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Introduction

Standard model(SM) explains many phenomena but still has problems

matter (fermions) gauge bosons
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1. Why three coupling
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Gauge group of SM:
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2. Where did Higgs bosons

—

come from?

Higgs bosons

https://higgstan.com/standerd-model/ Higgs bosons are only scalar 3



Extra Dimensions

Spatial coordinates other than that of 4-dimensional Minkowski sp.

Our world = 4-dim. Minkowski sp. X extra dimensions
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Gauge Higgs unified theory

Higher dimensional gauge field
Higher dimensional theory Ay = (AwAa)

y
Dimensional reduction

| 4 )
A-dimensional Extra dimensional

component 4, component Az = ¢gq
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4-dimensional theory
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Gauge symmetry breaking

[ 1 \ ¢4 appear as scalar

in 4 dimensions
Strong force Electro Weak force
magnetics




A; behaves as scaler in 4 dimensions

y*(extra dimensional coordinates)

Higher dimensional

Aa" — "¢a

M =0,1,..,4+d,
wv,p=20,123,
a=>5,..,4+d

Lorentz trf. in | 4-dim Lorentz trf. doesn’t
4 dimensions change Ag
A:(A4 0) xP > A, are scalars in 4-dim.
0 1
xV X M#*(4-dim.

Minkowski sp.)



Summary of introduction

« SM can’t explain following questions:
e The reason why 3 types of forces exist
e The origin of Higgs bosons

 Gauge Higgs unified theory is possible to explain them

* A single force split into three in four dimensions
« Extra dim. component of gauge field is candidate of Higgs
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2.Dimensional reduction of S2



Pure Yang-Mills Theory with S§% extra dimension

Pure Yang-Mills Theory with $% extra dimension:

wv,..=01,2,3

) M,N,..=0,..,0,¢
R: radius of S

1
S[Ay] = fd‘*x R%sin 8 d8 do (—ETr(FMNFMN)

Extra-dimensional component have following background:

<A9> =0 H;: Cartan generator
(A(p> = ®'H;cosb d!: constant

This satisfies the field equation of Ay VyFMN —ig[Ay, FMN] =0



Action of fluctuation around (4,,)

We consider the fluctuation 4,; around the background (A,): Ay = Ay + (Ay)

The field strength is changed:Fy,y — Fyny — ig[{An), An] + igl{An), Ayl

Then the action becomes as follows: | 1€s€ terms affect the mass of 4,
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Action of fluctuation around (4,,)

cos

L 5 . A | ¢B 1 B2 ; B . cos” 6 ; 2 B
LD §R Smé’A’u 5‘4D+ﬁ 04 L° —2— (Q(I)H??)A i0, + 5 (Q(I)Hi)A

. Ap

sin“ @ sin“ @

Necessary to diagonalize

To evaluate A4 H; Ay, we expand A4, as
H;, E,: Cartan Weyl basis

Au = Z ApHi Z Aulo [Hi, Eq] = a; Eq

1:Cartan 100t

Cartan Weyl basis is not Hermite(E;L =E_,)
= Aj is not real field
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Quadratic term of 4,

Surface term
Quadratic term of A, : Sy quad = J d*x d6 d@ L quaq + [ d*xdg|[sin 6 AHAOQA“A];O

1 , ; 1
L A quad =§R2 sin ¢ [A,u (D =+ ﬁLz) A (Affm are real)

)T 1 )2 2 a)r
+ oy AW {D+§(JU —ka)}A“U]

o:all roots

where r=1,2
1 1 cos 0 1
J2 = __— 9, (sinfOy) — 02 +2———kyi0, + ——k>
sin 6 0 ( 0) sin’6 ¥ sin® 6 7 sin%0 .
_ 1o cos 1, ke = 9 z dla;
=L 281112 Qkaz&p + sin” 6 Ko i:Cartan

Same as usual angular momentum operator L* if k, = 0 12



Algebraic structure of J()?

J (@2 have algebraic structure of SU(2)

If we define JZ.(C”) which satisfy j(®2 = j{®)?  jlo)2 4 j(®)2 5

COS sin @ J?()a) _ I

I =L — k, I = Lo — ke

sin @’ sin 0’
then, the commutation relation of Ji(a) is [Jfa), J;aj} = 1€k Jé“)

Eigenvalue of J®)?; positive half integer j
Eigenvalue of J?EC”) m=—j—j+1,..,j

Lagrangian should be single-valued = m, j are integer
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Eigenfunction of j(®)?

We can solve Eigenvalue equation: J(a)szajm =737+ 1) fr.im

Eigenfunction of J(®)?:

Im+k| lm—k| _ ,
fkim(0, @) = (sin g) (cos g) P.(lﬁltill’le_lﬁl)(cos 0)etm? (k means k, )
J = T

P,,fa’b) (z) is a solution of the Jacobi polynomial:

2

d d
(1—22)@— (a—|—b—|—2)z—|—a—b}£—|—n(n—|—a—|—b—|—1)] Plab) () =0

T

The surface term [ d*xd¢|sin 8 AMAOQAMA]Hzo should be zero

- k, is an integer and j > |k, |
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Kaluza-Klein expansion of 4"

LA DY p
SA?quad — /d4x > > A,u lm { R2 } Al'u;n

[=0 m=-—I1

)T _I_l k2 T
D DD DD op R CRECES SLAWE

a:all roots j=|kqs|+n m=—]
r=1,2  p—0.1,...

e B

The least mass of since j > |k,

/um

Only AEL“) E, which commute with background (A(p) = ®'H; cos 6 remains
as a gauge group in 4 dimensions
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Remained gauge symmetry

k, = 0 means «a is orthogonal to ® in root space:k, = gbla; =0

e.g.) SU(3)
T,
T 1 /3 ICD = (0,1) = SU(2) remains
“=\27
’ = — — => Completely broken
aq -+ a, = (1, 0)
= >
T3
1 3 ' (1 3

a, = (E’_7> D = (2, 2) = Conpletely broken

16
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Summary

. ]gulra/ature of extra dimensions effects the mass of the gauge
ields

« Gauge symmetry whose gauge fields commute with the
background ((4,) = ®'H; cos 8) remains in 4 dimensions

e Scalar fields appears after dimensional reduction in the gauge
theory with extra dimensions(HONDA san will talk details)

Future work
 Fermion can be coupled with gauge fields
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Back up slides



Due to the background, covariant derivative is changed:

Oy = Iy — ig[{An), |

[f M = @, then 8,45 > 9,4 — ik cosOA

0 (@) .| . cos o, cosy
Ly =1 (sin 0y + Z?je cOS 90(990) S = (sm PO + sing 70, o sin 0
0 sin

0 (o) — B COS . B —(20

Lo = —1i (COS 0y — Z?je sin (,0899) —> /2 ! (COS 0o sinf PO Ko sin 6

() _ _,
Ly = —id, T3 =10,
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cos 6
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A, cubic terms Ly cypic

+ ﬁsm@ [ ey {gf Be (gApa — 0,A94) AG A + g *fapcf DEABACADAE}

cos
Consider ¢ dependence — 5.2, (92 Hi), "ig/zop Ay A AL
of L .- 1, . 1 0
" A,czblc - + 5 R?sino {_ (9, A%) + Aads + —5- 440, + C‘;S i (g H, )5 AgoB} 9, ArA
en A,CU.biC 1S NO .
. 1 DD

single-valued + 3@ (BpAgi — Dy Agi) — oy sin b

1 1
+ 5 R sin {29 (0 A%) fapc A} AL + 59° fape fADEAfAfA”DA”E}

. 1
+ sin @ {ngBC (0, Aga — OpA,n) AP AY + igngBcfADEAEAgA”DAE})
21



Example: ST dimensional reduction

Sl

1
S — fd4xR d(p <_ZFMNAFMNA) 1,

Expand 4,,(x, ) w.r.t. S coordinate ¢ :

zmcp
,uA ) (10 E ,uA m (37

m=—0oo

LPA z,¢) Z \/7(3514 m( iy

m=—0C
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