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We analyze some features of the role that extra dimensions, of radiusR in the TeV21 range, can play in the
soft breaking of supersymmetry and the spontaneous breaking of electroweak symmetry. We use a minimal
model where the gauge and Higgs boson sector of the MSSM are living in the bulk of five dimensions and the
chiral multiplets in a four-dimensional boundary. Supersymmetry is broken in the bulk by the Scherk-Schwarz
mechanism and transmitted to the boundary by radiative corrections. The particle spectrum is completely
predicted as a function of a uniqueR charge. The massless sector corresponds to the pure standard model and
electroweak symmetry is radiatively broken with a light Higgs boson weighing&110 GeV. Them problem is
solved and Higgsinos, gauginos, and heavy Higgs bosons acquire masses;1/R. Chiral sfermions acquire
radiative squared-masses;a i /R2. The effective potential is explicitly computed in the bulk of extra dimen-
sions and some cosmological consequences can be immediately drawn from it. Gauge coupling running and
unification are studied in the presence of Scherk-Schwarz supersymmetry breaking. The unification is similar
to that in the supersymmetric theory.@S0556-2821~99!04621-4#

PACS number~s!: 11.30.Pb, 04.50.1h, 11.10.Kk, 12.60.Jv
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I. INTRODUCTION

The standard model~SM! of strong and electroweak in
teractions is being tested by present high-energy colliders
energies&200 GeV and is proving to describe the corr
sponding interactions with great accuracy. By the same to
those experiments are putting limits on the scale of n
physics, suggesting thus that extra matter, if it exists, is o
relevant in the TeV scale range. In particular these limits
apply to the best motivated of the phenomenological lo
energy extensions of the SM, its minimal supersymme
extension~MSSM!, putting bounds around the TeV scale o
the mass of the supersymmetric partners. On the other h
the origin of the electroweak symmetry breaking~EWSB!
mechanism remains as the missing building block of the S
or any low energy extension thereof, given the fact that
Higgs boson field has been shown so elusive in all exp
ments to the present day. In the context of the MSSM
problems of the origin and stability of the EWSB scale a
alleviated because the latter is related to the scale of su
symmetry breaking, and it is further protected against rad
tive corrections by supersymmetry: the sensitivity of t
Higgs boson squared-mass to the high scale is not quad
~as in the case of the SM! but only logarithmic. However the
origin of supersymmetry breaking remains the big unsolv
problem in these theories.

The presence of supersymmetry in the low-energy ex
sion of the SM is further supported by the fact that consist
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fundamental theories aiming to unify gauge and gravitatio
interactions at high scales~string theories! are supersymmet
ric. A common feature of these theories is the presence
~compactified! extra dimensions. If all dimensions are sma
of the order of the Planck or grand unified theory~GUT!
length, their detectability is outside the scope of presen
future accelerators. However, if some radii are larger, th
might have a number of theoretical and phenomenolog
implications@1–4#.

From the fundamental point of view the presence of la
extra dimensions has been proved to be essential to des
the strong coupling regime of certain string theories@5#,
while TeV scale superstrings have been constructed@6–8#.
From the more phenomenological point of view the prese
of large dimensions can play a prominent role for gau
coupling unification@9–12#, for neutrino mass generatio
@13#, to provide possible alternative solutions to the hier
chy problem@14–18#, and as a transmitter of supersymmet
breaking between different boundaries@19#. On the other
hand theories with a TeV higher dimensional Planck sc
predict modifications of gravitational measurements in
submillimeter range@20#, while some features of TeV scal
quantum gravity theories have recently been worked
@21#. Moreover, the usual problems which arise in any fu
damental theory, as, e.g., the proton stability and flavor c
servation problems, become more acute when the fundam
tal ~string! scale is hierarchically below the Planck scale. T
most natural solution to those problems usually arises fr
the presence of some discrete gauge symmetries (ZN) in the
fundamental~string! theory, that are protected against grav
tational radiative corrections and can suppress dange
higher dimensional operators corresponding to proton de
©1999 The American Physical Society08-1
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and flavor changing neutral interactions. Finally experim
tal detection of TeV radii in future accelerators has be
proposed as an unambiguous signature of large extra dim
sions@22,23#.

In the above theoretical constructions, where compac
cation scales are in the TeV range, it is therefore temptin
assume that both the compactification scale of large dim
sions and the scale of supersymmetry breaking have a c
mon origin. This is the case if supersymmetry is broken b
continuous compactification along the compact dimension
means of the so-called Scherk-Schwarz~SS! mechanism
@24,25#. The SS mechanism has been recently used to b
supersymmetry in sectors with which we only share grav
tional @27,28# interactions~gravity mediated scenarios! and
also in sectors that share gauge interactions with the obs
able sector@29–32# ~gauge mediated scenarios!.

In this paper we will restrict ourselves to the latter sc
narios, where both the compactification and the supers
metry breaking scales are in the TeV range and can t
leave a characteristic signature in the present or next gen
tion of high-energy colliders: these scenarios will in this w
be testable in the near future. In particular we will conce
trate in simple five-dimensional~5D! models where SS com
pactification acts on the fifth dimension, as those presen
in Refs.@30,32#, where the main features of electroweak a
supersymmetry breaking already appear. In this sense
approach will be a bottom-up one, but keeping in mind tha
might possibly appear in compactifications of some m
fundamental higher dimensional theory. However, as we
see the resulting low energy theory will show very little se
sitivity to the physics at the high scale~cutoff!.

The plan of this paper is as follows. In Sec. II we w
present the simplest MSSM extension in 5D, compactified
S1/Z2, along the lines of the model analyzed in Re
@30,32#. All nonchiral matter~the gauge and Higgs boso
sectors! will be placed on the bulk of the fifth dimensio
while chiral matter~chiral fermion supermultiplets! live on
the 4D boundaries. The corresponding 5D and 4D tree-le
Lagrangians and their interactions are explicitly written
Secs. II A and II B, including contact interactions, betwe
fields in the bulk and the boundary, which are necessary
the consistency of the theory. Supersymmetry is broken
the SS mechanism in the bulk, using the U(1)R R symmetry
of the N52 supersymmetry algebra. The resulting massl
spectrum contains just the SM particle content plus the s
mions living on the boundary that do not have excitatio
along the fifth dimension and thus do not receive any m
from the SS mechanism. One-loop radiative corrections
be studied in Sec. III for the bulk, Sec. III A, and the boun
ary, Sec. III B. In the bulk the one-loop effective potential,
the background of the Higgs boson field zero mode, is co
puted and found to have a closed analytic form in terms
polylogarithm functions. The Higgs boson squared-mas
the origin is computed by diagrammatic methods and sho
to agree with that obtained from the effective potential: it
positive definite in the minimal MSSM extension, whic
asks for radiative corrections on the boundary to trigger e
troweak symmetry breaking~a common procedure in theo
ries where supersymmetry breaking is gauge mediated to
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squark and slepton sector!. Radiative corrections on the
boundary are computed in Sec. III B by using diagramma
methods. Supersymmetry breaking is mediated by gauge
Yukawa interactions from the bulk to the boundary. Expli
expressions are given for soft-breaking terms. In particu
soft masses for sfermions and trilinear soft-breaking c
plings are computed. Because of the presence of the
dimension the breaking is extremely soft and does not
pend at all on the details of the ultraviolet physics. The s
masses can then be predicted as a function of a uniquR
charge. Electroweak symmetry breaking is analyzed in S
IV. It is triggered~as in gauge mediation! by two-loop cor-
rections induced on the Higgs boson mass at the origin fr
sfermion soft masses on the boundary. These corrections
numerically relevant, due to the smallness of the bu
generated positive Higgs boson squared-mass, and mu
the leading two-loop corrections to the effective potenti
Minimization of the whole effective potential leads to ele
troweak symmetry breaking at the correct scale with a li
SM-like Higgs boson and very heavy supersymmetric p
ticles. The rough features of the mass spectrum are as
lows: the Higgs boson mass is bounded by&110 GeV,
squarks and sleptons have masses;1 TeV while heavy
Higgs bosons, gauginos and Higgsinos weigh;10 TeV. The
model does not have anym problem in the sense that the S
mechanism provides an effectivem parameter;1/R. It pre-
dicts a light Higgs boson, which means that it can be prob
at the CERNe1e2 collider LEP, and a right-handed slepto
as the lightest supersymmetric particle~LSP! which can gen-
erate a cosmological problem unlessR parity is broken or
there are light right-handed neutrinos@32,33#. Other alterna-
tive models with heavier Higgs bosons and a neutralino
LSP have been discussed in Sec. V. The most obvious
sibility is having the chiral and gauge sector living in th
bulk of the fifth dimension and the Higgs boson sector on
boundaries. These models suffer from them problem and
present some experimental peculiarities. Finally the issue
unification in the presence of SS supersymmetry break
has been studied in Sec. VI. We have shown that ga
coupling running for the theory with SS supersymme
breaking proceeds as in supersymmetric theories. In part
lar we have shown that the dependence of the gauge
pling running on the SS breaking parameters is extrem
tiny, and corresponds to one part in 107. Section VII contains
our conclusions and Appendixes A and B are devoted
present some technical details corresponding to the prob
of gauge fixing in the 5D theory and the calculation of t
effective potential.

II. TREE-LEVEL LAGRANGIAN

In this section we present a simple model based on
N51 5D theory compactified onS1/Z2. The gauge secto
and the nonchiral matter live in the bulk of the fifth dime
sion. In the minimal model the nonchiral matter consists
the Higgs boson sector. In nonminimal models we could a
any vectorlike extra matter, as, e.g., SU(2)L triplets or com-
plete SU~5! representations plus their antiparticles. In wh
follows we will restrict ourselves to the minimal model.N
8-2
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SUPERSYMMETRY AND ELECTROWEAK BREAKING FROM . . . PHYSICAL REVIEW D60 095008
51 4D chiral multiplets, with well defined renormalizab
interactions with themselves and with the bulk fields, live
the 4D boundaries~fixed points of the orbifoldS1/Z2). The
reason for having the chiral matter on the boundary is
chirality, that can be obtained by theZ2 projection, but the
fact that chiral fermions in the bulk would not receive a
mass from the electroweak breaking mechanism due to
underlyingN52 4D symmetry of the Lagrangian.

A. Fields in the 5D bulk

The gauge fields in the 5D bulk belong to the vector
permultipletV5gVaTa, whereTa are the generators in th
adjoint representation of the gauge group SU(3)3SU(2)L
3U(1)Y andg the corresponding gauge couplings. The o
shell field content of V is V5(VM ,l i ,S), where M
5m,5 (m is the 4D index!, l i is a simplectic-Majorana
spinor whose superindexi 51,2 transforms as a doublet o
the SU(2)R R symmetry andS is a real scalar. The Higg
boson fields belong to the hypermultipletsHa @an SU(2)L
doublet with hyperchargeY521/2# whose superindexa
51,2 transforms as the doublet of a global group SU(2)H .
The field content, on-shell, of the Higgs boson hypermult
lets is Ha5(Hi

a ,Ca), whereHi
a are complex Higgs boson

doublets andCa are Dirac spinors.
The 5D Lagrangian for vector and hypermultiplets

given by @30,34#

L55Tr
1

g2 H 2
1

2
FM ,N

2 1UDMSU21 il ig
MDMl i2l̄ i@S,l i #J

1uDMHi
au21 i C̄agMDMCa2~ iA2Ha

†i l̄ iC
a1H.c.!

2C̄aSCa2Ha
†iS2Hi

a2
g2

2 (
m,a

@Ha
†i~sm! i

jTaH j
a#2,

~2.1!

where the SU(2)R3SU(2)H invariance is explicit. Upon
compactification of the theory onS1/Z2 the 5D fields are
classified under theZ2 parity into even and odd fields. Th
even fields are the vector multiplet (Vm ,lL

1) and the chiral
multiplets (H2

2 ,CL
2) and (H1

1 ,CR
1). The odd fields are the

chiral multiplets (V5 ,S,lL
2), (H1

2 ,CR
2), and (H2

1 ,CL
1). The

Z2 parity projects out half of the states. In fact the odd co
ponent of the zero modes is projected away while the
number of towers is divided by 2 since the positive nonz
modes of odd fields replace the negative nonzero mode
even fields. In this way the zero modes have anN51 super-
symmetry while the nonzero modes are arranged intoN52
multiplets in the way that can be seen in Table I.

TABLE I. CompleteN51 towers of states in the model.

N51 zero modes N52 nonzero (n.0) modes
Vector Chiral Vector Hyper

Vm
(0) H2

2(0) H1
1(0) Vm

(n) ;S (n),V5
(n) H1

1(n) ;H2
1(n) H2

2(n) ;H1
2(n)

lL
1(0) CL

2(0) CR
1(0) lL

1(n) ;lL
2(n) CR

1(n) ;CL
1(n) CL

2(n) ;CR
2(n)
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We have separated by a semicolon the nonzero mo
coming from an even 5D field~on the left hand side! from
those coming from an odd 5D field~on the right hand side!.
We can then see in Table I how the complete (n5
2`, . . . ,1`) towers are constituted.

As we can see from Table I the massless sector of
theory coincides with the MSSM. The zero modes of t
gauge and Higgs boson 5D fields are 4D fields withN51
supersymmetric interactions, while the chiral fields are
quired to live on the boundaries and so they are genuine
N51 fields, as we will see in the next section, and th
complete, along with the zero modes of the bulk fields,
MSSM. Of course, to agree with experimental data sup
symmetry has to be broken. The Scherk-Schwarz~SS!
mechanism@24# was used in Ref.@30# to break supersymme
try by means of a U(1)R3U(1)H global symmetry of the
theory @a subgroup of the previously mentioned SU(2R
3SU(2)H group# with the corresponding charges (qR ,qH),1

which the mass spectrum depends upon.2

After the SS supersymmetry breaking then-KK mass
eigenstates (n.0) are now given by two Majorana fermion
~gauginos! l (6n), two Dirac fermions~Higgsinos! H̃ (6n) and
four scalar bosons~Higgs boson! h(6n) and H (6n), defined
by

l (6n)[~lL
1(n)6lL

2(n)!/A2,

H̃ (6n)[~C1(n)6C2(n)!/A2,

h(6n)[@H1
1(n)1H2

2(n)7~H2
1(n)2H1

2(n)!#/2,

H (6n)[@H1
1(n)2H2

2(n)7~H2
1(n)1H1

2(n)!#/2.
~2.2!

The corresponding masses are given in Table II, where n
nPZ runs over a whole tower. The masses of the zero mo
of the even 5D Higgs bosons

h(0)5
1

A2
~H1

1(0)1H2
2(0)!,

H (0)5
1

A2
~H1

1(0)2H2
2(0)!, ~2.3!

1The SS mechanism has deep roots in supergravity@24# and su-
perstring@25# theories, where it is known to break spontaneou
local supersymmetry. Had we included gravity, the 4DN51 super-
gravity constituted by the zero modes would be spontaneously
ken with a gravitino massm3/25qR /R, whereR is the fifth dimen-
sion radius. For other ideas of breaking supersymmetry in a
theory see Ref.@26#.

2Strictly speaking only theR symmetry U(1)R breaks supersym-
metry, while U(1)H generates a common~supersymmetric! mass
shift for bosons and fermions. This can be explicitly seen from
mass spectrum of Table II: had we takenqR50 the corresponding
mass spectrum would be supersymmetric.
8-3
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are given by (qR2qH)/R and (qR1qH)/R, respectively. In
the generic caseqRÞqH no massless zero mode is left in th
theory and this prevents electroweak symmetry break
~EWSB!. In the particular caseqR5qH[v the Higgs dou-
blet h(0) is massless, the Higgs sector coincides with tha
the standard model and EWSB can proceed by radiative
rections, as we will discuss in Sec. IV where we will foc
on this case. In the limiting casev51/2 there is an extra
massless mode,H (21) and the Higgs boson sector is identic
to that of the MSSM. This case will also be discussed in S
IV where we will show that it is phenomenologically una
pealing due to the fact that the down fermion sector rema
massless since the Higgs that couple to it do not get a
cum expectation value~VEV!.

B. Fields on the 4D boundary

When considering a 5D theory in an orbifoldS1/Z2

coupled to two 4D boundaries, one has to be careful w
dealing with the off-shell formulation of 5D supermultiplet
The reason being, as discussed in Ref.@19#, that on top of the
even 5D fields, also the]5 of odd 5D fields couple to the
boundary, since they are part of the auxiliary fields of t
correspondingN51 supersymmetry algebra.

In the case of a vector multiplet in the bulk, the off-sh
multiplet is obtained by adding an SU(2)R triplet of real-
valued auxiliary fieldsXA @34#: V5(VM ,l i ,S,XA). Classi-
fication under Z2 yields even (Vm ,lL

1 ,X3) and odd
(V5 ,S,lL

2 ,X1,2) vector superfields. On the boundary, it w
shown in Ref.@19#, that the off-shell multiplet (Vm ,lL

1 ,D),
with

D5X32]5S, ~2.4!

closes theN51 supersymmetry algebra. The reason for t
can be traced from the transformation law of the particu
combination~2.4!: it transforms as a total derivative under
supersymmetry transformation, which is precisely what i
expected for aD field.

The same argument is valid in the case of a hypermul

TABLE II. Mass eigenvalues of KK states.

Field Mass

l (n) un1qRu
R

H̃ (n) un1qHu
R

h(n) un1~qR2qH!u
R

H (n) un1~qR1qH!u
R
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let in the bulk.3 The even auxiliary field gets mixed with th
odd field of the 5D hypermultiplet. In particular, the off-she
Higgs boson hypermultiplet is given byHa5(Hi

a ,Ca,Fi
a),

which splits into even, (H2
2 ,CL

2 ,F2
2), (H1

1 ,CR
1 ,F1

1), and
odd, (H1

2 ,CR
2 ,F1

2), (H2
1 ,CL

1 ,F2
1), chiral superfields. On the

boundary, the off-shell chiral supermultiplets are

H25~H2
2 ,CL

2 ,F2!,

H15~H1
1† ,C̄R

1 ,F1
†!, ~2.5!

where the correspondingF fields are given by

F25F2
22]5H1

2 ,

F15F1
12]5H2

1 . ~2.6!

The auxiliaryF and D fields appear now in the 4D La
grangian of the boundary fields as in a normalN51 La-
grangian. When those fields are integrated out by mean
their equations of motions, new interactions terms do app
We will now use those results in our particular model, t
full development can be seen in Ref.@19#.

Let us consider a family of left- and right-handed qua
superfields (Q̃,qL), (Ũ,uR) and (D̃,dR) living on the bound-
ary atx550.4 Since only the 5D even fields are nonvanis
ing at x550, the gauge and Higgs boson supermultipl
form N51 supermultiplets on the boundary.

The gauge superfield, (Vm ,lL
1 ,X32]5S), couplings to

the left-handed quark superfields are given in Refs.@35,19#.
After eliminating the auxiliary fieldX3, we get5

L55F uDmQ̃u21 i q̄LsmDmqL2A2i ~Q̃†lL
1qL1H.c.!

2Q̃†~]5S!Q̃2
g2

2 (
a

~Q̃†TaQ̃!2d~x5!

2g2(
a

~Q̃†TaQ̃!~Ha
†i~s3! i

jTaH j
a!Gd~x5!. ~2.7!

3In this case two different auxiliary fields are needed because
the SU~2! automorphism group of the supersymmetry algebra.

4The choice of the boundaryx550 is completely general since w
can always make a change of variables in the orbifoldx585x5

2pR interchanging both boundaries. Our only hypothesis is tha
chiral matter is located on the same boundary. Models with ma
on both boundaries would give rise to a different phenomenolo

5The last term in Eq. ~2.7! comes from the interaction
Ha

†i(s3) i
jX3H j

a in the off-shell formulation of the 5D Lagrangian
Notice that this term was absent from Ref.@19# because only gauge
fields were supposed to live in the bulk therein. It will appear
general whenever there is matter in the bulk and in the bound
with common gauge interactions. In our case no such term

appear for SU(3)c , while terms mixingQ̃, Ũ, D̃, L̃, andẼ in the
boundary with the Higgs boson sector in the bulk, as in Eq.~2.7!,
will appear for the SU(2)L and U(1)Y gauge groups.
8-4
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A similar expression to Eq.~2.7! holds for the couplings to
the right-handed superfields. After reducing the Lagrang
~2.7! to 4D, one has in the physical basis

L45uDmQ̃u21 i q̄LsmDmqL2 (
n52`

`

A2i ~Q̃†l (n)qL1H.c.!

2A2(
n51

`
n

R
Q̃†S (n)Q̃2

g2pR

2 (
a

~Q̃†TaQ̃!2d~0!

2
g2

2 (
n52`

`

(
a

Q̃†TaQ̃~h(n)TaH (n)†1H.c.!, ~2.8!

where

Dm5]m1 iVm
(0)1 iA2(

n51

`

Vm
(n) ,

d~0!5
1

pR (
n52`

`

1, ~2.9!

andg is now the 4D gauge coupling that is related to the
gauge coupling bygu4D5gu5D /ApR.

The Yukawa couplings of the Higgs boson chiral sup
field H2 to the quark superfields on the boundary are giv
by

L55$ht@H2
2qLuR1CL

2~Q̃uR1qLŨ !2~]5H1
2!Q̃Ũ1H.c.#

2uhtH2
2Q̃u22uhtH2

2Ũu22uhtŨQ̃u2d~x5!%d~x5!,

~2.10!

and a similar expression holds for the coupling of the Hig
boson multipletH1 to the quark superfields on the bounda
with the Yukawa couplinghb . After reduction to 4D, the
Lagrangian in Eq.~2.10! yields, in the physical basis,

L45 (
n52`

` F ht

A2
~h(n)2H (n)!qLuR

1htH̃L
(n)~Q̃uR1qLŨ !1H.c.

2
ht

2

2
@ u~h(n)2H (n)!Q̃u21u~h(n)2H (n)!Ũu2

1uQ̃Ũu2#2ht

n1qR2qH

A2R
h(n)Q̃Ũ

1ht

n1qR1qH

A2R
H (n)Q̃Ũ1H.c.G . ~2.11!

For the bottom sector one obtains
09500
n

-
n

s

L45 (
n52`

` F hb

A2
~h(n)1H (n)!†qLdR

1hbH̃̄R
(n)~Q̃dR1qLD̃ !1H.c.

2
hb

2

2
@ u~h(n)1H (n)!Q̃u21u~h(n)1H (n)!D̃u2

1uQ̃D̃u2#1hb

n1qR2qH

A2R
h(n)†Q̃D̃

1hb

n1qR1qH

A2R
H (n)†Q̃D̃1H.c.G . ~2.12!

III. ONE-LOOP CORRECTIONS

In the previous section we have depicted the tree-le
structure of the model. Upon compactification to 4D
S1/Z2 and supersymmetry breaking by the SS mechani
the mass spectrum and couplings of zero-modes and KK
citations depend on two parametersqR andqH . Even if su-
persymmetry is broken in the bulk, forqR5qH5v there is a
massless Higgs boson doubleth(0), and EWSB should pro-
ceed by radiative corrections.6 To achieve this task we hav
to compute the Higgs boson mass induced by one-loop
diative corrections in the bulk or, more generally, the on
loop effective potential in the bulk in the presence of a co
stant background Higgs boson field. On the other ha
supersymmetry, though broken in the bulk by the SS mec
nism, is unbroken on the boundary. Transmission of sup
symmetry breaking from the bulk to the boundary shou
proceed by radiative corrections as we will see in this s
tion. This transmission will be gauge mediated and thus f
of any problem related to flavor changing neutral curren
These issues will be studied in the present section.

A. Radiative corrections in the 5D bulk

We will start by considering the effect of a tower of KK
states with different masses for bosons and fermions

mB
25~n1qB!2

1

R2
,

mF
25~n1qF!2

1

R2
, n50,61,62, . . . . ~3.1!

We want to compute the one-loop effective potential for
massless scalar modef ~the one to be associated with th
SM Higgs boson fieldh(0)), induced by this tower of KK
states. This is given in the Landau gauge~see Appendix A!
by

6For the caseqRÞqH all Higgs boson doublets acquire a tree lev
mass;1/R, which would prevent the possibility of EWSB for val
ues of 1/R in the TeV range.
8-5
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V5
1

2
TrE d4p

~2p!4 (
n52`

`

lnS p21M2~f!1~n1qB!2/R2

p21M2~f!1~n1qF!2/R2D ,

~3.2!

where Tr is the trace over the number of degrees of freed
of the KK tower andM2(f) is thef-dependent mass of th
KK-states. In Eq.~3.2! we must first perform the summatio
over the KK states and then integrate with respect to
momentum. The calculation has been performed in App
dix B using techniques borrowed from finite temperature c
culations. We obtain

V5
1

128p6R4
Tr@V~r F ,f!2V~r B ,f!#, ~3.3!

where

V~r i ,f!5x2Li 3~r ie
2x!13xLi4~r ie

2x!13Li5~r ie
2x!

1H.c., ~3.4!

x52pRAM2~f!, r i5ei2pqi, ~3.5!

and Lin(x) are the polylogarithm functions

Lin~x!5 (
k51

`
xk

kn
.

As in finite temperature, the result is independent of the
traviolet cutoff. The above potential is monotonically d
creasing~increasing! with x if qF,qB<1/2 (qB,qF<1/2);
therefore if only Eq.~3.3! is present,f is driven to infinity
~zero!. We can expand Eq.~3.4! for f!1/R (x!1):

V~r ,f!53@Li5~r !1Li5~r * !#2
x2

2
@Li3~r !1Li3~r * !#

2
x4

8
ln

~12r !2

2r
1

1

15
x51O~x6!. ~3.6!

This expansion is only valid ifr is not close to 1, forr
51, the expansion is

V~r 51,f!56z~5!2z~3!x21S 3

16
2

1

4
logxD x41

1

15
x5

1O~x6!, ~3.7!

where z(x) is the Riemann-zeta function. Notice that th
only odd-term in thex-power expansion of the potentialx5

cancels~see also Appendix B! in Eq. ~3.3!. This means that a
cosmological phase transition in the 5D theory at tempe
turesT.1/R, that can be described by means of a genu
5D field theory at finite temperature, is always second ord
A similar observation has been recently done in Ref.@17#.

From Eqs.~3.3! and~3.6!, we can obtain the mass off at
the one-loop:
09500
m

e
n-
l-

l-

-
e
r.

mf
2 5

1

32p4
Tr@Dm2~qB!2Dm2~qF!#

dM2~f!

dufu2 U
f50

,

~3.8!

where

Dm2~q!5
1

2R2
@Li3~ei2pq!1Li3~e2 i2pq!#. ~3.9!

This coincides with the result in Ref.@32#, and can be inter-
preted diagrammatically in terms of the diagrams of Fig.
In particular, we can calculate the one-loop mass ofh(0) for
the model described in the previous section in the caseqR
5qH5v. Considering only the SU(2)L interactions, Eq.
~3.8! yields

mf
2 5

g2
2

64p4
@9Dm2~0!13Dm2~2v!212Dm2~v!#.

~3.10!

The Higgs boson squared mass at the origin, defined by
~3.10!, is positive definite and therefore radiative correctio
on the boundary will be required to trigger EWSB, as w
will see in the next sections. This procedure is a comm
one in theories where supersymmetry breaking is gauge
diated to the sector of squarks and sleptons. The value ofmf
defined by Eq.~3.10! is a monotonically increasing functio
of v and takes values in the range 0,mf,431022/R for
0,v,1/2. Thus the scalar remains around two orders
magnitude lighter than the compactification scale.

B. Radiative corrections on the 4D boundary

The scalar fields on the boundary~i.e., squarks and slep
tons! are massless at tree level. Nevertheless, since su
symmetry is broken in the 5D bulk, the breaking will b
transmitted to the fields on the boundary at the quant
level.

Let us consider the gauge corrections to the mass ofQ̃.
The interactions betweenQ̃ and the gauge supermultiplet a
given in Eq.~2.8!. At the one-loop level, the diagrams th
contribute tomQ̃ are given in Fig. 2. The first~last! two
diagrams are provided by the interactions in the first~second!
line of Eq. ~2.8!, while no contribution at one loop come
from the terms in the third line of Eq.~2.8!.

We must sum over the full tower of KK excitations. Us
ing the methods of Appendix B to sum over KK-states, t
diagrams of Fig. 2 give

FIG. 1. Diagrams that contribute to the squared-mass of
Higgs boson fieldh(0).
8-6
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mQ̃
2

5
g2C2~Q!

4p4
@Dm2~0!2Dm2~qR!#, ~3.11!

where C2(Q) is the quadratic Casimir of the
Q-representation under the gauge group,7 and Dm2(q) is
given in Eq.~3.9!.

The interactions ofQ̃ with the Higgs boson sector can b
read off from Eqs.~2.11! and ~2.12!. At the one-loop level
the ht corrections to the mass ofQ̃ is provided by the dia-
grams of Fig. 3. The result is given by

mQ̃
2

5
ht

2

16p4
@Dm2~qR1qH!1Dm2~qR2qH!22Dm2~qH!#.

~3.12!

A similar expression to Eq.~3.12! holds for thehb correc-
tions.

In this way one can compute the radiative corrections
the masses of the sfermionsQ̃,Ũ, D̃, L̃, andẼ, in the model
presented in Sec. II. The result can be written as@32#

mQ̃
2

5S 8

6
a31

3

4
a21

1

60
a1DDmg

21
1

2
~a t1ab!DmH

2 ,

mŨ
2

5S 8

6
a31

4

15
a1DDmg

21a tDmH
2 ,

mD̃
2

5S 8

6
a31

1

15
a1DDmg

21abDmH
2 ,

mL̃
2
5S 3

4
a21

3

20
a1DDmg

2 ,

mẼ
2
5

3

5
a1Dmg

2 , ~3.13!

where

7We are using the convention for the generators TrTR
aTR

b

5T(R)dab andTR
aTR

a5C2(R)•1, whereR is a representation of the
gauge group and the unit matrix1 has dimensiond(R)3d(R),
where d(R) is the dimensionality ofR. In particular if N is the
fundamental representation of SU(N), T(N)51/2 and C2(N)
5(N221)/(2N), and for the adjoint~Adj! representation,T(Adj)
5C2(Adj) 5N.

FIG. 2. Diagrams that contribute to the mass ofQ̃ from the
gauge sector.
09500
o

Dmg
25@Dm2~0!2Dm2~qR!#/p3, ~3.14!

and

DmH
2 5@Dm2~qR1qH!1Dm2~qR2qH!22Dm2~qH!#/2p3,

~3.15!

with Dm2(q) given in Eq.~3.9!. In Eq. ~3.13! we have kept
only the Yukawa couplingsht,b and defineda t,b5ht,b

2 /4p.
Finally we have computed the contribution of the K

towers to the soft-breaking trilinear couplings between t
boundary and one bulk fields. This contribution arises fro
gaugino loops as depicted in the diagram of Fig. 4. T
leading contribution to the parameterAt is provided by the
exchange of gluinos and given by Ref.@32#:

At5
8

6

a3ht

2p2
@ i Li2~ei2pqR!2 i Li2~e2 i2pqR!#

1

R
. ~3.16!

The mixing At vanishes atqR50,1/2 and is bounded by
uAtu,231022/R. The relative top squark mixing is rathe
small: the functionat(qR)[At /mt̃ is monotonically decreas
ing with qR and takes the values 0.33, 0.18, 0.12 and zero
qR51/10, 1/4, 1/3, and 1/2, respectively.

IV. ELECTROWEAK SYMMETRY BREAKING

In Sec. II we have described the tree-level mass spect
of all KK excitations. In particular we have seen that f
qR5qH[v the zero modeh(0) is massless and thus a goo
candidate to become the SM Higgs boson. It is useful
know howh(0) is identified with the two Higgs bosons of th
MSSM,H1 andH2. The latter are scalars with the SM qua
tum numbers (1,2,1/2) and (1,2,21/2), that couple, respec
tively, to the down and up fermion sector. Therefore, w
have from Eqs.~2.11! and ~2.12!

h(0)5
1

A2
~s2H1* 1H2!, ~4.1!

FIG. 3. Diagrams that contribute to the mass ofQ̃ from the
Higgs boson sector.

FIG. 4. Diagrams that contribute toAt .
8-7
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where s2 acts on the SU(2)L indices of the Higgs boson
doublet. In the range 0,v,1/2 all modesH (n) get masses
proportional to 1/R and become supermassive. In particul
the orthogonal field to Eq.~4.1!, that includes the MSSM
Higgs bosonH0, H6, andA, get a mass 2v/R, and then a
zero VEV. This implies~if h(0) gets a nonzero VEV! that
^H2&5^H1& or tanb51 in the MSSM language. On th
other hand, the Higgsino zero mode also gets a tree-l
massv/R as we have seen in Table II. Therefore, there is
m problem in this class of models.

In order to find out whether there is a nontrivial minimu
that can induce EWSB, the effective potential of Eq.~3.3!
has to be computed in the presence of the background
f[A2^h(0)&. The effective potential in the bulk was give
in Eq. ~3.4! and the background dependent masses wh
appear in Eq.~3.5! can be read off from the 5D Lagrangia
~2.1!. The mass of all KK modes as well as the correspo
ing number of degrees of freedom (df) coming from the SM
group structure are displayed in Table III, whereg2 is the
SU(2)L gauge coupling. We are neglecting the U(1)Y inter-
actions. The counting of number of degrees of freedom is
follows. For the gauge fields we have three degrees of f
dom coming from the SU(2)L structure~a triplet! and three
from the trace over Lorentz indices in the Landau gauge.
the gauginos there are three degrees of freedom from
SU(2)L structure and two from the Majorana nature
gauginos. For the Higgsinos we have four degrees of fr
dom arising from their Dirac nature. Finally, in the Higg
boson sector, since there are no quartic couplings involv
only the h(n) field, only some components of theH (n) field
receive EWSB masses, in particular the charged compon
and the real part of the neutral component~the imaginary
part does only receive the SS mass!: a total of three degree
of freedom.

By using the squared-mass and degrees of freedom va
from Table III in Eq.~3.3! we see that the squared-mass te
in the potentialmf

2 is positive for all values ofv @see Eq.
~3.10! and comments that follow it#, which prevents the ex
istence of a nontrivial EWSB minimum. However we ha
also to include in the one-loop potential the contributi
from the 4D fields in the boundary. Technically speaking t
is a two-loop contribution because the masses which ap

TABLE III. Degrees of freedom and masses for KK modes.

Field df Mass

Vm
(n) 333 n2

R2
1

1

4
g2

2f2

l (n) 332 ~n1v!2

R2
1

1

4
g2

2f2

H̃ (n) 232 ~n1v!2

R2
1

1

2
C2~H!g2

2f2

H (n) 3 ~n12v!2

R2
1

1

4
g2

2f2
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there were generated at one-loop, Eq.~3.13!. However this
correction can be numerically relevant, due to the smalln
of the bulk-generated mass at the origin for the Higgs bo
field, and must be the leading two-loop correction to t
effective potential. This contribution takes the usual form

V4D5
1

64p2
StrM4S log

M2

Q 2
2

3

2D , ~4.2!

whereM is the mass of the particle on the boundary whi
includes the EWSB contribution from the Higgs boson fie
h(0) andQ is a renormalization scale. The only relevant co
tribution to Eq.~4.2! is that coming from the top/stop sector8

Now the one-loop potential~4.2! is similar to the MSSM
one, once we have introduced the soft-breaking parame
from Eqs. ~3.13! and ~3.16!. Finally we will choose the
renormalization scaleQ as the boundary fixed by the lighte
tree-level mass below which the theory can be conside
4D, i.e., the gaugino or Higgsino massv/R.

Now we proceed in the following way. For a fixed valu
of 0,v,1/2 we write the full effective potential, Eqs.~3.3!
plus ~4.2!, as a function off and R. By imposing the con-
dition that ^f&5246 GeV we fix the value of the fifth di-
mension radius9 R as a function ofv and we can deduce
from it the value of all soft-supersymmetry breaking para
eters as well as the mass of the light physical Higgs bo
h(0). The latter is shown in Fig. 5 as a function ofv. We see
from Fig. 5 that the maximum value is achieved whenv
;1/3, and that for this particular value ofv the Higgs boson
mass is;107 GeV. The presence of a light Higgs boson
due to the fact thath(0) is a flat direction of theD-term
potential @30# and therefore its quartic coupling is zero
tree-level. The spectrum forv5 1

3 is presented in Table IV

8We can neglect the sbottom sector, since for tanb51, this
would provide subdominant contributions.

9We are not considering the compactification radius as a dyna
cal variable. Some ideas on how to dynamically fix the value oR
can be found in Ref.@32#.

FIG. 5. Mass of the Higgs boson field coming from the minim
zation of the effective potential.
8-8
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SUPERSYMMETRY AND ELECTROWEAK BREAKING FROM . . . PHYSICAL REVIEW D60 095008
for the supersymmetric chiral matter, and in Table V for t
Higgs boson sector. For this case the shape of the effec
potential is shown in Fig. 6.

We also plot in Fig. 7 the mass spectrum of this mode
a function ofv. It is worth noting that the overall shape
similar in every case and also similar to the one in Fig. 5

As can be seen in Tables IV, V this model predicts
rather heavy spectrum of supersymmetric particles. In s
of this fact~and unlike the case of the MSSM with a simil
mass spectrum! the mass gap between the electroweak sc
@O(100) GeV# and the supersymmetric spectru
@O(few) TeV# is generated by finite radiative correction
~without any large logarithm as in the MSSM! and there is
no fine-tuning in the usual sense. Notice that the only in
pendent parameter in our theory isv and therefore there is
no possibility to tune the spectrum. The heavy spectrum
Fig. 7 is in fact an unavoidable prediction of the theo
Another characteristic feature of the spectrum is that the L
is the right-handed selectron, due to the fact that supers
metry breaking is transmitted via gauge interactions. Hav
the right-handed selectron as the LSP presents some co
logical difficulties. A possible way out is thatR parity is
violated, so as the LSP is not stable. Other possibilities w
discussed in Ref.@32#. We must remark that the results o
the light Higgs boson mass are quite sensitive to the valu
Q in Eq. ~4.2!; a little variation in this value, turns out to
make a large variation in its mass. This implies that there
a certain uncertainty in the actual value ofmh , that would be
aminorated if the two-loop contributions are incorporate
Nevertheless, we think that this two-loop calculation is n
needed yet, since the experimental uncertainties on the
ues ofht anda3 are still large. Furthermore we do not expe
that the overall shape of the spectrum would be changed
these two-loop corrections in the bulk.

Let us finally consider the casev51/2. As we said, we
have in this case two massless scalars in the spectrum,h(0)

andH (21), that can be associated with the two Higgs boso
of the MSSM:

h(0)5
1

A2
@s2H1* 1H2#,

H (21)5
1

A2
@s2H1* 2H2#. ~4.3!

TABLE IV. Supersymmetric chiral spectrum for the model wi
v5

1
3 .

1/R ml mQ̃ mL̃ mẼ

24 TeV 8 TeV 2.2 TeV 1 TeV 496 GeV

TABLE V. Higgs boson sector spectrum for the model withv
5

1
3 .

tanb mH̃ mH65mH0 mA mh

1 8 TeV 15.9 TeV 15.8 TeV 107 GeV
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Nevertheless, this model is phenomenologically problem
since in the limitv51/2 the theory has a residual symmet
that does not allow for anH1H2 mixing term~i.e.,Bm50 in
the MSSM language! and therefore the VEV ofH1 is zero.
To see that notice that forv51/2 the Higgsinon KK mode
~in Table II! is degenerated with the2n21 KK mode, and
theh(n) KK mode with theH (2n21). Therefore the theory in
the bulk and the boundary is invariant under the discr
transformation

h(n)↔H (2n21),

H̃L
(n)↔2H̃L

(2n21) ,

H̃R
(n)↔H̃R

(2n21) ,

~Q̃,qL!↔~Q̃,qL!,

~Ũ,uR!↔2~Ũ,uR!,

~D̃,dR!↔~D̃,dR!. ~4.4!

This symmetry impliesH1→H1 andH2→2H2 and conse-
quently no mixing-mass term between the MSSM Higgs

FIG. 6. Effective potential~in TeV4! as a function off ~in
TeV!.

FIG. 7. Masses of the different supersymmetric particles of
spectrum. From top to bottom we have the Higgs boson doublet
gauginos and Higgsinos, the squarks, the left-handed sleptons
the right-handed sleptons.
8-9
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can be generated at any loop order. Note also that in the l
v51/2 the theory has also anR symmetry, since the two
Majorana gauginosl (n) andl (2n21) can combine to form a
Dirac fermion. Consequently the trilinear terms~3.16! are
not generated in the limitv51/2.

V. AN ALTERNATIVE MODEL

In this section we want to present a different possibil
from the model studied above. We will assume quarks
leptons live in the bulk but the two Higgs boson superm
tiplets live on the boundary. This possibility, although it su
fers from them problem, presents a different and interesti
phenomenology.

Quarks and leptons can arise from the zero modes of
permultiplets. Compactifying inS1/Z2, we can obtain a chi-
ral theory withN51 supersymmetry.10 We can again use th
SS mechanism to break supersymmetry. TakingqRÞ0, the
squarks and sleptons get masses at the tree-level equ
qR /R, and the massless sector in the bulk corresponds to
SM fermions and~as in the model above! to the SM gauge
bosons. Now, however, since the two Higgs boson doub
live on the boundary, the scalar Higgs bosons and Higgs
are massless at tree-level. As in the model above, the s
Higgs bosons will get masses from their interactions with
bulk11 but the Higgsinos will remain massless at any lo
order; the model suffers from them problem. To make the
model phenomenological viable a Higgsino mass must
generated. A simple way to give mass to the Higgsino
through a nonzero VEV of a singletSfield coupled toH1H2.
We will not specify here howSgets a VEV. We just want to
point out that the phenomenology of this scenario is qu
different from the previous one. The Higgsinos are the LS
Since the gaugino mass is very large, the charged Higg
will be slightly heavier than the neutral Higgsino, with
mass difference of few GeVs@36#. Therefore the LSP is a
neutral particle that does not present the cosmological p
lems of a charged one. The mass degeneracy of the Hig
nos, however, makes their detection problematic. The u
decay channelH̃1→H̃0en cannot be used to detectH̃1,
because of the lack of energy of theen decay products. In
this case, the detection of the charged Higgsino must be
ried out by photon tagging.

10In a string theory, if the Higgs bosons live on the bounda
~twisted sector of the orbifold! and the quarks live in the bulk~un-
twisted sector!, the Yukawa couplings can only be generated~to
respect theZ2 symmetry of the orbifold! through nonrenormalizable
couplings, as, e.g.,XH2qLuR , whereX is a SM singlet living on the
boundary~twisted sector! which must acquire a VEV of the order o
the high-scaleL ~cutoff!.

11Notice that in this case, the finite one-loop contribution to t
mass ofH2 arising from the top quark or top squark sector~that live
in the bulk! can be negative@this is given by Eq.~3.12! with qH

50# and dominate over the positive gauge contribution@Eq.
~3.11!#. This would make the EWSB easier and lead to a hea
lightest Higgs boson mass.
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VI. UNIFICATION WITH SS SUPERSYMMETRY
BREAKING

The phenomenology of gauge coupling unification in t
presence of extra dimensions was studied in Refs.@9# where
it was proven that a sufficient condition for unification is th
the ratio

Ri j 5
bi

KK2bj
KK

bi
MSSM2bj

MSSM
, ~6.1!

does not depend on (i , j ), where bi
MSSM are the MSSM

b-function coefficients andbi
KK those of theN52 KK exci-

tations. Using bMSSM5(33/5,1,23) and bKK5(6/5,22,
26) for the model presented in Sec. II and in Ref.@30#, we
can see that it does not satisfy the necessary requiremen
fulfill gauge coupling unification. This fact has recently m
tivated the suggestion of enlarging the model with the ex
hypermultiplets Fa (a51,2) @8# which are SU(3)c
3SU(2)L singlets and having hyperchargeY51. In Ref.@8#
it was proven that the enlarged model unifies as well as
MSSM provided that we can introduce a supersymme
mass termmF&1/R for the new fields, that can be done b
means of singlet fields getting nonzero VEVs. In this sect
we will discuss how to incorporate the fieldsFa in our for-
malism where the SS mechanism breaks supersymmetry
how the extram problem can be solved in a similar fashio
as them problem for Higgs boson fields. Also we will stud
the issue of gauge coupling unification in the presence of
supersymmetry breaking.

Introduction of the hypermultipletsFa in our formalism
can be done along the same lines as those leading to the
spectrum and interactions of the hypermultipletsHa in Sec.
II A. In fact, the 5D Lagrangian for the vector multiplet (V)
and the hypermultipletsFa is given by Eq.~2.1! after replac-
ing Ha→Fa, yielding mass eigenvalues as those given
Table II after the replacementqH→qF . There is also the
coupling of matter supermultiplets on the boundary with t
hypermultipletsFa corresponding to the last term of Eq
~2.7! and ~2.8!. Note that by choosingqFÞqR no massless
modes do appear in the spectrum and all zero modes
acquire masses&1/R, as required by gauge coupling unifi
cation, without any need to introduce supersymmetric m
terms.

For scalesQ!1/R the standard Coleman-Weinberg pr
scription for the gauge couplings gives the one-loop res
for the previous model,

a i
21~Q!5a i

21~L!1
bi

SM

2p
ln

Mc

Q 1
bi

MSSM2bi
KK

2p
ln

L

Mc

1
1

2

1

4p (
f PV,Ha,Fa

b( f )T~Rf !

3 (
n52`

` E
rL22

rM c
22dt

t
e2(n1v f )

2tMc
2
, ~6.2!r
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where the mass of thenth KK excitation of thef field is (n
1v f)/R, we have already introduced theZ2 projection,Mc
51/R, the cutoff coefficient is@9# r 5p/4, bSM5(41/10,
219/6,27) and the b-function coefficients b( f ) are
b(gauge boson)5211/3, b(Weyl fermion)52/3, and
b(complex scalar)51/3. They obviously satisfy the cond
tion ( fb

( f )T(Rf)5bi
KK where, for the enlarged MSSM

model,

bKK5~18/5,22,26!. ~6.3!

The last integral in Eq.~6.2!

I ~v!5 (
n52`

` E
r (Mc /L)2

r dx

x
e2(n1v)2x, ~6.4!

can be computed with the help of the Poisson resumma
formula

(
n52`

`

e2(n1v)2x5Ap

x (
n52`

`

e2(p2/x)n222ipnv, ~6.5!

and it can be approximated by

I ~v!54S L

Mc
211

1

2 (
n51

`
cos~2pnv!

n
@12Erf~2nAp!# D

.4S L

Mc
211

1

4p
e24pcos~2pv! D , ~6.6!

where Erf is the error function and we have used
asymptotic expansion, which is dominated by then51
mode. The function~6.6! exhibits a tinyv dependence sinc
e24p/4p;1027. Therefore Eq.~6.2! looks similar to

a i
21~Q!5a i

21~L!1
bi

SM

2p
ln

Mc

Q 1
bi

MSSM2bi
KK

2p
ln

L

Mc

1
bi

KK

2p S L

Mc
21D , ~6.7!

and unification proceeds, concerning KK-modes, as in
supersymmetric case.

VII. CONCLUSIONS

In this paper we have addressed the issue of extra dim
sions at the TeV scale as a possible origin of electrow
breaking for the standard model, as well as the source of
breaking terms in its supersymmetric extensions. In
bottom-up approach we have constructed a minimal ex
sion of the MSSM in a five-dimensional space-time, w
one ‘‘large’’ space dimension with radius;1 TeV21,
which exhibits all the required features.

After compactification on the segmentS1/Z2 the zero
modes of the model constitute the spectrum of the MSS
while the nonzero Kaluza-Klein excitations are arranged i
N52 supermultiplets. When supersymmetry is broken
the Scherk-Schwarz mechanism, making use of the unde
09500
n

s

e

n-
k
ft

a
n-

,
o
y
ly-

ing N52 SU(2)R algebra, the massless spectrum in t
Higgs boson and gauge sector coincides with that of the p
standard model while their fermionic partners acquire tr
level masses. Chiral sfermions are massless at the tree-l
since chiral matter is supposed to live on the four dime
sional boundary of the fifth dimension.

Supersymmetry is gauge and Yukawa mediated to the
ral sector by radiative corrections, which also trigger ele
troweak symmetry breaking. In those aspects the mo
shares common features with any gauge-mediated super
metry breaking model but with a very characteristic sp
trum. Electroweak breaking is achieved with a rather lig
SM Higgs boson~lighter than ;110 GeV), very heavy
gauginos, Higgsinos and non-SM Higgs bosons~with masses
;1/R), and chiral sfermions at some intermediate squa
masses (;a i /R2) wherea i are either gauge or Yukawa cou
plings. The model does not suffer from anym problem since
there is an effectivem parameter;1/R: in fact both the
Higgsinos and the pseudoscalar Higgs boson acquire ma
;1/R.

Gauge coupling running and unification in the presence
extra dimensions is studied when supersymmetry is bro
by the Scherk-Schwarz mechanism. Concerning the runn
in the presence of the fifth dimension, we have computed
contribution from a tower of KK-excitations with a mas
given by (n1v)/R. The leading contribution,;(LR21),
is v independent, while all thev dependence is concentrate
in subleading contributions which are correctio
;1027cos(2pv), and therefore negligible.

The model we have presented in this paper must no
considered as a unique model, with unique predictions,
rather as a representative of a class of models sharing c
mon features: there is some extra dimension~s! at the TeV
scale which triggers, through the Scherk-Schwarz mec
nism, the breaking of supersymmetry and the electrow
symmetry. Other possibilities, apart from the minimal mod
we have studied in great detail, have been pointed out,
offer a wide and rich variety of different phenomenologic
outcomes. Since the common feature of all these mode
the appearance of extra dimensions at the TeV scale, the
testable at present and future accelerators, which make
worth pursuing their analysis and, in particular, the search
their experimental signatures. From a more fundame
point of view it would be important to find consistent strin
vacua reducing to our models at low energies: e.g.,
branes in compactifications of type-IIA orientifolds or D5
branes in type-I (-I8) or type-IIB orientifolds. Some of these
ideas are at present being investigated@6,8,37#.
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APPENDIX A: GAUGE FIXING

In this appendix we will show that, in the 5D Landa
gauge, the Goldstone bosonV5

(n) decouples from the La
grangian. This is a nice feature of the five-dimensio
theory.

We start with the kinetic gauge boson Lagrangian plu
gauge fixing term12 in five dimensions:

L552
1

4
FMNFMN2

1

2j
~]MVM !2. ~A1!

Dimensional reduction of Eq.~A1! leads to the following
expression:

L45 (
n50

` S 2
1

4
F (n)mnFmn

(n)1
n2

2R2
Vm

(n)V(n)m

2
1

2j
~]mV(n)m!2D 1 (

n51

` F1

2
]mV5

(n)]mV5
(n)2

n2

2jR2
V5

(n)2

1
n

R S 1

j
21D ]mV(n)mV5

(n)G . ~A2!

The propagators forVm
(n) andV5

(n) , using Eq.~A2!, are given
by

^Vm
(n)Vn

(n)&5
2 i

p22n2/R2 S hmn1~j21!
pmpn

p22j~n2/R2!
D ,

^V5
(n)V5

(n)&5
i

p22n2/jR2
. ~A3!

Taking now the limitj→0 in Eq.~A3! we obtain the norma
propagator for a massive gauge boson in the Landau ga
but we note that the propagator for the Goldstone bo
vanishes, soV5

(n) decouples from the Lagrangian for ea
mode. The conclusion is that the Landau gauge in five
mensions leads to the Landau gauge in four dimensions
the gauge bosons and to theunitary gaugefor the Goldstone
bosons.

APPENDIX B: THE EFFECTIVE POTENTIAL

In this appendix we will compute the effective potent
corresponding to a tower of bosonic and fermionic K
modes with masses given by Eq.~3.1!. The basic integral we
have to compute is then

V5
1

2E d4p

~2p!4 (
n52`

`

ln@ l 2E21~n1v!2p2#, ~B1!

12We consider first an Abelian theory, the translation to the n
Abelian case being straightforward.
09500
l

a

ge,
n

i-
or

wherel 5pR is the length of the segment,v is eitherqB or
qF in Eq. ~3.2!, a global minus sign has to be added in t
case of fermions, andE25p21M2(f).

We will first evaluate the infinite sum over the KK mode
in

W5
1

2 (
n52`

`

ln@~ lE !21~n1v!2p2#, ~B2!

or equivalently, in

]W

]E
5 l 2E (

n52`

`
1

~ lE !21~n1v!2p2
, ~B3!

by means of well known techniques used in field theory
finite temperature. To this end we will make use of the ide
tity

1

~ lE !21~n1v!2p2
52i lim

z→(n1v)p

z2~n1v!p

e2iz2e2ivp

e2ivp

~ lE !21z2
,

~B4!

and replace the infinite sum in Eq.~B3! by an integral in the
complex planez over a contour which is the sum of th
contours encircling anticlockwise the infinite number
poles along the real axis atz5(n1v)p. We now deform
this contour into a contour going from1`1 i e to 2`1 i e
~which can be closed clockwise atuzu→`) and a contour
going from 2`2 i e to 1`2 i e ~which can equally be
closed clockwise atuzu→`), and make use of the residue
theorem to perform the integral overz. This easily yields

W5 lE1
1

2 H ln~12re22lE!1 lnS 12
1

r
e22lED J , ~B5!

wherer 5exp(22ivp), which corresponds to the decomp
sition of the effective potential as

V5V(`)1V(R). ~B6!

The first term in Eq.~B6! comes from the first term in Eq
~B5! and provides a genuine 5D effective potential. It cor
sponds to the decompactification limit (R→`) of the theory
and it is similar to the zero-temperature term which is o
tained in field theory at finite temperature calculations. Sin
the 5D theory is not renormalizable, it must be computed
introducing a physical cutoffL in the integral. Then the
integral can be given an analytical form as

V(`)5 l E d4p

~2p4!
Ap21M2~f!

5
l

16p2 H 4

15
M51

2

15
AL21M2~3L41L2M222M4!J .

~B7!

Notice that upon expansion of Eq.~B7! in powers ofM the
only odd power is given by theM5 term. This term cancels
-
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the similar one in the expansion ofV(R) @see Eq.~3.6!# and
there is no odd-power term in the expansion of the effec
potential.13 However, in a supersymmetric theoryVB

(`)

5VF
(`) and the contributions to the effective potential fro

13This is in contradistinction with the case of a 4D theory at fin
temperature where there is anM3 term in the bosonic expansion
which triggers first-order phase transitions. As a consequence,
5D theory at finite temperature the phase transition should b
second order.
l.

,

li,

os

h-
,’’
tt
y
,

B
.

cl

09500
e
V(`) do cancel. The second term in Eq.~B6! comes from the
last two terms in Eq.~B5! which yields, upon integration
over angular variables,

V(R)5
1

32p6R4E0

`

dy yF ln~12re22Ay1(pRM)2
!1S r→1

r D G .
~B8!

Finally, they integral can be performed analytically givin
the result that can be found in Eqs.~3.3! and ~3.4!.
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