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The Standard Model of Particle Physics

The Standard Model (SM) had been very successful to explain all experimental data.

Interactions: @ SU(3) X SU(2) X U(1)y — SU(3) X U(1)em
gauge bosons : G, W*, Z° ~
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9 P 9
quarks : d L SV b L —1/3
UR, CR, tRa - 2/3
dRa SRy bRa - 1/3
(<) (). (7). 2
leptons : S N TE A Gt i o =
€R; MR, TR Sl
No right-handed neutrinos = massless
Higgs scalar : HY breaks ElectroWeak symmetry
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Neutrino Masses and Mixings, “neutrino oscillation”

sin®(2033) > 0.92

o Data-BG-GeoV,
1 rmined by Kamb AND,
Kamiokande, Gallex, Sage, SK, SNO £ osb +
have confirmed solar neutrino deficit. XY £ oo Hf L
§16 E 0aL 7 - |
. . 14 + 7 !
Atmospheric neutrino anomaly was ~ §,, | 02 1
reported by SK and confirmed by 1o | R STTIYNT I TN TNV
[ 20 30 40 50 70 & 90 100
K2K exp. 8 ¢ Ly/E, (kn/MeV)
6 |
4 E—
KamLAND measured reactor 2| I 1
neutrinos and saw the oscillation. °0 i
-
present data :
AmZ, = (7.59 £ 0.20) x 10 %eV? Y m; < 0.17eV
|Am32,| = (2.43 £ 0.13) x 10 %eV? (Lyman alpha + etc)
. 2
sin“(260,2) = 0.87 == 0.03
, 2( 12) Y m; <1.3eV
sin“(264,3) > 0.19
(WMAPs)
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How to generate tiny neutrino masses ¢
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How to generate tiny neutrino masses ¢

® Adding superheavy right-handed neutrinos with Majorana Mass term

Seesaw mechanism

neutrino mass term: mpilrvVr + MI/_IC%I/R + h.c.

(M >> mp)
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How to generate tiny neutrino masses ¢

® Adding superheavy right-handed neutrinos with Majorana Mass term

Seesaw mechanism

neutrino mass term: MmpUrVr + MI/_IC%I/R + h.c. (M >> mp)

SR YRS o S
mp M 0 M
mp ~ 100 GeV
M ~ 10* GeV

2
—s D 0(0.1) eV
M
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Otbher Problems of the Standard Model

hierarchy problem

Huge radiative corrections make the EW scale unstable.

EW scale : vEw ~ O(100) GeV o< / pu?
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Otbher Problems of the Standard Model

hierarchy problem

1-loop radiative correction
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Huge radiative corrections make the EW scale unstable.

EW scale : vEw ~ O(100) GeV o< / pu?
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Otbher Problems of the Standard Model
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hierarchy problem
Huge radiative corrections make the EW scale unstable. MMP
GUT
EW scale : vEw ~ O(100) GeV o< / pu? o
1-loop radiative correction
Yi o\ 2 Gy
M = = @A oo~ O(100%) GeV
(100 - --0100)% — (100 - - - 0000)? Mew

Atoms
dark matter o

electrically and color neutral. Dark
very weakly interacting. Matter
massive of order 100 GeV

No candidate in the SM !

TODAY
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Beyond the Standard Model, “Supersymmetry” with Seesaw mechanism.

S ——

fermions

bosons

G, W*, Z° ~

Hla HZ

the SM matters
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Beyond the Standard Model, “Supersymmetry” with Seesaw mechanism.

—— - e ———————————————

fermions

—~

é, W1,2,3, B
QL

ﬁla I:IZ

superpartners

bosons

G, W*, Z° ~
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Beyond the Standard Model, “Supersymmetry” with Seesaw mechanism.

The EW scale is stabilized by cancellations of loop contributions among
the SM fermions and their partners.

fermions bosons
é’, W1,2,3’ B G, W:I:, ZO, ¥
Qr QL
URr dr UR d~R
L L
€Rr VR er VR
ﬁl, ﬁz Hla H2
superpartners the SM matters
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Beyond the Standard Model, “Supersymmetry” with Seesaw mechanism.

The EW scale is stabilized by cancellations of loop contributions among
the SM fermions and their partners.

The lightest superpartner can be a good candidate of the dark matter.

fermions bosons
é’, W1,2,3’ B G, W:I:, ZO, ¥
Qr QL
URr dr UR d~R
L L
€Rr VR er VR
ﬁl, ﬁz Hla H2
superpartners the SM matters
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Beyond the Standard Model, “Supersymmetry” with Seesaw mechanism.

fermions

bosons

é’, Wl’z’g, B G, W:I:, ZO, ~

QL

I~{19 ﬁZ

superpartners

The EW scale is stabilized by cancellations of loop contributions among
the SM fermions and their partners.

The lightest superpartner can be a good candidate of the dark matter.

Qi
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L
en Un )
H,, H;

the SM matters
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Scalar potential of SUSY models

V = (quadratic)  + (trilinear) +  (quartic)

(quadratic) = m2H) H; + m2HIH, + m2H, H,

‘I‘m%QEQL =I5 m%’&R'&R Tl m?l'deR

SUSY breaking

(trilinear) = AgYyaH; QJE + AuYo H 26}&;2
+A. Y, H, Lés,

(quartic) = [Yu[?ar|?|anl* + |Yal*|dL|?|dg]?
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Scalar potential of SUSY models

V = (quadratic)  + (trilinear) +  (quartic)

+ (sthpower) + (6th power)

(quadratic) = m2H) H; + m2HIH, + m2H, H,

+m%QTLQL +miiahar + midhdr

SUSY breaking

(trilinear) = AqYqH, QJE + AuY H 26}&;
+A. Y, H, Lés,

: 3 - Neutrino masses
(quartic) = |Y,|*|@r|*|@r|® + |Yal®|dL|*|dR|% - -

1 .
—Ec’(H2L)2 «
(sth) = Y,|ar||ar||Hz||PL|?

(6th) = ¢?|Hs|*oL|? + 2| Ha|? |0 |*

b - S—— — S —— —
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Dangerous vacua in SUSY model

e e—————————— e
|

scalar potential : a function in 49 dimensional scalar space.

V = V(H17H27 QLa '&Ra i )

» H,

, H,-H., slice

e B )

true minimum = correct EW symm. breaking
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Dangerous vacua in SUSY model
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scalar potential : a function in 49 dimensional scalar space.

V = V(H17H27 QLa '&Ra i )

~ A — :
VI, vi-H., slice

l' . .
o \_'/ false minimum

= incorrect EW symm. br.

» H,

, H,-H., slice

S mm=

true minimum = correct EW symm. breaking

.....

5

os

20105108 13HKEH



({ A

Dangerous vacua in SUSY model

scalar potential : a function in 49 dimensional scalar space.

V = V(H19H27 QLa aRa i )

- . - A . |
d- Q-ur-H. slice VL vi-H, slice

l' . .
e \_0/ false minimum

= incorrect EW symm. br.

\_J
. 7
" )Hz

S mm=

charge and color

breaking minima ' Lk i

~y

e B )

H,

true minimum = correct EW symm. breaking
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Constraints in the MSSM with neutrino mass operators

direction: H,, vy, # 0

els 2 2 2

direction: H,, Q, ig,d # 0
/|2 2

2 — o
~ 2
;M (a)

lc

c|? T 11—«

where
2

m?(a) = m%,z — az(mQL + m?LR) + (1 — az)mzi

These constraints will be useful to explore the origin of
SUSY breaking and neutrino masses.
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