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Introduction

* Higgs sector remains unknown
— Minimal/Non-minimal Higgs sector?

— Higgs Search is the most important issue to

complete the SM particle contents.
 We already know BSM phenomena:
— Neutrino oscillation

Am? ~8X105eV2, Am2~ 3 X 1073 eVZ]

— Dark Matter
Qpyh? ~0.11 |
— Baryon Asymmetry of the Universe

[ ng/s ~9x 101t |

Atoms
4,6%

Dark
Matter
23%

NASA/WMAP Science Team

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



BSM: Neutrino Mass

Neutirno Mass Term (= Effectively Dim-5 Operator)

[Leff: (cij/l\/l)vi Vb b J <¢> = v = 246GeV

Mechanism for tiny masses:
mY;= (c;/M) v2 <0.1 eV

Seesaw (tree level)
mY; = Yy, vi/M M=10131>GeV

Quantum Effects N-th order of perturbation theory

mY; = [1/(167%)]N C; v2/M M=1 TeV




Seesaw Mechanism?

Super heavy RH neutrinos (M, ~ 101%1>GeV)
— Hierarchy between M, and m generates that

between m and tiny m, (mp ~ 100 GeV)
[ m, = sz/IVINR]
e Minkowski
VV(I)(I) Yanagida
VL —) ! v ; —— 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)

[LEff = (Cij/M) vV ¢ ] <¢>=v = 246GeV

Mechanism for tiny masses:
mY;= (c;/M) v2 <0.1 eV

Seesaw (tree level)
mYi; = Y;y; v/ M M=10131>GeV

4 )
Quantum Effects N-th order of perturbation theory

mY; = [1/(167%)]N C; v2/M M=1 TeV

\_




Scenario of radiative vv@¢ generation

<¢O> Zee
w_’,"';'l"‘\W
* Tiny v-Masses come from loop effects ;" . %
f'ue L E €p Ye A
— Zee (1980, 1985) Ve f¢9>; Ve
— Zee, Babu (1988) P Babu
: S St
— Krauss-Nasri-Trodden (2002) N LR
— Ma (2006), ..... 0 o Ma hoile Ir b
O @O
 Merit VL, : : v, /St 2!
. N L —— ——— VL
— Super heavy particles are not necessary Lk Np R I
Size of tiny m,, can naturally be deduced &0 0
Krauss et al

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



In this talk

We consider a model to explain

Neutrino Mass
Dark Matter
Baryon Asymmetry of the Universe

by TeV scale physics without introducing large scales.

A renormalizable theory at a TeV scale
— All mass scales in the Lagrangian are TeV or below
— No dim-5 or higher order operator in the Lagrangian
M. Aoki, SK, O.Seto, PRL 102, 051805 (2009)

M. Aoki, SK, K.Tsumura, K. Yagyu, PRD 80, 015017 (2009)
M. Aoki, SK, O.Seto, PRD 80, 033007 (2009)
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Exact Z, Parity

— No neutrino Yukawa coupling Clb (even)
I
|

SM
— Stabilize Dark Matter N, ?I\(/de)—< fields
0

(even) (odd) (even)

RH neutrinos: N, (M, = TeV scale)

Extended Higgs: 2HDM (®,, ®,) + singlet scalars (n°, S$*)

Tiny neutrino mass:
DM candidate:

EW Baryogenesis:

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



Neutrino data prefer a light H*(< 200GeV) =,

The Higgs sector

Our model
: MSSM 0 A
The Higgs sector el Typell | TYPEY |TvPeX
®,, ©, (2HDM) + S*, n (singlets) . - 4 o 1@
To avoid FCNC, additional softly- —
broken Z, symmetry is introduced : w- , b—osy
» H™
(Dl%+(D1, q)z%‘q)z é s'rrl_; 1, \\JJJJ?'
. e > @r
by which each quark/lepton couples bt ot
to only one of the Higgs doublets. — tanf =2

4 types of Yukawa interactions!

n -

Choose Type-X Yukawa to avoid

4~ Typel, X
the constraint from b—>sy. N0, Cluchintet al 56, QP"'"""";
NNLO by I
@, only couples to Leptons Misial et al. 2006 LR O O

Becher, Neubert 2006 m, - [GeV]

D, only couples to Quarks Aoki, SK, Tsumura, Yagyu, PRD 80, 015017 (2009)




The model

Z, (exact) : to forbid v-Yukawa

[SU(?)) X SU(?) X U(l) X ZQ X ZZ] ~ to stabilize DM

Z, (softly-broken): to avoid FCNC

SU©2)L xU) | Zo Zo
(exact) | (softly broken)

Q" (2, 1/6) + + \
uh (1, 2/3) + —
d}? (1= _1/3) + -
L\ @-1/2) + + } Type-X 2HDM
e, (1, —1) + +
®1 (25 1/2) + +
(I'Q (25 1/2) I - J
S— (1, -1) — + \
U (1,0) - - Z,-even physical states
Ng (L, 0) _ - h (SM like Higgs)

H, A, H (Extra scalars)
Z,-odd states

>N J




Lagrangian

5 Z, (exact) : to forbid tree v-Yukawa
(U18) X SUR) X U x 2y x 7 | B o sabiee DV
Z2 even(2HDI\/I) + ZZOdd(S+, nO ’ NRa) Z, (softly-broken): to avoid FCNC
Vo= 12|01 — 2| ®s]? — (2,81 Dy + hc.)

FA1 D1 [* + Ao |Po|* + A3| B || Dy

\ Z, even 2HDM
| DD, | + {é’(cb’{cpg)z + h.(:.}

1
+p2]S)? + A| S|t + 5;1?},1}2 + A\t + €SP Z, odd scalars
£ (IS + oufe L
a=1 Interaction

+ i {h(—’ab((p T(DbS ?]+h( }
b=

a.b=1

RH neutrinos s 3
ﬁy:—z Z hi(e P)PNQS —|—ZmAN"N + h.c..

¥ =1

|
S
uﬁ.
.
I
ek



Neutrino Mass

Tree neutrino Yukawa is forbidden by Z,

2
_ o
M;; = Z CoF(my,mg,mys,m,)
a=1

1 )? (= y, v°)

Fimpyse . mer,m My) = - -
(Mg Mg, My, 1) 1672 ) m%, —m3

xfd:r
0

2 2
M m
N 7 2 2
X i — = . (mge >mL),
r+ m;\rﬂ T+ m;}

@ Universal scale is determined by the ~ Neutrino data and LFV data require that
N; should be O(1) TeV

1

r
. Bi(—z,mpys,mgs)—Bi(—2,0,mg:) 2 N
J M.

@ Mixing structure is determined by
o 2 2 SMzay/, SM1«
Cij = 4k” tan /B(yfi hi )(Z'ij hj)

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 ~ 8 X 105 eV2
Am_, 2~ 0.0021 eV?

M ij — (/; g (JI Liiag )H ¢ (U T) ] B0~ 0.553

Case of 2 generation Ng*

0.~ /4
0 0 0 , . it .
'm'glag =0 V N 0 U= (1) c(; si ('[1]3 (1) bl?)e :212 :j 2 ;e(’]“ g
0 0  Amiiom 0 —Sy3 Cog —513670 0 ¢4 0 0 1 00 eif
e 2 2 SMzay/, SM1a
Cii = 4s”tan”Blyp, by’ ) (yg. " hi )
Set Mass (TeV) Yukawa couplings LFV
(hierarchy, sin” 263) My Mg |my;|s tan 3 hl | h? h.gl} hi he h? B(p—sevy)
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 a4 2.2(2.1]0.0087( 0.037 | -0.0010 | 0.0021 ||5.3x 1012
C (inverted, 0) 0.05]0.4] 3 66 3.8(3.7] 0.013 [-0.013]-0.00080 0.00080 ||4.2 < 1012
D (inverted, 0.14) 0.05]10.4| 3 66 ||3.7[3.7]-0.016 [ 0.011 | 0.00064 |-0.00096 ||4.2 x 10~ 2

The model can reproduce all the neutrino data



LFV .

The parameters receive
strong bounds from p—ey,
which prefer heavy N;and S*

But, too heavy S* breaks natural
generation of the v-mass scale

o~
0]
. T 10"
S* several times 100 GeV 3
N; several times 1 TeV

: . h.,=-0.02, h ,=0.042 NN
n is DM candidate ! A -
10'12 | ‘ | ‘ | .
1000 2000 3000 4000

My, (GeV)



Thermal Relic Abundance of n®

WMAP data Qpph® ~ 0.113

T,)
0, = 11 x 10°
1 \/g_*Mp<GU>

GeV 1

Ty

<
b (-[ +) “
____]:.V_ _H__I 10™
n? | "
'S H
' ]
nu KV H 10_2
The 1-loop process yy can be comparable

to the bb and tt processes, when o, Y; <<« .

m

10' .

X b (T°) 10" F T
o 800 N
A < R

n° b

600

ktanp=30
sin(b-a)=-1

m, (GeV)

- " mh=120GeV

- m=400GeV mH=100GeV !

‘ 512005
022003

30 40 70 80

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




Electroweak Baryogenesis

Sakharov’s conditions:

B Violation — Sphaleron transition at high T
C and CP Violation — CP Phases in 2HDM
Departure from Equilibrium = 15t Order EW Phase Transition

Veff

] Expanding . QFf
] Bubble Wall

- of EW Phase f
| - s &

o] bk [FBS"“ << AT T°3] / [ I >> H(T) Tf]
] o ‘ Decouple

At s e e = ng frozen Equiliburium
0 (GeV)
, , Broken Phase Symmetric Phase
Quick sphaleron decoupling to keep b=v b=0

sufficient Baryon number in Broken Phase

4

v,
— >1
T, ™

~

-



Strong 15t Order Phase Transition

Effective Potential at high T
Ve ~ D(T* = T5)¢* — ET¢" +

Sphaleron decoupling

Pe — ﬁ > 1 2m,21
Tc ATC ~

)‘T__.A
v

(GeV)

<

m

SM B~ (6m3y +3m3) my < 65 GeV

12mv3
In SM, m, is too smaller than LEP bound

Our Model 100

F o~ (ﬁm%v + 3m§—|—mﬁ + 2*”1&1‘

12703

4 500 -

300

m,=120GeV

my+=m,=100GeV

M=100 GeV,
1;=200GeV

Region of strong 1t OPT|

O/Tc< 1

O/Tc>1

200

s

when A and/or S* have ,
non-decoupling property. Mgy ~ )\SUQ

\

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

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 1t OPT

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

determined
All masses are O(0.1)-O(1) TeV

Many discriminative predictions !

1TeV

400GeV —

200GeV——

100GeV——

50GeV |

Mass Spectrum



Cutoff scale of the model

* This model | |

contains lots of Excluded by | |
scalars I triviality bound |

(o8
L

* Running couplings
oecome larger for
nigher energies.

Running Coupling p
ro
O

* Qur scenariois 7 Nilow E;‘f,':?ff by
consistent with the 4 e
ot DU, . MY

A=0(10-100) TeV.



Triviality bound f

« HRICEFENSZETOREEHZumings =&, hy
I~7J'7¥'Cw Eﬁh\gﬁ%t’&' f&bfd»['\ut;&g j—é

[
ANFG=RITVLT: A (1), O (U), P (M), K(1), E(M)<ATT|,_p

\

wAYTVLT oy (1), Yy (M), Y7 (M), h(U)<4T |,_p

j

J

« Renormalization Group Equation (RGE)Z#{ERIIZfEZE
HONYRA IZE T H/NT A= Dallowed regionz 3K &)
%o D EEthresholdh B EEE(C )\hé

2HDM | 2HDM ,2HDM
-A+n 1 +n |+77+S i

| | | e

m, mg my, A

Full |




Aoki, SK, Yagyu, in preparation

Vacuum Stability

+ M EACRTUOURILDNAIZLELENC &
ZEEF9 5,

1122 Vaed ,rd,,...rd)>0

HEEH
Ar(p) >0, Agfp) >0, o3(p) >0

o1(p) + VA1 (p)os(p)/2 >0
o2 (1) + v/ A2 (p)os(p) /2 > 0
A(p) + VA1) A2 (i) /2 > 0

A(p) = Az(p) + min{0, Ag(p) + As (), Aa(p) — As(p)]




RGE in the AKS model

AhS—HEE
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Mass and coupling relations

I

Ay = Py (— sin? ,,‘5"\12 + sin? am% + cos? a-m%) B — <(I)2>
l all L
/\‘2 = 125111 _)' (—(()s 3‘[ —(()\ (H??’ —{—-\1]] mn”) <(I)1>
M? m%. 1sin2a . e
A3 = — Tkl 2 If* _)( (‘m})_[ — ”"121) - (4 cosa  sina hy
v v- v*sin 20 h . —sina  cos o fio
|
A= j(‘12+7"1_ 2m?+)
1 V2 = m3/ sin 3 cos 3
Ay = = (M?—m?) 1V = Mg/ S111 O COS [
;2 : . ,
IQQ -
m% = ,u,.% — o 0 cos? 3 + ;Tcrg sin? 0
52 2
o 1
my = Py + 7,01 cos® 3 + 5 P2 sin? (3

26



Cut off scale from Triviality

450 |
sin(B-a)=1
%- =, tan 8 =25
G K=12
e £=30
250 | m, = 120GeV
! M = my, = m;=100GeV
| U s=200GeV
%00 | 300 | 400 | 500

27



Cut off scale from Triviality

3TeV

-

o

m, [(GeV]

- | Z v
—_— STA- P e ——
\ o 1 2 3 4 5 6 7 8 9 10
\
| 20Teh

couplings _

u[TeV]

m,=400GeV. m=150GeV

\
|
30TeV 7
‘ (‘3\ ;
w
g
—  50a 3
o
mg [GeV]
10° -

T R T R Ve v
u[TeV] -
m,=150GeV, m=450GeV



Allowed regions from Vacuum Stability

450 ¢ ¥ 3TeV ]
' \ sin(B-a)=1
% 350 = — — \5'&.\' | tan B T 25
S, 10TeV k=12
g | U 1 £—310
250 F '_ my, = 120GeV
S ‘ | M = my,= m;=100GeV
, U = 200GeV
150 :
200 300 400 500
mg [GeV]

29



Allowed regions from Vacuum Stability

+13-OPT
450 F V<0 | 3TeV
! sin(B-a)=1
S 350 \ S tan 8 =25
g- 10TeV =12
3 £=3.0
250 m, = 120GeV
M = my,= m;=100GeV
U o= 200GeV

200 | 500

30



450 ¢

V<0

3TeV

STeV

TeV

500

=2
£=3.0
m, = 120GeV

Allowed regions from Vacuum Stability+
1-OPT+ DM abundance+Neutrino mass

sm(B-a)=1 I
tan B =25

M = my,= m;=100GeV
U = 200GeV

31




Allowed regions from Vacuum Stability+

15*-OPT+ DM abundance+Neutrino mass

450 | V<0 N=10Tev .. .
P -
STeV
= 350 ™\ STe
g |
S \ 20T\
250 1: ~
30 Fe\ |
l v
150_! B -
200 300 400

m [GeV]

500

. sin( 3 -a).= 1

tan 8 =25

&=

£=3.0

my, = 120GeV

M = my, = m;=100GeV
U s=200GeV

RN ES RO NEET D

10TeVLL EFE THE

X BT A—A4EE Tl J




Allowed regions from Vacuum Stability+

15*-OPT+ DM abundance+Neutrino mass

simn(B-a)=1

tan 5 = 25

i =

£=4.0

m, = 120GeV

M = my,= m;=100GeV
U s=200GeV

200 300 400 T 500
mg [GeV]

EEEINB/INTA—ATEE TIE
10TeVLL EECEGMNESEAIEONFET S 33




Allowed regions from Vacuum Stability+

15*-OPT+ DM abundance+Neutrino mass

_— V<0 A<10TeV Tl

sm(B-a)=1

tan 8 =25

i

&=50

m, = 120GeV

M = my,= m=100GeV
U = 200GeV

200 | 300 ) | 460
mg [GeV]

( AN DINSA—REETIE J

10TeVLA EE THEHBNEZRAIEBANEFET S




Predictions

Physics of n (DM)

Type X THDM with a light H*.
Non-decoupling effect of S*.
Direct test for Majorana structure.



Physics of n (DM)

0

sin(B-a)=-1,tanf=10,m =43[GeV]

10

—"'-\______
Invisible Decay of h WW
m
h is the SM-like Higgs but can decay intonm.
5%‘ cc
_ 0 _ g =
B(h->1n) =36 (34) % for m =48 (55) GeV  *° |-
T
Testable via the invisible Higgs decay at LHC TN
0 100 120 140 160 180 200
m.[GeV]
Direct Search
1 0we—
n fromthe halo can basically ... o N o
. T X T \\\\ \"-‘I‘ I‘-‘f /
be detected at the direct B o TN e | \ /
% o4l = 90GeV \ A |  m=120Gev
DM search (CDMS, XMASS) [ o | |
M ; 021 sty | R
: 2 i R Y
i h o 10 5 6|0 R l 50m (Gev)ao n &
Nucleus Observing the e “

(Xe, Ge) release energy

Aoki, SK, Seto, 2010



Predictions of Type X 2HDM

Aoki, SK, Tsumura, Yagyu, Phys. Rev. D80,015017 (2009)

Decays:

H, A decay into tt, not bb.

At LHC,

Type X 2HDM can be discriminated
from MISSM (Type-Il) by the
combination of Tt gluon fusion

pp—~>A (H) = 1

and bb associate (H)A production

pp = bbA (bbH)

Significance

Type-ll
m,=150 GeV, sin(B-a)=1

Type-X
m,=150GeV, sin(B—o)=1

tanR

gluon fusion

Type—X Summed 30m™

| (m,=m=150GeV, sin(B-c)=1)
- MSSM

o (m,=150GeV)

P
! Ay
! - Ay
s AY
£ ,
AY
Ay

tanp

Slgnificance

tanR

associate production

30fh "

MSSM
(m,=150GeV)

Type—X
E (m,=m=150GeV, sin(fi—t)=1)

tanp

Type X Yukawa structure of the mode can be well tested at LHC and ILC.



Light Higgs scenario: Production at the LHC

SK, Yuan
Cao, SK, Yuan

\ Baryaev et al
) op) [ | | |

p
pp— W+ - HHT(AHY

TN —— NLO
| N 10
HHT - (’T T ) (T l/) 10 P\ D
AHY = (WEHF) () = ji(r)(m) | 0 s
(MSSM) op = AH+ R (b5)7+y N (bE)(w‘I'Dy) 07} Tevatron ;
100 200 0 400

Pions from H+—=>1tv are harder than those from W+->1tv

T " \%

j/ T / ,c+ wt
j = f = W\/fN\/—) / ——
Z ;/V T+/ T

High energy pions low energy pions
Bullock, Hagiwara, Martin

N




Light Higgs scenario: Production at the ILC

4 )
e*e>AH->1tTT (TTU) (MA<my+m,)

ete>H*H>tvtv (tvuv)
\_ /

Leptonic decay dominance of H, A, H*

Type-X Yukawa B(A=>11), B(H->t1) ~100%
B(A->pp), B(H>pp) ~0.3%

For m,,=m,=100 GeV with sin(f—a)=1, tanb=10
m,=150GeV, E_,=500GeV, L=500fb

18000 ttTT events
112 ttpp events
0 uuupevents  lestable at ILC?
40000 vtV events
128 tvuyv events Simulation study
O pvpv events is necessary

0w
N ete">AH

2 10 ‘\

? Eo T Root(s)=1000GeV

% L \ h

o | \ 500

Sl |

| ‘a
|
10'1 1 1 L I . I .
100 300 500 700 900
m,[GeV]
102 _\* e+E'9H+H' ]

g _h_ﬁ"f‘““\-———-.._%_%_______ Root(s)=1000GeV |

LI 101 3 I‘-‘ \ -EHR‘R E

1 1 | 500 |

o 300 ;

O "'

e 10 ‘.‘ 3
| \ 1
| \

10" l

100 200 300 400



Non-decoupling effect

Successful EWBG requires

Non-decoupling property for S* (or A)  °F¢ Okada Senaha 2005

2 — .2 2 2 2
Mg, = U™ + 7\‘5\/ (7\‘5\/ >> U ) | ' A)S\’;/Ihh
. . . bocey  ARpn 0%
Deviation in the hhh coupling ;| mezeey o
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Important Test for our EWBG scenario DM data and Triviality



Physics of S*
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Cross section [1b]
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Test the Majorana Nature at ILC

Aoki, SK, Seto, PRD80, 033007(2009 )

* The sub-diagram itself can be Aoki, 5K, PLB689,21 (2010)
10T
directly measured at the e’e” collision ¢ AKS eSS
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Signal: t~t~ with large missing E G(e'e=>557)=0(10)pb!

Combined study of pp, e*te” and e'e process is useful to test this model



Summary

We discussed a concrete (successful) model which includes

Neutrino Mass --- 3 loop induced
Dark Matter --- Z, odd neutral scalar boson
Baryogenesis --- Electroweak baryogenesis (10PT)

via TeV-scale physics with Z, parity.
[ ®,, D, (Z,even) n,S* N;(Z,odd) ]
Predictions

Invisible decay of SM-like h  [h - mmn]

Direct searches of 1n (DM)

Physics of Type-X Yukawa coupling (Leptonic Higgs) with a light H*
Non-decoupling property of S* (Measure the hhh coupling at ILC)
Majorana nature of the model is testable at the ILC, CLIC

The model can be tested at future experiments



