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Complete theory of grand unification in five dimensions
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A fully realistic unified theory is constructed, withSU(5) gauge symmetry and supersymmetry both broken
by boundary conditions in a fifth dimension. Despite the resulting explicit breaking ofSU(5) locally at a
boundary of the dimension, when the size of the extra dimension is taken to be large precise predictions emerge
for gauge coupling unification,as(MZ)50.11860.003, and for Yukawa coupling unification,mb(MZ)53.3
60.2 GeV. The 5D theory is then valid over a large energy interval from the compactification scale,Mc.1
31015 GeV, to the scale of strong coupling,Ms.131017 GeV. A complete understanding of the Higgs sector
of the minimal supersymmetric standard model is given, with explanations for why the Higgs triplets are
heavy, why the Higgs doublets are protected from a large tree-level mass, and why them andB parameters are
naturally generated to be of order the supersymmetry breaking scale. All sources of proton decay from opera-
tors of dimension four and five are forbidden, while a new origin for baryon number violating dimension six
operators is found to be important. The exchange of the superheavy gauge boson, with a brane-localized kinetic
energy interaction, leads totp'1034 yr, with several branching ratios determined in terms of a single mixing
parameter. The theory is only realistic for an essentially unique choice of matter location in the fifth dimension:
the ten-plets of the first two generations must lie in the bulk, with all other matter located on theSU(5)
preserving boundary. Several aspects of flavor follow from this geometry: only the third generation possesses
anSU(5) mass relation, and the lighter two generations have only small mixings with the heaviest generation
except for neutrinos. The entire superpartner spectrum is predicted in terms of only two free parameters. The
squark and slepton masses have sizes determined by their location in the fifth dimension, allowing a significant
experimental test of the detailed structure of the extra dimension. Lepton flavor violation is found to be
generically large in higher dimensional unified theories with nontrivial matter geometries, providing soft
supersymmetry breaking operators are local up to the compactification scale. In our theory this forces a
common location for all three neutrinos, predicting large neutrino mixing angles. Rates form→eg, m
→eee, m→e conversion andt→mg are larger in our theory than in conventional 4D supersymmetric grand
unified theories, and, once superpartner masses are measured, these rates are completely determined in terms of
two leptonic mixing angles. Proposed experiments probingm→e transitions will probe the entire interesting
parameter space of our theory.

DOI: 10.1103/PhysRevD.66.075004 PACS number~s!: 12.10.2g, 12.60.2i
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I. INTRODUCTION

Weak scale supersymmetry not only provides a fram
work for electroweak symmetry breaking, but also leads t
highly successful prediction for the unification of gauge co
plings. If this picture of a supersymmetric desert is corre
the scale of gauge coupling unification heralds the thresh
for some new unified physics; for example, conventional
persymmetric grand unified theories or string theory.
have recently introduced a new alternative for the unifi
physics, which we call Kaluza-Klein~KK ! grand unification
@1,2#. In this framework the grand unified symmetry is rea
ized in higher dimensions, but is explicitly broken locally b
defect branes, and consequently does not appear as a
metry of the low energy effective 4D theory. In general t
gauge symmetry breaking associated with the local def
destroys gauge coupling unification; however, if the volu
of the bulk is large, this symmetry breaking is diluted, rest
ing gauge coupling unification@1#. In all known 4D grand
unified theories, the accuracy of the prediction for the QC
coupling from gauge coupling unification is limited becau
the unified threshold corrections cannot be computed. In
grand unification, if the volume of the bulk is increased
0556-2821/2002/66~7!/075004~26!/$20.00 66 0750
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that the theory becomes strongly coupled at the cutoff sc
the leading unified scale corrections can be computed, le
ing to a new level of precision for gauge coupling unificati
@2#.

Several features of KK grand unified theories make th
extremely attractive candidates for physics in the region
the unification scale. They incorporate the advances of c
ventional grand unified theories, such as charge quantiza
and the quantum numbers of the quarks and leptons, w
overcoming their problematic features. In particular the or
fold boundary conditions automatically require that multi
lets in the bulk are split in mass. This is particularly impo
tant for the gauge and Higgs multiplets, and provides
elegant origin for gauge symmetry breaking and for a la
mass splitting between the Higgs triplets and doublets@3#.
While the simplest 4D supersymmetricSU(5) theory@4# is
excluded, by too large a proton decay rate mediated by
ored Higgsino exchange@5#, in KK grand unified theories the
form for the Higgsino mass matrix is determined by the K
mode expansion and automatically forbids proton de
from Higgsino exchange@1#. Finally, KK grand unification
does not lead to fermion mass relations for all matter —
relations are expected for bulk matter@1,6#. Hence there is a
©2002 The American Physical Society04-1
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successful correlation: only the heavier fermions are
pected to exhibit unified mass relations@2,7,8#.

In Ref. @2# we have constructed a minimal theory of K
grand unification, which hasSU(5) gauge symmetry in 5D
and provides a uniquely successful, high-precision predic
for the QCD coupling, as(MZ)50.11860.00460.003,
where the first uncertainty arises from the supersymme
threshold and the second from the scale of strong couplin
is only in this case that the unified scale corrections, from
KK towers of gauge and minimal Higgs sectors, give agr
ment with experimentas

exp(MZ)50.11760.002 @9#. In this
theoryR parity arises as a subgroup of a continuousU(1)R

symmetry that is related to theSU(2)R symmetry of the bulk
supersymmetry. ThisU(1)R symmetry forbids a mass opera
tor for the Higgs fields, completing the solution to th
doublet-triplet splitting problem, and forbids all proton dec
from operators of dimensions four and five. Furthermo
this theory is sufficiently tight that certain aspects of flav
must be related to the geometrical location of matter in
extra dimension. In particular the top quark resides on
brane while the up quark is in the bulk.

In this paper we pursue this 5DSU(5) theory further,
addressing two questions:

~i! Can the theory be made completely realistic?
~ii ! Can the theory be experimentally tested?

These two questions are closely related. Supersymm
breaking is the major remaining additional ingredient nee
for the theory to be fully realistic, and it is via the preci
form of the soft supersymmetry breaking interactions t
further tests of the theory are possible. Clearly there may
several ways to successfully incorporate supersymm
breaking, and hence several versions of the fully reali
theory to test. In this paper we break supersymmetry
boundary conditions, using the same extra dimension
breaks the gauge symmetry@10#. This is highly economical,
involving the vacuum expectation value of a field in the 5
gravity multiplet @11#, and is highly predictive, since th
most general such boundary condition involves just a sin
free parametera. Such supersymmetry breaking further co
strains the location of matter because squarks and slepto
the bulk acquire a tree-level massm̃5a/R, while those on
the brane are massless at tree level. Combining previous
straints on matter location with considerations of superp
ner induced flavor changing interactions, the location of
ery quark and lepton is determined, up to a two-fo
ambiguity. In particular, the threeSU(5) five-plets,Fi , must
either all be on theSU(5) preserving brane, as shown in Fi
2, or they must all be in the bulk. We will concentrate on t
first case, since only then does a unified prediction
mb /mt result. The second case is not uninteresting, sinc
leads to a geometric suppression ofmb /mt , although we will
find that some of this ratio must originate in tanb.

Although we provide numerical predictions for this pa
ticular origin of supersymmetry breaking, many of the phy
cal effects and signals we consider in this paper are m
more general. These include contributions tomb /mt from
KK towers, an essential uniqueness of the matter loca
and its consequence of large mixing angles for neutrin
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superpartner masses reflecting the geometry of their lo
tions, large lepton flavor violating signals, and a new orig
and predictions for gauge boson mediated proton decay
particular, we propose lepton flavor violation as a power
and generic signal for KK grand unified theories with hig
mediation scales of supersymmetry breaking, and iden
the general structure of soft supersymmetry breaking op
tors at the compactification scale by studying the flavor sy
metry of the 5D gauge interactions.

The entire spectrum for the superpartners and the Hi
sector is predicted in our theory in terms of the supersy
metry breaking mass scalem̃ and the ratio of electroweak
vacuum expectation values, tanb. The predictions are char
acteristic of the underlying locations of each matter field
the extra dimension, and therefore provide a signific
probe of the short distance structure of the theory. The co
bination of matter location and boundary condition sup
symmetry breaking leads to flavor violation in the superpa
ner interactions. Large lepton flavor violating signals a
predicted in terms of the parametersm̃, tanb and two flavor
mixing anglesu12

e and u23
e . Future experiments probingm

→e and t→m transitions could probe essentially all of th
parameter space of the theory where electroweak symm
breaking occurs naturally. Finally we give predictions fro
coupling constant unification for bothas(MZ) andmb(MZ)
which include corrections from KK towers at the unifie
scale and from superpartners at the weak scale.

Neutrino masses occur in our theory via the sees
mechanism@12#. The masses of the right-handed neutrin
are governed by the breaking of aU(1)X gauge symmetry
near the compactification scale. The neutrino flavor mix
angles are expected to be large because the neutrinos r
in the five-pletsFi , which all have a common location. Ou
theory contains a brane coupling between the two Higgs d
blets and a gauge singlet fieldX of the form XHH̄. The
supersymmetric dynamics which breaksU(1)X gauge sym-
metry determinesX to have vanishing vacuum expectatio
values. However, once supersymmetry breaking is includ
a readjustment of the vacuum occurs so that^X&'m̃ and

^FX&'m̃2, providing a natural origin form andmB param-
eters@13#.

In Sec. II A we review the basic features of ourSU(5)
theory in 5D, paying particular attention to gauge coupli
unification andU(1)R symmetry. In Sec. II B we introduce
boundary condition supersymmetry breaking, and give
form for the soft operators and the predictions for the s
supersymmetry breaking parameters at the weak scale
Sec. III we discuss several consequences of our theory: q
and lepton masses, supersymmetric threshold correction
gauge coupling unification, Yukawa coupling unificatio
proton decay, andR axions and axinos. While we work in th
specific context of boundary condition supersymme
breaking, some of our analyses, for example for proton de
and unified scale correction tob/t unification, are com-
pletely independent of how supersymmetry is broken. In S
IV we study the general structure of flavor symmetries in K
grand unified theories and argue that large lepton flavor v
lation is a generic signature of these theories, providing t
4-2
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TABLE I. The transformation properties for the bulk fields under the orbifold reflection and transla
Here, we have used the 4DN51 superfield language. The fields written in the (Z,T ) column,w, obey the
boundary conditionw(y)5Zw(2y)5Tw(y12pR). The modes and masses for the corresponding KK to
ers are also given (n50,1, . . . ).

(Z,T ) Gauge and Higgs fields Bulk matter fields KK modes 4D masse

(1,1) V321, HD , H̄D
TU,E , TQ8 , FD , FL8 cos@ny/R# n/R

(1,2) VX , HT , H̄T
TQ , TU,E8 , FL , FD8 cos@(n11/2)y/R# (n11/2)/R

(2,1) S321, HD
c , H̄D

c TU,E
c , TQ8

c , FD
c , FL8

c sin@(n11)y/R# (n11)/R

(2,2) SX , HT
c , H̄T

c TQ
c , TU.E8c , FL

c , FD8
c sin@(n11/2)y/R# (n11/2)/R
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soft supersymmetry breaking operators are generated a
above the compactification scale. We then study the su
symmetric flavor violation induced in our theory, paying pa
ticular attention to the predictions in the lepton sector.
Sec. V we discuss neutrino masses and the generation o
m term, which are linked by the breaking ofU(1)X gauge
symmetry. Finally, in Sec. VI we discuss the variant of o
theory where theFi are located in the bulk. Conclusions a
drawn in Sec. VII.

II. THE THEORY

In this section we introduce our theory. In Sec. II A, w
overview the 5DSU(5) KK grand unified theory of Ref.@2#,
discussing the symmetry structure and field content.
show that gauge coupling unification occurs, despite a p
symmetry defect, and is in precise agreement with data.
explain solutions to the three outstanding problems of
supersymmetric grand unification: doublet-triplet splittin
proton decay, and fermion mass relations. We find that aR
symmetry, originating from the 5D supersymmetry, is cruc
for a successful phenomenology.

In Sec. II B, we introduce supersymmetry breaking
boundary conditions following Ref.@10#, leading to the usua
soft supersymmetry breaking operators with coefficients
termined by a single free parameter. Predictions for the
persymmetric particle spectrum are given, together wit
brief discussion of collider phenomenology.

A. Minimal Kaluza-Klein grand unification

1. Boundary conditions and restricted unified gauge symmetry

We consider a 5DSU(5) supersymmetric gauge theo
compactified on anS1/Z2 orbifold. The 5D gauge multiple
V5$AM ,l,l8,s% consists of a 5D vector field,AM , two
gauginos,l and l8, and a real scalar,s. Compactification
on S1/Z2 is obtained by identifying the fifth coordinatey
under the two operations,Z:y→2y and T:y→y12pR.
The resulting space is a line intervalyP@0,pR#, with
boundaries aty50 andpR. Boundary conditions are chose
so that the orbifold reflectionZ reduces 5DN51 supersym-
metry to 4D N51 supersymmetry and preservesSU(5),
while the translationT breaksSU(5) by the action ofP
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5diag(1,1,1,2,2) on a 5-plet.1 In particular, the bound-
ary conditions of the gauge multiplet are given by

S V(p)

S (p)D ~xm,y!5S V(p)

2S (p)D ~xm,2y!

5pS V(p)

S (p)D ~xm,y12pR!, ~1!

where we have used the 4DN51 superfield language,V
5$V,S%:V(Am ,l) and S„(s1 iA5)/A2,l8… are 4D vector
and chiral superfields in the adjoint representation. The s
dard model gauge multiplets (V321,S321)[(V(1),S (1)) have
positive eigenvalues for theP matrix, p51, while the bro-
ken SU(5) gauge multiplets (VX ,SX)[(V(2),S (2)) have
negative eigenvalues,p521. After the KK decomposition,
only the minimal supersymmetric standard model~MSSM!
gauge multiplets,V321, have massless modes, and all t
other modes have masses of the order of the compactifica
scaleMc[1/R, as summarized in Table I. We will see lat
that Mc must be very large, of order 1015 GeV, but it differs
from the conventional unification mass scaleMu.2
31016 GeV.

What is the gauge symmetry of this theory? While t
low-energy 4D theory has only the standard model ga
symmetry, the original 5D theory has a larger gauge symm
try. We find that this gauge symmetry isSU(5) but with the
gauge transformation parameters obeying the same boun
conditions as the corresponding 4D gauge fields:

j (p)~xm,y!5j (p)~xm,2y!5pj (p)~xm,y12pR!, ~2!

which we refer to as restricted gauge symmetry@1#. The KK
expansions for the standard model gauge parameters,j (1)

5j321, andSU(5)/(SU(3)C3SU(2)L3U(1)Y) ones,j (2)

5jX , are

j321~xm,y!5 (
n50

`

j321
n ~xm!cos

ny

R
, ~3!

1This is equivalent to the boundary conditions of Ref.@3# de-
scribed in terms ofZ andZ85ZT asS1/(Z23Z28).
4-3
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jX~xm,y!5 (
n50

`

jX
n~xm!cos

~n11/2!y

R
. ~4!

Since jX always vanish aty5pR, the gauge symmetry is
reduced toSU(3)C3SU(2)L3U(1)Y on this point, while
the full SU(5) symmetry is operative in all the other poin
in the extra dimension, as depicted in Fig. 1.

This structure allows the introduction of three types
fields: 4D N51 superfields localized on they50 brane in
representations ofSU(5), 4D N51 superfields on they
5pR brane in representations of the standard model ga
group, and bulk fields forming 5DN51 supermultiplets and
representations ofSU(5). In particular, we can introduce
hypermultipletHF5$f,fc,c,cc% in the bulk, which con-
sists of two complex scalars,f and fc, and two Weyl fer-
mions,c andcc. The boundary conditions for hypermultip
lets are given by

S F (p)

Fc(p)D ~xm,y!5S F (p)

2Fc(p)D ~xm,2y!

5p hFS F (p)

Fc(p)D ~xm,y12pR!, ~5!

where we have used the 4DN51 superfield language,HF

5$F,Fc%: F(f,c) and Fc(fc,cc) are 4D chiral super-
fields. An overall factorhF appears in the orbifold transla
tion, which can be chosen to behF561 for each hypermul-
tiplet.

The two Higgs doublets of the MSSM are introduced
the bulk as two hypermultipletsHH5$H,Hc% and HH̄

5$H̄,H̄c%, which transform as5 and 5̄ underSU(5). The
boundary conditions are given by Eq.~5! with hH5h H̄5
21, so that we have massless Higgs doublets.@In the present
notation,H (1) and H (2) (H̄ (1) and H̄ (2)) represent triplet
and doublet components,HT and HD (H̄T and H̄D), of H

(H̄), respectively.# The resulting KK towers are summarize
in Table I. These Higgs KK towers do not have zero mod
for the color triplet states@3#. Moreover, since the mass ter
of the KK excitations takes the formHHc1H̄H̄c rather than

FIG. 1. In the fifth dimension, space is a line segment boun
by branes aty50 and aty5pR. Here, solid and dotted lines rep
resent the profiles of gauge transformation parametersj321 andjX ,
respectively. BecausejX(y5pR)50, explicit point defect symme-
try breaking occurs at they5pR brane, which only respect
SU(3)C3SU(2)L3U(1)Y gauge symmetry.
07500
f

ge

s

HH̄, the exchange of triplet states does not lead to pro
decay from dimension five operators@1#. At low energies,
only the two Higgs doublets of the MSSM,HD and H̄D ,
remain from the Higgs KK towers.

The quarks and leptons are introduced either in the b
or on theSU(5) brane aty50, to preserve theSU(5) un-
derstanding of matter quantum numbers@1#. If quarks and
leptons are on the brane, they fill out 4D chiral multiple
which are10 or 5̄ representations ofSU(5): T andF. On the
other hand, if quarks and leptons are in the bulk, they a
from hypermultiplets: $T,Tc%1$T8,T8c% with hT52hT8
51 and $F,Fc%1$F8,F8c% with hF52hF851. We then
find from Eq.~5! that a generationq,u,d,l ,e arises from the
zero modes of bulk fieldsT(u,e),T8(q),F(d) and F8( l ).
@The tower structure for these fields is given in Table I. No
that T(1)5TU,E , T(2)5TQ , F (1)5FD , F (2)5FL , and
similarly for T8 andF8, whereTQ,U,E (FD,L) are the com-
ponents ofT (F) decomposed into irreducible represen
tions of the standard model gauge group.# We can choose
where we put quarks and leptons for eachSU(5) represen-
tation,10 and 5̄, in each generation.2 Thus, at this stage, we
have (22)3564 different choices for the configuration o
matter. We will identify the most attractive matter configur
tion later in this section.

2. Gauge coupling unification from strong coupling

So far, we have demonstrated how the orbifold compa
fication of the 5DSU(5) theory leads to the gauge group a
matter content of the MSSM in the 4D effective theory b
low Mc . However, sinceSU(5) is explicitly broken by
boundary conditions, it is not obvious that this theory p
serves successful gauge coupling unification. In fact, we
that gauge coupling unification is generically destroyed d
to the presence of localSU(5) breaking on they5pR
brane. To see this, let us consider the effective field the
above Mc . Since the higher dimensional gauge theory
non-renormalizable, this effective theory must be cut off
some scaleMs , where the theory is embedded into a mo
fundamental theory such as string theory. At the scaleMs ,
the most general effective action for the gauge kinetic ter
is

S5E d4xdyF 1

g5
2

F21d~y!
1

g̃2
F21d~y2pR!

1

g̃a
2

Fa
2G ,

~6!

where the first and second terms areSU(5)-invariant bulk
and brane gauge kinetic energies, while the third term rep

2In the case of different locations for10 and5̄ there are equal and
opposite gauge anomalies localized on the two branes, but the
canceled by adding a Chern-Simons term in the 5D bulk. In gene
brane-localized anomalies can always be canceled by a bulk Ch
Simons term as long as anomalies in the low energy 4D effec
theory are absent.

d

4-4
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sents non-unified kinetic operators located on they5pR
brane (a51,2,3 represents the standard model ga
groups!. This form is ensured by the restricted gauge sy
metry, regardless of the unknown ultraviolet physics abo
Ms . The standard model gauge couplings in the equiva
KK theory, ga , are obtained by integrating over the ext
dimension:

1

ga
2

5
pR

g5
2

1
1

g̃a
2

, ~7!

where the contribution fromg̃ has been absorbed into a sh
of the g̃a . This shows thatga depend on the coefficients o
the localized kinetic operators,g̃a , and are not universal a
the scaleMs . However, this difficulty is overcome by requir
ing the extra dimension to have a large volume@1#. Writing
g5

25g/Ms and g̃a
25ga , we find that the non-universal term

is suppressed compared with the universal term by a volu
factor (g/ga)(1/pMsR). Therefore, by making the extra d
mension large (pRMs large!, gauge coupling unification is
recovered.

How large should we take the extra dimension? It depe
on the unknown coefficientsg andga . In the extreme case
of ga!g, we even cannot recover gauge coupling unific
tion by making the extra dimension large. In Ref.@2#, we
have introduced a framework which removes these conc
and makes KK grand unification more reliable and pred
tive. The crucial new ingredient is the assumption that
gauge interaction is strongly coupled at the cutoff scaleMs
@8#. While the theory is weakly coupled atMc , it becomes
strongly coupled at higher energies since a higher dim
sional gauge coupling has negative mass dimensions. In
4D picture this follows because the loop expansion para
eter of the theory~the strength of the gauge interaction! is
given by the usual loop factor,C(g2/16p2), times the num-
ber of KK states available at the energyE, NKK(E)
.(E/Mc), where C represents a group theoretical fact
(C.5). We require this loop expansion parameter to be 1
Ms : C(g2/16p2)(Ms /Mc).1. Although g itself also de-
pends on the energyE, its evolution is slow up to energie
very close toMs so that we may takeg to be the 4D gauge
coupling atMc , g.0.7, to estimateMs /Mc , which gives
Ms /Mc.300/C. This strong coupling requirement has th
following virtues. First, it allows us to estimateg andga by
requiring that all the loop diagrams contribute equally at
scaleMs . By carefully evaluating expansion parameters,
find g.16p3/C andga.16p2/Ca , excluding the unwanted
situationga!g. This argument is quite similar to the case
the usual chiral theory of mesons: all the operator coe
cients at the QCD scaleL are estimated to be products
appropriate powers of 4p and L by requiring that all the
loop diagrams contribute equally@14#. Substituting these es
timates into Eq.~7!, we obtain

1

ga
2

.
CMsR

16p2
1

Ca

16p2
, ~8!
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at the scaleMs , whereC.Ca.5. To obtainga.0.7 re-
quires MsR.60, so that the non-unified contribution from
unknown ultraviolet physics is suppressed to be a neglig
level ~less than a 1% correction toga). We adopt this strong
coupling scenario in the rest of the paper.

3. Consequences of the extra dimension being large

The presence of a moderately large extra dimens
MsR5O(100), has several important consequences. Firs
all, the running of the gauge couplings betweenMs andMc
gives a non-negligible contribution to the prediction of t
QCD coupling. In the energy interval betweenMs andMc ,
the gauge couplings receive both power-law and logarith
contributions. However, the leading power-law piece com
from the renormalization of the bulk gauge coupling and th
must be universal due to the restricted gauge symmetry.
the other hand, the logarithmic contributions come from
runnings of 4D gauge kinetic terms localized on the bra
and can be different forSU(3)C , SU(2)L andU(1)Y . This
means that the differences of the three gauge coupl
evolve logarithmically above the compactification scale,
though the gauge couplings themselves receive power
corrections@1,15#. Since the beta-function coefficients fo
the relative runnings aboveMc are different from the MSSM
beta-function coefficients, the prediction of minimal K
grand unification for the QCD coupling,as

KK , is different
from the prediction of the single scale unification,as

SGUT,0.
The differencedas[as

KK2as
SGUT,0 is given by

das.2
3

7p
as

2ln
Ms

Mc8
, ~9!

where Mc8[Mc /p @2#. An important point is thatdas is
dominated by the calculable contribution coming from t
energy interval betweenMs and Mc8 , since it gives a non-
universal correction to 1/ga

2 by an amount of order
.(Ca/16p2)ln(Ms/Mc8) which is larger than that from un
known ultraviolet physics,.(Ca/16p2), by a factor of
ln(Ms/Mc8). The other uncertainties are also under contr
the dependence ofdas on Ms /Mc8 is weak, and the effec
from the strong coupling physics aroundMs is small @8#.
Therefore, we obtaindas'20.01 from Ms /Mc8'100,
eliminating the discrepancy between the usual supersymm
ric prediction and data. The compactification scaleMc8 is
given by

Mc85MuS Mc8

Ms
D 5/7

. ~10!

Using Mu.231016 GeV and Ms /Mc8.16p3/g2C.200,
we obtainMc8.531014 GeV andMs.131017 GeV. These
values become important when we discuss gauge
Yukawa coupling unifications in Sec. III.

The second important consequence of the large dimen
is that it explains part of the observed structure of ferm
masses. Yukawa interactions are forbidden by 5D supers
4-5
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LAWRENCE J. HALL AND YASUNORI NOMURA PHYSICAL REVIEW D66, 075004 ~2002!
metry from appearing in the bulk Lagrangian, and hen
must be brane localized. They are located on they50 brane

S5E d4xdyd~y!F E d2u~yTT̂T̂H1yFT̂F̂H̄ !1H.c.G ,
~11!

whereT̂ (F̂) runs over all the matter chiral superfields in t
10 (5̄) representation: brane-localizedT (F) and bulkT and
T8 (F andF8). Since the fullSU(5) symmetry is operative
at y50, these Yukawa couplings must respect theSU(5)
symmetry. This means that, if quarks and leptons are loc
on the brane, they respectSU(5) mass relations. The resul
ing 4D Yukawa couplings are suppressed by a factor
1/(MsR)1/2'0.1 as the Higgs wave functions are spread
over the bulk. On the other hand, if quarks and leptons ar
the bulk,u,e andq (d and l ) arise from different hypermul-
tiplets HT and HT8 (HF and HF8). Therefore, they do no
respectSU(5) mass relations because the down-type qu
and charged lepton masses come from different couplin
which are not related by theSU(5) symmetry.3 Moreover,
since the matter wave functions are also spread out in
extra dimension, the resulting 4D Yukawa couplings rece
a stronger suppression, by a factor of 1/(MsR)3/2'1023,
than in the case of brane matter. Thus we find a clea
successful correlation between the mass of the fermion
whether it hasSU(5) mass relations — heavier fermion
displaySU(5) mass relations while lighter ones do not. O
viously, Yukawa couplings involving both bulk and bran
matter receive a suppression factor of 1/(MsR).

The location of some matter is determined because
extra dimension is ‘‘large.’’ Since our theory hasMc
'1015 GeV, theX gauge bosons are considerably lighter,
mass about 1015 GeV, than in the case of 4D supersymme
ric grand unification. This makes dimension six proton dec
a non-trivial issue in our theory; for instance, if all the mat
fields were localized on the brane, theX gauge boson ex
change would induce proton decay at too rapid a rate.
find that this rapid proton decay is avoided if the quarks a
leptons of the first generation coming from a10 representa-
tion are bulk fields, since thenq andu,e come from different
hypermultiplets and the broken gauge boson exchange
not lead to proton decay. We will say thatT1 is in the bulk,
although we really mean the combination$T1 ,T1

c%
1$T18 ,T18

c%. On the other hand, the top quark must ar
from a brane fieldT3. If the top quark were a bulk mode,
would have a mass suppressed by a factor of 1/(MsR)3/2

giving too light a top quark, even in the case that the Yuka
interaction is strong atMs . With T3 on the brane, strong
coupling leads to a top Yukawa coupling of the low ener
theory of 4p/(MsR)1/2'1, giving a top quark mass of th
observed size. Thus, given the existence of the large dim
sion of sizeMsR5O(100), we are able to derive the loca
tion of both the first and third generation10’s, and we find

3We could also introduce Yukawa couplings for bulk matter on
y5pR brane, which do not respect theSU(5) symmetry.
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that at least some aspects of flavor physics are assoc
with the geometry of the extra dimension, and with stro
coupling. Further consequences of the large size of the
dimension, for example for gaugino mass relations a
Yukawa coupling unification, are discussed in later sectio

We now proceed further with matter geography by co
sidering fermion mass relations. The location ofF3 deter-
mines whether we haveb/t Yukawa unification, which gives
a successful prediction formb /mt at O(10%) level in super-
symmetric grand unified theories@16#. For most of this paper
we choose to putF3 on the y50 brane to preserveb/t
unification.~The theory withoutb/t unification is discussed
in Sec. VI.! On the other hand, since theSU(5) mass rela-
tion for s/m does not work, eitherT2 or F2 must be located
in the bulk. Summarizing, we have derived the locations
T1 , T3, andF3 by considering dimension six proton deca
the size of the top Yukawa coupling, andb/t Yukawa unifi-
cation. We have also found that eitherT2 or F2 must be in
the bulk to avoid an unwantedSU(5) mass relation fors/m.
Therefore, we are left with 232157 possibilities for the
matter location at this stage, corresponding to choices for
locations of T2 , F2, and F1. Further determination mus
await the introduction of supersymmetry breaking in the n
section.

4. U„1…R symmetry

We here discuss the important issue of what further bra
localized operators can be introduced in the theory. The
restricted gauge symmetry alone allows many unwanted
erators on the branes. For instance, the operators@HH̄#u2 and
@FH#u2 give a large mass, of order the unified scale, for
Higgs doublets destroying the solution to the doublet-trip
splitting problem,@TFF#u2 causes disastrous dimension fo
proton decay, and@TTTF#u2 induces too rapid dimension
five proton decay. In addition, if matter is located in the bu
SU(5) non-invariant operators on they5pR brane, such as

@TQTQH̄T
c #u2 and @TQFLHT

c #u2, reintroduce the problem o
dimension five proton decay mediated by colored Higgs
exchange. Remarkably, however, the structure of the the
allows a mechanism that simultaneously suppresses a
these unwanted operators@1#. Since the bulk Lagrangian ha
higher dimensional supersymmetry, it possesses anSU(2)R
symmetry. It also has anSU(2)H flavor symmetry rotating
the two Higgs hypermultiplets in the bulk. After orbifolding
these twoSU(2) symmetries are broken to twoU(1) sym-
metries, one fromSU(2)R and one fromSU(2)H . A particu-
larly interesting symmetry is the diagonal subgroup of the
U(1) symmetries, which we callU(1)R symmetry since it is
anR symmetry rotating the Grassmann coordinate of the l
energy 4DN51 supersymmetry. We can extend this bu
U(1)R symmetry to the full theory by assigning appropria
charges to the brane-localized quark and lepton superfie
and use it to constrain possible forms of brane-localized
erators. The resultingU(1)R charges are given in Table II
whereT andF represent both brane and bulk matter~primed
fields have the same charges as unprimed fields!. Imposing
this U(1)R symmetry on the theory, we can forbid unwant
operators while keeping the Yukawa couplings. Proton de

e
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COMPLETE THEORY OF GRAND UNIFICATION IN . . . PHYSICAL REVIEW D66, 075004 ~2002!
from operators of dimension four and five are prohibited, a
all R-parity violating operators are absent sinceU(1)R con-
tains the usualR parity as a discrete subgroup. TheU(1)R

symmetry also forbids a bulk mass term for the Higgs hyp

multiplets,@HH̄2HcH̄c#u2, which would remove the Higgs
doublets from the low energy theory and reintroduce dim
sion five proton decay from colored Higgsino exchan
Therefore, theU(1)R symmetry provides a complete solu
tion to the doublet-triplet and proton decay problems.

The aboveU(1)R is broken to itsR-parity subgroup by
supersymmetry breaking, introduced in the next sect
Since the breaking scale is small, however, it will not re
troduce the problem of proton decay. The presence of aR
symmetry broken only through supersymmetry breaking
fects is also important for generating the supersymme
mass term for the two Higgs doublets~the m term! at the
correct size of the order of the weak scale@13#.

B. Supersymmetry breaking from boundary conditions

Having obtained a unified theory free from the proble
of usual supersymmetric grand unification, we now introdu
supersymmetry breaking into the theory. There are two n
ral ways of introducing supersymmetry breaking in theor
with unified scale extra dimensions: one is through a sup
symmetry breaking expectation value of some bra
localized 4D field@17,18# and the other is through bounda
conditions@10#. In the former case, there is a 4D chiral s
perfield Z whose highest component,FZ , has a non-
vanishing vacuum expectation value. However, in our the
some of the lightest two generations of matter propagat
the bulk, so that this way of introducing supersymme
breaking leads to the supersymmetric flavor problem thro
direct couplings such as@Z†ZTi

†Tj #u2ū2. Therefore, we
choose the latter case where supersymmetry is broken
boundary conditions.

One important feature of boundary condition breaking
that all of the supersymmetry breaking parameters are c
pletely specified in terms of a single continuous parametea
@19#. The supersymmetry breaking is introduced by impos
the boundary conditions such that, under the orbifold tra
lation T:y→y12pR, the component fields are rotated by
U(1) subgroup ofSU(2)R which does not commute with th
orbifold reflection Z; the angle of the rotation is param
etrized bya. SinceAM and s are singlet underSU(2)R ,
only the two gauginos,l and l8, are subject to the abov
rotation in the gauge multiplet. Similarly, for hypermultip
lets, only scalar components,f andfc, receive the rotation
Then, without a loss of generality, we can take the bound
conditions for the gauginos and scalar components of hy
multiplets as

TABLE II. U(1)R charges for 4D vector and chiral superfield

V S H Hc
H̄ H̄c T Tc F Fc

U(1)R 0 0 0 2 0 2 1 1 1 1
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S l (p)

l8(p)D ~xm,y!5S l (p)

2l8(p)D ~xm,2y!

5e2p ias2pS l (p)

l8(p)D ~xm,y12pR!, ~12!

and

S f (p)

fc(p)†D ~xm,y!5S f (p)

2fc(p)†D ~xm,2y!

5e2p ias2p hFS f (p)

fc(p)†D ~xm,y12pR!,

~13!

respectively, wheres1,2,3 are the Pauli spin matrices. All th
other component fields obey the same boundary condit
as before: Eqs.~1!, ~5!.

After KK decomposition, the above boundary conditio
generate soft supersymmetry breaking masses of ordera/R.
Since 1/R'1015 GeV, a must be an extremely small num
ber,a'10213. However, this does not mean that we need
fine tuning to obtain supersymmetry breaking masses of
order of the weak scale. In fact, it has been shown that
above supersymmetry breaking twist bya is equivalent to
having a supersymmetry breaking vacuum expectation va
for an auxiliary field in the 5D gravity multiplet@11#. In
other words, by making a suitable gauge transformation
depends on the coordinatey, we can always go to the bas
where the boundary conditions do not have any supers
metry breaking twist and all the supersymmetry break
effects are contained in the vacuum expectation value
some auxiliary field. Since a vacuum expectation value
the auxiliary field can be generated dynamically throu
strongly coupled gauge interactions, having a smalla param-
eter in the original basis is completely natural in this ca
Note that this situation is quite different from the case of t
SU(5) breaking in the previous section, where the bound
conditions do not contain any continuous parameter and
breaking cannot be viewed as a ‘‘spontaneous breaking’’
arises entirely from an expectation value of some ba
ground field@20#.

We now explicitly calculate the soft supersymmet
breaking terms resulting from the boundary conditions E
~12!, ~13!. Below the compactification scale, the theory
reduced to the usual 4D MSSM. Under the KK decompo
tion, the MSSM gauginosla(a51,2,3) are contained in the
two 5D gaugino fields,l andl8, as

S l

l8
D ~xm,y!5S la~xm!cos~ay/R!

la~xm!sin~ay/R!
D 1•••. ~14!

The MSSM Higgs fieldsh arise from the two scalar fields,f
andfc, in the corresponding hypermultiplets as

S f

fc†D ~xm,y!5S h~xm!cos~ay/R!

h~xm!sin~ay/R!
D 1•••, ~15!
4-7
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LAWRENCE J. HALL AND YASUNORI NOMURA PHYSICAL REVIEW D66, 075004 ~2002!
and similarly for the squarks and sleptons located in the b
The Higgsinos and the bulk quarks and leptons are z
modes of thec fields in the corresponding hypermultiplet
and the gauge bosons come from zero modes ofAm . The
supersymmetry breaking terms are then obtained by su
tuting these KK mode expansions into the original 5D acti

What supersymmetry breaking operators do we obta
To answer this question, we first consider only the bulk
teractions~kinetic terms!. In our theory all the supersymme
try breaking effects are encoded in the KK mode decom
sitions Eqs.~14!, ~15!, which have ay-dependent twist by the
U(1) subgroup ofSU(2)R . This implies that supersymme
try breaking operators arise only from the terms which c
tain they derivative, since the bulk Lagrangian possesse
global SU(2)R symmetry. The resulting supersymmet
breaking interactions are soft by dimensional analysis:
derivative]y becomes the supersymmetry breaking para
eter a/R, which has a positive mass dimension. This arg
ment can be easily extended to the case with brane-loca
interactions. The brane-localized interactions can always
made invariant under theU(1),SU(2)R ; to be more pre-
cise, we can always choose brane interactions ay
52pnR(n561,62, . . . ) sothat the whole system is in
variant under theU(1) rotation by a and the spacetime
translationy→y12pR. Then, we can show that all the su
persymmetry breaking terms still arise only from the ter
which contain the derivative]y .

The most obvious place where they derivative appears is
the 5D kinetic terms. For the gauginos, the 5D kinetic te
contains the term2l]yl81H.c., which gives Majorana
mass terms for the MSSM gauginos,2(a/2R)lala1H.c.,
after integrating overy. The Higgs bosons obtain the so
supersymmetry breaking mass terms,2(a/R)2h†h, from the
term2]yf

†]yf2]yf
c†]yf

c in the 5D kinetic terms for the
scalar fields. The same soft supersymmetry breaking ma
also induced for squarks and sleptons living in the bulk.
addition to these obvious contributions, the presence of
brane-localized Yukawa couplings also provides a somew
non-trivial source for soft supersymmetry breaking para
eters. Suppose we have a superpotential interac
@kF1F2F3#u2 on they50 brane. Then, ifF3 is a bulk field,
we obtain the interaction termd(y)kf1f2]yf3

c†1H.c. in
the Lagrangian.~In the 4D superfield language, this ter
arises from eliminating the auxiliary field ofF3, since the
bulk kinetic term contains a superpotential term@F3]yF3

c#u2

@21#.! This term provides a trilinear scalar interactio
for low energy modes f i ,0 with the coefficient
ka/R: (ka/R)f1,0f2,0f3,01H.c.. Since exactly the
same contribution is obtained from the ter
d(y)kf2f3]yf1

c†
„d(y)kf3f1]yf2

c†
… if F1 (F2) is in the

bulk, we finally obtain the trilinear scalar interactio
f1,0f2,0f3,01H.c., with a coefficient given byka/R times
the number off i fields propagating in the bulk. Clearly, n
soft supersymmetry breaking masses are generated for b
localized fields.

To summarize, the soft supersymmetry breaking term
our theory are given by
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1

2
~m̃lala1H.c.!2m̃2h†h2m̃2 f̃ B

† f̃ B1~yfm̃f̃ b f̃ bh

12yfm̃f̃ B f̃ bh13yfm̃f̃ B f̃ Bh1H.c.!, ~16!

whereh, f̃ B and f̃ b collectively represent the two Higgs dou
blets, squarks/sleptons in the bulk and squarks/slepton
the brane, respectively. Here, we have definedm̃[a/R, and
yf is the value of the corresponding Yukawa coupling. Sin
supersymmetry breaking effects from boundary conditio
are exponentially shut off above the compactification sca
the soft supersymmetry breaking masses in Eq.~16! must be
regarded as the running mass parameters at the compa
cation scaleMc8 . We also explicitly see that the supersym
metry breaking terms in Eq.~16! preserve the discrete
R-parity subgroup of theU(1)R symmetry given in Table II.
This is because the boundary conditions Eqs.~12!, ~13! al-
ways rotate two fields which differ by two units in the
U(1)R charges.@In another basis, it comes from the fact th
the auxiliary field having a supersymmetry breaking vacu
expectation value has aU(1)R charge of22.# Thus, we
have R-parity conservation in our theory, and the lighte
supersymmetric particle~LSP! is completely stable.

Now, we consider consequences of the supersymm
breaking terms given in Eq.~16!. We first note that squarks
and sleptons in the bulk have non-vanishing soft masse
the compactification scale while those on the brane do
Therefore, the brane and bulk scalars have different ma
at the weak scale, even if they have the same standard m
quantum numbers. This implies that the first two generat
fields having the same gauge quantum number must be
cated in the same place to evade stringent constraints f
flavor changing neutral current processes. This considera
immediately fixes the location ofT2 to be the bulk, sinceT1
must be the bulk field to evade constraints from proton
cay;F1 andF2 must also be put together either in the bulk
on they50 brane. Thus, we are finally left with only tw
choices for the matter location: whether we putF1,2 in the
bulk or on the brane. The locations for the other matter fie
are completely fixed:T3 andF3 on the brane andT1,2 in the
bulk. As we will see later, the case ofF1,2 in the bulk leads to
large lepton flavor violating processes, which pushes up
overall scale for supersymmetry breaking masses and le
to a fine tuning for electroweak symmetry breaking. The
fore, if we want to keep all desired features includingb/t
unification and naturalness for electroweak symmetry bre
ing, we end up with a unique possibility for the location
matter. The resulting theory is illustrated in Fig. 2. The ca
without b/t unification will be discussed in Sec. VI.

FIG. 2. Locations ofSU(5) matter, Higgs and gauge multiplet
in the fifth dimension.
4-8
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COMPLETE THEORY OF GRAND UNIFICATION IN . . . PHYSICAL REVIEW D66, 075004 ~2002!
We here comment on the corrections to the soft supers
metry breaking parameters at the compactification scaleMc8 .
The soft parameters in Eq.~16! were derived at tree level b
considering the bulk kinetic terms and the brane-localiz
Yukawa couplings. There are two possible sources for
corrections to these values. One comes from brane-local
kinetic terms for the bulk fields, and the other from fini
loop radiative corrections. We first consider the effect fro
brane-localized kinetic terms. If there were no brane kine
terms, the gaugino masses would be unified atMc8 , giving
gaugino mass ratios at low energies,mi /mj , different from
that in the case of conventional one-scale unification;
difference amounts to more than 20% form3 /m1, leading to
observable consequences. However, this does not happe
to the presence of brane-localized kinetic operators atMc8 .
After KK decomposition, the quadratic part of the MSS
gaugino Lagrangian is

L5
1

ga
2 la†i s̄m]mla2

1

2

m̃

g
*
2

lala ~17!

where 1/ga
251/g

*
2 11/g̃a

2 , 1/g
*
2 [pR/g5

2 , and 1/g̃a
2

(!1/g
*
2 ) represent the sum of the two contributions fro

brane gauge kinetic terms aty50 and pR. Here, all the
quantities are evaluated at the compactification scale, anga

are the 4D gauge couplings atMc8 with effects from logarith-

mic running aboveMc8 included via g̃a . Rescaling the
gaugino fields to canonical normalization leads to
gaugino massesma5(ga

2/g
*
2 )m̃ at Mc8 , and thusma /ga

2 are
universal. Therefore, even though gaugino masses are g
ated at a smaller scaleMc8 than the gauge coupling unifica
tion scale, we find that the grand unified relation for t
gaugino masses,m1 /g1

25m2 /g2
25m3 /g3

2, holds very pre-
cisely.

How about brane-localized kinetic terms for hypermult
lets? Since brane kinetic terms contribute to the 4D kine
terms after the KK decomposition, they modify the so
masses through wave function renormalization. Howe
since effects from brane-localized terms are generically s
pressed by the volume factorMc8/Ms , they only give correc-

tions to the soft masses of order (Mc8/Ms)m̃
2'1022m̃2. Al-

though these contributions are flavor non-universal, t
amount of flavor violation does not contradict with flav
changing neutral current experiments@22#; the constraints
from leptonic processes, such asm→eg, are evaded form̃
*200 GeV, and the bounds from hadronic ones, such aK-
K̄ mixing, are also avoided in the same parameter reg
partly because in the down sector only the left-hand
squarks receive a flavor non-universality from the bound
conditions and partly because the gluino adds a large uni
sal contribution through the renormalization group evolut
belowMc8 . In principle, the logarithmic radiative correction
from an energy interval betweenMs andMc8 could enhance
the contribution from the brane kinetic terms by a factor
ln(Ms/Mc8). However, we find from dimensional analysis th
Yukawa loops always give power divergences to the br
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kinetic terms and thus do not enhance the contributions.
gauge loops could provide the enhancements, but they
flavor universal and thus have little observable con
quences.

As for finite loop radiative corrections, they arise fro
non-local operators spread out in the extra dimension
appear as threshold effects atMc8 in a 5D calculation. In the
4D picture this corresponds to including supersymme
breaking effects from higher KK modes. These contributio
are shut off aboveMc8 and give only one-loop suppresse
corrections, of order 1/16p2'1022, to the soft mass param
eters. Thus these threshold contributions are smaller than
usual logarithmic contributions coming from renormalizati
group evolutions belowMc8 , by a factor of ln(Mc8/MZ), so
that we can safely neglect them. In fact, this approximat
is well justified because all the MSSM couplings are su
ciently weak at the compactification scale.

So far, we have considered only the soft supersymme
breaking parameters arising from the kinetic terms and
Yukawa couplings. However, to understand the low ene
physics, we also have to specify the Higgs sector. In part
lar, both the supersymmetric mass (m parameter! and the
holomorphic supersymmetry breaking mass (mB parameter!
for the two Higgs doublets must be of the order of the we
scale to obtain viable phenomenology. In our theory th
parameters can be naturally generated in a number of w
and we will discuss some explicit examples in Sec. V
However, to keep the analysis as general as possible, her
treatm andmB as free parameters. Then, all the supersy
metry breaking parameters in our theory are complet
specified by the following four parameters:Mc8 , m̃, m and
mB. Among them, the last two parameters are related to
electroweak vacuum expectation value,v[(^hu&

2

1^hd&
2)1/2, and the ratio of vacuum expectation values f

the two Higgs doublets, tanb[^hu&/^hd&, through the con-
ditions of electroweak symmetry breaking. Herehu and hd
are the two Higgs doublets of the MSSM giving up-type a
down-type quark masses, respectively. Since we know
Mc8'1015 GeV and v.175 GeV, we are finally left with

only two free parameters,m̃ and tanb, to specify the super-
particle spectrum. In general there is also a phase fom
which is not determined by the condition of electrowe
symmetry breaking; however, if this phase is far from61, it
will lead to excessively large contributions to electric dipo
moments, and hence we allow only this discrete choice
Sec. V B we give a natural origin form in our theory, and
find that it is indeed real, solving the supersymmetricCP
problem. Note that various low energy quantities, includi
supersymmetric ones, are calculable in terms of these
parameters~and the sign ofm) and the ratio of the cutoff and
compactification scales,Ms /Mc8 .

Now, we present the result for the superparticle spectr
at the weak scale in our theory. The soft supersymme
breaking parameters atMZ are obtained by evolving the
boundary values atMc8 , given in Eq.~16!, using renormal-
ization group equations. In Table III, results for the soft ma
parameters atMZ are given, in GeV, for the three MSSM
gauginos,la, for the up-type~down-type! Higgs bosons,
4-9
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LAWRENCE J. HALL AND YASUNORI NOMURA PHYSICAL REVIEW D66, 075004 ~2002!
hu(hd), for the first two generation squarks and sleptons
ing in the bulk ~on the brane!, f̃ B( f̃ b), and for the third
generation squarks and sleptons,f̃ 3. The parametersAt , Ab
andAt are the trilinear couplings for squarks and sleptons
the third generation defined byL52yfAf f̃ f̃ h1H.c. We
have given the soft masses for the first two generation
squarks and sleptons in the cases of both bulk and b
locations to maintain some generality, although these lo
tions are completely fixed in the present model, givingq̃1,2

5q̃B , ũ1,25ũB , d̃1,25d̃b , l̃ 1,25 l̃ b , andẽ1,25ẽB .
In the table we have taken the two free parameters to

m̃5200 GeV and tanb55 as a representative value. How
ever, the dependence onm̃ is quite simple so that we ca
easily read off the soft masses for any value ofm̃: all the
numbers scale almost linearly withm̃. The dependence o
tanb is somewhat more complicated, but for moderat
small values for tanb (tanb&10), the resulting soft masse
are almost insensitive to the value of tanb, except thatuBu is
almost proportional to 1/tanb. When tanb is further in-
creased, several quantities vary because the bottom an
Yukawa couplings become large. In particular, the soft m
squared for the right-handed stau becomes negative
tanb*25, so that our theory does not allow very large v
ues for tanb.

We finally comment on several phenomenological fe
tures of the spectrum. In the MSSM the tree-level mass
the lightest CP even Higgs boson is smaller tha
MZcos(2b), so that the experimental limit requires a sizab
radiative contribution. This can occur from top loop corre
tions to the Higgs quartic interaction@23#, but, in several
schemes for supersymmetry breaking, this requires the
squark to be very heavy, increasing the amount of fine tun
for successful electroweak symmetry breaking. This is
the situation for our boundary condition supersymme
breaking because of the largeA parameter generated for th
top quark; the predicted sign ofA in Eq. ~16! is such that, on
scaling to the infrared,uAu is increased by the radiative con
tribution from the gaugino mass. As a result, the left-rig
mixing of the top squarks is large, which increases the ra
tive contribution to the Higgs mass. We find that for tanb
53 (5) the Higgs mass obeys the experimental bound
m̃*400 (200) GeV.

Of the superpartners listed in Table III, two have ma
parameters which are significantly smaller than the rest:
right-handed scalar tau and theB-ino. The experimental col-
lider signatures for our theory depend crucially on which

TABLE III. The soft supersymmetry breaking parameters

GeV for m̃5200 GeV and tanb55.

l3 480 q̃B
480 q̃b

440 q̃3
390 At 2410

l2 170 ũB
470 ũb

420 ũ3
310 Ab 2730

l1 85 d̃B
470 d̃b

420 d̃3
420 At 2320

hu 280i l̃ B
240 l̃ b

140 l̃ 3
140 umu 280

hd 240 ẽB
210 ẽb

67 ẽ3
66 uBu 95
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these particles is lighter, and yet, for several reasons,
cannot be definitively predicted. Typically we find the sca
tau to be lighter, but there are effects which could reverse
order. First, there are uncertainties in the mass parame
listed in Table III. To construct a complete theory, with
natural origin for both neutrino masses and them parameter,
in Sec. V we introduce an additional gauge interactio
U(1)X@,SO(10)/SU(5)#, broken at some high energ
scale belowMc8 to generate Majorana masses for the rig
handed neutrinos. In that case, theU(1)X gaugino mass lead
to an additional radiative contribution to masses of the sc
superpartners which depends on theU(1)X breaking scale.
This will give only a small percentage correction for most
the superpartners, but for the right-handed stau the correc
could be sizable because it has a small mass. This alone
make the stau heavier than theB-ino for large values of the
U(1)X gauge coupling. Second, there are additional effe
in going from the mass parameters of Table III to the phy
cal particle masses. All scalar superpartners receive cor
tions from electroweak symmetry breaking via the ele
troweakD terms. Again this is most important for the scal
tau, raising its mass from 66 GeV to 77 GeV form̃
5200 GeV. Hence we discuss collider phenomenology
both cases of stau andB-ino ‘‘LSP.’’ 4 In either case some
care is required in obtaining a precise value for the low
bound onm̃ from experiment, but we typically expect thi
bound to be in the region of 200 GeV.

If the stau is lighter than theB-ino it will appear as a
charged stable particle in collider detectors. The present l
on the mass of such a stau from the CERNe1e2 collider
LEP experiments is about 100 GeV, coming from the dir
Drell-Yan production oft̃1t̃2. At hadron colliders, in addi-
tion to the Drell-Yan production, stau pairs arise from squa
and gluino pair production followed by cascade decays, g
ing equal numbers of like sign and opposite sign events
the B-ino is lighter, the signal events, arising from squa
and gluino pair production, contain jets and missing tra
verse energy — a classic signal for many supersymme
theories. In this case the present experimental limit from L
experiments on the stau mass is quite weak if it is close
mass to theB-ino.

Ultimately, an important experimental test of our theory
to measure the superpartner masses with sufficient accu
to probe the location of the matter: at the compactificat
scale, all bulk superpartners have a universal mass, while
brane superpartners are massless. In the physical spec
this is clearly manifested in the lepton sector, withl̃ and ẽ3

much lighter thanẽ1,2, but is harder to uncover in the
squarks due to the gluino focusing effect.

III. CONSEQUENCES

In the previous section we have explicitly demonstra
how to break bothSU(5) gauge symmetry and 4D supe

4Our theory possesses a continuousU(1)R symmetry which is
spontaneously broken toR parity by the dynamics for an auxiliary
field in the 5D supergravity multiplet, as discussed in Sec. III E,
that the true LSP may be theR axino.
4-10
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COMPLETE THEORY OF GRAND UNIFICATION IN . . . PHYSICAL REVIEW D66, 075004 ~2002!
symmetry by boundary conditions that act in the same spa
dimension. This leads to a highly constrained theory w
many consequences, some of which we explore in this
tion. The gross flavor structure of the theory is determined
the location of matter in the fifth dimension, and in Sec. III
we show how many realistic features of the quark and lep
mass matrices emerge automatically.~In Sec. IV we explore
the superpartner mass matrices, and give predictions f
variety of flavor changing phenomena.! The superpartne
spectrum is so tightly constrained that we are able to ev
ate the supersymmetric threshold corrections to the pre
tions to gauge and Yukawa coupling unification. Correctio
to Yukawa unification from the compactification scale a
also computed. Finally we study proton decay and the c
sequences of spontaneously breakingU(1)R symmetry.

A. Quark and lepton mass matrices

With the matter configuration determined in the previo
section, quark and lepton mass matrices take the form

L4'~T1T2T3!S e2 e2 e

e2 e2 e

e e 1
D S T1

T2

T3

D H

1~T1T2T3!S e e e

e e e

1 1 1
D S F1

F2

F3

D H̄. ~18!

Here we display only the gross structure that follows fro
the large size of the extra dimension, via the volume supp
sion factore.(Mc8/Ms)

1/2'0.1, and suppress the couplin
parameters of the brane-localized Yukawa interactions. O
underlined entries respectSU(5), since the other entries in
volve T1,2 which actually represent quarks and leptons fro
differing SU(5) bulk multiplets. The only unified mass rela
tion is for b/t.

Although the matrices of Eq.~18! do not provide a com-
plete understanding of quark and charged lepton masses
mixings, they do capture many of the qualitative featur
The masses of the first two generations are suppressed
pared with the third one, bye2 in the up quark sector and b
e in the down quark and charged lepton sectors. Furth
more, the quark mixing is small between the first two ge
erations and the third. These are perhaps the most stri
features of the data, and they result in our theory entir
becauseT1,2 alone reside in the bulk.

The most striking prediction of these matrices is that
flavor mixing angles are of order unity for fields inFi ,
which is particularly important for the neutrinos. In Sec. V
we discuss how neutrino masses are generated in our th
by the seesaw mechanism, leading to the opera
@LLHH#u2 in the low energy theory. BecauseFi all reside at
the same location, we predict that the coefficients of th
operators have comparable sizes for all flavor combinatio
Such an anarchy can reproduce observed neutrino phen
enology @24#, but is only consistent with the large ang
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Mikheyev-Smirnov-Wolfenstein~MSW! interpretation of the
solar neutrino flux.

The matrices of Eq.~18! leave two important features o
the spectrum unexplained: thet/b ratio and the hierarchy
within the first two generations. The first requires eith
tanb'50 or an additional suppression ofTFH̄ relative to
TTH. A very large value for tanb is not preferred, since the
resulting large value for the tau Yukawa coupling leads t
scaling ofmt̃

2 to negative values at the weak scale, althou
this could be counteracted by a large contribution from
U(1)X gaugino radiative correction. Also, small values
tanb are excluded by the experimental limit on the mass
the lightest Higgs boson, unless the low energy theory
extended to include a singlet chiral superfield. Thus we w
typically use tanb;5210, giving a ratio ofb to t Yukawa
couplings of;1/521/10.

There are at least three ways to obtain a hierarchy wit
the light two generations. One possibility is that there is
sufficient spread in the Yukawa coupling parameters to
commodate the data. While this is plausible for the Cabib
angle, and perhaps also for thed/s mass ratio, it seems les
likely for the u/c ande/m mass ratios. A second possibilit
is to introduce aU(1) flavor symmetry givingT1 a different
charge toT2. For example, consider the charge assignme
T1(1), T2,3(0), F1,2,3(1), where the charges forF1,2,3 also
give a suppression for theb/t mass ratio. Taking theU(1)
symmetry breaking parameterd'e, we obtain a realistic
pattern of masses mt :mc :mu'1:e2:e4, mb :ms :md
'mt :mm :me'1:e:e2 and mixing angles (Vus ,Vcb ,Vub)
'(e,e,e2). A third possibility is to introduce anS2 discrete
symmetry which interchangesT1↔T2. This forces the cou-
plings ofT1 andT2 to be equal, so that the second generat
is T15T11T2, while the first generationT25T12T2 is
massless in the symmetry limit. Theu and d masses and
Cabibbo angle now arise from smallS2 breaking couplings.

B. Gauge coupling unification

A theory with a supersymmetric desert and high sc
gauge coupling unification leads to a prediction for the QC
coupling of the form

as~MZ!50.13051dasususy1dasuu . ~19!

The central number assumes that theSU(5) split multiplets
have the same form as in the MSSM@25#, and should be
compared with the experimental value@9#

as
exp50.11760.002. ~20!

In conventional supersymmetric grand unified theories,
though the prediction from gauge coupling unification
highly successful, the agreement with data is certainly
perfect. Significant threshold corrections from supersymm
ric or unified thresholds are required. The weak scale thre
old correction depends on the masses of the superpar
and Higgs bosons and has the form
4-11
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dasususy.20.0030(
r

5

38S 4b1
r 2

48

5
b2

r 1
28

5
b3

r D ln
mr

MZ
,

~21!

where the indexr runs over all superpartner and heavy Hig
particles, andba

r represent the contributions of particler to
the one-loop beta function coefficients@26#. Unless the su-
persymmetric spectrum is highly unusual, this correction
not sufficient to bring agreement with data, and hen
dasuuÞ0 is required. However, the threshold correction
the unified scale,dasuu , in general depends on parameters
the unified theory, and cannot be numerically predicted.5

In KK grand unified theories, the situation is quite diffe
ent @2#. If the higher dimensional theory is valid over a si
able energy scale, up to the scaleMs of strong coupling, then
the leading unified scale corrections, coming from the K
towers, can be reliably computed. In the 5DSU(5) theory
the result fordasuu is given in Eq.~9!. Together with the
finite part, calculated using dimensional regularization@28#,
we find

dasuu
KK.20.0019 ln

Ms

Mc8
20.0018.20.01260.003.

~22!

Here we have usedMs /Mc8.16p3/g2C.200 for our theory,
which gives a corresponding error of60.003 arising from
unknown physics aboveMs , described in the effective
theory by brane-localized operators atMs . This contribution
from KK towers precisely explains the difference betwe
the experimental value, Eq.~20!, and the central prediction
without threshold corrections, Eq.~19!.

Breaking supersymmetry via the small boundary con
tion parametera allows us to go further, since we know th
superpartner spectrum in terms ofm̃5a/R. Substituting the
predicted masses of Table III into themr ’s of Eq. ~21! gives

dasususy
KK .0.004020.0030 ln

m̃

MZ
. ~23!

Here, we have approximated the masses of the heavy H
bosons and the Higgsinos by (2umu21mhu

2 1mhd

2 )1/2 andumu,

respectively. Hence, in the wide parameter regionm̃5200
2800 GeV, the prediction from gauge coupling unificati
in our theory is

as
KK5~0.116–0.120!60.003. ~24!

This is in striking agreement with data, Eq.~20!. Since
threshold corrections from the weak and compactificat
scales have been included, as well as the logarithmic co
butions from the KK towers, the only significant uncertain
60.003, comes from unknown physics at and above
scaleMs of strong coupling. While the general result for 5

5The minimal supersymmetricSU(5) theory is excluded becaus
proton stability bounds requiresdasuu to have the wrong sign@27#.
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KK grand unified theories is highly successful, in our theo
we are also able to exclude the possibility of a large corr
tion from the supersymmetric threshold.

C. Yukawa coupling unification

Grand unified theories unify quarks with leptons a
therefore have the possibility of relating quark and lept
masses. In theories where a single Yukawa coupling ge
ates masses for both theb quark andt lepton, the mass ratio
mb /mt is predicted. Inputting the precisely known expe
mental value of thet mass leads to a prediction for theb
mass

mb~MZ!5mb
0S 11

dmb

mb
U

susy

1
dmb

mb
U

u
D , ~25!

which is similar in form to the prediction foras(MZ) of Eq.
~19! from gauge coupling unification, having threshold co
rections from both the supersymmetry breaking and unifi
scales. An important difference is that the central predicti
mb

0 , depends on tanb. However, in the region mainly o
interest to us, 3&tanb&20, the dependence is weak:mb

0

53.660.1 GeV, where the uncertainty depends on b
tanb andas . This should be compared with the value of th
runningb quark mass extracted from data

mb
exp53.060.3 GeV. ~26!

Without quark-lepton unification, there is no reason to exp
theb andt masses to be close, hence it is significant that
unified Yukawa coupling leads to a broadly successful p
diction. Nevertheless, the prediction is too large by (
230)%. However, because the supersymmetric thresh
corrections are typically large@29#, one usually views this as
an inherent limitation on the sensitivity of this probe of th
unified theory. Finite one-loop diagrams with a virtual gluin
and chargino give contributions to the bottom quark m
proportional to tanb

dmb

mb
U

susy

.
m tanb

4p F8asmg̃

3
I ~mg̃

2 ,mb̃1

2 ,mb̃2

2
!

1
ytAt

4p
I ~ umu2,mt̃ 1

2 ,mt̃ 2

2
!G , ~27!

where mg̃
2 is the gluino mass, andmb̃1,2

(mt̃ 1,2
) denote

the masses for the two bottom~top! squarks. The function
I is defined by I (a,b,c)[2$ab ln(a/b)1bc ln(b/c)
1ca ln(c/a)%/$(a2b)(b2c)(c2a)%. Hence, in most unified
theories the significance of the successfulb mass prediction
is limited by rather poor precision.6 In addition, there are

6The situation is not improved at large tanb. Although mb
0 can

now approach the experimental value, the contributions to the
persymmetric threshold corrections are proportional to tanb and
hence are large, unless cancellations occur in Eq.~27!.
4-12
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FIG. 3. ~a! The running of the difference of the three gauge couplings,h i[a i
212a1

21 . Solid and dashed lines represent the runnings
KK grand unification and conventional 4D grand unification, respectively. In KK grand unification,h i ’s run logarithmically both below and
aboveMc8 , but with different beta function coefficients, so that the prediction for the QCD coupling differs from that in the case of a
scale unification.~b! The running of the Yukawa couplings,z f[yf /yt21 in KK grand unification~solid! and 4D grand unification~dashed!.
In KK grand unification there is noSU(5)-violating running aboveMc8 , so that the predicted value of the bottom quark mass is smaller
that of the single scale unification case.
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threshold corrections from the unified scale, which typica
cannot be calculated numerically.

The situation in our 5DSU(5) KK grand unified theory is
quite different. As in the case of gauge coupling unificatio
the unified scale corrections can be computed, and the su
symmetric corrections depend on only the single param
a. Formb we are able to obtain a prediction having a sma
error bar than the current data.

First, we consider the correction from the unified sca
The largest effect in our theory arises because the bottom
tau Yukawa couplings are unified at the compactificat
scaleMc8 , which is smaller than the conventional unificatio
scaleMu.231016 GeV. This is different from the situation
in gauge coupling unification, where the couplings unify
Ms rather thanMc8 . It is interesting to understand the diffe
ent behavior of gauge and Yukawa unification. The renorm
ization group running below and aboveMc8 can have com-
pletely different origins in the higher dimensional pictur
Below Mc8 the running can be caused by the generation
operators which are non-local along the extra dimens
while aboveMc8 all the running must come from local op
erators in the extra dimension. In the case of the Yuka
couplings, the bottom and tau Yukawa couplings evolve d
ferently below the compactification scale. This is obvious
the 4D picture because the effective theory belowMc8 is just
the usual MSSM, but in the 5D picture it is not so obviou
because bothT3 and F3 are localized on they50 brane
where the completeSU(5) symmetry is operative. Neverthe
less there is a simple understanding: belowMc8 , radiative
corrections generate kinetic operators forT3 andF3 that are
non-local along the extra dimension~effective kinetic opera-
tors involving Wilson lines or Wilson loops!. Since these
operators are non-local~i.e. go around the circle!, they feel
SU(5) violating effects from the boundary conditions, a
hence areSU(5) violating. Clearly, the effects from thes
operators exponentially shut off aboveMc8 because of their
non-local nature. Thus whether there isSU(5) violating run-
ning at energies aboveMc8 or not is determined by whethe
we can write down anSU(5) violating local operator or not
However, in our theory bothT3 and F3 are localized on
07500
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SU(5)-invariant y50 brane, so their kinetic and Yukaw
interactions cannot violateSU(5) — aboveMc8 the bottom
and tau Yukawa couplings must run together and hence
unified. This is in contrast with the case of gauge coupl
unification, where the gauge fields propagate in the bulk
can haveSU(5) violating kinetic energy operators locate
on the y5pR brane. As a result, gauge couplings ha
SU(5) violating logarithmic evolution aboveMc8 , while the
third generation Yukawa couplings do not, as illustrated
Fig. 3.

The correction from the unified scale,dmb /mbuu , is cal-
culated as follows. At leading order, the bottom and t
Yukawa couplings are split because they receive differ
contributions from QCD, hypercharge and top Yukawa rad
tive corrections below their unification scale. Since the u
fication scale in our theory,Mc8 , differs from that in conven-
tional 4D supersymmetric unified theories,Mu , we obtain
the correction

dmb

mb
U

u

KK

.2
4g22yt

2

16p2
ln

Mu

Mc8
, ~28!

whereg andyt represent the values of the 4D gauge coupl
and the top Yukawa coupling at the compactification sca
g.0.7,yt.0.6. Note that the gauge contribution dominat
over the top contribution so that the net effect is to reduce
prediction formb(MZ) and therefore reduce the discrepan
with data. This result is independent of how supersymme
is broken and has general applicability to all KK grand u
fied theories havingb/t unification. Using Eq.~10!, we ob-
tain dmb /mbuu

KK.2@5(4g22yt
2)/112p2# ln(Ms/Mc8), so that

for our theory,Ms /Mc8'200, we finddmb /mbuu
KK'24%.

Substituting predictions form and the superpartne
masses from Table III into the expression Eq.~27! for the
supersymmetric threshold correction, we find

dmb

mb
U

susy

KK

.0.0063sgn~m!tanb. ~29!
4-13
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LAWRENCE J. HALL AND YASUNORI NOMURA PHYSICAL REVIEW D66, 075004 ~2002!
Strictly speaking, the mass eigenvalues for the bottom
top squarks depend on the ratiov/m̃; however, we have ig-
nored this and find Eq.~29! gives a good approximate nu
merical result over a wide range of the parameter spa
Choosing sgn(m),0, the prediction for theb quark mass in
our theory is

mb~MZ!53.320.02~ tanb210!60.1 GeV. ~30!

While a more precise form for the prediction in terms
tanb and as is possible, it is not warranted by the prese
error from extractingmb from data. The simple prediction o
Eq. ~30! is nevertheless quite important. Our KK theory do
bring the prediction formb /mt into agreement with data
without the need to invoke unknown threshold correction
at least 10%. If the corrections from KK modes had gone
the wrong direction, our theory would have been very clea
excluded. Instead we predict thatmb lies at the upper edge o
the presently allowed experimental region.7

D. Proton decay

In KK grand unified theories proton decay from operato
of dimension four and five is forbidden@1#, so that the only
possible source of significant proton decay is from opera
of dimension six. Since brane-localized dimension six ope
tors, with coefficients given by inverse powers ofMs , give
effects which are too small to observe, the only possi
relevant source is from exchange of the superheavy ga
bosons, such as theX boson ofSU(5). In 4D supersymmet-
ric unified theories, theX gauge boson exchange contributio
is negligible since theX gauge boson mass isMX.Mu.2
31016 GeV. However, in KK unified theories gauge co
pling unification results only if the volume of the bulk
large, and this leads to lower values forMX5Mc/2, making
the gauge boson exchange contribution much more impor
@1#. A precise prediction for gauge coupling unification r
sults when the volume of the bulk is as large as possible
that the gauge interactions atMs are strong, and this leads t
low and calculable values forMX , opening the possibility
for interesting predictions for the proton decay rate@8,2#.

In fact, while gauge boson mediated proton decay is
great interest in KK grand unified theories, at present sign
cant uncertainties remain. Exchange ofX gauge bosons re
sults in baryon number violating four fermion operators
the form @Ti

†TiTj
†Tj #u2ū2 and @Ti

†TiF j
†F j #u2ū2. The baryon

number violating interactions amongst zero modes are g
erated only whenT and F are brane fields, since for bul
fields theX boson couples a zero mode to a superheavy s
The coefficients for these operators are given by(ngX

2/@(n
11/2)Mc#

25g2/Mc8
2 , wheregX and g are the gauge cou

7In the case where small neutrino masses are generated thr
the seesaw mechanism, the presence of Dirac neutrino Yukawa
plings at high energies could increase the prediction formb by a
small amount but does not change our conclusions. TheU(1)X

gauge interaction does not renormalizemb /mt and hence does no
affect our prediction.
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plings for theX and standard model gauge bosons, resp
tively, andgX5A2g due to the wave function profiles of th
gauge fields in the extra dimension. Since the correspond
coefficients are given bygX

2/MX
25g2/MX

2 in 4D grand uni-
fied theories,Mc8 in 5D theories corresponds toMX in 4D
theories as far as dimension six proton decay is concer
For Mc8'1015 GeV, present limits on proton decay requi
that T1 be a bulk field. The bulk gauge interactions th
generate proton decay through quark mass mixing an
brane-localized interactions@8,30#. This introduces uncer-
tainties for the proton decay rate, since the relevant mix
matrix is not the Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix of weak interactions and the size of brane interactio
are not determined by gauge coupling unification. Nevert
less, it is still interesting to pursue the natural expectation
the rate for various proton decay modes in these KK gra
unified theories.

In our theoryFi are all brane fields, but this is not suffi
cient to generate baryon number violation. Since only
third generation is on the brane forT fields, proton decay is
dominated by the operator@T3

†T3F1
†F1#u2ū2 and hence re-

quires mixing via the third generation of quarks. We th
find that the four fermion interaction L.(g2/
Mc8

2)(V23
q†V31

u )q2
†u1l 1

†d1 gives the dominant proton deca
amplitude, whereVq,u is the unitary rotation onq,u needed
to diagonalize the quark mass matrices. Since we must
the strange quark fromq2 to obtain a proton decay ampli
tude, Vq is actually the rotation in the left-handed dow
quark sector and the final states for the decay contain
particle carrying the strangeness quantum number. This le
to the decay modep→K1n̄ with the lifetime estimatet(p

→K1n̄)'103762 years. Here, we have arbitrarily assign
one order of magnitude uncertainty toMc8

4 and one to the
flavor mixing angles; the central value comes from taki
V23

q†V31
u .0.0002 and Mc85Mu(Mc8/Ms)

5/7 with Ms /Mc8
.16p3/g2C.200. The simple expectation is therefore th
this flavor mixing contribution to proton decay is too sma
to observe. In general in KK unified theories one only e
pects an observable rate ifT2 is on the brane@8,2#, or if Mc8
is of order 1014 GeV rather than of order 1015 GeV @30#.

Symmetries of our theory allow the operato

@(ḡi j /Ms)Ti
†Tj8#u2ū2 on they50 brane. After the KK mode

decomposition, these operators give baryon number viola
couplings amongst zero modes:L.ḡi j (Mc8/Ms)ui

†gmqjXm .
The leading proton decay in our theory comes from comb
ing these interactions with thedi

†gml iXm interactions coming
from the usual kinetic terms@Fi

†Fi #u2ū2 on the brane. The
resulting decay amplitudes are independent of the Yuka
interactions~i.e. quark mixing matrices!, but depend on the
unknown coefficientsḡi j . We find thatḡ22 and ḡ21 do not
lead to proton decay amplitudes at leading order
(Mc8/Ms), but ḡ12 and ḡ11 lead to p→K1n̄ and p

→e1p0,m1p0,e1K0,m1K0,p1n̄,K1n̄ decay modes, re-
spectively, both at order (Mc8/Ms) in the amplitudes. A cru-
cial question is whether the origin of thed/s,u/c ratios and
the Cabibbo angle leads to further suppression ofḡ11,12 rela-

gh
u-
4-14
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COMPLETE THEORY OF GRAND UNIFICATION IN . . . PHYSICAL REVIEW D66, 075004 ~2002!
tive to ḡ22. In any of the examples given Sec. III A, there
no such suppression forḡ11, so we expect the coefficientḡ11
to be of order one. This gives the ‘‘effectiveX gauge boson
mass’’ MX

eff.ḡ11
21/2(Mc8/Ms)

3/14Mu , leading to the lifetime
estimate t(p)'1034 years for all the decay mode
e1p0,m1p0,e1K0,m1K0,p1n̄ and K1n̄, for ḡ11.1 and
Ms /Mc8.200. An interesting point is that, although the to

proton decay rate has uncertainties coming fromḡ11, the
relative decay rates for various decay modes are predi
essentially in terms of a single unknown parameteruF . This
is because we can always choose a gauge eigenbasis fFi
so that onlyF3 couples toT3, and in that basis the only larg
mixing angle for quarks and leptons inFi is that between the
first two generations@see also the discussion around E
~34!#. We define the relative mixing angles between t
down type quarks and the lepton doublets asuF , which we
expect to be of order unity. We then obtain a number
predictions for the relative decay rates, so that the physic
proton decay is very rich in our theory. Particularly use
relations are

G~p→m1p0!

G~p→e1p0!
.

G~p→e1K0!

G~p→m1K0!
.tan2uF . ~31!

This is a robust prediction because it does not depend
hadronic matrix elements nor whetherḡ12 is sizable. For the
first discovery,e1p0 will be the most promising mode for a
experimental search, since it has a relatively clean signa
We stress that, while our analysis for proton decay depe
on matter location, it is completely independent of supersy
metry breaking.

E. Axion and axino from U„1…R

The bulk interactions of our theory possess anSU(2)R
3SU(2)H global symmetry, and we have argued that it
crucial for theU(1)R subgroup to be preserved also by
the brane interactions. On the other hand, the small boun
condition parametera clearly breaks thisU(1)R symmetry.
However, this breaking will ultimately be spontaneous, a
ing from the vacuum expectation value of an auxiliary fie
in the 5D supergravity multiplet. It is therefore natural
explore the possibility that the globalU(1)R symmetry is an
exact symmetry of the entire theory, except for gauge ano
lies, so that anR axion arises from the spontaneous break
of U(1)R . An interesting possibility is that theR axion only
receives mass from the gauge interactions of the stan
model. @In fact, in Sec. V we will introduce an additiona
gauge interaction which sets theU(1)X breaking scale, bu
U(1)R does not have an anomaly for this gauge group so
theR axion does not get a mass from this gauge interactio#
If this is the case, theR axion receives the dominant ma
contribution from the QCD anomaly ofU(1)R and thus
plays the role of the QCD axion, solving the strongCP
problem@31#. TheU(1)R breaking scale is given~if these is
no otherU(1)R breaking! by the supersymmetry breakin
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vacuum expectation value of the auxiliary field:Fa

'(m̃MPl)
1/2'101021011 GeV.8

We here discuss possible phenomenological conseque
of this exactU(1)R scenario. First, the mass of the~fermi-
onic! superpartner of theR axion, theR axino, strongly de-
pends on the sector which breaksU(1)R spontaneously. In
particular, theR axino could be much lighter than all th
superpartners of the standard model particles. In this c
the lightest standard model superpartner can decay into tR
axino, so that there is no problem of charged dark ma
even if the stau is the lightest of the MSSM superparticl
The lifetimes for stau and neutralino decays are estima
roughly to be 103(Fa/1011 GeV)2(102 GeV/mt̃)

3 sec and
1023(Fa/1011 GeV)2(102 GeV/mx̃)3 sec, respectively. The
dark matter may be provided by theR axion or by theR
axino itself.

IV. SUPERSYMMETRIC FLAVOR VIOLATION

In this section we propose lepton flavor violation as
powerful and generic signal for KK grand unification provi
ing the scale of mediation for supersymmetry breaking is
or above the compactification scale. We first consider
general consequences for flavor symmetry imposed by m
ter locality and experimental limits on lepton flavor viola
tion. We then apply this to our model and derive rates
various signals in the lepton sector. We argue that hadro
signals are likely to be harder to detect.

A. Flavor symmetry in Kaluza-Klein grand unification

In supersymmetric theories, flavor violation provides
important probe of the high energy theory via the form of t
soft supersymmetry breaking interactions@32#. Furthermore,
the form of the soft operators reflects the underlying flav
symmetry of the theory. For example, in conventional 4
SU(5) grand unified theories, the gauge interactions poss
a U(3)T3U(3)F global flavor symmetry. If soft supersym
metry breaking operators are local up to the unification sc
in the flavor symmetry limit the squark and slepton ma
matrices have the formmT̃

2(q̃q̃†1ũ†ũ1ẽẽ†)1mF̃
2(d̃†d̃

1 l̃ † l̃ ). Here q̃,ẽ (ũ,d̃, l̃ ) are three-dimensional row~col-
umn! vectors in flavor space. Flavor violating signals on
arise from the breaking of flavor symmetry due to non-gau
interactions, such as the top quark Yukawa coupling.

On the other hand, in KK grand unified theories the flav
symmetry of the gauge interactions depends on the loca
of the matter. In 5D theories with a large radius of the ex
dimension, we have seen thatT1 andT3 have differing loca-
tions, so thatU(3)T is certainly broken. If soft supersymme
try breaking operators are generated at or above the com
tification scale this implies a large mass splitting between
scalars inT1 and those inT3. However, constraints from

8If a constant term in the superpotential canceling the cosmol
cal constant is generated by a vacuum expectation value aW
5^F&3, then the scale ofU(1)R breaking is given byFa

'(m̃MPl
2 )1/3'1013 GeV.
4-15
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LAWRENCE J. HALL AND YASUNORI NOMURA PHYSICAL REVIEW D66, 075004 ~2002!
flavor violating processes place powerful limits on the d
gree to whichU(3)T3U(3)F can be ‘‘broken’’ by locality.
For example,T1 and T2 must have a common location, a
mustF1,2,3, to avoid too large lepton flavor violation, as wi
be seen later. Hence in KK grand unified theories with
‘‘large’’ extra dimension we find that the most general for
for the flavor symmetry is @U(2)3U(1)#U3@U(2)
3U(1)#E3@U(2)3U(1)#Q3U(3)D3U(3)L , leading to
the soft scalar masses

2L5mq̃
2
q̃Pqq̃†1mũ

2
ũ†Puũ1md̃

2
d̃†d̃1ml̃

2
l̃ † l̃ 1mẽ

2
ẽPeẽ

†,

~32!

wherePq,u,e are 333 matricesPq,u,e5diag(1,1,cq,u,e) con-
taining arbitrary parameterscq,u,e.9 Therefore, unless
cq5cu5ce51, the soft supersymmetry breaking masses
not flavor universal even in the ‘‘flavor symmetric’’ limit
Here, by allowingmq̃

2 ,mũ
2 ,md̃

2 ,ml̃
2 ,mẽ

2
~andcq ,cu ,ce) to be

independent, we have allowed for the case that supersym
try breaking directly feels the breaking of gauge symme
This can occur easily in KK unified theories since there
locations in the bulk which have explicit breaking of th
unified symmetry. The three standard model gaugino ma
must also be treated as independent parameters in gene
KK grand unified theories. In the case that supersymme
breaking respects theSU(5) symmetry, the flavor symmetr
is reduced to U(1)T3

3U(2)(U,E)1,2
3U(2)Q1,2

3U(3)D

3U(3)L and Eq. ~32! holds with mũ
2
5mẽ

2 , cu5ce and

mq̃
2
cq5mũ

2
cu . The gaugino masses respect the unified m

relations. This is the case in our boundary condition sup
symmetry breaking. Much of the remaining parameter fr
dom then arises because bulk matter is not fully unified;
instance, ifFi are brane fields then we also havemd̃

2
5ml̃

2 .
However, these additional restrictions on parameters do
eliminate flavor non-universalities, since we still have p
rameterscq and ce , breaking flavor universality. Hence
from flavor symmetry grounds alone we see that KK gra
unified theories with supersymmetry breaking mediated a
above the compactification scale generically have large
ton flavor violation originating from the split in location be
tweenẽ3 andẽ1,2. Below we calculate the rates in our theo
— but the signal is generic to a wide class of KK unifie
theories with high mediation scales. In fact, the signal d
not require grand unification: a separation of lepton locati
is sufficient. In the unified case this separation is requir
but even in non-unified theories such a separation may
contribute to fermion mass hierarchies. If supersymme
breaking is mediated at scales well beneath the compa
cation scale,U(3)5 flavor symmetry can emerge as an ac
dental low energy symmetry despite its short distance bre
ing by matter locality, removing the signal.

The flavor symmetry in our theory isU(1)T3
3U(2)T1,2

3U(2)T
1,28 3U(3)F , due to the unique choice for the loca

9If ce happens to be close to unity,F1,2 andF3 could have differ-
ent locations and the flavor symmetry could be@U(2)3U(1)#5.
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tion of matter, shown in Fig. 2. This flavor symmetry dete
mines the overall flavor structure of the theory, especia
that of supersymmetry breaking parameters. To unders
the consequences of this flavor symmetry, we first cons
the limit where all the Yukawa couplings are set equal
zero. Boundary condition breaking of supersymmetry by
parametera generates non-holomorphic scalar masses
squarks, sleptons and Higgs bosons. Since the boundary
dition breaking does not introduce any additional flavor sy
metry breaking, these supersymmetry breaking opera
must respect the flavor symmetry of the gauge sector, giv
soft masses of the form Eq.~32! with mũ

2
5mẽ

2 , cu5ce ,

mq̃
2
cq5mũ

2
cu and md̃

2
5ml̃

2 . Thus, if cq or ceÞ1, the soft
supersymmetry breaking masses are not flavor unive
even in the limit of vanishing Yukawa couplings. In fact,
the present theory,mq̃

2
5mũ

2
5mẽ

2
5m̃2, md̃

2
5ml̃

2
50 and cq

5cu5ce50 at the compactification scale, and thus there
flavor non-universalities already at this level. This situati
is quite different from that of conventional 4D unified the
ries where all the flavor non-universalities come from ren
malization effects through the Yukawa couplings.

We next turn to the Yukawa couplings. The flavor sym
metries of the 5D gauge interactions are broken by the bra
localized Yukawa couplings of Eq.~11!. Flavor hierarchies
for quark and lepton masses and mixings arise from g
metrical volume suppressions, as shown in Eq.~18!, explain-
ing much of the gross structure of these hierarchies. In
low energy theory below the compactification scale, this fl
vor symmetry breaking is represented by the three supe
tential Yukawa interactions

W5QyUUHu2QyDDHd2EyELHd , ~33!

whereyU (yD,E) is a 333 matrix and has roughly the form
of yT(yF) shown in Eq. ~18!; Q,E(U,D,L) are three-
dimensional row~column! vectors in the flavor space. Sinc
the soft scalar masses forFi ~i.e. Di andLi) are flavor uni-
versal, we can choose a basis forFi so that onlyF3 couples
to T3 by rotating full supermultipletsFi , giving

yD,E'S e e e

e e e

0 0 1
D . ~34!

This shows that there is no large mixing effect in the charg
lepton sector, in spite of the presence of apparent large m
ing angles in Eq.~18!. This remains true no matter whic
mechanism is used to provide a hierarchy between the
two generations. The large mixing angles appear in phys
processes only when we consider the masses for neutrino
particular, they appear as large mixing angles in neutr
oscillation phenomena.

To summarize, the soft supersymmetry breaking opera
in our theory involve a flavor non-universality matrixPT
associated with the statesQ,U,E of T:
4-16
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PT5S 1 0 0

0 1 0

0 0 0
D . ~35!

The flavor universality is also broken by the Yukawa co
plings, which we can view as flavor symmetry breaking sp
rions. Applying the general result Eq.~16! for the soft opera-
tors to our theory, we find the following soft terms fo
squarks and sleptons:10

Lsoft5m̃@ q̃~yU1PTyU1yUPT!ũhu2q̃~yD1PTyD!d̃hd

2ẽ~yE1PTyE! l̃ hd#2m̃2~ q̃PTq̃†1ũ†PTũ1ẽPTẽ†!.

~36!

This tree-level result corresponds to the initial condition
on
, w
a

n

te

at
r

sis
ns

07500
-
-

t

the compactification scale for the renormalization group sc
ing of the soft parameters of the MSSM.

B. Lepton flavor violation

1. A single lepton flavor mixing matrix

To study the experimental consequences of lepton fla
violation in our theory, we must first scale the operato

@ELHd#u2, ẽl̃ hd , l̃ † l̃ and ẽẽ† to the weak scale. In the cas
that tanb is not too large, so that radiative effects fromyb,t
can be ignored, the only important scalings are due to
electroweak gauge interactions. Thus the overall form of
Yukawa matrixyE is unchanged and has the form Eq.~34!
also at the weak scale. There is a radiative correctiondA to
the trilinear scalar operator proportional to the gaugino ma
and there are gauge radiative corrections to the soft sc
mass parameters, giving
Lsoft
lept.2ẽF S 2m̃1dA 0 0

0 2m̃1dA 0

0 0 m̃1dA
D yEG l̃ hd1H.c.2ẽS mẽ

2 0 0

0 mẽ
2 0

0 0 mt̃
2
D ẽ†2 l̃ †S ml̃

2 0 0

0 ml̃
2 0

0 0 ml̃
2
D l̃ ,

~37!
l

ul-

ly

ses

ons

ic

r-
where, using Table III, mẽ
2
5mẽB

2 .(1.1m̃)2, mt̃
2
5mẽ3

2

.(0.33m̃)2, ml̃
2
5ml̃ b

2 .ml̃ 3

2 .(0.70m̃)2 anddA50.60m̃.

By rotating to a mass eigenstate basis for charged lept
while maintaining diagonal scalar mass-squared matrices
can go to a basis where the lepton flavor violation appe
only via a single new mixing matrixWe in the following
lepton-slepton-gaugino, slepton-lepton-Higgsino a
slepton-slepton-Higgs interactions:

L LFV52~A2g8eWe†ẽ†b̃1H.c.!

1~ ẽWeŷEl h̃d1H.c.!

2$ẽ@~m̃1dA!I 1m̃PT#WeŷE l̃ hd

2mẽWeŷEhu
† l̃ 1H.c.%, ~38!

whereŷE is the real and diagonal lepton Yukawa matrix af
the rotation, andI is the unit 333 matrix; b̃ represents the
U(1)Y gaugino. Note that, because the mass-squared m
for l̃ is proportional to the unit matrix, the lepton flavo

10The most general form of the trilinear scalar interactions con
tent with the flavor symmetry of the 5D gauge interactio

is 2L5q̃(AuyU1Au8PqyU1Au9yUPu)ũhu2q̃(AdyD1Ad8PqyD)d̃hd

2ẽ(AeyE1Ae8PeyE) l̃ hd .
s,
e

rs

d

r

rix

violation is associated withẽ rather than withl̃ .11 The de-
generacy ofẽ1,2 allows We to depend on only two physica
Euler angles and two phases asWe5R23

e R12
e D, whereRi j

e is
a matrix rotating thei j plane in flavor space, andD is a
diagonal phase matrix with two independent phases. A sim
taneous phase rotation forl, l̃ ande† ~i.e. l→D†l , l̃ →D† l̃
ande†→D†e†) can further remove the phase matrixD from
We without affecting other interactions, so that we final
obtain

We5R23
e R12

e 5S c12
e 2s12

e 0

s12
e c23

e c12
e c23

e 2s23
e

s12
e s23

e c12
e s23

e c23
e
D , ~39!

whereci j
e [cos(uij

e) andsi j
e [sin(uij

e). Therefore, we find a re-
markable result that all the lepton flavor violating proces
are completely described by two angles,u12

e andu23
e , as far

as the charged lepton sector is concerned.

2. Branching ratio for µ\eg

In this section we considerm→eg decay. This process
arises from the one-loop diagrams of Fig. 4, where slept

- 11This is similar to lepton flavor violation in 4D supersymmetr

SU(5) theories withẽ non-degeneracy arising from radiative co
rections involving the large couplingyT for the third generation
@33#.
4-17
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FIG. 4. Feynman diagrams contributing to them→eg process. The chirality flips represented by blobs come from the muon mas
gaugino and Higgsino masses, the left-right slepton mixing, and gaugino-Higgsino mixings.
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and neutralinos circulate in the loop. We first consider
two diagrams of Fig. 4a and Fig. 4b, in which both vertic
arise from theU(1)Y gauge coupling. In this case, the dec
rate form→eg is given by

G~m→eg!5
a

4
mm

3 uF (a)1F (b)u2, ~40!

wherea andmm represent the fine structure constant and
muon mass, respectively. Here, the amplitudesF (a) andF (b)

are given by

F (a)5
a

4p cos2uw

mmWtm
e Wte

e* @G1~mt̃
2
!2G1~mẽ

2
!#,

~41!

F (b)52
a

4p cos2uw

mmWtm
e Wte

e*

3@~2m̃1dA1m tanb!$G2~ml̃
2 ,mt̃

2
!

2G2~ml̃
2 ,mẽ

2
!%2m̃G2~ml̃

2 ,mt̃
2
!#, ~42!

whereuw is the Weinberg angle, and the functionsG1 and
G2 are defined in Ref.@34#. Substituting the predictions o
the superparticle mass spectrum in our theory, these am
tudes are written in terms of a single mass scalem̃ as

F (a)1F (b).@0.210.8 sgn~m!tanb#

3
a

4p cos2uw

mm

m̃2
Wtm

e Wte
e* . ~43!

We find that in the parameter region of our interest, tab
*3, the m→eg process is dominated by the contributio
proportional to tanb, which comes from the diagram of Fig
4b.

The diagrams containing the Yukawa vertex, Fig. 4c a
Fig. 4d, are also dominated by the contribution enhanced
tanb. It comes from the diagram of Fig. 4c and destructive
interferes with the previous contribution in Eq.~43! @35#.
Using our superparticle spectrum, we findF (c).20.4F (b),
which reduces the rate ofm→eg by about a factor of 3
compared with that given by Eq.~43!. Therefore, them
→eg decay rate in our theory is given by

G~m→eg!.
cm

2 a3

64p2cos4uw

mm
5

m̃4
uWtm

e u2uWte
e u2tan2b,

~44!
07500
e
s

e

li-

d
y

wherecm.0.5. Dividing this by the total decay rate of th
muon, G(m).G(m→enn̄).(a2/384p sin4uwcos4uw)
3(mm

5/MZ
4), we finally obtain the branching ratio for them

→eg decay in our theory

Br~m→eg!.3310211S 200 GeV

m̃
D 4S uWtm

e u
0.04 D 2

3S uWte
e u

0.01D 2S tanb

5.0 D 2

. ~45!

Here, we have normalized elements of the new mixing m
trix We by the corresponding values in the CKM matrix. Th
is well motivated becauseWe comes from a rotation of the
right-handed charged leptonse, and the rotation ofe is ex-
pected to be similar to that of the left-handed quarksq,
which determines the CKM matrix.

The prediction given in Eq.~45! is very interesting, since
it gives a number close to the present experimental bo
Br(m→eg)&1.2310211 @36#. While we expect an uncer
tainty of a factor of a few in the estimate of Eq.~45!, for
example from uncertainties for the value ofmt̃

2 discussed in
Sec. II B, we can still say that the presentm→eg decay
experiment has already probed our theory up to aboum̃
.200 GeV (300 GeV) for tanb55 (10).12 Furthermore, a
new experiment is under construction at PSI which aims
a sensitivity of Br(m→eg) at a 10214 level @37#. Since
Br(m→eg)&10214 corresponds tom̃*1.5 TeV (2 TeV)
for tanb55 (10) in Eq.~45!, it will probe essentially all the
parameter region of our theory where radiative electrow
symmetry breaking occurs naturally.

We now discuss the effect of a possible mass splitt
betweenl̃ 1,2 and l̃ 3. In deriving a general expression for th
lepton flavor violation in Eq.~38!, we have used the fact tha
the masses forl̃ i are all degenerate in our theory,ml̃ 1,2

2

5ml̃ 3

2 . However, this relation is not strictly correct; in pa

ticular, if tanb becomes larger,ml̃ 3

2 becomes smaller than

ml̃ 1,2

2 due to the renormalization group effect through the

Yukawa coupling. The non-degeneracy betweenml̃ 1,2

2 and

12Even if additional contributions tomt̃
2 , for example from a large

U(1)X gauge coupling, happened to give a cancellation between
two diagrams of Fig. 4b and Fig. 4c, reducing Br(m→eg) by a few
orders of magnitude, them-e conversion in nuclei, discussed in Se
IV B 3, will provide an effective probe of the theory@35#.
4-18



on

b

n

i-

s
t

es

g
e

i
re

he
ffi

th
th

ik
n
rg
on
r

n
pe
f

-

d

ng

io
d

be-

-

en-

y

ts
-

in

rg
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ml̃ 3

2 introduces new lepton flavor mixing angles in additi

to those inWe, and causes new diagrams for them→eg
process.13 Since the amplitudes of these new diagrams can
proportional tomt rather thanmm , they might dominate the
contribution from the diagrams of Fig. 4, when tanb is large.
The relative size of this new contribution to the previous o
is expected to be of order (mt /mm)d l̃ in the amplitudes,
where d l̃ [(ml̃ 1,2

2
2ml̃ 3

2 )/ml̃ 1,2

2 . There may also be an add

tional suppression by a factor ofe if the charged lepton mas
matrix is given by the form of Eq.~34!, because the relevan
rotation angles forl i are then of ordere2 while those forei
are of ordere. In any event, sinced l̃ .0.02 (0.05) for
tanb510 (15), we find that the contribution fromd l̃ Þ0 can
be safely neglected in the parameter region of our inter
tanb&15, and the branching ratio ofm→eg is still given by
Eq. ~45!, which is described by the single mixing matrixWe.
Potentially, the presence of Dirac neutrino Yukawa couplin
at high energies could also introduce a splitting betwe
ml̃ 1,2

2 andml̃ 3

2 , enhancing the decay rate ofm→eg @38#. We

consider an explicit model of neutrino mass generation
Sec. V A, where the neutrino Dirac Yukawa couplings a
suppressed by the volume of the extra dimension and t
effects on the lepton flavor violating processes are su
ciently small.

The above discussion also tells us something about
location of matter in the extra dimension. Suppose we put
first two generation5̄’s, F1,2, in the 5D bulk rather than on
they50 brane. In this case,l̃ 1,2 and l̃ 3 have a mass splitting
of d l̃ 5O(1) at tree level, so that we cannot go to a basis l
Eq. ~34! without introducing a flavor violation in the slepto
mass-squared matrix. Then, from the structure of the cha
lepton Yukawa matrix, we find that the relevant rotati
angles forl i are of ordere and the same order with those fo
ei . This means that them→eg decay rate in the bulkF1,2
theory is enhanced by a factor of (mt /mm)2 compared with
the case of the braneF1,2 theory. Therefore, to evade a
experimental constraint, the overall mass scale for the su
particles, m̃, in the bulk F1,2 theory must be a factor o
(mt /mm)1/2.4 higher than that of the braneF1,2 theory.
Since the higher value ofm̃ requires a fine-tuning for elec
troweak symmetry breaking, the case ofF1,2 having a differ-
ent location thanF3 (ml̃ 1,2

Þml̃ 3
) is strongly disfavored, ex-

plaining the unique choice for the matter location we ma
in Sec. II B.

3. Other lepton flavor violating processes

In this section we discuss other lepton flavor violati
processes. We first consider the branching ratio for them
→3e decay. This process is dominated by the contribut
from photon penguin diagrams, since they are enhance

13The situation is somewhat similar to lepton flavor violation

4D supersymmetricSO(10) theories, where bothl̃ and ẽ non-
degeneracies arising from radiative corrections involving the la
Yukawa coupling for the third generation@34#.
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the phase space integral. Thus there is a simple relation
tween Br(m→3e) and Br(m→eg). Using Eq.~45!, we ob-
tain

Br~m→3e!.
a

3p S ln
mm

2

me
2

2
11

4 D Br~m→eg!

.2310213S 200 GeV

m̃
D 4S uWtm

e u
0.04 D 2

3S uWte
e u

0.01D 2S tanb

5.0 D 2

. ~46!

The present experimental bound is Br(m→3e)&1.0
310212 @39#.

We next considerm→e conversion in nuclei. The conver
sion rate is well approximated by

G~m→e;X!.16a4Zeff
4 ZuF~q!u2G~m→eg!, ~47!

in the parameter region we are considering.~The approxima-
tion is better for larger values of tanb.! Here,Z represents
the proton number of the nucleusX; Zeff and F(q) are the
effective charge and the nuclear form factor at the mom
tum transferq, respectively. In the case ofX5 22

48Ti, for
which Z522, Zeff.17.6 anduF(q)u.0.54 @40#, we obtain
the prediction for them→e conversion rate, normalized b
the muon capture rate G(m→capture;22

48Ti) 5(2.590
60.012)3106 sec21 @41#, of

Cr~m→e; 22
48Ti![

G~m→e; 22
48Ti!

G~m→capture;22
48Ti!

.2310213S 200 GeV

m̃
D 4S uWtm

e u
0.04 D 2

3S uWte
e u

0.01D 2S tanb

5.0 D 2

. ~48!

The present experimental bound is Cr(m→e; 22
48Ti) &4.3

310212 @42#. It is interesting to note that future experimen
may probem→e conversion in nuclei with a sensitivity be
low 10216 @43#.

Another important lepton flavor violating process ist
→mg decay. The branching ratio fort→mg is related to
that of m→eg by

G~t→mg!

G~m→eg!
5UWtt

e

Wte
e U2

Br~t→mnn̄!. ~49!

Since Br(t→mnn̄)5(17.3760.07)%, we obtain
e

4-19



r(

on

tic

is
n
-
a
th
A

fo

so
ra

l
te

k

r
t

ec

e
n
s
a
ca
o
at
in
ni
as
o

g
al
se
es

ters

s.

as

i-
on-

.

ur
ural

is-
the
l
ght-
nism
ed

m-

vi-
t fla-
s

ntro-
er-

s

en

der
se
s,

LAWRENCE J. HALL AND YASUNORI NOMURA PHYSICAL REVIEW D66, 075004 ~2002!
Br~t→mg!.531028S 200 GeV

m̃
D 4S uWtm

e u
0.04 D 2

3S uWtt
e u

1.0 D 2S tanb

5.0 D 2

. ~50!

The present experimental bound comes from CLEO: Bt
→mg)&1.131026 @44#. TheB factories at KEK and SLAC
will improve the bound to the level of 1027. Note that the
combination of lepton flavor violation mixing angles,u i j

e ,
appearing in Eq.~50! is different from that in Eqs.~45!, ~46!,
~48!. Therefore, in principle, we can determine all the lept
flavor violation mixing angles,u12

e and u23
e , by measuring

both m→e and t→m transition rates, if we knowm̃ and
tanb from independent measurements of the superpar
spectrum.

C. Hadronic flavor violation

The structure of hadronic flavor violation in our theory
much more complicated than that of lepton flavor violatio
In addition to the complication arising from the CKM ma
trix, there is also a complication coming from the fact th
up-type squarks have flavor non-universalities in both
left-handed and right-handed mass-squared matrices.
though it is still possible to derive a general Lagrangian
hadronic flavor violation, as in the leptonic case of Eq.~38!,
the resulting expression is not particularly illuminating,
that here we focus on estimating constraints on the ove
superparticle mass scale,m̃, coming from various hadronic
flavor violating processes.

We start with theb→sg decay process. In the minima
supergravity scenario of supersymmetry breaking, it is of
claimed that the exactb/t unification is consistent with the
constraint from theb→sg decay only when the squar
masses are rather large. This is because the exactb/t unifi-
cation requires the negative sign ofm and/or large values fo
tanb, which enhances the supersymmetric contribution
theb→sg process. In our theory, however, there is a corr
tion from the unified scale, Eq.~28!, allowing us to consider
the parameter region of tanb.5210. Thus the squark
masses do not have to be very large. Furthermore, thb
→sg decay is a rigid constraint on the parameter space o
if squark mass matrices are diagonal in the super-CKM ba
This is not the case in our theory, since the squark m
matrices have flavor non-universalities at the compactifi
tion scale. By rotating to the super-CKM basis, this intr
duces flavor off-diagonal elements in the squark mass m
ces, which are not determined by the observed CKM mix
angles. Therefore, in our theory we cannot extract a defi
bound from theb→sg process. A rough bound is obtained
m̃*100Atanb GeV by estimating the size of the chargin
exchange diagrams.

We next consider constraints from neutral meson mixin
Since flavor violation in the squark sector is relatively sm
due to the gluino focusing effect, we can use the mass in
tion approximation to estimate flavor violating process
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The relevant quantities are the mass insertion parame

d i j defined by (d i j
f )XY[(mf̃

2) iX, jY /A(mf̃
2) iX,iX(mf̃

2) jY, jY

in the super-CKM basis, wheref 5u,d specifies the up-type
or down-type sector andX,Y5L,R the left-handed or
right-handed chirality;i , j 51,2,3 are the generation indice
The KL-KR mass difference,DmK , gives constraints
on (d12

d )XY . In our theory, these quantities are estimated
(d12

d )LL'(mq̃B

2
2mq̃3

2 )Vtd
CKMVts

CKM/mq̃B

2
'1024, (d12

d )RR'0,

and (d12
d )LR ,(d12

d )RL&msm tanb/mq̃B

2
'1024 tanb(200

GeV/m̃), assuming no contribution from brane-localized k
netic terms. Therefore, we find that the supersymmetric c
tribution to DmK is negligible form̃*200 GeV@22#. Since
the constraint from theCP violating parameter«K is some-
what stronger than that fromDmK , however, there may be
an observable effect on«K in the case of lower values form̃
~and larger tanb) if the relevant phase is of order unity
Analogous considerations can also be made forB-B̄ andD-D̄
mixings, which constrain (d13

d )XY and (d12
u )XY , respectively.

Again, we obtain essentially no constraint form̃
*200 GeV.

V. A REALISTIC COMPLETION OF THE THEORY

In this section we provide a realistic extension of o
theory, incorporating small neutrino masses and a nat
generation of the supersymmetric mass term (m term! and
the holomorphic supersymmetry breaking mass term (mB
term! for the Higgs doublets. In our example, these two
sues are related through a single dynamics triggering
spontaneous breaking of theU(1)X gauge symmetry. Smal
neutrino masses are generated by integrating out ri
handed neutrino superfields through the seesaw mecha
@12#. The m andmB terms of the correct size are generat
by the vacuum readjustment mechanism of Ref.@13#. The
generatedB parameter is real, so that there is no supersy
metric CP problem.

A. Neutrino masses andU„1…X gauge interaction

Recent neutrino experiments have provided strong e
dence that neutrinos have small masses and the differen
vors are mixed@45,46#. In our theory small neutrino masse
can be generated through the seesaw mechanism by i
ducing three generations of right-handed neutrino sup
fields. They could be either brane fields,N, or bulk fields,
$N,Nc% with hN51. In both cases, the Yukawa coupling
and Majorana masses forN are located on they50 brane

S5E d4xdyd~y!F E d2uS yNFNH1
kR

2
NND1H.c.G .

~51!

The U(1)R charges for the right-handed neutrinos are giv
by R(N)5R(Nc)51, as for the other matter fieldsT andF,
so that the above superpotential terms are invariant un
U(1)R . After integrating over the extra dimension, the
terms give the 4D Dirac neutrino Yukawa coupling
4-20
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@ynLNHu#u2, and the 4D Majorana mass term
@(MR/2)NN#u2. Thus, integrating out the right-handed ne
trinos we obtain the operators@(yn

2/2MR)LLHH#u2 at low
energies, which provide small massesmn;yn

2v2/MR to the
observed~left-handed! neutrinos.

What is the scale forMR? It depends on the size of the 4
Dirac neutrino Yukawa couplings,yn . If N is the brane field,
we expect thatyn5O(1) at least for the third generation, s
that MR could be as high as the compactification scale,Mc8 ,
keepingmn.0.0320.1 eV suggested from the atmosphe
neutrino oscillation data. Thus, in this case, the interacti
in Eq. ~51! will not affect the superparticle mass spectru
much, since the superparticle masses are effectively ge
ated atMc8 . On the other hand, ifN is in the bulk, the 4D
Yukawa couplingyn is volume suppressed, so thatMR will
be smaller thanMc8 to obtain desired values for the neutrin
masses. Therefore, the neutrino interactions in Eq.~51! could
potentially affect the superparticle mass spectrum thro
renormalization group evolutions. Below, we will chooseN
to be in the bulk and give an example of the complete the
but the same mechanism works also for the braneN case
with obvious modifications of the statements that are spec
to the bulkN case.

We introduce a U(1)X gauge interaction
@,SO(10)/SU(5)# in the bulk, under which matter an
Higgs fields transform asT(1), F(23), N(5), H(22) and
H̄(2) ~for the bulk fields, the conjugated chiral superfiel
have opposite quantum numbers to the corresponding un
jugated fields!. Then, the Majorana masses forN are gener-
ated by the spontaneous breaking of theU(1)X symmetry,
explaining why they take values smaller than the value
pected from pure dimensional analysis. One way of realiz
this is to introduceU(1)X breaking fields C(10) and
C̄(210) with the following superpotential:

S5E d4xdyd~y!F E d2uF f X~aCC̄2L2!

1
k

2
C̄NNG1H.c.G , ~52!

whereX is a gauge singlet field, andL is a scale arising from
the dynamics of some strongly coupled gauge interactio14

This superpotential forces vacuum expectation values for
C and C̄ fields, ^C&5^C̄&5L/Aa, giving Majorana
masses for the right-handed neutrinos,kR5kL/Aa. Thus
the superpotential Eq.~52! effectively reproduces the secon
term of the superpotential Eq.~51!. Note that the whole sec
tor of neutrino mass generation is invariant underU(1)R .

14An explicit example for the strongly interacting sector is giv
in Ref. @13#, where theSU(2)S gauge interaction with four double
fields Qi and five singlet fieldsXa having an appropriate superpo
tential is considered. We here assume that this strong sector i
calized on they50 brane, which explains why this gauge intera
tion is stronger than the other gauge interactions such as
standard model ones andU(1)X .
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Specifically, theU(1)R charge assignment for various field
is given byR(X)52 andR(C)5R(C̄)50, andU(1)R is
not broken by the dynamics of this sector.15

We finally comment on the possible effect of the intera
tions in Eq.~51! on the superparticle spectrum. In the ca
that N propagates in the bulk, the 4D neutrino Yukawa co
pling yn receives a volume suppression and is expected to
yn&e'0.1. Therefore, the effect of this coupling on the lo
energy spectrum will be small. In particular, the splittin
betweenml̃ 1,2

and ml̃ 3
caused by this coupling through th

renormalization group evolution is expected to be su
ciently small that the previous estimates for lepton flav
violating processes will remain intact. On the other ha
smaller Yukawa couplings suggest a smaller scale for
Majorana massMR . However, this does not necessari
mean that the scale for theU(1)X breaking is small. In fact,
by tracing the volume suppression factors, we find that
vacuum expectation values forC and C̄ are not much
smaller than the compactification scale. Therefore, the ra
tive contribution to the stau mass from theU(1)X gaugino is
also expected to be small.16

B. Origin of µ term

The neutrino mass generation of the previous section
provides a natural mechanism for generating them term@13#.
One easy way to implement this mechanism is to put theC

and C̄ fields in the 5D bulk as two hypermultiplets

$C,Cc%1$C̄,C̄c% with hC5hC̄51, having the superpo
tential coupling Eq.~52! on they50 brane. Now, suppose
that the scale of the vacuum expectation values forC andC̄
is lower than the compactification scale. This occurs in so
parameter region of the theory, for example, if the dime
sionless coefficients of the neutrino Yukawa couplings
somewhat smaller than the other couplings. In this case,
4D effective theory belowMc8 contains holomorphic super
symmetry breaking terms in addition to the supersymme
terms arising from Eq.~52!. Using the general result of Eq
~16!, we find that holomorphic supersymmetry breaking p
rameters forXCC̄ andXL2 terms are different (22m̃ and 0
in the case thatX is a brane field!. Then, by minimizing the
scalar potential, we find that theX superfield develops
vacuum expectation values of order the weak scale in b
lowest and highest components,^X&;m̃ and ^FX&;m̃2.
Therefore, by introducing the coupling

S5E d4xdyd~y!F E d2ulXHH̄1H.c.G , ~53!

we obtain them andmB terms of the correct size. Since th

lo-

he

15In the SU(2)S example of Ref.@13#, R(Xa)52 andR(Qi)50
so thatU(1)R does not have an anomaly forSU(2)S @i.e. R(L)
50].

16Such expectations are not definitive: there is a possibility t
this correction is sizable due to longer running distances an
larger values of theU(1)X gauge coupling.
4-21
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B parameter generated through this mechanism is real, t
is no supersymmetricCP problem. This means that them
parameter is real in our phase convention where tanb ~and
thus themB parameter! is taken to be real. Note that th
above coupling in Eq.~53! respects theU(1)R symmetry, so
that the whole system is stillU(1)R invariant. TheU(1)R
breaking lies only in the supersymmetry breaking terms a
ing from the boundary conditions, which can be viewed a
vacuum expectation value for an auxiliary field in the 5
gravity multiplet.

Finally, we briefly comment on an alternative possibili
of generating them term. Instead of relying on the abov
vacuum readjustment mechanism, we could introduce
singlet fieldSat the weak scale and write down the superp
tential terms@SHH̄1S3#u2 on they50 brane. Then, in some
parameter region, the lowest and highest components o
S field get vacuum expectation values of the order of
weak scale, generatingm andmB terms of the correct orde
@47#. In this case theU(1)R symmetry is explicitly broken to
the discreteZ4,R subgroup by theS3 term in the superpoten
tial, but it is still sufficient to suppress unwanted terms su
as the tree-levelm term and dimension four and five proto
decay operators. Since the Higgs quartic couplings rec
an additional contribution from the superpotential te
SHH̄, the physical Higgs boson mass can be larger than
in the MSSM-type models where there is no singlet fie
around the weak scale.

VI. ALTERNATIVE POSSIBILITY

We have seen that the location of matter in our theory
uniquely determined as a consequence of the ‘‘large’’ ex
dimension and by the requirements ofb/t unification and
naturalness for electroweak symmetry breaking. The pre
tive framework for gauge coupling unification requir
strong coupling at the cutoff scale, and thus the large volu
for the extra dimension. The location forT1 andT3 are then
determined to be the bulk and the brane by considering
constraint from dimension six proton decay and the size
the top Yukawa coupling, respectively. Breaking supersy
metry by boundary conditions, the first two generations h
ing the same gauge quantum numbers must be located i
same place to evade constraints from flavor changing ne
current processes; henceT2 must be located in the bulk. Th
b/t unification requiresF3 on the brane, and finallyF1,2 are
located in the same place asF3 to avoid too large lepton
flavor violating processes.

Obviously, relaxing some of these requirements allows
to consider other possibilities for the matter location, wh
we explore in this section in the framework of KK gran
unification with boundary condition supersymmetry brea
ing. We first observe that if we insist on the predicti
scheme for gauge coupling unification, namely the stro
coupling scenario, the location ofTi are completely fixed:T3
on the brane andT1,2 in the bulk. Then we find that allFi
must be put together in the same place to evade exces
lepton flavor violating processes which would push up
overall mass scale for superpartners. Therefore, we have
two choices for the location ofFi : all Fi on the brane, which
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we have adopted so far in this paper, or allFi in the bulk. In
the latter case ofFi in the bulk, there is nob/t unification
because the bottom and tau Yukawa couplings come f
different interactions that are not related by theSU(5) sym-
metry. However, we instead obtain an understanding of

t/b mass ratio, sinceTFH̄ type Yukawa couplings are now
suppressed by the volume factor compared withTTH type
couplings. Thus we find that the case of bulkFi is also
interesting, especially if future improvements of extracti
mb from data determinemb to be in the lower part of the
presently allowed experimental region.

The superparticle spectrum in the case of bulkFi is dif-
ferent from that of the braneFi case, corresponding to th
difference of soft supersymmetry breaking parameters at
compactification scale. In particular, we now have to use
values ofd̃B and l̃ B in Table III for the first two generation
d̃1,2 and l̃ 1,2, instead ofd̃b and l̃ b . Similarly, the values for
the third generation squark and slepton masses are cha
from (q̃3 ,ũ3 ,d̃3 , l̃ 3 ,ẽ3).(390,310,420,140,66) to
(390,310,460,240,63) in Table III. The sizes for theA terms
are also changed: (At ,Ab ,At).(2410,2730,2320)→
(2410,2930,2520). These changes affect the expression
the weak scale threshold correction to gauge coupling un
cation. The new expression is given bydasususy

KK .0.0034

20.0030 ln(m̃/MZ) instead of Eq.~23!, which makes the pre-
diction for the QCD coupling slightly lower than the bran
Fi case for the same value ofm̃. Note also that the bulkFi
theory allows both signs for them parameter, since the su
persymmetric threshold correction tomb can now have either
sign.

Proton decay in the bulkFi theory is very much sup-
pressed. The decay by flavor mixings receives the supp
sion of order (V13V32)

2 in the amplitude, giving the lifetime
estimate t(p→m1K0)'1044 years. The decay throug
brane kinetic operators is also suppressed: (Mc8/Ms)

2 sup-
pression in the amplitude, givingt(p→e1p0,•••)
'1039 years.

The rates for lepton flavor violating processes are a
subject to important changes. We first consider the contri
tions to them→eg process proportional to tanb, which
come from the diagrams of Fig. 4b and Fig. 4c. In the the
where Fi are on the brane, the diagram with the Yukaw
vertex, Fig. 4c, is only 40% of the pure gauge diagram, F
4b, in the amplitude. However, in the theory with bulkFi ,
the left-handed sleptons are heavier, making the contribu
from the diagram of Fig. 4b smaller. By explicitly calculatin
the two diagrams, we find that the two contributions hav
comparable size with the opposite sign. Hence the potenti
leading contribution with the tanb enhancement turns out t
be small due to the cancellation between the two diagra
The precise calculation for the value of the remaining co
tribution is difficult without a precise knowledge of the s
perparticle mass spectrum, but we can roughly estimate
expected size for Br(m→eg) by evaluating the piece which
is not proportional to tanb. This piece is larger than the
previous case because theA terms are larger due to the bul
location of Fi ; specifically, the coefficient in Eq.~43! be-
4-22
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COMPLETE THEORY OF GRAND UNIFICATION IN . . . PHYSICAL REVIEW D66, 075004 ~2002!
comes 0.2→1. Overall, we expect lepton flavor violatio
rates in the bulkFi theory to be one or two orders of mag
nitude smaller than the corresponding ones in the braneFi
theory. However, since the parameter region which lead
the exact cancellation is different for different processes,
instance between them→eg decay and them-e conversion
in nuclei, some of them will survive the strong cancellati
and could still have comparable rates to the case of the b
Fi theory.

We finally comment on the possibility of relaxing th
strong coupling assumption atMs . In this case the volume o
the extra dimension does not necessarily have to be
large, so we can consider yet other possibilities for the ma
location, although we lose the high predictivity for gau
coupling unification leading to the prediction as Eq.~24!. In
particular, the location ofTi is now not completely deter
mined. The cases where all matter fields are located on
brane or in the bulk have been discussed in Ref.@10#.

VII. CONCLUSIONS

The merging of gauge couplings at energies of or
1016 GeV heralds some new unified physics beyond the
persymmetric desert. An attractive new option for this ph
ics is that extra dimensions of spacetime are resolved, w
local defects explicitly breaking the unified gauge symme
@1,2#. Advances of 4D grand unification are kept, while ma
of the problems are overcome. An understanding of qu
and lepton quantum numbers is preserved, while gauge
pling unification emerges in the limit that the defects a
embedded in a large bulk. The breaking of gauge symm
is automatic, as is a large mass gap between light and h
gauge fields and between doublet and triplet Higgs fields@3#.
Proton stability from operators of dimension four and five
guaranteed by a continuousR symmetry of the underlying
5D supersymmetric theory, while quark-lepton mass re
tions are only expected for heavy generations. A cruc
question for this new framework is: how can it be tested

In this paper we have developed the minimal KK gra
unified theory of Ref.@2#, based onSU(5) gauge interac-
tions in 5D, into a complete, realistic theory. The major n
ingredient is to break supersymmetry by boundary conditi
applied to the same fifth dimension that breaks the ga
symmetry. If this is the correct effective theory of natu
over the next decade experiments will provide convinc
evidence for it, measuring the locations of quarks and l
tons in the bulk. While it seems to us a natural way to inc
porate supersymmetry breaking into KK unified theori
there are clearly other possibilities, which will lead to alte
native phenomenologies. Having made this choice for su
symmetry breaking, the location of each quark and lep
field in the fifth dimension is unique, up to a two-fol
ambiguity,17 leading to definite predictions for both the s

17The two cases correspond to whether the five-plets,Fi , are in
the bulk or on a brane. We prefer the brane case, since only
does a unified prediction formb /mt follow, and quote predictions
for this case in the conclusions.
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perpartner spectrum and for lepton flavor violation.
The heart of our predictions rests on their being a sin

supersymmetry breaking boundary condition parameter,m̃,
so that, even allowing for arbitrarym andB parameters in the
Higgs potential, the entire superpartner spectrum depend
only m̃ and tanb. Examples of this spectrum for two value
of (m̃,tanb) are shown in Table IV. The range ofm̃ and
tanb is limited: m̃ cannot be much less than 200 GeV fro
the experimental limit on the mass of the charged scalar
and should not be much more than about 500 GeV, si

en

TABLE IV. Predictions for the superpartner spectrum, the Hig
spectrum, gauge and Yukawa unification, and lepton flavor viola

processes. The predictions are for two representative valuesm̃
and tanb, and all masses are given in GeV. Mass eigenvalues

given for the gluino,g̃, the charginos,x̃6, the neutralinos,x̃0, the

squarks and sleptons of the third generation,t̃ 1,2,b̃1,2 and t̃1,2, and
the Higgs bosons,h,A,H0 andH6. The mass of the lightest Higg
boson,h, includes one-loop radiative corrections from top quar
and squarks. For the first two generations of squarks and slep

the masses are shown forq̃,ũ,d̃, l̃ and ẽ and do not include contri-
butions from electroweakD terms.

m̃ 300 400

tanb 5 10

g̃ 699 911

x̃1
6 251 334

x̃2
6 427 531

x̃1
0 130 175

x̃2
0 251 334

x̃3
0 417 518

x̃4
0 422 528

q̃ 701 915

ũ 675 880

d̃ 602 780

l̃ 209 277

ẽ 317 422

t̃ 1
425 547

t̃ 2
619 780

b̃1
563 727

b̃2
601 774

t̃1
106 126

t̃2
214 280

h 118 128
A 552 690
H0 553 690
H6 558 695
as(MZ) $60.003% 0.119 0.118
mb(MZ) $60.10% 3.37 3.26
Br(m→eg) 6310212 8310212

Br(m→3e) 4310214 5310214

Cr(m→e; 22
48Ti) 4310214 5310214

Br(t→mg) 131028 131028
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above this electroweak symmetry breaking rapidly becom
more fine tuned. The ratio of electroweak vacuum expe
tion values, tanb, has a lower bound of about 3 from th
limit on the Higgs boson mass, and must be less than a
25 to ensure that the mass squared for the right-handed s
tau is positive. It is clear that the precision of the predictio
for the entire spectrum in terms of these two parameters
lows a very significant test of many aspects of the theory
particular, the superpartners which reside on the brane, t
in T3 and F1,2,3, have zero tree-level mass and get hea
only from renormalization group scaling. This is particular
clear in the sleptons, and is visible in the lightness oft̃1,2 and
l̃ 1,2. These effects are also present in the squarks, altho
this is somewhat hidden by the gluino focusing effect. T
mass eigenstates of the third generation squarks are not g
by the soft mass-squared parameters for the helicity eig
states because of the mixing induced by importantA param-
eters, which take the valueAt5Ab5At52m̃ at the compac-
tification scale, reflecting the Higgs residing in the bulk a
the third generation on the brane. A detailed study of
superpartner and Higgs spectrum would thus not only m
surem̃ and tanb, but would also verify the location of eac
matter and Higgs field.

The predictions of our theory foras(MZ) from gauge
coupling unification and theb quark mass from Yukawa uni
fication are

as~MZ!5S 0.132720.0030 ln
m̃

MZ
20.0019 ln

Ms

Mc8
D 60.003,

~54!

mb~MZ!5S 3.6220.022 tanb20.026 ln
Ms

Mc8
D 60.1 GeV.

~55!

In the above expression, the leading term is given first,
second term is the supersymmetric threshold correction
the third term is the unified scale correction; the uncertai
for as arises from unknown physics at and aboveMs . These
are remarkably precise predictions. The supersymme
threshold corrections involve the two parametersm̃ and
tanb, have relatively small coefficients, and will be know
once superpartner masses are measured. The assumpt
strong 5D gauge interactions atMs leads to the prediction
Ms /Mc8'200. It is quite remarkable that the leading unifi
scale corrections are thus calculable and predicted, and m
both predictions into agreement with experimental data.
ing m̃5400 GeV and tanb510, we obtainas(MZ)50.118
60.003 andmb(MZ)53.360.1 GeV. The prediction for the
QCD coupling is in precise agreement with data, unlike
case of conventional supersymmetric grand unificati
where large uncalculable unified threshold corrections
required. We predictmb(MZ) to be at the upper end of th
presently allowed experimental region of 3.060.3 GeV.

Lepton flavor violation is an important experimental si
nal for conventional supersymmetric unified theories@33,34#,
providing soft supersymmetry breaking operators are loca
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the unified scale. The slepton non-universality arises fr
renormalization group scaling from the top quark Yukaw
coupling above the unification scale. Uncertainties arise fr
two sources, flavor mixing matrices and the structure of
theory above the unified scale. Slepton non-degener
could also arise from scaling from the neutrino Yukawa co
pling below the unified scale@38#. In this paper we have
demonstrated that lepton flavor violation is also an import
signature in our theory. However, in contrast to 4D theori
slepton non-degeneracy arises at tree level and is maxim
heavy top quark results fromT3 being located on the brane
so that, at tree level,t̃R does not feel the supersymmet
breaking boundary condition and is massless. By contrasT1
must be located in the bulk, otherwise gauge boson excha
leads to too large a proton decay rate, so thatmẽR

5m̃ at the
compactification scale. This maximal slepton no
degeneracy leads to larger rates for lepton flavor violation
our 5D theory than in conventional supersymmetric unifi
theories, and furthermore reduces the uncertainties of the
nal. While there is still a dependence on the flavor mixi
matrices, the uncertainties associated with the generatio
the slepton non-degeneracy is removed. The first immed
consequence is thatT2 must be located withT1 in the bulk,
to avoid a large non-degeneracy betweenẽ and m̃, and the
three Fi must have a common location to avoid too lar
lepton flavor violation from diagrams involving non
degeneracies in both left- and right-handed sleptons. WithFi
on the brane, the branching ratios for flavor violating lept
decays are found to be close to the present experime
limits

Br~m→eg!.3310211S 200 GeV

m̃
D 4S uWtm

e u
0.04 D 2

3S uWte
e u

0.01D 2S tanb

5.0 D 2

, ~56!

Br~m→3e!.Cr~m→e; 22
48Ti!

.2310213S 200 GeV

m̃
D 4S uWtm

e u
0.04 D 2

3S uWte
e u

0.01D 2S tanb

5.0 D 2

, ~57!

Br~t→mg!.531028S 200 GeV

m̃
D 4S uWtm

e u
0.04 D 2

3S uWtt
e u

1.0 D 2S tanb

5.0 D 2

. ~58!

Once m̃ and tanb are determined from the superpartn
spectrum, observation of these decay modes would mea
the two independent flavor mixing angles of the lepton m
ing matrixWe. Indirect evidence for our theory would follow
if the size of this intergenerational mixing is comparable
4-24
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that measured in the quark sector. To go further would
quire a more detailed theory of flavor than we have giv
here.

We stress that large lepton flavor violation is a gene
signature in any KK grand unified theory where the sup
symmetry breaking reflects the structure of matter location
extra dimensions. The matter locality breaksU(3) flavor
symmetry, leading to squark and slepton mass matrices o
general form of Eq.~32! dictated by the flavor symmetry o
the 5D gauge interactions. The low energy superpart
spectrum then reveals characteristic features reflecting
structure of this new flavor symmetry, irrespective of ho
supersymmetry is broken. Therefore, lepton flavor violat
probes all supersymmetry breaking schemes which gives
operators local up to the compactification scale, and the
tailed superpartner spectroscopy will uncover the geom
of matter fields in extra dimensions and help discrimin
between various possibilities for supersymmetry breaking

Proton decay can occur in our theory via the bulk gau
interactions of theX gauge boson through flavor mixing ma
trices. However, the resulting partial lifetimet(p→K1n̄)
'103762 years is probably too long to be reached by futu
experiments. Proton decay can also be mediated by b
kinetic operators, and these we estimate to give a lifetime
about 1034 years. The structure of the final states is very r
with comparable branching ratios t
e1p0,m1p0,e1K0,m1K0,p1n̄ andK1n̄. Although the un-
certainty in the lifetime is large as the coefficient for t
relevant brane operator is not predicted, the branching ra
are all given in terms of a single unknown mixing parame
Since gauge boson mediated proton decay does not inv
an exchange of superparticles, these results are compl
independent of supersymmetry breaking.

As stressed above, the requirements of a large top q
mass and proton longevity require a separation in loca
between the top quark and the up quark —T3 must be on the
brane andT1 in the bulk. Introducing supersymmetry brea
ing by a twist in the boundary condition, this requires th
F1,2,3 share a common location, to avoid too largem→e and
t→m transition rates. This immediately leads to a predict
of large neutrino mixing angles following from the seesa
generated neutrino mass matrix; both atmospheric and s
neutrino oscillations should result from large mixing angl
The Majorana mass for the right-handed neutrino arises f
L.
,
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a brane-localized operator, and must have a size whic
suppressed relative to the cutoff scale of our effective
theory. This suggests that the right-handed neutrino mas
protected by some symmetry, which we take to be theU(1)X
remnant ofSO(10). The breaking ofU(1)X gauge symmetry
leads not only to right-handed neutrino masses, but a
when supersymmetry is broken, to them andB parameters of
the Higgs potential.

We have seen that aU(1)R symmetry is a critical feature
of our theory, yet this symmetry is clearly broken by th
supersymmetry breaking operators generated by the bo
ary conditions. Ultimately, the supersymmetry breaking w
be spontaneous, arising from the vacuum expectation v
of a field in the 5D supergravity multiplet. It therefore seem
natural to assume that all breaking ofU(1)R is also sponta-
neous, in which case there is anR axion. ThisR axion has a
QCD anomaly and may therefore solve the strongCP prob-
lem. We also find that its decay constant may be in an in
esting range for the axion to be dark matter.

We have found thatSU(5) unification in 5D offers many
advantages over unification in 4D. While we have not a
dressed the origin of radius stabilization or matter locali
tion, our effective field theory is remarkably simple; for e
ample, the only non-trivialSU(5) multiplets beyond the
gauge multiplet are five-plets and ten-plets. Our theory
sufficiently constrained that it offers several avenues for
perimental tests. We expect the first direct experimental
nal for our theory to be the observation of events contain
two ‘‘stable’’ charged particles at the Tevatron or at LHC
These scalar taus have opposite charges if they arise
Drell-Yan production, but have equal probability of lik
charge and opposite charge combinations if they are p
duced from squark and gluino decays. It is likely that the
charged scalar taus decay cosmologically to neutral axin
which may contribute to dark matter of the universe.
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