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1.Standard Model
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Standard Model Lagrangian (renormalizable!)
L=L_..+ L + L

gauge fermion
gauge sector:

1_ 1 1
L = T1(G"G,,) —-TrW"W,,) -~ FF,,

gauge _E

Higgs

- SUQE).: G,,=0,6,-0,G,-1g,[G,,G, ]
- SU@), W, =0W, -0 W, —Iig,[W, W ]
u@,: F,=0,B,-0,B,




fermion sector: L. . =L. +L ..
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fermion sector: L. . =L. +L ..
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fermion sector: L. . =L. +L ..
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fermion sector: L. . =L. +L ..
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fermion sector: L. . =L. +L ..
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fermion sector: {p)= (<Zo>j
L1(ukawa — _yuijaK%ﬂLj o yd ijaR@ﬂLj — ye ij6F<¢>LLj + h.C.
1, ]=12,3 (gen.#)

L{U)T Vi <?¢> lﬁj) L{dﬁ Yei @ Lézd) L{eﬁ ¥ @ ere)

v (3] .06) 2 BELG)

(d) (1 2 A)(d

s| = A 1 A*|s ¢
\b/L \13 A 1)\b)i Vein )=
1 W (@ 3: rotati
VG<1\/I_ u q 3 g)Pa ions b




fermion sector: {p)= (<Zo>j
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Higgs sector:  Lyg =ID8I° = V() Gaw G

V(g)=-m;|g[" +2|¢]"
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Higgs unitarity
S —decay :
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unitarity in the standard model
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parameter # in Standard Model : 19(1)

gauge couplings: 3

guark mass: 6
lepton mass: 3
Vekms: 4(1) o
O: 1 (G,.G )
M, 1
A\ 1

very successful 0O(100) GeV




2.Beyond the Standard Model
Higgs sector of SM
V(g)=-m;|g|"+A|g|"

m
— (@) = —— ~ 250 GeV

J22




relevant OP

_____________________________



: <FT FT > #0  _ocp phase tr. Yy analogy (just scale up)

top mode condensation (’Et) =40




supersymmetry, SUSY) -8 -

m,=0 < gauge Inv.
=0 ~ general cov.
0 — chiral sym.

mg rav.

mfermion

chiral sym: y — ei“wl_, W, — e_i“WR

L .. == +h.C.  tHooft naturalness cond.
mboson :I mfermion <M GUT ,PI
SUSY
-boson!
SU(6)gi10nar < SU(9)gauge ( et al)

little Higgs



2-1.extra dimensional theory
TeV

- large extraD (ADD)

KK idear&more: 5D gravity = 4D gravity + 4D gauge + 4D scalar

field localization (brane, BG-vev, fixed points)
— Vvolume suppression,
— geometrical understanding of particle physics

(24) Higgs - cf. Hosotani mech.
GUT — extraD GUT
(RS) blane world string
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large extraD (ApD)

M2 = M 2R
/ I\S
|

|

10" GeV| |1 TeV

5=1->R~10"m
_6=2->R~10"m (R ~107eV)
5=3—>R~10°m (R™"~100 eV)

cf. extraD GUT: small extraD R ~10°GeV < R~10"*m (h#c~107°GeV -m)
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Dark matter
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no G

AX > +—Ap | quantum gravity

S Ap

SAX> = ,/G—Bh ~1.6x10cm
C

-

irelevant OP dim4

1
I—eff - LSM T FQQQL T Large extraD:

5 or string inspired

Minimum legth I*
- M(atrix)




string

AX > e +a AP
Ap h
string string scale

or't2~10-32cm




2-2. (SUSY)
Higgs
mboson = M fermion
Miemion Mgyt < Chiral symmetry

_____________________________

gauge coupling unification!




(Amaldi, PLB260(1991)447)






SUSY algebra (graded Lie algebra)

Poincare algebra P ,, M,
Coleman-Mandula, no-go theorem
(Lorentz space-time sym.

super-charge: Q (Q|F =B , Q|B =|F )

[Q,M] Q, [Q1 P] =0, {QT,Q} =P ( ) cf.gauge -~ SUGRA
- [H,Q]=0, O0|H|O 0

HB =E|B  F|F = B|Q'Q|B =E B|B =E#0
E>0
F=0 H|B =0-Q|B =|F =0

B F
EA
M| oo Q0
0 O
|F) | B)




SUSY algebra (graded Lie algebra)

Poincare algebra P ,, M,
Coleman-Mandula, no-go theorem
(Lorentz space-time sym.

super-charge: Q (Q|F =|B , Q|B =|F )

[@M] Q. [QP]=0, {Q'Q}=P( )
- [H,Q]=0, OHO 0

HB =E|B  F|F = B|Q'Q|B =E B|B =E=20

E>0

E=0 H|B :O_>Q|B :|F =0

= [HI [QfQ| 0

Ql SUSY breaking!
M| oo 20 Witten index = tr (-1)F
o =(|B # of E=0) (|F # of E=0)
0 = Z0
[F) | B)



SUSY algebra (graded Lie algebra)

Poincare algebra P ,, M,
Coleman-Mandula, no-go theorem
(Lorentz space-time sym.

super-charge: Q (Q|F =|B , Q|B =|F )

[@M] Q. [QP]=0, {Q'Q}=P( )
- [H,Q]=0, OHO 0

HB =E|B  F|F = B|Q'Q|B =E B|B =E=20

E>0
E=0 H|B =0-Q|B =|F =0
-B F H Q'Q
E. IH] IQQ| 0
Ql & SUSY breaking!
mi oo ©0 Witten index = tr (-1)F
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SUSY algebra (graded Lie algebra)

Poincare algebra P ,, M,
Coleman-Mandula, no-go theorem
(Lorentz space-time sym.

super-charge: Q (Q|F =|B , Q|B =|F )

[@M] Q. [QP]=0, {Q'Q}=P( )
- [H,Q]=0, OHO 0

HB =E|B  F|F = B|Q'Q|B =E B|B =E=20

E>0
E=0 H|B =0-Q|B =|F =0
-B F H Q'Q
E. IH] IQQ| 0
Ql & SUSY breaking!
M ooo ©0 O Witten index = tr (-1)F
0 / / =(|B # of E=0) (|F # of E=0)
0

| F) | B)



SUSY Energy

boson: [a,a']=1, [a,a]=[aT,a']=0,
fermion: {b,b™}=1, {b,b}={b",b"}=0,

H=1/2wg{a',a} + 1/2w.{b",b}
=g (Ng £ 1/2)+ w¢ (N 1/2)
cancellation
ng=afa, ng=b'b (number OP)

SUSY - wg=w=w

=w(Ng+Ng)




N =2,4,8 SUSY (super-charge

{QT’ Q}:P - {QHT’ Qm}:P6nm+Cnm

C:central charge — BPS ststes (Seiberg-Witten, Duality)
N=1:

oy
ol
ol
— — >SpIn
-2 -3/2 -1 -1/2 0 1/2 1 3/2 2
N=2 1-loop exact
: o ~SpIN

2 -3/2 -1 -1/2 0 1/2 1 3/2 2

N=4 finite (1,1/2(4),0(6),-1/2(4),-1)

N=8 (2,3/2(8),1(28),1/2(56),0(70),-1/2(56),-1(28),-3/2(8),-2)

massless particle > spin2 spinl




Minimal Supersymmetric Standard Model (MSSM)

SU3)C SU(2)L U@y
gauge g0 Wow' Bob
\_/
W5 Z,yow,z2,7 (& 7570

matter Q ( [ 1 1/3 )

u (o 1 -4/3 ) matter Higgs

D ( 1 213 )

L ( 1 ] -1 R-parity

E( 1 1 2 ) particle:+ sperticle:-

Higgs  H,( 1 - 1 )é 2 Higgs
Hy( 1 ] -1) higgsino — anomaly




MSSM action

Kinetic term:
_ LW s 9
L=[d%0d?o Qfe* ™" i 4
IDQ F+4QyD, Q2 Qg Q+-

.-+ h.cC.

I N U
—— G +igy*D,g-ImM—=)G, G +--
4g2 v gy# ,Ug rr(4g32) §71%

3

Yukawa term:

szdze W + h.c.

non-renomalization theorem

W=y QHU +y, QH,D+y, LH,E+ uH H,

+2,QLD + A,LLE + ,UDD «——

UQ@),: 0—>€e"0, 0—>e™0
o Tt cf. chiral sym.)

¥

—




SM

parameter # of SM




parameter # of MSSM

SM

MSSM



parameter # of MSSM

SM

MSSM

soft SUSY breaking
=2
SUSY breaking



SM

MSSM

soft SUSY breaking
=2
SUSY breaking

parameter # of MSSM

too many parameters in SUSY (106(43))!!
SUSY breaking



Prediction & Phenomenology

Prediction & Phenomenology:

light Higgs 160 GeV

rich flavor & CP physics
lepton flavor violation (LFV) p-ey
B K@
EDM, g-2,
R-parity violation

baryogenesis, leptogenesis (AD etc)

GUT, SUGRA, string, M-theory,
non-perturbative effects (SUSY breaking, composite model,.....)

Parameters (125(44)).

naively too large FCNC, EDM . SUSY breaking (106(43))
H 0 &




Phenomenological constraint

We need the underlyning theory for SUSY breaking!




SUSY flavor problem degenerate

Sfermion masses of the first and second generations are
: 0 0
severely constrained by K~ — K" [L—>Ey etc.

2 2

2 This expression is written
o, [AmI ) [10TeV _ Pre
SIN“ @- <] in the basis where down sector
d —2 — . :
m; m, quarks are diagonalized

Alignment (sin*6; =0) Nir,Seiberg (93)
Degeneracy (Am; ~ O) Gabbiani,Gabrielli, Masiero,Silvestrini (96)

Dine,Kagan,Samuel (90), Dimopoulos,Giudice (95),

DeCOUp“ng Qﬁd > 1OTeV) Pomarol, Tommasini (95), Cohen,Kaplan,Nelson (96)




SUSY breaking mechanism scenario

O minimal gravity mediation (Polony etc) -

anomaly mediation
gauge mediation

(O anomalous U(1) mediation
gaugino mediation
radion mediation
KK mediation
dilaton dominated scenario
moduli dominated scenario
SS breaking

< string inspired model
< string inspired model

(spectra of KK=spectra of moduli)
(radion = SS in gauged SU(2), U(1)gr SUGRA)













(106 (43) )


















parameter # of MSSM

SM

M. ~ mg,0r parity violation in QCD

MSSM

soft SUSY breaking
=2
SUSY breaking

too many parameters in SUSY (106(43))!!
SUSY breaking



MSSM action

Kinetic term:
_ LW s 9
L=[d%0d?o Qfe* ™" i 4
IDQ F+4QyD, Q2 Qg Q+-

.-+ h.cC.

I N U
—— G +igy*D,g-ImM—=)G, G +--
4g2 v gy# ,Ug rr(4g32) §71%

3

Yukawa term:

szdze W + h.c.

non-renomalization theorem

W=y QHU +y, QH,D+y, LH,E+ uH H,

+2,QLD + A,LLE + ,UDD «——

UQ@),: 0—>€e"0, 0—>e™0
o Tt cf. chiral sym.)
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a,(M,)=0.1305+dc, |, +c, |5,y
>a. " =0.117+0.002

for gauge coupling unification =M, <M_
for avoiding rapid p—decay = M; > M,

minimal 4 USY GUT

— How about 5D SU(5) GUT on S,/Z,?




5D SU(5) GUT onS,/z,

Pig(x",—y)=Pg(x",y)
A, (X*,=y) =PA, (x*,y)P
A (X", —y) =—PA (X", y)P
y (X*,=y) =Py (x",y)
we (X", —y) =Py (X", y)

T: diag.(-1,-1,-1, 1, 1)

) o

Parity at y=TtR
p(zR+y)=T ¢(-7R+y)=T P p(zR-y)
P'. parityat y'—> -V’
(y'=7zR+Yy)

@, @,
O O
O @,
O O
6. 9. o 9,




5D SU(5)
\~7

SUSY

UT  (closing to each other by L og correction)

G

~

~ ~

5x10“GeV  1x107GeV
. M, M, In u

4D sSu®G) 4D

y=0 y=7xR
SU(5) SUE):>SU(2) ><U(1)

E+ O O
3/2R 0 @)

M.=M./7x 1/R| o o
I\'\/’I'C =200 1/2F; ., O O
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(A).v

SM: m,=0 < no reason!

ctf.

-0 < gauge Inv.
-O — general cov.

grav

one possiollity: SU (2)r x SU (2)

NG-fermion of spontaneous SUSY
(oy) «

ua

(y) = f.
Ju=f.0p+--

V)
OulWa —>

= N

tboson!

m = 0= beyond the SMIT




(B).

<<

<
<

IIIIII
neutrino

generation

L Vvi(9)X9)
TTM

lepton

SM

I
>>M, and/or \y<<1




i\( dim5 OP
(1) see-saw mechanism

qund. -~ VL¢ _l_ I\/I + h.c

a qund.
p =0 Integrate out heavy
L R [ ( h)2 A
(0 Py <fj 0
M <g><< M




(11) radiative induced m,,

O (Zee)
<@, >
OSSN Zee singlet: SU(2),
¢,+/ 5 singlet with L#2
<> g
1 (0 m, m,"
7/~ 2 I\/I - m + mv"' mﬂe O mﬂ
A, s
(m. m, O/




volume suppression

(111) extra dim. 5 1
m= ~ Y, <@ >
(M(R)
g/\ O # of extraD ,
Ms:fund. scale of
N ILIV’ 1+O
\/\/\/\/
30 v v v
4D My My Mp
Q 0 1/R O
"l o 0 2R
L .
distant suppression
D ~(y=¥o)°
fat brane m, oc €

—— oD




volume suppression

1): M*®S*

T: ¢(x*, y+27R) =T d(x*,y)

[T eU(N)]
P y) == 3 V() €
27R =
27R
[ dyfdx[ (0" +0" +igsA“ +igsA°)g(x", Y)
"~ (9, =)
* J22R
= jdX” | (0 +ig, A" +ig,A")g™" (x*) [ +(%)2 |6 (x*) [
I 0
adjoint scalar KK mass




(2): M*®S'/Z°

P o(x*,—y)=Pa(x",y)

4D 4D

y=0 y=7R

[P* =1 " ¢(y)=Pg(-y)=P°4(y)]

6.(X",y) = HZ $.7(x") cos(-L )
n07z.

n=0

b (x",y) = J—Z ™ (x*) sin( y)

A, (x*,—y)=PA, (x*,y)P
A (x“,—y)=—PA(x*,y)P
v (x",—y) =Py (x",y)

v (X", —y) ==Py(x",y)

[ (x*,=y) =Piy’y (x*,y)]
5D: M = (v“,ir°)

27R

[ dy[ ] (" +ig, A")p(x, V)P (0= f’S—R)

y=0

jdy cos(Y y)cos( y) jdy Lrcos 1My )y) cos(L=MY m)y)]_ SCRRT I

jdy cos(Y y)cos( y)cos(ﬁ)_—(é O O 5

¢(n) . ¢(n)

¢(n) _¢(n) .

Ea O O
0) .

—AT g, 2IR| O O
Nngé /R © O
2 0—Q

P P

27




How about Yukawa?

27R

F [ dy 5(y) w () 6.0

y




How about Yukawa?

volume suppression!

_/
| 2R - 1 ny
W, =—— [ dysy) v 4(x") Y
- AP A g
4D 4D 4D 1 o H
_ X X
W, = T2, w (X) ¢.(x)
B 1
y=0 y =R = W =(——)
( W ( 7Z'R|\/|*) )
large extraD @ L0 @)
2 _ Ap2+5pd "Ne PNe o VN
M} =MR m, m, m, ) O
1 M. L
— ( ) = (- -15 . 0 1/R O V,(\Il)
VM.R d 10 0 2/R vy
—m, ~10"eV : ' L

oo sterile v (®; 1/R)
small mixing MSW for v, —V/




distant suppression
.M . g o~ |9 g0 (L 5_—1 = (16",
SD: y " =("1y7) aM{a“a —alJ (R 7_ 1

o =1-c)

. oun .5 H chiral prOJectlon'
(1770, =705 ={(y)) w(x",y) =0 N o9 N o 1
=y y) —e L0 e

for examples,
Py ~y >y ~e”
(p(y) ~&(y) = w ~e"




(0)(y) e —y?

y=yY,
y=0

2nn 2
m, ~e " ™ (H.)

|
ﬁ distant suppression!

N e—yszf . 10—(12~14)
—>y ~(6~7) M,

hierarchy = distance of extraD













4. flavors ( ) (quark,lepton

date
CKM (quark )

MNS (lepton )
\V
atmospheric - 2-3
solar - 1-2
(CHOOZ) —» 1-3



atmospheric - 2-3

(T.Ohta’s OHP)



solar - 1-2

sun

(T.Ohta’s OHP)



solar - 1-2

after KamLAND
(T.Ohta’'s OHP)



MeV

fermion mass

A/

—

generation

——up
—=— down

lepton
—¢— neutrino




m,:m :m ~A"7":1%:1

. . . . 4~5 . 12 .
m,:mg:my~mg:im, ‘m ~A"7:4%:1

e =123
- solar
Sm2 = (0.4 ~ 2.8) x10 eV ?
—3 == atm
=% — 3

omZ, = (1.2 ~5)x10°eV?




small mixing in quark

large mixing In lepton

(1 1 A
Voew ~| 4 1 A2
\13 |

\

J

(32.6°

<9.2°)

& \ .~

\

45 )

0, =25.6" ~ 42.0°
0, =33.2" ~ 45.0°
6, <9.2°

5~?

om’, = (0.4—2.8)x10*eV?
omZ, = (1.2 ~5)x10°eV?




\J
(I)see-saw enhance

see-saw <\ . Majorana mass \V

all flavor mixings in m - small

26 218 0 12 0 0 (Altarelli,...)
mP=| 0 A* 2*| M.,=| 0 A° 0
0O 0 1 0O 0 1

see-saw mechanism

DT ..D
m, m, | 2 2 <¢>
—> m=|A" 1+A4 1
Mg V A’M,




(1) RGE effect

BN

1 parameter
Mass \J §2001~01
A (tan 8 =30 ~50,M, =10"GeV)
m, m, m,, (1+ 95 ) /
m, = m, m,, m,,(1+¢&)
M - M(+E) Mu+E) my(l+28) CP
iInlc —i|n|K‘ |+l —
1 1 dt g g
i J =(7i+7/j+27H)
1 d T
vl (7 +7; + 2745 |
- O £ M, =10°GeV
H u u ) (b)f].9><10j
M m, m, My -
7 | m,=1m, My My tece - - - m
Mz Mas M tan IB (Okamura, NH,.....)




mixing angle

sin” 2.9
(tan 5 =50) .. \

S 0 12 14
*(1
1 2(5m/m) ( +§) — tan 20 = 2(om/m)
.« 1| tEn26= *(1+§) 11+ 25) 2¢

(om/m) ~0.01~0.1eV [m~0.1~1eV]




(111)_ psudo-Dirac







9. (GUT)

-g(e)=q(p*) 21

|q(e)+q(p*)|/e<10-21 from neutrality of matter experiment (assumed g(n)=q(p*)+q(e’))

. 3

quark <lepton |

N—

vV key word




SU (3). x SU(2), xU (1), < SU(5), SO(10), E,, E,---

charge
quark ===—===lepton

predictions
1. proton-decay
p"—e'7 (non- SUSY) p"—>Kv (SUSY)
101 5 10T 10 L 10
\ X Y / * % % 2 5
F~— v ~ v I~ a 2mp2
/ \ % |j| X—P— i 167 Ilemsusy
10 510 (1o AR
Q'UL'D, Q'UQ'E QQQL, UUDE

2 gauge coupling unification _m, m, m,

a, a, @,

3_ m,=m_---



SU(5) 10=(QU,E) 5=(D,L) 1=(N)
H., H

SO(10) 16=10+5+1
10, (+10",)

= 27 =16+10+1

W =10-10-H, +10-5-H_+5-1-H. + M -1.1




TD-SpIitting GUT Higgs

W, = Atr 2 +pstr 2° + 1, H(X)H + 4, HH

-
2 1 ( \
2 1 H
H[fh VGUT2+,uh ___________ 1 __________ ﬁ ] T
-3 1
-3 1 IK_I D)

{ 2f V.. +u >10°GeV

, 5> 10“ fine —tune!
=31, Vo + 4, ~10°GeV

missing partner B SU(3) 4 xU (1)
(75,) 50, +50u (~ (31)_, +(3,1),) DW mechanism
PNG boson (45,) =diag.(o,0,0,0,0)

SU(B)y2SU(B) e




6. flavores ()

in SU(B)

(Babu,Barr)

10=(Q,U,E) 5=(D,L)1=(N)
W =y"10-10-Hy +y*’*10-5-Hy + y"5-1-H, + M -1-1

10, —»10,, 10, —» 1°10,, 10, — /1@




W =y"10-10-H, + y*'®10-5-H, + y"5-1-H, + M -1-1
10, = (Q,U,E), [0, —10,, 10, — 410,, 10, — 4*10,]

R
A5 20 /14? L 1 2% 2%)\¢° 1 22 2
m,=|2° 2" A7 |(H,) ==> |42 1 A A 221 2% |(H,)
AY 2 APl
At a2t
m, = A2 A% )° <Hd> —> <Hd>
1 1 1
/AR L A2
m=4" 2 1 |(Hy) => 1 A% |[(Hy)
/AR L A1
1 2 2
(H,) (H,)
S 1
m, I, —> M.




W =y"10-10-H, + y*'®10-5-H, + y"5-1-H, + M -1-1
10. =(Q,U,E). [10, -10,, I N




(1) FN mechanism

(11) composite model

(111) extra dim. [fat brane]
(1iv) extra dim. Jorbifold]




_(i) FN meChanism (Murayama,NH,

Hisano,Kurosawa,Nomura....)

U(1) flavor symmetry, anomalous U(1),...
Q;(10,) =0, Q;(10,)=1, Q,(10,) =2

(P:)
Qulp)=-1 :a
(for example)

2
- <(Df>2 101<|(\’;|;>102Hu —> My, = 16<Hu>

(@;)°

2
*

L

1015—in — My, = A" (Hy)




(11) composite model (Nelson,Strasller
NH)

N=1 SQCD —confinement- Sp(2N) with 6+ H

Sp(6)><SU(5)  Mgur<A<Mp, -1+

s €Dus
< A?10, < A'10,




(Schmaltz,...

(111) extra dim. [fat brane] Kaplan,

Blanco, ..)

Yukawa Hierarchy <=  Geography in ExtraD ‘(Maru,NH)

O 05:
/ iz Fon7:

0 :

Q.U E;H,,H, \ Q.U |(3_LJ E :
2 ’ :

D1,2,3’ 1,2,31 123 e

~ <Fx>§< %<F;>
decoupling SUSY N
X = F.& millar fields % of N
\\\\§¥ Q Q'




(1v) extra dim. [orbifold]

- large extraD (ADD)

KK idear&more: 5D gravity = 4D gravity + 4D gauge + 4D scalar

field localization (brane, BG-vev, fixed points)
— volume suppression,
— geometrical understanding of particle physics

(24) Higgs — cf. Hosotani mech.

O Gut _, extraD GUT
(RS) Dblane world string




new Idea for the solution of TD-splitting  (awamura, Hali Nomura)

5D theory with no 2.,
M*®S'/Z°

Y=Y
yOyﬁR

SU (5) - SU (3). xSU (2), xU (1

ADSU(5) gauge fieldsj/[)

5+5 Higgs fieldA\> TD _ Sp||tt|ng
y=0 y=7R

N




M*®S'/Z° P: g(x*,—y)=Pas(x",y)
y=-y [P2=1 - g(y) = Pg(-y) = P24(y)]

=0 y = 7R A, (x*,—y)=PA, (x*y)P
A (x“,—y)=—PA(x*,y)P

v (x,—y) =Py (x*,y)
AD 4D we (X", —y) ==Py(x",y)
[w (x*,—y) = Piy w (x*,y)]

y = 7R 5D: y" =(y".iy")

T: o(x*,y+272R)=To(x",VY)

b (x",y) = fi 8.0(x") cos()
B.(x",y) = > 4.0 (x") cos( ) < n+1/2
V2™ 7R 15 T g (x, y)——z p ™ (x) cos(LHH2 )

n+1/2

y)

H (n) (x4
¢ (X, y)= \/_Z é ™ (x*) sin( y) __— ¢ _(X",y) = \/—Z ¢ " (x*) sin(
T ¢.(x",y) = Z ¢V (x") sm(—y)

77'F?




5D SU(5) GUT onS,/z,

Pig(x",—y)=Pg(x",y)
A, (X*,=y) =PA, (x*,y)P
A (X", —y) =—PA (X", y)P
y (X*,=y) =Py (x",y)
we (X", —y) =Py (x*,y)

T: diag.(-1,-1,-1, 1, 1)

) o

P'=TP Ey+ © O
'\ 3/2R O ®)
Parity at y=TtR 1/R| o o
H7R+Yy)=T ¢(-zR+Yy)=T P ¢(zR-Y) | 1,9R ® ®
P'. parityat y'—> -V’ 0—0O
(y'=7R+Y) b. P 6. 9,




¢ (X*,y)=

_—— oU

gauge fielo

Higgs fields

R

\/7 Z ¢(”)(X“) e R u 4 g,W,y .— chiral super-fields
H XY
/H\ T, ix,v
H Zg,W,
FRSRAT i P s

\¢R MWR




SU(5) gauge fields

o —— @&
Higgs fields 5+5
woon. 1 () (g ny
&, (X ,y)—mg o™ (x*) COS(E): Hu’d, g,W,»
HTf, X,Y

b (x",y) = J—Z #7 (x) sin( y) = Hrr, Dy
Hud ZgWy

T =diag.(-L-L-1 L 1)

________________________________________________________________________________________________




SU(5) gauge fields SU@3).<SU@2) <U(1) |

- R
‘ Higgs fields 5+5 J

SU®) U(2), <U(1),
b0 ) =—=2" cs(D) = H,,, g,W,y TD splitting |

2% 7R o )

1 & n+1/2
¢+_(Xﬂ,3’):—z cos( y) = H =, X,Y (y=0 brane)
7Z'R n=0 R T,T
n+1/2

1 & . ~ -
¢__(Xﬂ,Y):—RZ sin( y) = Hrr, Zx,y (y=TtR brane)

b0 )= sin2y) < S Huy S,
‘ T =diag.(-1,-1—-1, 1 1

-_——— - - - - - - - - - - - —_ - —————— — — > -_——— - - - - - - - - - - - —_ - —————— — — >
- e //- e
AN yd

_______________________________________________




What going unitarity in orbifold gauge theory?

(Hall-Murayama-Nomura)

4D SU(5) 4D

SU(5)
Y= Y= multiplet
SU(5) SU(3),><SU(2), ><U(1)y

gauge boson - unitarity
( SU(5) )




(Hall-Murayama-Nomura)

4D SU(5) 4D

— HD

y=0 y =R

SU(5) SU(3),<SU(2), < U(1)y

HH, > X X
X X

Y, ) y

ys Z %HT @W

Hy ¢e* H Ho g’e?  Hp e

~— 2
m? o m aagmmﬁq




HoHg = XWX Y orpifold no H.!—sunitarity?

X (1/2) X *(1/2) 27Z'Rd y 1
ol e
(0) (0) RV S(y—R) =95 _
ris sl SRR
g2E?’
P . * : ~
HD HD © m*
. sV J__ 9 _J
(1/2) (1/2) d J 5 _ 94
X X 0., y(\/ﬂ 2R \/ "R VarR 2

y 9s [5
0S=o(y—nR)=- =—/2

g,E”

g IZ;Z'R dy 1 c
7/(1) Az(l)/ 5), [7R
—> 0 ~—

H,~ H —0 (IgE* /M)




X (1/2) X (1/2)* - X (1/2) X (1/2)* (Abe,Higashide,Kobayashi,Matsunaga,N.H.)

X (1/2) ¥ *(1/2) X 1/2) ¥ *(1/2)
X (/2) X *1/2)
(0) 7 (0) (1) 7@
E
M M X (1/2)"' O(W)X *(1/2)
* W
N 2) *(1/2) (1/2)
X 1/2) X *W2) oy (1/2) ¥ *(1/2)

O 5@
i?jw g % A —0 (logE*/ M)

* E4 *
X (1/2) I\/I“ X W2y W2 o= ) X *2)




proton decay in extraD GUT (S,/Z,)
gauge coupling unification (Hall-Nomura)

4D SU(5) 4D

y=0 y =R
SU(5) SU(B).><SU(2) =< U(1)y

S = [d*xdyl- F 2+ 8(y) = F + 6(y - 7R) = F]

Js g d,
1 N M., 1 N 1
g 247° o, 167°
27R 1

strong coupling
all loops are

equally contributed

weak coupling
g, =0.7




(Asaka,..Hall, Nomura,.Shimizu,Kondo,NH)

6D SO(10) GUT onT,/Z,

SU(5)q><U(1), SU(4),><SU(2), < SU(2),
R @
T, =0, ®diag.(1,1,1,-1,-1) T, =0, ®digdg.(1,1,1,-1,-1)
SO(10) gauge fields

Higgs fields 10><2

- TD splitting SU(B)< U(1),
6D  SO(10) Toe =0, Q1

oD



SU(®)g><U(1),

SU(4),<SU(2), < SU(2),

Ry

()

T,=0,®dag.(1,1,1,-1,-1

T, =0, ®didg.(1,1,1,-1,-1)

(+.+)
16 =U,E
16;”,, =D,N
16", =L
| SUB)P<U(D),
SO(1 T =0,® I,




(Shimizu,N.H.)

SUB)q><U(1), 6D - A4 SU(4),><SU(2), <SU(2),

& A ©

T. =0, ®d T, =0, ®didg.(1,1,1,-1,-1)

16,

1312 ’531'2
51,2 ’151,2
(Rys ~10°GeV, M. ~10"GeV)

Kbk (His) (Hia)

SO(1 o =0, ® g




SU(®)g><U(1),

SU(4),<SU(2), < SU(2),

Ry

T, =0,®dag.(1,1,1,-1,-1)

-

(Hye), (Hye)

~
161,2,3

T, =0, ®dig

()

164 +]F4(+,i)

SO(10)
Q

165 -|-165(+)
51 E5,Us + Q5 BE5, U

Q4’ E4’U4 +Q4’E4

. 1/{JzRM, ~ A7
%{5’6 ~10°GeV, M, ~10°Ge

U,

TN

9.(1,1,1,-1,-1)

5D - A?
6D - A4




10=(Q,U,E) 5=(D,L) 1=(N)
W =y"10-10-H, + y*/®10-5-H. + y"'5-1-H. + M, -1-1

10, —»10,, 10, —» 1°10,, 10, — 110,
N



(Hyo)(H,)
1 2

16, (@ E;\Us)

2-5 mixing mass
ﬂ/ 2

(HlKHye)  —
16

(Hy)(Hye)
M

16, (Q,.E,.U,)

_~

3

1-4 mixing mass

14

(Hy)(Hye)
M

(Hy)

-

[@n)

(H,e)

2 16, Q.E.U,)

16, (Q.E5Uy)

5-5 mixing mass

(Hyg)

1

14 <H16><H_16>
M.

KHey

B, 16, Q..E,.U,)

16, (Q,.E..U,)

4-4 mixing mass

8 (Hys)(Hyp)
Y Avy



W = <H16I\>/I<H16> [(/14161334 + /18164134) + (/12162]FS + 14165]E)]
* 016, - (Q,. E;,U,)

{16,(1) ~ 116, —16, {16,@ ~ 1°16, - 16,
16%) =16, + 1°16, 16 =16, + 1°16,

4
{16l = 116" +16%) 16, = 1716\ +16{"
16, =16\ — 1°16}, {165 ~16\" — 1°16}

W, =16.16. H
16, > 1'16"  (Q.E.U,) > 1*(Q.E,.U,)
16, - 1°16\”  (Q,,E,U,) = 2°(Q,,E,,U,)




10=(Q,U,E) 5=(D,L) 1=(N)
W =y"10-10-H, + y*/®10-5-H. + y"'5-1-H. + M, -1-1

10, —»10,, 10, —» 1°10,, 10, — /1@




W =y"10-10-H, + y*'®10-5-H, + y"5-1-H, + M -1-1
10, =(Q,U,E), [0, —10,, 10, — 4210, 10, — 4*10,]

R
A5 20 /14? L 1 2% 2%)\¢° 1 22 2
m,=|2° 2" A7 |(H,) ==> |42 1 A A 221 2% |(H,)
AY 2 APl
At a2t
m, = A2 A% )° <Hd> —> <Hd>
1 1 1
/AR L A2
m=4" 2 1 |(Hy) => 1 A% |[(Hy)
/AR L A1
1 2 2
(H,) (H,)
S 1
m, I, —> M.




W =y"10-10-H, + y*'®10-5-H, + y"5-1-H, + M -1-1
10, =(Q,U,E), [0, —10,, 10, — 4210, 10, — 4*10,]




When 10, = (Q,U,E), produce hierarchy,

Good Points:
m,:m :m ~A°:A%:1

. . . . 4. 12,
m,:mg:m,~m,:m, m ~A":4°:1

m, :m, .m, ~1.1:1

small flavor mixing in Quark ¢ large flavor mixing in Lepton

Bad Points:
1,2 md 1 me T
too large U,;, too small V

mﬂ~m

S




coefficients of O(1):

determination of O(1) coefficients
1
high rep. Higgs & vector-like fields at high energy
[16 vector like, 45 Higgs ......(Babu-Barr)]
1
Integrating out heavy fields

0 —4dA° 0 4d2* da* dat
m, =| -4dA° cA* O0|(H,), my=|d/54°® da* dA®|(H,),
0 ba? 1 c/l2 b 1
At 0 0 e e O H 2
m, =| bA* —2cA* 1|(Hy), m,=| O ¢ 25[tH)
2 I\/IR
0 —bA* 5 0 25 5

(b=4, c=36, d=2 e=1)

(Maru,Nakamura,NH)



modification

1 A2 2
Vou =| A2 1 A%
/A |

e
N
e




modification

MNS —

1/J2 12 A2
1/2  -1/2 1/2
“1/2  1/2 1/2




(Murayama,Hall,..
Murayama,NH _ :
Y ) d(sin®0) = 1 d(sm22¢9)\
4cos 26

1 11 2
m=11 11 ﬁfigl_ >
14 MR 4
1 11
3

—————d sino
COSoO ( )

///7 ds = \\/ 2

0.2 0.4 0.6 0.8 1
\\\¥ sin? 20 ////

- complex

0 \
-1 -075 -05 -025 0 025 05 075 1

\\\¥ sin & ///

arbitrary scale

seesaw

——————

Majorana

large U,,, large CP, BBVO 1




~ 1

— £a2
real Majorana (3><3) 1) = L cos20sin 29" 29
dO =d9,d(sinY,)d 9, ‘
N~ _ 3
dM ,AdM, AdM,, =Am dmAad(Am)AdE  °
Ld (0):16cz:§;zsfnzﬂd(tan220)] 0.2 0.4 06 08 1
complex Majorana (3><3) sin® 26

dU =d(sin® 9,)d(cos* $;)d(sin® 9y) | o 1
S~ < ( )_400329

d*M,d’M_d*M,, = (m? —mZ)dmSdm;dU 4
dU =d(sin’ #)dndwd ¢ :

d(sin? 26)

distributions in angles — Haar measure
dU = ds;,dc;,ds,,d5drnddide,d z,d 7,

1 0 0Y cy O sge™)c, s, O 0.2 0.4 0.6 0.8 1
du =e”e®"%%1 0 ¢, s, 0 1 0 |-s, ¢, O )
0 —S3  Cy _513ei§ 0 Cis 0 0 1 S I n 2 9




he MNS v U . U A a7 111
e matrix: MNS — vioom ~| A" A% 1],->mm ~|1 11
A4 171 111
(Q): U, U, cancel
(A): Phase cancel

o e cosd sing \( e
e Jl —sing, cosé, e
U e ' cosd, sind, \[(e*
" e’ )\ —sind, coso, e %

The mixing angle @ in U VNS — UV IS given by

sin® @ = cos® g sin” 6, +sin’ g cos* &, —2cos G, sin, sin 6, cos b, cos2(w, — @,)

N |/
peak at «9~Zj oeak at 49|~9V~% flat




modification

16, +1

4 (+,%)




modification

16, +1

4 (+,1)

MNS —

1/J2 12 A2
1/2  -1/2 1/2
“1/2  1/2 1/2




- flavor& ( )

lepton sector: large flavor mix < quark sector: small flavor mix

84 v see-saw enhancement
RGE
86 SU((B) GUT 10 — & flavor mix

S 0(1)




LFV, B, \textures, ..........

( 1 LFV
(MNS origin: SM+m_, - small, while SUSY - large contrivution in general)
L, 1-2 & 2-3large LoeV, ToUY,...
~0 ~ 0
h
TL :/\VAV/\VA | /’lR
~ Ay




LFV, B, \textures, ..........

( 2 B 5*=(L,, Dgr); (GUT base)
L,;_ 2-3large Dg; 2-3 large
B—>Kg: bL PN

BL;& _____
g
SM
SUSY

neucleon parity violation




7-1:
[-2.
7-3:

/. Big Questions



/-1.

NENE

(A):
(B):
(€):
(d):

(Calabi-Yau,orbifold)
3-3-1 model

fixed points of extra dim.
Geravor (ETC,SU(1,1),...)




(A): (Calabi-Yau,orbifold) —_
KK mode ( ) >

. Zero mode

(D4+'36)W =0

O =0 _massless (zero mode)

T

x(Mg) = 2(h2,1 ~ hll)

Betti
cf. 4 5
@ (27*,3%) CP*:Y 2% =0->h,, =5, h, =1

(B, SUQ)) 3

CPN: N+1 Complex_, 7Z=N\7Z ()\nonzero) CPg y Cpgr i (Zi | Zi’) - 0> h21 = 9; h11 =6
for examples, CP,=S? ' ,



(B):3-3-1 model

(Frampton....., 1992)

SU(3);<SU(3), =< U(1)x

gauge anomaly free

SU(3);<SU(3), =< U(1)x

— new exsotic quark, bilepton gauge boson

(Y.Mimura’s OHP)




(C):fixed points of extra dim.

(5,6

orbifold compactification)

T, / Z, orbifold
— z+27Ri )ila
7 ->7 +27Z_R62m/3 Z — Z e 4

4D

1955 (10,3 5)x3 510,
gauge
V+2)

6D

v 12962

\ —_—
Higgs 545

1,951

oD

® O @
fixed point=3

3

(Yanagida-Watari (02))

Democratic mass matrix

111 1 0 0
m,=/111m=0120
111 0 0 1
1 1 1 Y. _
5 & F sin“ 26, =1
1 1 1 :
VT % | T sint20,=
2 1
NN sin?26,, =0
VCKM ZUUTUd ~ 1 — small mixing
Vs :UlT ~ large mixing




(D): Gepoyor (ETC,SUCL,1),...)

ETC: uct T, T,
d s b Ty Ty
e 4yt T, T, ..
—FC—
. :--C —
-~ N
SU(l,l) 1 2 3 ﬂ é § _____ (Inoue-Yamashita)
4 5 6.....




d+1

[-2.

(M.Sakamoto’s lecture note)

sun

proton

earth

electron




duality ( . 2 form) ~ pv

F=&""F
gauge coupling - dimension-less (marginal)

gauge theory

cf. SM - cutoff high energy

R (g )

for examples, S’: 28

(graph: K.Aoki’s lecture note)




WMAP

(M.Sakamoto’s OHP, WMAP HP)

/-3.

o |/



(

a

a

)

2_ 8nG K2 AC2

_3CZP_ a2+ 3

(M.Sakamoto’s OHP, WMAP HP)



(M.Sakamoto’s OHP, WMAP HP, N.Sugiyama




cf.

(N.Sugiyama




171

(M.Sakamoto’s OHP)



\V large N\
LHC, TEV: Higgs, SUSY, extraD
Mini-Boom: strile W
Hyper-K: p-decay, precision measur. of\w

LBL (miNOs, OPERA, J-PARC): \Wmatter effect, CP, \w_appearance
PLANCK: /\
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