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Motivation to BSM

SM is a good description of the nature around the EW scale, however --:

(G ravity
Unification
Flavor

Hierarchy
Problems < No principle in the Higgs sector Strong CP

~ Neutrino Oscillation
Dark Matter
Baryon Asymmetry of Universe

\Beyond SM phenomena <

N—

SM must be replaced by a new more fundamental theory



Standard Model:

'\
Lagrangian / 1 1 1 v \ Gauge interactions
grang L=~ 7GuG" — W W — By, B"

Beautiful being
— . — . > determined by
+QLi" DuQr + Ly Dy L the gauge principle
‘|‘ﬂR’l.’y'uD’uUR + dR’L.’)/’uDMdR + ER’IJ’}/MD,UJQR _
~ ~
- QL(I)UR +QL<I>dR +QL<I>eR + (h.c.)} EWSB for mass
Yukawa couplings >Yukawa interactions

C’DM@F o V((I)) E:ﬁiitial I / Kinetic term of nggs

“_ _J Higgs potential

V(d)
A

|

No principle, by hand

Perhaps a beautiful principle behind?

Higgs is a probe of new physic7s!




Higgs sector is a probe of new physcs

Higgs sector remains unknown

Multiplet Structure

Higgs Potential (Dynamics of EWSB, EWPT, ---)
Yukawa Structure (Flavor Physics, CPV, )
Elementary or Composite? Hierarchy?

SM Higgs sector: no principle _ _
: _ Tiny neutrino mass
Extension of the Higgs sector Phase Transition (1t Order)

: PV f '
=> BSM phenomena may be explained o Iirhitg baryogenesis

Testable at current and future experiments



New Physics and Multi-Higgs Models

Typical scenarios using TeV scale physics by extended Higgs

« BAU EW Baryogenesis CPV, 1stOPT
* Neutrino mass Loop induced RHN, Z,
« Dark Matter ~ WIMP /5

Can we combine these scenarios into a model?



Saryogenesis



-\W Baryogenesis

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

- C violation (SM is a chiral theory)

2) Cand CP violation CP in extended Higgs sectors

3) Departure from =) EWPT is strongly 15t OPT
thermal equilibrium

SM cannot satisfy them

Extension of the Higgs sector is required

11



SK, M. Kubota, K. Yagyu (2020)

ZHDIVI (Viable ScenariO) K. Enomoto, SK, Y. Mura (2021)

Hisgs potenshal Higgs basis
G+ HT
V= — (@17 ®1) — o (027 ®5) — (MB (@, 7®y) + . C) Py = (%(th +iG0)) i (%(hg +ihs)
1
+ 5)\1(‘1)1T‘I)1)2 + 5/\2(‘1’2T(I’2) + 23(1 7)) (DT 2) + Ay (B D) (B, TDy)
1 m2 _r\.12+1/\ )2
+ { (5/\5‘1)1T(I)2 + Aﬁ@lT(I)l + )\7(1)21-‘1)2) (I)qu)Q + h.C.} , (;,L3: )\5, )\6,)\7 c C) TnHi - 2 3V

To satisfy L HC data. avoid mixing between /#and heavy Higgs bosons: A ;~0

Mass matrix o @ E m% [2] ! Higgs
of neutral scalar M2 =0 | KelNy] 25+ L(As + As + Re[As]) —— I =1 0 miy, 02 alignment
bosons 6l — L[] ME 4 L(Ag + A — Re[As)) 0 0 my, arg[1,] = 6,
rephasing
Avoiding FCNC: Yukawa alignment is imposed by hand vf =y (f =u.d,e)
VoM, /. - M M,
L,=-Q V2 (<I>1 + G, P2 ) ug — Qp, VM (@1 + Ca®s) dr — Ly, v2 (®1 + (P2) eg + h.c. ngawa
v v v allgnment
Higgs potential arg[A,;] = 0, Pich and Tuzon (2009)

Multiple CPV phases Yukawa couplings arg[{,] = 6y, arg|{y] = 04, arg|l.] = 6,

)



Constraint from eEDM

S .
Hgpy = —dy— - E| Tviolationif # 0= CPV  (CPT theorem)
S| Barr-Zee type diagrams
d
Lrpym = ——= f o (iy°) f Fuy ' “QJJ
eu,d 67‘) _ |
_30 dE = // s IL?
ld,| <4.1x107°"ecm A A
Roussy et al. [Cornell Group] O O 1028
arXiv:2212.11841 |Cu|‘Ce| Sil'l(ﬁ L 9 ) |A7||Ce|5i11(97 _618) €cm
Aligned 2HDM when ¢ .= ¢, = .
Higgs potential arg|4,| = 65

Yukawa couplings  arg[¢ul = 6y, argl¢al = 64, arglle] = 0e S.K., M. Kubota, K. Yagyu (2022)
eEDM data can be satisfied by destructive interference of multiple CPV phsses

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

13



-valuation of BAU
Aligned 2HDM

Chemical potential
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Test of strongly 1st OPT

h

Stronlgly 1st OPT Ry

— A large deviation in the hhh coupling
SK, Y. Okada, E. Senaha, 2005

The hhh coupling can be measured at HL-
LHC, or future e*e- colliders
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K. Enomoto, SK, Y. Mura, arXiv: 2207.00060

Case of aligned 2HDM 20 ol I
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Neutrino mass, DM problem



Neutrino mass and Higgs

Neutrino Oscillation — Tiny mass (< eV) D J
\ /
Majorana C, —=
Seesaw Mechanism
5 X x  oeesaw
mij oy <¢> i i Mediated by
2 y@yj M - Large mass of : : RH neutirnos
Tiny mass R Right-handed : : Ng

Neutrinos VTR "

18



Neutrino mass and Higgs

Neutrino Oscillation — Tiny mass (< eV)

= (7)) (1)

Seesaw Mechanism

(6)°

Majorana
mass

1) __
my = yzyg M . Large mass of
T|ny mass nght handed
Neutrinos
Alternative Scenario by quantum effects
N 2
il — o L) (¢)
= Cjj
. Y 1672 M¢+ Mass around
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Physics of specific extended Higgs sectors

Mediated by
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|
|
|
|
: N

Y

X 2HDM+S+
l Zee model

w & Quantum effect
/! ‘ due to additional
s \. scalar fields
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Models of neutrino mass with DM

Introducing a discrete Z,
- Stability of new particle (DM)

- Loop induced masses x X
N Red lines are
Ma model Ma, 2006 Y Z,-odd particles
SM+ H' + Ngi H'fi" \\\H’LDM
1-loop induced v -mass
Dark matter candidate [ H’ ] /B —




Same model

Recent discovery Same motivatir

REVIEW D VOLUME 54, NUMBER % | MOVEMBER 19%5

Radiative seesaw mechanism at the weak scale

Zhijian Tao -
Theary Diviston, Institute of High Erergy Physics, Academia Sinica, Beijmg 1079, Ching - )
{Received I May 1996) 1 «

We mvestigale an alternalive seesaw mechanism for nedinno mass generation. The neutnno mass is gener- i 1
ated al the loop level but the basic concepl of the usual seesaw mechanism is kept. One simple mode] is e o
construcied o show bow this mechanism is realized. The apphicabons of this seesaw mechanism at weak scale . g “'H il !
o cosmology and newtrino physics are discussed. [50556-282 119602521 -0)

F1G. 1. The one-l dizeram [or lighl peutriod miss peners-
FACS numberis): 14.603¢, 1260.-1, 14.60Pg Miwn HoR R Eh e

R : : zero mass, bot obvioosly this mass is generated only at loop
1996 Zhi-jian Tao  Citation 0 before 2022 level, see Fig. 1. If the masses of © and vy are at the same

2006 Earnegt |\/|a Citation > 1500 order of the magnitede M p | the light neatring mass can be
cstimated as, up to a logarthmic factor,

We shoud call this model
Tao-Ma model instead of Ma model T

™, g V2, (4)




Models of neutrino mass with DM

Introducing a discrete Z,
- Stability of new particle (DM)

- Loop induced masses x X
N Red lines are
Tao-Ma model  Tao 1996, Ma, 2006 N Z,-0dd particles
SM+ H’ + Ng H'fi" \\\H’LDM
1-loop induced v -mass
Dark matter candidate [ H’ | —— X

22/67



Models of neutrino mass with DM

Introducing a discrete Z,
- Stability of new particle (DM)

- Loop induced masses x X
N Red lines are
Tao-Ma model  Tao0 1996, Ma, 2006 N Z,-odd particles
SM+ H’ + Ngi H'fi" \\\H'LDM
1-loop induced v -mass
Dark matter candidate [ H’ | VAR A o

Model with higher loop effects Aoki, SK, Seto, 2009

2HDM + n°% + S+ + Ny
v -masses are 3-loop induced

DM candidate [ n? ] v\ ?S- S-? \_ v
EW Baryogenesis possible (CPV, 1stOPT) €R\| VAL



AKS2009
(The model discussed today)



v v v v
Model (AKS2009) . R
%
1:{..”.1:: K% 1 .‘1:
M. Aoki, SK, O. Seto, PRL102, 051805 (2009) H !, S H H- . RAY: o
vt ¥ 's s vl vl ‘ jJ/ v/
A ! 7, -
Scalar Fermion A . N\ 2118
New Fields d, | ST | n N,r e A h:nj o h; h;.-r‘
SU2); R e ] 1 N&“ N&*
el 2 e D 0 |
Z + | - |- —~ 0
2 ktanp=30
1000 sin(b-a)=-1 ) AMnnn
2HDM (Type X) + Z,-odd scalars and RN 0L | T Abbh ]
800 | w=120Gev T 100%
o - /4 R R e e I
Neutrino mass at three loop G 600 ] h::ﬂ]{: (E]G ' x
(smallness can be explained from TeV physics) N /] u=200Gev
" mh=120GeV | _
400G - —— 40%
Dark Matter candidate with the mass mH/2 T ’QT:DTSQGEV S
022003 | D N, 20%
10—2 ‘ ‘ . —
Strongly 1st OPT can be realized (EWBG) 30 70 80 SO\ 0%
STe<l
However, CPV was not analyzed, and BAU was not evaluated wﬂ‘ 1
200 300 400

my (GeV)



Recent Development of the model

M. Aoki, K. Enomoto, SK, PRD107 (2023)11, 115022

2HDM(Type X) = general but Aligned 2HDM

Ae=0 (Higgs alignment)
FCNC avoided by Yukawa aligsnment (Pich, Zuzon)
CPV phases in the Higgs potential and the Yukawa interactions

All current constraints from experimental data satisfied

Neutrino oscillation, DM data, LEP, LHC, EDM, LFV, B, ---.
BAU was evaluated

A benchmark scenario is found, which explain Neutrino, DM and BAU

26/67



Constraints Slide by Enomoto

Experimental constraints

H* - (Direct) HY — tb  ATLAS (2021)

(Flavor) B; — p*u™ J_Haller, et al EPJC (2018)

H, 5 : (Direct) Hy 3 — 77 ATLAS (2020)

Hy; — 1t ATLAS (2018)

S* : (Direct) S* — H*n — tby (from Z*, y* — STS7) Weak constraints

(Flavor) Lepton flavor violating processes (Next slides)

N}‘; - (Direct) too heavy and weak constraints (1. = 3-4 TeV)

(Flavor) Lepton flavor violating processes (Next slides)

n - Dark matter in the model

We checked that
all of these constraints

CPviolating phases : (EDM) 2 Pages later |0 D€ avoided in the BS

(DM searches) 3 Pages later



Benchmark scenario (BS) Aoki. Enomoto. SK (2022)
Masses of New particle

Z,even: my. = 250 GeV, My, = 420 GeV, my = 250 GeV

Zyodd:  mg =400 GeV, m, =63 GeV
(my , my , my ) = (3000, 3500, 4000) GeV
Scalar couplings
u?= (50 GeV)?, p2=(320GeV)y, u2=0
=01, A3~198, A, ~188 A~188 1=0, |i]|=0.82,
p =190, oy=|op|=11x1073, k=20, & =-0.73,

New Yukawa interactions

VS =017, y, |l =42x107, y,|L | =y,14,1 =2.5%x107%,
V1S —25%x1073, 6,=6,=0,=-294, 0,=0,=0.245
1.0 €—0.31i 0.2 60.305 1 .OE_Q'M

e | 1 1e 19 021718 1.1¢23
0.45 271 1.3-0033i (10063



Lepton flavor violation

mg = 400 GeV,

M, = {3000, 3500, 4000} GeV

B - 'y

N, - 67,
4 k Em.
/ rli' ) /
| > |
S~ S
E’fi-,' _ |+ \ ] + ff’l‘ j

1.0 e—{).Slf 02 80.3{):' 1.0 e—2.4i
=117 021e7'% 11>
0.45 62.?:' 1.3 e—{).{ZiSS:' 0.10 60.631'
Processes BR Upper limits
p—ey | 1.4x107 | 42x 107
T—ey |[53x10710 ] 33x10°8
Ty | 1.1x107" | 44x107°
Processes BR Upper limits
p—3e | 1.0x10713 | 1.0x 10712
T3 |62x107"° ] 27x10°®
T—3p | 24x1071 | 21 x1078
T —eue | 5.1x1072 | 1.8x107°
T ppe | 1.1x107% | 1.7x10°°
T—een | 45x1079 | 1.5x 1078
T—=eur | 9.6x1071 | 2.7x10°8




Electric dipole moment (EDM)

electron EDM (eEDM) |d,| < 4.0 X 1073 ecm Roussy. et al (2022)

eEDM can be small by destructive interference
SK. Kubota, Yagyu (2020)

I

* sl A
gﬁ + '\ !
g s C /.H— _’IZ/L/'
€ o e’
o— o—

x sin(@, — 6,) x sin(@; — 6,)

My, = 420 GeV, My = My = 250 GeV

=P |d,|=0.22x107"ecm
6, =-234, 6,=0245 6,=-2.94

neutron EDM (nEDM) |d,| < 1.8 X 1072 ecm

chromo EDM  Bair, Zee (1990) Inthe BS, |d, | ~ 10730 ecm
! n
Weinberg ope. Weinberg (1989)

4 fermi interaction Khatsimovsky, Khriplovich, Yelkhovsky (1988)




+ [crossing ™ lines]

KO, Sy h(NR) CpS™ gf'f’.\"ﬁ‘f?}%VEH-

Yl &1 Wl Sl Yol & 1) = (0.25,0.25,2.5) x 1073

gfj - _ 294 1_08—0.311' 0.2 E(]ﬁ(]i ].0€_2‘4i
RG> 11719 021718 112
k=20 0.45 271 130033 10063

~-

Normal ordering m,, w/ m, ~ 0.006 eV
o =~ 1.36mx,

mgy~ 1 meV, Zm,=0067 eV

Myg < 35 meV
KamLAND-Zen (2023)

a, =0, ay~—nrl2

S m,; < 0.12 eV
Planck (2018)

Dark matter (DM)
m, = 63 GeV
(My,, My,, My,) = (3000, 3500, 4000) GeV

n: real scalar DM
dominant annihilation: nn — Hf) _>f}f-'5

i Hy, Hy, Hy

m, = 63 GeV, my, = 420 GeV, my, = 250 GeV
J-l:lglzl = 1.1)(].0_3, 9.0:—294

g
Q4% =0.12, o, =23x107* cm’

0—4?

LZ (2022)

Q.DMhz =0.120(01)
Planck (2018)

og S 1




Electroweak baryogenesis (EWBG)
The Sakharov conditions Sakharov (1967)

1. B-violation *=--=-- Sphaleron transition

2. C and CP violation  #=====- CPV phases : 17, P19, 612, £, (4. &

3. Departure from

thermal equilibrium *-=--- Strongly 1st order electroweak phase transition

Stro ngly 1st EWPT (EWPT = ElectroWeak Phase Transition)

Non-decoupling effect by H, , H=, §*
1 1
2

1
my. = p3 + 5)“3"'2* mffzj =5 + 5@3 + A AV, mg = pg + 5!’1"”2
my. = 250 GeV, my =420 GeV, my =250 GeV, mg=400 GeV

/13 >~ 1.98, ;&4 ~ 188, /15 ~ 188, 1= 1.90

. . Coleman, Weinberg (1973)
We evaluated one-loop effective potential in Landau gauge Doian. Jackiw (1574)

(T — 0) Kanemura, et al (2003) Kanemura, et al (2004)

(T -'/é 0) thermal resummation Parwani (1992)

AR =2, /1AM — | =38 % v IT,=1.74> 1

hhh Kuzmin, Rubakov, Shaposhnikov (1985)




Electroweak baryogenesis

450 ————
- BBN(95%C.L.) Vn/Th=1.0 |
'mCMB(95%C.L.) .. vp/Th=1.5 ]

400", Benchmark point o Vn/Ty=2.0 "

"
L
o

-----
bl .
-
-----
-
-
-
-
-
-
-~
-
-

250

20 .
300 250 300 350 400

450

mpy,(GeV) Aoki. Enomoto. SK (2022)

Other parameters are the same with those in the BS



Get back to the original model AKS2009

FCNC by softly broken Z2
Smaller number if parameters

M. Aoki, K. Enomoto, SK, S. Taniguchi 2024



Particle content

Type-X 2HDM + new Z2 odd (Ng,S*,n)

4 A

SU3). SU2). U(l)y Zy |Z (Softly broken)
Q" 3 2 1/6  + +
u'y 3 1 2/3 + —
i=123 dby 3 1 -1/3 + -
L’ 1 2 —1/2  + +
I 1 1 —1 + +
) 1 2 1/2  + +
Do 1 2 /2 + —
=123 N& 1 1 0 — +
ST 1 1 1 -~ +
n 1 1 0 — +

Dark matter candidate




Lagrangian

Stationary condition

Type-X 2HDM + new Z2 odd (N%,S%,n)

Higgs potential /

2
V = —u2|¢1)* — pdlde|® — (il da + hoc) + u|ST|" +

2
+ Xs|d1| | d2| 2+ Aalpl o] + (

A5

2

(¢]2)° +hc)

CP violating phase 6 (1 = |/15|e‘95)

1
Im [,u%ﬂ — 5 Im [)\5]?)11}2 =0

u%,and As are related

“’nz
2

+—|S+|

+Z(pa|¢a| |S+| + 0a|¢a| 77)+(2Ekb]i¢’25 n + h.c.)

The phase of k can be 0 by rephasing S~

Only Oz inthe Higgs potential
Additional Yukawa coupling with RHN

LD —h(Ng)LSt+he.  a=123 =123

hiare 3 X 3 matrix

|¢1| 2|¢’2|4

A

& 2
+ g+ ST

4]



: 1 \° 2
Neutrino mass Mij~( ) x (=)

Three loop effects
—Natural h%~0(1) and my~0(1) TeV



Benchmark scenarios

DM Abundance LEP
DM Directsearch Ex LHC (ALTAS, CMS)

Neutirno Data Electron EDM, neutron EDM
BAU Various LFV experiment

Explore a benchmark point which satisfy every thing




K. Enomoto, S.Kanemura, ST (2024)

Benchmark scenarios

Two benchimark scenario (Neutrino mass is assumed normal order )

- Scenatio 1(resonant)

\\\\ n f
\\\ H,
LT T T T TTT Main contribution
R “y to the abundance
oo f

- Scenario 2(heavy WIMP)

PR Main contribution
‘ N to the abundance

mys = 125 GeV, myz = 224 GeV, mys =~ 391 GeV
my+ =~ 391 GeV, mg = 325 GeV, m,, = 63 GeV
(my1, myz, mys) = (2500,3000,3500) GeV

m,1 = 4.76 meV, ktanf = 30,tan § = 18,

f: ~ —0.990
2.980.967ti 0.01060.397ti 0.00248—0.0727ti
hlqz 2_38—0.44-7Tl: 0.0196—0.937'[1'. 0.00218—0.737'[1'.
2.0e7948m  0.054¢70-029m  (.0022¢ 00837

My ~ 125 GeV, myz ~ 224 GeV, mys ~ 391 GeV
my+ = 391 GeV, mg = 325 GeV, m, = 250 GeV
(M1, Myz, myz) = (2500, 3000,3500) GeV

m,1 = (.17 meV,ktanf = 30,tanf§ = 18,605 =~ —0.999

2.7¢096™  0.014¢7%22m  0,0016¢ 085
hE =~ | 2.80066Ti (). 044¢076m  ().0017e 091
2.6e7010mt 0 0590887t (0021097

|do| =3 x 10731 ecm < 4.1 x 1073% ecm
Oh? ~ 0.12

|do| = 1x1073% ecm < 4.1 x 1073% ecm
QOh? ~0.12




Dark matter direct detection

gsf(MN — nN)

o 0.100,

Vo4 3 (pldal 181 4 ool ) O
— 2 ~ Excluded by LZ

DM-Higgs interaction 0.010¢

n . dark matter S 0-005§

The processnN — nN depens on
(o1cos B + g, sinff ) and m,,

g, =1.1x1073

0.001¢
5x1074f

For large tan B, (g,cosf + o,sinf) = o,
. . -4 ! | L
Direct detection does not depend on o; 1x10 50 100 500 1000
m, (GeV)

-3
—> =
g, =1.1x10 K. Enomoto, S.Kanemura, ST (2024)



In t

LD —h&(N)lLST +h.e.

1

appear.

“lectric dipole moment in our model

ne model AKS, new contributions from

By destructive interference Electron EDM can satisfy electron EDM

9!
- .
As
S -
€ ’ /LL"LL €
—p—< > >
e Or U,

2HDM contribution
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Lepton flavor violation(LFV)

Br(u — ey) < 3.1 x 10713 Afanaciev et al. MEG-I1 (2023)

Br(u — 3e) < 1.0 X 10712 perez etal. Muse (2023)

In the model,

LD —h{(N&)<l’ST + h.c.

LD —h{(Ng)el"ST +h.c.

causes LFV processes.

— LFV can test the model
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Constaraints from lepton ﬂavor violation

Y [* —— ™
LUy ‘,ﬁ_,_/-"’:lf L= [J [k m N*
A e 1%
)/ \ . —p— [k
& . N* I’
> —
- Scenario 1(Resonant) - Scenario 2( Heavy WIMP) [J
Prediction Exp. bounds Prediction Exp. bounds
u— ey 2.95 x 10~ 14 3.1x 10713 u— ey 5.08 x 10714 3.1 x 10713
T ey 473 x 1071° 3.3x 1078 T ey 1.56 x 10~1° 3.3x10°8
T uy 2.49 x 10718 4.4 x 1078 T Uy 1.33 x 10718 4.4 x 1078
u— 3e 468 x 10713 1.0 x 10712 u— 3e 2.79 x 10~13 1.0 x 1012
T - 3e 484 x 10710 2.7x 1078 T - 3e 1.50 x 10719 2.7 x 1078
T - 3U 4.88 x 10720 2.1x10°8 T - 3U 7.76 x 10720 2.1x 1078
T > eue 1.14 x 10716 1.8x 1078 T > eue 1.60 x 10~1° 1.8x 1078
T > uue 5.77 x 10~17 1.7 x 1078 T > uue 2.62 x 10717 1.7 x 1078
T > eeé 1.46 x 10713 1.5x 1078 T > eeé 6.95 x 10713 1.5x 1078
T > eufl 1.14 x 10716 2.7 x 1078 T > eufl 1.60 x 10716 2.7 x 1078

K. Enomoto, S.Kanemura, ST (2024)

MEG-11(2024)
BaBar(2010)

BaBar(2010)
Mu3e(2023)
BaBar(2010)
Belle (2010)
Belle (2010)
Belle (2010)
Belle (2010)
Belle (2010)



Test of our benchmark scenario

Prediction Prediction Expected
Scenario 1 Scenario 2 sensitivity
U- ey 2.95%x1071* | 508 x 10714 6 x 10714
u— 3e 4,68 x 10713 2.79 x 10713 1x 10716
T — 3e 4.84 x 10710 1.50 x 10~10 4 x 10710

Future LFV experiments may confirm/exclude the model

Furue Electron EDM experiments

ACME-III try to explore CPV by |d,| < 1073% ecm
- Scenario 1(resonant)

- Scenario 2(Heavy )

—Scenario 2 can be tested by ACME-III

|d,| =3 x 10731 ecm
|d,] =~ 1x1073% ecm

MEG-II
Mu3e
Belle-1l



How to test the BS

EDM measurements

m One order improvement is expected in future ACME experiment ACME(2018)

Flavor experiments

" B— Xyor Bg — p¥u~ in Belle-ll experiments E. Kou, et al [Bell-II], arXiv:1808.10567 [hep-ex]
® CPviolationin B = Xy (&ACP) Benz, Lee, Neubert, Paz (2011); Watanuki et al [Belle] (2019)
" Lepton flavor violating decays H — €Y MEG-Il u — 3e, 7 — 3e Bellell

Collider experiments

. +.1,. — + Aiko, SK, Kikuchi, Mawatari, Sakurai, Yagyu (2021);
m — H,,H — H*tb — H,H S, - - Yagy
88 2> 113> 88 - 49 23 SK, Takeuchi, Yagyu (2021)

mgg— STS, ete” - STS™, efe” - NN M. Aoki, SK, O. Seto (2009)
Ay, Sensitivity @ ILC (/s = 500 GeV)
Higgs triple coupling AR = =38 %
" Miggs Hp Ping i ‘ AR = 27 % K. Fuijii, et al, arXiv:1506.05992 [hep-ph]

m Azimuthal angle distribution of H, ; — 77 at e*e™ collider

SK, M. Kubota, K. Yagyu, JHEP (2021)
Dark matter direct detection

Observation of gravitational waves The detailed STUdY is a work in progress.




UV theory?

What is the world above Landau Pole?

Why so various scalar fields appear at low energy?

SK, T. Shindo, T. Yamada 2014



How about the UV theory?

The model (AKS2009) can satisfy all experimental results,
and explain Neutrino, Dark Matter, Baryogenesis by TeV scale physics

1stOPT. — Landau Pole A at10-100TeV

What is the world above A?

Higgs as mesons
An idea: New gage theory with confinement. \/ — / /

Higgs is a realization as a meson formed
by the fundamental representation



Landau pole and new physics

A Higgs as mesons Fundamental theory [Gauge theory]
A ]
a, i (like QCD)
:
8% '
! GUT?
X1 :
1 >
Ageg EW A+ < 100 TeV




Minimal model for confinement (Nc=2, N;=3) SK, Shindou, Yamada 2014

— 3 pairs of SU(2),, fundamental rep. T; (i=1-6)

Higgs as Meson
SU(2)H gauge theory

Pl [SU@ [0y [ 7] n— M;; = 1,

1 ) 0| [ Field [ SUQ). U 1) T Z
19 ) % MSSM Higgs doublets - gr 3 +},,-:13.; +
— : 7 . - _ d 2 —1/2 —+
. l e ; Extra Higgs doublets | . 2 +1/2 | -
T 1 -12 [+ & raTiBes OINEE 11w, e
¥ ' g + n _

L5 1 +1/2 | — || 5 < Charged Higgs singlets _ ) 1 1
¥ 1 —1/21 -1 8 Q0 1 —1 | =
g — £ Z,-even Higgs singlets [ \V \, 1 0 i

o i . 1t

Intrilligator, Seiberg g Z,-odd Higgs singlets ; C. 1 1 0 | -

Superpotential ”_-'.f",f — ,\ N(H Hg + 4'“I + '\-7.1];<['>rf{1>,_.r.+g-ip + Np(€27 () +;_-E_}]
~ N ..\.;:;\-1__} — NaCn + CHa®, + nH, 0 — Q' Hidy — O H,®, )

The low energy theory is 4AHDM+Singlets but with a common A !



SK, Shindou, Yamada 2014

r K . _ Vi
Wi = 5 Nvivk —|-.Uj‘%L3-<.T»‘u +VREEQ‘ + v

Hybrid mechanism of

H:u h:“' Radiative Seesaw Hy : : H,
G
yoo-ooe- <
(I) U | 1(1) U
l/ 2
vy O ) % L () vy
Ma Type diagram AKS Type diagram

All particle contents are prepared from the SU(2), gauge theory
Multiplet structure may also be explained by the UV theory



Summary

« Higgs sector remains to be determined yet.
« Extended Higgs sector is used to explain physics of
Neutrino, Dark Matter, Baryogenesis.

« A model which can explain neutrino, DM, BAU is revisited (AKS2009),
and BAU was evaluated.

e Discussed viable benchmark scenarios
« The model is testable using various future experiments

« To consider the UV structure of the model is interesting



HPNP2025

Higgs as a Probe of New Physics 2025

9 -13 June, 2025

Nambu Yoichiro Hall
The University of OSAKA
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Your participation is welcome! Expo 2025 Osaka Kansai
e Period: 184 days, from Sunday, April 13 to Monday, October 13, 2025
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