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We consider general 5-dimensional gauge theories compaetil on an
orbifold S;=Z, with all elds propagating in the bulk. We propose a gener-
alized set of boundary conditions and derive the general faares of the low
energy-spectrum. The results are illustrated with two simgde examples.
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1. General features

Theories inn > 4 dimensions are based on solutions (assumed or exhib-
ited) to the n-dimensional Einstein equations that containn 4 compact
dimensions whose typical size we denote by. These models can be con-
veniently divided into large and small extra dimensional theories, subdi-
vided into models containing branes and those that not.

Large extra dimensional theories [1] assumie to be of sub-millimeter-size
and that all elds but gravity are con ned to a 4-dimensional subspace (the
brane ). In these models the electroweak scalg is the only energy scale,
and the Planck mass is a derived quantity equal toMp, = v(vL)(™ 42,
However,Lv  1lis also required, which can be maintained only through ne
tuning. In addition there is no inclusion of the brane-induced gravitational
e ects and, nally, there are complications when implementing the con ning
mechanism.
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The simplest model with small extra dimensions containing banes [2] is
obtained from an explicit solution to the Einstein equations with one or two
branes, assuming that the main brane contribution to the enegy momentum
tensor comes from the brane cosmological constants. This rdel (and its
extensions) have the virtue of relating the Plank and weak sales through
a metric-induced exponential conformal factor that naturdly implements
the hierarchy GeM3 ~ 1whenL 1TeV ! This, however, is achieved at
a price: the brane and bulk cosmological constants must be @popriately
tuned to achieve this e ect. In addition the perturbative ex pansion around
the solutions obtained produces a zero mode, indicating thathe obtained
con guration is marginally stable.

Finally, the universal extra-dimensional models [3] al® assume small
extra dimensions < 1TeV 1) but now without branes; the compact di-
rections are at and that all elds propagate throughout the n-dimensional
space. These models avoid phenomenologically unacceptalgeviations from
low-energy physics because of the absence of vertices coniag a single
heavy leg (a consequence of momentum conservation) [3]. Butheories
contain dimensional non-renormalizable couplings (as ahigher-dimensional
theories) which imply the presence of an energy scale (the cut-o ) beyond
which the theory cannot be applied (at least perturbatively). Despite this
such models have the virtue of containing scalars whose massdo not su er
form O( ) corrections, these being instead(1=L) [4, 6].

In this talk we will consider a 5-dimensional universal modecontaining
only gauge- elds and fermions. We will describe a very genat type of
behavior for the elds under the symmetries of the compact sbspace, and
derive some of the associated consequences, concentratioig the possible
light spectra present in such models. These features are theillustrated
with 2 examples (we do not address the stability of the assuntespace time
con guration, nor do we consider any gravitational e ects). The ultimate
goal of these models is to construct a realistic theory withot including
fundamental (5-dimensional) scalars; as far as the authorknow such model
does not yet exist, still, we hope to show that these theoriesre su ciently
interesting to warrant further study.

2. The Lagrangian
The Lagrangian is assumed to have the form

1X 1 2
i + i ND M 1
4 a gg MN N ()

where all fermions have been lumped in a large multiplet , the covariant
derivative equalsDy = @ + igsAJ Ta wheregs  (mass) 122 (which is
the dimensional coupling mentioned previously) and theT, generate the
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(in general reducible) representation carried by the fernons. The gauge
coupling constants have been written ag,0s with g, dimensionless, and the
gauge elds were then re-scaled appropriately; they, have the same value

for all indices a within the same factor group. M; N;::: = (0;1,2;3;4)
denote 5-dimensional space time indices with the rst four corresponding
to the usual Minkowski space (labeled by Greek letters; ;::: ); the last

index corresponds to the compact direction and we usg* = y.
Considering the most general properties of this model in a ¢opact space
it proves convenient to de ne a fermionic multiplet by

= c ()

where ¢=C T: C= ; 3. Interms of we nd

1X 1 2
L= Z g_gFl\aﬂlN +

a

i N\Dy M 3

NI =

where

. T, O
Dn = @ *+ igsAf a;  a= 5‘ T+ M=

a

M 0
o M @

L is invariant under P and C discrete symmetries de ned by

P: (x%xxHt (x% %x%; 1 o4
C: %= 5 (5)

In writing the Lagrangian in terms of  we must insure that no new
degrees of freedom are introduced; this is implemented by & constraints

=i 2°% 12a12= a,[ 3 al=0, which follow form the de nitions 2.

3. The 5-dimensional space time

We consider a space of the form ( =Q) where denotes the
4-dimensional Minkowski space time andQ is a discrete group with two
elements &* = y denotes the coordinate of ):

(i) Translation, y! y+ L, whereL denotes the size of the compact sub-
space;
(i) Reection, y! y. Both of these act trivially on [5].

1 In terms of the usual Dirac matrices we chose n =( o0; 1; 2; 3;1 5).
2 In these expressions the ; have the standard form except that the entries are replaced
by unit and zero (square) matrices of size equal to the dimension of
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Under translations we assume that the elds transform accaoding to [7]

y+L = WM+ O

y .
Ay 0T = ARy 0 (P

U( T,)U: (P2); ©)

where and are constant matrices andU;; i = 1;2 constant gauge trans-
formations. The above expression is a generalization of thesual assump-
tions which correspond to choosing?1 and = 0; the possibility of having

non-vanishing stems from the charge symmetry of the original theory. It
is clear, however, that this matrix can relate only componets in  that

correspond to non-complex representations of the gauge agrp (else gauge
invariance would be compromised). The possibility of havig the trans-

formation P2 for the gauge elds is suggested by that of the fermions; in
contrast with these, however, no linear combination of? 1 and P2 is allowed

since it does not leave theF 2 terms in the Lagrangian invariant.

The observation that one can add transformation rules involing  and/or
U, is one of the main point of this talk. The presence of these tens allows
for a much richer phenomenology in these theories and, in pacular, for
wide variety of spectra in the low energy theory.

In terms of the above expressions become

AL (Y+L)= aAR(Y); (y+L)=A (y); A= , ()

where  (whose sub-index denotingP 1 or P2 is suppressed to simplify the
notation) is determined by the expression olJ; in the adjoint representation.
The matrices A and  must satisfy

A AY= pap; AYA= ;5 LA =A (8

the rst two constraints are required to guarantee the invariance ofL under
these transformations, the last constraint follows from tre de nition of A.
Similarly, under re ections

AVC Y= TaARY) (V)= 5B () ©)
with the corresponding constraints
B aBY= Tpab; BYB= ; 2B o= B (10)

In addition to the above restrictions the transformations (7), (9) must
provide a representation ofQ. Using the factthat y=[ (y+L)]+ L and
that ( y)=ywe nd

ABA = B; -~ =~; B?= ; ~2= (11)
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Finally, under gauge transformations, 'O , O = exp[i! 5 a] Where
the O must satisfy O(y + L) = AO (y)AY ; O( y) = BO(y)B.

The fermion mass terms may allow for a phenomenologically adistic
low-energy spectrum. The matrix M is restricted by requiring invariance
under Q and under the local symmetry group

[M;A]=0; fM ;Bg=0; M; a]=0; (12)

alsoM = MYandM = ;M T , (form the de nition in Eq. (4)).

The models we consider are then de ned by the Lagrangiar., which
speci es the dynamics, as well as by the matrices ; ~; A and B that
determine the behavior underQ.

4. Light spectrum

Universal higher-dimensional theories must satisfy the nmiimum con-
straint of generating the experimentally observed light sgctrum; because of
this it is of interest to derive the general properties of thee excitations. To
this end it proves convenient to expand the various elds in Fourier modes in
the compact coordinatey, the coe cients are then 4-dimensional elds for
which the action of @ generates a mass term. It follows that ally-dependent
modes will be heavy (mass 1=L) and that light excitations are associated
with y-independent modes.

The light gauge bosons will be denoted byA? and the light fermions by

©), the light modes associated withAy =4 behave as 4-dimensional scalars
and will be denoted by » = Af_,. Using the y-independence of these
modes and the behavior of the eld underQ we nd

a _ B _ ~ AD.
AT = AT T
ro_ §_  ~ 8.
= re = rs

O =aAO©= g O®: (13)

Light particles are associated with+1 eigenvalues of two matrices+ and
+ = for the gauge bosonsy and ~ for the scalars; andA and 5B for
the fermions.

5. Simplifying the constraints

The above set of constraints (8), (10), (11) can be simpli edby an ap-
propriate choice of bases. One can then take

B= ; = ; (14)
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(the 0 and matrices in B must have the same dimensions; this is not the
case in 7). In this basis we have

~ . o . ~ . - 0 :
!+1.—0 ; ! 1: = 0 (15)
It follows from (13) that the rst of these expressions detemines the cou-
plings between light fermions and light gauge bosons; singtly the second
type of matrices in (15) determines the Yukawa couplings in le light theory.
For the fermions, using (13), (14) and the constraint @ = | ©¢we
nd
©) = Lo (16)
L
Extracting from L the terms that contain only light elds, we nd the
usual gauge terms for theA?; the gauge-invariant (under the subgroup asso-
ciated with the A?) kinetic terms for | and , as well as the | Yukawa
terms. The mass term inL can generate Dirac and/or Majorana terms for
the | depending on the choices ofA; B; and ~. Note, however, that
the form of L disallows any tree-level potential for the ; it follows that at
tree-levelall 4-dimensional bosons are either massless or have a mas4=L.
If these models are to be phenomenologically viable, they nsti be able
to generate masses for some of the vector bosons at a charadtc scale
\Y 1=L. This symmetry breaking step cannot be associated with the
behavior of the elds under Q which necessarily produces non-zero masses
of order 1=L. But it can result from radiative corrections since these will
generate a non-vanishing (e ective) potential for the at 1 loops. This
opens the possibility that these models will undergo two stges of symmetry
breaking: the rst generated by the behavior under Q and the second, at
a presumably lower scale, generated radiatively by the scails. Though we
have not yet succeeded in generating a phenomenologicallyiable theory
along these lines, we do have examples where these features eealized.

6. U(1) example

We look for a U(1) gauge theory [7] where theQ transformations in-
duce the breakingU(1) ! nothing while generating a massless (at tree-level)
scalar. We include rst a single fermion avor, then the condraints are all
satis ed by the choices = ~ =1 and

_ ) _ cosu sinu | _ ) _ .
B_ 3 A - Slnu cosu ) M - 2 - g 2 (17)

where denotes a mass parameter angd the gauge coupling.
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The treg-level light spectrum of this model consists of a Majrana fermion
with mass 2+ (u=L)2 and a neutral massless scalar. The 1-loop e ective
potential is given by [4]

h i

Ve = < Lis( )+3xLis( )+ x°Lis( ) (18)

1
4 2|_4

wherex = L and =exp[ x+i(u gLh i)] which is plotted for one
and two fermion species in Fig. 1. In the two- avor case the pesence of
a heavy fermion can lead to a vacuum expectation valud i  1=L.
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Fig. 1. The e ective potential for the U(1) model. Left: single fermion species with
L =0:01 Right: two fermion species with ;L. =0:01; ,L=0:008 u;=2:3;u,=0
and chargesl and 1=2; note that for u; the tree-level mass is 2:3=L.

7. SU(2) example

We look for an SU(2) theory where the light sector is invariant under
a U(1) subgroup and contains one complex scalar. We include 2 ferom
doublets.
All the constraints are satis ed by the choices
= 3; T~ =diag( 1;+1; 1);

B=diag( 4, 4);: A=diag( 2 2, 2, 2):

, (19)

where =diag( 1;+1; 1;+1) and are real.
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Using (13) these expressions show that the light (tree-levespectrum)
consists of aU(1) gauge boson, one Dirac fermion of mass. and one
charged scalar. The one-loop e ective potential has a formimilar to (18)
and is plotted in Fig. 2. This plot seems to indicate that the U(1) symmetry
is broken and that there are in fact no massless vector bosondhis is not

the case: the masses of the vector Fourier modes ame, =2 n=L +2gh i;

at tree level h i = 0 som{™®® =2 n=L and we identify the U(1) gauge

boson with the n =0 mode. At one looph i = =(Lg) so that m{'*° =
2 (n  1)=L and we identify the U(1) gauge boson with then = 1 mode.
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Fig. 2. The e ective potential for the SU(2) model; L =2:0; L =0:001

These results suggest that with the proposed transformatio properties
(7), (9) these theories could generate the correct low-engy physics. The
di culty lies in constructing an e ective potential that ha s the right value
of h i. This apparently necessitates the introduction of additinal fermion
representations which, however, need not be light and woulahot spoil the
light spectrum. These models are currently under investigaon.
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