm[®16°D;®].
000, B;—g' Im[®T9y®] = 0,
Bo0; Wi+g e W28 Wy — gIm[®T 00, @] = 0.

100

200

300

400

500

Lattice implementation

TI(t + At/2,z) =TI(t — At/2,z) + At{ﬁ 3 [Uilt, ) Vit 2)0(t, 3+ 1)

- 20(t,2) + U] (t,z — i) V] (t, 2 — §)®(t,z —0)] — %}

Im[E; (t + At/2,z)] =Im[Ex(t — At/2,z)] + At{ A’;;Im[qﬂ(t, € + k)U] (8, 2)V] (t,2)®(t, z)]

2
e PR CRIACER VA CERDIACE)

+Vilt,z — Vit 2)Vi (tz + k— i)V (¢, 2 — i)]}

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

A > " Trlio™Uk(t, x)Us(t, = + k)UL (¢, = + i)U] (¢, 7)
i

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

100

200

3001

400

500

0 100 200 300 400 500

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

oo 100
hij — V2hi; = 167rGTgT ------ B R T T e
-1 A
10 p i
P,
1 i 10~ g
Ty = 6,810, — g,wiRe[(Bi@T 0'®)?| o
%10_3- --- Total
(hET (k,t)hLT (K1) = Py (k,t)(2m)*5(k + K) 10745 } — :'ag"e_tic
------ otential
40 1 13 10 I —.— Gradient
TEW . _ --- Kinetic
din(k)  327Gp. 2m? Fi,(k, ) 1075

0 250 500 750 1000 1250 1500
Time steps

. | : 10-7
10 ! :
L
e : ! : 10-°F
107°
R- Lw
c‘39]_0—10 _______ f_]_ 13 i i 10-1}F
N f2'5 P b R N \.\ I I
5 el rca . . T i | 3
(L 10 /5/” f_ 1\11 \\ 1 1 10—13
S ,;'f3 _______________ S AN I E 2
w* o / e B ol \\_ ~ N 1 a \ B,
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& . /:/a . e ] m /' ——T=0.1TeV, pH,=10?
~ _—— = 10-8 - - _ 2 % Y eT= =
10-13 - =10, t/R. =1.31  wx =298, vw=0.94 e D T=0.1 TeV, A/H. 1?
-<~ pg=1078, t/R« =i2.62 — -10(5\\ /  ~T=05TeV,pM.=10
L = -9 = 10-17 } < «.1=0.1 TcV,ﬂ/H.=102
10-14 Pp=107"UR. =145 yx =4.84, vw=0.98 - .T=0.1TeV, B/H.=10
—-- pg=1079% t/R: =12.42 : :
T T T ™TT"T"T ..| T T T™TTT"T"TT 1 1 T T 10—19 L L L
1071 10° 10t 10-5 10-3 0.1 10 1000
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V13
v+»= R« /(2Rc) R, = (Fb)
Di, Wang, Zhou, Bian*, Car*,Liu*, Phys.Rev.Lett. 126 (2021) 251102
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2-step FOPT DM & EWBG

WIMP DM+EWBG

WIMP DM+FOPT

CxSM lJiang, Bian*,Huang,Shu 16,
Chiang, Ramsey-Musolf, Senaha
18,...

S
-
: Two-step FOPT

T YII ----- -— T i
of Wl_5g 0 2).(0.0.0) \
100 Tn QO sor |
D M ~2.0x107} D “l T
X e — &“,”} |
o = ol of ’
One—step % /‘ ° .\ 7 < ° ° Y ° o e (] % ¢ l| TC‘
<) (D -6.0x107f : \ K
= = z 40t
two-step ¢ > z |
-8.0x107} : |'
= A ;
BAU -50} -1.0x 108} 2 L 20 T
0.6 : 8 (on h ..f
0.8 g? a )
-1.2x108} : < z ok , , : .-
~100} : ] /] 0 50 100 150 100 150 200 250 300
-0.5 0;;)2 0.5 T(GeV) h

Jiang, Bian* ,Huang,Shu 16 SM+2 real scalars
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Two-step FOPT potential

Type-a

1.0} .
¢
 ©0.(¢)) oel
I
06}
) (=]
e ((h), 0) I g

04f

1 1 1
Va(o, b, T) = (13 + cT?)$% + S Angh®9? + = Ay
2 2 4

1 |
S 3 5(—,11% S ChTz)h2 + Z/\hh4

Co = Ap/4+Ane/3
Eh = (2m%,v+mzz+2mf)/(4fv2)+Ah/2+Ah¢/12

0.2}

0.0} _
0.0 0.5 1.0 1.5 2.0 2.5
h/TO

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

Type-a
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|
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Zhao, Di, Bian*, Cai*,2204.04427 (PRL under review)
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Two-step PT with the second-step being FOPT

=,
e solid: both
= [y
S
° o dash-dot curves: h
5 =5
gl b dotted curves : @ .~ |
ac PO A L O 0 . .." .
T e T 0 s .
._O, ; I L o XY ETTTL LI AL et L LT R l o
— P LI et | |
o)) 00 T .
= —— t/R* =16.59 :
—= HR* =4.39 i
—-— {R*=2.22 |
it : ] : : |
0.5 1.0 1.5 2.0
Ioglo[kR * ]

Zhao, Di, Bian*, Cai*,2204.04427 (PRL under review)
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Two-step PT with first-step being FOPT

Type-b

Without Global U(1)

Vet T 04

¢

(0,{¢))
2nd

1st

»®
((h), (&)

0

=y

Veet (¢, T) = ag*(log||¢|? /v3] — 1/4) + bT?|¢|?

1 1 A
Vatr(o,h,T) = §C;LT2h2 e Z)\hh4 _ th2¢2

¢, = (2m3,+m%+2m?)/(4v?)+ An/2+ A, /24
(h) = /(\pm? — 2¢,T?)/(2)1)

Classical conformal + Dimensional transmutation

vvvvvvvvvvvvvvvvvv

vvvvvv

- t=7/TO
- 1=35/T0
— t=140/T0

.........................

vdvTo?

Zhao, Di, Bian*, Cai*,2204.04427 (PRL under review)

15/23

0. 20— T T
0.15F
0.10k — t=7/T0
0.05t t=35T0
— t=140/T0

0.00f

-0.05F

-0.10}

-0.15EF




Two-step PT with first-step being FOPT

Type-b

Without Global U(1)

100

100

0,25 ¢(t=0,7) =ng/2 [1 ~far (r Efo)]

e | UB) = /PP —26,T2) [ @%n)

0.8

0.6

0.4

0.2

t/R «
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Two-step PT with first-step being FOPT

Type-b

AdQg ]

(H+R+Q,,0)? dink

logiol

Without Global U(1)
o | |
R* Lw :
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N
|
solid: both |
|

dotted curves: h i

._.. i
—4 - A k.
dash- dog_c,urt{gs I(p L 1%
e .I--" ‘.’..!
| =Rt =12.12 -
s YR® =471 R
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0.0 0.5 1.0 1.5 2.0
log10[kR *]

Zhao, Di, Bian*, Cai*,2204.04427 (PRL under review)
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\'\gravltational waves generated via cosmic string : U
-- i"”"'i""""{""“' T H

. . T.W. B. Kibble
King, Pascoli, Turner, and Zhou, Phys. Rev.Lett. 126, 021802 (2021)

FH 52 51 J1 R

Phys.Rev.D 30 (1984) 2036

Yann Gouttenoire et al JCAP07(2020)032
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Cosmic string simulation FOPT

CS: SSB of U(1) symmetry The one-dimension topological defects: cosmic string

7 \

0=n/2

Potential U _

T. W.B. Kibble

Estr of the string network is
essentially the typical bubble
diameter for SFOPT???

FIG. 1. Three bubbles of the broken symmetry phase (p=17) st. J_Phys., 0,697-72
colliding. If the phase change of the scalar field around the loop é%ys'ﬁev}'ﬁ 4199%7964’) adfos0

y is £2m, a string (or antistring) is formed. If the phases «, are
ordered, then the requirement for a string is a, + 7 <a; <a,+ .
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Cosmic string simulation FOPT

With Global U(1) Motivated for strong CP and axion DM
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Zhao, Di, Bian*, Cai*,2204.04427 (PRL under review)
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Global string from FOPT

Type-b

With Global U(1)
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Related topics

< Lattice simulation

 PT GW simulation with holography models
* Topological defects: Magnetic monopoles, cosmic strings,
domain walls

“*Pheno

1. EWSB and GW from FOPT

* Probing the Higgs Potential shape and EWPT patterns with GW
production and Colliders complementarily

2. Baryon Asymmetry of the Universe and GW from FOPT
* Sphaleron process, bubble velocity

3. DM and GW from FOPT

* DM and high/low-scale PT, DM out-of-equilibrium & FOPT,
PBH DM&FOPT
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