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Introduction

The SM-like Higgs boson has been discovered at the LHC.

g arLas * The mass is 126 GeV.
@ SM Higgs boson mH=1?6.8 GeV (fit) S . .t . O+
c [ hegy  eeeeeeee Bkg (4th order polynomial) Y
E o pin/parity is 0* .
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* Coupling constants are
consistent with the SM.

* No other new particles
are found.
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The SM is very successful!



Introduction

The SM-like Higgs boson has been discovered at the LHC.
1 1
Vom = §M2!‘I)SM|2 + Z)\SM’(I)SM’4

* One Higgs doublet, Minimal form ®q\; < No principle

 EWSB by negative mass suare ,uQ <0

< What is origin?

* Higgs force ASM

We do not know the
essence of Higgs sector.




Problems in the SM

2
Ams,

| e Neutrino mass | 7.32 <
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10—5eV
VLL PDG 233 <1|OAT”§1/‘2 < 2.49,
/ \ 0.201 < sin? 05 < 0.325. Oark Mater
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These problems can not be
explained in the SM.
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New physics beyond the
SM must exist.
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New physics and Extended Higgs sector

Minimal Higgs sector gy < No principle

SM doublet + Singlet
SM doublet + Doublet
SM doublet + Triplet
SM doublet +,,,,

Extended Higgs sectors

Extended Higgs sector can explain new physics.

Dark Matter Inert scalar
Baryogenesis C and CP violation / 15t order phase transition
Neutrino mass | |Type-Il seesaw, Radiative seesaw




Electroweak Baryogenensis : 15t Order Phase Transition

Sakharov’s conditions |1. Cand CP violation
2. B-number violation

¢C’ /TC Z 1 3. Departure from thermal

equilibrium

/

High temperature expansion
r,a"' Thigh > To > Tow

A
Vol T) ~ D(T? = T3 p? — ET Y + TT@ZI T

In the SM,
Conflict!

qb : ¢c/Tc o<1/ m% —my < 5><eV




15t Order Phase Transition and hhh coupling in 2HDM

However, two Higgs doublet model can satisfy ¢c/7Tc 2 1.

Extra scalar boson loops enhance oc/1c .

H,A,Hi‘ mg = M?* + \v?

Non-decoupling effect

deviates hhh, O(10) % .

It can be tested.

There are Cand CP
violation terms.

Kanemura, Okada, Senaha (2005)

Contour plot of Al n/Appn @nd @ /T in the mg-M plane

______________________ Pc/Tec=1 -
B sin(o-f) =-1,tanf =1
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Neutrino mass : Radiative seesaw scenario

Inert scalars and Z2-odd right-handed neutrinos are introduced.
Tiny neutrino masses are generated by loop-level diagram.
The lightest Z2-odd particle can be DM candidate.

v del Ma (2006) ®’ . Inert scalar doublet
d moae d VR :Zz—odd right-handed neutrinos

* Neutrino mass diagram  Dark matter
Ber, Do, Because of unbroken Z, symmetry,
SM SM lightest Z,-odd particle is a dark
\ / matter candidate.
~ ¥
Ty’ Lightest
N ° SM
(I)/ // \\ (I)/ Zz'Odd
y \ particle
’ VR N VI,

/ < X > AN <
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Aoki-Kanemura-Seto model

M. Aoki, S. Kanemura, O. Seto
PRL. 102 (2009) 051805

This model can explain neutrino mass, dark matter and baryogenesis
Higgs sector  |®gqy + Po —i—‘Si + 'l VR\ Z,-odd

> Neutrino mass and dark matter
are similar to the Ma model.

€ Tiny neutrino mass is generated by three
loop diagram.

@ Unbroken Z, symmetry guarantees DM

Stablllty 500
» Electroweak baryogenesis
@ Extra boson loops enhance ¢c/1c T
so that ¢c/1Tc 2 1 can be satisfied. S0 I C
¢ | My=120GeV-.. \\\\\\ 10%
@ This model contains 2 doublets so Mmooy | |
that there are C and CP violation hE0GEY
source. 100, ———— —

200 300 400
mg (GeV)



What is a fundamental theory?

* Electroweak baryogensis requires strong coupling
constant in the Higgs sector. This leads Landau pole
at O(10)TeV.

* Origin of the Higgs force is SUSY gauge theory with
confinement above Landau pole.

* Higgs sector at low energy scale is composite states

which is formed by fundamental fields. H;; ~ T;T;
Higgs force A SUSY gauge theory g/’
H T

Cé-nfinement

~ 100GeV ~ 10TeV



SUSY QCD : ‘Nf = No + 1‘ —> Confinement

Kanemura, Shindou, Yamada, Harnik, Kribs, Larson, Murayama,
PRD86 055023

SUSY SU(2),, gauge theory

N;=3, N, =2

UV picture | Fundamental fields
Field | SU(2); | U(l)y | Z2
11
2 0
13 1 +1/2 | +
Ty 1 —1/2 | +
15 1 +1/2 | —
1% 1 ~1/2 | —

T, : SU(2),, doublet

MSSM
doublets

Exotic
fields

Hz'j ~ T@'Tj

We introduce Z,-symmetry and
Z,-odd RH-neutrino to realize

radiative seesaw scenario.

Intriligator, Seiberg
Nucl.Phys.Proc.Sup
pl.45BC:1-28,1996

PRD70 015002
IR picture Composite fields
Field SUR2)L | Uy | Z2
D, 2 _|_1/2 -
D, 9 _1/2 -
Qr 1 +1 _
(2~ 1 1 .
N. Ng. Ng 1 0 —+
C. n 1 0 _

In the Fat Higgs model, Hu, Hd and
N are light. Other fields are
decoupled by introducing
additional fields.



Effective superpotential & Electroweak Baryogenesis

1
Wdyn _ _Ag zglﬁlmnHl HMH,

/ Kanemura, Senaha, Shindou,
H; . ="T;T; vamada, PRD86 055023
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€ Landau pole exists around 10 TeV .



Hybrid radiative seesaw
with one RH-neutrino Vr

M
Weff = ENI/RVR —+ le/RL (I) —+ hNI/BE(Q —+ EI/RVR

vy,

Ma model type AKS model type

Two diagrams are naturally induced.
All scalars contribute to neutrino mass.



Lepton Falvour Violation

/,-odd particles contribute to LFV processes.

i @iﬁf i e, ¥ €

T «
Z,odd .- z odd |
partlcles

v, o0 ot partcheSI(I)O OT

po AN IS

> ' > : >

Current experimental bounds

Br(p — ey) < 5.7 x 10713
Br(p — 3e) < 1.0 x 10712

MEG:arXiv:1303.0754v2 [hep-ex] 23 Apr 2013
PDG, Phys. Rev. D86, 010001 (2012)



Multi-component dark matter

In general, there are three DM candidates,

(22,R)~(+,—),(—=,+),(——). Qpmh? = Qpah? =~ 0.12

In benchmark scenario, the lightest neutralino is not DM.

VR The lightest neutralino decay into
o ( ) RH-neutrino and RH-sneutrino.
A~ I
0 )
X~ (+,—) - Mo > Mpp + My
RH-neutrino and RH-sneutrino are
(— +) DM candidates.

VR



Boltzmann-equation

Annihilation

— RH—neutrir}o
— RH-sneutrino

Measured value

— RH-neutrino + RH-sneutrino
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Boltzmann-equation

o Conversion
Annihilation

r = LR

L =7

Hp = T.TL;; + m;;
We assume

My, = My, + 2GeV

2: — Eg-neutril_lo : h |k _
2L — -sneutrino = -
10 : — RH-neurino + RH-sneutrino| ] The SM-like nggS
: Measured-value : boson resonance
S WV T B T B
1050 60 70 80 90 00 ~63GeV



Benchmark

Input parameters

A, tan 3, and p-terms

A=18 (Ap=5TeV) tanf =15 pu=250GeV pg =>550GeV pog=—550GeV

Zy-even Higgs sector

mp = 126 GeV  mpg+ = 990 GeV  m3 = (1050 GeV)? Ay = 2900 GeV

Zs-odd Higgs sector

mg, =mg_ = (175 GeV)? mg, = mg, = m = (1500 GeV)* mj = (2000 GeV)?
By = Bq = A¢ = A; = Ag+ = Ag- =m?, =0 B? = (1400 GeV)? B2 = (700 GeV)?

RH neutrino and RH sneutrino sector
my,, = 63 GeV  mg, =65GeV k=09
yn = (3.28i,6.70i,1.72i) x 107%  hy = (0,0.227,0.0204)

Other SUSY SM parameters

myi; = 500 GeV  mz; = m; =5 TeV




Benchmark

Output parameters

Non-decoupling effects

0e/Te =13 Appn/Anpnlsm = 1.2 B(h — y)/B(h — v7)|sm = 0.78

Neutrino masses and the mixing angles

(m1,ma2,m3) = (0,0.0084 eV, 0.0050 eV) sin®f2 = 0.32 sin®fa3 = 0.50 |sinf3| = 0.14

LEFV processes

B(p — ey) =36 x 1072 B(u — eee) = 5.6 x 10716

Relic abundance of the DM

Qyﬂhﬂ = (.055 Q!;Rh‘z =0.065 Qpu = Qyﬂfl?' + QI;R}IE = (.12

All experimental constrains are satisfied.

Neutrino mass,
mixing angles,
Lepton flavour
violation

First order EWPT
DM abundance




R-even] |R-odd R - even R — odd
Z,-even| |Z,- even Z,- odd Z,- odd
2143GeV (ES P
14136ev Ao 1531Gev P
1410GeV H2 1526GeV (1)4 14?96&1\.!(1)%&
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)?i sascev P3 O3,9y g
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500GeV- a38cev 114 ([)i 429GeV  429GeV
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4226eV A, @11@2 @I—L
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h =, 1e86ev Do VR,VR
126GeV X1 76Gev =—o, 63Gev _65GeV




Collider Phenomenology

Tree- | AW Rz Ru Rd he Ky | i/ N
level | 0.990 | 0.990 | 0.990 | 0.978 | 0.978 | 0.88 1.2
_ SM
R-even| |R-odd Ry = gh¢¢/gh¢¢
t 1Z,-even| |Z,- even
Z,-even Higgs sector is
U136 NMSSM-like.
1410GeV [J.,
1TeV We can distinguish from the
MSSM.
750GeV
~+
ev X
500GeV e M+ > MH, A,
250GeV. - 20ee0 i [Mixing effect between Hyand N

causes this mass splitting.




Collider Phenomenology

Tree- | ww | Kz | Ku | Ra | e | Ry | N/ N
level | 0.990 | 0.990 | 0.990 | 0.978 | 0.978 | 0.88 1.2
R-even| |R-odd R - even R —odd Ry = ghﬁbﬁé/ghgbqﬁ
t |Z,-even
ucer A, |LiINt Z,-0dd particles contribute to
1410GeV 7, hVV’ h')/')/j hhhj c .
1TeV We can distinguish from the NMSSM.
750GeV 7ilGe‘v'~ 721GeV
T+
o 548Gev D3 ®3,P, Py
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. 344GeV 9 i)l;(ig (iit
250GeV 2406ev X1 30V
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Collider Phenomenology

Z,-odd particles characterize this model.

(A) Light Inert Doublet
(B) Light Singlet-like Charged particle

(A) nght Inert DOUbIet Aoki, Kanemura, Yokoya, PLB725 (2013)

ete” > HA - ZHH

ete” - HTH - WtTW-HH

Mass can be determined with a few percent accuracy.
(B) Light Singlet-like Charged particle

ete” QT e7e” 5O O

Aoki, Kanemura, PLB689,28 Aoki, Kanemura, Seto, PRD80,033007



Ssummary

* We propose a UV complete model which can explain neutrino
mass, dark matter and baryogensis with confinement.

Simple |17, 15, 13, 1y, 15, 1

SU(2), xZ, with N=3 +Z,-0dd ¥ ¢

VR

@Confinement O(10) TeV  H;; ~ 1T}

n Extended
H,, Hy, &, dy,

. Vi
Higgs sector
? ‘s*
Neutrino mass Vi Dark matter Vg Baryogenesis

@ Hybrid radiative seesaw || @ Unbroken Z, symmetry

@ Electroweak Baryogenesis

Rich structure

* Phenomenology

» Mass spectrum »Multi-component DM > Corrections to Ahh, hyy, ...

Future works.




