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Baryo8enesis and Hi88s



Baryon Asymmetry of the Universe

n ny — Ny
B - b ' Baryon number density

S S

S Entropy density
Observations

Stable Galaxies (~1012 M)

n
Cosmic Microwave Background B _ (0.67 — 0.92) % 1071V

>
/ :
Light Element Synthesis (H, He, Li, ...)

To explain this number is a big question in particle physics

Baryogenesis |Initially ng=0, then it is generated after inflation
Required to satisfy the Sakharov’s 3 conditions




Electroweak Baryogenesis

M~ e Foon/T (T < T)

Sakharov’s conditions: [~ oy T)* (T < T)
B Violation —> Sphaleron transition at high T
C and CP Violation — CP Phases in extended scalar sector
Departure from Equilibrium [— 15t Order EW Phase Transition

Expanding . ,QFf
Bubble Wall

of EW Phase { f

Vere(e, T)

e H(T,) T2
[ sph << ( c) c ] / [rssph S>> H(TC) Tc3]
7 « Decouple
Broken Phase Symmetric Phase
d=v, d=0

Quick sphaleron decoupling is required
to retain sufficient baryon number in ¥
Broken Phase

(Sphaleron Rate) < (Expansion Rate) » (pc/Tc >1




1-loop effective potential
e Zero temperature

A7 2 ‘
, mailyw malo '3
Vily) = ’"v-z'.”fl (:;) (l“g — ('Y) - _>

(nw =6, nz=3, ng=—-12, ny=ng=n4=1, nygy+ = 2)
e Finite temperature

Vi(p,T) = %[ S nidp(a®) + ntIp((z)]
t=Dbosons
where Ip pla?) = /Oo dx x*log(1 F (g:_\/m)_ ((1(p) = 'mj(f?)>
0
> High temperature expansion (a? < 1)
Ip(a?) = ZZ; - Zjaz = %(loﬂ % - :i) + O(a®), (l()g appy = 2log(4)m — 275)

p3-term comes from the “bosonic” loop



Strongly 15t OPT

High Temperature Expansion (just for sketch)

Vet (9, T) ~ D(T* = T§))p* — ETy" +

Condition of
Strongly 15t OPT

Yo 2F
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However, the SM cannot realize the strongly 15t OPT

B~

2

3 3. ... mp,
6myy, + 3my, + -

Tc
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3mTum 7

For m, =125 GeV

We need a mechanism to enlarge E to realize strongly 15t OPT



15t OPT in extended Higgs sectors

High Temperature Expansion (just for sketch)

A
Vet (9, T) ~ D(T2 — Tg)g02 — ET@B + ITQOZL L.

Condition of Yoo 2F
Strongly 1t OPT To

The condition can be satisfied by thermal loop effects of
additional scalar bosons ® (® = H, A, H*,...) m§ ~ M?* + \;v°

Yo 1 3 3 3 M 2 3M
~ omy, + 3mo, + m 1l — — 1+
Te ~ 3moms { W 4 z@: N ( ma 2m32 >1

In this case, large quantum effects also appear in the hhh coupling

9\ 3
3m3 m; mg M?
A - | 3 f n i) : SM
hhh 02 { % Z 127202 m“ “771&, g Ahhh




Case of Non-SUSY 2HDM

* Consider when the lightest h is SM-lik |
[sin(B—c)=1] Q. h - AL

* At tree, the hhh coupling takes the "’

same form as in the SM O =H, A H!
* At 1-loop, non-decoupling effect m,*
(lf M < V) SK, Kiyoura,c%kada, Senaha, Yuan, PLB558 (2003)

V') =4350GeV =M M

150 ¢

3
ma M? ms -
1+ —2-(1-—] - —=——]|
127%2m? m3 m2vima || 5 100

%)

2 —_
2HDM ~ 3 m h m,=120GeV

A ~
hhh
vhoh v

|2 2
\Ng =2m,

‘hhh

sin'( oa-P)=1

Extra scalar Top loop = 50 | ;
2 2 2 S

mg = M=+ XNiv"  o0p
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<

(= H, A, H) 0

...................
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Correction can be huge ~ 100% Non-decoupling effect Decoupling
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Strong 15t OPT and the hhh coupling

S.K., Y. Okada, E. Senaha (2005)

0 | | | 1 | | |
Strongly 1t OPT + 0% e
¢ Non-decoupling effect 400 T':?S‘\"am" """"" ¢ /T.>1 ]
) T e
< large deviation in hhh

At LHC, challenging
to measure A, ,,

-
-
-
-
-
-
PE R
-m="
--
----
-----

e 200 [ -
S AN/ A = 10%
150 -
ILC (1 TeV) can measure A,,, by 10 %
100 [ sin(—a)=tanf =1 ]
K.Fujii et al., arXiv:1506.05992 [hep-ex] =0 - 2HDM my, = 125 GeV i
Great achievement!!! | | . m‘f - m'f - mAI - mHI*
0
If AA=100%, then AA/A ~ 15% can be achieved 0 20 40 60 80 100 120 140
at E=500GeV (H20) J.Tianetal. LCWS 2015 M [GeV]

Electroweak Baryogenesis can be tested at ILC!



GW :another probe of 15t OPT?

Gravitational Wave Experiments

aLIGO (USA), KAGRA (JPN), aVIRGO (ITA), ...

— Trial for first discovery of GWs (Underway)
— GWs from astronomical phenomena (binary of neutron stars, ...)

Once, GW is found, era of GW astronomy will come ture

Future exp: eLISA [EUR], DESIGO [JPN], BBO [USA]...
— GWs from very early Universe (Inflation, 15t OPT, ...)

GWSs may be used for exploration of the Higgs potential, as
complementary mean with collider experiments.



Two origins of GWs from EWPT
“turbulence in the plasma” ‘Ub’ \
G

ro: Critical size
of vacuum babble

- O
) A e

GWs

“bubble collision”
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GW from the EW bubble

Evaluation according to Grojean and Servant
QGW(f)hQ — Qcoll(f)h2 =+ Qturb(f)h2

1 Collision of the bubbles Kamionkowski, et al. (1994)
GW at the peak Frequency at the peak

5 2., 2 o) v F o~ -3 p L
Qeonh” ~ ck <7> 1+ 0.24_{_1)5, fcoll ~ 5.2 X 10™°mHz Ht 100GeV

c=1.1x%10""
2 Plasma Turbulence in the bubbles nicolis (2004)

— _ H 2 r ~ -3 Ug 8 Tt
Qturth ~ 1.4 x 10 4u§v£ (gt) fturb ~ 3.4 x 10 mHZU_b (E) (100Gev

The spectrum are evaluated by inputting the lattent heat «a, variation
of the bubble nuclearation rate  and transition temperature T,



Higgs model with O(N) singlet fields

N-scalar singlets St =(S,--,9n)

I A As c
Vo = —1°|®)° + > 1S|* + 5@\4 T le\4 T 5\@\2\5\2

. C
Mass of scalar fields: mZ = us + §v2

@ /T, > 1is satisfied by the nondecoupling effect of the singlet
fields (compatible with m,=125GeV)

¥ 1 MQ 3 BFLQ
LECAN 5 6m%v+3m’3Z+Nm%(1——g> (1+—S)

o 2
T 3mom; mg 2msz,

2 2\ 3
hhh = )2 7r2v2m% 127r2”02m,2Z m%




Predictions on the hhh couplin

M.Kakizaki, S.Kanemura, T.Matsui, arXiv:1509.08394 [hep-p§

Excluded by
vacuum stability bound §

5

\\\5\()\\

100 150 200 250 300 00
ps® [GeV] N
0(10)% deviations in hhh coupling



Relic abundance of GWs from EWPT

Numerical calculation Model-independent analysis
“Overshooting-undershooting method” C. Grojean and G. Servant, PRD75, 043507 (2007)
‘/eff(Spa T) > O, 6 QGW h? (f)

@T=T,

Relic abundance of GWs is composed of two contributions.
QGth(f) — Qcollhz(f) + Qturbhz(f) ,
bubble collision” g 2. LLX 10~°k%(a)vp (@) ( o ) =)
coll = 3 X 5
0.24 4+ v} () 1+ «
feol 5.2 x 107Hz x (T}/100GeV)(

“turbulence in the plasma”
Qturth ~ 1.4 x 10~ %5 (a)v?(a) 572
\_ feurb ~ 3.4 x 107%Hz x (uy(a) /vp(a))(T3/100GeV) 3/
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Electroweak Phase Transition

Numerical calculation

“Overshooting-undershooting method”

oL




Electroweak Phase Transition

Numerical calculation

“Overshooting-undershooting method”

oL

“Spherical bubble configuration”

2
Eq. of motion:2¢ | 249 _ dVen

- —0 r
dr?  rdr dy SO(




Electroweak Phase Transition

Numerical calculation

“Overshooting-undershooting method”

oL

Search the “escape point” ( ) |

e ; I
l (a) Qbe |n|t|aI condltlon : \
Po  2dp dveff

Eq. of motion:=— + = (1) D

dr?  rdr

Potential:_veﬂc(gp ) /;

“Spherical bubble configuration” (

18



Electroweak Phase Transition

Numerical calculation

“Overshooting-undershooting method”

ro: Critical size
of vacuum babble

oL

Sphe.rlcal bubble configuration . 6:\ . \
Potential: i/ff( ”””” ) ’ / AAAAAAAAA E Sea\ch the “escape point” (a). |
l (a) qbe |n|t|alcond|t|on E E (c) |

| i i |

o  2dp  dVee | (@) r

Eq. of motion: W + e do 0 90(7“ , () /
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Electroweak Phase Transition

Numerical calculation

“Overshooting-undershooting method”

oL

ro: Critical size
of vacuum babble

)

-_j_

“Spherical bubble conﬁguratlon
Potential: Vo (¢, ) (

Search the “escape point” (a).

e _ i :
l (a) Qbe |n|t|alcond|t|on i \L |
1 1 |
2o 2dp dvﬁ o ' |
Eqg. of motion:—=% ¢ T
9 dr? T r dr /

hT
(1 J—>[3-dim. Euclidean action:s,(T =/d7“3 {% <W’> +V‘3H(¢’T)}

20



Electroweak Phase Transition

Numerical calculation

“Overshooting-undershooting method”

‘/eff (907 T) "'l"':' ry: Critical size

of vacuum babble

" Definition of phase transition temperature T.”
r
H*
Phase transition completes when the probability for the nucleation

of 1 bubble per 1 horizon volume and horizon time is of order 1.

S3(T)

- Bubble nucleation rate: I'(T) ~ T*e™ 7 2
- 3-dim. Euclidean action:Ss(T") = /dr?’ {% (ﬁgp) + Veff(sO,T)}

Y

T—T, (H: Hubble parameter)




Electroweak Phase Transition

Numerical calculation

“Overshooting-undershooting method”

| -
‘/eff (907 T) Y, B ro: Critical size

@T=T, of vacuum babble

“"Characteristic parameters of GWs”

€

- ais defined as a = . (paq IS €nergy density of rad.)

Prad

T=T}
- Latent heat: «(7) = —AV.g(es(T),T) +T8Aveffa(9T"B(T)) cf. U=-F+T(dF/dT)
. B is def _Ldr 3 (= B _ g, dS(1)/T)
B is defined as 3 = T, — f <_ Ht) =T = _

(H, : Hubble parameter @T, )



Two origins of GWs from EWPT

“turbulence in the plasma’ ‘

w/l .

Ug
— ro: Critical size
(ﬂ of vacuum babble

§ (R

B “bubble collision”
Typical radius of the colliding bubbles:<R> X VpT
_J *Duration of the phase transition: 7 ~ ﬁ_l

“Bubble wall velocity: vy, (Oz)
| Turbulent fluid velocity: U 4 (a)

23



Relic abundance of GWs from EWPT

Numerical calculation Model-independent analysis
“Overshooting-undershooting method” C. Grojean and G. Servant, PRD75, 043507 (2007)
‘/eff(Spa T) > O, 6 QGW h? (f)

@T=T,

Relic abundance of GWs is composed of two contributions.

QGth(f) — Qcollhz(f) + Qturbhz(f) ,
bubble collision” o 2 o L1 X107 (@)up (@) ( a ) ;
coll — 3 X 5
0.24 4+ v} () 1+ «
feol 5.2 x 107Hz x (T}/100GeV)(

“turbulence in the plasma”
Qturth ~ 1.4 x 10~ 4u5(a)v§(a)ﬁ~
\_ Frurb ~ 3.4 X 107Hz x (u,(a)/vp())(T;/100GeV)3

24
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GW spectrum from 1t OPT

1073~ 7 w
AN, =1 /V ps® =0 )

1076
Sensitivities
~ 1077
~ H.Kudoh, et al.,
% PRD73, 064006 (2006)
G 10-12
10—15 GW from WD-WD

R. Schineider, et al.,
Class. Quant. Grav.
27, 194007 (2010)

0-18" (N, ms[GeV]) = (1;582) 7
107 1075 1073 107! 10!
Frequency [Hz]

M.Kakizaki, S.Kanemura, T.Matsui, arXiv:1509.08394 [hep-ph] 25



Dependences on (N, m )

Sensitivities

7H.Kudoh, et al.,

PRD73, 064006 (2006)

106 ‘ \
2
For smaller m, Vus™ =0
(pC/TC>1 105 135 mg[GeV] =98 |
cannot be satisfied 25%72 U-DECIGO
G,
1O 418 NG
) /e DECIGO/BBO
Q SN 170
3 230 180
300
102 I 570 400
572/ 401 302
For larger m, //>
[/H*= 1 cannot be realiz%d
10 ‘_2 ‘_1 / ‘O ! 1
10 10 10 10
a

M.Kakizaki, S.Kanemura, T.Matsui, arXiv:1509.08394 [hep-ph]



Future improvements

There are uncertainties in evaluation of GW from 15t OPT
(babble dynamics, formulas of GW spectrum, ...)

Recent detailed analysis of bubble collision
Efficiency factor (rate of GW from latent heat)
Espinosa, et al. (2010), No (2011) «k(a) -> k(a, v,)

Which model of plasma turbulence to be used?

Nicolis (2004)
various fluid modes

Understanding of Foregrouds (ex: WD-WD)

Requirement future GW interferometers



ILC vs LISA/DECIGO

BAU New
via EWBG || Physics

Ordinary
method
[ the hhh GWs from

coupling 15t OPT

ILC Project Future GW Astronomy




Neutrino and Hi&88s



Introduction

* Higgs sector remains unknown @ & o
S o= Yon

10°

— Minimal/Non-minimal Higgs sector? RRCEA
— Higgs Search is the most important issue to 107 o
] ) A ”WI/I/////// KamLAND
complete the SM particle contents. )

10
<

 We already know BSM phenomena:
— Neutrino oscillation

:Am2 ~ 8x107” eV, Am?~3x103 eV? ]

— Dark Matter

Quh?-01 |

— Baryon Asymmetry of the Universe %E"

[ ng/s ~9x101 |

Atoms
4,6%

NASA/WMAP Science Team

To understand these phenomena, we need to go beyond-SM



[ Neutrino Oscillation }

Two definitions of eigenstates

1 Mass eigenstates of charged leptons
m. 0O 0 €R
0 0 m TR

Flavor eigenstates of neutrinos

\gw‘yu (()
Vi X

1 0 0

VeL
1 0 VL
0 1 Vg v\

J

N

N\

—1 Mass eigenstates of neutrinos
m17 0 0 Vir /
(V1R Var V3R> 0 my O Var
0 0 ms Vig,
L

can be different

J

N 7




Flavor mixing

— Flavor eigenstates (weak interaction)

v, = Z (UniNs ) g4 1/;;/\ Mass eigenstates (propagation)

i ~—____— Maki-Nakagawa-Sakata matrix (mixing)
(quark sector : Cabibbo-Kobayashi-Maskawa matrix)

Neutrino oscillation

Periodic transition of flavors

m2L
Py, = vy) = Z (Unins)ei €xp (’t °R ) (Uing)ier

T
Unins Uyins
Ve Vi, V2,V3 Ver

2 Mm; 1 Masses

L : Distance
E : Energy

4%

gl

4

32/25



Two-flavor oscillation

U _ cosf) sinf
MNS = —sinf cosé
Am? =m3; — m}
=)
U
r , 2 5;9
Am=<L <
P = sin?20 Sin2( Zn ) E
I X
_ h AS ’ Y,
Am?2L B
AE 2

First oscillation maximum

Am?L 1 om Am?(eV?) L(m)
4E E(MeV)

33/25



- Nobel Prize in Physics 2015 -

5 “for the discovery of neutrino oscillations,
which shows that neutrinos have mass”

Takaaki Kajita
Director of Institute for Cosmic Ray Research (ICRR)

Atmospheric V oscillation at Super-Kamiokande

Arthur B. McDonald
Professor (emeritus) in Queen's University

Solar V oscillation at SNO




Neutrinos do have masses

CI)\\ //cD

This is a clear signature of BSM



BSM: Neutrino Mass

Neutirno Mass Term (= Effectively Dim-5 Operator)

[Leﬁ — (Cij/M) \,i LVjL(l) q) ] <p> = v =246GeV

Mechanism for tiny masses:
m¥;= (c;/M) v? <0.1 eV

Seesaw (tree level)
mY;; = yiy; v/ M M=1013-1>GeV

Quantum Effects N-th order of perturbation theory

mY; = [1/(167%)]N C;v3/M  M=1TeV




Seesaw Mechanism?

Super heavy RH neutrinos (M, ~ 10'%*>GeV)
— Hierarchy between M,; and m, generates that

between m, and tiny m,, (my ~ 100 GeV)
[ mV= sz/MNRJ
e @ Minkowski
qup Yanagida
VL —) : % : —— VL Gell-Mann et al

Nr

— Simple, compatible with GUT etc
— Introduction of a super high scale
Hierarchy for hierarchy!
Far from experimental reach...




BSM: Neutrino Mass

Neutirno Mass Term (= Effectively Dim-5 Operator)

[Leﬁ — (Cij/M) Vi LVjL(I) (I) ] <p> = v =246GeV

Mechanism for tiny masses:
m¥;= (c;/M) v? <0.1 eV

Seesaw (tree level)
mY;; = yiy; v/ M M=1013-1>GeV

4 )
Quantum Effects N-th order of perturbation theory

mY; = [1/(167%)]N C;v3/M  M=1TeV

\




Scenario of radiative vvp¢ generation

:<¢?> Zee
S W)
* Tiny v-Masses come from loop effects __: « %
fuo €0 4 €r Yoy
— Zee (1980, 1985) LR "
— Zee, Babu (1988) e NNy Babu
. S ST
— Krauss-Nasri-Trodden (2002) TS L
— Ma (2006), ..... bile Iy b
Do Do
. SIJ'/”/ h\\\s';
¢ Merlt " Sz*l' 2+ \\
: VL ——" —4— L
— Super heavy particles are not necessary il Nr IR 1L
Size of tiny m,, can naturally be deduced 0 ¥
Krauss et al

from TeV scale by higher order perturbation
— Physics at TeV: Testable at collider experiments



Radiative seesaw with Z,

* 1-loop (Ma)
— Simplest model d \\\ ,
— SM + NR + Inert doublet (H’) /)\/\
— DM candidate [ H or NR ] H'/’ \\H
* H' case ﬁ—_)H+
* NR (LFV and MN not compatible) V| NRJ VLk
* 3-loop (Aoki-Kanemura-Seto) ' ©

— Neutrino mass from O(1)
coupling.

— Electroweak Baryogenesis
— 2HDM +n°+ S* + NR
— DM candidate [ n° (or NR) ]




Model by AKS

— g,
’— ‘N

Ve \\
7 \
+ extended Higgs + )
\ /
TS eel __--" Z,0dd
Exact Z, Parity 5
— No neutrino Yukawa coupling , (even) SM
— Stabilize Dark Matter vl N, ?I\(/de) fields
o
(even) (odd) (even)

RH neutrinos: N; (M =TeV scale)

Extended Higgs: 2HDM (®,, ®,) + singlet scalars (", S*)

Tiny neutrino mass:
DM candidate:

EW Baryogenesis:

3 loop effect (N;, ", S¥, H*, e;)
Lightest Z,-odd particle (")
Extended Higgs [1°* Order PT, Source of CPV]



The Higgs sector

Our model
. MSSM TypeY | Type X
 The Higgs sector Typel  Typell
®,, O, (2HDM) + S*, n (singlets) z T : \ : g
e

* To avoid FCNC, additional softly-
broken Z, symmetry is introduced :

O, = +0, O, -0, é ?_r";

by which each quark/lepton couples
to only one of the Higgs doublets.

* 4 types of Yukawa interactions!
Neutrino data prefer a light H*(< 200GeV)

* Choose Type-X Yukawa to avoid
the constraint from b—sy.

-+

BR X 10

NLO, Ciuchini et al '98,

M\ILO by
®, only couples to Leptons Misial et al. 2006
®, only couples to Quarks

| L |

‘). L l 1 L 1 1 1 1 1 1 l 1 1 1 J

=200 )0 )0 800 )00

Becher, Neubert 2006 o 4((m ) [g(e(V] o 100C
H

Aoki, SK, Tsumura, Yagyu, PRD 80, 015017 (2009)




The model

[ SU)x SUQ) X V1) x Zox s |

SU@2)L xUQ) | Z, Zo
(exact) | (softly broken)

T @19 T ¥
uly (1, 2/3) + -
d;% (1a _1/3) + -
i (2, —1/2) - +
eiR (1a _1) 1 +
®q (2, 1/2) -r +
% | (21/2) ; -
G 1, -1) — +
Il() (1, 0) — _
Ne (1, 0) — 1

Z, (exact) : to forbid v-Yukawa
~ to stabilize DM

Z, (softly-broken): to avoid
FCNC

» Type-X 2HDM

\—

Z,-even physical states
h (SM like Higgs)
H, A, H (Extra scalars)
Z,-odd states
n, S+' NR

_/




Lagrangian

SV 8010 V1) x 2% et
Z2 even(ZHDI\/I) + Zzodd(S+, T]O ’ NRoc) Z, (softly-broken): to avoid FCNC

Vo= 12|01 — 12| ®s]? — (12,81 Dy + hoc.)
FAL[P1|* + Ag|Pa|* + 5| Dy [?[Dy]?

A Z, even 2HDM
| DD, |? + {75@{@2)2 + h.(:.}

1
+12)S)? + Xe| S|t + = + A0t + €SP0 Z, odd scalars

2
3 {0 + o)

a=1 Interaction

+ Z {IiFa(, T(I)bS 77+h( }

RH neutrinos 5 3 5
Ly ==Y Y hi(ey)NgS™ + > myNEN, + hec..

a=11,7=1 a=1



Neutrino Mass

Tree neutrino Yukawa is forbidden by Z,

2
— (0]
M;; = Z CiF(mg,mg,mys,my)
a=1

3 2
1 —Mar, V7
F(Tn:Hi s 7”/5':& s 771,NR, 771/17) = ( ) ( Nr_ )

1672 7”’?\"3 —m?2
.
X / dx
0

n
m> m>
"N ‘7 9 9
X A — — . (miz>m?),
T+ My, xr + m; -

[ Bi(=z,mye,mgi)—Bi(—2,0,mg ) 2 )
I{ M. }

@ Universal scale is determined by the ~ Neutrino data angl LFV data require that

3-loop function factor F H* should be light (<200 GeV)

N; should be O(1) TeV

@ Mixing structure is determined by
a 2 2 SMyay/, SMya
C3; = 4s”tan” By byt ) (yg " hi)

We can describe all the neutrino data (tiny masses and angles)
without unnatural assumption among mass scales




Solution of v mass and mixing

Am 2 ~ 8x10° eV?
Am_,2~ 0.0021 eV?

Mi; = Uy (M3, (U"),

Case of 2 generation N ¢

0.~ /4

0 0 0 , b ,
mie = | 0 A, 0 S PR | S | I P

0 0 VAMG om 0 =S Cog | | —513¢ 0 1 0 0 1|]0 0 ¢

Q 2 2 SM7ay/, SMy«a
Ciy = 4™ tan"Byy, hi Nye, hy)

Set Mass (TeV) Yukawa couplings LEV
(hierarchy, sin® 26,3) my |ms|myi|ktan 3 hl | h? hll, hi hl h2 B(p—ev)
A (normal, 0) 0.0510.4] 3 29 [[2.0]2.0] 0.041 [-0.020| 0.0012 | -0.0025 |[6.8 x 102
B (normal, 0.14) 0.05]0.4( 3 34 2.212.1]0.0087] 0.037 | -0.0010 | 0.0021 ||5.3 %1012
C (inverted, 0) 0.05]0.4( 3 66 3.813.7] 0.013 |-0.013]-0.00080 | 0.00080 ||4.2 x 1012
D (inverted, 0.14) 0.05]0.4( 3 66 3.713.7(-0.016 | 0.011 | 0.00064 [-0.00096 ||4.2 x 10~ 2

The model can reproduce all the neutrino data



Thermal Relic Abundance of n°

WMAP data Q[)Mh2 ~ (.113

10" — . . —
m Td _ -
0,h* =1.1x 10 (7 Ta) GeV™! 5 xtanB=30
\/Q*MP<U’U> T, - sin(b-a)=-1
no \\\ b (.[ )
)— — — —
4 h, H N'E]
n° b (T +) G
KV H- ,
———————— A
o : /" mh=120GeV -
'S 'H mH=100GeV :
! : 61005
TRV TRTT 52=0.03
The 1-loop process yy can be comparable 30 40 50 60 70 80
to the bb and Tt processes, when o, Y, <<k . m, (GeV)

m, would be around 40-65 GeV for ms=400GeV



Strong 15t Order Phase Transition

Effective Potential at high T
Ve = D(T? - T )¢?

Sphaleron decoupling

,\«H

Pe — E > 1] A\~ 2’)7’1% %
Tc )\Tc ™~ T ’U2 Q
E

Egpy = W(Gm%«v +3my) My S 65 GeV

In SM, m, is too smaller than LEP bound

Our Model
FE o~

T9me3 (6mw + 3mz+1// + )///\i )

500 -

300

m,=120GeV

my+=m,;=100GeV

M=100 GeV,
u=200GeV

Region of strong 15t OPT

O/Tc<1

O/Tc>1

200

when A and/or S* have

\_

" The condition can be satisfied with m, > 114 GeV,

non-decoupling property. m§+ ~ )\SUQ

300 00
ms (GeV)

This region is compatible
with neutrino data and
DM abundance.



Successful scenario under current data

The requirement and data taken into
account

Neutrino Data
DM Abundance
Condition for Strong 15t OPT 1TeV

LEP Bounds on Higgs Bosons

Tevatron Bounds on m,,,

B physics: B—X.y, B—tv
Tau Leptonic Decays, LFV (u—evy), g-2
Theoretical Consistencies

The mass spectrum is uniquely 200GeV
determined 100GeV -
All masses are 0(0.1)-O(1) TeV c0Gey ——

Many discriminative predictions !

A Mass Spectrum

400GeV ——




Predictions

Physics of n (DM)

Type X THDM with a light H*.
Non-decoupling effect of S*.
Lamdau Pole at 10-100 TeV
Direct test for Majorana structure.



Cutoff scale of the model

* This model contains
ots of scalars.

* Running couplings
oecome larger for
nigher energies.

e Qur scenariois
consistent with the
RGE analysis with

A=0(10-100) TeV.

Running Coupling p
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Higher Order Effect

 Majorana mass of LH
neutrinos may be generated AN ;P

from dim >5 operators ) ’
. Vi Vi
* For dim-(5+n) operators,
additional suppression
LLp@/A x (op/N?)"
CD \\ // (D
* Discrete symmetries forbid ) /
lower order operators
Vi Vi
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Summary

A Higgs boson was found and it turned out to be SM like
Still, so little is known about the structure of the Higgs sector
There is a possibility for extended Higgs sectors
Each extended Higgs sector can be motivated by a new physics model
— Supersymmetry
— Composite Higgs models
— Electroweak Baryogenesis
— Models of Radiative neutrino mass
— Dark Matter models

Experimental determination of the Higgs sector can be done by direct
search and also by indirect search (fingerprinting)

— LHC good for direct search
— ILC good for precision measurement

Higgs sector is the key to new physics beyond the SM



