
PHYSICAL REVIEW D, VOLUME 63, 105007
Constrained standard model from a compact extra dimension
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An SU~3!3SU~2!3U~1! supersymmetric theory is constructed with a TeV-sized extra dimension compac-
tified on the orbifoldS1/(Z23Z28). The compactification breaks supersymmetry leaving a set of zero modes
that correspond precisely to the states of the 1 Higgs doublet standard model. Supersymmetric Yukawa
interactions are localized at orbifold fixed points. The top quark hypermultiplet radiatively triggers electroweak
symmetry breaking, yielding a Higgs potential that is finite and exponentially insensitive to physics above the
compactification scale. This potential depends on only a single free parameter, the compactification scale,
yielding a Higgs boson mass prediction of 12768 GeV. The masses of all the superpartners and the Kaluza-
Klein excitations are also predicted. The lightest supersymmetric particle is a top squark of mass 197620 GeV.
The top Kaluza-Klein tower leads to ther parameter having quadratic sensitivity to unknown physics in the
ultraviolet region.
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I. INTRODUCTION
The standard model provides an economical descrip

of particles and their interactions in terms of 18 free para
eters. There are nine parameters associated with the m
of the quarks and charged leptons, and four parameter
describe the flavor mixing of the quarks. There are th
independent gauge couplings, and the final two parame
are associated with the Higgs boson. One is the vacuum
pectation value~VEV! of the Higgs field, which is accuratel
determined by the Fermi coupling constant, and the othe
the mass of the Higgs boson, which is unknown, althou
precision electroweak data suggest it is less than 188 Ge
the 95% confidence level@1#.

Despite the phenomenological success and mathema
consistency of the standard model, it does not provid
physical description of electroweak symmetry break
~EWSB!. The theory is believed to be an effective theo
valid at all energies below some cutoffL. Yet the mass
parameter of the Higgs field has radiative corrections t
grow quadratically withL

mH
2 }2L2. ~1!

The physics of EWSB is at or beyond the cutoff, and hen
not adequately described by the low energy effective the

In this paper we introduce a theory that does provid
full physical description of EWSB, in terms of new physi
at a mass scale of 400 GeV. Our theory contains 17
parameters, one fewer than the standard model, so tha
are able to predict the mass of the Higgs boson.

A key feature of most theories that go beyond the st
dard model is an enhanced symmetry structure. Symme
are the key to constructing more predictive and elegant th
ries. Yet they are also a challenge, because nature doe
possess these additional symmetries, so they must be br
and this often introduces great freedom. For example, gr
0556-2821/2001/63~10!/105007~16!/$20.00 63 1050
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unified theories provide a relation between the three ga
coupling constants, and yet breaking the grand unified ga
symmetry is the least attractive and constrained aspec
these theories.

It is commonly believed that the most satisfactory way
construct a physical theory of EWSB is to extend space-t
symmetry to include supersymmetry@2#. In this case, the
quadratic divergence in the Higgs boson mass param
coming from a top quark radiative correction is cance
by that coming from a scalar top. Including supersy
metry breaking at scalemSUSY, the resulting divergence is
logarithmic

mH
2 }2mSUSY

2 ln L, ~2!

so that EWSB may be triggered by physics all the way up
the cutoff @3#. The Higgs mass is reliably computed in th
effective theory, and is not dominated by unknown phys
at the cutoff. However, the economy of the theory has b
sacrificed. An entirely new sector of the theory must be
troduced, with the sole purpose of breaking supersymm
to generate the scalemSUSY. There are now many alterna
tives for this sector, and their relative merits are hotly d
bated, but the fact remains that such a new sector of
theory is inherent to the present formulation of sup
symmetric theories. Indeed it was realized from an ea
stage that supersymmetry breaking could not occur in
standard model sector, but had to be somewhat remote f
it @4#, necessitating a mediation mechanism between the
sectors.

The result of this mediation is to introduce a set of ne
parameters describing the strengths of the soft supersym
try breaking interactions. These parameters themselves
rise to a host of new problems: why are the squarks ne
degenerate so as to avoid flavor-changing andCP violating
problems? Why are there any light Higgs bosons in
©2001 The American Physical Society07-1
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theory? There is no obvious symmetry keeping them lig
Why is the proton stable? This success of the standard m
is lost when the theory is made supersymmetric—appare
the proton could decay via squark exchange. What dis
guishes matter from the Higgs boson? In the standard m
this is clear: matter is fermionic while the Higgs particle
bosonic. Supersymmetry provides no such clear separa
requiring an artificial distinction between the Higgs bos
and the sneutrino. Studying solutions to these problems
been an active area of research for many years.

Finally, one can ask how well supersymmetric theor
account for the mass scale of the weak interactions, gi
that no superpartners have been discovered. The natural
the proposed models is certainly not perfect: in gravity m
diation only about 3% of parameter space gives accept
theories, while in other schemes, such as gauge mediatio
similar amount of tuning is required to keep the charg
slepton masses above the CERNe1e2 collider LEP2 limit.

On the other hand, supersymmetric theories with a per
bative energy desert certainly have some very positive
tures. It is possible to construct a relatively complete fram
work with a successful, precise prediction of the we
mixing angle@4,5#, the correct order of magnitude for neu
trino masses from the seesaw mechanism@6#, and the correct
order of magnitude for the dark matter abundance from
cosmological freezeout of the lightest supersymmetric p
ticle ~LSP! @7#. However, given the shortcomings discuss
above, we are motivated to investigate a more econom
theory of EWSB.

Consider compact spatial dimensions, with a compac
cation scaleR21 of order an inverse TeV, in which standa
model particles propagate@8#. In this case there are Kaluza
Klein ~KK ! towers for each particle propagating in this bu
Imposing a symmetry on a compact space reduces the n
ber of modes in the KK tower. This orbifold construction
crucial in obtaining chiral zero mode quarks, from a 5
theory that is vectorlike@9#. Furthermore, assume that th
underlying bulk theory is supersymmetric. For example
the top quark propagates in the bulk there will be KK towe
for both the top quark and the top squark. In such a situa
one can study radiative corrections to the Higgs boson m
with contributions from the entire KK towers@10#. In the
case that supersymmetry is unbroken, there is an exact
cellation between the top and stop KK towers. However
supersymmetry is broken so that the masses of the sq
tower are shifted relative to the masses of the quark towe
an amount of orderR21, the cancellation is no longer com
plete. Remarkably, the result is completely finite,

mH
2 }2S 1

RD 2

, ~3!

and therefore independent of the cutoffL of the theory. The
introduction of an extra compact dimension at the TeV sc
allows a new resolution of the Higgs boson ma
divergence—one where the physics of EWSB is necessa
right at the weak scale itself@10#. Such Kaluza-Klein EWSB
implies that the gauge couplings will become nonpertur
tive not far above the TeV scale@11#—there is no perturba
10500
t.
el
ly
-
el

n,

as

s
n
of
-
le
, a
d

r-
a-
-

k

e
r-

al

-

m-

f
s
n
ss

n-
f
rk
y

le
s
ily

-

tive energy desert—and fits well with the possibility that t
fundamental scale of gravity is in the multi-TeV doma
@12#. What breaks supersymmetry, causing the mass s
between quark and squark KK towers?

Once extra dimensions have been introduced at the T
scale, a new possibility opens up for supersymmetry bre
ing @8,13#, that is not available in the conventional ener
desert version of supersymmetry: the Scherk-Schw
mechanism@14#. Modifying the periodic boundary condition
by using anR symmetry, the excluded modes are differe
for fermions and bosons, breaking supersymmetry. An
plicit extension of the standard model that breaks supers
metry via the Scherk-Schwarz mechanism has been prop
@15#, illustrating some important advantages over conv
tional supersymmetric theories. For example, them problem
is solved, and supersymmetry breaking generates tree l
Dirac masses for the gauginos and Higgsinos. Howeve
special choice of charges is necessary to keep the Higgs
son light at tree level. Below the compactification sca
R21.25 TeV, a conventional, logarithmic radiative EWS
occurs, with a spectrum that is similar to gauge mediati
More generally, Scherk-Schwarz supersymmetry break
offers the prospect of a predictive superpartner spect
where radiative corrections are finite and dominated by
compactification scale@16#. This softness results because t
supersymmetry breaking involves the global structure of
modes, and is therefore nonlocal. At distances beneath
compactification scale supersymmetry breaking effects
exponentially damped; this is quite unlike the case of sup
symmetry in 4D, where radiative EWSB can originate fro
distances many orders of magnitude smaller than the w
scale. Given this exciting result, it is surprising that mo
explicit theories have not been constructed.

In this paper we construct a theory by combining Kaluz
Klein EWSB with nonlocal supersymmetry breaking. We i
troduce a single compact dimension of radiusR in which
every particle of the standard model propagates.1 The bulk of
the 5D theory is supersymmetric, so the KK towers ha
multiplets corresponding to two supersymmetries in 4
Two orthogonal reflection symmetries are imposed on
circle. One removes half of the modes in the KK towers,
that the zero modes possess a single supersymmetry.
zero mode structure is chiral, as needed for the quarks

1Most studies of extra dimensions at the TeV scale have con
ered the case that the Higgs bosons propagate in the bulk, while
quarks and leptons do not@17–20#. This is surprising since the
orbifold construction allows an elegant understanding of why
lightest bulk modes are chiral—a property that is crucial for ma
but irrelevant for the Higgs boson. A possible reason for this is
power law running of couplings in 5D: with matter in the bulk, th
top Yukawa coupling grows more rapidly and the gauge coupli
become nonperturbative before they unify. We insist that all st
dard model particles propagate in the bulk, and find that there i
energy interval in which the 5D theory is perturbative. Even w
perturbative power law unification of gauge couplings, the pred
tion for the weak mixing angle is unreliable, as it is quadratica
sensitive to the physics at the cutoff.
7-2
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leptons, but gives an electroweak gauge anomaly from
Higgsino. However, the second reflection symmetry redu
the number of supersymmetries to zero, yielding zero mo
with precisely the states of the 1 Higgs doublet stand
model. Supersymmetry breaking by this second reflec
can be viewed as a discrete version@21# of the Scherk-
Schwarz mechanism. Imposing one reflection symmetry
break one supersymmetry and obtain chiral zero modes
been widely used in the literature; the novel feature of
theory is the imposition of two reflections to break both s
persymmetries. The bulk is remarkably pristine, contain
just four parameters: the three gauge couplings and the c
pactification scaleR21, which sets the mass scale for the K
towers. Every standard model particle is massless, and al
superpartners of the standard model have massR21.

The physics of flavor occurs on branes not in the bu
The reflection symmetries allow supersymmetric Yukawa
teractions to be placed at their fixed points: for the up se
at the fixed point of one reflection, and for the down a
charged lepton sectors at the fixed point of the second re
tion. As the two reflection symmetries leave different sup
symmetries unbroken, these Yukawa couplings involve
same Higgs doublet, even though the underlying theor
highly supersymmetric. These brane Yukawa interactions
volve the usual 13 physical flavor parameters of the stand
model. As in the case of conventional supersymmetry, th
is no immediate progress in the understanding of flavor. O
theory is described in detail in Sec. II.

The Higgs boson interacts with the entire KK top qua
tower on the branes containing the top quark Yukawa c
pling, and Kaluza-Klein EWSB is induced. However, the
are no extra free parameters to describe the resulting H
potential. Thus, the Fermi constant is used to determine
compactification scale, and the Higgs boson mass is
dicted. The one-loop calculation of the compactificati
scale and the Higgs boson mass is presented in Sec. II
Sec. IV we show that the Higgs boson mass has very l
sensitivity to unknown physics at short distances, althoug
the case of the compactification scale there is some sens
ity to the ultraviolet~UV!. We also study ther parameter
and find that it has quadratic sensitivity to the UV.

Ignoring brane interactions, all superpartners are dege
ate with massR21. The large top Yukawa not only induce
EWSB, but significantly modifies the spectrum of the t
squarks, the neutralinos and the charginos. These masse
computed in Sec. V, where we show that the LSP is a
squark. The collider phenomenology of the superpartner
briefly discussed, and we note that our theory possesse
anomaly free U(1)R symmetry. Conclusions are drawn
Sec. VI.

II. THE THEORY AND THE TREE-LEVEL SPECTRUM

We introduce a compact spatial dimensiony, with a size
of order an inverse TeV, and require that the 5D theory
supersymmetric. The standard model gauge bosons pr
gate in 5D and are contained in 5D vector supermultip
(AM,l,l8,s). The 5D vector fieldAM contains the standar
model gauge boson from its first four components, and a
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scalarA5. There are two gauginos,l andl8, reflecting the
presence of two supersymmetries on reduction to 4D, an
real scalars. It is often convenient to view the theory as
N51 4D theory; the 5D vector multiplet can be decompos
into a 4D vector supermultipletV(Am,l), and a chiral mul-
tiplet in the adjoint representationS(fS ,cS), where fS

5(s1 iA5)/A2 andcS5l8.
The standard model matter and Higgs fields also pro

gate in 5D, and are described by a set of hypermultip
(C,f,f8)X , whereC is a Dirac fermion, andf,f8 are two
complex scalars. Each of these decomposes into two 4DN
51 chiral multipletsX(fX ,cX) and Xc(fX

c ,cX
c ), whereC

5(c,cc†) andf85fc†. Conjugated objects have conjuga
transformations under the gauge group, andX runs over three
generations of matter,Q,U,D,L,E, and asingle Higgs bo-
sonH.

The 5D theory contains a SU(2)R symmetry under which
(l,l8) and (f,f8) are doublets, while all other fields ar
singlets. The two supersymmetries of the 4D theory are
lated byl↔l8 and f↔f8 and play a crucial role in the
construction of our theory. The 4DN51 language, which
we use from now on, hides both the SU(2)R symmetry and
the second supersymmetry. TheN51 fields depend ony as a
continuous parameter; on compactification this leads to
towers ofN51 fields.

A. The S1ÕZ2 orbifold

If the extra dimension is taken to be a circleS1 of radius
R, then each field has modese6 iny/R, n50,1,2, . . . , and the
fermionic matter and Higgsino states are vectorial. To obt
chiral matter, we first consider restricting the space of
extra dimension to the orbifoldS1/Z2. A Z2 symmetry is
introduced under whichy→2y and all fields are either eve
or odd, having modes

1: cos
n y

R
~4!

2: sin
n y

R
, ~5!

respectively, so that only the even fields contain zero mod
SinceAm appears in the covariant derivativeDm the vector
multiplet is even,V1 . On the other hand ImfS appears in
D5, and therefore the chiral adjoint multiplet is odd,S2 .
The term in the superpotentialXD5Xc ensures thatX andXc

have oppositeZ2 charges. The conjugate label is arbitrar
and without loss of generality we may chooseX1 ,X2

c —the
conjugate fields do not contain zero modes. These ass
ments are the same no matter whetherX is matter or Higgs
field—the orbifold only has one type of hypermultiplet an
does not provide any distinction between matter and Hi
field. The physical space of the orbifold is the interval
,y,pR, since once a field configuration is specified in th
region, it is fixed everywhere on the circle. The end points
the interval are fixed points under they→2y transforma-
tion. The orbifolding has therefore brokenN52 to N51
supersymmetry, and 5D Lorentz to 4D Lorentz symmetry
the boundary.
7-3
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BARBIERI, HALL, AND NOMURA PHYSICAL REVIEW D 63 105007
The symmetries of the bulk forbid interactions that bre
the flavor group U(3)5 acting onQ,U,D,L,E. In particular,
bulk Yukawa interactions are forbidden by supersymme
However, we can introduce interactions on the 4D subspa
of the orbifold fixed points, which we call brane interaction
Such interactions necessarily violate 5D Lorentz symme
andN52 supersymmetry. However, we insist that they p
serve the same space-time symmetries as the orbifold:Z2,
4D Lorentz symmetry andN51 supersymmetry. Note tha
we started with two supersymmetries, and we could have
orbifold and brane interactions break different supersymm
tries. This would give a theory with supersymmetry co
pletely broken in a hard way, and hence we require that
Z2 orbifold and brane interactions leave one supersymm
unbroken.

The allowed brane superpotential depends on the hy
charge sign choice for the Higgs chiral multipletH, which
contains the zero mode. One choice allowsQUH, while the
other allows (QDH1LEH) — we can get masses for the u
sector, or for the down and charged lepton sectors, but
for both.2 One can take various views on this problem: p
haps it is not a problem, but a useful zero-order approxim
tion allowing an understanding of whymt@mb , although the
anomalies of the zero modes need to be canceled. Alte
tively, one could introduce two Higgs hypermultiplets,
that both choices can be made. This will lead to a minim
supersymmetric standard model~MSSM!-like 4D theory at
scales below 1/R. In this case, the extra dimension has n
addressed many of the issues familiar to the MSSM: su
symmetry breaking and mediation, the distinction betwe
matter and Higgs boson and the origin ofR parity. In this
paper we explore a third alternative.

We have seen that orbifolding with oneZ2 breaks one
supersymmetry and allows one type of Yukawa coupli
The freedom of choice of the charge ofH turns out to be
equivalent to the choice of which supersymmetry is k
unbroken by the orbifolding. We find that if we orbifol
twice, using twoZ2 s, both supersymmetries can be broke
and both types of Yukawa coupling are allowed. TheZ2 s
have different fixed points so that the two supersymmet
are broken at different locations in the bulk, maintaining t
softness of radiative corrections.

B. The S1Õ„Z2ÃZ28… orbifold

The S1/(Z23Z28) orbifold is constructed from the circle
by imposing two parities:Z2 : y→2y and Z28 : y8→2y8,
wherey85y2pR/2. These correspond to reflections abo
the axesA andA8 in Fig. 1. The modes of the circle are no
assembled into four types rather than two, according to t
(Z2 ,Z28) quantum numbers,

2Brane interactions involvingXc fields are also allowed by gaug
invariance, but all components ofXc vanish on the orbifold fixed
points, and hence these interactions also vanish.R parity violating
interactions, such asLLE, are also allowed.
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~1,1 !: cos
2n y

R
, ~6!

~1,2 !: cos
~2n11! y

R
, ~7!

~2,1 !: sin
~2n11! y

R
, ~8!

~2,2 !: sin
~2n12! y

R
, ~9!

with n50,1,2, . . . . Any component field will have just one
type of mode, according to itsZ23Z28 assignment; only
fields with ~1,1! assignment contain a zero mode. T
modes are completely specified over the circle once they
given on the interval 0,y,pR/2, which we choose to be
the physical space.

There are two ways to interpret the quantum numbers
the two discreteZ2 symmetries. One way is the following
The firstZ2, which is the reflectiony→2y, leaves a super-
symmetryS unbroken, and givesN51 multiplets with the
usualZ2 orbifold quantum numbers discussed in the previo
subsection, such asX1 andX2

c . Brane interactions, locate
at the fixed points aty50,pR, should preserveS. For ex-
ample, choosingH to have positive hypercharge allows th
superpotential termQUH. WhenZ28 is introduced, the cou-
plings of this interaction on the two branes aty50 and y
5pR are constrained to be equal.

How doesZ28 act on theseN51 multiplets? This action is
identified with theR parity, RP , of this S supersymmetry,
i.e., with u→2u. For any hypermultiplet,X can be chosen
to beRP even or odd—there are now two types of hyperm
tiplet, one in which the zero mode is a scalar, and the ot
where the zero mode is a fermion. Thus supersymme
theories on theS1/(Z23Z28) orbifold provide an inherent dis
tinction between Higgs and matter multiplets depending
whether theirZ2 and Z28 quantum numbers are the same
different: H(1,1),M (1,2). Invariance of the interactions
HD5Hc and MD5Mc, then, determines the quantum num
bers for the conjugate multipletsHc(2,2),Mc(2,1). Co-

FIG. 1. S1/(Z23Z28) orbifold in the fifth dimension.
7-4
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FIG. 2. Quantum numbers o
the matter, Higgs, and gauge mu
tiplets under the two orbifoldings
y→2y andy8→2y8.
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variance of the gauge derivativesDm andD5 determines the
assignments for the vector and chiral adjoint multiple
V(1,1),S(2,2). Making the usual superfield expansion
H5fH1ucH , etc., gives the quantum numbers for t
components of the Higgs, matter, and vector hypermultip
shown in Fig. 2.

It is interesting to note that anomaly freedom of the lo
energy effective theory does not allow a single Higgs hyp
multiplet with a circle reduced by a singleZ2 orbifolding.
Two Z2 orbifoldings are necessary to restore anomaly fr
dom. For matter hypermultiplets, however, fermionic ze
modes remain after orbifolding with bothZ2 s—anomalies
cancel between multiplets as in the standard model.

The second orbifold clearly breaks supersymmetry, si
the components of anN51 superfield have different mode
The tree-level spectrum is shown in Fig. 3. The zero mo
are in one-to-one correspondence with the particles of
standard model, and have KK excitations with masses 2n/R.
The superpartners of standard model particles and the s
obtained by an SU(2)R transformation on these superpa
ners have KK towers of states of mass (2n11)/R. Finally,
the conjugate quarks, conjugate Higgs boson, andfS have
KK towers of mass (2n12)/R. At an arbitrary point in the
bulk, supersymmetry is also broken by the wave functions
the modes. At the orbifold fixed points aty50 and y
5pR/2, the supersymmetry of the wave functions is
stored, except for the zero mode.

The second interpretation of the (Z2 ,Z28) quantum num-
bers results if we first orbifold the circle byZ28 about the axis
A8 of Fig. 1. This produces the same orbifold discussed
the previous subsection,S1/Z28 , with fixed points rotated by
p/2 to y56pR/2. The crucial point is that the supersym
metry left unbroken by this orbifoldingS8 is not the super-
symmetryS, which is preserved by first orbifolding byZ2
about axisA. The S8 multiplets are easily identified by
grouping together theZ2851 and Z2852 component fields
of Fig. 2:

FIG. 3. Tree-level KK mass spectrum of the matter, Higgs, a
gauge multiplets.
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M 8S fM
c †

cM
D Mc 8S fM

†

cM
c D H8S fH

c †

cH
D Hc 8S fH

†

cH
c D

V8S Am

cS
D S8S fS

l
D . ~10!

The S8 chiral superfields are labeled by the left-handed f
mions they contain, while theS8 vector multiplets are la-
beled by the bosonic components. The zero modes lie
M 8,Hc8, andV8. On comparing with theS multiplets

M S fM

cM
D McS fM

c

cM
c D HS fH

cH
D

HcS fH
c

cH
c D VS Am

l
D SS fS

cS
D , ~11!

one discovers that the transformation betweenS and S8 is
accomplished by the interchanges (fX↔fX

c †) and (l↔cS),
a discrete subgroup of the SU(2)R symmetry. This inter-
changing betweenS and S8 multiplets is easily visualized
from the multiplet arrangements of Fig. 2. The (Z2 ,Z28)
quantum numbers of bothSandS8 superfields are also easil
read from this figure, as they are always given by the qu
tum numbers of the boson.

The brane interactions at theZ28 fixed pointsy56pR/2
are (Q8D8Hc81L8E8Hc 8). Remarkably, sinceHc8 contains
the zero mode Higgs boson, these are precisely the inte
tions needed to give mass to down-type quarks and cha
leptons. Why is there not a complete symmetry under
interchange Z2↔Z28 and S↔S8? The interchange
(fX↔fX

c †) results in the zero mode Higgs boson lying
chiral multiplets of opposite hypercharge in the two cas
and this changes the form of the gauge-invariant brane in
actions.

In this second viewpoint,Z2 is identified as theR parity
RP8 of the supersymmetryS8, with u8→2u8. Hereu8 is the
superspace coordinate forS8, for example: M 85fM

c †

1u8cM . This identification ofZ2 can be readily verified
from the quantum numbers of Fig. 2.

The action of the discrete symmetries can be summar
by

Z2 : y→2y, ~u8→2u8!2 ,

Z28 : y8→2y8, ~u→2u!1 . ~12!

The superspace coordinatesu and u8 are those of different
orthogonalN51 supersymmetry subgroups—they are n
the superspace coordinates of the full 5D theory. The fi

d
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viewpoint uses theu transformation, while the second view
point uses theu8 ones. In the MSSM,R parity is imposed in
anad hocfashion to avoid proton decay—it is not inherent
the formulation of the theory. In our theory,R parity be-
comes part of the orbifolding symmetry of Eq.~12!, and is an
unavoidable consequence of the basic formulation of
theory. It therefore comes as no surprise that, when the
teractions of the low energy theory are derived, they
found to conserve baryon and lepton numbers at the re
malizable level.3

Our theory may be formulated as a Scherk-Schw
theory as follows. Start with aS1/Z2 orbifold of radiusR8, as
described in the previous subsection. On imposing the c
dition

f~y12pR8!5RP f~y!, ~13!

on the modes of any component fieldf, one discovers tha
the allowed modes are precisely those of Eqs.~6!–~9!, with
R52R8. However, this formulation hides the symmetry b
tweenZ2 andZ28 symmetries, as it stresses the role ofZ2 and
RP5Z2Z28 .

To summarize: we have taken every particle of the st
dard model to propagate in a compact dimension of sizeR.
In the case that the 5D theory is supersymmetric, and
compact space is the orbifoldS1/(Z23Z28), the effective
theory beneath the scale 1/R is nonsupersymmetric and ch
ral, having the gauge and multiplet structure of the stand
model. The most general brane interactions, consistent
Z23Z28 and the supersymmetries preserved by each sep
orbifold, up to cubic order, are

1

2
@d~y!1d~y2pR!#E d2u~lUQUH!1

1

2 FdS y2
p

2
RD

1dS y1
p

2
RD G E d2u8~lDQ8D8Hc81lEL8E8Hc8!

1H.c. ~14!

Together these interactions break supersymmetry comple
— but the locality of the operators results in the break
being soft, even though the low energy 4D theory conta
cQcUfH1cQcDfH

† . At scales below 1/R, these give the
Yukawa coupling matrices of the standard model prop
tional to the matriceslU,D,E . Hence, the low energy effec
tive theory ispreciselythe standard model, with the Higg
potentialconstrainedto have the tree-level form,

VH,05
g21g82

8
ufHu4, ~15!

where g and g8 are the standard model SU(2) and U(
gauge couplings. The absence of any free parameters in

3R parity violating interactions could be introduced, if we allo
the coupling constants to have the opposite signs on two brany
50 andpR (y56pR/2).
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Higgs potential at tree-level is striking. In the next secti
we calculate the radiative contributions to the Higgs pot
tial from interactions involving the large top Yukawa co
pling. We find that the effects of virtual KK towers lead
one loop to finite corrections to the Higgs potential involvin
the single parameterR. The Higgs mass squared is negativ
the Fermi constant is used to determineR, and the physical
mass of the Higgs boson is predicted.

III. THE HIGGS BOSON MASS AND THE
COMPACTIFICATION SCALE

In the previous section, we have investigated the tr
level structure of the model and found that the matter con
of the massless sector is precisely that of the standard mo
In this section, we calculate the one-loop effective poten
of the Higgs boson coming from KK towers of the qua
hypermultiplets through the top Yukawa coupling. We fin
that the Higgs boson receives a negative mass squared
EWSB is radiatively triggered. Furthermore, the effecti
potential is finite and depends only on the top Yukawa c
pling yt and the compactification radiusR. Thus, demanding
the VEV of the Higgs field to be 175 GeV, we can calcula
the value of the physical Higgs boson mass and the com
tification radiusR, which determines the masses for the s
perpartners and the KK excitations.

A. The Higgs boson mass squared

Before computing the one-loop effective potential, w
first calculate diagrammatically the mass squared for
Higgs doublet by making a KK decomposition of the origin
5D theory. The interactions between the Higgs boson and
KK modes of the quark fields are read off by expanding
brane interaction given in Eq.~14!. After eliminating the
auxiliary F fields, the relevant terms are

Sint5E d4xF (
k,l 50

` S f t

A2
mfc,khk

Fh l
ffQ,k

c † fU,lfH

1
f t

A2
mfc,khk

Fh l
ffU,k

c † fQ,lfH1H.c.D
2 (

k,l ,m50

` S f t
2

2
hk

fh l
f~hm

F !2fQ,k
† fQ,lfH

† fH

1
f t

2

2
hk

fh l
f~hm

F !2fU,k
† fU,lfH

† fHD
2 (

k,l 50

` S f t

A2
hk

ch l
ccQ,kcU,lfH1H.c.D G , ~16!

wherefH is the zero-mode Higgs boson;fM ,k , cM ,k , fM ,k
c

and cM ,k
c (M5Q,U) represent thekth KK modes of

the component fields in the hypermultipletM ~see Fig. 2!.
The dimensionless coupling f t is defined by f t
7-6
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FIG. 4. One-loop diagrams
contributing to the mass square
of the Higgs boson.
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r is
[(lU)33/(pR)3/2; hk
f , hk

c andhk
F are the values of the wav

functions aty50 for the fM ,k , cM ,k , andFM ,k fields, re-
spectively.

The Higgs boson massmfH
is generated at the one-loo

level via loops of KK towers of theQ and U multiplets.
There are three diagrams, as shown in Fig. 4, giving
contributions

2 i mfH

2 5Ncf t
2 (

k,l 50

` E d4p

~2p!4 H ~hk
F!2~h l

f!2mfc,k
2

~p22mfc,k
2

!~p22mf,l
2 !

2
~hk

c!2~h l
c!2p2

~p22mc,k
2 !~p22mc,l

2 !
1

~hk
f!2~h l

F!2

~p22mf,k
2 !

J .

~17!

Thus, substituting the KK masses and wave functions
tained in the previous section,

mc,k5
2k

R
[mk , hk

c5S 1

A2
D dk,0

[hk ,

~18!

mf,k5mfc,k5
2k11

R
[m̃k , hk

f5hk
F51,

into Eq. ~17!, we obtain the one-loop induced Higgs bos
mass squared in the present model.

Performing a Wick rotation to Euclidian momentu
spacepE , and changing to the variablex5pER, gives

2 i mfH

2 5 iNcf t
2 (

k,l 50

` E d4pE

~2p!4 H m̃k
2

~pE
21m̃k

2!~pE
21m̃l

2!

1
hk

2h l
2 pE

2

~pE
21mk

2!~pE
21ml

2!
2

1

~pE
21m̃k

2!
J ~19!

5
iNcf t

2

R2 E d4x

~2p!4
x2

3 (
k,l 50

` F hk
2h l

2

„x21~2k!2
…„x21~2l !2

…

2
1

„x21~2k11!2
…„x21~2l 11!2

…

G . ~20!
10500
e

-

In this expression, we first sum over the tower of KK sta
and then perform the momentum integral. The result
Higgs mass squared is

mfH

2 52
Ncf t

2

128R2E0

`

dx x3H coth2Fpx

2 G2tanh2Fpx

2 G J
~21!

52
21z~3!

64p4

Ncf t
2

R2
, ~22!

wherez(x) is the Riemann’s zeta function. We find that th
radiative correctionmfH

2 is negative, so that EWSB is indee

triggered by loops involving the top KK towers. Furthe
more, the result is finite and UV insensitive, since the m
mentum integral is exponentially cut off atpE;R21;
99.99% ~99%! of the integral comes from the regionpE
&5/R (pE&3/R). This extreme softness arises because
geometrical separation between the two orbifold fixed poi
in the extra dimension acts as a point-splitting regularizati
We can also rewrite Eq.~22! by using the 4D top Yukawa
couplingyt5 f t /23/2 as

mfH

2 52
21z~3!

8p4

Nc yt
2

R2
. ~23!

It is interesting to note that a similar calculation for th
squark mass squared gives a vanishing result,mfM

2 50.

B. The effective potential

We would like to compute the Higgs potential with suffi
cient accuracy that the minimization leads to a determina
of the compactification scale and the Higgs mass to be
than 10%. Balancing the negative Higgs mass squared, g
above, against the tree-level gauge quartic Higgs interac
of Eq. ~15! is not sufficient. In fact, it is not even sufficient t
include the quartic interaction obtained from integrating o
the top KK tower, as can be seen from the following simp
argument. The only dimensionful parameter of our theory
R, so that this must set the scale of the effective poten
The contribution obtained by integrating out the top K
tower at one loop involves a factor of the top Yukawa co
pling yt for each external Higgs field. Hence the one-loop t
KK tower contribution takes the formVt5 f (x)/R4, where
x5yt

2R2fH
† fH . Expandingf (x)5Ax1Bx21Cx2 ln x1Dx3

1•••, all the coefficients,A,B,C, . . . arise at one loop and
are expected to be comparable. Truncation at finite orde
therefore unreliable.
7-7
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The one-loop, all-orders effective potential from integr
ing out the top KK tower is

Vt~H !5
1

2
TrE d4p

~2p!4 (
k52`

1`

lnS p21mBk

2 ~H !

p21mFk

2 ~H !
D , ~24!

whereH5ufHu and the trace is taken over all states of t
top hypermultiplet of a givenk, giving a factor 4Nc . Clearly
we only need the field-dependent eigenvalues of the bo
and fermion mass matricesmBk

and mFk
. The top Yukawa

coupling on the brane leads to a mixing of the tree-le
modes Eqs.~6!–~9! of the top states. For example, to leadi
order in ^fH&R, the effective theory below 2/R contains
mass matrices for the squarks of the form4

2Lmass5 S fQ,0
† fU,0

c † D S S 1

RD 2

14mt
2 22mt

1

R

22mt

1

R S 1

RD 2 D S fQ,0

fU,0
c D

1~Q↔U !. ~25!

However, this leading-order matrix does not include exac
the effects of mixing between these states and the hea
states. We find the exact tree-level eigenvalue condition
be

tan2S pR mFk

2
D 5

~pytRH!2

4
~26!

and

cot2S pR mBk

2
D 5

~pytRH!2

4
, ~27!

giving eigenvalues

mBk
~H !5

2k11

R
6mt~H ! ~k50,1,2, . . . ! ~28!

and

mFk
~H !5

2k

R
6mt~H ! ~k51,2,3, . . . !. ~29!

The zero-order degeneracy of each level is split by 2mt . At
each mass eigenvalue there is a single Dirac fermion, or
complex scalars. There is also a singlek50 fermion mode,
the top quark, with mass

4Integrating out the tower offM ,k
c (k51,2, . . . ) generates the

term (k51
` ( f t

2/2)fM ,0
† fM ,0fH

† fH in the low-energy Lagrangian
which cancels infinities present in the bare Lagrangian Eq.~16!,
2(k50

` ( f t
2/2)fM ,0

† fM ,0fH
† fH .
10500
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mt~H !5
2

pR
arctanS pytRH

2 D . ~30!

As H varies from 0 to`, mt(H) grows from 0 to a maxi-
mum value of 1/R. This dependence of the top quark ma
on the electroweak field is quite unlike the standard mod
For small yt it reduces to the standard model resultmt
5ytH, but, for the observed value of the top mass, the eff
of mixings with the heavier KK modes is important. Increa
ing H leads to a larger splitting of each level, but there is
level crossing. These eigenvalues can be used in Eq.~24!,
with 2`,k,1`, by choosing the positive sign in Eqs
~28! and ~29!, and, using calculational techniques from Re
@16#, we find

Vt~H !5
6Nc

p6R4 (
k50

`
cos@~2k11!pR mt~H !#

~2k11!5 . ~31!

The denominator ensures that the higher terms in this se
are rapidly suppressed. Taylor expanding aroundH50, the
quadratic term in this potential reproduces the mass squ
of Eq. ~23! obtained by diagrammatic calculation.

The potentialVt is a monotonically decreasing function o
H, as shown in Fig. 5. Runaway behavior is prevented by
tree-level gauge potentialVH,0 of Eq. ~15!, so that the com-
bined potentialVH[VH,01Vt has the minimum shown in
Fig. 5, given by the minimization condition

1

R
5S p6

18D 1/4

~MZv !1/2.341 GeV, ~32!

wherev5^H&. More precisely, the right-hand side should
multiplied by the factorj21/4 where

j5sin@pR mt#(
k50

`
sin@~2k11!pR mt#

~2k11!4 . ~33!

FIG. 5. The Higgs potentialV normalized by the compactifica
tion radiusR as a function ofRH[RufHu. Dashed, dot-dashed, an
solid lines representVt , VH[VH,01Vt andVH with a gauge qua-
dratic term, respectively.
7-8



ou
th
av
-
ite
ig
ld
th

ld

nd

bu
tia
o

e
f t

in
er

tn
b

es
al

so

rk
s

on
K
y
ia

5.

ec-
the
h
ted
s
nce

e
-

he-
hile
l
p

ver
the
ner-
e

ing
of
ry
Eq.
int
try.

the
tic

r of
infi-
ion
’

en
ve

a-
mal-
by
ires
he
ese
the
in

CONSTRAINED STANDARD MODEL FROM A COMPACT . . . PHYSICAL REVIEW D 63 105007
Accidentally, the minimum occurs at a value ofR such that
R mt is very close to 1/2: sin@pR mt# is unity to better than
1%, and the deviation ofj from unity only affects 1/R at the
level of about 1 GeV.

In the last section we stressed that compactification of
5D theory led to a low energy effective theory that was
standard model with the Higgs potential constrained to h
the tree-level form ofVH,0 . In this section, we have discov
ered that EWSB in the low energy effective theory is qu
unlike that of the standard model, because the relevant H
potential involves interactions to all orders in the Higgs fie
not just the quadratic and quartic terms. For example,
Higgs VEV is not given by the familiar formv252mfH

2 /l,

wherel is the quartic coupling. If this were true we wou
find v2}yt

2R22/(g21g82). Minimization of the all orders
potential has given a different dependence,

v45
1

~g21g82!

L

R4 , ~34!

whereL is the loop factor giving the relative size of tree a
one-loop terms in the minimization conditionL536/p6. The
scale of the VEV is still set byR21, and runaway is pre-
vented by the nonzero value of the gauge couplings,
because of the accident mentioned above, there is essen
no sensitivity to the uncertainty in the experimental value
the top quark mass.

Given thatR21 is the only scale in the problem, why hav
the superpartners not yet been discovered? The origin o
difference betweenR21 andv5175 GeV can be seen from
Eq. ~34!. The weakness of the gauge couplings actually
creasev above the compactification scale by 16%. Howev
the loop factorL1/4 increasesR21 abovev by a factor of 2.3.
The weak gauge bosons are lighter than the superpar
because EWSB is driven only at one loop. Nevertheless,
cause it is the fourth root ofL that appears inv, the super-
partner masses are not far above the weak boson mass

Expanding VH about the minimum gives the physic
Higgs boson mass

mH5A2MZS 12
1

4
cos@pR mt# D.127 GeV, ~35!

where omitted terms in the expansion affect the Higgs bo
mass by less than 1 GeV, and we have used aMS top quark
mass of 166 GeV in evaluating cos@pR mt#.0.06. An uncer-
tainty of 5 GeV in the experimental value of the top qua
mass translates into a 2-GeV uncertainty on the Higgs bo
mass.

C. Predictions and uncertainties

A correction to the effective potential of the Higgs bos
comes from one-loop radiative corrections from the K
tower of the SU(2)3U(1) gauge multiplets. Here we stud
only the contribution to the quadratic term in the potent
@16#
10500
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DmfH

2 5
21z~3!

16p4

g21g82/3

R2
. ~36!

The effect of including this quadratic term is shown in Fig.
This increasesR21 by 3%.

The remaining uncertainties are the electroweak corr
tions to the higher terms in the effective potential and
two-loop top contributions to the effective potential, whic
we estimate at 1% and 6%, respectively. We have calcula
the induced VEVs for the higher KK modes of the Higg
boson, and found these effects to be at the 1% level. He
the compactification scale is

1

R
5352620 GeV, ~37!

giving superpartner masses of.350 GeV and masses for th
first KK excitations of.700 GeV. The physical Higgs bo
son mass is

mH51276862 GeV. ~38!

In these predictions, the first uncertainty is a combined t
oretical uncertainty from the effects discussed above, w
the second uncertainty inmH follows from the experimenta
uncertainty of65 GeV in the measured value of the to
quark mass.

In the above calculation we performed summations o
an infinite tower of KK modes. However, as discussed in
next section, our theory becomes strongly coupled at e
gies of about 5/R and must be cut off in some way. Are w
correct to use the exact mass eigenvalues of Eqs.~28! and
~29! rather than the eigenvalues of mass matrices involv
just the lower modes? Equivalently: what is the sensitivity
our results to the details of the UV cutoff? One may wor
that there is a large sensitivity as each term in the sum of
~20! is separately quadratically divergent. The crucial po
is that we require our cutoff to preserve supersymme
Since supersymmetry is broken nonlocally at the scaleR21,
the cutoff must preserve the cancellations that occur in
naive KK summation. This is nontrivial, since a quadra
divergence still appears if the sums in Eq.~20! are termi-
nated at some finite value, even keeping an equal numbe
bosonic and fermionic states. Thus we assume that the
nite sum over the KK modes gives the correct regularizat
of the theory; deviations from this ‘‘KK regularization’
must be extremely small.

Finally, we note that in the above calculation it has be
assumed that the KK towers of the quark multiplets ha
masses quantized precisely in units of 1/R. In general, how-
ever, the KK excitations receive wave-function renormaliz
tions due to brane interactions and their masses are renor
ized. This can cause a shift of the compactification radius
as much as a few tens of percent, which thereby acqu
some sensitivity to unknown UV physics. Remarkably, t
Higgs boson mass prediction is much less sensitive to th
wave-function renormalizations, so that even in this case
tightness of Eq.~38! is maintained. This issue is discussed
the next section.
7-9
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IV. SENSITIVITY TO PHYSICS ABOVE THE
COMPACTIFICATION SCALE

In the previous section we computed one-loop radiat
corrections to the Higgs potential, yielding a prediction
both the Higgs boson mass and the compactification s
1/R, which determines the masses of the superpartners
the KK excitations. The sum over KK modes softened
usual logarithmic divergence of supersymmetry to give
completely finite result, suggesting that the physics of EW
is really governed by the energy scale 1/R, and has little
sensitivity to whatever physics occurs at much higher en
gies. In this section we demonstrate that the compactifica
scale does have some sensitivity to physics in the UV,
we estimate this uncertainty. Remarkably, the Higgs bo
mass is much less sensitive to these effects, so that the
cise prediction of Eq.~38! is still expected to hold.

A. Constraints from precision electroweak data

For many theories in which the standard model gau
interactions propagate in a fifth dimension, precision el
troweak data place a bound on the radius of orderR21*3
TeV @19,20#. These stringent bounds apply when matter
Higgs fields are located on a brane, and arise because
interactions of brane fields with the bulk gauge bosons v
late momentum conservation in the extra dimension. For
ample, the kinetic termd(y)Q†egVQ introduces interactions
between the zero-mode quarks and the excited modes o
gauge bosons:q̄0gmAk

mq0. This allows both the production o
single gauge KK modesAk

m and the generation of four zero
mode fermion operators from their virtual exchange. Sim
effects result for brane leptons, while the situation for t
brane Higgs field is particularly dangerous. The opera
d(y)H†egVH causes mass mixing between theW andZ zero
modes and their excited modes, and also induces a VEV
the weak triplet scalar in the SU(2) chiral adjointS @20#. All
these effects are absent to leading order in our theory
cause both matter and Higgs fields propagate in the bulk.
interactions, apart from the Yukawa interactions, conse
momentum in the fifth dimension, so that the effects t
could produce the stringent bounds do not occur. Nonze
mode states can only be pair produced, and, for state
mass 1/R.350 GeV, this will require further runs of th
Fermilab Tevatron and the CERN Large Hadron collid
~LHC!.

At one loop, the top Yukawa interaction generates bra
kinetic terms forQ3 ,U3 andH. The contribution from short
distances (,R) is expected to be supersymmetric,

1

2
@d~y!1d~y2pR!#E d4u~ZQ3

Q3
†egVQ31ZU3

U3
†egVU3

1ZHH†egVH !. ~39!

Even thoughQ3 ,U3, andH propagate in the bulk with ki-
netic termsQ3

†egVQ3, etc., the brane kinetic interactions vio
late momentum conservation in they direction, leading to
terms linear in KK modes. We define a dimensionless br
Z factor zX5ZX /(2pR), so that, in the 4D theory, the zer
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modes have kinetic terms with coefficient 11zX . For 1/R in
the region of 350 GeV, experiments requireuzHu&0.2. As we
discuss below,zH is scale dependent—this bound applies
the scale 1/R. Limits on z for the light quarks and leptons
from tree-level contributions of electroweak gauge boson
precision electroweak observables, are also about 0.2.
experimental constraints onzQ3

andzU3
for the third genera-

tion quarks are much milder. We take this limit on the Hig
Z factor to imply that it is also reasonable for these quarkZ
factors to be less than 0.2. This is strengthened by the
mates provided below, suggesting values ofzQ3

and zU3
in

the range of about 0.1.
What are the effects of theseZ factors on the results of the

calculation of the previous section? TheZ factor for the
Higgs field does not affect the results at all. It is removed
going to canonical normalization before the calculation
begun, and affects only the relation between the 4D and
top coupling.

To find the effect of theZ factors forQ3 or U3 we pro-
ceed as follows. We make a KK mode expansion and res
the fields of the equivalent 4D theory to obtain canoni
kinetic energy. We study the mass matrices for the ferm
and boson KK modes to linear order inzQ,U , and find that
the eigenvalue conditions have changed from Eqs.~26! and
~27! to

tanS pR mFk

2~12zQ!
D tanS pR mFk

2~12zU!
D 5

~pRytv !2

4~12zQ!~12zU!
~40!

and

cotS pR mBk

2~12zQ!
D cotS pR mBk

2~12zU!
D 5

~pRytv !2

4~12zQ!~12zU!
,

~41!

which, to linear order inzQ,U , reduces to Eqs.~26! and~27!

with the replacement 1/R→(12 z̄)/R, wherez̄5(zQ1zU)/2.
With this replacement, Eqs.~28!–~35! all apply, so that it is
(12 z̄)/R that is determined by the minimization of th
Higgs potential to be 352 GeV. The numerical predictio
for the top squark masses and Higgs boson are unalte
while the other superpartner masses are

1

R
.~11 z̄!~352620! GeV. ~42!

For uzQ,Uu,0.2, the uncertainty on 1/R from Z factors is
20%. The Higgs boson and top squark masses are affe
only at quadratic order inzQ,U , which is at the percent level

B. Power law running

In the 5D theory the gauge and Yukawa couplings disp
power law running behavior. TheZ factor for the vector
field, and therefore for the gauge coupling, is linearly div
gent. From the 4D viewpoint, the KK modes imply that th
one-loop beta function coefficient at scaleE is proportional
to ER, the number of KK modes lighter thanE. For the
7-10
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chiral fieldsQ3 ,U3 andH, the 5D interaction is proportiona
to d(y), and this makes theZ factor for these fields more
divergent. From the 4D KK viewpoint, this can be seen
rectly from the one-loop wave-function diagram. Instead
having a sum over a single tower of KK modes in the loo
as in the gauge case, there is a double sum, as the KK m
can be different in each propagator. Thus in the 4D langua
the coefficient of the anomalous dimension at energyE is
proportional to (ER)2. At scale 1/R, g3 and yt are compa-
rable, but at larger energies the top coupling changes m
more rapidly, and is the first coupling of the theory to b
come nonperturbative. Paying careful attention to the thre
olds of the different species of particles, we find that t
one-loop evolved top Yukawa coupling diverges at ab
6/R. Using conventional strong coupling arguments, the
Yukawa coupling becomes nonperturbative at scaleM de-
fined by

yt~M !.
4p

~MR!3/2
. ~43!

Numerically,M.5/R.1.7 TeV. At this scale, the 4D cou
pling yt may not be increased relative to its value at sc
1/R by more than 20% or so. From the 4D viewpoint the lo
of perturbativity is largely due to the multiplicity of KK
modes.

The gauge couplings change very little over the inter
1/R to 5/R, and are all perturbative atM. At energies larger
than M, evolving at one loop, the gauge couplings beco
nonperturbative before unifying—there is no calculable
proximate power law unification. In fact, the one-loop ana
sis already becomes unreliable atM, as higher loop diagram
involve the nonperturbative couplingyt .

C. Estimate of braneZ factors

There are several reasons for studying the size of
braneZ factors: The compactification scale has UV sensit
ity only through theZ factors; while the Higgs boson and to
squark masses are remarkably insensitive to theZ factors,
small changes are possible; as the theory becomes no
turbative atM, is it reasonable thatzH(1/R)&0.2?; the de-
generacy of many states at the scale 1/R could be lifted by
even quite small contributions to the braneZ factors.

We can consider two contributions toZH—a boundary
value at M, coming from the nonperturbative interaction
aboveM, and a contribution that results from radiative co
rections involvingyt from M to 1/R. Here we give rough
estimates of these contributions.

Using a strong coupling analysis in higher dimensio
@22#, we estimate an upper bound for the boundary contri
tion of ZH.3p/(2M ), giving zH.3/(4MR).0.2. We do
not know that such boundary terms are present; howe
even if this bound is saturated, there is no conflict w
experiment—the effects in precision electroweak data ar
the level of current observations. Of course, although
expected, we cannot exclude large boundaryZ factors forQ3
andU3 giving large shifts to the superpartner masses.
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In scaling fromM to 1/R, the couplingyt changes by
about 20%. Using the one-loop formulas for theZ factors,
this scaling would generatezH.0.2. Again we find a contri-
bution at an acceptable but interesting level. Since this c
tribution gets most support from nearM, where the theory
approaches strong coupling, it is not surprising that our t
contributions are estimated to be comparable. We stress
we do not know whether such contributions will be prese
in nature. Both are dominated by the UV, and, for examp
it could be that our 5D theory is cut off at some scale bel
M by being incorporated into some other theory. Our ana
sis shows that large values ofzH are not expected—our cal
culation of the compactification scale is under control a
has limited sensitivity to the unknown UV physics, and t
precise prediction of the Higgs boson mass is maintaine

Light fermions, such as the electron, do not have sign
cant braneZ factors generated by their Yukawa coupling
However, if our 5D theory is the low energy effective theo
of some more fundamental theory, valid below some cuto
scaleL, then the fundamental theory could lead to a value
the Z factor atL, given purely be dimensional analysis o
uZu.1/L. In this case the first superpartner will have a ma
shifted to (1/R)@161/(2pRL)#. This is a small effect—a
10-GeV shift forL5M — but represents an important lift
ing of the degeneracy. Brane kinetic terms for the gau
fields could similarly lift the degeneracy of the gauginos.

D. The r parameter

The r parameter has been measured to have the stan
model value, with a limit on additional contributionsDr
,0.003 at 95% confidence level, providing a powerful pro
of new theories. Unfortunately ther parameter cannot be
reliably computed in our theory.

On first sight it appears that the dominant contribution
Dr in our theory comes from the scalar states of the
quark hypermultiplets that have mass 1/R in the absence of
EWSB. By diagonalizing the 232 mass matrix of Eq.~25!,
we find that these states contributer (1).0.012. If this were
an accurate calculation of the dominant contribution toDr,
our theory would be experimentally excluded. However, it
not a reliable result for several reasons. If the ‘‘exact’’ e
genvalues of 1/R6mt are used we findr (1).0.006. If we
include the ‘‘3/R’’ scalar states, by diagonalizing the re
evant 434 scalar mass matrices, we findr (1)1r (3)'0.04
using ‘‘exact’’ eigenvalues. Similarly the fermion states
2/R and 4/R are expected to contributer (2)1r (4)'0.02.
These values are approximate as they are sensitive to
precise values used for the masses and mixings. We conc
that mixing between the lighter and heavier modes has
important effect onr.

The sensitivity ofr to higher modes is most dramatical
seen by studying the contribution from the whole KK towe
a quadratic sensitivity to the UV emerges. We have alre
seen that radiative corrections from the top Yukawa inter
tion generate the interactiond(y)*d4uZHH†egVH with ZH
having a quadratic sensitivity to the cutoff due to the pow
law running of the top coupling. ThisZ factor induces a
positive contributionrS from the VEV of the electroweak
7-11
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BARBIERI, HALL, AND NOMURA PHYSICAL REVIEW D 63 105007
triplet in theS multiplet. We now find that the higher dimen
sion operatord(y)*d4u(j/M4)(H†egVH)2 is also generated
with j having quadratic sensitivity to the cutoff. In the stron
coupling limit, this boundary operator could lead to a con
bution as large asurMu.0.05. Contributions to ther param-
eter are not reliably computed from the lowest lying K
mode. Our theory requires a cancellation betweenr (1)

1r (2)1r (3)1r (4) and the other contributions toDr at the
level of one order of magnitude.

V. SUPERPARTNER SPECTRUM AND COLLIDER
PHENOMENOLOGY

What are the first states that will be encountered bey
those of the standard model? From Fig. 3, we see that t
are the superpartners, and their SU(2)R partners, which at
tree level are all degenerate with mass 1/R. Consider the
overall picture of the low energy effective theory beneath
TeV scale, after the states of mass 2/R and above have bee
integrated out, so that only the standard model fields and
‘‘1/ R’’ states remain. It is clear that this effective theory
very different from the MSSM, which contains two Higg
doublets, and a single set of superpartners.

We stress that our effective theory below a TeV conta
the 1 Higgs doublet standard model, and two superpart
for every standard model particle. Even though our f
theory is supersymmetric, our effective theory is not. Th
is no energy scale in which a 4DN51 supersymmetric de
scription is appropriate. Rather, the low energy theory
flects the underlyingN52 supersymmetry coming from th
fifth dimension, with a superpartnerp̃ and a conjugate super
partnerp̃c for every standard model particlep

p⇒~ p̃,p̃c!. ~44!

In this section, we use a tilde to denote these superpartn
q̃,ũ,d̃, l̃ ,ẽ for the squarks and sleptons,h̃ for the Higgsino,
and g̃,ṽ,z̃,g̃ for the gauginos, which we collectively deno
by l̃. The SU(2)R-rotated states5 we call conjugate super
partners, thusfQ

c 5q̃c is a conjugate squark andcS of the

SU(3) gauge multiplet is a conjugate gluino,g̃c.

A. Spectrum

In studying the mass matrices for these states, it is us
to notice that the theory possesses an accidental, contin
R symmetry. We choose it to be such thatu (u8) carriesR
charge11 (21). The resultingR charges are shown in
Table I, and are the same for all members of the KK tow
The standard model particles are neutral, while the superp
ners and their conjugates have charges61. While the con-
jugate matter fields and conjugate gauge fields~i.e., theS
scalar! are neutral, the conjugate Higgs boson field h
charge 12. The absence of anyA terms or Majorana

5The only case wherep̃ and p̃c are not in the same SU(2)R dou-
blet is the Higgsino.
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gaugino masses can be traced to thisR symmetry. The pat-
tern ofR charges is not symmetrical about zero for the ma
and Higgs fields because we insist that the Higgsh is R
neutral, so that theR symmetry is not spontaneously broke

The leading effect that lifts the degeneracy of these sta
is EWSB. Even though this occurs radiatively,vR.0.4 is
given by the fourth root of the loop factorL, and is not small.
These effects are important only for the top squarks and t
conjugates, and for neutralinos and charginos.

There are four top-type scalars, but fortunately U(1R
3U(1)EM ensures the mass matrix splits into two 232
blocks. Sincet̃ L,q̃3 and t̃ R5ũ3

† , the two stop scalarst̃ L

and t̃ R have oppositeR charges and cannot mix. Neverth
less, mixings can occur within the pair (t̃ L , t̃ R

c†) and the pair

( t̃ R , t̃ L
c†). Each pair has the mass matrix given in Eq.~25!.

Taking the mixing with the heavier states into account,
eigenvalues are

m65
1

R
6mt . ~45!

For R215352 GeV, there are two charged 2/3 colored s
lars t̃ L,R2

of mass 186 GeV, and twot̃ L,R1
of mass 518

GeV. TheL,R subscript labels whether the state containst̃ L

or t̃ R . Each mass eigenstate has roughly comparable SUL
doublet and singlet components, and each has a large
pling to the top quark and the Higgsino. Including one-lo
radiative corrections from the QCD gauge KK tower i
creases these masses by 6% fort̃ 2 to 197 GeV and 1% for
t̃ 1 to 522 GeV. Remarkably, the one-loop contribution pr
portional to the top couplingyt

2 vanishes.
Introducing braneZ factors forQ3 andU3, as in Eq.~39!,

the 232 mass matrix for the scalars (t̃ L , t̃ R
c†) becomes

~ t̃ L
† t̃ R

c !S 122zQ

R2 14mt
2 22mt

12zU

R

22mt

12zU

R

122zU

R2

D S t̃ L

t̃ R
c†D ,

~46!

to linear order inzQ,U . The mass matrix for the scalar
( t̃ R , t̃ L

c†) is obtained by the interchangezQ↔zU . To leading
order in zQ,U and in mt the eigenvalues of this matrix ar
(12 z̄)/R6mt , wherez̄5(zQ1zU)/2. Using Eq.~41!, which
includes mixings with all heavier scalar modes, one disc

TABLE I. ContinuousR charges for gauge, Higgs, and matt
components. Here,m representsq,u,d,l ,e.

R gaugeV Higgs H matterM

12 hc

11 l̃ h̃c m̃,m̃c

0 Am,Ac h m,mc

21 l̃c h̃
7-12
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ers that this result is exact inmt . As shown in Sec. III,
minimization of the Higgs potential determines (12 z̄)/R
5352 GeV, so that the top squark masses are independe
the Z factors, to linear order, as shown in Fig. 6.

Although there are six charginos and six neutralinos,
mass matrices have a very simple form, largely determi
by U(1)R and U(1)EM symmetries. Both charginos and ne
tralinos have a 333 Dirac mass matrix, which splits into
block diagonal form, giving chargino masses

~ h̃1 ṽc1!S 1

R
A2MW

2A2MW

1

R

D S h̃c2

ṽ2 D 1
1

R
ṽc2ṽ1,

~47!

and neutralino masses

~ h̃0 z̃c!S 1

R
MZ

2MZ
1

R

D S h̃c0

z̃
D 1

1

R
g̃cg̃. ~48!

The minus signs in the~2,1! entries are extremely importan
The pure gaugino states,x̃1

1 and x̃1
0, are the lightest, with

massR215352 GeV. The mixed gaugino/Higgsino stat
are increased in mass: x̃2,3

1 both have mass

R21A112MW
2 R25370 GeV, and x̃2,3

0 both have mass

R21A11MZ
2R25364 GeV.

These shifts are of orderMW
2 /R and hence small. The

brane wave functionZ factor for the Higgs field does no
correct the form of thex̃1 masses, but does induce corre
tions to the form of thex̃2,3 mass matrices, which, to linea
order inzH , become

FIG. 6. The top-squark and chargino masses as a functio

zH . Solid, dashed lines representt̃ L,R1,2
and x̃1,2,3

1 fields, respec-
tively. zH.0.2 is disfavored by precision electroweak data.
10500
t of
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~ h̃1 ṽc1!S 1

R
~12zH! A2MWS 11

1

2
zHD

2A2MWS 12
1

2
zHD 1

R

D
3S h̃c2

ṽ2 D ~49!

for the charginos, and

~ h̃0 z̃c!S 1

R
~12zH! MZS 11

1

2
zHD

2MZS 12
1

2
zHD 1

R

D S h̃c0

z̃
D
~50!

for the neutralinos. The mass eigenvalues for the charg
are shown in Fig. 6 as a function ofzH . The neutralino mass
eigenvalues have a very similar behavior, but with a sma
splitting at zH50. The x̃1

1 state has a massR21, and
changes withzH only because the extraction ofR21 from the
Higgs VEV involveszH . The orderzH terms in Eq.~49!

cause a significant mass splitting betweenx̃2
1 and x̃3

1 , so

that x̃1
1 may well not be the lightest chargino.

All the remaining superpartners, squarks, sleptons, g
nos, and their conjugates remain closely degenerate wi
mass ofR21. Radiative corrections from the strong intera
tion lift the mass of the colored states by about 6 GeV co
pared to the noncolored ones. EWSB allows us to determ
R215352620 GeV, where the uncertainty is from our th
oretical calculation. BraneZ factors can also affectR21 as
shown by thex̃1

1 curve in Fig. 6, for the case that theZ
factors are generated purely from the 5D power law runn
of the top coupling.

The supergravity multiplet in 5D contains the gravito
GMN , the gravitinoCM , and a vector fieldBM . The KK
decomposition of this 5d multiplet leads to two 4D multi
lets: the graviton multiplet@gmn(1,1),c3/2(1,2),c3/2

c (2,
1),Bm(2,2)# and the radion multiplet@(g551 iB5)(1,
1),c1/2(1,2),c1/2

c (2,1),gm5(2,2)#. The towers of KK
modes have the usual spectrum with only the 4D gravi
and the radiong55 having a zero mode, while the next ligh
est states are the fermionic ones at 1/R. We assume that the
radion acquires a mass by a mechanism that stabilizes
size of the compact dimension. It has zeroR charge and is
unstable to decay to standard model particles.

The two top scalarst̃ L2 and t̃ R2 are lighter than all other
superpartners by a significant amount, having masses

mt̃ 2
5197620 GeV. ~51!

This result is remarkably insensitive to braneZ factors, as
shown in Fig. 6. The top scalars remain at least 100 G
lighter than the lightest chargino or neutralino. In additio
the braneZ factors do not lift the degeneracy betweent̃ L2

and t̃ R2 to the leading order. Since the one-loop gauge c

of
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BARBIERI, HALL, AND NOMURA PHYSICAL REVIEW D 63 105007
rection andD-term contribution also do not lift it, the mas
splitting between these two scalars would be, if any, v
small.

Although t̃ L2 and t̃ R2 have opposite U(1)R charges, the
heavier may decay to the lighter, for example, byt̃ L2

→ t̃ R2
† uu. This decay could be mediated by a flavo

changing gluino exchange, and the lifetime is very sensi
to the scalar mass differences and the size of the fla
changing coupling. Decays may also be induced by cer
higher dimension operators. For the most plausible range
parameters the decay does not occur inside a collider de
tor, unless the heavier scalar is stopped, but would be
pected to occur cosmologically. We refer to these two sca
as the LSP and the next to LSP~NLSP!.

B. Collider phenomenology

For run II of the Fermilab collider the most promisin
signals of our theory are the standard model Higgs of mas
12768 GeV, and the LSP and NLSP top scalars of m
197620 GeV. The pair production cross section for the
scalars at a center of mass energy of 2 TeV is 360 fb e
@23#. This is significantly more than the rate for producin
them via pair production of the gluinos and other squa
with mass of 350 GeV, followed by cascade decays to
LSPs. Once pair produced, these scalars will hadronize
picking up au or d quark and becoming a fermionic meso
T05ū t̃ 2 or T15d̄ t̃ 2 , with almost equal probability. While
the charged meson is expected to be slightly heavier than
neutral one, both will be sufficiently stable to traverse t
entire detector. Hence the signals for scalar top pair prod
tion are events with one- or two-heavy stable particles w
electric charge6e.6 Furthermore, the antistop bound state

T̄05u t̄̃2 andT25d t̄̃2 , can oscillate by exchanging isosp
and charge with background material in the detector, cau
intermittent highly ionizing tracks. These signals have be
investigated in the context of gauge mediation models w
stop NLSP@24#. The present experimental limit on such pa
ticles from run Ib at the Tevatron collider is about 150 Ge
from CDF @25#.

For sufficiently low speedb, the charged mesonsT1 will
stop inside the detector, and eventually give a positron w
very low momentum, presumably in the MeV range, byb
decay to the neutral state. IfT1 contains the NLSP, anothe
possibility is that this NLSP decays to the LSP giving dec
products with energies of order the scalar mass differen
for example, in the GeV range.

At the LHC the situation is more complicated since all t
squarks, gluinos and their conjugates will be pair produc
However, these will all cascade to the LSP or NLSP, so o
again a crucial signal becomes the observation of events
one or two stable charged particles. The initial pair prod
tion reaction produces one particle with U(1)R charge11,

6If R-parity violating interactions are introduced on the branes,
top scalars may decay into the standard model particles inside
detector.
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and one with21. These cascade to eventually givet̃ L2 or

t̃ R2
† and t̃ R2 or t̃ L2

† respectively. Thus, unlike in the case
direct scalar top production, events occur in which the sta
charged particles have the same sign.

If the gluino is heavier than the squarks the decay chai

g̃→qq̃ andq̃→qx̃, whereq andq̃ refer to any flavor excep
top, when the decay is not forbidden by phase space. Fo
case that the squarks are heavier than the gluino the de

are q̃→qg̃ and g̃→qq̄x̃. Recall thatg̃ and x̃ are Dirac fer-

mions, andq̃ refers to squarks and conjugate squarks. Alx̃
states that are kinematically open will be populated. T

three charginos will all decay viax̃1→b̄ t̃ 2 . The neutralinos

decay tot̄ t̃ 2 if open, but the lightest neutralino will deca

via a virtual chargino:x̃0→q̄qx̃1, x̃1→b̄ t̃ 2 . Hence all
events resulting from pair production of the ‘‘1/R’’ states
contain twob quark jets.

C. U„1…R symmetry

In Sec. V A, an accidental U(1)R symmetry, given in
Table I, played an important role to reveal the mass spect
of the theory. Here we note that this U(1)R is an anomaly-
free symmetry. In the usual 4DN51 theory, an anomaly-
free U(1)R symmetry requires the introduction of addition
exotic states, beyond those of the MSSM, since the gaug
and the gravitino carry a U(1)R anomaly@26#. However, in
the present model, there are conjugate gauginos and co
gate gravitino, so that the U(1)R is automatically anomaly-
free; the quarks and leptons have zero charges and al
other fermionic states are vectorlike. The U(1)R symmetry is
a linear combination of the U(1) subgroup of the SU(2R

automorphism group ofN52 supersymmetry algebra and
vectorlike, non-R U(1) symmetry under which the Higg
fields transform asH(21) and Hc(11) @H8(21) and
Hc 8(11)] again demonstrating that U(1)R is anomaly-free.

The above remarkable property allows us to impose thR
symmetry as an exact symmetry of the theory. Since nei
EWSB ^h&Þ0 nor chiral condensation̂qq̄&Þ0 breaks this
U(1)R symmetry, it may remain as an unbroken symmet
Then, the LSP is absolutely stable since theR parity, RP or
RP8 , is a discrete subgroup of the U(1)R symmetry, and some
higher-dimensional operators are forbidden by the symme

Anomaly freedom raises the interesting possibility th
this U(1)R symmetry is a gauge symmetry. In the usual 4
N51 supergravity, a gaugedR symmetry cannot remain a
low energies since a nonvanishing Fayet-IliopoulosD term
of order of the Planck scale is generated and breaks U(1)R at
the Planck scale@27#. This is true even in theN52 case
@28#. If the same is true of our theory, the low-energy co
sequence of the gauged U(1)R may only be the presence of
discrete gauge symmetry such asR parity. However, it is not
completely clear whether the U(1)R symmetry is necessarily
broken in the present theory, and if it remains unbroken
low energies we would have a massless U(1)R gauge boson
that couples only to the superpartners and conjugate su
partners.
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7-14



ta
en

rd
om
as
a

d
(

s
on

4

e
e

at
gs
p
th
tiv
n
ed
er
lu
ale
s

an
V

su
a
tr
s

es

bal
ef-

at
eo-
sics
po-

B
a

V.

to
ly
he

ld
all

top
to

e
art-
ni-

ut 2
her

al
he

.
ler
ort.
n-

rgy
nal

CONSTRAINED STANDARD MODEL FROM A COMPACT . . . PHYSICAL REVIEW D 63 105007
VI. CONCLUSIONS

In this paper we have proposed an embedding of the s
dard model in a supersymmetric theory with an extra dim
sion compactified on the orbifoldS1/(Z23Z28)—a circle
with two orthogonal reflection symmetries. All standa
model particles propagate in the bulk, yet, because the c
pactification breaks supersymmetry, they are the only m
less modes at tree level. The only interactions in the bulk
the 5D supersymmetric SU(3)3SU(2)3U(1) gauge inter-
actions, which lead at low energies to the standard mo
gauge interactions and the tree-level Higgs potentialg2

1g82)ufHu4/8. The orbifold allows for two different types
of hypermultiplet, according to whether the zero mode i
scalar or a fermion. Thus the orbifold provides a distincti
between the Higgs and lepton doublet superfields.

The Yukawa couplings for up-type quarks appear as
supersymmetric interactions at the fixed points of theZ2
symmetry, while the Yukawa couplings for down-typ
quarks and charged leptons appear as 4D supersymm
interactions at the fixed points of theZ28 symmetry. Because
supersymmetry acts differently at these spatially separ
locations, all Yukawa interactions involve just a single Hig
doublet,fH . The top quark KK tower induces a one-loo
effective potential for the Higgs boson that depends on
compactification scale. This potential contains a nega
mass squared, and is a monotonically decreasing functio
ufHu. It triggers EWSB, but runaway behavior is prevent
by the stabilizing effect of the tree-level gauge quartic int
action. Requiring the minimum to give the observed va
for the Fermi coupling determines the compactification sc
R215352620 GeV, leading to a prediction for the Higg
boson mass ofmH512768 GeV. It is remarkable that the
Higgs potential does not have the standard model form,
the dependence of the top quark mass on the Higgs VE
also nonstandard.

The nature of the orbifold automatically ensures that
persymmetry is broken and that the superpartners all h
massR21 at tree level. There is no additional supersymme
breaking sector or mediation mechanism, and hence no
supersymmetry breaking parameters such asm,m1/2,m0 ,A
or B. There is no fine tuning between parameters for succ
ful EWSB, as there is only a single free parameterR21.
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Because supersymmetry is broken nonlocally by the glo
properties of the orbifold, all supersymmetry breaking
fects are finite and reliably calculated in terms of physics
the compactification scale. Unlike 4D supersymmetric th
ries, which have a large logarithmic dependence on phy
at high energies, supersymmetry breaking effects are ex
nentially shielded from physics aboveR21.

There are three Dirac charginos of mass~352, 370, 370!
GeV and three Dirac neutralinos of mass~352, 364, 364!
GeV, where the splitting is induced by EWSB. The EWS
splittings are largest for the top squarks, with two having
mass of 197620 GeV and two having a mass of 522 Ge
All other superpartners have a mass close toR21, while all
KK excitations of the standard model have a mass close
2R215704640. The LSP is a top squark and is most like
stable. It will be copiously produced at future runs of t
Tevatron collider.

Sensitivity to physics at energies much aboveR21 enters
only through supersymmetric interactions at the orbifo
fixed points. This gives an additional 20% uncertainty to
the masses given above, except for the masses of the
squarks and the Higgs boson, which are more rigidly tied
EWSB. Higher dimension operators also contribute to thr
parameter, and must cancel contributions from the superp
ners and KK excitations at the level of one order of mag
tude. This UV sensitivity implies thatr cannot be reliably
computed.

Our theory becomes nonperturbative at a scale of abo
TeV, above which it becomes incorporated in some ot
higher dimensional theory. This might be a quasiconform
field theory with an energy desert, or it could be that t
fundamental scale of gravity is not far above 2 TeV@12#.
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