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SUSY is an attractive candidate of New Physics
¢ a solution for the quadratic divergence problem
¢ In the MSSM, the origin of the Higgs coupling is
gauge coupling
¢ Light Higgs > mp=126GeV@LHC
¢ Elementary scalar fields is naturally introduced
¢ R-parity provide a candidate for DM

Some serious problems still remain in the MSSM

¢ Mechanism for the Baryogenesis
¢ Origin of the finite tiny neutrino masses

! Some modifications requi
-+ quire
MGsM should be extenged. > extended SUSY Higgs sector




How is the baryon asymmetry of Universe produced 7
ng = (6.21 +0.16) x 107 1°

Sakharov’s ¢ Baryon number violation
three ¢ C and CP violation

conditions ¢ |nteractions out of thermal equilibrium

@ #B (#B-L) is produced at T >> 100GeV(e.g. Leptogenesis)

It is relevant to physics at very high energy scale
They may be out of the experimental reach

¢(Electroweak baryogenesis} #B is generated at the first
order electroweak phase transition «<— Higgs physics @Mgw




Electroweak Baryogenesis

Vamtur = V(0,1

A
T > 1%) AB # 0
IRy /] _
W & symmetric phase

1 st order phase transition

CP violating interaction
Out of thermal equilibrium between matter and wall

SphaITeron in the SM violates #B (100GeV<T<10'2GeV)

B+L is violated while B-L is conserved

In order to avoid too strong sphaleron washout of #B,
strong 1st order PT is required: </ Tc > 1



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!




SUSY inert model is interesting not only for EWBG
but also for neutrino mass generation

Ma model Aoki-Kanemura-Seto model
o v I.n s_ome model for
' R radiative m, generation,
e B ' Z>-odd particles run in
N the loop

M. Aoki and S. Kanewmura, PLB689,28
'The Higgs sector of SUSY versions of these model
‘naturally has the form of W = A\®,, ;@) ©5

In the radiative seesaw models Beasa (pmduced at h'gh i
on
#L violation at O(100GeV) x ~-#B Is washed out

EWBG is necessary!!  Inert modelis very nice
The lightest Z> odd particle can be a new candidate of DM




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



A Comment on vacuum stability

Kanemura, T.S., Machida, in preparation

For large coupling A and small mass parameter M?

The vacuum can be unstable
/2 breaking (unrealistic ) vacuum can be a global minimum

. .. Z2 breakin T ;
Realistic ° J 0)
vacuum -1 |

vacuum m? oc —m3 |

I—

11&§><l()_4’1

—0]

: -9
GeV~

4/11 — ‘,/12 |
4 ; = At = Agje = 1300GeV
Spontaneous — ‘

_ 1 6 8 10
Z> breakin m2x10-6 GeV?

Kanemura, T.S.,Machida,

realistic vacuum=global minimum i preparation

A, Au—Large

Tachyon appears



¢/ Tc and hhh coupling

Benchmark mOdeI i / ZZ—Odd@Amura, T.S, Senaha, Yamada, in preparation
MSSM+Two doublets and Two charged smglets

P/ Te

400

|

/ 10%
: hhh/ ASM '

250—_/ my = 126GeV 250 | 1.4/
! |£— ol = 250GeV e S aEEEaS e
N AA MR S, > 220GeY 200 | — /1.2 e 14
70 8b Qb 160 140 1é0 1éO 1&0 150 70 80 Qb 160 1{0 1é0 1é0 1AO 1é0
M p0 [GGV] My, 70 [G@V]
Relevant \Ilghtest L
F ord odd scalar | FOr @c/Tc>1 and A=2, 20-25%

charged scalar (DM?) deviation can be found in Annn




Towards a unified picture

ANZ > Landau pOIe @ ~1 OTeV Kanemura, T.S,Yamada, PRD86,055023

10 lOO 1000

1"‘ Inert SUSY nggs SU(2 )y SUSY QCD
model i withNe=3 and S

6 (4HD+2 charged T i \ asymptotlc free
. 2neutral singlets) ~ 1 ¢ t
2 1 Talk by T.Yamada
| | M/ Ny | Hih

Cutoff scale appears at 10TeV for successful EWBG
Above the cutoff, SUSY QCD like theory may be realized

It can be UV complete — We can go to Planck scale
Higgs fields behave as composite fields

The picture is quite different from GUT over the grand desert



With a low cut-off scale as A~10TeV
Higgs field may appear asla composite field below A

High scale generation of m, is un-natural in this case

very high scale as * = ﬁ@ ‘5 ‘

~10'“GeV - 7—— They appear only below 10TeV

Some mechanism to generate neutrino masses below A

Loop induced mechanism (radiative seesaw) is attractive!

Low cut-off scale. |ow scale m,
Large/ IHert thodel \generation
--------------------------------- >

EWBG <_against sphaleron washout radiative seesaw

i o




¢ Electroweak baryogenesis requires a light Higgs boson

¢ Large deviation (~20%) in hhh coupling and new light non-
coloured particles are predicted—LC can test them!l!
< Low cutoff scale appears: Rich physics above O(10TeV)

radiative  Electroweak Two ways towards unified theory
seesaw  Baryogenesis

MSSM
~“Far from direct test
Canbe | world of X

d Seesa
tested by | new strong deir:]r:(v) W

LC gauge(?) Leptogenesis
Dead or alive K} j .
. Affleck-Dine
composite Higgs Unified theory elementally Higgs




Backup



F.R.Klinkhamer, N.S.Manton,PRD30,2212

Baryon number violation in the SM by quantum effect
I

Chiral anomaly in (B+L) current

- N nin% D LY
Ouibir = 1e25 { B3tr(Fuu F) — gitr(Bou B |
e B-L is conserved 9,j5_; =0
e At T=0, transition rate is negligible

e At finite temperature, the rate is significant
Sphaleron is in the thermal equilibrium in CARREAEEE

<T< cr \\>/J\{// by,
g d, —>—(Sphaleron)—<— bt
Sphaleron is r<H // \\
weak at low T e ] o
B+ L Li 9Li 9Li *LtJ \y gchmiller, M. Pliimacher, [IMP,A15,5047



Testability of EWBG

QOC/TC — ZE/)\TC > 1

- 1
RN (6myy + 3my, +my; +my + 2mis )
12703 T

| 5 A LI e D 2 22
. m =M+ X M — 0
Extra bosonic loop 2 (%) T AP |
= , v , | . - Contour plot of AAypn/Annn @nd ¢ /T, in the mg-M plane
: 450 | | | | | | |
400

1st order PT P

< 300
0 correlation & =0

o ]
\ £ 200

E hhh Coupllng’ h%TT’gg’.” BN AAnnn/Anbh = 5%

100 |- sin(o-B) =-1, tanf =1 7

It can be tested at colliders ¢ /v = 10 norn
O | | | | | | |

0 20 40 60 80 100 120 140

Kanemura, Okada, Senaha,PLB606,361

. 7 i T o M (GeV)
A\2HDM dmy, .- VAN NI, 1 M Kanemura, Okada, Senaha,PLB606,361
LI Y AV AT |2 v AT s
\ BULS B U aumuL o/

SM  Additional contributions



Benchmark model(4HDQ)

Kanemura, T.S, Senaha,PLB706,40

Minimal SUSY model for realizing the mechanism
MSSM+Two doublets and Two charged singlets

/> even \ /2 odd It also works in 4HD-+neutral singlets
W =\ Hy - Hs + Ao Ho - Hy - pHy - Ho — (' Hy - Hy — pa Q15
fonEaaE: { M2 D10, + M2, Bid, + M2 3Lds + M2, 8ld, + M2wiwi + Mﬁw;w;}
— {(AD)wf @, - B3+ (Ag)wy D2 - By +hoc.}
— {BMCI)l Dy + B/ P35 - Dy + BQ,qufrwz_ + h.c.}
For B’ = Ba = 1/ = puq = 0 (just for simplicity)
RENTIR ST
: Ajuteg . Mot
MSSM-like(Zz even) (M) =mzch — Butan 4 —o—=1In —25—=,
~+
. -t X1
Higgs mass matrix: 1222 nd 2
(M7)92 —mZSB By cot B+ T In RPasEaL
\ X2 J
(M7)12 =(Mp)21 = B — mycpsg, mpn can be
Ap2ct  MoLmy RSIEED ¢ mﬂim =
ms ~ m7 cos> 23 + (MSSM-loop) +[167‘(’25 n Q"r?zij + iGWQBl mi:) ] pUShed up




pc and T¢

Kanemura, T.S, Senaha, Yamada, in preparation

250- : mass spectrum——
: — 1200 - —  H2
200 L Qc/Te > 1 i o
: i Omegat
150 - Omega?2
phi’1
100 phi’2
] - chargino’1
50 ] chargino’2
: H'1
3 H2
0
1 ;
lambda lambda
igure Ll tan O = 13 T e == H000GeV ] mp =1 126 [GeV] TMET—= ME = ~[~) = 2000 GeV,
X; = 1.37 — 4.32 TeV; )\1—)\2_)\ m+—m3:(1OOOGV),m2_:mZ:(50GeV)2,

Bqa =B =0 GeV. ug = —pu' =200 GeV.

¢/ Tc >1 can be easily realized for[)tz>1 .0 j
%

Landau pole appears at the scale of O(10TeV)
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2.5 2 TeV 2
<

1.5 100 TeV

Kanemura, T.S, Yagyu, 2010

\ A, (m,)=2.5
Acutoff N

20

BN LT TTTH

¥ e
S e e e o gy -
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| |||||||.| EEERIn

What waits
for us here ?

A UV-complete

theory? _

01

cutoff for A=2

i

100

Landau pole at the low energy scale

Cutoff scale before coming across the Landau pole|

We try to build a UV-complete model above the cutoff



