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Introduction

The extended Higgs sector play an important role
to explain the unexplained phenomena in the SM

L mass --- radiative seesaw models
Dark matter (DM) --- New scalar as WIMP

Baryon asymmetry --- Electroweak baryogenesis (EWBG)

A new physics model with the extended Higgs sector
for these 3 problems Aoki. Kanemura, Seto (2009)

e Tiny  masses : Quantum correction via 3-loop diagrams
e DM @ Z, symmetry ( New Z,-odd neutral particles )

® BAU  Electroweak baryogenesis by extended Higgs sector

e Masses of new particles are O(100) GeV -> Testable!

EWBG in this model had not been evaluated
We evaluated it and find one benchmark scenario where

all 3 problems can be explained
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The model Aoki. Kanemura, Seto (2009)
Aoki, KE, Kanemura (2022)

Scalar Bosons
Zy-even) @, O,: (2, +1/2)

Zyodd) St:(1, +1), n:(1,0) realscalar

Extension of 2-Higgs doublet model
Type-lll 2HDM

e — V(I)(q)l’ (DZ) T VSﬂ((I)la (I)Za S+9 7’])

CP-violation (132

/15
t i e i
+012(P D)) R T(q)lq)z)ﬂ + 2x(P 4l
+

6 CP-violating couplings 5+
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The model Aoki. Kanemura, Seto (2009)
Aoki, KE, Kanemura (2022)

Mass of Neutral Higgs Bosons

Higgs basis

G HT
it (%(w H, —I—z'GO)) - (%(HQ + z'H3)>

M11 Re[)\ﬁ] —Im[)\ﬁ] H1

Mneutral X Mo W Ho

b, M33 H,
In the limit

e =0 = Mixings vanish [Higgs alignment].

(Higgs couplings coincide with SM ones)
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The model Aoki, Kanemura, Seto (2009)
Aoki, KE, Kanemura (2022)

Higgs alignment scenario
Kanemura, Kubota, Yagyu (2020); (2021)

Simple scenario Ac = 0 KE. Kanemura, Mura (2022): (2022)
Kanemura, Takeuchi, Yagyu (2022)

m H,, H,, H; are mass eigenstates w/o mixing
(H; is 125GeV Higgs boson)

m 3 CPV couplings in the Higgs potential
/16 - O

(+ Stationary condition) 6 =0

Vi — ImWI— (cb@W Iy | @, |7}
+p1(®ID,) | S| ;2 (DID,)n% + 26(D] n]
_I_

S_
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The model Aoki, Kanemura, Seto (2009)
Aoki, KE, Kanemura (2022)

Yukawa interaction

Both Higgs doublets couple with the SM fermions.

me, — s
fl SR = ;
Py = ; fi foHy + 7))t fi(Hy + iH3) +h.c.
(=233
SM Yukawa Non-diagonal yg =) FCNC!
To avoid FCNC, (FCNC = Flavor Changing Neutral Current)

m In AKS(2009): Softly broken Z, Glashow, Weinberg (1977)

m Current Work: Flavor Alignment
For quarks,

prres ¥ L m 2 e
4 V s . G —=Lp=(pn=10

0 0 mf3 0 0 Cf3
; Pich, Tuzon (2009)
SM Yukawa G €C
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The model Aoki, Kanemura, Seto (2009)
Aoki, KE, Kanemura (2022)

Yukawa interaction

Z,-odd Majorana fermions: N —Mpno(Np) Ny
(a=123)

FLy=—h NSt +h.c.

Lepton flavor violating

Lepton # violating

Summary of the model

New particles: (Z,-even) H*, H,, H; (Z,-0dd) S™, n, N

Alignment: 4, =10 & (yg)ij o Myi Cri 0
(H, is the SM Higgs) (No FCNC)

CP-violation: 44, P, 610 & &, 8 &0 800 Cs A
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Benchmark scenario (BS) Aoki, KE, Kanemura (2022)
Masses of New particle

Zyeven: 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
= (50 GeV)%, u?= (320 GeV)’, =0
=0 =08 ] R8I il 8] — 00 082
v S — gl el e — 2.0 g = 0 T

New Yukawa interactions

e = 25>l g 0 o — P Ol g =045

(1.06—0.311' 02930 10 e—z.4i\
hie =Bl s e 0o San et el
\045 62'7i s e—0.033i 0.10 60'63i)
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Constraints

Experimental constraints

H? : (Direct) HF — tb  ATLAS (2021)

(Flavor) B; — u™u™ J. Haller. et al EPJC (2018)

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

H,; — {t  ATLAS (2018)

S* : (Direct) S* - H*n — tby (from Z*, y* — S*S7) Weak constraints

(Flavor) Lepton flavor violating processes (Next slides)

Ng . (Direct) too heavy and weak constraints (71, = 3-4 TeV)

(Flavor) Lepton flavor violating processes (Next slides)

1 . Dark matter in the model We checked that
(DM searches) 3 Pages later all of these constraints

can be avoided in the BS
CP-violating phases : (EDM) 2 Pages later
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Lepton flavor violation

mg = 400 GeV, (1.06—0.31? 0.2 60.301'- 1.08—2.4%1'\
he i el 00 Teglts 2
M, = {3000, 3500, 4000} GeV L 0.45¢27 13700331 (110063
mS - Oy
N Processes BR Upper limits
gt Aﬁ p—ey | 14x1071% | 42x 107
RN T ey Bid10= 00 3.3 %x10=°F
R 4 R Bl e [ Dy B
> > >
n/, — Lﬂjfk?m Processes BR Upper limits
T e 0SS 0 PR 10
U U R e R T YO (1 e BOR  t
E T DR S T e e S B )
//Nb / T o cfe | bl bl 2t 0] 8510 S
—— e e T TR R B (e s B G o
_ — — = 5 —3
0 S~ A N, *S 0 T — ee/i 457 10_11 1552¢ 10_8
. « L T —=eun | 9.6 x 10 2.7 x 10
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Electric dipole moment (EDM)

electron EDM (eEDM) |d,| < 4.0 X 107" ecm  Roussy, et al (2022)

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

x sin(d, — 6,) x sin(@; — 6,)

my, =420 GeV, my = my. = 250 GeV

0, =-234, 6,=0245 6,=-294

=P (4 |=022x107Y ecm

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

chromo EDM  Barr, Zee (1990) In the BS |d | e 10—30 ecm
) n

Weinberg ope. Weinberg (1989)

4 fermi interaction Khatsimovsky, Khriplovich, Yelkhovsky (1988)
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+ [crossing S™ lines]

x®®,5n SN ErSY Cpyp ChviH-

e By eyl M= (005002 550 50 0

B Rl e 0/ e (ol
efl 2.94

h(); ~ | 1.1e 1% (02118 1.1 23
k=20 0.45 27 130033 () () 063

g

Normal ordering m, w/ m, =~ 0.006 eV
0~ 1.36mx,

mgs =~ 1 meV, 2m, =0.067 eV

Mgp < 35 meV
KamLAND-Zen (2023)

o e UL s el =l

Zmyi < 012 eV
Planck (2018)

Dark matter (DM)

m, = 63 GeV
(My,, My, My) = (3000, 3500, 4000) GeV

1: real scalar DM
dominant annihilation: 7y — H? — fif’

>_ _______
/
/
/ J—
no 7
m, = 63 GeV, my =420 GeV, my =250 GeV
a1 =lop || = LI X100 = = 2104

g
O he~01 9 ml = P80 10 oins

Qpyh? = 0.120(01) 051 S 1074
Planck (2018) LZ (2022)
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Electroweak baryogenesis (EWBG)
The Sakharov conditions Sakharov (1967)

1. B-violation . T S Sphaleron transition

2. C and CP violation @ <€=------ CPV phases : 47, P12, 012, C1 &

3. Departure from

thermal equilibrium e Strongly 1st order electroweak phase transition

Strongly 1st EWPT (EwPT = Electroweak Phase Transition)

Non-decoupling effect by H, ., H=, S=
1 ’ 1
%

M, = /422 + 5/13"2, ngzm = M22 iz 5(/13 + Ay £ A2, mg = /45% + Epl"z

i lo B R T i LR Y ST T Brcie) B Tl LY,

. e Coleman, Weinberg (1973)
We evaluated one-loop effective potential in Landau gauge poian, Jackiw (1974)

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

(T 75 O) thermal resummation Parwani (1992)

AR= 11 889 y =1 |

Kuzmin, Rubakov. Shaposhnikov (1985
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Electroweak baryogenesis
LYoz L. : Wall width

<(Di>=0 Z VUt - Lw R

(@;) #0

r

z=0

The bubble wall profile is given by
the bounce solution of the effective potential

k Tunneling profile
175 — @

150 A

v,: wall velocity

100 A

v, = 0.1 isassumed

(In the case of the SM plasma, v,, = O(0.1) ) 1

25 A

0.0 0.1 0.2 0.3 0.4

using CosmoTransition
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Electroweak baryogenesis

Aoki, KE, Kanemura (2022)

— LHtop
e RH top |
2| P —— LH baryons |

40 20 0 20 40

WKB approximation (L, 7,> 1)
Cline, Joyce, Kainulainen (2000) Fromme, Huber (2007)
Cline, Kainulainen (2020)

v,: wall velocity

BBN) 58x1071%<p,<65x1071

Ve 0.1 is assumed Fields, et al (2020)

Baryon-to-photon ratio CMB) 6.04 % 10710 < 5, < 6.20 x 1071°
1y 00 ; Planck (2018)
iBE Fws[ dzpge™™ G
4 J()
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Electroweak baryogenesis

450 ——————————————
" BBN(95%C.L.) Vo/Tp=1.0
'mCMB(95%C.L) ... Vo/Th=1.5

4007, Benchmark point o Vn/Th=2.0"

250

200
200 250 300 350 400 450

my,(GeV)  Aoki, KE, Kanemura (2022)

Other parameters are the same with those in the BS
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How to test the BS

EDM measurements

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

Flavor experiments

" B> Xyor Bc(l) — utu” in Belle-ll experiments E. Kou, et al [Bell-lI], arXiv:1808.10567 [hep-ex]

B CPviolationin B = Xy (AACP) Benz, Lee, Neubert, Paz (2011); Watanuki et al [Belle] (2019)

® | epton flavor violating decays H — €Y MEGII u — 3e, 7 — 3e Belle-ll

Collider experiments

e 9 2t : : . : : _
m 22— H29 H3; gg — H_fb; qq — H2 3H_ Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, Yagyu (2021);
’ S. Kanemura, M. Takeuchi, K. Yagyu (2021)

m gq — S+S_; ete” — S+S—; ete” - NN M. Aoki, S. Kanemura, O. Seto (2009)

. . . Ay Sensitivity @ ILC (/s = 500 GeV)
H tripl I AR = =38 %
bl Sl i : AR =27 % K.FEuiji, et al, arXiv:1506.05992 [hep-ph]

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

: : S. Kanemura, M. Kubota, K. Yagyu, JHEP (2021)
Dark matter direct detection

Observation of gravitationalwaves | ne detailed study is a work in progress.
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Summary

B The SM cannot explain some observed phenomena (tiny v masses, DM, BAU),
therefore, we need physics beyond the SM.

B |n the previous work, the authors proposed a model where tiny v masses, DM,
and BAU can be explained simultaneously at TeV-scale.
However, they neglected CPV phases for simplicity.

B \We have revisited the model and found a new benchmark scenario including

CPV phases, where tiny  masses, dark matter, and BAU can be explained
under the constraints from the current experiments. (LFV, EDM, ...).

B This benchmark scenario includes some new particles
at a few hundred GeV scale, and they would be testable

at various future experiments.
%@% éz‘%/

Summary (2023.06.06) HPNP 2023 @ Osaka U.
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Constraint from flavor experiments
Figures from Haller, Hoecker, Kogler, Mooing, Peiffer, Stelzer, EPJC (2018)

il ] = |Cﬂ| ICI—I/ICdI—I/ICﬂI

1 Tuo-Higgs Doublet Model, Type | 1 Two-Higgs Doublet Model, Type I
s 4 — 'j IIIIIIIIIIII LA e e T fenX 45 |..| T LA AL | |:
— c . = £ ; 4 =
| C | S 35 95% CL excluded regions = | C | 8 95% CBL ex;:(luded regions ]
' n 40 @ B - X,y —
u B 8- . u 8 - -
3 [JB.—>pun 3 35 B> —
8, > uu . £, 3 Ds — pv :
30 :.. .' .......... D - TV |
------- B(K — pv)/ B (n — pv
25 (K-> uv)/B(m—p )
20 £ =
15 —
10 —
5 —
I n T I - | Ll
200 300 400 500 600 700 200 300 400 500 600 700 800 900
M. [GeV] M, [GeV]
ks /IC,,mI = /ICdI Ié}zl
1 4 Two- nggs Doublet Model Iepton specific 1 o=y Lwo-Higgs Doublet Model, flipped
@_ lllllllllllllll I |||||||| I T T T _
== 1] ] —_ c
== C ] —_—
I Z: | g 35 95% CL excluded regions = | C | - %(;Lix)c(lt;ded regions
. - S
u - B — Xy . u [CBs - up
3 B —pu = [ B, — up
8, - pe .

- N w » (3] (-] ~ [« -] 0
TT TTTTTT

200 300 400 500 600 700
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Constraint from flavor experiments

Figures from Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, Yagyu, NPB (2021)

el == e Kl = =

Current exclusion; Type-l

Current exclusion; Type-li

30} Sp-a=1 ] 0p S Sp-a=1
—_— AeTT 7 —_— A-TT
— Albb)=tT —— A(bb)>tT
10} A(bb)-bb | 10t A(bb)-bb |
1 A-stt A-tt
— % — A-Zh — A-Zh
T ® A(bb)-Zh A(bb)-Zh
| CL{ | e 3t e H-hh =17/ R P H-hh
H-ZZ H-~ZZ
w\ H* >tb H=*oth
\ -==- H*>1v -== H*>71v
1f 1t
500 1000 1500 2000 500 1000 1500 2000

|Cu| T |Cd| 0 1/|Cfi|

Current exclusion; Type-X

loli= il =1

Current exclusion; Type-Y

30} Sp-a=1 | 30¢ Sp-a=1
— A-TT — A-TT
—— A(bb)-TT —— A(bb)-T1T
10 /? A(bb)-bb | 10} A(bb)-bb |
A-tt A-tt
—— A-Zh — A-Zh
A(bb)=Zh A(bb)-Zh
] T H-hh 3 e H-hh
H-ZZ H-ZZ
H=-tb H=-tb
T - H*->T1v
1 J 1 /\
500 1000 1500 2000 500 1000 1500 2000
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Future direct search at HL-LHC
Figures from Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, Yagyu, NPB (2021)

A=l = Kol =g =

Expected exclusion; Type-I

Expected exclusion; Type-li
i Sp_a=1 | . ,/2,3_(,:1
30 — ILC250 30 o~ — ILc250 |
— A-TT — A-TT
—— A(bb)-TT —— A(bb)-TT
]- 10¢ A(bb)-bb 1 10 A(bb)-bb 1
Q A-tt A-stt
— % "\ — A-Zh - —— A-Zh
S .0 A(bb)~Zh | A(bb)-zh
1 3 | . H-hh 7 3y . H-hh
L H-ZZ H-ZZ
H=* >tb Ht-')tb
1p - HEom 1t ——=- H*>Tv
500 1000 1500 2000

" 500 1000 1500 _ 2000

K= =] ISl =G =

Expected exclusion; Type-Y

SB—a—l L SB-(X:]' ]
— ILC250 30 — ILC250
—_— A-TT — A-TT
—— A(bb)-TT —— A(bb)-TT

A(bb)-bb 1 10} A(bb)-bb 1

A-tt ] A-rtt
—— A->Zh ] — A-Zh

A(bb)-Zh A(bb)-Zh
....... H-hh ) 3r cieiis H>hh

H-ZZ 1 H-ZZ

H=*->tb H=*->tb
==+ H*>1tv ] 1r --=- H*->1v

500 1000 1500 2000 500 1000 1500 2000
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Future test of CP-violation in ¢

At eTe ™ collider Kanemura, Kubota, Yagyu, JHEP (2021)
o /5 =800 GeV
ete” »> H,H; - 77t bb " Theory(6, =0
100 | . Theory(6, =45°)
< 1 Signal(8, =0°)
'S 80| | |
— 1 Signal(g, =45°) ] B
HJQ T = 7/r+177r_1/ £ %0 w +L -
us m™ ) 47 e IBR
> 40}, - % J
/ + AgrT. / / . Ag¢ 2 { [-1 {\
< o T 2 20—t g
s
% 1 2 4 5 6

3
A¢ [rad]

M =240, mpyo =280, mpyo =230, my=x =230 (in GeV)
ICu| = 0.01, |{4] = 0.1, || = 0.5, |A7| = 0.3, A2 = 0.5
6, = 1.2, 64 =0, 0. = /4, 67 = —1.8 (in radian)
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Bubble profiles and nucleation temperature

1
Euclidean action : S = Jddx{ E(aﬂfﬂ)z T Veff(éﬂ)}

Finite temperature d = 3

Rate of the nucleation per volume : I'/V = @T*e =T (a) = @(1))

Probability of the bubble nucleation I

ﬁ ~ 140 | 1,: Nucleation
per one Hubble volume is O(1)

i temperature

Bubble profile is given by the bounce solution

2
d 2d
e N ! FAw:
dp?2  p dp - "
_V(ng \
(Boundary) d_(p i ] RN
9(0) = @y i o igure from .
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Wall width dependence of BAU

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

s oSG S
Ng ~ J dz : 3) AJ dz(—3)
0 T o I° Cline. Laurent, PRD (2021)

Ais a function of v, ,and L,

v, - wall velocity 10°:
Lw - wall width
=
<
When A has a certain value, 10-1-
the first and second terms ]
are canceled.
10° 10t 102
Figure from Cline, Laurent, PRD (2021) LwT
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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 | IIIIIIII | IIIIIIII | IIIIIIII [ IIIIIIII I [T
—CK-s
— — CK-h
| —-—-FH-s

_1 | IIlIIIll I IlIIIIll | IIIIIII| I IIIIIII| L1 L Illl

10 10™ 1073 107 10°! 10°

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

_————— ——
-
- ~~

1
£ ~ e : Mean free path

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

4 1

= .

Vv, Vil

# of sphaleron tran.

before the charge enters the bubble

sym
AT
sph VWT e o

N is too large (small v, )
=P ashed-out e B JdA u, (2) ( % )
Z exp| ———2

N is too small (large v, s vl

=P +00 short time vl
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The benchmark scenario

Masses of New particle
Zz even. mH+ — 250 GGV, mH2 — 420 GGV, mH3 — 250 GGV

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

Higgs potential
i = C UGNy =GP GVIE = (67 TR Ge ) )
=01, A,~198, 1,~1.88, 1,~1.88, A =0,
Pl = el e =0 s = AL
G =@ 2 L e =200, Jo=1 =& =1

B =234 g0 6 -0
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The benchmark scenario

Yukawa interactions

e =22 a0 Wil e ~Ts S al0p e | =0

~Y _6 ~ —5 . -
Ve eddai ) v i e B0 0 il [ A A dnlD
yelz-:el — 25 X 10_49 yﬂlgﬂl = 25 X 10_4, yz-léfl fonct 25 X 10_3,
0,=0,=0245 0,=0,=6,=-294

1.0 e—O.31i 0.2 eO.30i 1.0 6_2'4i

h% ~ 1.1 e—l.9i 021 6—1.81' 1.1 82'3i
0.45 62'7i e 6—0.0331' 0.1060‘63i
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Messes of the scalar bosons

1 1
R 5/13\/2, méz = us + 5(/13 + Ay + AsVZ,

1
mé — //122 A 5(/13 s /14 = /15)\/2,

s 1 1

2 2 2 2
Mgy, = Uy + Eplv , My =i, +Ealv

2

mg = 400 GeV, m, =63 GeV

e =S UGENIE e S HBSRGEVIE s (67 TGl

Ay~198, 1,~188, 1,~188, p ~190, ¢,=11x107
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CPV phases in theYukawa matrix A

he (NOYE £ S
The Yukawa matrix /4 includes nine phases.

Three of them can be zero by rephasing lepton fields.

€L.R €L.R Vel Vel e 0 0
UL R | — P¢ UL R Vn Bl o P¢ VL I = 0 etPn 0
TL,R TL,R VrL VrL 00 0 e

This rephasing can eliminate 3 phases from the PMNS matrix.

VeL Ve ,
/ Ere
VL | =5 | Vur Upmns = £pUpmins
Vrp, Hed
Usyng includes only 3 CPV phases: O¢p, @,
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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 ?

>
Q
S
-
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[Landau pole and new physics

A Higgs as mesons Fundamental theory [Gauge theory]
A 1
o i\ (like QCD)
9 —
1 |
l >
Agen  EW At < 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
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ALL scalar fields in the model can be included!
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