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Problems 1n the SM and the extended Higgs sector

 The standard model (SM) cannot explain some phenomena.
e.g.) tiny v mass, dark matter (DM), baryon asymmetry of the universe (BAU), etc.

 The entire structure of the Higgs sector has not been revealed.
Extended Higgs sectors as the origin of the unexplained phenomena
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Problems 1n the SM and the extended Higgs sector

 The standard model (SM) cannot explain some phenomena.
e.g.) tiny v mass, dark matter (DM), baryon asymmetry of the universe (BAU), etc.

 The entire structure of the Higgs sector has not been revealed.

Extended Higgs sectors as the origin of the unexplained phenomena

Example) Radiative seesaw models (loop-level v mass generation)

Loop suppressions can make new physics scale O(1) TeV Testable scenarioll

Zee, PLB (1980) Krauss, Nasri, Trodden, PRD (2003)
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https://inspirehep.net/literature/600744
https://inspirehep.net/literature/152341

TeV-scale model for v mass. dark matter, and the BAU

e AKS model; a radiative seesaw model that simultaneously explains DM and BAU
Aoki, Kanemura, Seto, PRL (2009)
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- New exact Z, symmetry is imposed.

- Areal singlet scalar or a Majorana fermion is DM.

- The extended Higgs sector includes CP-violating (CPV) phases.

- Electroweak phase transition (EWPT) can be strongly first-order due to
the non-decoupling effect of the additional scalar bosons.

- The BAU is expected to be produced by electroweak baryogenesis (EWBG)

In the original paper, CPV phases were neglected, and the BAU had not been evaluated.

We extended the original model with CPV and have evaluated the BAU.
Aoki, KE, Kanemura, PRD (2023)
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New particles 1n the model

Dark sector (4,-odd)
Extended Higgs sector

Charged singlet Right-handed

Two Higgs doublets Si neutrinos
l
P, P Real singlet Np

4 T

Physical scalars in the Higgs doublets, New particles in the model
a5
H, Hl? H29 H3 (Z,-even) Hi, H,, H,

H, is the 125GeV Higgs boson

(Z,-odd) S*, n, N
(Other degrees of freedom are NG modes)

(N' = Np + N§)
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The Higgs alignment and CPV phases in the Higgs potential

e Masses of neutral Higgs bosons 5 h h
1 2 3

The doublets in the Higgs basis Davidson. Haber PRD (2005)

M11 Re[)\ﬁ] —Im[/\ﬁ] hl

e V2G* ey
= \/5 (V hs iGO>, P) = \/5 <h2 - ih3> Mneutral X Moo —Im[)\5]/2 h2
M
The mass mixing is generated by 55 h3

p
V> Es(gbjgbz)z + 2610 1> (¢ ¢p)) +h.c.
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The Higgs alignment and CPV phases in the Higgs potential

e Masses of neutral Higgs bosons

The doublets in the Higgs basis Davidson. Haber PRD (2005)

G V2G* ol V2H*
: \/5 v+ hy + iG° g \/5 hy + ihy ]\lneutra,lOC

The mass mixing is generated by

p
V> Es(gbfqbz)z + 2610 1> (¢ ¢p)) +h.c.

rephasing ¢,  Ma h3
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The Higgs alignment and CPV phases in the Higgs potential

e Masses of neutral Higgs bosons

The doublets in the Higgs basis Davidson. Haber PRD (2005)

1 2G* 1 2HT

¢ =—— \/_ : , $p=—1— \/_ : M. X
V2 \v+hy +iG° V2 \ Iy + ihy neutral
rephasin

The mass mixing is generated by In the limit : M h3

A Mixings vanish [Higgs alignment].

V'3 Z(Pig) + |y P(@dihy) +1h.c dg— 0 =p : el
% h. = H. are mass eigenstates (i = 1,2,3)

Kanemura, Kubota, Yagyu (2020);: KE. Kanemura, Mura (2022):
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The Higgs alignment and CPV phases in the Higgs potential

e Masses of neutral Higgs bosons

The doublets in the Higgs basis Davidson. Haber PRD (2005)

L oy L TR
¢ = \/5 (v+h1 o iGo)’ oy \/5 <h2+ ih3> Mneutra,l X
rephasin
The mass mixing is generated by In the limit : M h3
A Mixings vanish [Higgs alignment].
V'3 Z(Pig) + |y P(@dihy) +1h.c dg— 0 =p : Eeoaliniing
% h. = H. are mass eigenstates (i = 1,2,3)

Kanemura, Kubota, Yagyu (2020);: KE. Kanemura, Mura (2022):

e CPV phases in the Higgs potential

; A
7 cpy =1Im _/4122¢1T¢2 + (¢f¢2){75¢f¢2 + 261112 + 27| o, ‘2}

+p1o(p ) | ST - 0;2 (& Dn* + 2k(p] ,)S _’7:
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The Higgs alignment and CPV phases in the Higgs potential

e Masses of neutral Higgs bosons

The doublets in the Higgs basis Davidson. Haber PRD (2005)

L oy L TR
% V2 (v + hy + iG°>’ L V2 (hz + ih3> Mneutral X
rephasin
The mass mixing is generated by In the limit : M h3
A Mixings vanish [Higgs alignment].
V'3 Z(Pig) + |y P(@dihy) +1h.c dg— 0 =p : el
% h. = H. are mass eigenstates (i = 1,2,3)

Kanemura, Kubota, Yagyu (2020);: KE. Kanemura, Mura (2022):

e CPV phases in the Higgs potential
o U 26 =0

(+ Stationary condition)

; A
7 cpy =1Im _/W(¢f¢2){75¢f¢2 + AT + 47| s \2}

+p1o(p ) | ST - 0;2 (& Dn* + 2k(p] ,)S _’7:
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The Higgs alignment and CPV phases in the Higgs potential

e Masses of neutral Higgs bosons

The doublets in the Higgs basis Davidson. Haber PRD (2005)

L] oy U
¢ = \/5 (v+h1 o iGo)’ oy \/5 <h2+ ih3> Mneutra,l X
rephasin
The mass mixing is generated by In the limit e M hy
A Mixings vanish [Hi lighmen
V'3 (i) + Aol ) P (h] ) +1.c. dg— 0 =p e et | U0 Slren )
2 h, = H. are mass eigenstates (i = 1,2,3)

Kanemura, Kubota, Yagyu (2020); KE., Kanemura, Mura (2022).

e CPV phases in the Higgs potential

A¢ =0 rephasing ¢, A, =0

(+ Stationary condition)

V ey = Im UL H5% B0 { i+ g+ 1)

+o(@[0) 1S+ 2@ + 26
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The Higgs alignment and CPV phases in the Higgs potential

e Masses of neutral Higgs bosons

The doublets in the Higgs basis Davidson. Haber PRD (2005)

L] oy U
¢ = \/5 (v+h1 o iGo)’ oy \/5 <h2+ ih3> Mneutra,l X
rephasin
The mass mixing is generated by In the limit e M hy
A Mixings vanish [Hi lighmen
V'3 (i) + Aol ) P (h] ) +1.c. dg— 0 =p e et | U0 Slren )
2 h, = H. are mass eigenstates (i = 1,2,3)

Kanemura, Kubota, Yagyu (2020); KE., Kanemura, Mura (2022).

e CPV phases in the Higgs potential

A¢ =0 rephasing ¢, A, =0

(+ Stationary condition)

V ey = Im UL H5% B0 { i+ g+ 1)
o0 S* P + Z2G o + k(iS5 T

rephasing S
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The Higgs alignment and CPV phases in the Higgs potential

e Masses of neutral Higgs bosons

The doublets in the Higgs basis Davidson. Haber PRD (2005)

L] oy L TR
% V2 (v+h1 + iG°>’ L V2 <h2+ ih3> Mneutral X
rephasin
The mass mixing is generated by In the limit e M hy
A Mixings vanish [Hi lighmen
V'3 (i) + Aol ) P (h] ) +1.c. dg— 0 =p e et | U0 Slren )
2 h, = H. are mass eigenstates (i = 1,2,3)

Kanemura, Kubota, Yagyu (2020); KE., Kanemura, Mura (2022).

e CPV phases in the Higgs potential

A¢ =0 rephasing ¢, A, =0

(+ Stationary condition)

7 cpy =Im M@b ¢2){2ﬁf¢2/+ AT + 271 Py \2} Even in the Higgs alignment,

we still have 3 CPV phases in the potential,
a1 ich |
+p12(¢17‘¢2) | S - (gbfqbz)rjz 3 2KM which is necessary for EWBG.

rephasing S&
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The flavor alignment in the Yukawa interactions

» Generally, both ¢; and ¢, has Yukawa interactions with the SM fermions.

i = Eo
Ly = —Tf I’Jf;QHl+(y§)l-jfifé(H2+iH3)+h.c. (i, = 1,2,3)

SM Yukawa Non-diagonal interaction yg —} FCNC!
e To avoid FCNC, (FCNC = Flavor Changing Neutral Current)

- In the original AKS model, the softly broken Z, is imposed. Glashow. Weinberg, PRD (1977)

- In the current model, we assume the flavor alignment

For quarks,
1 mfl O O Z:fl O O 4'/ul =5 Z-:u2 = Z-:u3 = Cw Cdl = Cd2 ET: Z.:d3 = Z.:d
yg ==t .m U 3 ¢ U Pich. Tuzon. PRD (2009)
. 5 CPV phases
SM Yukawa f arg[éu]’ arg[Cd]’ arg[z:eL arg[é/,u]a arg[é/f]
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Summary of the model and a benchmark scenario

Important points

New particles: (Z,-even) H*, H,, H (Z,-0dd) ST, 1, N*
of the model . T :
Alignment: /16 =4 & (yg),-j o Myi Cri 0
(H, is the SM Higgs) (No FCNC)

CP-violation: /17, P12, 0172 & Cw é/da Ce’ C ’Cf

Mass of new particles Z, even: My = 250 GeV, My = 420 GeV, My, = 250 GeV
In the benchmark
mq¢ = 400 GeV, m, = 63 GeV

scenario Z, odd:
(le, my, mN3) = (3000, 3500, 4000) GeV

We have checked the benchmark scenario can avoid all of the current experimental
and theoretical constraints.

In this talk, we discuss only BSM phenomena and the constraints of LFV and EDMs
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Neutrino mass in the model

kKo STn  hETNEY CrS*t CevepH

(ye e Y, | C,u Lol ) b (()25, 0.25. 25) % 1073 Normal ordering m,, ;, m, ~ 0.006 eV
o= 1 36m o =0 a, =~ — 7/2
Qﬂ L D 10e-031i (9 o030 1.062.41] »
o il iemeel 0loe ot meli ot mys ~ 1 meV, Xm, =0.067 eV
k=20 0.45 27 1300033 (310063
Mg < 35 meV ~m, <0.12 eV
KamLAND-Zen (2023) Planck (2018)

(2024.07.10) LCWS 2024 @ U. Tokyo Page


https://inspirehep.net/literature/2046342
https://inspirehep.net/literature/1682902

Constraint on the lepton flavor violation

LFV couplings A% (Np) €;gS™

—0.31: 0.30: iy

mg = 400 GeV, : 1.0e | 0.2e | 1.0e |

s DR st A

My = {3000, 3500, 4000} GeV D46 vl 130000 4 1g o
gkt Zm

. P
ST <

-~ RN €L = T N(L T ng
6) ,/ jfa ' {l Processes BR Upper limits
30l 10 10 2
Processes BR Upper limits r33e | B2x 0 30010
U—ey | 1.A4x10°% | 42x10° 5 T3 24100 e 0 100
ey | 53x100 | 33x10° 8 TS et 5l <10 2 18 <10
—1 e T e 10 LT e 10 S
e i Ee Bl e gta T el | 45x10° B | 1.5x10°8
T eni 96102 T e 10T
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Dark matter in the model and its constraint

Heavy N " are necessary to avoid the constraint of the LFV processes

The real singlet scalar 77 is the DM particle

Dominant annihilation channel

f
! We have also considered
nwp — £/, WW—, yy
'] f
m, = 63 GeV, my = 420 GeV, my, = 250 GeV ’ Q=010 & 235107 oy
i o i £
gi=losl=11x10°, g =-204 O 2 = 0.120001) oo < 10747

Planck (2018) LZ (2022)

n is the Higgs portal DM
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Baryogenesis in the model

e Strongly 1st-order EWPT can occur by the non-decoupling effect of the new scalars

) y el 5 5 . 5 e my =250 GeV, my =420 GeV, my =250 GeV, mg= 400 GeV
My, = Wy + 5/13\/ , My =)+ 5(/13 + Ay £ AV, mg = ug +—pyv

% Az =Rl ORuEa i~ 1 8B | 88 n el 100

We have evaluated one-loop effective potential in Landau gauge
y:VEVatT =T,

e SEE o
Bl = ity =08 Vpl I, = 1.74 > 1 T : nucleation temperature
450
 BBN(95%C.L.) Vp/Tph=1.0
‘mCMB(95%C.L) ... JTa=15"
» We have evaluated the BAU generated by W porctmatoont 20
the top transport scenario with the WKB app. = |
(the Wa” Ve|OC|ty VW e 0.1) Cline, Joyce, Kainulainen (2000) ﬁ 350
Fromme, Huber (2007) Cline, Kainulainen (2020) & -
& |
I 300;
97 — =254 0 — 0245050 — — 204 g
For successful EWBG, 250
My, gy, My = 200 GeV-400 GeV

IS favored.
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Constraints on the CPV phase 1n the model: EDMs

electron EDM (eEDM) |d,| < 4.0 x 107 ecm  Roussy. etal (2022)

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

x sin(@, — 0,) x sin(6; — 6,)

my, = 420 GeV, my = my. = 250 GeV
g =03 8 =0245 J =204

= |[ld | = 000> 0scicin

neutron EDM (nEDM) |d | < 1.8 X 107*° ecm

chromo EDM Barr, Zee (1990) In the BS, ‘dn‘ ~ 1073 ecm

Weinberg ope. Weinberg (1989)
4 fermi interaction Khatsimovsky, Khriplovich, Yelkhovsky (1988)
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Phenomenology at e e~ colliders

e Pair production of S&

S* cannot be too light (LFV constraint) and too heavy (v mass)

mg ~ 400 GeV is favored in the model. e"e™ — S7S™ is allowed with \/s > 800 GeV

e Cross section

€

;ST € - > ->— — 5§~
/

¥

f)//Z / '*\T/
\
A\
Qi .« =57

\\ S_ (&

O(1) tb is expected with \/E =12 TeV

@(10) 1b is expected with \/E =723 fcV

o (fb)
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Signal from STS~

e 3-body interactions for S  h“ N£€.p ST and kv ST™H™n

my =~ O(1) TeV is favored to avoid the LFV constraints
my: =~ 200-400 GeV is favored for EWBG '

Br(S* = H*n) ~ 100 %

e Decay of H*
In the benchmark scenario, Br(H* — th) ~ 100 % (For HY — v, cs, Br < 107)

The signal) S7S™ — HTH E — 212bFK

Preliminary
e SM background Vs =1TeV 2 TeV 3 leV
= 5 Signal | 1.276 (fb)  16.22 (fb)  45.28 (fb)
e"e” — 22bv Uy, BG | 0.0133 (fb) 0.0279 (fb) 0.0490 (fb)
S/B 06 581 024

viaete™ > WW™Z, tthZ, v,p,V*V*
(VBS)

We have used MadGraph for the evaluation.

The detailed study is a future work.
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Other phenomenology at e"e~ colliders

e Azimuthal angle distribution of H, ; — 77 Kanemura. Kubota, Yagyu (2021)

e"e” - H,H;(vi), H,or H; = tT — hadrons + £

The CPV phase in {_ can be measured by observing the azimuthal angle distribution of 7 Jeans, Wilson (2018)

e Diphoton decays: H1,2 — YY Kanemura, Katayama, Mondal, Yagyu (2023)

e"e” = Z* - H\H, = 4y can be sizable when the CPV phases in the Higgs potential is O(1)

e Non-decoupling effect of the additional sclalars

Non-decoupling effect of the additional scalars can change the Higgs properties.

Kanemura, et al (2003)

[Higgs triple coupling] . - (2004) [Higgs diphoton decay] ]jrfr(; Shee:/gi/lon
AR = Ay /10 — 1 =38 % e RE 10054 1 consistent with the

@ LHC current LHC data
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The model with softly broken Z, (current work)

e \We removed the softly broken Zz In the original AKS model, instead, we assume the flavor alignment.
» We are investigating the possibility of the model with the softly broken Z,.

» In this case, all of {, are real (no CP violation), /g\
and the destructive interference in the eEDM cannot work. "

e |nstead, the CPV phases in hLi induces other eEDM diagrams at 2-loop.

e \We have shown that the constraint on the eEDM can be avoided by considering these diagrams.
KE, Kanemura, Taniguchi (2023)

« EWBG in the model with the softly broken Z, is the work in progress.

Aoki, KE, Kanemura, Taniguchi, work in progress
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Summary of this presentation

* The extended Higgs sector may be the origin of phenomena beyond the SM.

* The AKS model is the TeV-scale model (testable model) which can explain
tiny neutrino mass, dark matter, and the baryon asymmetry simultaneously.

 \We have extended the original AKS model and have shown one benchmark
scenario where all 3 problems can be explained while avoiding all the current

experimental and theoretical constraints.

» Future high-energy e"e™ colliders are powerful tools to probe this model.

* Now, we are revisiting the model with the softly broken Z, symmetry.

Summary (2024.07.10) LCWS 2024 @ U. Tokyo
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The Higgs potential in the model

2
Aa
v — Z 12|, |2 + 7\<I>a|4) + (42,@105 + h.c.) + As|®y[2|@o]? + M| D] Dy 2

“n 2

# (3 (@100 + dal0 + 110 (@1:) + e } + 13ISH + 5
A

o) - —_
pra|STI* + %nz) (B]P2) + 26(®]®2)S 1 + h-C-}

O, A A e
+Z(pa|5+|2+7n2)l<balz+ SISt 4 it 4 IS
=1

(2024.07.10) LCWS 2024 @ U. Tokyo



[ S|

| Sl

Constraint from flavor experiments

Figures from Haller, Hoecker, Kogler, Mooing, Peiffer, Stelzer, EPJC (2018)

w1 7%

Two nggs Doublet Model Type I

Cd‘_‘(:ﬂ‘

[ Cul

a 4 - T .
e — Z
S 3.5 [ 95% CL excluded regions 7
T E [ B —> Xy ]
3 B - pn -
2.5 -
2 =
1.5 —
10
0.5 =
200 300 400 500 600
M, [GeV]
[ Cul = 164l = 1/ \ C,,m\
Two- nggs Doublet Model Iepton specnf c
@ 4T I T ]
e — ]
S 35 95% CL excluded regions =
T E I B - Xy .
3f e - =
2.5 —
2 —
1.5 —
16
0.5 —
: 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 | 1 1 1 i TE———

200 300 400 500 600

Sl

tan B

tan 8

\C | = 1/‘@‘ T 1”@1\

Two- nggs Doublet Model, Type II

45 95% CL excluded regions
40 B B - Xy
By - up
35 [ IB—1v
] Ds — uv
30 .......... Ds - TV

-------- B(K—> uv)/ B (t - uv)

Lol ] ]

200 300 400 500 600 700 800 900

\C | = 1/\561‘ = |§f1|

Two-Higgs Doublet Model, flipped

95% CL excluded regions

1 B - Xy
[CJBs — up
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Constraint from flavor experiments

Figures from Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, Yagyu, NPB (2021)
‘Cu‘=‘§d‘=‘5ﬂ| ‘Cu‘=1/‘é’d‘=1/‘z:ﬂ‘

30.. Sp-a=1 300 Sp-a=1 |
— A-TT | = — A-TT .
—— A(bb)>T1T —— A(bb)->TT
1 10 _ 2(}3:;)-’[7[) ] 10 - 2(_?3)-’[)() ]
_ & | — A-szh — A-zh
R A(bb)-»Zh | . A(bb)-Zh |
el S5, |- N -
H-ZZ H-ZZ
=\ H* tb ' H*tb
‘ “—= H*oSTV “—= H*¥oTV
1¢ 1

72

Current exclusion; Type-X

Current exclusion; Type-|

Current exclusion; Type-l

500 1000 1500 2000

=0 e

30_ SB—a—l ] 30+ Sﬁ—a_l
| —_— A-TT _ —_— A-TT ]
— AlbbrT —— A(bb)-TT
10 /) A(bb)=bb | 10} A(bb)-bb |
: A-tt ] ! A-tt
: — A-Zh ] | — A-Zh
I A(bb)~Zh | Z A(bb)-Zh |
] R H-hh 3 e H-hh
H-ZZ _ H=2Z
| H=-tb H = -tb
=== H*>71V A\ == H*>1v
1 ; 1f

500 1000 1500 2000

500 1000 1500 2000

\Cu\ = 1/‘Cd| = ‘Cﬂ"

Current exclusion; Type-Y

500 1000 1500 2000
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Future direct search at HL-LHC
Figures from Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, Yagyu, NPB (2021)

‘Cu‘=‘§d‘=‘5ﬂ| ‘Cu‘=1/‘é’d‘=1/‘z:ﬂ‘

Expected exclusion; Type-I Expected exclusion; Type-ll
DR - — ‘}, —T /
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Future test of CP-violation in ¢,

I [ |
Ate e collider Kanemura, Kubota, Yagyu, JHEP (2021)
120 Vs =800 GeV
e ilihvt 1 bD -+ Theory(6, =0°)
100F| - - Theory(6, =45°)
< 1 Signal(f, =0°)
'S 80 . _
— 1 Signal(6, =45°) ] B
HJQ — 1T s nton v 2 o0 % } \,:%j\' % \ % ‘
— G) ’ e N N
A n > 40}, , 9 AN :
. ¢ Q \\1\ //, //// % \{\\\
z 20¢ ?"'\j__[,j’ bt
o+
% 1 2 3 4 5 6
Ao [rad]

M =240, mpyo =280, myo =230, my==230 (in GeV)
Cul =001, [Cal=0.1, [¢|=05  |A\|=03, =05
0, = 1.2, 04 =0, 0. = /4, 67 = —1.8 (in radian)
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Bubble profiles and nucleation temperature

1
Euclidean action : Sp = Jddx{ E(aﬂﬁﬂ)z F Veff(¢)}

Finite temperature d = 3

Rate of the nucleation per volume : ['/V = wT*e ¢! (a) = @(1))

Probability of the bubble nucleation I

i ~ 140 | 1. Nucleation
per one Hubble volume is O(1)

i temperature

Bubble profile is given by the bounce solution

d? 2d
dp? p dp
(Boundary) do

=0 Figure from 1109.4189
p=0

@p(0) = @p dp
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Wall width dependence of BAU

In the WKB method, generated baryon asymmetry is roughly estimated as

nBNJ + 5(2) _AJ dZS(Z)

0 T3 o T3 Cline, Laurent, PRD (2021)

A is a function of v, and L,

v,, . wall velocity 10°

L, : wall width B |

S
When A has a certain value, 10-1-
the first and second terms '
are canceled.
10°
Figure from Cline, Laurent, PRD (2021) LT
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Relativistic effect in BAU

We used the linear expansion by the wall velocity v,

Effects of higher order terms . Cline, Kainulainen, PRD (2020)

4 [ IIIIIII| [ IIIIIII| [ IIIIIII| [ IIIIIIII (1 T F{rTl
—CK-s
— — CK-h

3 t=-—-FH-s
—— CK-s, KOE 1

_1 I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII [ 1 1 101l

107 10 10 10 10’ 10’
Vv
W

Figure from Cline, Kainulainen, PRD (2020)
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Velocity dependence of 77,

’f ~y

|
£ ~ = : Mean free path

Charge is accumulated within Z (Gray region)
Time for accumulation to enter the bubble

7% 1 /

t:—N— |

V,, Vil

# of sphaleron tran.

before the charge enters the bubble sm

Ne=il e e Lok
sph v, I R -
N is too large (small v,
— X dz exp( Z)
¥ v I Vil

N is too small (large v,,)
» too short time Gzl
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The benchmark scenario

Masses of New particle
Z2 even. mH+ — 250 GGV, mH2 —_ 420 G@V, mH3 —_ 250 G@V

Z,odd: mg =400 GeV, m, =63 GeV
(My , My, My) = (3000, 3500, 4000) GeV

Higgs potential
o= 0 0eVy no= (20 GeVge, pas (6l P GeV e ye =
AHh=01, A,=2198, 4;,=188, A;=1.88, 4=0,
Al =0821 o =190 Ap =01 /. =0l
G alogl =il k=20 G4 (=1

g = -gnt =300 b=l
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The benchmark scenario

Yukawa interactions

Pt iadixll L g lol i Bl wil e e 10
d'>d s 1%, p 16,
yiole25xi ol F505 10 uiflc 0510

0.=6,-0245, 6 -4 -0 ~=204

1.0 6_0'31i 0?2 60'3Oi 1.0 6_2'4i

b v e b g
0.45 82'7i i3 6_0'033i 0.1060°63i

-
Q
12

T,
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Messes of the scalar bosons

1 1
Ma. =5 5/13\/2, m2 =+ U+ Ay + A2,

|
mli — /422 + 5(/13 + /’{4 =T /15)\/2,

1 1
m§+ = ,uS2 g 5,01\/2, m,? = ,u,? + Ealv

2

my. =250 GeV, my =420 GeV, my =250 GeV
mg =400 GeV, m, =63 GeV

s =0 GeV Y cps = (330 Ge Ve, a2 =162 ] GeVie

=198 1, ~188 A.~188 9, ~190, o,=15L1x10"
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CPV phases in theYukawa matrix A

ACIND 2.8

The Yukawa matrix & includes nine phases.

Three of them can be zero by rephasing lepton fields.

€L R €L, R Vel Vel gie 0
HE R f 7 P¢ UL R VipE sl qu VL Py 0 e'Pn O
TL.R TL.R Vr+], V], 0 0 67’¢"

This rephasing can eliminate 3 phases from the PMNS matrix.

Ver, VeL :
/ L
Vor | = 5% | VuL Upvns = £pUpmins
s VrL
Usyins includes only 3 CPV phases: O¢p, o). @,
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Landau pole and new physics

)\ The non-decoupling effect
by large scalar coupling
predicts the Landau pole.

A.. <100 TeV

cut
Kanemura, Senaha, Shindou (2011)

What is physics
beyond the Landau pole ?

Acut
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Landau pole and new physics

A

Higgs as mesons Fundamental theory [Gauge theory]
Qo i (like QCD)
o _ '
X1 |

Aqc =W Acut < 100 TeV
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Landau pole and new physics

E.g.) SUSY SU(Z)H gauge theory Kanemura, Shindou, Yamada, PRD (2012)

Higgs as mesons Gauge theory

Superfield |SU(3)¢ [SU(2) 1 [U(1)y | Z2

Ty
1 2 0 +1
15

Field |SU(3)c|SU@2).|UQ)y | Zs

Ts 1 1 | +1/2 |41
b, ) o | 41/2]-1 Ty 1 1 |—1/2|+1
T 1 1 | +1/2|-1
Te 1 1 | -1/2|-1

ALL scalar fields in the model can be included!
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