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Standard Model of Elementary Particles

three generations of matter

interactions / force carriers
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Standard Model is not complete

Experimental Evidence
Dark Matter
Baryogenesis

Neutrino masses
Origin of flavor

Search for New physics

Theoretical

Cosmological constant
Hierarchy problem

Strong CP problem

Grand Unified Theory (GUT)




Baryon Asymmetry
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BAU conditions

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!!!
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BAU& CPV

Baryon Asymmetry Collider Searches
» 4 .
Early universe CPV |t BSM CPV L1 Particle spectrum; also
SUSY, GUTs, Extra Dim... Scalars for baryon asym
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Engel etal, Prog.Part.Nucl.Phys. 71 (2013) 21-74
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BAU& Electroweak Sphaleron
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The Standard Model already contains a process that violates B-number. It is
known as the electroweak sphaleron (“sphaleros” is Greek for “ready to fall”).

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

Some Popular Mechanisms

o[ eptogenesis — BAU related to the origin of neutrino masses

e Electroweak Baryogenesis — BAU created during the EW phase transition

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

e Affleck-Dine — BAU from rolling scalars carrying B charges

eHidden Sector Asymmetric Baryogenesis — BAU 1n an exotic sector related to dark

matter
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BNPC & Strongly First-order EWPT

Chern-Simons number

sphaleron
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Baryon Number Preserving Condition (BNPC)
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EWBG with the EW plasma
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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
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The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Key Events in the early Universe

Reheating Hadrons BBN
Inflation QGP EWSB form
f I y I d
L | 1 1 1 L L L T
1040 10-3% 10380 1025 1020 10715 10°1°© 10°° 10° 10°
Time since the Big Bang (s)
1012 109 106 103 109 1073 1076
Temperature of the Universe (GeV)
2
Radiation dominate Universe: H = — s 18l
3 M2 3 30

100

9+(T)
10

IIIIIII| T / T

T\* 7
>0 (7) *3

| | I | I

o7

1=

)4_

[IIIIIII | Ll
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Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.7 Gyr 0 0.24 meV
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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



Methods for PT dynamics study

Puad > Pid > O?ggf

Vv

v v
Perturbative Veff Perturbative Veff e Monte Carlo
4d approach Y 3d approach eI/ SINEUEDE cimulation

v v v

Thermodynamics of PT




Finite temperature EFT for the 3d Phase transition study

Matsubara decomposition

H(1,%) =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

3, [ L pa po f e N
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+ higher-order operators]



Sphaleron energy
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Finite temperature potential and free energy

The grand canonical partition function

Z(T) = Tr[e_ﬁ(ﬁ_“m] , Where B = 51; ug/T < 1
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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
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Phase transition types

First order

Second order




Model classes for one-step FOPT

. Thermally (BEC) Driven ITA. 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
4

el

h4
127

1
Vere(h, T) ~ - (= w2+ cT)h2 — ——(h2)32 4+ =

e ~ Z (degrees of freedom) U(Tc) e

light bosonic fields SR N e A L SR G
X (coupling to Higgs)/2. L 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%.(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-i;3mZ

6m; A? 6m? _ A2\32
MSSM [41] Csm T m(l - m—Q) ésm (1 m_Q)
Colored scalar [20] M%1X|* + £[x]* + QIHI*|X[? csm t 5 2% % esm T 6(%)3/2
Singlet scalar [43,44] M?|S[2 + Ag|SI* + 222|HI?|S)? csm t+ 552 esm + 85’
Singlet Majoron [45] wilSI* + AgSI* + Ay lHIISI? + 2y:Sv,v; + Hee. csm + 2 Azh o 2(%)3/2
Two-Higgs doublets [46] p2 DD + Ap(DID)? + A;HTHD'D com + Hatde esm + 2(5)3/2 + (Btdsdsy3/2

+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] 1(98)2 —[282 +28° + 25 + 2 HTHS? + 2HHS]
Z,xSM [14,57] 1(88)2 — [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

/.LVMSSM [63] _AiHleVf + %Vf]/;vz + YLJHleVj




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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Collider & GW complementary search

SNR > 10 points for and one-step SFOEWPT

..................
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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 | =

A wry_ [T 2
TN A <A T, _A\/l——:z’j\zz
AHHHEmT%’<1+2AAf2fgn) Amin = v?/my
Model Couplings Wilson coefficient of H
R Singlet —Dns|HPS? — ggsHUHS Dy G
C Singlet | —gps| H[?® — 22| H[2®? — Y2 HTH|®|? + h.c. | — 925 Fna _ Belojzsdus]
9HDM — Z6|H1|H} Hy — 72| Hy|2H Hy \Z6”
R triplet gHTroH®e — M2 |[|2| o2 — 4 (232 - 2)
C triplet gHTioyra H®® — M2 | H 2| @0 2 —i (22 + ¥ -2
~ X Hir bt Ho(90)F + hec.
C 4—plet ~ApsoH} H HE®* + hc. Prigel®

1705.02551



Class IIB- Dim. six operator, SMEFT

Higgs potential V(H) = -m?*(H"H)+ X\ (HTH)? 4 (H;I)B
Finite temperature potential VT(h, T) — V(h) + %ChTh2

Thermal correction CprT = (4ytz—|—392D+ g"*+8\)T%/16

Electroweak minimum

2
being the global one A > v*/my,

Potential barrier requirement A < V3v%/my,



Loop driven-Class Il

Vee(h,T) = 1(,u,2 + cT?)h?* + éh4 + 5h4lnh—2
il ) = 1
. m_%l_ v_2 é . m 1 3/
- K(lnM2+2)’ Tc’“ﬁzﬁ(”gﬁﬂf”'“)’
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)? + MsHTHD'D + 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]
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Effective action — 3, H.
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Chiara Caprini et al JCAP03(2020)024




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



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)

1807.00786



One-step FOPT
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Nucleation Expansion&Percolation
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Finite-T calculation Lattice Simulation



Lattice EW field foundation

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

: Do® = — [Uy(t, 2)Vi(t, 2)®(t + At, z) — B(t, )]

Up(t,z) = exp ( — %gAtaaW(;’) 0 At [ o(t, 2)Vo(t, )8t + z) ( :1:)]
B i O(t+ At,z) =P(t,z) + AtIl(t + At/2,x)

Vi(t,z) = exp ( - §gAa:B,,) »

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

2 U;(t + At,z) =gAzAtF;(t + At/2,z2)U;(t, z),

Temporal gauge leapfrog

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

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



PT process simulation

Field basis

O2® =D;D;® — 2\(|®]2 — n?)® — 3(®T®)2® /A2,
83 B; =—0;B;j + g' Im[®' D;®],
W =—0 Wi — g WEWS, + gIm[®T0%D; ®].
000, B;—g' Im[®T9y®] = 0,
Bo0; Wi+g e W28 Wy — gIm[®T 00y @] = 0.

100

200

300

400

500

Lattice implementation

TI(t + At/2,7) =TI(t — At/2,) + At{ﬁ 3 (Uit 2)Vilt, 2) (8, 3 + 1)

—28(t,2) + Ul (6,2 — )V, (8,2 — )B(t,z — 1)) — o }

oo
Im[Ey (t + At/2,z)] =Im[Ey (¢ — At/2,2)] + At{ A’;;Im[np’r(t, z + kYU (t,2)V] (¢, 2)B(t, z)]
- g’ALx?’ S V(e 9)Valt,w + VL (1,2 + )V (0,0)
Vit z —zi)Vk(t, D)tz +k—i)Vi(t,z— i)]}
Tr[ic™Fy(t + At/2,z)] =Tr[ic™Fy,(t — At/2,z)] + At{ &Re[qff(t, z + k)U] (t, 2)V] (¢, 2)ic™®(t, z)]
- A1w3 Z Trfio™Uk(t, 2)Ui(t, 2 + K)UL (¢, 2 + §)U (1, 2)

+ioc™Uk(t, 2)U] (t, 2 + k — i)UL(t, 7 — i) Ui (t, @ — 7;)]},

0 100 200 300 400 500

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



GW from Bubble collisions

dw 1 k>
din(k)  32rGp. 2m?
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N 10°
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=1 D e i
107+ B i
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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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Zhao, D1, Bian, Cai,2204.04427



Two-step PT with the second-step being FOPT

Type-a

]
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Zhao, D1, Bian, Cai,2204.04427



Two-step PT with first-step being FOPT

Type-b

VcctIT04

1st

Without Global U(1)
¢

(0, (o))

2nd

»®
((h), (d))

0

>

h

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

1 1 A
Vae(o,h,T) = §c§LT2h2 + Z)‘hh4 _ thz(pz

¢, = (2m3,+m%+2m?)/(4v?)+ An/2+ A, /24
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Zhao, D1, Bian, Cai,2204.04427



Two-step PT with first-step being FOPT

Type-b

Without Global U(1)
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Zhao, D1, Bian, Cai,2204.04427




Two-step PT with first-step being FOPT

Type-b
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V(§,T) = 39T~ T3)§ — AT + '

‘\'\%ﬁ%t
RS AR

[
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— ¢+ V32— 56 = W (¢ + V'8;0) MR FINE T E R
HE (E B
B+ 0,(EV?) + p[W + 8,(WV)] g—‘;ww L Viag)
= 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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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)
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Curtin, Meade, Yu,1409.0005
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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

10y

As(my9)

4
]
abi ‘
........ hoo Y/ Naturalness___.
2 50 off—shell
/ 20 off—shell :

|

20- VBF
100 150 200 250 300 350
Mg [Ge\/]

Goncalves,Han,and Mukhopadhyay, 1710.02149

See also: Lee, Park,and Qian, 1812.02679



Beyond SM models for FOPT
m Higgs&GWs

@ SM+Scalar Singlet

Bian, Huang, Shu 15, Cheng, Bian 17, Bian, Tang

18,Chen, L1, Wu, Bian,19

g  SM+Scalar Doublet

Bernon, Bian, Jiang 17, Bian, Liu 18

@  SM + Scalar Triplet

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

Zhou, Bian,Du,22

Many Colliders in the Horizon

The Road Ahead

iLc p-collid

HE-LHC
HL-LHC FCC (ee, hh, eh)

LHC
CEPC
SppC

Taiji
2015 2025 2035 2045 2055
Wikipedia Year i

Markus Kiute, 2016
4 9/4/18 Marcela | Welcome to Fermilab

Standard Model of Elementary Particles
three generations of matter interactions / force carriers
(fermions) (bosons)
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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

LIGO-Virgo O3

—_— O

logyo o

[a—
o

o0

(o}

logy 5/ Hpt logio T




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.

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.
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Impact of a complex singlet: Electroweak baryogenesis and dark matter

Minyuan Jiang (Beijing, Inst. Theor. Phys. and Beijing, KITPC and Nanjing U.), Ligong Bian (Beijing, Inst. 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)
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Gravitational waves from first-order phase transitions in Majoron models of neutrino mass

Pasquale Di Bari (Southampton U.), Danny Marfatia (Hawaii U.), Ye-Ling Zhou (Southampton U. and HIAS, UCAS, Hangzhou and ICTP-AP,
Beijing) (May 31, 2021)
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Gravitational Waves from First-Order Phase Transitions: LIGO as a Window to Unexplored Seesaw

Scales

Vedran Brdar (Heidelberg, Max Planck Inst.), Alexander J. Helmboldt (Heidelberg, Max Planck Inst.), Jisuke Kubo (Heidelberg, Max
Planck Inst. and Toyama U.) (Oct 29, 2018)
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Gravitational wave imprints of left-right symmetric model with minimal Higgs sector

Lukas Graf (Heidelberg, Max Planck Inst. and UC, Berkeley and UC, San Diego), Sudip Jana (Heidelberg, Max Planck Inst.), Ajay
Kaladharan (Oklahoma State U.), Shaikh Saad (Basel U.) (Dec 22, 2021)
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Prospects of gravitational waves in the minimal left-right symmetric model
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and Washington U., St. Louis), Zhijie Zhao (Beijing, Inst. High Energy Phys.) (Dec 26, 2020)
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Gravitational waves from neutrino mass and dark matter genesis
Pasquale Di Bari (Southampton U.), Danny Marfatia (Hawaii U.), Ye-Ling Zhou (Southampton U.) (Jan 21, 2020)
Published in: Phys.Rev.D 102 (2020) 9, 095017 - e-Print: 2001.07637 [hep-ph]

pdf [= cite %) 14 citations

& DOI [Q reference search

Gravitational wave pathway to testable leptogenesis
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Cosmological implications of a B — L charged hidden scalar: leptogenesis and gravitational waves
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Hubble-sized perturbations
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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

a(t)?

a(tppp)’

4 v
Vy(t) = 37Hew™ PBH

P(t,) = exp !—g/t ' ﬂH_:;(tPBH)F(t)dt

3 Ju a(teen) Collapse of the
PBH abundance Q&m=P(,) Hubble horizon
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PBH is more abundant in strong and slow first-order PTs.

1016 1020 1024 1028 1032 1036

108}

0.100 ¢
108 t

0.010
1070 5

<
Lo 8

0.001 3

~N
‘c _~
(;D 10—12 L o “2: ,
d d Subaru HSC "
- | |
10"k 1074 3 (: :
: ]
I ]
105 L , ir 5 -1 -
10—16 | Mppy ~ ?’}/H (tPBH)pc =4nyH (tPBH) : 3
n ]
. 4
10—18 1 1 1 - 1 - 1 1 10—6 | " ; 1 . , L , n
1070 107 107 107 0.01 1 100 1072 1077 0.01
flHz M/M

0}
_____ Case 1 B/H., = 14.8, a, = 6
-------- Case 2 B/H, = 3.7, a, = 0.5

> Case 1: PBHSs constitute all dark matter, Qew to be probed
CE,ET

> Case 2: GWs explain the CPL observed by NANOGrav, PBHs
explain the coalescence events observed by the LIGO-Virgo
collaboration
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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






