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P 1. Problems of the Standard Model

p 2. the higher-dimensional theory

1. Extra-dimensional component
appear as Lorentz scalars.

11. Extra-dimensional momenta

........ X Extra-dimensional generate a mass.

/ v space 111. Extra-dimensional geometry
X could cause symmetry breaking.

* Unification of the gauge group Minkowski spacetime

* The origin of the Higgs boson

* Yukawa coupling constants A clear understanding of

gauge symmetry breaking
1s essential.
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Our study: Gauge symmetry breaking by extra-S# curvature.

A, « cos 6 1s a non-trivial classical solution.
= [Introduce a background field (A,p) = 1 cos@ .

Set up
. . . . [ ° y . .
* Metric: Gy = diag ( L, -1, -1, —1, _R27 —R?sin” 6 ) : Redefined gauge fields /Cartan-Weyl Basis: \
e Coordinates: XM = (x“,y&) = (z", 0, ©) : Am(X) = A (X) + (Awm) Av= Y AyH+ Y AYE,
. I — 10 a artans «: all roots
« EKuler-Lagrange equation of YM sector: I (A“ (X), Ag(X), Ap(X) + pcos 9) \ o }
I . .
by i s 1 *° Lagrangian:
VBFﬁ — 19 {AB,Fﬁ } =0 I ) o . Fun = 0u(An + (An)) — On (Anr + (Aur)
| 5= [ d'wdsdp Bsin0{ ] alFunF }} —ig[Au + (Aur), A + (Ax)]
I \
I
!

1 :
— / d*z df dp R*sin6 - =5 tr[Fp FHY) = tr[Fa FH4] - tr[FQ@FW]}

Gauge symmetry breaking with S- 1 = uiH; (constant)

chosen along Cartan.

P 6. Quadratic terms of four-dimensional gauge fields AFL » 8. Quadratic terms of extra-dimensional gauge fields Ag, Aq;l

fauadratic _ 1 L p2ang { A ( n 1 Lz) Abi 4 4o { s J(a)Z} AW} | Ag, A, are interpreted as scalar fields:
9 R2 % p R2 % 1
Kaluza-Klein expansion A9 — sin 9 D‘qu + DQX
r z
2 : — 3
A (z,0,0) = :: %A,ﬂzm ) Yim (6, ¢) , A, =sin0Dyp + DX (DM—aM ig [(Am) '])
< [ O(())m——l
A% (x,0,0) = Z Z —Aﬁ im(T) Vkaim(2,0) ko = g (1) Cb as a physical scalar boson, X as a Nambu-Goldstone boson.
\. j=lka| m=-j T
quadratic 4 l l(l + 1) [T - ’ —« j(] + 1) _ ki ,u,oz- quadratic L . 2 i 2 9 2 f 9 29 4
Sgauge = /d ;mz_:_lfl“ lm{ 22 }Azm -|-j§|k:a|m;j A“’jm {D — 72 }Ajm_ : EeXtri gauge = 5 sm@{gbiD (L*¢%) + v; O (L Z) 4 ﬁ (L ng,L) (L gb%) 4 — (L X@) (L XZ)
(Here, we omit the gauge-fixing term.) + ¢~ U (j$)2¢a) + x 0 (J(Q)QXQ) — 2tko ¢~ “Ox™
1 r(—)2 | —« ()2 Lo o Lo 5 r(—o)2. —« r()2 ., o
Kaluza-Klein masses +ﬁ(J( o) (J% >_R2 ka0 +ﬁ(‘]( ) (7% )}
e (Cartan components, | Kaluza-Klein expansion | (§* gauge-fixing parameter)
. | ' — '« For root components with k, # 0, S o V2
root components with k, = 0, 5 a ' () (, 0, p) = S: S: D o7 (X7 ) (1) Yim (0, ),
! e/ [=0 m=—j
[(l+1)  massless mode exist ! jU+1) — kg No massless ) :o j /3
R2 (1 = 0) | R2 modes... GERLROR 2“; | > TR & ) (@) Vhejm(2,9) |
j=|ka| m=—j
‘ o0 [
Result sgadrace — [ d%( > 3 (ot { 0 T bt —xin {0+ € |
[=0 m=—1
When k, = 0, that is, commuting .With. baquround fields, s Z [_¢i?m{m+ Ug;gzj;f?)lzfi}w,jm
the gauge symmetry in the a-direction is unbroken i=lka| m=—j oy :
. . . —a JU+1) -k . - 1 e
1n four dimensions. ~ Xgm {mf R? }Xﬂ'm e ¢meij]) |
(We treat these cross terms perturbatively.)
p 7. Simple example: gauge group = SU(3) T * 9. Details of SO(8) operators s - |
i 1 N cos 6 cos® 6 |
Li: 98931n989 . 2963) J;)Q—LQ -9 9]{ Z({J)(p - ki
Ex. 1) for background u! + u?, Sin S sin® S
. (the angular momentum \,_/ | |
k 1423 #* 0 operator ) a(p _ (990 — ik, cos® ke 1s defined by ‘
(for all root) Consider covariant derivative ! 9 [<A(‘0>’ Ea} — 9 (N . 05) Ea
N SU(3) N U(l) X U(l) . ''''''''''''''''''''''''''''''''''' Eigenfunction;s / Eigenvalues
L2V (0,9) = 10+ 1) Yiu(0,9) | (T +R2) Yy 6,9) .
Ex. 2) for background u! — 2, | o
kal’az ioi E < 7l ) l7_|_1 l E 4 ‘kg‘2071’2’... ;
— | m = —i,— y T i :
kg =0 \ Z j=lkal, kol + 1, ko] +2,--
= SU(3) - SU(2) x U(1). k,: restricted by | . m=-—3,—3+1---,7
-------------- vanishing surface terms.

/ H,, H, : Cartan generators of SU(3) \
: simple roots

B :‘root (= al+ a?)

\ ul, 12 : fundamental weights (Mi o) = %51‘1‘) /  We obtained gauge symmetry breaking in a higher-dimensional
theory with S? as the extra dimensions. This breaking was induced
by a background field originating from the curvature of S2.
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