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This talk

| would like to emphasize importance of Higgs physics
as a probe of new physics

 Deviation in h(125) couplings at NLO and fingerprinting
« Decays of heavy Higgs bosons at NLO

« Higgs Potential/EW phase transition/EW baryogenesis



Current Situation

Higgs Discovery 2012

Mass 125 GeV Spin - Parity

Good agreement with SM prediction
No BSM evidence found up to now

But big questions - BSM

Where is new physics?

Low scale?

TeV Scale?
High Scale?

CMS, 137 o' (13 Tev) 2022
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Higgs: window to new physics

Higgs sector remains unknown

Multiplet Structure (# of fields, symmetry, couplings, )
Higgs Potential (dynamics of EWSB, EWPT, --*)
Yukawa Structure (flavor, CPV, ---)

Elementary or Composite? Hierarchy?
Radiative seesaw models
SM Higgs sector: no principle DM candidates
; ; Phase Transition (1st Order)
Extension of the Higgs sector CPV sources for baryogenesis

— BSM phenomena may be explained SUSY, DSB, GHU,

TeV scale: testable at current and future experiments



Extended Higgs sectors?

Multiplet Structure (with additional scalars)
dgy + Isospin Singlet,
®dsy + Doublet (2ZHDM),

Oy + Triplet,

Additional Symmetry
Discrete or Continuous?
Exact or Approximate or Softly broken?

Interaction
Weakly coupled or strongly coupled?

Rho parameter W Multi-doublet (and singlet) structures
FCNC Suppression mp Strong constraint on the Yukawa sector
Higgs alignment  m) Strong constraint on mixing angles °




Example: 2HDM with softly broken Z2

Vivow = +m3 (@1 + m3 [@2” — m3 (@@ + @], wt

®, = 1 =1,2
A1 4 A2 4 2 2 l \}_(h'-l_l + ia;) ( 2
+7]<I>1| +?\<I>2] + A3 |P1]7 | D2
2 Ar 2 [ [ o
Sy |<1>§<I>2( + 3 [(@{q)z) + (h.(:.)] Diagonalization
hy| [cosa -sina||H Zg] _ [ cosp —Sinﬁ] [ z%]
i ; sin COS A
®;and & = h, H, A’ H* @ Goldstone bosons hy Sina CoSa | | h 72 | Sinf g
+ [ ) +
har wy | _ cosfp —sinp w
f I Tcharged wéﬁ sing cosB || HE
CPeven CPodd ' '
72 7,2
g m,zl = v ()\l COS 3—}- )\)sm 3—|——sm 23) + O( Y ), " = tanp
: soft 1
9 | - ma _
-m"}l = *U.i)['t + v ()\1 + Ao — 2X) sin’ 3cos B+ Of vz ), A[wﬁ (_ \m)
masses - Moty
2 _ .2 AtAs 2 soft-breaking scale
mpg+= Mg — 5 v,
2 2 M ot: soft breaking scale of the discrete symm.
my = \lsoft A5v°.
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How SM-like is realized?

A A Friendly with
N — N _L 1st OPT
: (EW Baryogenesis)
N\ : Cutoff v WIMP
M : Mass scale Radiative seesaw
irrelevant 5 5 5
Higgs alighment
M 1
@ ks~ 1 SMilike
vV~ ~Y
9 W —— go~ My —— cos(f—a) ~ 0
vt 6 v’ 6
Legr = Lsm + WO( ) Lett = Lnonsm + FO( )
Effective Theory is the SM Effective Theory is an extended Higgs sector

Decoupling Alignment and Non-Decoupling 7




Higgs couplings

N"\WW, hZZ, ht T,
htt, hbb, -,
Ny v, hZy, hhh
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Parameter value

BSM effect can be described by

SMEFT (decoupling) HEFT (w/wo decoupling)

Extended Higgs models (w/wo decoupling)

Each concrete BSM model

Vs = 14 TeV, 3000 fo ' per experiment

[ | Total

—— Statistical
—— Experimental
—— Theory

ATLAS and CMS
HL-LHC Projection

Uncertainty [96]
Tot Stat Exp Th
1.8 08 10 13

1.7 08 07 13
15 07 06 12
25 09 08 21
34 09 11 31
3.7 13 13 32
19 09 08 15

43 38 10 17

|98 72 17 64

002 004 006 008 01 012 0.14

Expected uncertainty



Small deviation (ky#1) = New Scale

No-Lose Theorem Lee, Quigg, Thacker 1977

Unitarity: My < 1 TeV,
otherwise, BSM appears below 1TeV

Motivation to build SSC, LHC
h(125) discovery!




Small deviation (ky#1) = New Scale

No-Lose Theorem Lee, Quigg, Thacker 1977

Unitarity: My < 1 TeV,
otherwise, BSM appears below 1TeV

Motivation to build SSC, LHC Ky =sin(B-a)
h(125) discovery! (S,mgvr?rl,:fnt)‘r’ T
Deviation &
New No-Lose Theorem hVV coupling

(V=W,Z) ..
If deviation appears in a Higgs coupling, v

the second Higgs H or New Phys must appear

OfSpmmmm—

Axky=2% = my<1.4TeV

Deviation is necessary mH (é”eV)o



Yukawa Couplings
Multi-doublet models: FCNC appears via Higgs mediation

In two Higgs doublet models:
to avoid FCNC, give different charges to @, and &,
Discrete sym. &, — + O, P, = -P,

Each quark or lepton couples only one Higgs doublet
No FCNC at tree level

/ Four Types of Yukawa coupling Barger, Hewett, Phillips

Classified by Z, charge assignmen
u u u u
d e d e d e d e
Type-| Type-ll Type-X  Type-Y

Neutrinophilic SUSY Radiative Seesaw 11
\ Inert Lepton specific




Pattern of deviations separates models

Couplings of h(125) to quarks and leptons are different
in different Higgs models

Simple example: 2HDM

Ky K ; Kp K¢
Tyee-l 8§ 8 @8 @
Type-lIl ‘ 4= 2 L Direction of
’ deviation in
Type—X ,‘ G ‘ ,‘ each coupling
Type-Y § & & @

We can fingerprint the BSM model from pattern of deviations in couplings



Fingerprinting

Vil - ) SK, Kikuchi, Mawatari, Sakurai, Yagyu 2018
AR(h — XX) = — _§
PSM(h. — X X)
80 Ll cos(f-o)<0 cos(p-a)<0
R . ] . ' / 5 ‘ ,
60 | R Type Il # ] Type Y Type 11,X
k ‘. Type Y (Tree) 0 : — II(T_r(?e? anA =3
40 Type Y 2 | tang =3 ; = - (Tmc},'? " .",.
— ype ree % anfim ° o, 3
O\o tanf=1,3 o\o T HESLL L~
= 20 i codppp ¥ (Tree) = | i | po00se
3 2 or] tang =1 : et "‘N
o) ype X (Tree)
t OflHL-LHe ’?' -10
c 20 HSM 4 - .
E-2O ; Type | (Tree) s E_15 ) //- :
<] tang = 3 Type X (Tree) < / ,
-40 + Type | 7 00cey 0 I/ Eg”z] 30%
500GeV N -20 Typel, Y (Tree) L\ I;L_LHC Type ll, X (Tree) TT 64%0
-60 1 Type X = % tanf = 3 g tang = 1 . 5
#Type | (Tree) G 7 56%)
gol =t i [ | mepS00cey NRE -25 e e
80 60 -40 20 0 20 40 60 80 R R O 2 ERL O 0
AR(h—>tt) [%] AR(h—1T) [%)]

Full set of 1-loop corrections (EW + QCD + Higgs) to the decay rates in various Higgs sectors
and future precision measurements make us possible to fingerprint models and

also to get information of inner parameters such as mass of the second Higgs boson -



13/14
I'(h —» Xx)H™M
Decay rates of h oo e [ARE T(h = XX)™M 1]

my = my = 300GeV, 0 < Am( = my. — my) < 150GeV, 0 < sina < 0.18

3 e Higgs Triplet
2 NLO LO w
. ~a / _ ‘._- an = V2v, Model

S : < 4 : s (type Il seesaw)
= o TvpeLx 2HDM I Fe Typell,Y 2HDM = 2,
~ ~ tan f' = v—
N = ’
N =
t -2 A
< < Slide
fl ey = Kodai Sakurai

. < at HPNP2025

- vy = 15GeV
AR(h - 77) [%] AR - 17) [%]

e At LO, the deviation arises by Higgs mixings : a : mixing angle for (h,H)

pY : mixing angle for charged
(CP-odd) Higgs bosons

Constraints:
¢ Due to the loop corrections, AR deviate from LO by with-2~-5%. e Vacuum stability

=P T(h— Z7%)~1.5% , T(h > WW*)~5.2%, T(h - 77)~7.6% * Perturbative unitarity

[K. Fuijii, C. Grojean, M. E. Peskin, et. al.,1710.07621]

Chzz = CpCoq + 25554 Chww = CpCq + \/Esﬂsa, Crir = Cal s

Positive AR,_ .+, AR,  ww~+ are clear sign for HTM.

e EW parameters (my.p,sy) v




Decay of Heavy Higgs bosons

H, A, H+, ..
Exact and near k=1 are drastically different
Type-I Type-ll
T TN
$ 10-1 il KV =-|
L Alignment
& 1072
o E g9
10-3 Lo [ S
tang tang
~ 100 p==g N Kv =0.995
>T< >~1 Near alignment
o
(a'd
o

tang tang

H to H decays become important
for the near alignment case

30t

Expected excluded region at HL-LHC
using current LHC data
Expgcted e>l<clusion5 Type-I
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— ILC250
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— A-stt
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e Hohh
R e HoZZ
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Aiko, SK, Kikuchi, Mawatari, Sakurai, Yagyu, 2020

Sp_a=0.995,cp_,<0 |
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Decay of Heavy Higgs bosons Aiko, SK, Kikuchi, Mawatari, Sakurai, Yagyu, 2020

H, A, H+, ..
Expgcted e>l<clusion; Type-I Expected exclusion; Type-Il
Exact and near k=1 are drastically different 30 e 7 ssa=1
~ Typed Type-l — =
L T ; 1 & - A(bb)-bb 1 10 A(bb)-bb 1
1f —— Aott — A-tt
S-<~ K Vv =] —— A-Zh — A-Zh
1 1071 . A(bb)-Zh A(bb)~Zh
= A||gnment v Hohh ] I N Hohh 1
= . ciiene HoZZ . e HoZZ
o I ) B
[wa) — N 1 R— LN
5601000 1500 3000 5601006 1500 000
Sp_al-——0.995, C:p_a<0 | Sg_q=0.995,cg_¢<0 |
A Kv =0.995 »
>1< Near alignment
T
e
ool
gl 355, , NS GEE,
tang tang
. 500 1000 1500 2000 1000 1500 2000
H to H decays become important me [GeV] (GeV]
for the near alignment case For near alignment cases, all paranfeter regions

can be excluded 16
By the new no-lose theorem



NLO calculatlon can change the LO analysus

Type | M [GeV]
.0 mm————m——m—m—r—7———7 350
mu=my, —3OOGeV tanP= 2 cos(B-a)>0

LO 300
- 250

- 200

BR(A=>Zh)

NPB 986 (2023) 116047 =9 =N —1& ~10 —FﬂT;DMLﬂhﬂ ﬂZ'%Z*
Aiko, SK, Sakurai AR[hyzs — 22°] = N0 [hi25 = ZZ7]
INLolPizs = Z227]

Correlations between “Higgs to Higgs decays” and hy,5s—VV*
are significantly different from LO results.



- -8
@ @ H-COUP @ @
Fortran program for decay BRs of Higgs bosons with loop corrections in extended Higgs models.
You can obtain H-COUP at =  http://www-het.phys.sci.osaka-u.ac.ijp/~hcoup/

[ Characteristics of H-COUP]
* Various extended Higgs models : Higgs singlet model, THDMs (Type-I, II, X, Y), Inert doublet model

* Full set of decay processes of all Higgs bosons:

Ver.1 (2017) : Renormalized vertices of h;,s. SK, Kikuchi, Sakurai, Yagyu, CPC.233(2018)134
Ver.2 (2019) - Two- and Th ree-body decays of h125_ SK, Kikuchi, Mawatari, Sakurai, Yagyu, CPC 257(2020) 107512
Ver.3 (2023) : Two-body decays of additional Higgs bosons (H, A, H ™) Aiko, sk, ikuchi, Sakurai, Yagyu, CPC 301 (2024) 109231

= Evaluate correlations between behavior of various decay processes.

° LOOp corrections : EW and scalar-NLO
- UV div. —  On-shell renormalizations

- Gauge dependence - Remove by Pinch technique
- IR div. via photon loop -  Cancel by real photon emission

. A. Djouadi, Phys. Rept., 457, 1 (2008),
QCD (NNLO, NLO) corrections (MS-bar scheme). & w5, pros. are uct phys, 95, 58 (2017)

K. G. Chetyrkin, A. Kwiatkowski, Nucl. Phys., B461, 3 (1996)

Constraints : vacuum stability (tree level, RGE improved), Tree-level unitarity, Triviality, True vacuum, ST parameters


http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/
http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/
http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/
http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/
http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/

Higgs Potential

Dynamics of EWSB  SU(2); x U(1)y — U(1)em

It is very important to know the AAh coupling
to reconstruct the Higgs potential

L o0, 1 3, 1 4 /
VHiggS — _nlhh + _/\hhhht + _)\hhh,h,h + - ’

2 3 4!

- h
. Top loop .
2 4 P
\SMioop 31, (1 Nemy ) | effect ’
hhh 3202 2 R T Y T
v TV, in the SM
SK, Okada, Senaha, Yuan, 04 Non_decoupﬁng effect h .

\\\ h

Sensitive to BSM physics too!

Effect of BSM Higgs can enhance the hhh by O(30-100) %
Physics of 1st OPT (EW Baryogenesis) 1o



baryon density parameter Qph*
-2

BAU and Baryogenesis i -
Saryon NUmber ), =22 =25 (= (5-7)x10"™") i~
of the Universe n, n, . N
, What is the mechanism to generate ; \
Baryogenesis | the baryon asymmetric Universe from | -
the symmetric one? o -
baryon-to-photon ratio 7 = ny/n
, B -l AB O Particle Data Grou
Sakharov’s * R

Condition — 2. C and CP violation
Sakharov 1967 | 3 Departure from thermal equilibrium

SM cannot satisfy these conditions

20



EW Baryogenesis

Sakharov Conditions Kuzmin, Ruvakov, Shaposhnikov (1985)
1) B non-conservation mmp Sphaleron transition at high T

2) C and CP violation = g F\’li'OIaBtiS?I\r/]I (SMtis a chiral theory)
1 sectors

3) Departure from
thermal equilibrium m) EWPTis strongly 1st OPT

Extension of the Higgs sector is required

Condition of Strongly First OPT
In the broken phase, sphaleron should quickly decouple to avoid wash out

Con< H | Bp |Pe ~
I. ™

Physics of Higgs potential 21




15t OPT by nondecoupling quantum effect

Effective Potential

)
~ 2 2N\ 2 3 T 4
at finite T (HTE) | Veil9. 1) = D" = Tp)p" - ETp"+ —-¢" +

Pc
T. <1l SM: The condition cannot be satisfied

Non-minimal Higgs can satisfy it due to non-decoupling quantum effects

3/2
bo 1 M? (when
TC = Sﬂvmz 6mW + 3mZ + Zn(l)mq) ]. — m_Q(I) > ] M << mq))

h

Quantum effects of ®( = H, A, Ht, ---)
Prediction: Large deviation in the hhh coupling

3m2 M2\ ° SM
)\lzzg—h 1__ > A'
hhi v { 20 m2 —I—an) 127r2v2 h ( mé) } . hhh

Grojean, Servant, Wells, 2005
SK, Okada, Senaha, Yuan, 04 SK, Y. Okada, E. Senaha, 2005




Higgs alignment

Higas potenshal

SK, M. Kubota, K. Yagyu (2020)
K. Enomoto, SK, Y. Mura (2021)

Higgs basis

V =— ,u12(<I>1T<I>1) — IILQQ((I)QT@Q) — (/L32(q)1Tq)2) +hC)
1 1
+ 5A1(<1>1T<1>1)2 + §A2(<I>2T<I>2)2 + A3 (D1 TD1) (P2 Do) + Aa (D70 ) (D T D)

1
- { <§A5<b1*<1>2 + X610y + A7<I>2*<1>2) O, 7Py + h.c.} , (13, X5, 6, A7 € C)

G+ H*
By = (\%(v+h1 +iG0)> &2 = <\/L§(h2 + Zhg))

1
mye = M?* + 5)\31)2

. A . Higgs
To satisfy LHC data. need to avoid mixing between A and heavy Higgs bosons: A 6~O '

Mass matrix ., v 1
of neutral scalar ™ =V | fely = 5(A3+A4+Re[A ]) L O
bOSOﬂS 6] —QTln[)\;] M %(}\3_*_/\4 Re[/\5])

rephasing

Physical Phase in the Higgs potential : arg[A,] = 6,

We work on this Higgs alignment scenario in the following discussion

Alignment

2

m2 0 0 ) (h: SM-like)

2
mi, 0

0 miy,) argll,] =06,

Simply Ag =0




Constraint from eEDM

S -
Hgpm = —df— - E| T violation if #0 2 CPV  (CPT theorem) .
S| Barr-Zee type diagrams
d
Lrpy = ——=L f o (iv°) f Fyu o \F\J\)
Qu,d 67 \)~ '
—30 de = // g \/7/2/)
|de| < 4.1)(10 e Cm L > // >
Roussy et al. [Cornell Group] Oe 9 10-2
o - m
arXivi2212.11841 1CullC.] sin(6, — 6,) I\l sin(6; — 6,) ec
Aligned 2ZHDM when (.= C = Cy

Higgs potential  argl[4;] = 6;
Yukawa couplings argldy] = 6y, arg|ly] = 64, arg|l.] = 6, S K M. Kubota, K. Yaayu (2022)
eEDM data can be satisfied by destructive interference of multiple CPV phsses

dy = dy(fermion) + ds(Higgs) + ds(gauge)

24



L, Wall Thickness
Tn Transition Temp M =30GeV, M =01, |\[=08, 6 =-009,

Ba r'yon asymm et 'y Gl =[G = G| = 0.18, 6, = 6= —27, 5, = —0.04

_ K. Enomoto, SK, Y. Mura, arXiv: 2207.00060
Aligned 2ZHDM

400 ?vw =045 14
Chemical potential A N : f -’
0.001—— : : : . . 380 v BN 950/ CL
sinsiii‘gf Top transport O Nons (957 )

00005 "1 scenario %) 360" B )
- 340
©.0.0005 I
9 ------
< & 330 T

-0.001f I

-0.0015} EJ? 300

-0.002 Two ste

0.002=—57 02 0 02 . 04 06 08 1 280 or p i

z(GeV') Second order PT
260227 300 335 350 375 400 435 450 O
In the sym. phase, baryon # generated via shpaleron My, (GeV)
2
B 4050 spn i I —450spn 2/ (4vy) A I
B = o g T 2 1By, fsphe BAU observed value
w Y * 0

(Pink region)

Nopa | = n—_B =8.292x 107" s = 0.74n,
S

Frozen in the broken phase

Cline, Kainulein, ---




Dewath\n in the hhh coupling (%)

h h h frOm .l st OPT 4UUA _K. Enomoto, SK, Y. Mura, 2021

Example mmp
—1 Aligned 2HDM:

viable scenario

Strongly 1st OPT " of EWBG
— A large deviation in the hhh coupling

SK, Y. Okada, E. Senaha, 2005 260 350 375 B 400. 425 450
my, (GeV)
Higgs@FC WG November 2019
. T ' S ' di-Higgs  single-Higgs
The hhh coupling can be measured at KL T | [ e L,
AAAAA l10“201./“_“.‘..‘.“.“50/..(&0.().““.
HL-LHC, or future e+e colllders HE-LHG || e D

T T T T T T T T T T T T T T T T T T T T T T e wawoso LE-FCC LE-FCC
.15% E]n.a.

[0 [

...... A7+24%, ... ==2na .

.................................................................. D FCC-eej;;
24% (14%)

? FCC-ee.
FCC-ee€| \ NN \ \ Daa/ng“/s)

] | FCC €€,

FCC-ee/eh/hh

ch
36% (25/)

D IC,.;
38 % (27%)
cepcl\'—— 1 | e D 49% (29%) __

EW Baryogenesis can be directly | 00 k| o B

49% (35%)

tested by the hhh measurement o TN TTOTO | (@ O,

0 10/ 20 30 40 50 S

o

Hyy can also be sensitive to the non-decoupling effects v .1908\0376a  ®% CLboUnds o Kal]  arkars ok iomnsn i




GW from 1 stOPT

Bubble Collisions

“Sound waves”

“Turbulences in.the plasma”

“Wall Collisions”
Envelope approximation)

Example
Aligned 2HDM

K. Enomoto, SK, Y. Mura, 2022
107° .
R
GWs for benchmark 13
. = 107"-
points of BAU §
‘:'Q 10—15 i
They may be tested
by future GW experiments 10-17 |~ BPIb
---- BP2b
10-19 an |
107 1073 107} 10°

f [Hz]

K. Enomoto, SK, Y. Mura, 2022
Vi =.O.45 4 . 14

400

v
/ nEEs“ (95% CL)

Dotted curves: Sensitivity Curve
M. Breitbach et al., arXiv: 1811.11175

Solid curves: h2Qpisc [SNR criterion]
J. Cline et al., arXiv: 2102.12490

21



From bubble dynamics to GW spectrum

Nucleation rate per REFEIN | N
time and volume M(T) = Mg exp(- S3/T) 53 = /d37 [§(Vﬁb)2 +Veff(79b-T)] Ver( @, T)
Linde 1983 false
7; transition temp I ~1 - Sq(T) Aln(T,/H,) ~ 140 \/\ ¢
i rmin Tl .~ =4In(T/H) >~ 14 << ]
s dete edby | H'|, T, tunne"n\g}\/
~ true
a Latent heat (released E of False vacuum)  Depth of the potential
€T o ( . mOVealpp(T),T)
< ‘T prad(Tt) E(T) a _VQH(’QB(T)’T) N ! dT
3 Inverse of duration of phase transition Speed of transition
s _a5p| _ 1dr - B
_ P=—a|_ “Ta|., P &

GW Spectrum is determined by T,, a, B, v, o ,
C.Caprini et al., arXiv:1512.06239

ex) GW strength and peak frequency from sound waves (Fitting function)

~

2
sth2 ~ 265 % 10—6 ,UAI? /i(be, Oé)Oé NSW ~ 19 X 10_5HZ£ Vb: Wa" VQIOCity
I’ 14+ o Up -




How we test models of 1st OPT?

« We discuss how to test the strongly 15t OPT using Higgs EFT with some assumptions

« Nearly aligned HEFT
(SM-like: assuming small mixing and deviation in Higgs couplings mainly comes
from quantum effects of BSM)

« Simply EWPT can be described by parameters
Ko (d.o.f. of new particle)
N\ (mass of new particle),
r (non-decouplingness)

Ko. d.0.f of new particles with non-decoupling property

Ko=ho+2n,+2nNn,, + "
(ng, N, N, : # of neutral/charged/doubly-charged particles)

29



naHEFT (for describing non-decoupling property)

(nearly aligned)

SK, R. Nagai (2021)
2
Ko M=(¢) :
LonatErFT = LsMm — M? % In M?(h) = M? + “2p?
= M?+ 7 (h +wv)?
Three free parameters A, kg, r “
vaz
2, % > 2 - g K
A=+/M +?v , Koy I'= ~ Non-decouplingness re 0= M2> 22 Decoupling
2
<
: . N
Mass of New particles d.o.f of new pariticles rel o M2< 71)‘)2 Non-decoupling
N—
In the decoupling region (M? > vaz),
Vasm(@) /13’ 6L 6 = SMEFT is a good approximation
BSMWP) = o2 T 2

SMEFT is not good in the non-decoupling region (M* < k,v?)

30
[Falkowski, Rattazzi, JHEP 10 (2019), Cohen et. al, JHEP 03 (2021)]



Higgs couplings in naHEFT

Nearly aligned case:
small mixing and Higgs couplings can deviate mainly by quantum corrections

A\: mass of new particles e k=] — g §A_2T2
ko: d.o.f. of new particles o "6 02
r:  non-decouplingness 46 A4 m>
ks = 1+ Ko § — [7“3——};7“2(3—27“) :

Ko=No+2N,+2nN,, + - 3 vimy, SA

_ 1 br |°
b= (ny+4n,,)/3 K2~ gy — |

Y FSM
_ 2
§ = 1/(47r) R. Florentino, S.K., M. Tanaka (2024)

Fsy = 6.492
Gsy = 11.65 .



naHEFT at finite temperature < q yagai . Tanaka 2022)
M2<¢)>

Ko
6472

2
Verr = Vom + [M2(¢)]2 In M) + -2 T

4
2 27T2T JBSM (

Jesm(a”) = / dk*k* In [1 — sign (ko) €™ ’“2+“2] M?(p) = M* + %&
0

A=1TeV, ko =1

S o Consistent with results in the SM with a singlet
— dim6 [Kakizaki et al., PRD 92 (2015), Hashino et al., PRD 94 (2016)]
4+ === dim6 + dim8 /
------ dim6 + dim8 + dim10
NN Large deviation in v, /T, exists b/w the SMEFT
1S a and naHEFT
I 3
>
2f v
Q .'.: - N
N S/ a0 ] ~ SMEFT may not be appropriate when we
5 discuss the strongly first order EWPT
1 1 1 1 1 K
0.0 0.1 02 03 04 05 0.6 2 r~0 = M>> 7”1;2 Decoupling
r p2

K
SK, R. Nagai, M. Tanaka (2022) A2 r~1=M< 7PV2 Non-decoupling
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Testing EW 15t OPT in naHEFT

Strongly 1t OPT (¢ /T > 1)

« Sensitive to the hhh coupling, and also (if charged BSM) to the hyy coupling
« HL-LHC @ ILC etc A Ky measured with accuracy
« HL-LHC (ILC1000) A K 3 measured with about

- Gravitational Waves (with 10-3to 10-1 Hz)

LISA, DECIGO, BBO, -

Liu et al (2021)
Hashino, SK, Takahashi (2021)

« Primordial Blackholes (Mpgy = 107> Mg, s, for EW 15t OPT)
PBH may be formed at the 1st EWPT by the contrast of the PT time around Tc
(depending on the Higgs potential) .

PBH searches by microlensing: Subaru HSC, OGLE, Prime, Roman, -
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PBH formation from the contrast - Zes = 5

J. Liu, et al. (2021) ° pBH

Time

C

Verr()

We take 5. = 0.45 as Oft?,ﬂfulsed Hubble patch where PT delays

0 =0dc !

Hubble S|ze at tc

Pback

False vacuum

4

A Veff

pr~a'_4

\
\
\
\ 1
\ ]
\ /
T
\ ]
—
m A ;
\ 1
\
\

1
/
1
!
1
1
1
!
!
1
1
1
1
1

Radiation energy density

T

¢ F’alse vacuum energy de¢8|ty

Hf—/ Hubble size at t; Space

True vacuum

False vacuum
energy density

py ~ constant
~F(@t) AV 4

Radiation
energy density

pr~a_4



J. Liu, L. Bian, R.-G. Cai, Z.-K.Guo, S.-J. Wang (2021)

Rate of staying at the symmetric phase in a Hubble volume

t
F(t) = exp [—4%/ dt'T (t")a® (t') r3 (¢, 1) r(t,t') ft/
123
p, = F(t)AV
vacuum energy density
Radiation Dominant P = D/3 is constant
Py + Pr + Pw

Friedmanneq [H2 —

Pr  Radiation (wall) energy density
—4
Pw X a (t)

(Vw= ])

3

dt dt

Conservation dlpr + pw) +4H (pr + pw) = <_ dp")

o (t), H(t) are determined

5 — Pover — Pback

Pback LY O)
Then, from the criterion &, = 0.45, A
Tpgy Is determined -

0 > 0.45 gravitational collapse



PBH from 1st order EWPT

K. Hashino, SK, T. Takahashi, 2021
K. Hashino, SK, T. Takahashi, M. Tanaka 2023

K. Hashino, SK, T. Takahashi, M. Tanaka, C.M. Woo 2025 10-1

Mass of PBH from EWPT is determined by tpgH

47 § 107
Mppu ~ ?H_g(tPBH)Pc = 4rH ™ ' (tppn) E
o 1073
I
Mpgy ~ 10°Mg, | — Important prediction 5 104
Yo
Microlensing observations Lo-s|
Subaru HSC https://hsc.mtk.nao.ac.jp/ssp
OGLE http://ogle.astrouw.edu.pl/ 10-6 1

10—12

Future observations

First order EWPT

can be tested by
PBH observations

10710 1078 107°

Mpgh [Mo]

PRIME 2023~ http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html

Roman 2026~ https://roman.gsfc.nasa.gov

fory IS constrained by 10~

1074

1072

Using near infrared rays:

sensitive to the microlensing

from center galaxy

36

10°


http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html%5d
http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html%5d
http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html%5d
http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html%5d
http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html%5d
https://roman.gsfc.nasa.gov/
https://roman.gsfc.nasa.gov/

Theory predictions on a-8 plane

10° k
Non-dec. I = 0.5 E 4800
DOF KO —_— -I , 4’ 20 4 B
. 104 |
for various A :
465GeV
New scale 5
10° F
E 0
= No PBH
2 L 492GeV Od J
Contours of fpgy 0% - produce
| — Ko=4
SETEET fogy = 10"% 737.07. ===
PBH can be produced e f—1
in this nallow area 100 Lu e W7 produg
102 101 100

PBHs are

/ produced

ed

Here!



ng=2, n.=1, n, .= Ko=4

st O 2000
Strongly 1 PT &
1600 |
Colored region satisfies two conditions 14007
1200+
. gpc
< Sphaleron decoupling T > 1000l
Bubble nucleation r § % :gg'
completion 7T ~ 1
~ Hll¢r, = (<-2- 700}
« PBH (Roman detectable fpgy > 10-4) 600 -
« GW (LISA detectable) 500
- GW (DECIGO detectable) _
« Only Higgs couplings can test 1st OPT 400! PBH
(AA3 DKy oy LISA
300 A DECIGO
0.0 0.2 0.4 0.6 0.8 1.0
Only
r Higgs
Non-decouplingness couplings

R. Florentino, S.K., M. Tanaka (2024)



Strongly 1st OPT

Colored region satisfies two conditions

Sphaleron decoupling

<

Pe

>1
1. ™~

Bubble nucleation
Kc:ompletion

r
H* Tl

~ ]

« PBH (Roman detectable fpgy > 10-4)

« GW (LISA detectable)

« GW (DECIGO detectable)
« Only Higgs couplings can test 1st OPT

(AAs DKy ey
Contour plots

Dotted curves: AKj3 deviation in the hhh coupling

Mass

A[GeV]

2000
1800 -

1600 ¢
1400 -
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o O
o O
o O

~
o
o

600 -

500 +

400 -

300

0.0

PBH
LISA
| DECIGO
0.2 0.4 0.6 0.8 1.0
Only
r Higgs
Non-decouplingness C%Jlolmgs

R. Florentino, S.K., M. Tanaka (2024)



2000 |
Strongly 1st OPT %
1600 -
Colored region satisfies two conditions 14007
1200+
Sphal d l Pe
< phaleron decoupling T > 1 1000l
Bubble nucleation T 2 > 0
. — ~ 1 o O© 800+
(_completion 7 S
=T — 700+
<
« PBH (Roman detectable fpgy > 10-4) 600
« GW (LISA detectable)
. GW (DECIGO detectable) 2007
« Only Higgs couplings can test 1st OPT 400!
(AA3 Ak, oy
Contour plots 300

Dotted curves: AKj3 deviation in the hhh coupling
Colored curves : A K, deviation in the hyy vertex

no=2, n,=1, n,..=0

KO=4

‘" H
» N
.

B R Smem

T

7

— Aky=-0.1%
Ak, =-1%
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"

PBH
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Higgs

R. Florentino, S.K., M. Tanaka (2024)
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ng=2, n,=1, n,,=0

KO=4

Strongly 15t OPT iy '\ mor
1800 — Aky=-0.1% — Ak,=-4%|
1600} Ak, =-1% Ak, =-5%
Colored region satisfies two conditions 14007 Dky==2%  — Ak,=-6%
1200} Ak, =-3%
Sphaleron decoupling | #< > ‘ /
< T. ™ 1000
Bubble nucleation v D 2007
\_completion | ! s 800 .
=T, 700+ N 'bOUnd
« PBH (Roman detectable fpgy > 10-4) 6001 | | R el mN0Z.
« GW (LISA detectable) " N,
SO0 F| 1 T e SO N ]
- GW (D!ECIGO det.ectable) De/TC <1 | ulap 0% iy
« Only Higgs couplings can test 1st OPT 400! L PBH
(AA3 DKy vy L \| LISA
Contour plots 300l | | DECIGO
Dotted curves: AK3 deviation in the hhh coupling 0.0 0.2 04 0.6 0.8 On?yo
. ot : r Higgs
Colored curves : A K, deviation in the hyy vertex . couplings
Non-decouplingness 0

Black solid curve:

unitarity bound

R. Florentino, S.K., M. Tanaka (2024)



no=2, n,=1, n,,=0 Ko=4

Strongly 1st OPT 2 » \
1800 — Aky=-0.1% — Ak,=—4% |
1600 — Dky=—1% Ak, =-5%
Colored region satisfies two conditions 14007 Aky==2%  — Aky=-6%
1200 | — Ak,=-3%
Sphaleron decoupling | %< > 4
< T. ™ 1000
Bubble nucleation - ? = ol
_completion m,, = S o Y
=1y Z’ 700 s bound
- PBH (Roman detectable fpgy > 10-4) 600 - e RN
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500 1 AR
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(Aks Aky ... AR LISA
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I Higgs
150% > AK3 > 72% couplings

=, Non-decouplingness I
GW, PBH can also be used R. Florentino, S.K., M. Tanaka (2024)



Strongly 1st OPT

Colored region satisfies two conditions
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Summary

« Higgs sector unknown. BSM introduces non-minimal Higgs sectors

« Precision measurement of h(125) important
- Fingerprinting BSM models

- Direct searches of extra Higgs bosons (H, A, H*, ---)

« Importance of Higgs to Higgs decays A—Zh, H—hh, ---
« Systematic study with radiative corrections important

« Higgs potential EWSB/EWPT unknown

« V(¢): important of measuring hhh, hhhh
« Phys of 1stOPT: hr r, hhh, GW, PBH

« Synergy gives important hint for new physics

Thank you!
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9 N4

Available tools

® H-COUP (S Kanemura, M. Kikuchi, K. Mawatari, K Sakurai, K Yagyu, CPC257(2020) 107512

- 2-body and 3-body decays with NLO EW and NNLO QCD corrections, loop corrected Higgs couplings
- 2HDMs, IDM, HSM
2HDECAY, sHDECAY, NHDECAY , ause, | ren "’ 4.02103] [ s Vieitner, I

- 2-body decays of all Higgs boson with NLO EW and the state of the art QCD corrections.

- Model: THDMs (2HDECAY), the Singlet extension of the SM with Z, (sHDECAY), THDMs +
real singlet (NHDECAY)

PROPHECY4F (L. Atenkamp, S. Dittmaier, H. Rzehak,JHEP 1803 (2018) 11

- CP-even Higgs decays into 4fermions with NLO EW and QCD corrections.
- Model: THDMSs, the Singlet extension of the SM with Z,.

Flexibledecay = «on o sichner e ol compurphys cor 283, (2023) 108584

- 2-body decays of neutral Higgs bosons with SM QCD/EW corrections in HSM, Type II 2HDM,

CMSSM,MRMSSM.
- BSM effect is at LO.

e anyH3 [H Bahl,J. Braathen, G. Weiglein,EP

- 1-loop corrections to Higgs trilinear couplings.
46



Di-Photon decay of h(125)

Loop induced

Small rate but sensitive to new
charged particles

Large deviation from new physics
models especially for models with
non-decoupling property

h—7r Y, gg — hh

Can give strong constraint
on BSM models

Ex) Case of the inert doublet model

Resonant DM scenario Heavy DM scenario
007 TH= 60 GeV, u3? = 3581 GeV? Loo TH= 500 GeV, u3 = (499.9)? GeV?
|__ o - LO__ 0.98f
0.91f i
: 0.96f
= 0.90} =
< T — < 0,94
! 0.89[ P T ! 0.92f
= — L0,A;=0.1 NLO S
) —— NLO, A,=0.1 o o0.90f
m 0’88 e NLO, AZ = 1 __________________ —] m ——— i
v NLO, Ay =5 0.88L NLO, A2 =5 _._ ............. .
0.871 = 20 (ATLAS) 1 —'— 20 (ATLAS)
' === 20 (CMS) 0.86F ===- 20 (CMS)
wmem 20 (HL-LHC) 4 L e 20 (HL-LHC) :
e I N T 0.845 1 2 3 4
Kx Ka

Aiko, Braathen, SK, 2023

NLO (2 loop) correction is impogant



Decay patterns Type-l 2HDM: mg, = my; = m, = my. = 400 GeV, tanf = 10

10° - ———— ey — —r—r—rrrrry — —— 10° :
tt hh

< <
T -1 L WW T -1L9L
5 10 [ 3 10
s I ZZ o

T T = e T R T N o I T S T

1—sin(B—a) 1—sin(B—a)

Higgs-to-Higgs decays can be dominant if s, , # 1



Combined scale factor results

CMS 138 o' (13 TeV)
® Observed |41 SD (stat)
m== +1 SD (stat @ syst) Dﬂ SD (syst)
— 12 SDs (stat @ syst)
— ; Stat Syst
KW -@- 1.02:0.08 1005 +0.05
K, —@— 1.04:007 005 005
Ky -»@— 1.10:008 +006 +0.05
Kg "E'- 0.92:008 +005 +0.06
Kt ‘i— 1 .01:3::; 007 0.08
| —e— 0893 o L
K —wom— 0.92:008 006 =+0.06
Ky ———rm——— 14 233; tg:;z +0.09
E +0.34 +0.31 +0.14
KZY | ! é{ ] 185, o35 —000
0O 05 1 18 2 285 3 3.5 4

Nature 607 (2022) 60

Parameter value

"""" N [ B e i B i A L S T i1 . B O B R
K :1‘—‘_
i e ATLASRun?2 |
Ky -7
Kt ——— Leptons Quarks
Fr==—=-fl-=t=-
Kp| 1ot - NS - | s [EN
B Force carriers Higgs boson ]|
—®—
e e FiFaEa
K,U === mmm— - - --l—‘ ————————— 1 :
i —e— B, =-B,=0 |
K T—I inv. u.
o IR -m- B, free, B, >0, Kk, <1
Ky et —— SM prediction
Parameter value not allowed
KZY He === == m - = === = -.-'- ---------- 1
....l....l ........ 1 ll||||llllllllllllllllllllll
0.8 1 1.2 1.4 1.6
68% CL interval
B L T
inv. |- T T Tt TTTTT T 1
By, [--oaeearsoraceanannaes i

Nature 607 (2022) 52

0.1 0.15 0.2

95% CL limit
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Correlation between H->hh and h->WW?*

.I. e- I NPB 983(2022)115906
Yp m=500GeV, tan B=5, ma=my, SK, Kikuchi, Yagyu Slide by Kikuchi
— Tgale . L I o THDM in2 —
08l §m§88v¥ -_ o W s o
g - Am=ma — mi; D T'PMpswwr] s M- ww
067 NLO (Am =)0 GeV)
%()4'_ ] If cos(B—a)>0 * + +  Tpioml > Dhtotal
o £ NLO ( 300
' GeV) '
O-Z‘N o _ ] If cos(B—a)<0 * + +  Tpioml < htotal
0 L gt e B Decrease in [110h is canceled by decrease in
~0. -0. [ THDM
BR THDM h— WW* h,total *
Aulh — WW*] = SRNLO | I,

BRy1o[h = WW*]

Correlation between BR(H — Ah) and BR(A = WW* ) is changed from LO by O(10)%.

It is important to evaluate both A#-decays and AH-decays
with loop corrections simultaneously. 10



Higgs alignment

Higas potenshal

SK, M. Kubota, K. Yagyu (2020)
K. Enomoto, SK, Y. Mura (2021)

Higgs basis

V =— ,u12(<I>1T<I>1) — IILQQ((I)QT@Q) — (/L32(q)1Tq)2) +hC)
1 1
+ 5A1(<1>1T<1>1)2 + §A2(<I>2T<I>2)2 + A3 (D1 TD1) (P2 Do) + Aa (D70 ) (D T D)

1
- { <§A5<b1*<1>2 + X610y + A7<I>2*<1>2) O, 7Py + h.c.} , (13, X5, 6, A7 € C)

G+ H*
By = (\%(v+h1 +iG0)> &2 = <\/L§(h2 + Zhg))

1
mye = M?* + 5)\31)2

. A . Higgs
To satisfy LHC data. need to avoid mixing between A and heavy Higgs bosons: A 6~O '

Mass matrix ., v 1
of neutral scalar ™ =V | fely = 5(A3+A4+Re[A ]) L O
bOSOﬂS 6] —QTln[)\;] M %(}\3_*_/\4 Re[/\5])

rephasing

Physical Phase in the Higgs potential : arg[A,] = 6,

We work on this Higgs alignment scenario in the following discussion

Alignment

2

m2 0 0 ) (h: SM-like)

2
mi, 0

0 miy,) argll,] =06,

Simply Ag =0




Constraint from eEDM

S -
Hgpm = —df— - E| T violation if #0 2 CPV  (CPT theorem) .
S| Barr-Zee type diagrams
d
Lrpy = ——=L f o (iv°) f Fyu o \F\J\)
Qu,d 67 \)~ '
—30 de = // g \/7/2/)
|de| < 4.1)(10 e Cm L > // >
Roussy et al. [Cornell Group] Oe 9 10-2
o - m
arXivi2212.11841 1CullC.] sin(6, — 6,) I\l sin(6; — 6,) ec
Aligned 2ZHDM when (.= C = Cy

Higgs potential  argl[4;] = 6;
Yukawa couplings argldy] = 6y, arg|ly] = 64, arg|l.] = 6, S K M. Kubota, K. Yaayu (2022)
eEDM data can be satisfied by destructive interference of multiple CPV phsses

dy = dy(fermion) + ds(Higgs) + ds(gauge)
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LW - wall width M =30 GeV, /\2 = 0.1, |/\7’ = (.8, 07 = —

0.9,
Evaluation of BAU " ™ ci=i=ci=os a=n=-27 s=-on

. K. Enomoto, SK, Y. Mura, arXiv: 2207.00060
Aligned 2HDM

00— w=045 14
Chemical potential - ey f f ’
0.001 . - . . - - 380 v BB'N (95.0/ CL
oo Top transport S i )

0.0005 hess 1 gcenario % 360 s S g
- ~ 340
3 T
go.ooos ______
= € 300 T

-0.001f "

-0.0015} Im

& 300
-0.002 Two step
-0.4 -0.2 0 0.2 § 0.4 0.6 0.8 1 280 ] or .
z(GeV') Second order PT ™
: : 260" 275 300 325 350 375 400 435 450 ©
In symmetric phase, B is produced by sphaleron My, (GeV)
2
— - sphz/(4'vw) . .
= pmy T | B B Ssene BAU data reproduced (pink region)
Frozen at the Broken phase when v,/T, >1 BBN _ 'B ~11
Mops = — = 8.2-9.2 x 10

Cline, Kainulainen, - S s = 0.74n,




From bubble dynamics to GW spectrum

Nucleation rate per REFEIN | N
time and volume M(T) = Mg exp(- S3/T) 53 = /d37 [§(Vﬁb)2 +Veff(79b-T)] Ver( @, T)
Linde 1983 false
7; transition temp I ~1 - Sq(T) Aln(T,/H,) ~ 140 \/\ ¢
i rmin Tl .~ =4In(T/H) >~ 14 << ]
s dete edby | H'|, T, tunne"n\g}\/
~ true
a Latent heat (released E of False vacuum)  Depth of the potential
€T o ( . mOVealpp(T),T)
< ‘T prad(Tt) E(T) a _VQH(’QB(T)’T) N ! dT
3 Inverse of duration of phase transition Speed of transition
s _a5p| _ 1dr - B
_ P=—a|_ “Ta|., P &

GW Spectrum is determined by T,, a, B, v, o ,
C.Caprini et al., arXiv:1512.06239

ex) GW strength and peak frequency from sound waves (Fitting function)

~

2
sth2 ~ 265 % 10—6 ,UAI? /i(be, Oé)Oé NSW ~ 19 X 10_5HZ£ Vb: Wa" VQIOCity
I’ 14+ o Up -




Higgs EFT
Fergulio (1993),

Nearly aligned Higgs EFT  cidce etai oo, -

| .
£ U = exp (37?0’7'&>

T 1672 v

LhomoErFT = LsM + LBsM

M3(R), F(h), K(h), Y (h), Vi (h)

arbitrary polynomials

Lpsm =& |

2

+ L F ()T [D,U' DU + %IC(h) (9,h) (9"h)
v (qu [y;;‘j (h) + Vi (h)ﬂ gl + h.c.) _ (z‘@'LU [y;’j (h) + V¥ (h)ﬂ 1, + h.c.

+ ¢*Fw (h) Te[W ,,, W] + ¢ Fg(h) Tr[B,,, B*]
To describe non-decoupling effects

weSput a CW typzeosztructure (1-loop) — gg’}—BW(h) Tr[UBWUTWWH
K, R. N [ 1
agai (2021) Buchalla, et al (2013)
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naHEFT at finite temperature < q yagai . Tanaka 2022)
M2<¢)>

Ko
6472

2
Verr = Vom + [M2(¢)]2 In M) + -2 T

4
2 27T2T JBSM (

Jesm(a”) = / dk*k* In [1 — sign (ko) €™ ’“2+“2] M?(p) = M* + %&
0

A=1TeV, ko =1

S o Consistent with results in the SM with a singlet
— dim6 [Kakizaki et al., PRD 92 (2015), Hashino et al., PRD 94 (2016)]
4+ === dim6 + dim8 /
------ dim6 + dim8 + dim10
NN Large deviation in v, /T, exists b/w the SMEFT
1S a and naHEFT
I 3
>
2f v
Q .'.: - N
N S/ a0 ] ~ SMEFT may not be appropriate when we
5 discuss the strongly first order EWPT
1 1 1 1 1 K
0.0 0.1 02 03 04 05 0.6 2 r~0 = M>> 7”1;2 Decoupling
r p2

K
SK, R. Nagai, M. Tanaka (2022) A2 r~1=M< 7PV2 Non-decoupling
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PBH formation from the contrast - Zes = 5

J. Liu, et al. (2021) ° pBH

Time

C

Verr()

We take 5. = 0.45 as Oft?,ﬂfulsed Hubble patch where PT delays

0 =0dc !

Hubble S|ze at tc

Pback

False vacuum

4

A Veff

pr~a'_4

\
\
\
\ 1
\ ]
\ /
T
\ ]
—
m A ;
\ 1
\
\

1
/
1
!
1
1
1
!
!
1
1
1
1
1

Radiation energy density

T

¢ F’alse vacuum energy de¢8|ty

Hf—/ Hubble size at t; Space

True vacuum

False vacuum
energy density

py ~ constant
~F(@t) AV 4

Radiation
energy density

pr~a_4
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Rate of staying at the symmetric phase in a Hubble volume

t
F(t) = exp [—4%/ dt'T (t")a® (t') r3 (¢, 1) r(t,t') ft/
123
p, = F(t)AV
vacuum energy density
Radiation Dominant P = D/3 is constant
Py + Pr + Pw

Friedmanneq [H2 —

Pr  Radiation (wall) energy density
—4
Pw X a (t)

(Vw= ])

3

dt dt

Conservation dlpr + pw) +4H (pr + pw) = <_ dp")

o (t), H(t) are determined

5 — Pover — Pback

Pback LY O)
Then, from the criterion &, = 0.45, A
Tpgy Is determined -

0 > 0.45 gravitational collapse



PBH from 1st order EWPT

K. Hashino, SK, T. Takahashi, 2021

K. Hashino, SK, T. Takahashi, M. Tanaka 2023 10°
Mass of PBH from EWPT is determined by tpgH 10-1L
Am o3 ~1 |
Mpph ~ ?H (tpBH)pe = 4mH " (tpBH) = 102
@
Mpgy ~ 107°My | — Important prediction CI?L 1072
T
@ 104
Yo
Microlensing observations Lo-s|
Subaru HSC https://hsc.mtk.nao.ac.jp/ssp :
OGLE http://ogle.astrouw.edu.pl/ 10-6 1

10—12

Future observations

First order EWPT
can be tested by
PBH observations

10710 10°8 10°©
Mpgy [Mo]

PRIME 2023~ http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html

Roman 2026~ https://roman.gsfc.nasa.qgov
fory IS constrained by 10~

1074 1072 10°

Using near infrared rays:
sensitive to the microlensing
from center galaxy 59
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Theory predictions on a-8 plane
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Exploring FOEWPT via PBHs

* 1st order EWPTs can be tested by

Ko=4, v,=0.95

2000

: — feen=1 450
- hhh coupling 1750 | —— fron =10~
. . B LISA < 448
- Gravitational waves 1s00f 00 &,
- PBH observations 1250} 440
-; L ) I'/H4<1 .89,? 0.900 0.905
_ B 1000 - N
* PBH observations already 2 D
750 "
have data e
500F
- ValTn < 1 Bhpisics . o
. be tested by a fact ol s —
: A<v
R 83 02 05 06 07 08 09 1.0
r
* More precise observations will start Hahino, SK, Takahashi, Tanaka, Yoo,

PRIME & Roman telescope explore regions with fogy > 1074
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