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|. Standard Model

Players in the standard model;

* Matter Quarks Leptons
u C t | ve Vy U,
d S b || e L4 T
» Gauge particles g, W=*,  Z ~

Quantum field theory with chiral gauge symmetry | SU(3). x SU(2)p x U(1)y

SU(3). - -+ strong interaction (nuclear force, QCD)

weak interaction (G decay)

SU2)L xU)y --- { electromagnetic interaction (QED)



Quantum number

Higgs mechanism;

mass for {

Players spin | SU(3)., SU((2)r, U(1l)y
g (8, 1, 0)
W 1 (1, 3, 0)
B (1, 1, 0)
Qr = (u,d) (3, 2, %)
UR (3, ]_, §)
dr 5 3, 1, 3
Ly = (ve,e)L (1, 2, )
CR (1, 1, —1)
(VR) ( , 1, O)
¢ (Higgs) 0 (1, 2, 3)

(@) 70

SU@3).xSUR2), xU(1l)y = SU
gauge particles W=, Z « (one of the mixing between 1/ and B)
fermions, Higgs(not found yet) (mg 2 114 (GeV) by LEP I, Il at CERN)

(3)e X U(1)em



[consistent with almost all the experiments ]

*x We expect the Higgs is found at LHC ('07) at CERN

Shortcoming

e many free parameters, 18
3(gauge couplings) + 9(quark, lepton masses) + 4(KM matrix) 4+ 2(Hiss sector)

e no predictability in the Higgs sector
Higgs mass, self-interactions,: - -

e fine tuning problem in the Higgs sector (hierarchy problem)
quadratically divergent quantum corrections for the Higgs mass, dm% ~ A?
(suffered from UV effects, fine tuning of (107'7)? for A = M, ~ 10" (GeV))

— [beyond the standard model}




Namely, e —> lack of symmetry principle

e Supersymmetry (SUSY): (bosons < fermions)

allowed symmetry in quantum field theory,
the last symmetry (in a sense) . Coleman-Mandula, Haag-Lopuszanski-Sohnius)

superparticles --- ¢ (selectron) < e, 7 (photino) < v

C. SUSY breaki
— dm?% = 0, no quadratic divergence ( 25ne dm3; ~ O(v?))
* light Higgs boson < 130 GeV
* gauge coupling unification

*x dark matter candidate, et.al.

We would like to consider ﬂHigher dimensional gauge symmetry }
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Il. Gauge-Higgs unification; unification of spin 1 and spin O fields in A
We consider a gauge theory in higher dimensional space-time

MP — M* x (compact manifold) (extra dimensions are compactified)

compactification { A, — 4Dim. gauge bosons + KK modes,
A/l —

A; — 4Dim. scalars (the Higgs) + KK modes

Why is this attractive ?

* The D-dim. gauge symmetry forbids the divergence for the Higgs mass
= finite Higgs mass (no UV effect on the Higgs mass)
= resolution to the hierarchy problem

* The D-dim. gauge interaction governs the Higgs self-interactions
= no free parameter in the Higgs sector («— model building)
= predictability in the Higgs sector



¥ What does the gauge-Higgs unification look like ?
A simple example; 5 dimensional QED on M* x S'!

2R . B X
S = / dy / d*z —F SR 4 UiTH (9, — igAp) U

Specify boundary conditions (B.C.'s) of fields for compactified directions

(E(:I:, y+ L) = L(x,y); singlevalueness, L = 27‘(‘R>
We choose Periodic B.C. Aj(z,y + 27R) = Ap(z,y), ¥Y(x,y+21R) = V(z,y).

- 27N

Mode expansion - -- A, (z,y) = — Z A(An)(a:) e LY, n:Kaluza-Klein mode



Sgauge = / d'z —=F)F O 1 20, AP 0" AP

1 /2mn)\° iL ’
F(n)*FW(n) 222} (A 4 2 9 4(n)
+Z +2<L) meo 2am MY
n#0
a massless gauge field, Aéo) .-+ a "massless” real scalar field,
massive spin one field, A?(Jn) .-+ unphysical mode (eaten by AEL”))

[The zero mode Aéo): physical scalar field J




Importance of the gauge invariance;

5 dim. gauge transformation in terms of 4 dim. language

AP () = A (@) + 0,00 (),

AP (@) = AP @) +Zm,  (G=E) -+ (1) shift symmetry
o (A) §L<A§0)> = 2mm — (A?(JO)> = 0 ; gauge equivalent
(1) implies that 0 0
(B) gL(A"Y = 0(£2rm) — (AYY =0 inequivalent
AN /

physically distinct configuration (6; mod. 27)

The constant 6 cannot be gauged away, and the VEV is
physically meaningful, reflecting the topology of S*.

generalized to nonabelian gauge theory



Aharanov-Bohm effect; @ = B x nR? <= g §.1 dy(A,) =0
e similarity; interference pattern by ® <= 0; spectrum of the theory
o difference; a parameter, ® <=  determined by the effective potential for 6

M* x St
G =U(1), fermion contributions (P.B.C.)

vor r(5/2)

V(0) = X (4NF) x—xZ—cost

e Summing up all the K-K modes, n (shift symmetry ; A, — A, + 27wm/gL)

original gauge invariance, quantum corrections in extra dimension
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The behavior of

o o
1 : "
Z ﬁcos(ne) — Re Li5(e29), where Lip(z) = Z ;—D (Polylogarithmic function)
n=1 n=1
2 3 4 5 6

-0.5¢




o V.rr(0); radiatively generated,
only gauge invariant; W = exp(ig fsl dy A,) the Wilson line phase
= Vers(0) = Fere(W); nonlocal form = no UV effect on the potential = finite

avegef(e) = 0 = 0 = 0y = m; dynamically determined (no free parameter in the scalar sector)
0%V, ¢ (0
o gfg() ~ mass term for A?(JO)
0=0,
0?V, ¢ ¢(0) G2
2 2 eff o g o
mAy = (gL) 862 = SNFC(S) X ﬁ (flnlte)

0=0p=m

A:,(JO) (scalar) becomes massive after taking into account quantum corrections.
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[Il. Toward a realistic model

5 dim. model M* x S'/Z, (an orbifold compactification)
identificatuions; S - -y ~y+27R, Zy---y ~ —y

= 0 <y <7mR with two fixed points

start with SU(3)
gauge group A, = Aa% =(A4,, Ay)

(_7 _)
(= —) > zero modes (4, +) = SU(2) x U(1),
(+,+)

(+, +)
(+,+) zero mode (+,+) = an SU(2) doublet = Higgs

(_7 _)

) = (D) = QWR\%<<XS>), where (A%) = giR — v
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The kinetic term for the Higgs,

L () G2

2
2R a p
/ dy —tr(F,,F") = | (8,1, _ igAZ(O)% _ i(\fg)Aim)> d
0

* 8 1
x 8€SUB)=3082,,,82 ,,81l, Qv =4 =diag(} i —

It is possible to identify the Higgs field with a part of the component gauge field
in higher dimensional gauge field.

What has been known:

e The correct gauge symmetry breaking, SU(2)r x U(1l)y — U(1)enm can be
realized
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; SU((2) x U(1)



[A]

V_{eff}7{T=0} (]\]'a,d'77 Nfd) NS

0.0075 adj’ N;d)(_'_) — (27 37 07 1)7
ooozzz (Nadj’Nfd7N§dj’N;d)(_) — (27 17070)7
. 0.02 0.04 0. 06 0.08 01 °? ag =~ 0067 U(l)em

[B]

V_{eff}~({T=0}

(Nadj, Nta, N}

0.004 a,dj7 N;d)(—'_) — (27 37 07 2)7
ZZZZ (Nadj’ Nfd7 chdj’ N;d)(_> — (27 17 07 1)7

L apg = 004, U(l)em

p 0.02 0.03 0.04 0.05 .06 0.07
-0.001
-0.002



e The size of the Higgs mass depends on the bulk matter. It is possible to obtain,
for example, that

myg ~ 115, 130 GeV, (a ~0.06, 0.04)

which corresponds to R~! ~ 4, 6 TeV = the size of the KK excitations
new phenomena at around TeV region

What we have to do;

e constructing realistic models (under investigation)

- . 2 _ _ (V39 )
* the Weinberg angle, sin“f0y = 3/4 ( = (V392

* fermion mass spectrum («+— gauge interaction alone)

e studying new phenomena (KK excitations et.al.) expected in the scenario of
the gauge-Higgs unification (< experiments, LHC, ILC)
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