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INTRODUCTION

Why we think there are extra space-like dimension beyond X, Y and Z?

‘ Theoretical motivation

How can experiment discover them?

‘ Experimental implications
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Extra Dimensions

Question:
What are the dimensions of space-time?

Philosopher Immanuel Kant (1781): The Critique of Pure Reason
Has argued that: Space and time are a priori

Modern view:
Space-time is emergent

must follow from theory
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Einstein dream:
Unify gravity (extremely week) and electromagnetism
Kaluza (1919), Klein (1926):

Introduce one extra space-like dimension of finite size
4D : Gravity: h,
EM : Aﬂ (i, v) =0,1,2,3

oD Gravity : h,, M,N)=0,12,35
hﬂv/ \ hs

(gravityin4D) (EMin4D)
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Current theoretical motivation

Quantum mechanics + Gravity

¢

String Theory

All elementary particles are different vibration of a single entity
called string

— one unifying force

Theoretical consistency requires:

9 spatial dimensions
(6 more than X, Y, 2)
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Question:

m Are the extra spatial dimensions finite or infinite in size?

—

Finite and very small (because we don’t see them)
Current experiments =——> smaller than sub-mm.

m What are their shapes?

——) Shape will determine the number of elementary particles,
as well as, their interactions.
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Extra Dimensions: Theory Benefits

m Can understand why gravity is so weak compared to EM
(Arkani-Hamed, Dimopoulos, and Dvali (ADD))

®m True unification of ALL particles:

Gauge, Higgs, Matter
(Gogoladze, Mimura + S. N)

Unification of gauge and Yukawa forces

99,9370 =9, =0,

(works really well)

m An alternative to Higgs mechanism
(Kawamura, Alterarelli & Fergulio; Hall & Nomura)
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Theory Benefits (contd.)

No Gauge hierarchy problem
(Arkani-Hamed, Dimopoullos + Dvali)

« A mechanism for SUSY breaking
(Scherk & Schwarz, Hosotani)

 Understanding of why m, <m,, m,

(Arkani-Hamed, Dimopoulos, Dvali and March-Russell; Dienes, Dudas and Gherghetta)

e Possibility of Multi-TeV scale GUT
(Dienes, Dudas & Gherghetta)

e Candidate for Cold Dark Matter

(Cheng, Matchev& Schmaltz; Tait & Servant, Cheng, Feng & Matchev)

Exploring Quantum Gravity
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Experimental lmplications:

Existence of a tower of new particles (KK
Excitations)

Power Law running of gauge couplings
Deviations from Newton’'s law of gravity
Blackholes at colliders

Astrophysical implications
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Unification with Extra Dimensions

True Unification of Elementary Particles and Forces

(Nandi with Gogoladze, Li and Mimura)

Phys. Rev. Lett. 91: 141801 (2003),
Phys. Lett. B562: 307 (2003)
Phys. Rev D69, 075006 (2004)

|. Gogoladze, Y. Mimura and S. Nandi:

|. Gogoladze, T. Li, Y. Mimura and S. Nandi:
Phys. Lett. B622: 320 (2005),

Phys. Rev. D72: 055006 (2005)

e An attempt to understand all fundamental forces of Nature as one fundamental force

e All fundamental particles having a common origin
All particles propagate into the extra dimension

— : __— Supersymmetry
| Crucial ingrediens '
\

Extra dimensions
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What are we trying to achieve?

SM or MSSM: SU(3) x SU(2) x U(1)
Gauge couplings: g3, (2, g1 = strong, weak and EM forces
Yukawa couplings: Yt, Yv, Yr, . . . = Yukawa forces = origin of fermion masses

gluons, EW gauge bosons (12) : spin 1
1
2
Higgs bosons: doublets - spin 0

Particles: § fermions: t, b, T, ¢, s 1, ... - spin

\

— want to unify forces as well as particles
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Grand Unification in 4 dimension:

SU@R)xSU@Q)xU@Q) — Gy,
(SU (5), SO(10), ......)

& Unifies 3 gauge couplings and unifies all the gauge bosons
& Unifies also fermions in one family
But Grand Unification:
& Does not unify gauge and Yukawa interactions
& Does not unify gauge bosons, Higgs and fermions together

We want complete unification
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rWhy need extra dimensions?]

rWhy need supersymmetry?]

gauge bosons:  Spin1 <~<

e

= ~
SUSY
\
fermions: Spin % }Extra dimensions
/
SUSY ~
P e
Higgs bosons:  Spin0 = -~ -
ﬂﬂj — A# 4-45
10,5 gauge Higgs
boson scalar
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A concrete model for gauge, Higgs and matter unification
fg,ci)egﬂladze’ Mimura and SN, Phys. Lett. B (2003) )

[Ourrr

e Two extra dimensions
o \/ = 2SUSY

o SU(8) gauge symmetry

Two extra dimensions compactified on a torus/ZU (orbifold)
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A CONCRETE MODEL foR
CAWGE, HIGGS & MATTER UNIFICATION

(3% FamiLy)

1<EY INGREDIENT ', EXTRA DIM
+ Susy

*A 6D, N=2 SWSY MoDE]
SUu(8) CAUGE SYMMETRY
T2/2, ORBIFOLD

6D, N=2 SYUSY=>4D, N=4Susy

U

ONKY CAUGE
SUPERMULTIPLET N BuLk
IN 4D ) N =1 LANGLLAG'E
D
T
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(D BULk ACTION
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6D
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ORBIFOLD COMPACTIFICATION :
2 EXTRA DIMENS]|ONS

TDEFINE' X+ tXg = Z
Xg— CXg = 2
CONSIDER T%/Zy Ovbfolds,
Zowz, w=l; n=2,3,4%6
TMPOSE THE TRANSFORMATIONS :
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Non-TRIVIAL CHOICE OR.
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CAuGE Bosons : (151,10 +(1,3,)+(1,1,3)
Fermions (4,2, D)+ (41, 2)

n eaC.L\ ‘gam{,‘g
Higes (1, 2,2) + -

7

“EW



SW(8) I-:_/—%
SU4) XSU@) ¥ S LR

X U X W)
’6\':7; = Ta Vo,
Swu(). ’ 5\:/(4%— Su(a), Sulg
L
_ [le_)l")o,a (4,2,])
. )0
_ /Y
Su(z)L\(4’l’9“)_ | \0’3’ )
SW@-)R\ZI-‘ ], 2
b ) 12 1
% 2973 </';1 ),_ <",13
~ +(|)I)l +
= X% makhx 7 >0) (I)l,)
na) Win

\6} i
’ , 63
- s > Z $ ¢



(I511) |(4,2.1) (4,1.2)

(7*)2 ) (1,3,1) (blZ)
(4)|)9-) \0)2 @ ('" 3)
:;7(4 2 ')2 LW C-a
(‘4 ) |1 . W

~2~3'
<I)2 7.)6 3

40



o4

((412)0 oW

(4”1 2. 3 " e

(1h2,2),, : @€

-]

FoR T2/26'. V= RV R
3> w’ RZ R
$ — w* Rik"
$¢—> wi R R

wWiTH Xx+y =1

§0LmTloNS:(Ta 0BTAIN CoRRECT

MAssLEss LPECTRUM
+N=1 Susy)

X V) X=5,9=2 X
Vl) X=0,9=46KX

') X=1,
1) x=2,

1=

'3

in x=3,9°<
I‘V) X<=4,

Q’ d-¢ =3, a-4=1, ¢-a=2

=5 X
q | v
=3|v




MASSLESS SPECTRUM : S‘M(Z{-)CXSM,(QLXSM(Z)R
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PHENOMENOLOGICAL  IMPLICATIONS

I Gamge- Yukawa uUmgfreation
N=] chival mulkplets Z, B, me alt
m the oame qowge mulliplet of D=6,
N=2 Susy- V/=(v, 2,9, §°)
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v
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Last year, we presented SU(8) model in 6 dimensions

— R
[Predlctlon.] 0} ]
B=R=H=W=="Y 01% 3
0.08 F . ;
3rd family 2N
Yukawa 0.06 F . 3
couplings : T 5
0.04 | DI
— In good agreement with experiment 003 ' - :
U AR T N T N AN T A N I ST N
0 5 10 15 20

log,, (WGeV)

[Other predictions:]

as(Mz) =0.123, my = m=174 GeV

my/my(Myz) = 1.77, |ta.n 6 =51 l
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MORE FAMILIES & MODEL BUILDING

WNIE|CATION WiTH TWO FAMILIES IN BULK :

A 50(1¢) wodel whk D=¢, N=2 Susy

(o] en'é |
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Maossless modes :
( Solution with a=3, X=4,9=3)
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MODELS WITH THREE FAMILIES
FRoM BuLk : FLAVOR SYMMETRIES

COBJECTIVE : Can we Obtaw Three
CL\L'voJ, —fa\mdlx«'es fmw\ b udk @'H?
l’tﬁe.aov»clréai Yukawa Cow})bw'gs ¢

 What  Shot of flovor oy mmerie’s
ttwi‘ leaa( ;{L.r'o?




1. SIMPLEST  MODEL -
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2. A SECOND M oDEL

613 N=2, B, 34 Sawu T/;_Lé"”“o“e"‘

Eq :i?SH(X')-é PS x b(a)
[33 = €3 + 7o

Toaz, §o6f, ¢ >w’ P
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63 Fo
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3~ FANILY MoODEL STARTING FRoM Ep

(Y- Mlmura + SN, W Progvess>

E%, —> Sodg)
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Ee —> S0(4) x Su ().
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RESuLTs So FAR -

To GeET 3 FAmMiLIES FRoM  Bulk
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Conclusions

EXTRA DIMENSION HAVE:

» Good theory motivation
* Observable experimental implications

TRUE UNIFICATION:

m Can unify all interactions as one gauge interaction

m Unify gauge bosons, Higgs, quarks, leptons in one multiplet

m Understand the origin of Yukawa interaction mm) origin of mass
m Testable prediction at LHC, tan(,b’) —50

mCan it also lead to three families with predictive flavor symmetry?

E——
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