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Solving the puzzles with a first-order phase transition

Vacuum decay

1
L35 0,p9%¢ — U(9)
t

Thermal corrections

U(gp) = Ur(¢,T)

field space

Ur(o)
%ﬁ 4
Al V

Gravitational waves
-

Time evolution

Boiling of the Universe, vacuum bubble nucleation and expansion
If = h (SM Higgs) — first-order electroweak phase transition
If ¢ = new physics field — general FOPT

BHATIG @b SO A R K



3 main directions of research on a boiling Universe

1. The dynamics of FOPT;
2. FOPTs in new physics models;
3. New physics mechanisms based on FOPTs

There is NO FOPT in the Standard Model

S "hep-ph/b010275
| symmetric confinement phase | 1
120+ - —_~
< |
N =
-
> 110 2nd order endpoint
8 i 4 Smooth crossover (vacuum shift)
= 100 - h
90 -
broken Higgs phase |
80 ! | L | ) | !
S0 60 70 80 90 increasing time
m, /GeV

FOPT = new physics
First-order EW phase transition of h, or FOPT of a new field ¢

WHRTIH @ LS Z LR A%



The mystery of dark matter

Rotation curves
A B

\élocity

Qpuph? ~ 0.12

Distance

\\ ENERGY DISTRIBUT](l
OF THE UNIVERSE

DARK

DARK
MATTER

NORMAL MATTER

It is there!
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Dark matter & FOPTs

Relevant Lagrangian Portal coupling
K_M

1
£>50,00%¢ —U($) + x(ivto, — mO);( — Yy PXX

FOPT Lagrangian Dark fermion

Inside the bubble:
m, = mg + Yy We

Qutside the bubble:
mX — mo

Mass discontinuity between two sides of the bubble wall i !

U @ AL 5T R KA




Dark matter mechanisms based on a FOPT

Masses and vevs (GeV)

Time after Big Bang (s)
600 3x10713 10712 10711 10710
500/ . O\ o

R — B\ [
W0r— — . T N

; Eq.Q,h? |-

300 :

[y =735x10"° =
200F( yr=4As=2=1 : / (h
oof el Bk

L - L <s> L
600 400 200 0
Temperature (GeV)

Baker et al, PRL 119 (2017) 6, 061801

light particles
(V, ei, Vi, qi)

)

110
i 109
i 107

i 105

103

10!

- 10—1

(#)=0

Effective present day €2, h?

Baker et al, PRL 125 (2020) 15, 151102
Chway et al, PRD 101 (2020) 9, 095019

Oh?

1000 |

0.001}

broken

WHRTIH @ LS Z LR A%

solid: with finite T" effects
dashed: without finite 7" effects

Vev induced
mg(T = 0) = 140 GeV
Ass = —0.1, g4 =6
Ap3 =0, ps =1
my = 130 GeV
Yy =6.3x 1071
Tr =500 GeV

SS — xx

HH — xx

& ——l I-—----_---------

Baker et al, JHEP
03 (2018) 114

20 25

Azatov et al, JCAP 01 (2021) 058;

-

X
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The fermion soliton dark matter from a FOPT

Ur(¢)

(0

1

‘C:§N

FOPT Slcalar
0" —U(9)

Potential for phase transition

The interaction between bubble and fermion!

FerrFion
+ XY OuX — Y PXX
I

Yukawa vertex
I

J

FOPT (vacuum decay)

¢

Bubble nucleation

Example: trapping fraction = 98% for M, /T, = 12 and v,, = 0.6
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What happens for the trapped fermions?

Y — oo 2 — yx¢>ZXE

Eventually to SM particles via
portal coupling Ay |H|?@?

To have a nontrivial result, there should be N(x) # N()

1 Thermal fluctuation .[Asadi et al, PRL 127 (2021) 21, 211101]
. )
2. A baryogenesis-like asymmetry;[She'tO” et al, PRD 82 (2010) 123512]

X H X H X
/ By ¢
1 1 1, N / 1 l, , /
Vp S Vp 4 S VR N S
N m k N m kE ~
. L VR ~_ 4 VR '~
S S S
ny — Ny | Similar to baryon asymmetry
vy — vS) >T(vh — vS =x X .
(Ve = x5) > I'(vg = X5) Ix s of the Universe

I @ AL 5T R KA
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Formation of Fermi-ball solitons

Fermion asymmetry n, =

Fermi—balls

Charge trapped: Qg = UXS*V*+ Remnant volume

"x‘"x f

v
3n(3)2/3 gé3+4nR3U

0
4 271* R 3*

Fermi-gas energy Volume energy

Rppg =

1/3

FB

Mpg = Qpp(12m2Uy)Y/%;

3

1/4

3
16

(

2T

2/3 4
) @

Hong, Jung and KPX, PRD 102 (2020) 7, 075028
BT @b SRS iR K2

11



The Fermi-ball profile

_ 2 1/4. | | | ‘ ‘
Mgg = Qpg(1212U,) / : - Hong, Jung and KPX, PRD 102 (2020) 7, 075028

s 3 3\ 1 a
e 23605
16\2n) U,

Effective y-mass
inside the ball:

Megr = (121%Ug)*

Ur(¢)

QFBXQ

Mass at true vacuum M,, =y, w

Stability condition: Mrp _ Megr < M, @
dQFB

*Fission stability d?Mpg/dQgg < 0 always satisfied with surface term o le/f

Ny ) (100>1/2 <100 GeV)3 ( 100 )3
p/H./ Macroscopic

Estimates Qg ~ 1042><vv,3,(

1073/ \ g, T,
/4 2 3

Ny \ (100\"* 100 GeV\* / 100 Dark

Mpg ~ 1.4x10%1 gxv3 ( ) ( ) ( ) 1/4
FB 5% Vw (10—3) g T. B/H, Matter!

B Ny \Y/3 (100\*/*% 1100 GeV\? / 100\ _

Reg =~ 4.8x1073 cmx ( ) ( )( ) 1/4
& emeny (075) (7 r. ) \g/u.)"

AT @ B 5SS MR KA
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An example of phenomenology

Marfatia et al, JHEP 11 (2021) 068

S
Fermi-balls

B

: An'.;drp,rh?da Galaxy 3UX 5 Fhxis

BP-8

1031

10° Subaru HSC: 7 hours of observation

BP-7

BP-3

Rgp=0.0 x Rg

*BP-5 Rgy=0.1xRg

*BP-6 Rgg=1.0 x Rg
R90-1 0x Ro — |

101210"1o‘°1o9 1o8 107 10 10 10* 103 102

Meg/Mo

Y.




Big picture: fermion-type solitons

Proposed by T D. Lee.[PRD'15'1694' PRD.16.1096]

Fermion-field nontopological solitons*

R. Friedberg
Barnard College and Columbia University, New York, New York 10027

T. D. Lee
Columbia University, New York, New York 10027
(Received 8 December 1976)

Fermion-soliton is possible with a scalar

Fermions

Theorem 1. There exists a critical value Ng.
For N>Ng, the lowest-energy state is a soliton,
not the plane-wave solution. Furthermore, as
N~

E=4m2N34U(-m/g)]*/". (2.1)

Hong, Jung and KPX, PRD 102 (2020) 7, 075028
BT @ A6 5 2 ik K2 14



Big picture: solitons formation during a FOPT

Fermions trapped to form dark dwarfs!Gross et al, JHEP 09 (2021) 033]
Quark_n uggets in a QCD FO PT[Bai et al, JHEP 06 (2018) 072; PRD 99 (2019) 5, 055047]

=0 (a0) ~ Ko (@) ~ K
B~ 10~

M,
(®) =0 :
} %;N

Scalar Q_ba“S[Krylov et al, PRD 87 (2013) 8, 083528; Huang et al, PRD 96 (2017) 9, 095028]

t/R+ =0.55

Topological solitons—
° MOﬂOpO'ES[Bian et al, PLB 839 (2023) 137822]

e Cosmic Strings[Bian' Cai et al, 2204.04427]
e Domain wallslliang et al, 2208.07186]

0 50 100 150 200 250

U @ AL 5T R KA
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From solitons to black holes

Almost all kinds of solitons have the possibility of
collapsing into black holes

Normal space

Primordial black holes (soon after Big Bang);[Zel'dovitch et al, 1966]

Dark Energy
Accelerated Expansion
Aftergiow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion

|.7

13.77 billion years

Astrophysical black holes (from stellar collapse)
AT I @ A6 R S R R

16



Attractive force inside a soliton

Yukawa force inside a Fermi-ball

Originates from
L> _y)(gb)ZX

@

EYuk ~

15y Qg <L¢)2
400 R \ R
Ly = My': range of force

...as the leading-order approximation

J

WA @ A6 BN MR R
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The complete energy profile

The improved energy profile (when Ly = M(Zl < R)

E =

3ﬂ(3)2/3 a3 am 15y;§Q%B(L¢)2

+—R3U, —
4 \2m R 3 O 40m R \R

What if the Yukawa energy dominates?

Increasing the range of force L >

MR | MR AL | TorrTrTy E L | T ": o T "'”E E L | T "E"'
Fermi-ball / : s ] z PBH
M E E M £ . m
Mg N ; EMpp s ; EMpg :
RFB i RFB i RFB
1 | 1 adaal " aual PR S T |
R R R t

A Fermi-ball collapses in to a black hole! L¢~RFBQFB

WY @ 46 5T 25 ik K2



Fermi-balls may collapse when they cool down

The range of force increases as temperature drops!

T>T,

t T>T,

T<T,

M¢ = \/,LL2+CT2

N

, e —
Fermi-ball Temperature drops, My L and Ly 1
Mg ~ Mg N A
| Rrp
R
RFBQ;];/?)

Kawana and KPX, PLB 824 (2022) 136791
WIS @b SO K K 19



The cooling of Fermi-balls

Emitting SM light particles (black body radiation!"itten, PRD184]),

& ___< ete ,vw,---
Qrp x & < .
Energy decreasing rate
@ B T3 N

L(T) TOJCR%BTl

240 (27r)1/3 L3 (12m2U,) /4
3 .

Tcool = 7—7_‘_2 - NfT2
Radiation cooling is very efficient: 7,40 < 1/H
Scattering Coonng:[Kawana, Lu and KPX, JCAP 10 (2022) 030]

& mmm) In thermal bath via

G
\ - AH¢|H|2¢2

G - & In short: Fermi-balls can cool down!

WA @ A6 BN MR R
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PBHs from Fermi-ball collapse from a FOPT

] Mass disctribution: Lu, Kawana and KPX, PRD 105 (2022) 12, 123503 ]

Mechanism

New soliton & PBH solutions: Kawana, Lu and KPX, JCAP 10 (2022) 030 ]

EWPT & PBH DM: Huang and KPX, PRD 105 (2022) 11, 115033

v /—[ PBH & gamma-rays: Marfatia et al, JHEP 08 (2022) 001 ]

Kawana and KPX, PLB 824 (2022) 136791 [ 511 keV galactic line: Tseng et al, 2209.01552 ]

Adva ntages: \—[ PBHs after the CMB: Lu et al, 2210.16462

* Friendly to particle
physicists;

Boosted DM: Marfatia et al, JHEP 04 (2023) 006

* Ca n ContrOI th e Distinguishing different mechanisms: KPX, 2301.02352
formation time of
P B H S GWs at PTA: Tseng et al, 2304.10084 J

T @ A6 5T S R K5 21



Big picture: primordial black holes from FOPTs

 Bubble collisions
1

=
=
=
S

=
53

:

s eaaseseess

- =
Soae

=
s
Sae
o
SRR
0"‘:.:0

2

=2
5
o0 %e?

2
TS SRR
Sk SRR
Y erat SSSRSstetresscsgeanly:
SRR

2

MOD U
ALPHA = 1.005

) 136791

 Vacuum delayed decay

PO/l PO(ti)
0.10 0.050 .

0.010 ———— pPr+Pw, Outside
————— , outside
0.005 Py T
\ ——— PrtPy, inside
i ‘\ ————— py, inside
i \
0.01 ! \ ! 0.001
= ! v
f=037] V! L4 5.x 107
1y ot
03 0.4 0.5 06 05 1.0 5

Baker et al, 2105.07481 Liu, Bian, Cai, Guo and Wang PRD 105, L021303
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The matter-antimatter asymmetry

Also known as the baryon

asymmetry

Np —Nnpg _
YB = =~ 10 10
S

Two evidences:

0.27
Antimatter 0.26

region > 0.25

region N\ 4 023 ¢

D/H

10—

3He/H

10-8

10—

Li/H

Cohen et al,
Astrophys. J. 495, 539
(1998)

TR @ b B 25 ik K2

0.24 E

10-3 E

AsYMME'fzs(

" Seems to =

baryon density Q. h?
102 f

ET T T T T
- Cyburt et al., RMP 88,

77
zzzzzx4

015004 (2016) oo\

IIIIIII|IlIIIIlII

.7

Z

%

s

U 2

1L IIIIIII|IlIIIIlII

11 IIIIIlI

Y % 2

700000000 R 7
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|

baryon—-to—photon ratio 7
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Generating the matter-antimatter asymmetry

Baryogenesis between inflationary reheating & BBN
Three conditions for baryogenesis:[5akharov,1967]

1. Baryon number violation;

2. C/CP violation; < SM cannot satisfy
3. Departure from equilibrium.«—

N(matter) = N(antimatter)

C&CP violation:

<
To avoid N(left-handed matter) = N(right-handed antimatter)
. | N(right-handed matter) = N(left-handed antimatter)

CP violation
Why departure from equilibrium:

(B) = tr[Be~H/T|
= tr[(CPT)"*Be~H/T(CPT)| = —tr|Be~1/T]
= —(B)=0

AT @ B 5SS MR KA
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Electroweak baryogenesis

Joyce et al, PRL 75 (1995) 1695-1698

EW breaking vacuum Bubble wall

(h) = vy,

1. CP violating Yukawa
generates chiral asymmetry

A “strong” EWPT --

vp /T > 1: TEWV 0

sph. ™

4. Capture

Survives till today!

EW symmetric vacuum

(h) =0

vW
2. Chiral asymmetry diffusion

Do » @6

3. B-violating EW sphaleron

EW )
sph. ~/ 180éwT

T
Net
baryo

n

Baryon number asymmetry

H @it

[Review] Morrissey et al, New J.Phys. 14 (2012) 125003
HT MR K

25



Which fermion?

Chiral asymmetry (ChA)
Yukawa  QCD sph. Diffusion CPV

}

I
\
I

Washing out ChA Enhancing ChA Mo§t popular
choice

)

Q

0 =e ye = 1 Large D,=6/T y,=1 _—
Strong washout v.s. Strong source ]

0 =e v = 0.01 Absent D, = 100/T vy, = 0.01
Small washout v.s. Small source

T-mediated chung et al, PRL 102 (2009) 061301; Guo, Li, Liu,

Ramsey-Musolf and Shu, PRD 96 (2017) 115034; De Vries et al, JHEP 04
(2019) 024; KPX, JHEP 02 (2021) 090

b-mediated!Modak et al, PRD 99 (2019) 115022]

‘u_mediated[Fuchs et al, PRL 124 (2020) 181801]

v-mediated [Fernandez-Martinez et al, JHEP 10 (2020) 063]

U @ AL 5L S HTR Ko 26



Baryogenesis triggered by a FOPT

Relativistic bu bblES[BaIdes et al, PRD 104 (2021) 115029; Azatov et al, JHEP 10 (2021) 043]

A* MG mechanism

¢ AV mechanism

Apply to leptogenesis
e vp o> ¥ H

ny
R
* Yp= e S

No washout at all

[ L\ / Iy
1 M
T

Suppressed
I

(¢)=0
M =0

T @ A6 5T S R K5 27



A short summary on new physics mechanisms (1)

Slow-moving bubble walls (v, < 1): parti
diffusion; change of kinetic space, etc

(9)=0] 12
LR

cle filtering or trapping;

............... d)
T —"— e ¢
é ® i Hong, Jung and KPX, PRD 102
(2020) 7, 075028
Baker et al, PRL 125 (2020) 15, 151102,  — i
Chao et al, JCAP 06 (2021) 038 S, withon e T ofts | ol <0 180 GOV
1000t Ass=—0.1,Aea =6 |]
Morrissey et al, New X+ Xy s = 0, A = 1
J.Phys. 14 (2012) my = 130 GeV
=63x 107"
125003 ) @ y’er =500 GeV
= Obs. Qb
Xy SS — xx
Tr
@ ( 0001| 1 . HH = xx
I/ ——
7 Baker et al, JHEP
........... 03 (2018) 114
<¢>=0 / <¢>=0 05 10 15 20 25
Bubble Wall —>
xXr

BT I @ 1L B A R k2
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A short summary on new physics mechanisms (2)

Relativistic bubble walls (v, = 1): heavy particle production;

entropy injection, etc

Yx(z)

Baldes et al, PRD 104 (2021) 115029
Azatov et al, JHEP 10 (2021) 043
Huang and KPX, JHEP 09 (2022) 052

@ AV mechanism
N

Hambye et al, JHEP 08 (2018) 188;
Baldes et al, JHEP 07, 084 (2022) Number of e—folds N

R Wong and KPX, 2304.00908
10_ T T ||||||| T T ||||||| T T ||||||| T T TTTTIT
| WIMP freeze—out: A = 0.65 my=1TeV |
— WIMP freeze—in
ol - 25 v
10 720 x
u 2 15 &
= - g
L E 0.5 8
) 0.0 &
10710 23 24 25 26 27 2
L S
Z
10714} -
| | \\HH‘ | \\HH‘ | \\HH‘ | \“\\HH
1072 107! 10° 10! 102
z =my/T

WA @ A6 BN MR R

1.0F

0.9F

o
o0

e
9

e
N

o
W

N
~

o
w

o
)

—

4

TTTT T T T T

6, . . l....10,

12

N

16

e R e
2.

102 103

DM mass M y in GeV
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Models that can have FOPTs

SM + singlet scalar (xSM or cxSM)

Cline et al, JCAP 01 (2013) 012; Alanne et al, NPB 889 (2014) 692; Chiang et al, PLB 789 (2019) 154; Jiang,
Bian, Huang and Shu, PRD 93 (2016) 6, 065032; Alves et al, JHEP 04 (2019) 052, JHEP 12 (2018) 070, JHEP
03 (2020) 053, PLB 818 (2021) 136377; Carena et al, JHEP 08 (2020) 107; Liu and KPX, JHEP 04 (2021) 015;
Huang and KPX, PRD 105 (2022) 11, 115033, Liu et al, PRD 105 (2022) 11, 115040; etc

Two-Higgs-doublet model

Cline et al, JHEP 11 (2011) 089; Dorsch et al, JHEP 10 (2013) 029; Basler et al, JHEP 02 (2017) 121; Dorsch
et al, JHEP 12 (2017) 086; Bian, Jiang et al, JHEP 05 (2018) 151; Wang, Yang, Zhang and Zhang, PLB 788
(2019) 519; Wang, Huang, Zhang, PRD 101 (2020) 015015; Su et al, JHEP 04 (2021) 219; etc

Left-right model

Brdar, Graf and Xu, JCAP 12 (2019) 027; Li, Yan, Zhang, Zhao, JHEP 03 (2021) 267; etc

Georgi-Machacek model
Zhou, Cheng, Deng, Bian and Wu, JHEP 01 (2019) 216; etc

Supersymmetric model

Lee et al, PRD 71 (2005) 075010; Balazs et al, PRD 71 (2005) 075002; Huang, Kang, Shu, Wu and Yang, PRD
91 (2015) 2, 025006; Bi, Bian, Huang, Shu and Yin, PRD 92 (2015) 023507; Bian, Guo, Shu, CPC 42 (2018) 9,
093106; Athron et al, JHEP 11 (2019) 151; Wang, KPX, Wu and Yang, EPJC 82 (2022) 12, 1120; etc

Composite Higgs model

Espinosa et al, JCAP 01 (2012) 012; Bian, Wu and KPX, JHEP 12 (2019) 028, JHEP 12 (2020) 047; De Curtis
et al, JHEP 12 (2019) 149; Angelescu et al, JHEP 10 (2022) 019; etc

T @b ST WL TR A 30



Calculating the FOPTs (1): potential

The finite temperature potentiallQuiros, hep-ph/3501312]
UT(¢' T) — UO (¢) T Ul (¢) T Ul,T(¢; T) + Udaisy(¢, T)

Effective Potential [ Vg ]

Effective Potential [ Ve ]

4

Tree level 1-loop CW

I. Thermally (BEC) Driven

+(-u’+cTHh?| [-T@»*”?| [+hY]

/

HiggsField [h] - Qrigin of barrier

IIB. Tree—Level (Non—Ren.) Driven

Higgs Field [h]

4

Effective Potential [ Vg ]

Effective Potential [ Vg ]

4 4

1-loop thermal Daisy resummation

ITIA. Tree—Level (Ren.) Driven

PRQ 87 (2013) 2,

[Chung et g
023509]

Higgs Field [h] > HA & IlI:
II. Loop Driven Hot now

Higgs Field [h]

AT @ B 5SS MR KA 31



Calculating the FOPTs (2): dynamics
Vacuum decay rate[CoIeman et al, PRD 15 (1977) 2929-2936; PRD 16 (1977) 1762-1768]

At finite temperatureltinde NPB 216 (1983) 42111 (T) ~ (;t—3T) T4e=S3/T

S -- Action of 0(3)-symmetric bounce solution Bounce solution
B\’ /

(00) 1 R
S3 = fo Arr2dr [E (5) + Ur(,T)

! T !
Nucleation rate N(T) = fTTC dTT, HE(TT%

False vacuum fraction[Guth et a, PRD23 (1981) 876l (T") = e~ 1(M).

am (T (T vedf\
1) =5 | 4T g (j H(T))

N(T,) = 1 @! FOPT criterion
.53 41 Me1
O ‘ Very rough: Td 4 In -
: I
‘ Strict: 3 + Tpd—T r <0

1. Nucleation T, 2. Percolation T, 3. Completed
AT @ A6 5T S iR K 32



Dynamics of the FOPT

Energy bUdgEtZ how much Wang, Huang and Zhang, JCAP 05 (2020) 045
energy is devoted into wall e :
or plasma motion? R

Bubble wall

(p)+0 (py=0
[

One bubble per horizon .

N

Friction
(From interaction
Pressure — between particles in
—Vess(P) ‘ the plasma and
background filed ¢ )

$59001d UOIIN[OAS UOTISURT) dSBYJ

Ty
34% false vacuum has
The Universe P Upld— Ty — E:zﬂu;?nvemd fo true ——
frame N
} Fluid velocity
The wall frame Vo — v,=0 v, — N // > S
The wall velocity v,, .
v .
Konstandin et al, JCAP 09 (2014) 028;

Bodeker et al, JCAP 0905 (2009) 009, JCAP

05 (2017) 025; Hoche et al, JCAP 03 (2021)
N 009; Cai and Wang, JCAP 03 (2021) 096;
Lewicki et al, JHEP 02 (2022) 017; Ai et al,
JCAP 03 (2022) 03, 015; Gouttenoire(DESY

deflagration hybrid detonation

E, <c, E,>¢, S.>¢ and Tel Aviv U.), Ryusuke Jinno et al, JHEP
Espinosa et al, JCAP 1006 (2010) 028; 05 (2022) 004; Wang et al, PRD 107 (2023)
Ellis et al, JCAP 06 (2019) 024, JCAP 11 (2020) 020 2,023501

BT I @ 1L B A R k2



Gravitational waves & lattice simulation

Sources: [Caprini et al, JCAP 1604 (2016) 001]

.. High temperature Wang, Huang and Zhang, JCAP 05 (2020) 045
1. Bubble collision;

2. Sound waves;
3. Turbulence

Formation and expansion of bubbles

Overlapping of sound
shell

N O rm a | |yl SO u n d Wave Shells of rarefaction

d O m i n a te S Overlapping of sound .p‘§

Espinosa et al, JCAP 1006 (2010) 028; Ellis shell
et al, JCAP 04 (2019) 003; Wang, Huang

and Zhang, JCAP 05 (2020) 045; Guo et al,

JCAP 01 (2021) 001; etc

Bubble collision dominates

for relativistic bubbles Low temperatre

Ellis et al, JCAP 06 (2019) 024, JCAP 11 ;
(2020) 020; etc

Shells of compression

Bubble collision

Lattice simulations

Di, Wang, Zhou, Bian, Cai and Liu, PRL 126
(2021) 25, 251102; Zhao, Di, Bian and Cai,
2204.04427; Li, Bian and Jia, 2304.05220;
etc

U @ AL 5T R KA 34



Detecting FOPTs (1)

Current and future GW detectors

Gen.Rel.Grav. 54 (2022) 12, 156 (Snowmass 2021)
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LIGO constraints PRL 126 (2021) 15, 151301; e .
PTA constraints PRL 127 (2021) 25, 251303 .
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Detecting FOPTs (2)

Collider experiments complementarity

e /l LHC — HL-LHC
5| ) HE-LHC? LHeC?
S N : CEPC? ILC? FCC?

\\\\\\\\ > AU Muon collider?
_ FOPT (V_acuum de_cay)
b

Di-Higgs production
Huang, Gu, Yu and Zhang, PRD 93 (2016) 10, 103515; Alves, Guo, et al, JHEP 04 (2019) 052, JHEP 12
(2018) 070, JHEP 03 (2020) 053, PLB 818 (2021) 136377; Liu and KPX, JHEP 04 (2021) 015; etc

Exotic Higgs decay
Kozaczuk et al, PRD 101 (2020) no. 11, 115035; Carena, KPX et al, 2203.08206 (Snowmass 2021); Liu
et al, PRD 105 (2022) 11, 115040; etc

Higgs triple coupling, EW precision measurements

Huang, Gu, Yu and Zhang, PRD 93 (2016) 10, 103515; Cao, Huang, KPX and Zhang, CPC 42 (2018) 2,
023103; Su, Williams and Zhang, JHEP 04 (2021) 219; Song, Su and Zhang, JHEP 10 (2022) 048; etc

And other signals (very model-dependent)

AT @ b 5 AT S R K 36



Closing remarks

A lot of fun in a boiling Universe!

Matter-antimatter asymmetry
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2 Gravitational
waves

Black holes
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Dark matter
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