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Standard Model of Elementary Particles

three generations of matter

interactions / force carriers
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Is the Standard Model complete?

Experimental Evidence?

Dark Matter
Baryogenesis
Neutrino masses
Origin of flavor

Search for New physics

Theoretical completeness/Beauty?
Cosmological constant

Hierarchy problem

Strong CP problem

Grand Unified Theory

Quantum Gravity
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The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Beyond Standard Model theory

QFT Thermal QFT

Collider
phenomenology

Equilibrium

thermodynamics

Perturbation
Or Lattice

Bubble nucleation
&hydrodynamics

£ \/

Gravitational waves Baryon asymmetry




Dark Matter
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How to explain the Baryon Asymmetry of the Universe?

The three Sakharov conditions
for Baryon Asymmetry???

Nobel Peace Prize in 1975



BAU&CPV

CP violation arises naturally in the quark sector of the Standard Model. It’s been
observed in K, D, and B mesons. But that’s not enough!!!

( Ly
C7Ci3 $12C13 S;3€
CKM matrix: _i5 _is
—815Cy3 —C1p8p3813€ 7 CpCh3 — 815853836 $23C13
i —id
812823 —C1pCp3813€ 7 —CpCh3 — 8156538136 7 CpsCys .
The 1invariant phase using Jarlskog invariant
. 2 2 2 2 2 2
Jekm = (m? — m2)(m? — m2)(m? — m2)
2 2 2 2 2 2
X (mp — mg)(my — mg)(m; — my)K,
x\ /%
K =ImV;Vj Vu VJ, 51 $»$3C1CoC3SIN 0

Jexm _ ¢ 02
7 12

C

< 107! Tc is the SM cross-over temperature



BAU& CPV

Baryon Asymmetry Collider Searches
» 4 .
Early universe CPV |4 BSM CPV L1 Particle spectrum; also
SUSY, GUTs, Extra Dim... Scalars for baryon asym

! A

EW Scale Operators
LefT — Z AfzL O
BSM Energy
I Scale

Had Scale Operators
Leff — Z C<HO> Ol

2
A BSM

QCD Matrix Elements 'I’Nuclear & atomic MEs

d , gy - Schiff moment, other P- &
T-odd moments, e-nucleus

CPV

Engel etal, Prog.Part.Nucl.Phys. 71 (2013) 21-74



BAU& Electroweak Sphaleron
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N _ _ g22 d3 2 ijk Tr |8:AA g AAA L .: pl\llregaugc 1
cs = 1672 X <€ iAj k+l3g2 inNAKk| 15 050000 |
g]? 3 ijk 20—
— Uk 9.R. 20— .
ncs = ~1pn2 / d°x e 0;B;jB, |
1, 1 Bl ]
A — UAUT + —(8iU)U, =
g2 -0 g :;?lrllg?a‘lilonical |
6Ncs = 5 4';2 / d*x Tr [(B;U)U_l(ajU)U_l(é?kU)U_l] e’k sl = peruative |
_ log[aH(T)/T] —
The Standard Model already contains a process that violates B-number. It is N S S N T—
130 140 150 160 170

known as the electroweak sphaleron (“sphaleros” is Greek for “ready to fall”). T/ GeV

Lattice result, | Tc = (159.5 &+ 1.5)GeV |, Phys.Rev.Lett,113, 141602 (2014).

E
T™ x5 6 x (18 £ 3)ad, T,  TPK ~ Tlexp(— ;i’h)

Klinkhammer & Manton (1984); Kuzmin, Rubakov, & Shaposhnikov (1985); Harvey & Turner (1990)
but also identified earlier by Dashen, Hasslacher, & Neveu (1974) and Boguta (1983)



BAU mechanism

Popular Mechanisms

*Leptogenesis — BAU related to the origin of neutrino masses

» Electroweak Baryogenesis — BAU created during Electroweak
phase transition

 GUT Baryogenesis — BAU from B-violating decay of heavy
GUT stuff

*Affleck-Dine — BAU from rolling scalars carrying B charges
*Hidden Sector Asymmetric Baryogenesis — BAU in an exotic

sector related to dark matter



Key Events in the early Universe

Reheating Hadrons BBN
Inflation QGP EWSB form
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Event time t  redshift z temperature T
Inflation 1073 s = -
Baryogenesis ? ? ?
EW phase transition 20 ps 1018 100 GeV
QCD phase transition 20 ps 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling ls 6 x 10° 1 MeV
Electron-positron annihilation 6s 2 x 10° 500 keV
Big Bang nucleosynthesis 3 min 4 x 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75 eV
Recombination 260-380 kyr 1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.7 Gyr 0 0.24 meV
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BAU& Non-equilibrium

HISTORY OF THE UNIVERSE

Accelerators

Siz

t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 1071 joules)
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The concept for the above figure originated in a 1986 paper by Michael Turner.
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Bubble wall velocity with the EW plasma

Boltzmann equation which dictates the time evolution of the particle distribution W

dfa - 7
é = Oifa + T 0zfa +p-aﬁfa=0[fa]7 (a)

The fluid ansatz for the distribution function is written as

~ f.— f'6X 2 _ 1 ) dfy
f f’U f06X+5fU+0(5f )7 fv— e:B'Y(E_'UPZ)j:]_, fv=W7
6X = p+ Byé61(E — vp,) perturbations from equilibrium

w: chemical potential, dt: temperature perturbation, ofy, - the velocity perturbation

The force and group velocity

op.  E “2mE. P:T 9,7 " 2E 2FE, ’

z =

ow  p, m26’ . Ow (mz)’+s(m29’)’ (b)

 is the energy of the WKB wave packet and E % = p?, +m’

Inserting the force and group velocity of eq. (b) into the Boltzmann equation (a), we have

2\/ —
[% 5, - ) 34 (fo - £16X +6£.) = Clf)

PHYSICAL REVIEW D 102, 063516 (2020)



Bubble wall velocity with the EW plasma

With q = (u, dt, u)T , the transport equations take the form

A,q"+Tq=5, I': the collision term C in the above equation

cyt oG DY
Ay = [ Gl y(CoH —0Cy)?) DO,
03 (0} ~vC3?) D}

Integrals of the particle distribution functions.

(m2)’ Cy°
LAy XN Source term

The Higgs EOM 1n the presence of out of equilibrium particle populations

Wenr(9,T) | 5~ dmi [ d’p 3fip.x) _

E, =01
h=Ue+ = ~ dp | (2r)3 2E
M, = / dzEyh'dz = 0, The total pressure on the wall should be zero
Mo = / dzEn R [2 h( z) _h ] dz = 0 An asymmetry in the total pressure between the front
2= h 0 ' and back of the wall should be zero

h(z) = % [tanh (Li) + 1] Bubble profile
h



EWBG with the EW plasma

Boltzmann equation (v40, + F8, ) f = C[f] v, = 22
CP-violating complex mass term m(z) = m(z)ei759(2) (m? (0

s ,
2E, ' MJEE,.

B=He + SkoHo>
Of =0fe+ k,0fo-

Transport equations  Aw' + (m?)Bw =S + 6C,

collision terms

w=(p,u)!
(D11 [~ w@1 0
A= (_DZ R)  B= <_vw7wQ2 R) ’
Source term S= (Sy, S»)T She = VwYwS$ [(mzel),Q?O - (mz)/mzengo] ’

chemical potential for left handed baryon number B, = %(1 + 4D e, + %(1 +4 Dg) Lo, + 2 Df s,

405 Tspn
B 47T2'Uw'7wg *

Baryon asymmetry B T / dz uB; fsph e—45Tspnl2|/ dvw

VEV- insertion source tends to predict a larger baryon asymmetry than the WKB source
by a factor of ~10.

Phys. Rev. D 101 (2020) 063525



Methods for PT dynamics study
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Perturbative Veff Perturbative Veff e Monte Carlo
4d approach %) 3d approach Rl SIWEWERY cimulation

Thermodynamics of PT




Effective potential at zero temperature

Action Sl9) = [ d'aL{s()}
The generating functional (vacuum-to-vacuum amplitude):
217 = Oout | 0u); = [ dbexpliSlel +6i)} 65 = [ d'o0(@)i@
The connected generating functional W[j] defined as:

Z|j] = exp{iW[jl}

The effective action I'[¢] as the Legendre transformation:

) oW
M@ =wiil- [ i) 8@ =
6Tlo awio - 5
D w s

bl g
09 |j=o




Effective potential at zero temperature

Expand Z[j] (W[j]) in a power series of j, to obtain its representation in terms of Green functions G¢,) (connected Green

functions G)©)
Zj] = Z /d4x1 d'znj(z1) ... §(2n) Gy (21, .. ., Tn)

S . . ;
W] = Z - /d4x1 drzaj(z) o J(@n)G (21, .- ., T0)
n=0

The effective action can be expanded as

I'g] = Z % /d4x1 cd*zad(zy) ... p(x,) T (24, ..., 2,)

I'® are the one-particle irreducible (1PI) Green functions

Fourier transformation

n _ d4 4 ¢(4 n
I )(17) = /H [(2 )4 exp{zpz:cz}] (27!‘) 5( )(pl + - +pn)r( )(P)

o(p) = / d*ze "P* ()

F[&] - Z / H [(C;‘Z))tl d;(_pZ)] (27(')45(4) (pl + - +Pn)F(n)(p1, ces ,pn) (1 )

n=0 1=1



Effective potential at zero temperature

Translationally invariant theory, with ¢c being constant a(m) = Q¢
Define the effective potential Ves({ec) as ]_"[¢ c] - — / d4 Vost ( ¢c) (2)
Using the definition of Dirac 0-function 8@ (p) = ((2141):4 e~
T
We get Bo(p) = (27)*$:6™ (p).

Inserting into EQ.(1), the effective action for constant field configurations recast the form of

[ = 3 L or@mEOOr® = 0) = 3 Lgrr™p — 0 [d= ©
n=0 n=0 ~
(2.3) ™ Vett(¢c) = — ;::O —OTW(pi=0)  (4)

Expanding in powers of momentum, about the point where all external momenta vanish

6] = [ d'a|~Via(@) + 50,5120 + -+




Effective potential at zero temperature

An example

Tree-level potential Vo= Lm2g? + gt
2 41 P p S
3 + HEE 3 ; +
_________ ’ "7'."/ .,‘_-_‘_{Z......
In momentum space the scalar field is ¢.(p) = 2n)*$54(p)
Recall EQ.(4), we get one-loop potential: Vi(de) = ZZ / (d4p4 1 [ Ap? 42 ]n
2m)4 2n | p2 — m? + ie
i [ d' A2 /2
"2/ Gy B [ p? —m2+i6]
. . 1 [d'pg Apz/2
After Wick rotation: Vi(de) = 5 G log |1+ 7+ m?
p’ =g, pe = (—ip",p), p* = (0°)° -9 % = —p
R . - g d4
1-loop effective potential is Vi(de) = = 2 log [p2 4 mz( ¢C)] (5)
shifted mass :
d*Vo(¢c)

2 2 1 2
Ver(de) = Vo(de) +Vi(ge)  mi(60 =m*+ aat = 00



Effective potential at zero temperature

An example

With dimensional regularization

M(g) = %(;,2)2‘3 / (g:g - log[p2 + mz].

We calculate the one-loop correction to the effective potential by first
calculating 1t with respect to the mass and then integrating.

N _ 1, -2 f dp 1 The derivative 1s just a
om? E(ﬂ ) Qz)" p? + m? single disconnected bubble.
m*( [1 m?> 3
n= 64_7z(_[; -1+ log4zz] + log F - E)

Subtracting the 1/e — y — logdx term, we get

2
n= 1 m“(log m_2 — 2) m?2 = d2V/d ¢?
U

6472 2



Finite temperature potential and free energy

The grand canonical partition function

Z(T) = Tr[e_ﬁ(ﬁ_“m] , Where B = 51; ug/T < 1
¢(x)=TZ‘/‘keik.x¢(k)=TZ‘/k'ei(wkT_k.X)¢(k)
w, = 2nnT k = (a)n, k)
Z(T)=/Z)¢exp (—TZ/k%(k2+w$,+m2)|¢(k)|2)
- |% Pk (w —w/T
. exp[—; SE (5 + T In (1 —e ))]
The free energy
F=-TnZ
= . L dk o T
VoV = (27)? (E +T1n(1 . )) ( lim E) L U (2 +T1n(1 +e“"/T))
d3k m e Voo V fermions (2”)3 2
- __—Nm?+Kk2/T
e Tyt A

= Jo(m) + Jg(m,T J; = T*272J;. .
bl = J,(m) + Jp(m, T)

5 &k e
JB(maT) - T/ (271,)3 In (1 e m2+k2/T) - T4 _771'4 . 7T2m2 . m4 i eVE m2 . 3 +0 m6
. L d|k| k2 In (1 _ e—m/T) i 271'2 360 24T2 32T4 71'2 T2 2 T6
272
- & / dx 2 1n (1 - e VO high-T expansion m « T
2m

2307.00068



Effective potential at finite temperature-imaginary time

Feynman rules for the different fields in the imaginary time formalism:

L pt = [2ninB L, p ]

Boson propagator :

P2 —m2’
Fermion propagator : ! s pf = [(2n+ 1)inB 1, 5]
Y-p—m
. 00 3
Loop integral : % Z / (;iwz)):;
Vertex function : —iﬁ(27r)362 wi6(3) (Z Di)
, [ — d3p
With above FR EQ.(5) becomes Blp,) = — / log(w? + w?
i Q.(5) Vi(9e) = 35 n_}_joo 2y 08(Wh ) (6)

Define v(w) = Z log(w? 4 w?)

We have v(w) =20 [% + %log (]_ — e_ﬂw)“ + w — independent terms
Substituting into EQ.(6 t yBpy_ [ EP [@ 1 B
ubstituting into EQ.(6) we ge V1(¢c)—/ 5+Elog(1_eﬂ)] (7)

d? d*
% (2733“’ = % (27:))4 log[p” + m*(ge)] E/ Gy 108 (L= €)= 5 Tolm*(6:)F°]




Effective potential at finite temperature-real time

Propagators for scalar fields can be written as

Cp) = G (p) G12)(p) A(p) 1s the boson/fermion
—\G® () G®)(p) propagator at zero temperature
G"(p) = Ap)+2 §(p* — m?
(22 EZ; _ G((ﬁ))* (o0 ) The main feature of the real time
G2 = 2mePor/2np (w0 )5(p? — m?) formalism is that the propagators come in
o) — a2 fwo terms:
np(w) = 1 1. one which i1s the same as in the zero
efw —1 temperature field theory(A(p)), and a
The propagators for fermion fields can be written as second one where all the temperature
dependence is contained.
Shs' () Sas (p)
S(P)ag = ‘("ﬁ ) ((12% \ 2.(12),(21) and (22) components are
Sap (P) Sag (D) unphysical since one of their time
arguments has an imaginary component.
SWp) = (v-p+m)(Ap) - 2mnp(wp)d(p® —m?))
S(22) (p) — S(ll)*
U2 = —2n(y-p+m)0(p°) — 0(—p")|e”* *np(wy)é(p® — m?)
S(Zl) — _S(12)
1
nr(w) =

efv +1



Effective potential at finite temperature-real time

2 + m2(¢c) — 1€

Disconnected VP 1 d'p [

bubble diagrams am2(¢2) — 2] @n) + 2mnp(w)d(p® — m2(¢c))] (8)

After integration on m2(oc¢), the first part contributes to the effective potential as

: 4
1 / TP og(—p? +m3(g.) — ie)

2/ (2m)
Considert _E/oo d—xlo (—w2+w2—z'e)—u—)+constant
onsidering 2/ on g =3
Performing the p0 integral, we get / d’p w
(27!')3 2 9
(9)
1
Using the identity §(p* —m?) = e [6(p° + wp) + 0(p° — wp)]
p
: 0 ; i, d®p 1
Integration over pV in the B-dependent of the EQ 8, we get / B 3 () (10)

Upon integration over m2(¢c) leads to the second term of EQ (7)

hep-ph/9901312
1701.01554



1-loop Effective potential at finite temperature

1-loop finite-T thermal effective potential

‘/eff(¢7 T) — \/tree _|_ Vl-loop

1-loop

o a0 de
_5( it ) 2myp MPF )—/me (1:FnM(Ep, T))

Vcw(m) VT ~ JT’b/f (TCIr’L—;)

T L
=~ [ In(p® + m?)+ = In(P? + m?)
ool
Vsort (M) Vhard (m)

Daisy/ring resummation Vs, = ijjftummed — Veopt

_ i 3 resummed T
Vsor () _127r(m2)2 S— Vsoft = —_(m2 T HT)%

Arnold-Espinosa eff potential VA Eres (o T 5y — V. 4 Viw + Vi + Vi

“/elgsummed(¢’ T, /-_11) — ‘/;ree _|_ ‘/;Ic‘)efiummed _|_ Vhard

Phys. Rev. D47 (1993) 3546 [hep-ph/9212235]
See also Parwani method in Phys. Rev. D45 (1992) 4695 [hep-ph/9204216]



Thermal effective scalar potential for PT study

0.00 f-nmmmnunnii
[ m/T > 1 ]
—002| _
[0 G ;
~0.04 | y Py
= |~ : ] Els
= 006l i -
G - m/T < 1 : ~
oos} ()
o0k “gar (1) [ (a7e™) -]
Ot +0 ((%)j .
Y TR R R 100 ~1000
Vr(¢) =

High-T expansion

m/T < 1

T 3

17 (S 020) 2 (0

+higher order terms.

0.00 fnnnmmaoni
—002k ]
—004[ ]

! m/T < 1
-0.06 | T)z

L T

L 4 1m 3
_ B M ow) _°
0.08 | ) [1 <7rTe ) 4]
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all fermions F and bosons
B that are relativistic at
temperature T

Vo) + G (D MEO) + 30300 +2 M)
S 14 F

3
2

MS, MV , MF are the masses
of the scalar fields S, vector
fields V and fermonic fields F




Phase transition types

First order

Second order

Potential, 1/




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

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

600 800 1000

mg [GeV]

Curtin, Meade, Yu,1409.0005

200 400

OQhzz = Ghzz / gﬁyz -1

0.100f
0.050|
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Real Scalar Singlet (Z>-Limit)

Craig,Englert, and McCullough,1305.5251

: HL-LHC
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o
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A SRR R R

'-"‘br"‘f:i' e

100 200 300 400

singlet mass: M (GeV)
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Collider search for 2 step FOPT

@ Off-shell Higgs@LHC
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As(my9)

4
]
abi ‘
........ hoo Y/ Naturalness___.
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|

20- VBF
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Goncalves,Han,and Mukhopadhyay, 1710.02149

See also: Lee, Park,and Qian, 1812.02679



Model classes for one-step FOPT

. Thermally (BEC) Driven IIA. Tree-Level (Ren.) Driven

Effective Potential | V¢ |
Effective Potential [ Vs |

+(-pu*+cTHh?| |-Th?H"?| |+n? +h’ ~h* +h*
Higgs Field [ h | Higgs Field [ h |
IIB. Tree-Level (Non—-Ren.) Driven III. Loop Driven
= = +h* Log[h?)
= - - =
- +h- -h?* |+h [
A a +h’ ~h?
2 2
3 3
&= =
= =
Higgs Field [ h ] Higgs Field [ h |

Chung, Long, Wang, Phys.Rev.D 87 (2013) 2, 023509



Thermal driven Class-|
A

el (h2)3/2 4 h4

1
Vet (B, T)zi(—,uvz"'CTZ)h2 T 2

e ~ (degrees of freedom)
light bo%ic fields w ~ i
X (coupling to Higgs)3/2. T, 67A

TABLE I. Examples of models in the Thermally (BEC) Driven class. The expressions for e are calculated in the limit that the field-
independent contributions to m 2.:(h, T) are negligible (e.g., the thermal mass tuning has been performed). Here, the symbol A, is
A, = A, — u/tanB and g, is the number of real scalar singlet degrees of freedom coupling to the Higgs.

Model —AL c e
SM [43] Com = 6mt+6m‘iV2-l;3mZ+2mH o 6va-|;3mZ

6m; A? 6m? _ A2\32
MSSM [41] Csm T m(l - m—Q) ésm (1 m_Q)
Colored scalar [20] M%1X|* + X[x]* + QIHI*|X[? csm t+ 2% % esm T 6(%)3/2
Singlet scalar [43,44] M?[S]® + AglSI* + 222 |HI?|SI? csm t+ 552 esm t 85’
Singlet Majoron [45] wilSI* + AgSI* + Ay lHIISI? + 2y:Sv,v; + Hee. canr + % )tzhs o 2(%)3/2
Two-Higgs doublets [46] p2DtD + Ap(DID)? + A;HTHD'D com + Hatde esm + 2(5)3/2 + (Btlsdsy3/2

+M|HYDI2 + (As/2)[(HTD)? + Hee.] +(fatdatA5)3/2




Tree driven-Class IIA

A4
ZQD..

\/ \/252 v(T,) _ \/27 [
il : .
\/1 252

TABLE II. Examples of models that fall into Class IIA. For the non-SUSY models, corrections
to the SM Lagrangian are shown, whereas for the SUSY models only the superpotential
corrections are given.

1
Veff(§0: T) = i(mz g CT2)€02 . 5903 +

Model AL

xSM [53-56] 198)2 —[282 +28° + 25 + 2 HTHS? + 2HHS?]
Z,xSM [14,57] 1(88)? — [28% + 28* + 2 H'HS?]
Two-Higgs doublets [58] u3|D|?> + Ap|D|* + A5|H|?|D|? + A |HTD|?

+(As/2)[(HTD)? + H.c.]

Model AW
NMSSM [59-61] AH,H,N — N3 + rN
nMSSM [62] AH H,S + ™28

mvMSSM [63] — NH Hyvf + “E e vSus + Yy H,L,v¢




Class IIA (1) no extra EWSB: xSM

For the “xSM” model, the gauge invariant finite temperature effective potential is found to be:

V(h,s,T) = 3[4 =TT — 3 [~y ~ T (T)}s°

1 1 b b
—a1h2s -+ —azhzs2 + 2363 + —4s4, (C1)

1
s
TRty 4 3 4

with the thermal masses given by

2my, +ms+2m? A a4y .,
Ihay=( s +5+ﬂ)T,

b
PT strength ™M= (2+%)7% (€2)

(1) \/v,zl(T) +v2(T)cos6(T)
T ’ =
For small mixing limit between the extra Higgs and the SM Higgs, one have

v"SM/T = Yh

M _at—8b)A n 0°(af(6by — p*) — 8611b22b3 +8b3(az —21)) +0(6%)
32b, 32b2
2 2

h a‘(a1bs —3azby)  67ay

CxSM:_ 1 . 3b 42b 2—3b

6 19253 25604 (a1b2 +4aibs (1" = 3b)

h +dayby(a2(11by —21?) — 6by (b4 + A) +4b3) —32ayb5b3) + 0(6?)
h xSM __ a?b“ a?62

(a1(axby + 4b4([.£2 —3by)) + 16b2b3bs) + 0(93)

S T T024bt | 102403



Class A (1) with extra EWSB: GM model

The most general scalar potential V (@, A) invariant under SU(2) x SU(2)g x U(1)y is given

by

extra EWSB

1 1 2
V(®,A4) =5mitr{®' @]+ Smitr{ATA] + 4 (wfo@])” $248vE2=v2 ~(246Ge V)2

2 2]
+ 2 (tr[ATA]) + Astr [ (ATA) + Agte[® T DJtr[ATA
- Custodial symmetry
ot o Frdn b
+ Astr | @ =@ — | t[ATTAT = /2
519 5" | (pt traATBY PTAP). '
a
+ ugtr [P > D 5 (P'AP) 45 + Uptr[A"T?AT?|(P'AP) g 3)
0x + ot
B i} ¢O* ¢+ B . X . é 0 x N where summations over a,b = 1,2,3 are understood, ¢’s and 7"’s are the 2 x 2 (Pauli matrices
P = (82¢ ’¢) - _ ¢+* ¢0 , A= (837( ’é’x ) =1 X 4 X ’ 1) 3 x 3 matrix representations of the SU(2) generators, respectively
FARMIES SA 2 .
010 0—-i 0 10 0
with T1=% 101 ,T2=% i 0 —i |[,Z3=]100 0 |,
00 1 010 0i O 00 -1
& = 01 ., g=|0-10], ) The P matrix, which is the similarity transformation relating the generators in the triplet an
—-10 adjoint representations, is given by
1 00
where the phase convention for the scalar field components is: ¥~ = ", x = x**, &~ =

ET* 9~ = ¢t* . ® and A are transformed under SU (2)1 x SU(2)g as ® — U 1 ®U, , and A —
U3,LAU3T_ g With U g = exp(i6f g T%) and T being the SU(2) generators.

-1 0
1
P=—1| 0 02 ].
V2 V2
1 ¢ 0



xSM: without extra EWSB  GM: with extra EWSB
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L 40k
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lOl
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S1N & .
. _ SM. _ /8 SM.
gnff = cos0L/ cos Gthff, gnvy = (cos axcos By \/;sma sin GH)ghff :

. . 8 .
8H ff = SN o/ cos GHg}gll}lf, gruvy = (sina cos 6y + \/;cos ol sin GH)gi{‘,'IV ,



Tree-level driven-Class |l B

< 0 causes the potential to turn over

\
A 1
2+ cTHh* + <= h* + —h®
LA Ly

stabilizes the EW-broken vacuum

= 2 ,2 272
g Amax_\/gv/mH T. = '”“_AA_L
. c \ 4u?

Veff (h’ T) =

N | =

Amax i) e 2
2N A= A F N e
B 1- :2%2
2 AZ.
AnHH = @<1 2 Amzm) Amln — vz/mH
v
Model Couplings Wilson coefficient of H
R Singlet —Dips|H2S? — gugHHS gt
/ 2y/ 2
C Singlet | —gps|H|2® — 242 |H|282 — 212 HH|®|2 + h.c. | —928 2o _ Reloishnol
2HDM —Zo|H\|*H]Hy — Z|H\|*H} H, s
R triplet gH e H®® — M| F|2| g0 |2 — i (242 - )
. . 2 /
C triplet gHTioyr* HO® — i | H |2| |2 — ()‘T’ + - 2)\)
—)‘ZIHT'7"”7'bI1T<I>“(<I>b)Jr + h.c.
C 4—plet ~ApsoH} H HL®% + hc. Prigel®

1705.02551



Loop driven-Class Il

Vee(h,T) = 1(,u,2 + cT?)h?* + ﬁh4 + 5h4lnh—2
il ) = 1
. m_%l_ v_2 é . m 1 3/
- K(lnM2+2)’ L ’“ﬁzﬁ(l i )
e =1— kv?/m%
v(T,) 2wv.c 1 3 103
“2=_m712£1+m)2 T my \/E(l ge—@ez+ )

TABLE III. Examples of models in the Loop Driven class.

Model —AL
Singlet scalars [12,72] SV MAS? + AglSi|* + 222 HI?|S;|?
Singlet Majoron [73,74] pilSI1* + AglS1* + Ay |HI?ISI> + 1y:Sv,v; + Hee.

Two-Higgs doublets [75-78] uiDID + Ap(DTD)? + MsHTHDTD + M|HTD|? + (A5/2)[(HTD)*> + H.c.]




Class Il 2HDM Finite-T potential in 2HDM

V(h1,he,T) = Vo(h1, he) + Vow(h1, h2) + Vor(ha, h2) + Vin(hi, he, T) + Vaaisy (h1, he, T')

R SN S SR, t—1)2 v2 MhT + Xoh3th o2 Azas(hith + h3)
Tree-level 0(ha, 2)_57"1”( L= ) 7y 1+t3 4 1+12
1 1 1
-+ g)\lhll1 + g)\2h£21 + Z)‘345h%h%

One-loop at zero temperature:

Vew (1, ha) =Y (—1)*n; i (A, hy) [m <m2 (a, h2)) —~ cz-]

)

One-loop at finite temperature:

272 i T2
= (£1)ky
To. ) =Y T Y Kol
=1
T 3 3
Vaaisy (h1, he, T) = =~ Zn [(Mf (h1,hy, T))? — (m?2 (hl,hz))g]



Finite temperature EFT for the 3d Phase transition study

Matsubara decomposition

H(,%) =T ) $(p)e™"", wy = {

2mnT bosons
(2n + 1)nT" fermions

&y 75 () modes are heavy and decouple at distances » 1/T, and can be integrated out

|, :

S = / d433 [cgauge + Ltermion + Lscalar + £Yuka,wa]

Efull
hard 1+ 7T > Integrate out w,, # 0 modes

L34

Procedure soft + g1’ >Integrate out electrostatic fields
L34

ultrasoft + g7 EFT for nonperturbative dynamics

35 [ L pa po f e N
S = | d°z ZLFijFij + (D) (Dsp)+m“p ¢ + M(@'¢)” + Lpsm

+ higher-order operators]



3dSMEFT for the Phase transition study

T _ _ ~ o~
L= L + <DMCI>> <DMCI>> — V(@) + 117" D, + ery"Dyer + gy Dty + dry"D,ydp + 8y(@, g + r® ;)

- gauge

V(®) = m*®D'® + A(DT®)” + c5(TD)° ¢g= N2
_ ot 1 q)zi( ntiz >
Dﬂ_aﬂ_lgTAu_lgEBﬂ \/5 b+, +ix

Partition function

Z — Tre BH—1kNk)

B Ny N
_ -S4+ | dr E ;" MiN2 ! 1
= / Dye fo e, Y uilNa; = N; (p1 + p2 + p3)B — (p1Ly + poLa + p3L3)

Ny
1 B Neug+ ) up. =0
B = §Z/d3wqf,c’mqu,c, T Z; -
fie

1




3dSMEFT for the Phase transition study

Integrate out superheavy mode power counting
g/Ng7gYNg9/1Ng2,C6Ng4/A2

1
5 (D;C8)? +(Di®) (Di®) + V™

1 1
s = [ d [ G5, G+ 1 FiyFiyt (DAY + 2 (9:Bo)+ 5

) 7'.7 4 1] " 1 2

Debye mass 3d&4d fields
mp, = Egz(ﬁ — | up+ Z Ui, 2 1 2
6 P34 = _Z¢¢4dv
2 ) l
ml%=1—61g (/Tt)T2+4—[191,uB+3Z,uLJ AzBd_f AAz4d’
i=1 1
A2, = =7, A2
m? = 2g°T? 0,3d = T Ao420,4d »



3dSMEFT for the Phase transition study

g4

4872

_|_

43 ZT(’I(/_‘) 1 2
(47) 28
+ T3¢, — ii;f(g% - 2,1)52{(%)

) _d ., 41g"
Mﬁg 4872
_d 5, 19g*
Mﬁg T 4872

_d 1 3

— )= -

dji (4n)2<8

ﬂ(X)=l//<

-

o

~

L,= 21n<%> — 2lndx — 2y,

)

1
—+
2

ix N 1
21 ) TY\2

v (z) = 0,Inl'(z)

IX
2T

> + 2y + 2In4

(3g* + g* +2g%g?) +244% — 6gy —31(3g%* + g% - 4g§)>



3dSMEFT for the Phase transition study

Integrate out heavy mode

_ r 1 ; l_, ; - i 2 ; 3
Z3a= GG+ FFy+ (D®;) (D®) + -mid®, + ’13(q)i (D"> " 06’3<q)" (D">

g2 =g>
3

2=g21- & =~ (R)T+ -

3 3 647[ mD 4

1,

_ 1 {3h2 K2 h2 hy=—g*(p)T+ -

Ay = A3 — L2 —2 4
871' mD mD mD+mD 1 _ e

- n 1 hf h3=5g (M)g(M)T+...
C =2

3703 T 4y m},

_ 2
-2 Mg =8 T

ms; = m32 + p, terms + -



3dSMEFT for the Phase transition study

Effective potential

3d __ 2
V; I/tree + hI/lloop + 7 I/2100p

U

O(g®) 0O(g”) O(g*)

I, 1o o, 1 mg = i3 + 3A3¢* + —Co 30
I/tree - _m3¢ T /1 ¢ + §C6 3¢ ) 2 4
m, = m5 + /13¢ + —Ce 3¢
my  3m] dmy,  m2 » _ 1 5
Vitoop = — AR Y it my, = &3¢
127 12 127 12« R
myz = Z(g3 + 83 )¢
Vatoop = = (VVV) + (VGG) + (VVS) + (VSS) + (SSS) + (SS) + (VS) + (VV))

S-scalar  V-vector boson G-ghost



3dSMEFT for the Phase transition study

T, L
o = Ae™ A~T*
3d _ 1Ad
V(@ T.) = Vo7, (0.T,)
2
1/d
- s, = 4x [ rr? [ < ‘ff”) V3 (g T)]
- r
3d
oVef(o. T) 0
d¢
o P=¢, I'~H
S; ~ 140
n=nxT the lowest fermionic mode
n=2xT the lowest nonzero bosonic mode

U = 4rxe 7ET the lowest logarithmic contribution



3dSMEFT for the Phase transition study

55,6 Veff

556 Veff

N=610GeV,u=nT,u,=0
tree, T, ====~= 1loop, T, ' == = 2loop, T,

N=610GeV, =T, tieh=0.2T

tree,T, ===-== 1loop, T, + =+ =" = 2loop, T,
tree, T, - -~~~ 1loop, T, = =" - 2loop,T,
1 1 1 1 | 1 L 1 1 | 1 1 1 L |
5 10 15 20

P(GeV'?)

0.01

0.00

-0.01

g 36 Veff

-0.02

-0.03=

0.002

0.000

eff

> -0.002

936

-0.004

-0.006

N=910GeV, =T, ych=0
tree,T, ====-= 1loop,T, +=+=+= 2loop,T,
tree, T, ===~-~ 1loop, T, "= = = 2loop, T,
L 1 | L 1 1 1 |
5 10
1/2
P(GeV ™)
T T T T T T | II ’ T T

A=910GeV, I=rtT,ten=0.2T

tree, T, ==-=-~-- 1loop,Tg + =+ =" = 2loop, T,
tree, T, - ~---~- 1loop, T, "= =" - 2loop, T,
| 1 | 1 1 1 1 1 | 1 | 1
2 4 6 8
1/2
Pp(GeV )




BNPC & Strongly First-order EWPT

Chern-Simons number

sphaleron

2
(Nest’)

[', = lim

sph Vt— oo Vit

) Ncs(A)
r,,<H

E, ,(T) o(T) T

sph

— — 71 | 9 —-42.8
PTy, 7ln +In—mo > (359 ) <': 1910.00234

Baryon Number Preserving Condition (BNPC)



Sphaleron energy

L IJCh:O 4
tree,p=nT 1loop,p=rtT 2loop,u=rT
----- tree,p=2m1T = ===~ 1loop,u=2nT = ==== 2loop,p=2nT
- - tree,u=4me YeT - - - 1loop,p=4me VeT == - 2loop,u=4me VT 1
T T P T L
600 650 700 750 800 850 900

i p=4meveT e |
tree, uen=0 1loop, teh=0 2loop, ep=0 R Ss
----- tree,yep=0.1T = ===~ 1loop,Uch=0.1T ===== 2loop,UnH=0.1T )
[N P = tree,uecp=0.2T = =" = 1loop,pen=0.2T =+ =+=" = 2loop, uech=0.2T 1
. T L
600 650 700 750 800 850 900
A(GeV)

140

120

140

120

sph
— — T T T T T T T T T T T T T T T T T T
i Hen=0 :
tree,en=0 = ===~ tree,uep=0.1T == = tree,ucn=0.2T i
W
:\ 1loop, =0 = ===~ 1loop,ep=0.1T -« =+ = = 1loop,uep=0.2T __
B “\ N 2loop, =0 ====-= 2loop,Yep=0.1T + =+ =" = 2loop,uen=0.2T 7

A(GeV)
— — T T T T T[T T T T[T T T T T T T
F p=4reeT )
tree,tep=0 ====-= tree,tch=0.1T +=+=" = tree,uch=0.2T i
N ) 1loop,pegh=0 == === 1loop, yeh=0.1T === = 1loop,ucn=0.2T __
-
i ‘\ 2loop,egp=0 ===== 2loop, ep=0.1T + =+ =" = 2loop,ucy=0.2T )

Renhui Qin, Ligong Bian, 2407.01981



Bounce solution

Bubble nucleation

PT strength

Phase transition
inverse duration

GW parameters and FOPT

limqbb:O, %7«:0:
r—00 d
D'~ A(T)e 5/T ~ 1

1 T , OVerr(¢,T)
o= (A6, 1) - JATERD)
B _ pdSiT)/T),

H, ar




GW parameters and FOPT

The probability, that a randomly chosen point is still in the false vacuum, given by

_ 47
P(t) = e 10 It)=~ | CAT()a(t'Pr(t, ¢
The fraction of the space which has already been
converted to the broken phase
, by (t)dt r(t,t) : the comoving radius of a bubble nucleated at t
r(¢,t) = /t , a(~) propagated until a subsequent time t

a(t): the scale factor, vy(t): the wall velocity.

Using temperature T instead of time variable t, we have

r(T,T")3
T/4

4w Te dT'

IT) =5 r H(T")

(T

The transition completes when P(t) = 0.7, which leads to a percolation temperature Tp when



GW spectrum from FOPT

.

B 1+« O 0.42 + v ) 1+ 2.8(f/ fenv)3®
. o -6 f* T, gx 1/6
peak frequency: Jenv =165 > 10 (H) (100GeV) (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 14+« 100 fsw 4+3(f/fsw)2

phase transition duration: Tow = TN [HL {}—f] H,R, = v,(8m)Y3(B/H)™1
Root-mean-square four- 2 3 R
velocity of the plasma: T 41+«
eak frequency: f —19><10‘5’81 L (g*)%Hz
& quency: w = H v, 100 \ 100

-~ MHD turbulence

B (B - €K, QL
QhZ(f) = 3.35 x 107 (E) (1 +a)

11

( 9« )_% v (f/fturb)3 (1 + f/fturb)_?
100 * 1+ 8rfao/(a.H.)]

[ ][V

B 1 T /gs\s
 foy = 2.7 x 1075 ( ) H
peak frequency fourb X H v 100 \100 z
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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,...

three generations of matter

Standard Model of Elementary Particles

interactions / force carriers

(fermions) (bosons)
I 1}
[—
2.2 Mevic? = 1.28 Gevic? ~173.1 Gevier o ~124.97 Gevic*
A . o 48 0
-9 |- @ @ |- H
L up L charm top gluon higgs
J
( «4.7 Mevic =06 MeVs 4,18 Gevic? )
¢ ~% -¥% o 2
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-
o
w
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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...

1m? 1m
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low-scale and slow 1st PTs motived for dark PT and BAU
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PBH from postponed vacuum decay

Postponed Hubble volume Vj

Probability for a Hubble volume
not to decay until time tl’l Un-diluted false vacuum energy
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PBH is more abundant in strong and slow first-order PTs.
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GW sources

Qaws (%) - for f < f,,

Qaw(f) =
f newza
Qaws (f—) for f > f*,
Table 1. Cosmological GW sources
source newi new2 f« [Hz] Qaw
2 2 3
. .. B 10-5 [ feT B Ter . 10-5 Hpr KoQt 0.11v;,
Phase transition (bubble collision) 2.8 2 10 < 5 ) < HPT) < 100 GeV 10 ( 5 ) < T+ a) ( 042112
Phase transition (turbulence) 3 -5/3 ~3x107° 1 b ~3x107* Her) (fa " v
Vw HpT 100 GeV ,3 1+« ) v
. 51 B _¢ [ Her Ky Ol
Ph —4 ~2x107% [ — ~ 1078 [ =25 ) (== ) w,
ase transition (sound waves) 3 x 10 (vw) (HPT) <100 GV 3x10 < 5 ) (1 n a) v
gQ/A —0.5
Preheating (A¢") 3 cutoff ~ 107 10~ (W
g )\ 1.16 v 2
Preheating (hybrid 2 cutoff ~ = \1/41010-25 ~ 1075 (—) (—)
g (hybrid) 7 1 e M,
o Gp \~ G Qoop \ ~1/2
Cosmic strings (loops 1) [1,2] [-1,-0.1] ~3x1078 (10—u”> 107° (10_#12) (16_‘;) (for @io0p > TGH)
Gu \™ G oop) ~1/2
Cosmic strings (loops 2) | [—1,—0.1] 0 ~3x1078 (IO-MU) 10795 (10_”12) (%_‘:) (for @joep > TGp)
. . o . - G
Cosmic strings (infinite strings) | [0, 0.2] (0,0.2] — ~ 10-011131 (55 )
T, o \2 T. N
i - ~ 1079 22 ~ 1017 ann
Domain walls 3 1 10 ( 102 GeV) 10 (lT V3) ( 10-2 S}eV)
11
Self-ordering scalar fields 0 0 ~ %de (L
pl
T 511 !
Self-ordering scalar + reheating 0 -2 ~ 04 (m) ~ FQM (Mip)
. _ T. _ B
Magnetic fields 3 ag+1 ~ 1076 (IOQGeV) ~ 10716 (10—1°G)
T
Inflation+reheating ~ 0 -2 ~ 0.3 ﬁ ~2x 10717 (%)
. o T -7 (T
Inflation+kination 0 1 0.3 107 GeV 2x10 ( 0.01)
Particle prod. during inf. —2¢ —4e(4m€ — 6)(e — 1) — ~2x 1077 (()TW)
' . Tt 1/3 M 2/3 Ton —-4/3", Mo 4/3
2nd- i 1 T ~ 105 re in ~ 10-12 re in
nd-order (inflation) drop-o 7x10 ( 109 GeV) 1016 GeV 0 109 GeV 1016 GeV
) MPBH -1/2 . A2 2
2nd-order (PBHs) 2 drop-off ~4x 10" (1020 g) ~7x10" (10_3>
H 4
s _ o ~ —6 s
Pre-Big-Bang 3 3—2u 1.4 x10 (0.15Mp1)
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TABLE I: Hypotheses, Bayes factors, and estimated model parameters for the BOS model.

. Pulsar| CPL HD process Parameter Estimation (1o interval)

Hypothesis . Bayes Factors
Noise | Process| CS spectrum log,, Gu log,, AcpL, YcpL

HO:Pulsar Noise| Vv
H1:CPL v v 10*2 (JHO) —14.48‘:8323, 3.34‘_‘}:2}
H2:CS v v/ (full HD) 10*! (/HO) . 10.38‘_‘8;%}
H3:CS1 v v v/ (full HD) 1.96 (/H1) |<-10.02 (95% C.L.) —15.58j}:§1, 3.113:3;
H4:CS2 v v |V(no-auto HD)| 0.60 (/H1) |< —10.54 (95% C.L.)|-14.61*03% 3.63+]2

TABLE II: Hypotheses, Bayes factors, and estimated model parameters for the LRS model.

. Pulsar| CPL HD process Parameter Estimation (1o interval)
Hypothesis . Bayes Factors
Noise |process| CS spectrum log,, Gu log,, AcpL, YcrL
HO:Pulsar Noise| Vv
H1:CPL v v 1032 (/HO) —14.48‘_“8:23, 3.34f}§'3’
H2:CS v v (full HD) 10323 (/HO) —10.89j8:{‘.}
H3:CS1 v v v (full HD) 1.62 (/H1) |< -10.64 (95% C.L.) —15.44f}:;§, 3.08i}:33
H4:CS2 v v |V(no-auto HD)| 0.55 (/H1) |<-11.04 (95% C.L.) —14.57jg:§g, 3.54* {ﬁ‘l‘
B H4 BOS 107¢
B H4 LRS s BOS model
| LRS model
107°4 - cmB
10-8+
8‘ 10-10- ]
: 10—12 ) |
\W 10-14 -
=TT 14 —12 —\10 10-16 ' ;
VorL 10G10AceL 1092061 PPTA (H2) PPTA (H3) PPTA (H4) LIGO-Virgo

Bian*, Shu*, Wang, Yuan*, Zong, 2205.07293, PRD (Letter)
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New dataset from PTAs
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LIGO-Virgo search for FOPT

High-scale PT

LIGO-Virgo O3

Romero, Martinovic,Callister, Guo, et al., Phys.Rev.Lett. 126 (2021) 15, 151301

—_— O

logp

[a—
o

o0

(o}

(e

I
—

logyo B/ Hpt logio T

—10




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)
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Constraining Cosmological Phase Transitions with the Parkes Pulsar Timing Array

Xiao Xue®,""*? Ligong Bian®,*>" Jing Shu,"**”*" Qiang Yuan®,”'®"* Xingjiang Zhu®,'"'**% N. D. Ramesh Bhat,"
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TABLE I: Description of hypotheses tested in this work and the Bayes factors between them.

Hypothesis Pulsar| Common HD process Bayes Factors Parameter Estimation (median and 1-o- interval)
o noise |red process| FOPT spectrum ’ ’ T./MeV, a x 10°, B/ H, Acomred, 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 3.8*777 8547707 | —14.5170613.36
T a0 O a0 . AF P g +200.5 - 199 +11256 +0.62 - +1.5/
H4:FOPT2 yes yes yes (no-auto HD) | 0.96 (against H1) | 10,9777, 3.275%7, 105375577 | —14.457701.3.277
_1 ~
_2 ~
_3 o4
Y. - ] -
BBN a=0.2 BBN a=0.5 BBN a=1.0
=51 nc-auto HD =k 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 -6 -4 -2 0 2

0g10(T +/GeV)
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®d(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
sitesxandx +1, ®D(t, x), Ui(t, x) and Vi(t, x) are defined at time steps t + At, t + 2At, .. .;

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,z) = exp ( - %gA:w“Wi“> D@ = ? Ui(t, 2)Vi(t, ) (t, = + i) — @(t, 7)]

)= o~ Latton) D = 000Vl 18+ 802) 90,
, A = A A

Vi(t,x) = exp ( — 59AaB;) ®(t + At, z) T(t z) + AHI(t + At/2,7)
: Vi(t+ At,x) =-g' AzAtE;(t + At/2,x)V;(t, x)

Vol(t,z) = exp ( - 3gAtBo). 2

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

Uo(t,x) =12, Vo(t,x) =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, @) Vilt, 2)@(t,  + i)

agq) =D;D;® — L@’), oU
do —20(t,z) + Ul (t,z — i)Vl (t, 2 — ))®(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, z + k)U] (t,2)V] (t,z)®(t, z)]

RW = — W, — g™ WEWS, + gIm([®10° D, 9], . o
7P G SR 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™ Fi(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)]},
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Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102
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Two-step FOPT potential

Type-a

¢
0, (¢))
nd 1st
0 o h E

1 1 1
Va(d, h,T) = 5(;@ + cyT?) % + 5)\;,¢h2¢2 + Z)\¢¢4 2}

+ %(—ui + cpT?)h? + jIAhh4 - \
¢y = Ap/4+Ang/3 0.0}, . . : .
ch = (2m%/v+mzz+2m%)/(4v2)+)\h/2+')\h¢/'12 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



Two-step PT with the second-step being FOPT
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Two-step PT with the second-step being FOPT

Type-a
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Two-step PT with first-step being FOPT

Type-b
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Two-step PT with first-step being FOPT

Type-b
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Two-step PT with first-step being FOPT
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scalar field + fluid system

The full energy-momentum tensor into two components, one for the fluid 7"V and one for the Higgs 7%V

" = (e+p)u*u”+pg"”,

T = 0090%9— g ((09F+V(#)).

Fluid pressure 1s the total contribution from all particles

2
Pr(§.T) = oo g —Vi(9,T) == fa(m(®)T)= D fe(m(9),T)
B F

Thermally corrected potential Vr(¢) =Vo(9) +Vi(9,T)

51— 1gredm® [ & 1 np—vig)=—IC [ P L 5o
wly =+0°0%34 | Gny 2’ ). > ' d¢ | (@m)*2E; =

Boltzmann equation with collisions and external forces

fp )= 1*4(p )+0f(p x)
This leaves us with the equation of motion

/ dm® where T 1 5f(p,x)= w0
D¢_VT(¢)=_HWU Iy (27)3 2E; f(p,x)=1u"0,%,

Local equilibrium and perfect fluid

SciPost Phys. Lect.Notes 24 (2021)



scalar field + fluid system

With p(¢,1)=p1(¢,1)-V0(¢p), we have T = (e + p)ubuV + pghV |
The full energy-momentum tensor is conserved 9, (Tf‘“ T+ Ty ") =0
. 2 3
which yields 8,T" +VI($)3"¢ = —3" dm® | d°p 1 5F (9, x)

d¢ | (2m)3 2E;

Consider the scalar product of # with both sides
u,d,(wun” +pgh”) + Vi(¢lu- 0 = 7j(u-3¢)*

Here, w = e + p = T¥ 1s the enthalpy density, and s = dp/dT is the entropy density

SciPost Phys. Lect.Notes 24 (2021)
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= W ($+ Vidig)?
Zi 4+ 0,(ZV7) + 0yp + g—gém = W ($ + VI0;6)0i
) 0V
equation of state e(T,¢) =3aT" +V(¢,T) — T o,

p(T,¢) = aT* =V (¢, T)
fluid momentum density Z; = W(e + p)U;

fluid energy density E= We

6T, p
, T
Vm ¢.
U, Z Vy
Yy
.
6) T,p’ ¢
u,v,Z T
t
T—)X

V 1is the fluid 3-velocity

Ul=WV1i,  W: relativistic y-factor
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The action in expanding universe with spatially flat FLRW metric:

1 % X : = ]
$=-f d“xﬁ(g“”g%cp avcp+V(cp)) REPRI. O CoMPI SR gt

/ faZ(T/A)“g " axion field ‘bias term
1 A m* (T W* / _ y /
V(p) = Z?x(‘cp‘z —v*) +gT2 |cp‘2 + ]\(’2 ) (1-cos(N,,0))-Ev’ (pe™ +h.c.)
DW

| ) }
Y |

PQ era, PQ symmetry broken, second QCD era, axion acquires a non-zero mass due to the
order phase transition, T.~ 109-101"GeV QCD non-perturbative effect, T ~ 100MeV
Axion(global) strings form and String-domain wall hybrid networks
enters the scaling regime form and eventually decay

\ /
Y

Gravitational waves and axion radiated by
topological defects of two eras

» Detection of axion dark matter

Yang Li, Ligong Bian, Rong-Gen Cai, Jing Shu, 2311.02011



Shape of potential

PQ before PQ
era: transition

after PQ
transition

QCD with nonzero axion mass
era. without bias term




RV
PQ era-the first stage

' 2 2
{q)l" + 2%4)1' -V, = -a’ [, (@] +¢, =V + %Tz) - m]\([{)v (cos0 cos Ny, 0 + N, sinf sin N, 0) —2Ev’ cosd |
DwW
' 2 2
b, + 2%(])2' V20, = -a’[A, (¢ +¢; =V + %Tz) T (Z’)v (sin® cos N0 — N, cos0 sin N, 0)—2E1’sind ]

DwW

Initial condition

thermal spectrum

n 1 1
P, (k) = P, (k) = — = Py, (k) = Py, (k) = mow = —ewkf;k_ 1

Wi Wi e /T —1°

we = \JR/RE + mi2y mlg = AT?/3 - v?)

two-point correlation functions

N 3
(i) ;(K)) = (2’ Py(k)6(k — K')6;;, (g0 = ( 5xphy) Pok),  ($:K)) =0,
($i(K);(K)) = 2m)* Py (k)o(k — K')5;;, - T .
(B:(K)p;(K)) = 0. (Ip:®)P*) = 5xphy) Py k),  ($ik)) =0,
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String penetrates the square loop if the minimum phase range which contains the four
points is greater than m and the phase changes continuously

_________ [ 2 9  J
profile of string ,/” \‘x\
N B
center of string * ! Py Py
! [ ]
! @]
°
D' A
ox Y o
L 9 4
J
i |
_________ 2 ox

For a specific square loop, assuming that the minimum phase at four points is 6min

(1) Bpin < .

(2) There exists at least one phase at another point minus 6,,;, is greater than .

(3) There exists at least one phase at another point minus 6, is smaller than 7.

(4) Denote the phase closest to & in all phases greater than & as 6,, and denote the phase closest to & in all phases smaller than
as 0, it 1s required to meet 6, — 6, < .

(5) Calculate the difference between the phases at each of two adjacent points in a counterclockwise direction, the multiplication
of the four differences is required to be negative.
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l/t; Axion string network in the
600 2000 4000 8000 14500 final moment of PQ era
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string tension: ps = mv7In(t/dx) [ : comoving string length  Mean string separation  Lm = /Vpny/lpny
: . : - - L = 2/3)n.(Réx
string core width: s, -1/ /x> - 177 V: comoving volume physical string length phy = (2/3)nc(R6x)
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In the scaling regime, Lm increases linearly with t, and the scaling parameter tends to

be a constant.
We found the scaling parameters exhibited logarithmic increase behavior, as

1809.0924, 1906.00967, 1806.0467,1806.05566



B5E% (Domain wall) iR3l

Top view of the shape of potential energy The distribution of fields in phase space
=" Npw=3
3
0,=2m
=T
p=2" 2
3
Comoving area density
AlV=C)s i 0,i (i = . spatial derivatives of the di jonl ion field B(x)
2% 1+ 10, + 10, 1 (i=x,y, z) : spatial derivatives of the dimensionless axion fie X
' — 4 _ Pwall : _ OwanlA
Area parameter A of DW (scaling parameter of DW)  €aw =A= T with puan = 2055

Vo . . .
A=A ) 6 kit AA = (8x)? is the comoving area of one grid surface
S0, +16,] + 16,




String-wall evolution

Axion string-domain wall hybrid network in our simulation

Red region — Axion string
Blue region — — Domain wall

Ny =3




String-wall evolution

n=15.4 N=20.8 1=26.2

Axion string-domain wall hybrid network destruction with gravitational waves
and axions emitted during this process
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The action in expanding universe with spatially flat FLRW metric:

5=— [ as*v=5 (Ou0"o+ 0,100+ V (6,1,7))

Thermal effective potential

V((P, haT) = Vl (‘,O,T) + ‘/2 ((;07 h7T)

2
A A 1 1 1 1
) . (?q) i %h) T?lpl  Valp,s,T) =57 (T2 = T6) * + SATH® + k' + SAenlel*h?

Te = vV As/s/3+ Agn) fa Potential Shape
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Equations of motion PQ era
i iy a 8‘7 0 0 h
(p”—v2<p+2—90'=—a2 . e ¢=— h=— s — T,
{ a Al¢| 2|ol I+ e B
_ / ¥ .
hl/_62h_|_2_h’ _a2a_Y, - V(f*@avf*haT) s
a Oh V= f2w2 i

Initial condition

thermal spectrum

1 Wi
) -
Wy = \/kz/Rz +m§ﬂ, mi = ()‘<P/3 + /\¢h/6)T2 — )\d,vi

two-point correlation functions

( N\
(9i1)9,(K)) = (2m) Py(k)3(k ~ K6 o) = | 5xphy) Po(),  (#i(k) =0,
($i1)$;K)) = 2n)* Py (k)5 (k — K)6i;, . .
($i(K)$,;(K)) = 0. (.09 = | 5xphy) Py, (k) =0,
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Related topics

»Lattice simulation

e PT GW simulation, Electroweak sphaleron, PT dynamics
* 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. BAU and GW from FOPT

* Sphaleron process, bubble dynamics

3. DM and GW from FOPT

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