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Introduction

» Standard model (SM) is consistent with LHC results

Unsolved problems: Baryon asymmetry of the Universe, dark matter, etc...

* Exploring the dynamics of electroweak symmetry breaking is important

Cf) EW baryogenesis  [Kuzmin, et al. : PLB155 (1985)]

* How we can test the first order EW phase transition (EWPT)?

r R 4 N\ )
Precise measurement Gravitational waves Primordial black holes
of hhh coupling from EWPT from EWPT
_ y, \_ J - J

[Hashino, Kanemura and Takahashi,

[Grojean et al., PRD 71 (2005), [Grojean and Servant, PRD 75 (2007)] 5 5'g33 (2021)]

Kanemura et al. PLB 606 (2005)]
[Hashino, Kanemura, Takahashi and

Tanaka, PLB 838 (2023)]
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Baryon asymmetry of the Universe

* Cosmic microwave background

=B = (6.12 £ 0.04) x 1010

n,

[Sakharov, Pisma Zh.Eksp.Teor.Fiz. 5 (1967)]

* Sakharov’s condition

(D Baryon number violation
@ C and CP violation
(@ Non thermal equilibrium

* Although the SM can satisfy
the Sakharov’s condition,
1, cannot be explained
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Baryogeneis in the SM

* SM can satisfy the Sakharov’s condition

(D Baryon number violation: Sphaleron process
(@ CP violation: Cabbibo-Kobayashi-Maskawa (CKM) phase

@ Non thermal equilibrium: first order EW phase transition

* However...

* EWPT in the SM is crossover (Not first order)
* Too small CKM phase

A
I & J oz ~ 1072 < 10710 A= (my; — mZ)(my — m)(mZ — m]
¢ X (m§ — msz)(mc% — m,f)(ms2 — m,f :

Jarlskog invariant J ~ 3 x 10> [Jarlskog, Phys. Rev. Lett 55 (1985)]



EW baryogenesis

 EW baryogenesis [Kuzmin, et al. : PLB155 (1985)]
Sakharov’s condition

Sphaleron process
@D Sp P (DBaryon number violation

@C and CP violation
@Non-thermal equilibrium

(2 CP violation in Higgs sectors
(3 first order EW phase transition

Vacuum bubbles nucleated by the EWPT

!

Chiral asymmetry produced via interactions
b/w plasma and vacuum bubble walls

Produced chiral asymmetry transferred into

baryon asymmetry via sphaleron processes

[Morrissey and Ramsey-Musolf: NJP 14 (2012)]

l <0>x0
n, = (6.12+0.04) x 10719




Gravitational waves from FOPT

First order EWPT may be tested ® “~ False vacuum
by gravitational wave observations ] Q
* Sources of gravitational waves (GWSs) @ True vacuum

[Caprini et al., JCAP 04 (2016)]

(DCollisions of vacuum bubbles P
(2 Sound waves (compressive waves) Q

(@ Turbulence O g
[Grojean and Servant, PRD 75 (2007)] e

O

e Parameters describing FOPT

T, : Temperature starting FOPT - Nucleation rate  [Linde: Nucl. Phys. B216 (1983)]

agyw - Released latent heat

S5(T)
: L pubble = A(T)exp [— 2 ]
Pow : Duration of FOPT

vy, : vacuum bubble wall velocity 53(T) = Jd3x B (Vo?) Ve (0" T)]



First order EWPT

* Effective potential at finite temperatures  [Hall and Anderson: PRD 45 (1992)

A
Veff(ﬁﬂ, T) ~ D(T2 — Tg)qu — ET¢3 + TT€04

1 /1
Tg = B (Zm}% — 2Bv2)

1
4 4

B = i (m,% + 6my, + 3m; — 12m; )

1
D = 4 (m; + 6my, + 3m; + 6m7)

1 P

_ 3 3 3 '

E=—rs (m;) + 6my, +3my) + Only boson fields

> | 2 2 > Y |

mj, 3 4 my, 4 my 4 my

Ap=——|1- 2my, lo + m_ 1o —4m; 1o
o2 8m2vemp { WD agl? 208 agl? ¥ 08 aFT2}

 Strength of first order EWPT : Important in EW baryogenesis

2F [Kuzmin, et al. : PLB155 (1985)]

v v Tn: Nucleation temperature

n c
_—N ——— N ——

r, T. /r v(Tn): VEV at T=Tn



Non-decoupling effect in hhh coupling

-h
0" Veir(9) ALY
_ 1SM hhh _ SM
003 = A | 1+ PRV & Ak = M = Hpy - B Q
. hhh -

Eg) Two Higgs doublet model: SM + Iso-doublet scalar field [Kanemura etal.: PRD 70 (2004)]

-

’/ZCI)/A{(%)V4 2 o) .
3 E > (Apv- < M*) Decoupling
Al}%}ll_}lDM ~ Z nq)m&l) <1 Mz) b)) 127 mhm(b

M . 12722mpv? mg nn?
b=H.AH Z 2 2 _ (Jev? 2 M? | Non-decoupling
= 1222mpv?
* Masses of additional scalars
30—
Mg~ M*+ 2 v> (®=H,A H") o5 — 2HDM tloop
_ = sin(B-a)=1, M=0
Ag: linear combinations of Higgs self-couplings °\~£ 2001 ) )
< 150} mg, = A v
* hhh coupling is evaluated at the two loop 5 100
level 50
[Braathen and Kanemura, PLB796 (2019)] [
O-
100 200 300 400 500

Non-decoupling effect is interesting!



Sphaleron decoupling condition

- Sphaleron decoupling condition:  [Kuzmin, et al. - PLB155 (1985)]

_ Vy
rggl(Tn) = A(T,)e En@IT < [ (T)) = > — > (T =~ 1

Tn
- hhh coupling & sphaleron decoupling condition Strongly first order EWPT
V.o, T) D> — ETp> < Sl e
PR
o= h
Eg) Two Higgs doublet model 450 T T T T T 1
100% —ooeeeenemeee
[Kanemura, Okada and Senaha, PLB606 (2005)] e velTe>1 . )
AAZHDM
Mh__ - 20— 30 %
A

Large deviation in hhh coupling is

required to realize first order EWPT 100 - (9 ) = ang =1 -
50 S :em -

. . . 0 1 1 1 1 L I 1

= Non-decoupling effect is important 0 20 40 60 8 100 120 140

M [GeV] 10



Status of hhh coupling measurements

e Current constrains from the LHC

— <53 [ATLAS, arXiv:i2211.01216]

224 < ) < 549 [CMS, Nature 607 (2022)]

SM
/Ihhh

 Hadron colliders

~h
~h
* Lepton colliders
et et Ve
WSy __h
W Sl h
e~ e Ve

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC

CLIC

[de Blas et al., arXiv: 1905.03764]
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68% CL bounds on x, [%]

di-Higgs single-Higgs

. FCC-ee/eh/hh FCC-eeleh/hh
5% 25% (18%)
LE-FCC N LE-FCC

15% n.a.

FCC-eh

3500
-174+24%

FCC-ee .,
-1 33% (19%)
FCC-ee,

240
............................... 49% (19%)......
ILC ILC
1000 N 1000
10% 36% (25%)
ILC,,, ILC,,,
27% 38% (27%)
. ILC,q,
............................. - 49% (29%)......
CEPC
............................... 49% (17%).....
CLIC, S CLIC
3000 3000
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All future colliders combined with HL-LHC
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Effective field theory

Model independent properties of the EWPT

— Effective field theory (EFT) is needed

Energy scale

New Physics

2

~100 GeV h, top

Effects from heavy new particles are described by EFT frameworks

e.g., Standard Model Effective Field Theory (SMEFT), Higgs EFT

[Buchmuller and Wyler: Nucl. Phys. B268 (1986)] [Feruglio: Int. J. Mod. Phys. A8 (1993)]
[Grzadkowski et al.: JHEP 10 (2010)] 1 3



Standard Model Effective Field Theory

Eg) Higgs potential in the SMEFT (up to dim.6)  [uchmulier and Wyler: NPB 268 (1986)]
[Grzadkowski et al.: JHEP 10 (2010)]
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- Effective potential including effects from heavy new particles

2
7 A Co
VsMEFT = — 7€02 + Z¢4+ﬁ¢6
>4

SM + higher dim. operators— Standard Model Effective Field Theory (SMEFT)

Useful in discussing model independent phenomenology
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Nearly aligned Higgs EFT (naHEFT)

) Lagrangian [Kanemura and Nagai, JHEP 03 (2022)] p
M?(h) = M? + 27
_ R0 2 2, MZ(p) (2) T 2 7
LoauerT = Lsm|— 12 M= (p)]" In — o
T . = M* + 22 (h+v)’
« In the decoupling region (M*> > k),
o o 1 . o
Vesm(@) = p° =—¢° = SMEFT is a good approximation

6412 M? A2

« SMEFT is not good in the non-decoupling region (M2 < vaz)
[Falkowski, Rattazzi, JHEP 10 (2019), Cohen et. al, JHEP 03 (2021)]

* Three free parameters r : non-decouplingness

KpV2 "
K ]
A= \/M2 + 202, Ky r=—— r~0 = M?> —v> Decoupling
9) A2 2
: K
Mass of new particles re~l = M? < ?”V2 Non-decoupling

15



Possibilities of new physics

New Physics

Decoupling Non-decoupling

VBSM ~/ |(I)‘6 VBSM ~/ lIl |(I)‘2

16



Possibilities of new physics

New Physics

Decoupling Non-decoupling

VBSM ~/ ‘(I)|6 VBSM ~/ lIl ‘(ID‘Q

r=20

r=1

naHEFT

17



NaHEFT at finite temperatures

e The naHEFT at finite temperatures [Kanemura, Nagai and Tanaka, JHEP 06 (2022)]
Ko 2 121 MA(@) | Ko M?(9)
Vi = V& 1 —T=J
EFT SM + 1 M2(¢)]" In 2 + 521 JBSMm T2

Jesm(a”®) = / dk*k* In [1 — sign (ko) e k2+a2] M2(p) = M? + %¢2
0

N=1TeV, kg =1

ol [ Consistent with results in the SM with a singlet
— dimé [Kakizaki et al., PRD 92 (2015), Hashino et al., PRD 94 (2016)]
4} ——- dim6 + dim8
----- dimé + dim8 + dim10 | : /
NN Large deviation in v, /T, exists b/w the SMEFT
= 2 and naHEFT
~ o
> 3
ot 3 {}
a .'.: -=~
N R 7.  SMEFT may not be appropriate when we
5 ‘ discuss the strongly first order EWPT
00 01 02 03 04 05 0.6 o
r 5

r=-—2 18

[Kanemura, Nagai and Tanaka, JHEP 06 (2022)] A?



GWs from the first order EWPT

Predictions of GWs produced by the first order EWPT are also analyzed

- Nucleation rate [Linde; Nucl. Phys. B216 (1983)]

S3(T) [Kanemura, Nagai and Tanaka, JHEP 06 (2022)]
Fhubble = A(T)exp [— T ] - .
109 > { T 7; . 4 ,{f
° \\;:'\..{\?'4 GOO/,) /!
ST = |dx | % (Vob) 24 Vg (0.7 b OSSR 7
(1) = . 5( ¢ ) T Vesr <§0 ’ ) S AN i ¢ o
88.\ ~. RN ,,/ /./
é% 10—13 R \.\.\ N\ - 7 .//
. ~ ~. /
[Grojean and Servant, PRD 75 (2007)] = N\
10715 '
e Parameters describing FOPT —— (A Ko, 1) = (1000 GeV, 1, 0.525)
1071 F —— (A, ko, 1) = (1000 GeV, 1, 0.52)
y —— (A, Ko, r) =(1000 GeV, 1, 0.48)
T, : Temperature starting FOPT | T (Mren=(0006Gev.1,049) -/ NN\
10 10~> 1074 103 1072 1071 100 10!
agyw - Released latent heat flHz]

Pow : Duration of FOPT
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Primordial black hole formation

* Primordial black holes (PBH) : BHs formed before the star formation

* Condition for the PBH formation

[Hawking, Mon. Not. Roy. Astron. Soc. 152 (1971),
> 5C Hawking and Carr, Mon. Not. Roy. Astron. Soc. 168 (1974),
Pback Harada, Yoo and Kohri, PRD 88 (2013)]

5 = Pover — Phback

* § > 9, can be satisfied when the FOPT occurs

. [Kodama, Sasaki and Sato, PTP 68 (1982);
— PBHs mlght be produced by the FOPT Hawking, Moss and Stewart, PRD 26 (1982)

Liu et al., PRD105 (2022)]

o PBH
Jeans scale

Horizon

overdensity region
21



PBHs and first order phase transition

 Large density fluctuation can be realized b/w false and true vacua

5 = Pover — Pback

> O¢ PBHs can be produced [Liu et al., PRD 105 (2022)]
Pback

[Hawking, Mon. Not. Roy. Astron. Soc. 152 (1971),
Hawking and Carr, Mon. Not. Roy. Astron. Soc. 168 (1974),
Harada, Yoo and Kohri, PRD 88 (2013)]

* We take 6~ = 0.45 as often used

Time 4 PBH

> Veff(¢)

4 False vacuum
N
trBH -
Horizon
(p) #0

tphase S —, Space True vacuum

($)=0 22



PBHs produced by first order EWPT

» Properties of PBH produced by EWPT discussed in the SMEFT
[Hashino, Kanemura and Takahashi, PLB 833 (2021)]

We discussed the PBH formation in the naHEFT instead of the SMEFT

 PBH mass in the EWPT
-5
&
<
: : : & 1073
* Microlensing observation G .
J atons i | First order EWPT
S HSC. OGLE £ 107 can be tested by
ubaru = .s| PBH observations
[HSC, https://hsc.mtk.nao.ac.jp/ssp/] |
[OGLE, http://ogle.astrouw.edu.pl] 101%_12 10-10 108 106 10-7 T0=2 100
Mpgy [Mo]
e Future observations: PRIME, Roman
fPBH iS constrained by 10—4 [PRIME: http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.htmil]

[Roman: https://roman.gsfc.nasa.gov]

23


https://hsc.mtk.nao.ac.jp/ssp/%5D
http://ogle.astrouw.edu.pl]

Tests of the first order EWPT

How we can test the first order EWPT?

. i [Kanemura et al.: PRD 70 (2004)] [Kanemura et al., PLB606 (2005)]
hhh Coupllng measurement [Grojean et al., PRD71 (2005)]

« GW observations [Grojean and Servant, PRD 75 (2007)]

* PBH observations  [Hashino, Kanemura and Takahashi, PLB 833 (2021)]
[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]

1600 Ko=1
feort > 107 e Current and future observations
1400 F\ A
% DECIGO
ool PBH: Subaru HSC, OGLE, PRIME, Roman
~ GWs: LISA, DECIGO
9 10007 Colliders: ILC, HL-LHC
< goo} .
First order EWPT can be explored by PBH
600 | observations in addition to GW observations
and collider experiments
400}

0.4 0.6 0.8 1.0 [Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]

' 24



Parameter region explored by PBH obs.

Wide parameter regions in new physics might be explored by PBH observations

[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]
1600

1400

1200

1000

N GeV]

400

25



Timeline of experiments

Dynamics of the EWPT is thoroughly explored in the near future

Our research

a PBHs produced by the EWPT ) GWs from the EWPT

Subaru HSC, LISA, DECIGO
OGLE T .
/ hhh coupling
measurement
HL-LHC

>

2022 2026 2030 2040
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* We proposed the naHEFT which can appropriately describe the first order EWPT

 Strongly first order EWPT can be tested at current and future PBH observations
like Subaru HSC, OGLE, PRIME and Roman telescope

* Wide parameter regions may be explored by PBH observations

 Colliders, GWs, PBHs — Dynamics of the EWPT is thoroughly explored

PBHs produced by the EWPT

Subaru HSC, LISA, DECIGO

OGLE ILC

measurement
HL-LHC
>
2022 2026 2030 2040

28
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Nearly aligned Higgs EFT

naHEFTI(Z ./ \/7—_j7 w 7Y yﬁ&ﬂ%%%ﬂﬁf% ) [Kanemura and Nagai, JHEP 03 (2022)]

LnangrT = Lsm + LBsM;, M?(h), F(h), K(h), Vi (h), Vi (h)
2 N \
Lpsm = ¢ [—% (M2(h)] " In MMQ(h) by I RIBDEIER

2

+ L F () T [D,UTDAU] + LK(R) (9,h) (0h)

v (qu [y;j (h) + Y17 (h)#’)] 7+ h.c.) _ (z‘iLU [y;’ff (h) + Vi (h)Tﬂ 1, + h.c.)}

1 Z a__a
TR FDGICHKTFT 2EE =12 U =exp (UW T )
BEADLHICROEZRE M (h) = M? + , " (h 4 )2
¢ 3DDI/INTAX—% r : non-decouplingness
KpV K \ .
I I r~ 0= M2 TRy TY VY
- 2 ’ 0 - A2
K

DB S r~1= M < 7”\»2 JIOTHhY TG

30



What is the meaning “nearly aligned”?

e The naHEFT in the canonical basis [Kanemura and Nagai, JHEP 03 (2022)]
1 aprIxsa 1 UV t aa
'CnaHEFT — ZW W,uy — ZB B,ul/ U = exXp ;ﬂ- T

2

i
+ UZ (1 + QKV; + Rvv 5 + O (h3)> Ir [DMUTDMU}

L/ (i Lo gsy 13M2 .. 13M2
5 (9uh) (07h) = SMRER? = o = Lkish? — =S ah + O ()

3 v 4! 2

y h L
- ) my [(5” + R —|—C’)(h2,7r2)> fifé—l—h.c.] ,

f=u,d,e
1.00 =
0.99 The naHEFT can describe extended Higgs
0.98 models without alignment (x|, . # 1)
= 0.97
< 0.965 . .
0.95 _ Snvv _ Snr
0.94 VE s T s
0.93 ShvY Ehff

500 1000 1500 2000
A [GeV] 31



SMEFT and Higgs EFT

We only focus on the Higgs part

e SMEFT
Lomprr 2 A(]?)10,8° + B(|2?) (9,|22)° — V(D) + 08",

— A(D), B(®), V(D) are analytical at |®| =0
* Higgs EFT V(h) is arbitrary
2
Loy S %K(h)@uhc‘%h + L F ()T [0,U0°U) + V(h),

— K(h), F(h), V(h) can be non-analytical at 7 # 0

= Higgs EFT is more general than SMEFT

In the naHEFT, it is assumed that V(h) has Coleman-Weinberg like structure

32



SMEFT and nearly aligned Higgs EFT

M? 200y _ a2 e o2
VErT = Vam + §/ﬁ?o [M2(¢)]2lﬂ () MP) =M™+ 5797,
4 T o
o . MP(v) =N =2
Expand the logarithmic part in terms of ¢ A2
1
£ =
» Up to dimension six 167>
1 o\? 1 2 A B
Vesm(®) = — [ |9 — — — = —
Bsm (@) f? (' | 2) T3t e,
2 _ 2
- Up to dimension eight D|° = ¢7/2

1 A , 02\’
Vesm(®) = 72 (’q’\ - 5) 7 (\q’\ — 5)

1 1 1—2r 1 1 r

2RI fE 2221 —r

r— 112 = 1/fg > 1/f The expansion is not good at large r
33



Fraction of the false vacuum

(ko, .\, Tin) = (4.0,1.0,400.15 GeV, 40.0 GeV)

1.0F
outside
0.8} ..
e :inside
E . :
L
0.4}
0.2} — Fu
—_— Fi?w
N (Ko, I, A\, Tin) = (4.0, 1.0, 400.2 GeV, 40.0 GeV)
0.0f === Fin 351
10 20 30 20 50
TIGeV] 3.01 5= Pin — Pout
_ _ 25T Pout
4” t / ’ 3 3 / 2.0F
F(t) =eXp | —— dr'T (t ) a (t)l’ (t, t)
3 o)
B ti i 1.5F
t V 1.0
r(ft) = [ ——di osk N\ 02>045
s a(t)
0.0f
20 30 20 50 60 70 80

T[GeV]
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How to obtain PBH fraction?

1. Evaluate the possibility that the symmetry breaking is not broken in a Hubble
volume

2. Calculate how many Hubble patches at fpgyy are included in a Hubble
volume at present

EW __ ““PBH 11 PBH
= ~ 1.49 10 P(t H
FB SZCDM 8 <SZCDM) (100G6V> <PB )7

PBH (Ko, I, A\, Tin) = (4.0, 1.0, 400.2 GeV, 40.0 GeV)
> 3.5F
3.0} L —
S = Pin ~ Pout
p - 257 Pout
PBH >
2.0}
Horizon Te
15}
> 1.0
0.5 F o N N
Pads
\ # 7 OO I 1 1 1 1 1 1 1
20 30 40 50 60 70 80

() =0 TIGeV] 35



Fraction of primordial black holes

EW __ PBH 11
= ~ 1.49 10 P(t ,
PBH QCDM % (SZCDM) (100 GeV ) ( PBH)

P(t,) = exp [—4—” /t voe 1 )F(t)dt], rbubble(T):T‘*(S3<T>)3/2exp [_@]

. a3(tpu) H3(tper

Ko=5,r=1

N =378.17GeV

A = 378.16GeV

10~k
; ./\ = 378.15GeV
10795 =10 3 gr - - 0
10 10 10 10 10 10 10

Mpgn [Mo] 26



PBH fraction in naHEFT

fPBH IS very sensitive to the parameters in the nearly aligned Higgs EFT

[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]

r=1 r=0.5
10° & A =140GeV 10° &
E 247 E 4800
[ 401
104E 104E
- 330 200GeV -
_ 500 [ 465GeV
103 103 L
I : I :
Q\). 397 q\)_
| Mpgy = 107°M,, 263GeV | Mpgy =
i Ko = 1 | — Ko = 1
[ —— ko=4 568.257 — Kp=4
1 B 263.827 1 B
10 i Ko = 20 568.259 399.47,..4..: 10 | Ko =20 7
..... fogy = 1074 " s ceees fpgy=10"% 737.07
— fegy=1 ¥ 399.473 — fogy=1 » |
100 L Lo Ll 100 L e L
102 101 109 102 101 109
a a
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Small beta and PBH formation

A Veir(@) 4
Ver(, T) = D(T? = T)g* = ETgp? + —-op* '
T = TC
* Height of the effective potential
’ AV(pT.)
y
AV(v,, T _c .
o) (TC) Vm V.

— Large vc/Tc favored to realize the strongly first-order

* B parameter (thin-wall approximation) [Eichhorn et al., JCAP 05 (2021)]

—5/2
% o (%) — When vc/Tc is large, B can be small

Cc

= small B is preferred to delay the first-order phase transition

= PBH formation requires small 3
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Bubble nucleation

- Nucleation rate of vacuum bubbles  [Linde; Nucl. Phys. B216 (1983)]

55(T)

1
Dyupble = A(T)exp [— ] 53(T) = Jd3x [5 (Véﬂb)z"‘ Verr (¢, T)]

(Ko, \) = (4,401 GeV)

400
— r=1
350 - — r=0.99
o C/H* < 1 Non-dc_acoupllng effects_ are required
to realize the delay of first-order EWPt
I: 250
E 200
w R
L0 e e IN'H*=1 o Sy/T ~ 140
H007 r=0.99
50 I'/H* > 1
° 10 1I5 2I0 2I5 3IO 3I5 4IO 4I5 50
T[GeV]
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Parameter region explored by PBHs

Wide parameter region can be explored by PBH observations

[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]

1600
1400
1200
%) 1000 |
>
< 800}
600 _
\\\\\\\ . fopn > 107
400f S0y Tl
100 - IlOi
Ko -« d.o.f. of new particles
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Explored parameter regions

1600 -

1400

1200F

N GeV]

800

600

400

1600

1400

1200

1000

N GeV]

400

Ko=1

1000

—— fpgy > 1074
B LISA
DECIGO

800 -

.
o
‘e ..
. .
. .
. .
.
.
.
‘e
.

r
Ko = 8
—— fpgy > 1074
i B LISA
DECIGO
MH* <1

N GeV]

N GeV]

1600

1400

1200

1000 E\.*
800

600} "

400

1600

1400

1200

1000

800

. .
.
.
.
.
.
600 X
.

400}

Ko=4
— fPBH > 10_4
i B LISA
DECIGO
r
Ko = 16
—_— fPBH > 10_4
i I LISA
DECIGO
a MH* <1
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Explored parameter regions

r=0.3 r=0.5
1600 — 1600
— fogy>10"% — feen>107"
Il LISA Il LISA
12001 1200+
2 1000} 2 1000 A"
< 800} < 800F
600 | 600
400 F 400
100 10! T 100
Ko
r=0.8 r=1
1600 1600
—— fpgy > 1074 —— fpgH > 1074
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Condition for PBH formations

e Condition 6 > 0.45 is derived in radiation dominant case
[Harada, Yoo and Kohri, PRD 88 (2013)

* PBH formation with p = wp (0.01 <w <£0.6)

_ [Musco and Miller, Class. Quantum Grav. 30 (2013)]
has been discussed
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Spherical symmetry and PBH formation

* Non-spherical symmetric case

comoving fluid density [L2]

10°¢ T T T T -
i - ony,z-axis t= 5L ———
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I | g 1 t= 55L 1

t= 60L |
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t= 80L ——

103 f e AR T — T e =

If the over density region does not respect the spherical symmetry,

realization of PBH formation might be difficult

[Yoo, Harada and Okawa, PRD 102 (2020)

Time evolution
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Spherical symmetry and PBH formation

vacuum

Horizon \ / Horizon
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Ratio of energy density

outside
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hhh coupling measurement at LHC

* Higgs pair-production’z i@ U ThhhiF&HVHIE TE %
[CMS, Nature 607 (2022)]

k | m
g o0 , H g voooo—@ — — — H
tb / t’b Ktb
H /
t,b - - @K, t,b t,b
Kt,b \
\
t,b \ t,b |k,
g ooo “H g ooooo——@ - - - H

Ay
—2.24 < 7 <5.49 [CMS, Nature 607 (2022)]

* High-Luminocity LHC Tl&50% D fEE THRIE RIBE  [Cepeda et al, arXiv:1902.00134]
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hhh coupling measurement at ILC

e |[LC@500GeV [Bambade et al., arXiv: 1906.01629]

Signal diagram Background diagrams
¢ ILC@1TeV
(b) _ _
e+\/ v e+ v e+
------ o +
e V e
Signal diagram Background diagrams
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hhh coupling measurement at ILC

ILC@500GeV: hhh coupling can be measured with 27% accuracy

ILC@1TeV: hhh coupling can be measured with 10% accuracy

[Bambade et al., arXiv: 1906.01629]

49



Constraints on mixing angle in 2HDM
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Constraints on charged Higgs mass

[Haller et al.:Eur. Phys. J. C (2018)]
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