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Physics beyond the SM

Discovery of a Higgs boson&measurements of properties

Essence of the electroweak symmetry breaking

New Physics at TeV scale

It’s quite interesting,
if the NP provides solutions on
the problems in the SM:

Baryon asymmetry of the Universe
Origin of the neutrino mass

DM candidate
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Electroweak Baryogenesis

Electroweak Baryogenesis < > essence of EWSB

1st order electroweak transition
_|_
Sphaleron

AB #0

symmetric phase Ver(v; T) — Verr(0, T)

To avoid too strong washout
The strong enough first P T/
order electroweak phase : W/ :
transition is necessary \

/Tc> 1 Higgs potential QEW scale




To get strong 1st order EWT

Strong 1st order EWPT requires extension of the SM

In the SM, the condition is satisfied only when mn < 50GeV
(pc/Te is suppressed by mn )

Extra boson loop can
enhance ¢./T.

Extended Higt;s sector!

e.g. 2HDM
A
E — EhQ‘(I)Z‘Q
3(p) = M? + Xy’

77;@
Extra Higgs bosons as H,A H*

conflict with LHC data

Contour plot of Akhhh/khhh and (p /T, in the mq, M plane

: Ahnnn/Anbh = 5%
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In SUSY case

In the MSSM, there is no such a large coupling
with SM-like Higgs
(The light stop scenario is the only possibility but it’s almost dead)
The simplest example of strong but light Higgs scenario
s SUSY 4HD+charged singlets
CI)C/TC > 1 with mh=‘| 20GeV S.Kanemura, E. Senaha, T.S, PLB706,40
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Radiative Seesaw scenarios

Origin of the neutrino mass at TeV scale

Alternative to the well-known seesaw model:
|dea of loop induced neutrino mass

Especially, radiative seesaw scenarios are interesting

Loop diagram with RH neutrinos give tiny neutrino mass

(ZZ-Odd)<— To avoid tree level contribution
Some new scalars are introduced!
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Lightest Z>-odd neutral particle can be a DM



AKS model

' Aoki-Kanemura-Seto model Aoki, Kanemura, Seto, PRL102, 051805 ,
' (2HD+Z>-odd charged and neutral singlet+Z>-odd RHN) '
' =
<1:LI> ¢ <I?> Lighter one can be/;l DM
= e o = .L _
H,1 =

As a phenomenological model, this is quite interesting

But ...
Large couplings — Landau pole at low energy scale

Many extra scalars — |t seems artificial
What is the fundamental theory of this model?



Fundamental theory??

e Radiative seesaw with electroweak baryogenesis

e Enhancement of EWPT by bosonic loop requires
strong Higgs coupling(>1) but light(125GeV) Higgs

e Radiative seesaw requires several extra scalars
e What is the fundamental theory of such models?
e |arge coupling constant — Landau pole (cutoff)

e Scalar fields required for radiative seesaw are
naturally provided?

e What is the origin of Higgs force?



Fundamental theory??

e Radiative seesaw with electroweak baryogenesis

e Enhancement of EWPT by bosonic loop requires
strong Higgs coupling(>1) but light(125GeV) Higgs

~

e Radiative seesaw req
Our expectation:

e \What is the fundament

Inew gauge
'\ coupling

Higgs
e Large coupling const coupling

e Scalar fields required ,
naturally provided? Acutoff !

. _/

e What is the origin of Higgs force?



SUSY SU(2)4 model

: . - See e.g. Intriligator, Seiberg,
In SUSY QCD: | Ni=Nc+1=confinement b 50006

Let us consider the simplest case (Nc=2&N=3)
SUSY SU(Z)HXSU(Z)LXU(1 )Y S.Kanemura, T.S, and T. Yamada, PRD86,055023

Seyuinickel . Bemseniiid
Fields | SU(2), | U(1)y Field SU(2); | U(1)y
(%) 2 e H, = (Zz) bt
T, e 0 (ZM) o
Ty 1 =12 D T I 0
it 1 +1/2 =
Tk 1 —1/2 (= (H25) 2 +1/2
Below the confinement scale Ax, 2y (Z;g) 2 1
the effective theory is described T s
by Hij~TiTj; C = Has, & = Hus 1 0

cf. In the minimal SUSY fat Higgs, only Hy, Ha, and N are made light
(The effective theory is “minimal”)




Effective theory of SU(2)n model

S.Kanemura,E. Senaha, T.S,T.Yamada,JHEP1305,066

L MSSM-like Higgs doublets
W =— MHuHcIi_ﬂI)uq)d s NQ(Q+Q— 7z Cn)

+ M Hy®, ¢+ H,®gn — H,®,Q_ — Hy® 0,4}
M Ap) ~ 47 (Naive dimensional analysis)
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LGN RG running of A #(GeV]
A=A(uew) determines the cutoff scale




1st order EWPT

S.Kanemura,E. Senaha, T.S, T.Yamada,JHEP1305,066

Benchmark: mh=126GeV
"'t'éiii'B":'1"5"'7'7'7:};1":3'5"(5'('}'5\7','&"_"'Q'O'Ofiéi'/"']'\i """ M; = 2000GeV |
BT mC (1500GeV)?,m?2 = (2000GeV)?, ug = pg = 550GeV

mg =m}, =md_ (Scanned)

200 ‘ ‘ ‘ ‘ |

0./T. > 1 can be satisfied!!| Lightest Z> odd masses




mq),j: [GGV]

1st order EWPT

S.Kanemura,E. Senaha, T.S, T.Yamada,JHEP1305,066
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mq)/j: [GeV]

Contribution to hyy
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~20% deviation is possible in the region of v¢/Tc>1



hhh coupling

400 S.Kanemura,E. Senaha, T.S, T.Yamada,JHEP1305,066
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~20% deviation is possible in the region of v¢/Tc>1



For radiative seesaw

S.Kanemura, N. Machida, T.S, T.Yamada,in preparation

Fields | SU(2); | U(L)y | Zs
(}g) 5 0 - Fiel;i{ SU2) b Zs
T3 1 +1/2 | + =— Hy = (Hii) 2 A e L
Ty 1 —1/2 | + H
Ts 1 +1/2 | — Hg = (H;D 2 2
T6 1 _1/2 20 N—H56 Ng —H34,NQ = Hq5 1 0 =7,
H15>
P, = 2 eV
Then, Z>-odd RH (g% /
neutrinos are B4 = (Hi) e
introduced as SU(2)4 Lo : i
singlet fields g 1 5

In the low energy effective theory,
Wy = (yN)Z'NZ-CLj(I)u = (hN)ijNZ-CE;Q_ | N:-N?




Neutrino mass generation

: 5.Kanemura, N. Machida, T.S, T.Yamada,in preparation
Two different types of contributions are possible
H H,

1 -|00p + B¢, By ménl
e o <«
o,/ 7 SEARNFS
driven by yn / N
U / . ]\é€ ) \\ . v
(Yn)in ’;Pk V‘Rk (Uw)ﬂf‘

It corresponds to SUSY Ma model

H, H,
B

\ Y
A—C—>— —@- —5— — T T T e~ = i
Hd //: :\\ Hd Hd Y O+ N+Y Hd
3-loop i Y 0 0
/ | | \ oy U
V; *Q— Q‘* v; v \ ® ® / J
| | \ /
| | ~ - .
" \ e BRZ’\ A Q_ 04 yeRj
driven by hy v J T
| M, [ .k .

V L ® VR]{? (h]\f ( ]\/')k VR/@ VR/{ (h_]\f)jk’

They Corresp;ond to SUSY AKS model




(A):1-loop dominant point
(B):3-loop dominant point

Benchmark points

Case mi mo ms SiIl2 (912 Sin2 2(923 ‘ sin 913‘
(A) ]/0.0eV|0.0090eV [0.050eV| 0.31 1.0 0.1
(B) |[0.0eV]0.0089¢V |0.050eV| 0.31 1.0 0.1

Case|| A |[tan 8| mpg+ My 7 7% 7%}
(A) [11.8] 15 [350GeV|500GeV |[100GeV [550GeV |—550GeV
(B) [11.8] 30 [350GeV|500GeV |100GeV 550GeV |—550GeV
Case|| 3 m, o mg- g m;
(A) || (100GeV)? [(1500GeV)?|(1500GeV)2|(100GeV)?|(1500GeV)?|(2000Ge V)2 —
(B) ||(1500GeV)?|(1500GeV)?|(1500GeV)2| (30GeV)? |(1410GeV)?| (30GeV)?
Case Bg B% mgn
(A) || (100GeV)? |(100GeV)?|(100GeV)?
(B) ||(1400GeV)? 0 0
Case M1 M2 M3 Mppr, Mpp, Mpps Meg, (Z > 1, 2,3)
(A) || 60GeV | 120GeV | 180GeV | 60GeV | 120GeV | 180GeV | 6000GeV
(B) |[100GeV [2000GeV|4000GeV [100GeV |4000GeV |8000GeV|  6000GeV
Case (yn)ij (PN )i
—0.45 —0.44 0.51 000
(A) [l 023 023 -026|x10"* ~loo0o0
Oul0RF BT EH LT 000
000 0.001 0 0
(B) ~loo0o0 —0.0624 + 0.16i —0.0314 — 0.0016i —0.0022 + 0.000297i
000 0.902 + 2.46i  0.000681 — 0.00126i —0.000755 — 0.001614

The neutrino mass and
angles are reproduced

Case|| B(u — ev) |B(u — eee)
(A) ||4.6 x 1071°|7.2 x 1074
By 152 1072 | F s 102

Serious LFV constraints

are also satisfied

And dc/Tc>1 is realized!




Comment on SUSY AKS

S.Kanemura, N. Machida, T.S, T.Yamada,in preparation

:e.g. Aoki-Kanemura-Seto model Aoki, Kanemura, Seto, PRL102, 051805 ;
' (2HD+Z2-odd charged and neutral singlet+Z2-odd RHN)

<I.7[> <[?> Lighyt\er one can be/;\ DM

In SUSY version,

Hu, Ha (MSSM-like Higgs) SU(2)n model automatically
Ov'or &, ba Many new  provides all the fields in the
’ e fields are Higgs sector!!
C N (HHN) required




Summary

It Is quite interesting, NP In the Higgs sector provides
solutions for baryogenesis, neutrino mass, DM.

Electroweak baryogenesis, radiative generation of
neutrino mass,...

It can be tested at collider experiments

Many models have been considered but they have
been developed purely phenomenologically

We have succeeded to provide a candidate of
fundamental theory of such models

SUSY SU(2)n with N=3 + Z2-odd RHN is attractive

: ' Vi -
simple candidate It provides new DM candidate

It’s very different from GUT beyond the grand desert
Rich field will be there!



Back up



Murayama hep-ph/0307293; Harnik et al.,PRD70,015002

Introducing several new fields (SU(2)x singlets) as
Wi =M¢(0upu + Pawd) + @aTTy + @uTQ e <T1>

| + W Qiujou + hi Qidjoq + R Liejpq 12
conforma Q,L,u,d,e: Matter fields in the SM
enhancement s .

Yu.d and @, 4 are Integrated out

W = @ {h” Qiui(TT3) + hqgQid; (TTy) + heLie, (TT4)}

Below /\H A A
e e ey e

47 47

W = hELJQZUJHu FE hZJQZd]Hd i hijLiGde
for Ms~AH



In the high temperature approximation, e
V(e,T) = D(T* - T3)¢* — ET¢" + “L*

pe/Le =2E/A1, | 1st order PTis possible

1 3 3 due to the cubic term
F= o3 (6my;, + 3my)
m2 /T o< 1/m3
A = —2 4+ log corrections

N2 Light Higgs is required !
In SM, Higgs should be lighter than 50GeV | excluded by
NEW CP phases are also necessary for successful baryogenesis LEP data

Extension of the SM at TeV scale is necessary

T € New bosonic loop contribution

It can be _tested DY | g Higher dim. term in the potential
experiments |

‘v s s s




. _ Carena et al.,PLB380,81;---
Lighter st%)p loop can contribute %@
| T =20 g el
large top Yukawa coupling pe/Te A, 3/9
my (1 At+MCOt52)
2
3 M(’j
where the maximal contribution case is considered;

2.2 2
- Yisp |A; + pcot B
maw 2 (1o tatpeorll )

1
E ~ 6m; 3ms,) -
12703 (6miy + 3mz) 27V

i For larger MtR, the effect is smaller

Light stop Is necessary < No new coloured particles at LHC: -

Even with such a maximal case, it’s not easy to get @./T.>1
Carena et al.,NPB812,243; Funakubo,Senaha,PRD79,115024

MSSM should be also modified at TeV scale for EWBG



Mh=126GeV@LHC

support
o We want to keep it!

] g&c/T X 1/m ' Small mnis
"""""""" : preferable

A Good point of MSSM :h* coupling is strong but

from gauge coupling—Light Higgs |Ight'
Large bosonic loop contribution i T ’
........... R B R PR Re SR oA ReR AN SR aReABRREs paRE R Ry ponn s ses

-@ A strong Higgs coupling with additional bosons (h-¢ ' -¢° )
'@ Mass of ¢’ is dominated by vev m?p/ = M4+ \%v° '

A natural realization of “strong but light” in SUSY model:

MSSM Higgs Z> odd new fields It provides strong

/4 i /coupling but mnis
W = A&, 41 D5 AV = |A[Zh2y)] 2012 kept small!




Enhancement
of e/ Te

destructive
B N\

Extra bosonic loop

Ino loop

positivelcontribution negativelcontribution

contribution to hhh coupling

Inert scalar mass: m3, = M'# + \*v°
Inert ino mass: mg = i’ + Av

The loop contributions are significant
when Av dominates the masses.

—

Linear Collider

/> odd scalars
as light as ~Av

Large p’ and small M2 provides large deviation in hhh and large . /T



