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A fully realistic unified theory is constructed, wilU(5) gauge symmetry and supersymmetry both broken
by boundary conditions in a fifth dimension. Despite the resulting explicit breakirgUgt) 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 unificationgg(M,)=0.118+0.003, and for Yukawa coupling unificatiom,(M,)=3.3
+0.2 GeV. The 5D theory is then valid over a large energy interval from the compactification lgicate,
X 10 GeV, to the scale of strong couplinll=1X 10'7 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 whwatitdl3 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 &})%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 ddUt%®)
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. Rateg—fay, w
—eee u—e conversion and— .y 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 prohirge transitions will probe the entire interesting
parameter space of our theory.
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[. INTRODUCTION that the theory becomes strongly coupled at the cutoff scale,
the leading unified scale corrections can be computed, lead-
Weak scale supersymmetry not only provides a frameing to a new level of precision for gauge coupling unification
work for electroweak symmetry breaking, but also leads to 42].
highly successful prediction for the unification of gauge cou- Several features of KK grand unified theories make them
plings. If this picture of a supersymmetric desert is correctextremely attractive candidates for physics in the region of
the scale of gauge coupling unification heralds the thresholthe unification scale. They incorporate the advances of con-
for some new unified physics; for example, conventional suventional grand unified theories, such as charge quantization
persymmetric grand unified theories or string theory. Weand the quantum numbers of the quarks and leptons, while
have recently introduced a new alternative for the unifiedovercoming their problematic features. In particular the orbi-
physics, which we call Kaluza-KleifKK) grand unification fold boundary conditions automatically require that multip-
[1,2]. In this framework the grand unified symmetry is real- lets in the bulk are split in mass. This is particularly impor-
ized in higher dimensions, but is explicitly broken locally by tant for the gauge and Higgs multiplets, and provides an
defect branes, and consequently does not appear as a syalegant origin for gauge symmetry breaking and for a large
metry of the low energy effective 4D theory. In general themass splitting between the Higgs triplets and doub8is
gauge symmetry breaking associated with the local defecté/hile the simplest 4D supersymmeti®J(5) theory[4] is
destroys gauge coupling unification; however, if the volumeexcluded, by too large a proton decay rate mediated by col-
of the bulk is large, this symmetry breaking is diluted, restor-ored Higgsino exchandé], in KK grand unified theories the
ing gauge coupling unificatiofil]. In all known 4D grand form for the Higgsino mass matrix is determined by the KK
unified theories, the accuracy of the prediction for the QCDmode expansion and automatically forbids proton decay
coupling from gauge coupling unification is limited becausefrom Higgsino exchangél]. Finally, KK grand unification
the unified threshold corrections cannot be computed. In Kkdoes not lead to fermion mass relations for all matter —no
grand unification, if the volume of the bulk is increased sorelations are expected for bulk matfdr,6]. Hence there is a
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successful correlation: only the heavier fermions are exsuperpartner masses reflecting the geometry of their loca-
pected to exhibit unified mass relatiof%7,8]. tions, large lepton flavor violating signals, and a new origin

In Ref.[2] we have constructed a minimal theory of KK and predictions for gauge boson mediated proton decay. In
grand unification, which haSU(5) gauge symmetry in 5D particular, we propose lepton flavor violation as a powerful
and provides a uniquely successful, high-precision predictio@nd generic signal for KK grand unified theories with high
for the QCD coupling, ag(M5)=0.118+0.004+0.003, Mmediation scales of supersymmetry breaking, and identify
where the first uncertainty arises from the supersymmetri¢he general structure of soft supersymmetry breaking opera-
threshold and the second from the scale of strong coupling. frs at the compactification scale by studying the flavor sym-
is only in this case that the unified scale corrections, from thénetry of the 5D gauge interactions.

KK towers of gauge and minimal Higgs sectors, give agree- 1N€ entire spectrum for the superpartners and the Higgs
ment with experimen®®(M.,)=0.117+0.002[9]. In this sector is predicted in our theory in terms of the supersym-
¢ 117+0. .

theory R parity arises as a subgroup of a continutl(d )x metry breaking mass scafa and the ratio_ qf electroweak

symmetry that is related to tH&U(2)s symmetry of the bulk ~ Vacuum expectation values, tgn The predictions are char-

supersymmetry. ThisJ (1), symmetry forbids a mass opera- acteristic of the underlying locations of each matter field in

tor for the Hiégs fieldsR completing the solution to the the extra dimension, and therefore provide a significant
. . ' . robe of the short distance structure of the theory. The com-

doublet-triplet splitting problem, and forbids all proton deca Probe . .

from opethorspof di?rsansions four and five ?:urthermorgbmauon of matter location and boundary condition super-

his th : ficiently tiaht th : £ 'symmetry breaking leads to flavor violation in the superpart-
this theory Is sufficiently tig tt_at certam aspects o VOl har interactions. Large lepton flavor violating signals are
must be related to the geometrical location of matter in the . . ~

redicted in terms of the parametens tang and two flavor

extra dimension. In particular the top quark resides on Prec e o : :
brane while the up quark is in the bulk. mixing angleséy, and 6,;. Future experiments probing

In this paper we pursue this 58U(5) theory further, —e and 7— u transitions could probe essentially all of the
addressing two questions: parameter space of the theqry where e_Iectrowe_aI_< symmetry
(i) Can the theory be made completely realistic? brealqng occurs natu_rfally.. Finally we give predictions from
(i) Can the theory be experimentally tested? cogplln'g constant unlf!catlon for bothg (M) and mb(MZ)'
These two questions are closely related. Supersymmet?h":h include corrections from KK towers at the unified
breaking is the major remaining additional ingredient neededcal€ and from superpartners at the weak scale.
for the theory to be fully realistic, and it is via the precise  '\eUlno masses occur in our theory via the seesaw
form of the soft supersymmetry breaking interactions thafhechanismi12]. The masses of the right-handed neutrinos
further tests of the theory are possible. Clearly there may b8'® governed by the breaking ofl&(1)x gauge symmetry
several ways to successfully incorporate supersymmet ear the compactification scale. The neutrino flavo_r mixing
breaking, and hence several versions of the fully realisti@ndles are expected to be large because the neutrinos reside
theory to test. In this paper we break supersymmetry b};n the flve-pl_etsFi, which all h_ave a common Iocatlo_n. Our
boundary conditions, using the same extra dimension thdf!€Cry contains a brane coupling between the two Higgs dou-
breaks the gauge symmef{r{0]. This is highly economical, blets and a gauge singlet field of the form XHH. The
involving the vacuum expectation value of a field in the 5Dsupersymmetric dynamics which breadl$1)y gauge sym-
gravity multiplet [11], and is highly predictive, since the metry determineX to have vanishing vacuum expectation
most general such boundary condition involves just a singl¢alues. However, once supersymmetry breaking is included,
free parametes. Such supersymmetry breaking further con-a readjustment of the vacuum occurs so théi~m and
strains the location of matter becguse squarks and sleptonsdpx>%;“n2' providing a natural origin fopx and uB param-
the bulk acquire a tree-level mass= a/R, while those on  eters[13].
the brane are massless at tree level. Combining previous con- In Sec. Il A we review the basic features of 08tJ(5)
straints on matter location with considerations of superparttheory in 5D, paying particular attention to gauge coupling
ner induced flavor changing interactions, the location of evunification andU(1)g symmetry. In Sec. 1l B we introduce
ery quark and lepton is determined, up to a two-foldboundary condition supersymmetry breaking, and give the
ambiguity. In particular, the thre&U(5) five-plets,F;, must  form for the soft operators and the predictions for the soft
either all be on th&U(5) preserving brane, as shown in Fig. supersymmetry breaking parameters at the weak scale. In
2, or they must all be in the bulk. We will concentrate on theSec. Ill we discuss several consequences of our theory: quark
first case, since only then does a unified prediction forand lepton masses, supersymmetric threshold corrections to
my/m_ result. The second case is not uninteresting, since ifjauge coupling unification, Yukawa coupling unification,
leads to a geometric suppressiomaf/m;, although we will  proton decay, an& axions and axinos. While we work in the
find that some of this ratio must originate in {&n specific context of boundary condition supersymmetry
Although we provide numerical predictions for this par- breaking, some of our analyses, for example for proton decay
ticular origin of supersymmetry breaking, many of the physi-and unified scale correction tb/r unification, are com-
cal effects and signals we consider in this paper are mucpletely independent of how supersymmetry is broken. In Sec.
more general. These include contributionsntig/m_ from IV we study the general structure of flavor symmetries in KK
KK towers, an essential uniqueness of the matter locatiogrand unified theories and argue that large lepton flavor vio-
and its consequence of large mixing angles for neutrinodation is a generic signature of these theories, providing that
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TABLE I. The transformation properties for the bulk fields under the orbifold reflection and translation.
Here, we have used the 40=1 superfield language. The fields written in th&,7) column, ¢, obey the
boundary conditionp(y) = Z¢(—Yy)=Te(y+27R). The modes and masses for the corresponding KK tow-
ers are also givenn=0,1, ...).

(2,7) Gauge and Higgs fields Bulk matter fields KK modes 4D masses
(+,+) Vas1, Hp, Hp Tue, Tg, Fo, Fl cogny/R] n/R
(+,-) Vy, Hy, Hr To, TUes Fus Fp cod(n+1/2)y/R] (n+1/2)IR
(—.+) S g1, HS, HS Toe, TE, FS, F{° sif(n+1)y/R] (n+1)/R
(—=,7) Sy, HS, ﬁg Tg, T e, FI, Fy sin(n+1/2)y/R] (n+1/2)/IR
soft supersymmetry breaking operators are generated at efdiag(+,+,+,—,—) on a 5-p|eﬁ In particular, the bound-

above the compactification scale. We then study the supegry conditions of the gauge multiplet are given by
symmetric flavor violation induced in our theory, paying par-
ticular attention to the predictions in the lepton sector. In V(P v(P)
Sec. V we discuss neutrino masses and the generation of the (E(FJ)) (x”,y)=( _2(p)) (x*,—y)
w term, which are linked by the breaking tf(1)yx gauge
symmetry. Finally, in Sec. VI we discuss the variant of our V()
theory where thé-; are located in the bulk. Conclusions are p( )(x“,y+ 27R), (1)
drawn in Sec. VILI.
where we have used the 4N=1 superfield languagey
L. THE THEORY ={V,3}:V(A, \) and3((c+iAs)/\2,\") are 4D vector
and chiral superfields in the adjoint representation. The stan-
In this section we introduce our theory. In Sec. Il A, we dard model gauge multiplet¥/§,;,S 201) = (V(*),3(*)) have
overview the 5DSU(5) KK grand unified theory of Ref2], positive eigenvalues for the matrix, p=1, while the bro-
discussing the symmetry structure and field content. Weéen SU(5) gauge multiplets \(y,3y)=(V(7),3()) have
show that gauge coupling unification occurs, despite a pointegative eigenvaluep,= — 1. After the KK decomposition,
symmetry defect, and is in precise agreement with data. Wenly the minimal supersymmetric standard mo@diSSM)
explain solutions to the three outstanding problems of 4Dgauge multipletsVs;,,, have massless modes, and all the
supersymmetric grand unification: doublet-triplet splitting, other modes have masses of the order of the compactification
proton decay, and fermion mass relations. We find thaRan scaleM =1/R, as summarized in Table I. We will see later
symmetry, originating from the 5D supersymmetry, is crucialthatM¢ must be very large, of order 10GeV, but it differs

In Sec. 1l B, we introduce supersymmetry breaking by><1016 G?V- ) )
boundary conditions following Ref10], leading to the usual What is the gauge symmetry of this theory? While the

soft supersymmetry breaking operators with coefficients del0W-energy 4D theory has only the standard model gauge
symmetry, the original 5D theory has a larger gauge symme-

termined by a single free parameter. Predictions for the su2 . g !
persymmetric particle spectrum are given, together with dry- We find that th!s gauge symmetryﬁijU(S) but with the
brief discussion of collider phenomenology. gauge transformation parameters obeying the same boundary

conditions as the corresponding 4D gauge fields:

A. Minimal Kaluza-Klein grand unification EP(xk,y) = £P)(xt, —y)=p£P(x y+27R), (2

1. Boundary conditions and restricted unified gauge symmetry . .
which we refer to as restricted gauge symméfryy The KK

We consider a 51I:SU(5) supersymmetric gauge theory expansions for the standard model gauge paramegéfs,
compactified on ars’/Z, orbifold. The 5D gauge multiplet — .~ andSU(5)/(SU(3)cx SU(2), X U(1)y) ones,& )

V={Am .\ \',0} consists of a 5D vector fieldA, two —¢,, are

gauginos\ and\’, and a real scalagr. Compactification

on S'/Z, is obtained by identifying the fifth coordinate -

under the two operationsZ:y— —y and T'y—y+27R. Lo IS 3
The resulting space is a line intervgle[0,7R], with Eaaa(X",Y) nZo Eaaa(X")COSR, ®

boundaries ay=0 and#R. Boundary conditions are chosen

so that the orbifold reflectio® reduces 5IN=1 supersym-

metry to 4D N=1 supersymmetry and preserv&dJ(5), This is equivalent to the boundary conditions of REf] de-
while the translationZ breaksSU(5) by the action ofP scribed in terms of2 and 2’ = 2T asSY/(Z,X Z5).
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sU(5) SU(5) SUB)e x SU@)LxU(l)y  HH, the exchange of triplet states does not lead to proton

decay from dimension five operatof$]. At low energies,

only the two Higgs doublets of the MSSM{ and H,
remain from the Higgs KK towers.

The quarks and leptons are introduced either in the bulk
or on theSU(5) brane aty=0, to preserve th&U(5) un-
derstanding of matter quantum numb¢tig. If quarks and
leptons are on the brane, they fill out 4D chiral multiplets

which arel0 orgrepresentations @U(5): TandF. On the
other hand, if quarks and leptons are in the bulk, they arise

FIG. 1. In the fifth dimension, space is a line segment boundedrom hypermultiplets:{T, T} +{T",T"} with 7= — 7
by branes ay=0 and aty=mR. Here, solid and dotted lines rep- =1 and {F.FY+{F'",F'°} with ng=—ng=1. We then
resent the profiles of gauge transformation parametgrsandé,,  find from Eq.(5) that a generatioq,u,d,|,e arises from the
respectively. Becausg(y= 7R) =0, explicit point defect symme- zero modes of bulk fieldS (u,e),T'(q),F(d) and F'(l).
try breaking occurs at theg=xR brane, which only respects [The tower structure for these fields is given in Table I. Note

y=0 y=nR

SU(3)cXSU(2) X U(1)y gauge symmetry. that T(+)=TU,E, T(7)=TQ, F(I=Fp, FO)=F_, and
similarly for T" andF’, whereTq y ¢ (Fp,.) are the com-

* (n+1/2)y ponents of T (F) decomposed into irreducible representa-
fx(X”,Y)=nEO fQ(X"“)COST- (4)  tions of the standard model gauge grduple can choose

where we put quarks and leptons for e&bt(5) represen-
Since & always vanish ay= 7R, the gauge symmetry is tation, 10 and5, in each generatiohThus, at this stage, we

reduced toSU(3)c X SU(2), X U(1)y on this point, while have (?)3=E_34_diffe_rent choices for the configuratio_n of
the full SU(5) symmetry is operative in all the other points matter. We will identify the most attractive matter configura-

in the extra dimension, as depicted in Fig. 1. tion later in this section.
This structure allows the introduction of three types of
fields: 4ADN=1 superfields localized on thg=0 brane in 2. Gauge coupling unification from strong coupling

representations o§U(5), 4D N=1 superfields on the
=R brane in representations of the standard model gauge.
group, and bulk fields forming 5Dl=1 supermultiplets and
representations ddU(5). In particular, we can introduce a
hypermultiplet Ho={ ¢, ¢°, &, 4} in the bulk, which con-
sists of two complex scalarg) and ¢°, and two Weyl! fer-
mions, ¢ and ¢°. The boundary conditions for hypermultip-
lets are given by

So far, we have demonstrated how the orbifold compacti-
ation of the 5DSU(5) theory leads to the gauge group and
matter content of the MSSM in the 4D effective theory be-
low M.. However, sinceSU(5) is explicitly broken by
boundary conditions, it is not obvious that this theory pre-
serves successful gauge coupling unification. In fact, we find
that gauge coupling unification is generically destroyed due
to the presence of locasU(5) breaking on they=mR
0 ) brane. To see this, let us consider the effective field theory
( )(Xﬂ,y):( )(x“,—y) above M. Since the higher dimensional gauge theory is
non-renormalizable, this effective theory must be cut off at
o) some scalévlg, where the theory is embedded into a more
=p 774)( C(p)) (x*,y+27R), (5)  fundamental theory such as string theory. At the sdalg
P the most general effective action for the gauge kinetic terms
is

pep) —pep)

where we have used the 4B=1 superfield languagéiq

={D,D%: d(¢p,p) and ®°(¢° ) are 4D chiral super-

fields. An overall factorpg appears in the orbifold transla- 1
tion, which can be chosen to bg,= + 1 for each hypermul- S= f d‘&dy{;
tiplet. 5
The two Higgs doublets of the MSSM are introduced in 6)

the bulk as two hypermultiplets{y={H,H} and Hg

:{ﬁ,ﬁt:}, which transform as andgundersuw), The Wwhere the first and second terms &#&)(5)-invariant bulk
boundary conditions are given by Eth) with #y=7y= and brane gauge kinetic energies, while the third term repre-
—1, so that we have massless Higgs doub|étsthe present

notation, H(*) and H(™) (H(*) and H(™)) represent triplet

and doublet componentsi; andHp (Hy andHp), of H ! . :
— . . . opposite gauge anomalies localized on the two branes, but they are
(H), respectivelyl The resulting KK towers are summarized canceled by adding a Chern-Simons term in the 5D bulk. In general,

in Table I. These Higgs KK towers do not have zero modesy ane.jocalized anomalies can always be canceled by a bulk Chern-
for the color triplet statef3]. Moreover, since the mass term gimons term as long as anomalies in the low energy 4D effective
of the KK excitations takes the fortdH®+ HH® rather than theory are absent.

1 1,
F2+ 5(y)~—2F2+ §(y— 7TR),_,—2Fa ,
g g

a

2In the case of different locations fdi0 and5 there are equal and
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sents non-unified kinetic operators located on yhewR  at the scaleMg, whereC=C,=5. To obtaing,=0.7 re-
brane @=1,2,3 represents the standard model gaugeuires M R=60, so that the non-unified contribution from
groups. This form is ensured by the restricted gauge sym-unknown ultraviolet physics is suppressed to be a negligible
metry, regardless of the unknown ultraviolet physics abovdevel (less than a 1% correction ). We adopt this strong
M. The standard model gauge couplings in the equivalentoupling scenario in the rest of the paper.

KK theory, g,, are obtained by integrating over the extra

dimension: 3. Consequences of the extra dimension being large
The presence of a moderately large extra dimension,
1 =R 1 7 M R=0(100), has several important consequences. First of
;_ g_§+ 5_2 () all, the running of the gauge couplings betweédn andM,
a a

gives a non-negligible contribution to the prediction of the
o - ) ~ QCD coupling. In the energy interval betwebh, andM,
Where~the contribution frorg has been absorbed into a shift the gauge couplings receive both power-law and logarithmic
of the g,. This shows thay, depend on the coefficients of contributions. However, the leading power-law piece comes
the localized kinetic operatorg,, and are not universal at from the renormalization of the bulk gauge coupling and thus
the scaleM ;. However, this difficulty is overcome by requir- Must be universal due to the restricted gauge symmetry. On
ing the extra dimension to have a large volufg Writing the other hand, the logarithmic contributions come from the
g§= yIM, and§§= v., we find that the non-universal term runnings of 4D gauge kinetic terms localized on the branes

is suppressed compared with the universal term by a volumgnd can be different foBU(3)c, SU(2), andU(1)y. This

factor (y/y,)(1/ImM¢R). Therefore, by making the extra di- means that.the_dlfferences of the threg _gauge couplings
mension large £RM, large, gauge coupling unification is evolve logarithmically abpve the compactlflcat!on scale, al-
recovered s ' though the gauge couplings themselves receive power law

How large should we take the extra dimension? It depend orrectiqns[l,lS]_. Since the beta-_function coefficients for
on the unknown coefficientg and y,. In the extreme case € reIauvg runnings abO\MC are dlffe_re_nt from th.e .MSSM
of y,<7y, we even cannot recover gauge coupling unifica—bma_func.t'.On _coefﬁments, the pred|_ct|orllKof_ m|r_1|mal KK
tion by making the extra dimension large. In REZ], we grand unification for the QCD couplingyg ", is different

have introduced a framework which removes these concerrf&0M the prediction ofK}t<he sggngeo scale unificatiar; "™,
and makes KK grand unification more reliable and predic-The differencedas=as™ — o™ "is given by
tive. The crucial new ingredient is the assumption that the

gauge interaction is strongly coupled at the cutoff sddle 3, Mg

[8]. While the theory is weakly coupled M, it becomes dag=— ﬁaslnw, (€)
strongly coupled at higher energies since a higher dimen- ¢

sional gauge coupling has negative mass dimensions. In the ) o )

4D picture this follows because the loop expansion paramwhere M¢=Mc/m [2]. An important point is thatdas is

eter of the theorythe strength of the gauge interactias ~ dominated by the calculable contribution coming from the
given by the usual loop facto€(g%167?), times the num- energy interval betweeMs and M¢, since it gives a non-
ber of KK states available at the enerdy, Ny« (E) universal correction to g@ by an amount of order
=(E/M.), where C represents a group theoretical factor =(C,/167%)In(Ms/M/) which is larger than that from un-
(C=5). We require this loop expansion parameter to be 1 aknown ultraviolet physics,=(C,/167?), by a factor of

M.: C(g?%/16m?)(Ms/My)=1. Although g itself also de- In(Mg/M(). The other uncertainties are also under control:
pends on the energdl, its evolution is slow up to energies the dependence afas on M¢/M/ is weak, and the effect
very close toM; so that we may takg to be the 4D gauge from the strong coupling physics aroumd, is small [8].
coupling atM., g=0.7, to estimateMs/M¢, which gives  Therefore, we obtaindas~—0.01 from M¢/M.~100,
Ms/M¢=300. This strong coupling requirement has the g|iminating the discrepancy between the usual supersymmet-

following virtues. First, it allows us to estimateandya by (ic prediction and data. The compactification sché is
requiring that all the loop diagrams contribute equally at thegiven by

scaleM. By carefully evaluating expansion parameters, we

find y=167°/C andy,=167?/C,, excluding the unwanted 1\ 507

situationy,<<vy. This argument is quite similar to the case of M.=M u(_c) ] (10)
the usual chiral theory of mesons: all the operator coeffi- Ms

cients at the QCD scald are estimated to be products of

appropriate powers of # and A by requiring that all the Using M,=2x10 GeV and M/M /= 1673/g>C=200,
loop diagrams contribute equallg4]. Substituting these es- we obtainM |=5x 10" GeV andM=1x10'" GeV. These

timates into Eq(7), we obtain values become important when we discuss gauge and
Yukawa coupling unifications in Sec. lIl.
1 CMR C, _ The .second.important consequence of the large dimen.sion
—= 5 5 (8) is that it explains part of the observed structure of fermion
9z 167 16w masses. Yukawa interactions are forbidden by 5D supersym-
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metry from appearing in the bulk Lagrangian, and hencdhat at least some aspects of flavor physics are associated
must be brane localized. They are located onythed brane  with the geometry of the extra dimension, and with strong
coupling. Further consequences of the large size of the fifth
. o dimension, for example for gaugino mass relations and
S=J d4Xdy5(Y)U dza(yTTTH'}_yFTFH)'FH-C-}v Yukawa coupling unification, are discussed in later sections.
(11) _ W_e now pr_oceed further yvith matter gquraphy by con-
sidering fermion mass relations. The location Fof deter-
hereT (E . ' . mines whether we hav& 7 Yukawa unification, which gives
whereT (F) runs qver all the mattgr chiral superfields in thea successful prediction fan, /m. at O(10%) level in super-
10 (5) representation: brane-localiz&d(F) and bulkT and  symmetric grand unified theori¢s6]. For most of this paper
T’ (F andF'). Since the fullSU(5) symmetry is operative e choose to puF,; on they=0 brane to preservé/r
at y=0, these Yukawa couplings must respect 8(5)  ynification.(The theory withoub/r unification is discussed
symmetry. This means that, if quarks and leptons are locateg, gec. V1) On the other hand, since tt&U(5) mass rela-
on the brane, they respeBtJ(5) mass relations. The result- tjon for s/ does not work, eithef, or F, must be located
ing 4D Yukawa couplings are suppressed by a factor ofn the bulk. Summarizing, we have derived the locations of
1/(M¢R)"?~0.1 as the Higgs wave functions are spread outr, T, andF, by considering dimension six proton decay,
over the bulk. On the other hand, if quarks and leptons are ifhe size of the top Yukawa coupling, abdr Yukawa unifi-
the bulk,u,e andq (d andl) arise from different hypermul-  cation. We have also found that eittiEs or F, must be in
tiplets Hy and Hy» (Hr and He/). Therefore, they do not the pulk to avoid an unwante®lU(5) mass relation fos/ .
respectSU(5) mass relations because the down-type quarkrherefore, we are left with 2-1=7 possibilities for the
and charged lepton masses come from different couplingsnatter location at this stage, corresponding to choices for the
which are not related by th8U(5) symmetry Moreover, |ocations of T,, F,, and F,. Further determination must

since the matter wave functions are also spread out in thgwait the introduction of supersymmetry breaking in the next
extra dimension, the resulting 4D Yukawa couplings receivesgction.

a stronger suppression, by a factor of M{R)%?~10" 3,
than in the case of brane matter. Thus we find a clearly

successful correlation between the mass of the fermion and ) _ _
whether it hasSU(5) mass relations — heavier fermions e here discuss the important issue of what further brane-

display SU(5) mass relations while lighter ones do not. Ob- Iocal_ized operators can be introduced in the theory. The 5D
viously, Yukawa couplings involving both bulk and brane restricted gauge symmetry alone allows many unwanted op-
matter receive a suppression factor ofM/R). erators on the branes. For instance, the operflbks] 2 and
The location of some matter is determined because thEFH],2 give a large mass, of order the unified scale, for the
extra dimension is “large.” Since our theory haldl, Higgs doublets destroying the solution to the doublet-triplet
~ 10" GeV, theX gauge bosons are considerably lighter, ofsplitting problem[ TFF] 2 causes disastrous dimension four
mass about 0 GeV, than in the case of 4D supersymmet-proton decay, andTTTF],2 induces too rapid dimension
ric grand unification. This makes dimension six proton decayfive proton decay. In addition, if matter is located in the bulk,
a non-trivial issue in our theory; for instance, if all the matter SU(5) non-invariant operators on tlye= 7R brane, such as
fields were localized on the brane, thegauge boson ex- [TQTQH%]GZ and[TQFLH‘cr]f)zr reintroduce the problem of
change would induce proton decay at too rapid a rate. Weimension five proton decay mediated by colored Higgsino
find that this rapid proton decay is avoided if the quarks ancgxchange. Remarkably, however, the structure of the theory
leptons of the first generation coming fronil@ representa- allows a mechanism that simultaneously suppresses all of
tion are bulk fields, since themandu,e come from different  these unwanted operatdrs|. Since the bulk Lagrangian has
hypermultiplets and the broken gauge boson exchange do@ggher dimensional supersymmetry, it possesseS @)
not lead to proton decay. We will say thg{ is in the bulk,  symmetry. It also has aBU(2), flavor symmetry rotating
although we really mean the combinatiofiT;,Ti}  the two Higgs hypermultiplets in the bulk. After orbifolding,
+{T1,T:°}. On the other hand, the top quark must arisethese twoSU(2) symmetries are broken to twad(1) sym-
from a brane fieldl'5. If the top quark were a bulk mode, it metries, one fronsU(2)g and one fronSU(2),, . A particu-
would have a mass suppressed by a factor oM1R)*? larly interesting symmetry is the diagonal subgroup of these
giving too light a top quark, even in the case that the YukawaJ (1) symmetries, which we call (1)g symmetry since it is
interaction is strong aM. With T5 on the brane, strong anR symmetry rotating the Grassmann coordinate of the low
coupling leads to a top Yukawa coupling of the low energyenergy 4ADN=1 supersymmetry. We can extend this bulk
theory of 4r/(M R)Y?~1, giving a top quark mass of the U(1)g symmetry to the full theory by assigning appropriate
observed size. Thus, given the existence of the large dimercharges to the brane-localized quark and lepton superfields,
sion of sizeM;R=0(100), we are able to derive the loca- and use it to constrain possible forms of brane-localized op-
tion of both the first and third generatidi®'s, and we find erators. The resultingy (1) charges are given in Table II,
whereT andF represent both brane and bulk maternmed
fields have the same charges as unprimed fieldsposing
3We could also introduce Yukawa couplings for bulk matter on thethis U(1)g symmetry on the theory, we can forbid unwanted
y=mR brane, which do not respect ti&J(5) symmetry. operators while keeping the Yukawa couplings. Proton decay

4. U(1)g symmetry
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TABLE Il. U(1)g charges for 4D vector and chiral superfields. ( A(P) ) AP
’ (XM7y): ’ )(X'uv_y)
V3 H H H ¢ T T F F° N NP
_ A (P)
U(l)R 0 0 0 2 0 2 1 1 1 1 :ezmao'zp()\,(p))(xl’«,y+27TR), (12)

from operators of dimension four and five are prohibited, andnd

all R-parity violating operators are absent sirndél)g con- o ()

tains the usuaR parity as a discrete subgroup. Th&1)g ( )(x“ y):( )(x“ ~y)
symmetry also forbids a bulk mass term for the Higgs hyper- | ¢“®P7 ' — et '

multiplets,[ HH —H®H®] ,2, which would remove the Higgs (p)

doublets from the low energy theory and reintroduce dimen- =e?maozp 77(1,( C(p)f) (x*,y+27R),
sion five proton decay from colored Higgsino exchange. ¢

Therefore, theU(1)g symmetry provides a complete solu- (13

tion to the doublet-triplet and proton decay problems.

The aboveU(1) is broken to itsR-parity subgroup by respectively, where; , ; are the Pauli spin matrices. All the
supersymmetry breaking, introduced in the next sectionother component fields obey the same boundary conditions
Since the breaking scale is small, however, it will not rein-as before: Eqsll), (5). N
troduce the problem of proton decay. The presence dRan After KK decomposition, the aboye boundary conditions
symmetry broken only through supersymmetry breaking efgenerate soft séupersymmetry breaking masses of arter
fects is also important for generating the supersymmetricince 1R~ 10 GeV, a must be an extremely small num-

mass term for the two Higgs doubletthe . term) at the ber, a~10"13, However, this does not mean that we need a
correct size of the order of the weak schl&]. fine tuning to obtain supersymmetry breaking masses of the
order of the weak scale. In fact, it has been shown that the

above supersymmetry breaking twist kyis equivalent to
B. Supersymmetry breaking from boundary conditions having a supersymmetry breaking vacuum expectation value
) ) . for an auxiliary field in the 5D gravity multiplef11]. In
Having obtained a unified theory free from the problemsqher \yords, by making a suitable gauge transformation that
of usual supersymmetric grand unification, we now 'erdUCE‘depends on the coordinage we can always go to the basis
supersymmetry breaking into the theory. There are two natuznere the boundary conditions do not have any supersym-

ral ways of introducing supersymmetry breaking in theoriesmetry breaking twist and all the supersymmetry breaking

with unified scale extra dimensions: one is through a supefsfects are contained in the vacuum expectation value of

symmetry breaking expectation value of some braneggme auxiliary field. Since a vacuum expectation value of

localized 4D field[17,18 and the other is through boundary (o auxiliary field can be generated dynamically through
conc_jitions[lO]. In thg former case, there is a 4D chiral su- strongly coupled gauge interactions, having a smajaram-
perfield Z whose highest componenfz, has & non-  eer in’the original basis is completely natural in this case.
vanishing vacuum expectation value. However, in our theorygte that this situation is quite different from the case of the
some of the lightest two generations of matter propagate iy 5y preaking in the previous section, where the boundary
the bulk, so that this way of introducing supersymmetry.qngitions do not contain any continuous parameter and the
breaking leads to the supersymrr;etrlc flavor problem througiy e aking cannot be viewed as a “spontaneous breaking” that
direct couplings such a§Z'ZT{T],z. Therefore, we  grises entirely from an expectation value of some back-
choose the Iatt_gr case where supersymmetry is broken t@’round field[20].
boundary conditions. - ~ We now explicitly calculate the soft supersymmetry
One important feature of boundary condition breaking ispreaking terms resulting from the boundary conditions Egs.
that all of the supersymmetry breaking parameters are com1) (13). Below the compactification scale, the theory is
pletely specified in terms of a single continuous parameter reqyced to the usual 4D MSSM. Under the KK decomposi-
[19]. The supersymmetry breaking is introduced by imposinqion, the MSSM gauginos®(a=1,2,3) are contained in the
the boundary conditions such that, under the orbifold transg,q 5p gaugino fieldsx and\’, as
lation 7.y—y+27R, the component fields are rotated by a
U(1) subgroup oSU(2)g which does not commute with the N A2(x*)cog ay/R)
orbifold reflection Z; the angle of the rotation is param- ( ,)(x“,y =( Ay e ) -
etrized bya. SinceA,, and o are singlet undeSU(2)g, A A (x#)sin(ay/R)
only the two gauginos\ and\’, are subject to the above
rotation in the gauge multiplet. Similarly, for hypermultip-
lets, only scalar components, and ¢°, receive the rotation.
Then, without a loss of generality, we can take the boundary
conditions for the gauginos and scalar components of hyper- ( ¢ )(x“ _ ( h(x")cos{ay/R)) o (15)
multiplets as °t Y h(x*)sin( ay/R) '

(14)

The MSSM Higgs field$ arise from the two scalar fieldg
and ¢°, in the corresponding hypermultiplets as
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and similarly for the squarks and sleptons located in the bulk. T3 Ty o

The Higgsinos and the bulk quarks and leptons are zero 93 _

modes of they fields in the corresponding hypermultiplets, - HHYV

and the gauge bosons come from zero mode# of The ® —e
supersymmetry breaking terms are then obtained by substi- y=0 y=7R

tuting these KK mode expansions into the original 5D action.

What supersymmetry breaking operators do we obtain? FIG. 2. Locations ofSU(5) matter, Higgs and gauge multiplets
To answer this question, we first consider only the bulk in-in the fifth dimension.
teractions(kinetic terms. In our theory all the supersymme-
try breaking effects are encoded in the KK mode decompo-
sitions Eqs(14), (15), which have g-dependent twist by the
U(1) subgroup ofSU(2)g. This implies that supersymme- o L
try breaking operators arise only from the terms which con- +2yimfgfyh+3yimfgfgh+H.c.), (16)
tain they derivative, since the bulk Lagrangian possesses a
global SU(2)gr symmetry. The resulting supersymmetry whereh, fg andf,, collectively represent the two Higgs dou-
breaking interactions are soft by dimensional analysis: thelets, squarks/sleptons in the bulk and squarks/sleptons on
derivative J, becomes the supersymmetry breaking parame prane, respectively. Here, we have defimeda/R, and
etera/R, which has a positive mass dimension. This argu, s the value of the corresponding Yukawa coupling. Since
ment can be easily extended to the case with brane'localiz%{lpersymmetry breaking eﬁects from boundary Conditions
interactions. The brane-localized interactions can always bare exponentia”y shut off above the Compactification scale,
made invariant under thg(1)CSU(2)g; to be more pre- the soft supersymmetry breaking masses in(f6) must be
cise, we can always choose brane interactionsyat regarded as the running mass parameters at the compactifi-
=2mnR(n=%=1,=2,...) sothat the whole system is in- cation scaleM /. We also explicitly see that the supersym-
variant under theU(1) rotation by @ and the spacetime metry breaking terms in Eq(16) preserve the discrete
translationy—y+27R. Then, we can show that all the su- R-parity subgroup of th&J(1)g symmetry given in Table II.
persymmetry breaking terms still arise only from the termsThis is because the boundary conditions E4®), (13) al-
which contain the derivative, . ways rotate two fields which differ by two units in their

The most obvious place where thelerivative appears is U(1)r charges[In another basis, it comes from the fact that
the 5D kinetic terms. For the gauginos, the 5D kinetic termthe auxiliary field having a supersymmetry breaking vacuum
contains the term—\d,\'+H.c., which gives Majorana €xpectation value has 8(1)g charge of—2.] Thus, we
mass terms for the MSSM gauginos,(a/2R)\®\?+H.c., have R-parity (_:onser_vatlon in our theory, and the lightest
after integrating ovey. The Higgs bosons obtain the soft SUPErsymmetric particldSP) is completely stable.

; 21 Now, we consider consequences of the supersymmetry
f uper_symr?etry_breaI?Tng mca.ss terms(,a(R) .h h, from the breaking terms given in Ed16). We first note that squarks
erm—adye'dyp—3d,¢°'d,¢° in the 5D kinetic terms for the ; o
. . and sleptons in the bulk have non-vanishing soft masses at
scalar fields. The same soft supersymmetry breaking mass {Re com e .
pactification scale while those on the brane do not.
. . - nTherefore, the brane and bulk scalars have different masses
addition to _these obvious con_trlbutlons, the_ presence of thSt the weak scale, even if they have the same standard model
brane-localized Yukawa couplings also provides a somewhalanwm numbers. This implies that the first two generation
non-trivial source for soft supersymmetry bre_akmg ParaMsie|ds having the same gauge quantum number must be lo-
eters. Suppose we have a superpotential interactioaied in the same place to evade stringent constraints from
[xk®P,P,P3]42 on they=0 brane. Then, ifb5 is a bulk field,  flayor changing neutral current processes. This consideration
we obtain the interaction terma(y) k¢, ddyds +H.c. i immediately fixes the location F, to be the bulk, sincd;
the Lagrangian(In the 4D superfield language, this term must be the bulk field to evade constraints from proton de-
arises from eliminating the auxiliary field @b, since the cay;F, andF, must also be put together either in the bulk or
bulk kinetic term contains a superpotential tq:l‘ﬂmgz?y@g] 02 on they=0 brane. Thus, we are finally left with only two
[21]) This term provides a trilinear scalar interaction choices for the matter location: whether we 5y, in the
for low energy modes ¢;, with the coefficient bulk or on the brane. The locations for the other matter fields
kalR:  (kalR) ¢y opropsotH.c.. Since exactly the are completely fixedT; andF; on the brane and , in the
same contribution is obtained from the term bulk. As we will see later, the case Bf ,in the bulk leads to
5(y):<<;$2<1530y¢§T (5(y),<¢3¢1ay¢g*) if ®; (P,) isinthe large lepton flavor violating processes, which pushes up the
bulk, we finally obtain the trilinear scalar interaction, overall scale for supersymmetry breaking masses and leads
100200301 H.C., with a coefficient given byca/R times  to a fine tuning for electroweak symmetry breaking. There-
the number ofg; fields propagating in the bulk. Clearly, no fore, if we want to keep all desired features includiogr
soft supersymmetry breaking masses are generated for branaification and naturalness for electroweak symmetry break-

1. ~ ~ e
Lsor= = 5 (M3 H.c)—m*h'h—m?Ffa+ (yimfyfuh

localized fields. ing, we end up with a unique possibility for the location of
To summarize, the soft supersymmetry breaking terms imatter. The resulting theory is illustrated in Fig. 2. The case
our theory are given by without b/ 7 unification will be discussed in Sec. VI.
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We here comment on the corrections to the soft supersynkinetic terms and thus do not enhance the contributions. The
metry breaking parameters at the compactification dedle  gauge loops could provide the enhancements, but they are
The soft parameters in E(L6) were derived at tree level by flavor universal and thus have little observable conse-
considering the bulk kinetic terms and the brane-localizedjuences.

Yukawa couplings. There are two possible sources for the As for finite loop radiative corrections, they arise from
corrections to these values. One comes from brane-localizetbn-local operators spread out in the extra dimension and
kinetic terms for the bulk fields, and the other from finite appear as threshold effectsMf, in a 5D calculation. In the
loop radiative corrections. We first consider the effect from4D picture this corresponds to including supersymmetry
brane-localized kinetic terms. If there were no brane kinetidreaking effects from higher KK modes. These contributions
terms, the gaugino masses would be unifiedvdt, giving are shut off aboveM/ and give only one-loop suppressed
gaugino mass ratios at low energies,/m;, different from  corrections, of order 1/46°~ 102, to the soft mass param-
that in the case of conventional one-scale unification; thedters. Thus these threshold contributions are smaller than the
difference amounts to more than 20% fog/m;, leading to  usual logarithmic contributions coming from renormalization
observable consequences. However, this does not happen dg®up evolutions belowM ., by a factor of InM/M;), so
to the presence of brane-localized kinetic operatorMat  that we can safely neglect them. In fact, this approximation
After KK decomposition, the quadratic part of the MSSM is well justified because all the MSSM couplings are suffi-
gaugino Lagrangian is ciently weak at the compactification scale.

So far, we have considered only the soft supersymmetry

1 _ 1m breaking parameters arising from the kinetic terms and the
L= —\Tig"g N2~ §—Z>\a>\a (17 Yukawa couplings. However, to understand the low energy
a Y physics, we also have to specify the Higgs sector. In particu-

lar, both the supersymmetric masg (parameter and the
where 1¢2=1/g2 +1/g2, 1lg2=wR/g2, and 1§32  holomorphic supersymmetry breaking magsB(parameter
(<1/gi) represent the sum of the two contributions from for the two Higgs doublets must be of the order of the weak
brane gauge kinetic terms st=0 and wR. Here, all the scale to obtain viable phenomenology. In our theory these
quantities are evaluated at the compactification scaleggnd Parameters can be naturally generated in a number of ways,
are the 4D gauge Coup"ngsmté W|th effects from |ogarith_ and we will discuss some eXpliCit examples in Sec. V B.

mic running aboveM( included viag,. Rescaling the Eggevjﬁéo kBe thf?z:nzlysrﬁeﬁrgeﬁrea; a;lp&sesglje,el:(sar(:n\fve
gaugino fields to canonical normalization leads to the K K P . ' ’ persy
. 2, o~ , 5 metry breaking parameters in our theory are completely

gaugino masses,=(gs/g;)m atM/, and thusm,/g; are o . L~

) . sPecmed by the following four parametenst,, m, « and
universal. Therefore, even though gaugino masses are gener-

, . o u#B. Among them, the last two parameters are related to the

ated at a smaller scald than the gauge coupling unifica-

. ' e . electroweak vacuum expectation valuep=((h,)?
tion ;cale, we find tr;at the grand ur21|f|ed relation for the+<hd>2)1,2’ and the ratio of vacuum expectation values for
gaugino massesn,/g;=m,/g5=mz/g3, holds very pre-

cisely the two Higgs doublets, tagg=(h,)/(hy), through the con-
How about brane-localized kinetic terms for hypermultip-dItIOnS of electroweak symmetry breaking. Hérg and h

. L . S h Hi | f the MSSM givi -
lets? Since brane kinetic terms contribute to the 4D klnetlcg:)?/vﬁ]_?y%/\éo qulg?ks r?g;geests r()estpeeqivselsy S%Ir:/::régvvg I%%?Naphit
terms after the KK decomposition, they modify the SOﬁM’~1015 GeV andvzl?é GeV. we a.re finally left with
masses through wave function renormalization. However, © ' y

since effects from brane-localized terms are generically supRnly two free parametersn and tang, to specify the super-

pressed by the volume factt. /M, they only give correc- p";‘]r_tiﬁe_ spect:jum. In gznebral r‘ﬁhere iZ' also ? plhase,ufor ‘
. ~ e which is not determined by the condition of electrowea
tions to the soft masses of ordevl{/Mg)m?~10"?m?. Al-

thouah th tributi f , L thi symmetry breaking; however, if this phase is far fram, it
oug ese contributions ‘are flavor non-universal, g,y ja54 to excessively large contributions to electric dipole
amount of flavor violation does not contradict with flavor

hanai iral i . a0l th traint moments, and hence we allow only this discrete choice. In
changing neutral current experimerf&]; the constraints Sec. V B we give a natural origin fox in our theory, and

from leptonic processes, such as-ey, are evaded fom  fing that it is indeed real, solving the supersymmeti
=200 GeV, and the bounds from hadronic ones, suck-as proplem. Note that various low energy quantities, including
K mixing, are also avoided in the same parameter regiosupersymmetric ones, are calculable in terms of these two
partly because in the down sector only the left-handecarametergand the sign ofx) and the ratio of the cutoff and
squarks receive a flavor non-universality from the boundaryompactification scaleds/M .

conditions and partly because the gluino adds a large univer- Now, we present the result for the superparticle spectrum
sal contribution through the renormalization group evolutionat the weak scale in our theory. The soft supersymmetry
belowM¢ . In principle, the logarithmic radiative corrections breaking parameters @, are obtained by evolving the
from an energy interval betweevl and M could enhance boundary values av;, given in Eq.(16), using renormal-
the contribution from the brane kinetic terms by a factor ofization group equations. In Table IlI, results for the soft mass
In(Mg/M(). However, we find from dimensional analysis that parameters aM, are given, in GeV, for the three MSSM
Yukawa loops always give power divergences to the brangauginos,\?, for the up-type(down-type Higgs bosons,
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TABLE lll. The soft supersymmetry breaking parameters inthese particles is lighter, and yet, for several reasons, this

GeV for m=200 GeV and ta=5. cannot be definitively predicted. Typically we find the scalar
tau to be lighter, but there are effects which could reverse the
A% 480 QG 480 q, 440 g, 390 A, —410 order. First, there are uncertainties in the mass parameters

listed in Table Ill. To construct a complete theory, with a
A2 170 Uy, 470 7y, 420 G, 310 A, 730 natural origin for both neutrino masses and th@arameter,

AL 85 4, 470 g, 420 G, 420 A, —320 in Sec. V we introduce an additional gauge interaction,
h,  280i 240 7. 140 T. 140 |u| 280 U(l)x[CSO(1,0)/SU(5)], brokt_an at some high energy

h 240 % 210 67 = 66 |B| 95 scale belowM to generate Majorana masses for the right-
d €s €o €3 handed neutrinos. In that case, thél )y gaugino mass leads

to an additional radiative contribution to masses of the scalar

' : - superpartners which depends on thél), breaking scale.

,h“(h,d)' for the first two generatpnfquarks and sleptor'ls Iiv This will give only a small percentage correction for most of
ing in the bulk (on the brang fg(fp), and for the third  the superpartners, but for the right-handed stau the correction
generation squarks and sleptofig, The parameterd,, A,  could be sizable because it has a small mass. This alone may
andA, are the trilinear couplings for squarks and sleptons ofnake the stau heavier than tBeino for large values of the

the third generation defined bg=—yA/ffh+H.c. We U(1)x gauge coupling. Second, there are additional effects

have given the soft masses for the first two generations dft 90ing from the mass parameters of Table il to the physi-
squarks and sleptons in the cases of both bulk and bra | particle masses. All scalar superpartners receive correc-

locations to maintain some generality, although these |0cat_|ons from electroweak symmetry breaking via the elec-

) ; : o~ roweakD terms. Again this is most important for the scalar
t|o~ns are completely fixed in the present model, giving tau, raising its mass from 66 GeV to 77 GeV fan

=Qp, U1p=Ug, dyp=dp, |1,=1p, ande, ,=eg. =200 GeV. Hence we discuss collider phenomenology for

In the table we have taken the two free parameters to bgoth cases of stau ar@rino “LSP.”4 In either case some
m=200 GeV and tapp=5 as a representative value. How- care is required in obtaining a precise value for the lower
ever, the dependence an is quite simple so that we can bound onm from experiment, but we typically expect this
easily read off the soft masses for any valuenuf all the ~ Pound to be in the region of 200 GeV.

b le al i v with. The d d If the stau is lighter than th&-ino it will appear as a
numbers scale almost linearly with. The dependence on . yaqed stable particle in collider detectors. The present limit

tang is somewhat more complicated, but for moderately,, the mass of such a stau from the CERNe~ collider
small values for tag (tans=10), the resulting soft masses | £p exneriments is about 100 GeV, coming from the direct
are almost insensitive to the value of fanexcept thafB| is Drell-Yan production ofr*7~. At hadron colliders, in addi-

almost proportional to 1/tg8. When tan3 is further in- . ; . :
creased, several quantities vary because the bottom and tHB” to the Drell-Yan production, stau pairs arise from squark

Yukawa couplings become large. In particular, the soft masglnd gluino pair production followed by cascade decays, giv-

squared for the right-handed stau becomes negative f({ﬁg equal numbers of like sign and opposite sign events. If

tanB=25, so that our theory does not allow very large val- € B-ln_o IS Ilg_hter, the _5|gnal events, arising f.rom squark
ues for targ. and gluino pair producthn, contain jets and missing trans-
We finally comment on several phenomenological feac >¢ Energy — a classic signal for many supersymmetric

tures of the spectrum. In the MSSM the tree-level mass fOFheones. In this case the present experimental limit from LEP

the lightest CP even Higgs boson is smaller than experiments on the stau mass is quite weak if it is close in

M,cos(98), so that the experimental limit requires a sizablemass.tO theB-ino._ : !
raéiative cbntribution This can occur from top loop correc- Ultimately, an important experimental test of our theory is

; ) L . b loop to measure the superpartner masses with sufficient accuracy
tions to the Higgs quartic interactiof23], but, in several

schemes for supersymmetry breaking, this requires the toto probe the location of the matter: at the compactification

. ) . : Qcale, all bulk superpartners have a universal mass, while all
squark to be very heavy, increasing the amount of fine tunin

. S ran rpartners are massless. In the physical rum
for successful electroweak symmetry breaking. This is no% ane superpartners are massiess the physical spectru

the situation for our boundary condition supersymmetrythis is clearly manifested in the lepton sector, witande,
breaking because of the largeparameter generated for the much lighter thane;,, but is harder to uncover in the
top quark; the predicted sign éfin Eq. (16) is such that, on squarks due to the gluino focusing effect.

scaling to the infraredA| is increased by the radiative con-

tribution from the gaugino mass. As a result, the left-right lIl. CONSEQUENCES

mixing of the top squarks is large, which increases the radia- | the previous section we have explicitly demonstrated

tive contribution to the Higgs mass. We find that for &an 1,5\ to break bothSU(5) gauge symmetry and 4D super-
=3 (5) the Higgs mass obeys the experimental bound for

m=400 (200) GeV.

Of the superpartners listed in Table Ill, two have mass 4Our theory possesses a continudugl)g symmetry which is
parameters which are significantly smaller than the rest: thepontaneously broken ® parity by the dynamics for an auxiliary
right-handed scalar tau and tBeino. The experimental col- field in the 5D supergravity multiplet, as discussed in Sec. Il E, so
lider signatures for our theory depend crucially on which ofthat the true LSP may be thR axino.
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symmetry by boundary conditions that act in the same spatidflikheyev-Smirnov-WolfensteitMSW) interpretation of the
dimension. This leads to a highly constrained theory withsolar neutrino flux.

many consequences, some of which we explore in this sec- The matrices of Eq(18) leave two important features of
tion. The gross flavor structure of the theory is determined byhe spectrum unexplained: thiéb ratio and the hierarchy
the location of matter in the fifth dimension, and in Sec. Ill A within the first two generations. The first requires either

we show how many realistic features of the quark and leptofan g~50 or an additional suppression ®FH relative to
mass matrices emerge automaticallp. Sec. IV we explore  TTH. A very large value for ta is not preferred, since the
the superpartner mass matrices, and give predictions for gsuyiting large value for the tau Yukawa coupling leads to a

variety Of. fIavor. changing phenomeinaThe superpartner scaling ofm? to negative values at the weak scale, although
spectrum is so tightly constrained that we are able to evalu; . 7 L

. . —this could be counteracted by a large contribution from the
ate the supersymmetric threshold corrections to the predi

tions to gauge and Yukawa coupling unification. Correction‘i}é1 ﬁ\l)xargeasggllt? d;?jd;)at';/ﬁe Zc;:rifitﬁghtgllsliorﬁifg]r?ltlh\éamzzsogf
to Yukawa unification from the compactification scale are B . . y P .
the lightest Higgs boson, unless the low energy theory is

also computed. Finally we study proton decay and the con-

Kihg extended to include a singlet chiral superfield. Thus we will
sequences of spontaneously brea Jr Symmetry. typically use tarsB~5—10, giving a ratio ofb to t Yukawa

couplings of~1/5—-1/10.
A. Quark and lepton mass matrices There are at least three ways to obtain a hierarchy within
. , . : . . the light two generations. One possibility is that there is a
se<\:/t\i/gz thﬁarpkagﬁ(rj fgnfggn”ﬁggg ggt? irggglfgkgl ttr?ee fgrrﬁ:/'oussufﬁcient spread in the Yukawa coupling parameters to ac-
-4 P commodate the data. While this is plausible for the Cabibbo

€ &€ €\ /T, angle, and perhaps also for thés mass ratio, it seems less
5 o likely for the u/c ande/u mass ratios. A second possibility
L=(TiToT)| € € €| Tz | H is to introduce &J (1) flavor symmetry givingl'; a different
e € 1 T, charge toT,. For example, consider the charge assignments

T1(1), T,40), F1,41), where the charges fdf, , ; also

give a suppression for thig/t mass ratio. Taking th& (1)
(18) symmetry breaking parameteéi~e, we obtain a realistic

pattern of masses m,:m.:my~1:€%e* my:img:my

- - ~m,:mM:me~1:e:ez and mixing angles Y{,s,Vch,Vub)
~(€,€,€%). Athird possibility is to introduce as, discrete

Here we display only the gross structure that follows fromSYMmetry which interchanges, - T,. This forces the cou-
the large size of the extra dimension, via the volume suppresf?“n%s of T, andT, to be equal, so that the second generation
sion factore=(M//MJ)12~0.1, and suppress the coupling 'S T =TT T, while the first generatiom =T, T, is
parameters of the brane-localized Yukawa interactions. Onl as;sless in the Symme”y limit. The andq masses and
underlined entries respegtU(5), since the other entries in- abibbo angle now arise from sma&)} breaking couplings.
volve T, , which actually represent quarks and leptons from
differing SU(5) bulk multiplets. The only unified mass rela- B. Gauge coupling unification

tion is for b/ 7. . . .
Although the matrices of Eq18) do not provide a com- A theory with a supersymmetric desert and high scale

plete understanding of quark and charged lepton masses afgy9e coupling unification leads to a prediction for the QCD

mixings, they do capture many of the qualitative features.Coupllng of the form

The masses of the first two generations are suppressed com- as(Mz)=0.1305t Sag|sysyt Sar|y - (19
pared with the third one, by? in the up quark sector and by

e in the down quark and charged lepton sectors. Further-

more, the quark mixing is small between the first two gen-The central number assumes that 81é(5) split multiplets
erations and the third. These are perhaps the most strikingave the same form as in the MSSM5], and should be
features of the data, and they result in our theory entirelyfcompared with the experimental val(@]

becauseT, , alone reside in the bulk.

The most striking prediction of these matrices is that the
flavor mixing angles are of order unity for fields i;,
which is particularly important for the neutrinos. In Sec. V A
we discuss how neutrino masses are generated in our theolty conventional supersymmetric grand unified theories, al-
by the seesaw mechanism, leading to the operatorthough the prediction from gauge coupling unification is
[LLHH] in the low energy theory. Becau$g all reside at  highly successful, the agreement with data is certainly not
the same location, we predict that the coefficients of thesperfect. Significant threshold corrections from supersymmet-
operators have comparable sizes for all flavor combinationsic or unified thresholds are required. The weak scale thresh-
Such an anarchy can reproduce observed neutrino phenorold correction depends on the masses of the superpartners
enology [24], but is only consistent with the large angle and Higgs bosons and has the form

m
m
m
Tm
[N

+(T1T,Ts)

L)

=

= o

m T

w N
T

aS®=0.117+0.002. (20)
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5 8 8 m, KK grand unified theories is highly successful, in our theory
Satg| susy=—0.0030%, 38 4b} — gbrﬁ gbrg In &= we are also able to exclude the possibility of a large correc-
' 2(21) tion from the supersymmetric threshold.
where the index runs over all superpartner and heavy Higgs C. Yukawa coupling unification

i . - .
particles, andb, represent the contributions of partialeo Grand unified theories unify quarks with leptons and

the one-loop beta functlc_)n c_oeff|C|er{126]. Un!ess the SU” - therefore have the possibility of relating quark and lepton
persymmgtrlc spectr_um is highly unus.ual, this correction Smasses. In theories where a single Yukawa coupling gener-
not sufficient to bring agreement with data, and hence;ios asses for both thequark andr lepton, the mass ratio

ia5|“¢.f(.) (|js re(I1U|red. However, ltze thre(zjshold correction a]'fmb/mT is predicted. Inputting the precisely known experi-
the unified sca edasly, in general depen 'S On parameters of o na) value of ther mass leads to a prediction for the
the unified theory, and cannot be numerically predicted. mass

In KK grand unified theories, the situation is quite differ-

ent[2]. If the higher dimensional theory is valid over a siz- o smy My
able energy scale, up to the schg of strong coupling, then Mp(Mz)=mg| 1+ e o ) : (25
the leading unified scale corrections, coming from the KK b Isusy b1y

towers, can be reliably computed. In the =J(5) theory . .
the result fordad, is given in Eq.(9). Together with the which is similar in form to the prediction fots(M ;) of Eq.

finite part, calculated using dimensional regularizaiag], (19 from gauge coupling unification, having threshold cor-
we find rections from both the supersymmetry breaking and unified

scales. An important difference is that the central prediction,
M mg, depends on ta. However, in the region mainly of
5aS|L<K2—O.0019|n—f—0.0018=—0.012t 0.003. interest to us, ¥tanB=<20, the dependence is wealk
M =3.6£0.1 GeV, where the uncertainty depends on both
(22) tanB andag. This should be compared with the value of the

Here we have uselll ;/M .= 167%/g2C =200 for our theory, runningb quark mass extracted from data

which gives a corresponding error ¢f0.003 arising from exp

unknown physics abovéM, described in the effective mp™=3.0£0.3 GeV. (26)

theory by brane-localized operatorshat. This contribution _ - )

from KK towers precisely explains the difference betweenWithout quark-lepton unification, there is no reason to expect

the experimental value, E420), and the central prediction thebandr masses to be close, hence it is significant that the

without threshold corrections, E¢L9). unified Yukawa coupling leads to a broadly successful pre-
Breaking supersymmetry via the small boundary condi-diction. Nevertheless, the prediction is too large by (10

tion parameter allows us to go further, since we know the —30)%. However, because the supersymmetric threshold

superpartner spectrum in termsfof= o/R. Substituting the corrections are typically large29], one usually views this as

. : , : an inherent limitation on the sensitivity of this probe of the
predicted masses of Table Il into the’s of Eq. (21) gives unified theory. Finite one-loop diagrams with a virtual gluino

~ and chargino give contributions to the bottom quark mass

m ;
Sag|§1,7~0.0040- 0.0030 In7—. (23)  proportional to targ
z

Here, we have approximated the masses of the heavy Higgs omy _ M tans 8asm§|(m% ,mg ,m? )
bosons and the Higgsinos by|¢@?+m; +mf )*and|ul, My |y 47 3 9" byt by
respectively. Hence, in the wide parameter regis 200 VA s
—800 GeV, the prediction from gauge coupling unification + H|(|M|2,ﬁwl,ﬁwz)} 27
in our theory is

aK¥=(0.116-0.12p+0.003. (24)  Where mg is the gluino mass, anclrrg,lv2 (mfl,z) denote

the masses for the two bottoftop) squarks. The function

This is in striking agreement with data, EO). Since | is defined by I(a,b,c)=—{abln(a/b)+bcin(b/c)

threshold corrections from the weak and compactification+caln(c/a)}/{(a—b)(b—c)(c—a)}. Hence, in most unified
scales have been included, as well as the logarithmic contrtheories the significance of the succesdfuhass prediction
butions from the KK towers, the only significant uncertainty, is limited by rather poor precisichln addition, there are
+0.003, comes from unknown physics at and above the

scaleM of strong coupling. While the general result for 5D
®The situation is not improved at large t&n Although m? can
now approach the experimental value, the contributions to the su-
SThe minimal supersymmetri8 U(5) theory is excluded because persymmetric threshold corrections are proportional togaand
proton stability bounds requiresw|, to have the wrong sigf27]. hence are large, unless cancellations occur in(Eg.
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G

a) gauge couplings b) Yukawa couplings

FIG. 3. (a) The running of the difference of the three gauge couplings,afl— al’l. Solid and dashed lines represent the runnings in

KK grand unification and conventional 4D grand unification, respectively. In KK grand unificagj@run logarithmically both below and
aboveM/, but with different beta function coefficients, so that the prediction for the QCD coupling differs from that in the case of a single
scale unification(b) The running of the Yukawa coupling&=y;/y.— 1 in KK grand unificationsolid) and 4D grand unificatiofdashegl

In KK grand unification there is n8U(5)-violating running abové /, so that the predicted value of the bottom quark mass is smaller than
that of the single scale unification case.

threshold corrections from the unified scale, which typicallySU(5)-invarianty=0 brane, so their kinetic and Yukawa
cannot be calculated numerically. interactions cannot violat8 U(5) — aboveM/ the bottom

The situation in our 5C5U(5) KK grand unified theory is  and tau Yukawa couplings must run together and hence are
quite different. As in the case of gauge coupling unification,unified. This is in contrast with the case of gauge coupling
the unified scale corrections can be computed, and the supeinification, where the gauge fields propagate in the bulk and
symmetric corrections depend on only the single parametatan haveSU(5) violating kinetic energy operators located
a. Form, we are able to obtain a prediction having a smalleron the y=xR brane. As a result, gauge couplings have
error bar than the current data. SU(5) violating logarithmic evolution abovi!., while the

First, we consider the correction from the unified scalethird generation Yukawa couplings do not, as illustrated in
The largest effect in our theory arises because the bottom arglg. 3.
tau Yukawa couplings are unified at the compactification The correction from the unified scalémy, /my|,, is cal-
scaleM/, which is smaller than the conventional unification cylated as follows. At leading order, the bottom and tau
scaleM,=2x10'® GeV. This is different from the situation Yukawa couplings are split because they receive different
in gauge coupling unification, where the couplings unify atcontributions from QCD, hypercharge and top Yukawa radia-
M, rather tharM_ . It is interesting to understand the differ- tive corrections below their unification scale. Since the uni-
ent behavior of gauge and Yukawa unification. The renormalfication scale in our theor /., differs from that in conven-
ization group running below and abow. can have com- tional 4D supersymmetric unified theoried,,, we obtain
pletely different origins in the higher dimensional picture. the correction
Below M the running can be caused by the generation of
operators which are non-local along the extra dimension, KK 2.2

. ’ f 5mb 4g Yt Mu
while aboveM all the running must come from local op- =— In —,
erators in the extra dimension. In the case of the Yukawa My |, 167 Mg
couplings, the bottom and tau Yukawa couplings evolve dif-

ferently below the compactification scale. This is obvious i”whereg andy, represent the values of the 4D gauge coupling
the 4D picture because the effective theory beMWis just  and the top Yukawa coupling at the compactification scale,
the usual MSSM, but in the 5D picture it is not so obvious,g~0.7y,~0.6. Note that the gauge contribution dominates
because botfT; and F3 are localized on they=0 brane over the top contribution so that the net effect is to reduce the
where the complet8U(5) symmetry is operative. Neverthe- prediction form,(M;) and therefore reduce the discrepancy
less there is a simple understanding: belbly, radiative  with data. This result is independent of how supersymmetry
corrections generate kinetic operators TarandF; that are  is broken and has general applicability to all KK grand uni-
non-local along the extra dimensigeffective kinetic opera- fied theories havindp/ r unification. Using Eq(10), we ob-
tors involving Wilson lines or Wilson loops Since these  tain om, /my| <= —[5(4g2—y2)/11272]In(M¢/M.), so that
operators are non-locél.e. go around the circlethey feel  tor our theory,M¢/M/~200, we findém, /mp|“~ —49%.
SU(5) violating effects from the boundary conditions, and  gypstituting predictions forx and the superpartner
hence areSU(5) violating. Clearly, the effects from these masses from Table IlI into the expression ER7) for the

operators exponentially shut off abo, because of their supersymmetric threshold correction, we find
non-local nature. Thus whether thereSis)(5) violating run-

(28

ning at energies aboviel ;. or not is determined by whether Sm.. | KK
we can write down ai3U(5) violating local operator or not. 2| ~0.006x sgn u)tang. (29
However, in our theory botiT; and F; are localized on Mo |susy
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Strictly speaking, the mass eigenvalues for the bottom anglings for theX and standard model gauge bosons, respec-
top squarks depend on the ratjbﬁ1; however, we have ig- tively, andgy= \/Eg due to the wave function profiles of the
nored this and find Eq(29) gives a good approximate nu- gauge fields in the extra dimension. Since the corresponding
merical result over a wide range of the parameter spacesoefficients are given bgi/M%=g%M% in 4D grand uni-
Choosing sgn¢) <0, the prediction for thé quark mass in  fied theoriesM/ in 5D theories corresponds tdy in 4D

our theory is theories as far as dimension six proton decay is concerned.
For M.~ 10" GeV, present limits on proton decay require
that T, be a bulk field. The bulk gauge interactions then
generate proton decay through quark mass mixing and/or
brane-localized interactiong8,30]. This introduces uncer-
tainties for the proton decay rate, since the relevant mixing
matrix is not the Cabibbo-Kobayashi-Maskaw@KM) ma-

my(M5)=3.3-0.02tang—10)+0.1 GeV.  (30)

While a more precise form for the prediction in terms of
tanB and « is possible, it is not warranted by the present
error from extractingn, from data. The simple prediction of

EC." (30) is neve.rtheless quite important. Our KK thgory Oloestrix of weak interactions and the size of brane interactions
bring the prediction form,/m_ into agreement with data

: . : re not determined by gauge coupling unification. Neverthe-
without the need to invoke unknown threshold correction inss, it is still interesting to pursue the natural expectation for

at least 10%. If the corrections from KK modes had gone iNhe rate for various proton decay modes in these KK grand
the wrong direction, our theory would have been very clearly

luded. Instead dict that lies at th dae of unified theories.
et ol e s a-7 © Upper edge o In our theoryF; are all brane fields, but this is not suffi-
the presently allowed experimental region.

cient to generate baryon number violation. Since only the
third generation is on the brane farfields, proton decay is
D. Proton decay dominated by the operatdiT3TsF1F],232 and hence re-

In KK grand unified theories proton decay from operatorsduires mixing via the third generation of quarks. We2 then
of dimension four and five is forbiddeid], so that the only ~ find th?t thTe Tfour _ fermion interaction £>(g*/
possible source of significant proton decay is from operatord!¢”)(V33V3)qzusl1d; gives the dominant proton decay
of dimension six. Since brane-localized dimension six opera@mplitude, where/%" is the unitary rotation ormg,u needed
tors, with coefficients given by inverse powersMf, give  to diagonalize the quark mass matrices. Since we must take
effects which are too small to observe, the only possibldhe strange quark from, to obtain a proton decay ampli-
relevant source is from exchange of the superheavy gaudgede, V9 is actually the rotation in the left-handed down
bosons, such as théboson ofSU(5). In 4D supersymmet- quark sector and the final states for the decay contain the
ric unified theories, th& gauge boson exchange contribution particle carrying the strangeness quantum number. This leads
is negligible since the&X gauge boson mass My=M,=2  to the decay mod@— K™ v with the lifetime estimater(p
X 10 GeV. However, in KK unified theories gauge cou- —>K+7)%1037i2 years. Here, we have arbitrar“y assigned

pling unification results only if the volume of the bulk is gne order of magnitude uncertainty k. * and one to the
large, and this leads to lower values fdi,=M /2, making  flayor mixing angles; the central value comes from taking
the gauge boson exchange contribution much more mportaq}gvgﬁo 0002 and M/=M(M./M)%7 with M /M’

. .. . g . . u S S
[1]. A precise prediction for gauge coupling unification re- ~1673/g2C=200. The gimple excpectation is thereforecthat

sults when the .volume' of the bulk is as large as'possmle, Sthis flavor mixing contribution to proton decay is too small
that the gauge interactions ks are strong, and this Ie_a(.j-s 0 {5 observe. In general in KK unified theories one only ex-
low and calculable values favly, opening the possibility pects an observable rateT is on the brang8,2], or if M

forl'nnt; rftSt\l,Cﬁi|grei|3tlgn§0fscgnth;£c;$% r:j derc(:)?g/nr%zi]é is ofS of order 16* GeV rather than of order 10GeV [30].
T '€ gaug o ap y 1S 0 Symmetries of our theory allow the operators
great interest in KK grand unified theories, at present signifi-

cant uncertainties remain. ExchangeXgauge bosons re- L(9ij /Ms)TiTTJ"]H"’;z on they=0 brane. After the KK mode
sults in baryon number violating four fermion operators of décomposition, these operators give baryon number violating
the form [T{T,T/T;1422 and [T/ T;F[F;152;2. The baryon couplings amongst zero modeSDg;;(M/ Mg)uj y*q;X,, .
number violating interactions amongst zero modes are genkhe leading proton decay in our theory comes from combin-
erated only wherT and F are brane fields, since for bulk ing these interactions with thdfy“liXM interactions coming
fields theX boson couples a zero mode to a superheavy statérom the usual kinetic termEFfFi]az;z on the brane. The
The coefficients for these operators are givenzb;g)z(/[(n resulting decay amplitudes are independent of the Yukawa
+1/2)|\/|C]2=92/|\/|é2, wheregy and g are the gauge cou- interactions(i.e. quark mixing matricgs but depend on the
unknown coefficientsg;; . We find thatg,, and g,; do not
lead to proton decay amplitudes at leading order in
’In the case where small neutrino masses are generated througfy /IMg), but 512 and 511 lead to p—>K+7 and p
the seesaw mechanism, the presence of Dirac neutrino Yukawa cou-

+,.0 ,+,.0atp0 +p0 _+ e+ _
plings at high energies could increase the predictionnfigrby a —€ ™ l’u“ l;T ,he K ';L K ’,/K/I V’.K ; deca?( rgode:, re
small amount but does not change our conclusions. Tk#)y spectively, both at ordemM¢/Ms) in the amplitudes. A cru-

gauge interaction does not renormaling/m. and hence does not Cial question is whether the origin of this,u/c ratios and
affect our prediction. the Cabibbo angle leads to further suppressiog,gf, rela-

075004-14



COMPLETE THEORY OF GRAND UNIFICATION IN . .. PHYSICAL REVIEW D66, 075004 (2002

tive togzz. In any of the examples given Sec. Il A, there is vacuum expectation value of the auxiliary fields,

no such suppression fgr,, SO we expect the coefficiegy;  ~(MMp)Y?~10°— 10" GeV 2

to be of order one. This gives the “effectivé gauge boson We here discuss possible phenomenological consequences

mass” Miﬁ:al_ll’z(Mé/Ms)S’l"l\/lu, leading to the lifetime Of this exactU(1)g scenario. First, the mass of tiiermi-

estimate 7(p)~1C*years for all the decay modes ONiC superpartner of th& axion, theR axino, strongly de-

et 1t 70,6 KO, u KOy and K* ., for gy~1 and pends on the sector which brealdg1)g §pontaneously. In

M /M ~200. An interesting point is that, although the total particular, theR axino could be much lighter than all the
ste ' o $o = superpartners of the standard model particles. In this case,

proton decay rate has uncertainties coming frgf, the  the lightest standard model superpartner can decay int8 the

relative decay rates for various decay modes are predictegkino, so that there is no problem of charged dark matter

essentially in terms of a single unknown parameker This  even if the stau is the lightest of the MSSM superparticles.

is because we can always choose a gauge eigenbasdis for The lifetimes for stau and neutralino decays are estimated

so that onlyF; couples toT 3, and in that basis the only large roughly to be 18(F,/10' GeV)?(10? GeV/nr)® sec and

mixing angle for quarks and leptonsf is that between the  1073(F /10" GeV)?(10? GeV/m;()3 sec, respectively. The

first two generationdsee also the discussion around Eg.dark matter may be provided by ttR axion or by theR
(34)]. We define the relative mixing angles between thegxino itself.

down type quarks and the lepton doubletsfas which we

expe_ct.to be of order_unity. We then obtain a numbgr of IV. SUPERSYMMETRIC ELAVOR VIOLATION

predictions for the relative decay rates, so that the physics of

proton decay is very rich in our theory. Particularly useful In this section we propose lepton flavor violation as a

relations are powerful and generic signal for KK grand unification provid-
ing the scale of mediation for supersymmetry breaking is at
I'p—ut7® TI'(p—e'KO or above the compactification scale. We first consider the
= =tarr b . 31 general consequences for flavor symmetry imposed by mat-

+.0y +1¢0
F(p—e"7m°) TI'(p—up K" ter locality and experimental limits on lepton flavor viola-

tion. We then apply this to our model and derive rates for

This is a robust prediction because it does not depend oharious signals in the lepton sector. We argue that hadronic

) ] - signals are likely to be harder to detect.
hadronic matrix elements nor whethgy, is sizable. For the
first discoverye™® 7% will be the most promising mode for an
experimental search, since it has a relatively clean signature.
We stress that, while our analysis for proton decay depends In supersymmetric theories, flavor violation provides an

on matter location, it is completely independent of supersymimportant probe of the high energy theory via the form of the
metry breaking. soft supersymmetry breaking interactidi32]. Furthermore,

the form of the soft operators reflects the underlying flavor

symmetry of the theory. For example, in conventional 4D
E. Axion and axino from U(1)g SU(5) grand unified theories, the gauge interactions possess
a U(3)1XU(3)r global flavor symmetry. If soft supersym-

The bulk interactions of our theory possess Sd(2)g : e
x SU(2), global symmetry, and we have argued that it iS'metry breaking operators are local up to the unification scale,

crucial for theU(1)g subgroup to be preserved also by all n th_e flavor symmetry I|m|t2th~e~ nga.[k grld SIEpZtOD mass
the brane interactions. On the other hand, the small boundafjatrices have the formmz(qq’+u’u+ee”)+mz(d"d
condition parametew clearly breaks thi¢J(1)g symmetry.  +T7). Hereq,e (u,d,1) are three-dimensional rovcol-
However, this breaking will ultimately be spontaneous, aris-umn) vectors in flavor space. Flavor violating signals only
ing from the vacuum expectation value of an auxiliary fieldarise from the breaking of flavor symmetry due to non-gauge
in the 5D supergravity multiplet. It is therefore natural to interactions, such as the top quark Yukawa coupling.
explore the possibility that the globlll(1)g symmetry is an On the other hand, in KK grand unified theories the flavor
exact symmetry of the entire theory, except for gauge anomasymmetry of the gauge interactions depends on the location
lies, so that arR axion arises from the spontaneous breakingof the matter. In 5D theories with a large radius of the extra
of U(1)r. An interesting possibility is that the axion only  dimension, we have seen thigt and T have differing loca-
receives mass from the gauge interactions of the standatibns, so that)(3); is certainly broken. If soft supersymme-
model. [In fact, in Sec. V we will introduce an additional try breaking operators are generated at or above the compac-
gauge interaction which sets th#(1)y breaking scale, but tification scale this implies a large mass splitting between the
U(1)r does not have an anomaly for this gauge group so thatcalars inT, and those inT;. However, constraints from
the R axion does not get a mass from this gauge interadtion.

If this is the case, th® axion receives the dominant mass

contribution from the QCD anomaly ofJ(1)gr and thus 8 a constant term in the superpotential canceling the cosmologi-
plays the role of the QCD axion, solving the stro@3d  cal constant is generated by a vacuum expectation valué/ as
problem[31]. TheU(1)g breaking scale is givefif these is =(®)3, then the scale ofU(1l)g breaking is given byF,

no otherU(1)r breaking by the supersymmetry breaking ~(mM2)“~10" GeV.

A. Flavor symmetry in Kaluza-Klein grand unification
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flavor violating processes place powerful limits on the de-tion of matter, shown in Fig. 2. This flavor symmetry deter-
gree to whichU(3)1XU(3)g can be “broken” by locality.  mines the overall flavor structure of the theory, especially
For example,T; and T, must have a common location, as that of supersymmetry breaking parameters. To understand
mustF , 3, to avoid too large lepton flavor violation, as will the consequences of this flavor symmetry, we first consider
be seen later. Hence in KK grand unified theories with athe limit where all the Yukawa couplings are set equal to
“large” extra dimension we find that the most general form zero. Boundary condition breaking of supersymmetry by the
for the flavor symmetry is[U(2)XU(1)]yX[U(2) parametera generates non-holomorphic scalar masses for
XU(1)]eX[U(2)XU(1)]gXU(3)pxXU(3)., leading to squarks, sleptons and Higgs bosons. Since the boundary con-

the soft scalar masses dition breaking does not introduce any additional flavor sym-
— et e e e metry breaking, these supersymmetry breaking operators
—L=m:q Poa"+miu"P u+midd+m T +miePee’, must respect the flavor symmetry of the gauge sector, giving

(32)  soft masses of the form Eq32) with m§=m;23 Cy=Ce,
mﬁcqznﬁcu and mgzml2 Thus, if ¢, or ce#1, the soft

wherePy , . are 3<3 matricesP , .=diag(1,1¢q ) CON-  supersymmetry breaking masses are not flavor universal
taining arbitrary parameterﬂ:q‘u,e.9 Therefore, unless even in the limit of vanishing Yukawa couplings. In fact, in
Cq=Cu=Ce=1, the soft sup_ersymrpetry breaking MAsSes arghe present theory,ng= m§= mgzﬁﬁ m§= m|~2=0 andc,
not flavor universal even in the *flavor symmetric” limit. - _ o _ ¢ _ o at the compactification scale, and thus there are
Here, by allowingm ,m;,mg,my,m; (andcq,Cy,Ce) to b flayor non-universalities already at this level. This situation
independent, we have allowed for the case that supersymmgs quite different from that of conventional 4D unified theo-
try breaking directly feels the breaking of gauge symmetryries where all the flavor non-universalities come from renor-
This can occur easily in KK unified theories since there aremalization effects through the Yukawa couplings.
locations in the bulk which have explicit breaking of the e next turn to the Yukawa couplings. The flavor sym-
unified symmetry. The three standard model gaugino massefetries of the 5D gauge interactions are broken by the brane-
must also be treated as independent parameters in generallitalized Yukawa couplings of Ed11). Flavor hierarchies
KK grand unified theories. In the case that supersymmetryor quark and lepton masses and mixings arise from geo-
breaking respects theU(5) symmetry, the flavor symmetry metrical volume suppressions, as shown in @8), explain-
is reduced to U(1)7,XU(2)wy g, ,XU(2)q,,XU(3)p  ing much of the gross structure of these hierarchies. In the
xU(3), and Eg. (32 holds with rr%=rr§, cl;=ce and low energy theory below the compactification scale, this fla-

2. _ 2 . o vor symmetry breaking is represented by the three superpo-
M:Cq=MCy. The gaugino masses respect the unified MAaSE, tial Yukawa interactions

relations. This is the case in our boundary condition super-

symmetry breaking. Much of the remaining parameter free-

dom then arises because bulk matter is not fully unified; for W=QyyUH,—QypDHy—EyeLHg4, (33
instance, ifF; are brane fields then we also havézrrﬁz.

However, these additional restrictions on parameters do ”%hereyu (Yo.£) is @ 3x3 matrix and has roughly the form
eliminate flavor non-universalities, since we still have pa-; yr(ye) shown in Eq.(18; Q,E(U,D,L) are three-
rametersc, and c., breaking flavor universality. Hence, gimensional row(column vectors in the flavor space. Since
from flavor symmetry grounds alone we see that KK grandy,q goft scalar masses 6t (i.e. D; andL;) are flavor uni-
unified theories with supersymmetry breaking mediated at 0 cal we can choose a basis qurso that onlyF; couples
above the compactification scale generically have large Iep[-0 T EJy rotating full supermultiplets; , giving

ton flavor violation originating from the split in location be- 3 t
tweene; ande; ,. Below we calculate the rates in our theory
— but the signal is generic to a wide class of KK unified € € €

theories with high mediation scales. In fact, the signal does ~l e € €. (34)
not require grand unification: a separation of lepton locations
is sufficient. In the unified case this separation is required,
but even in non-unified theories such a separation may well

contribute to fermion mass hierarchies. If supersymmetryrhis shows that there is no large mixing effect in the charged
breaking is mediated at scales well beneath the compact|f|e|0t0n sector, in spite of the presence of apparent large mix-
cation scalelJ(3)° flavor symmetry can emerge as an acci-ing angles in Eq(18). This remains true no matter which
dental low energy symmetry despite its short distance breaknechanism is used to provide a hierarchy between the first
ing by matter locality, removing the signal. two generations. The large mixing angles appear in physical

The flavor symmetry in our theory i8(1),XU(2)r,,  processes only when we consider the masses for neutrinos; in
><U(2)T12><U(3)F, due to the unique choice for the loca- particular, they appear as large mixing angles in neutrino

‘ oscillation phenomena.
To summarize, the soft supersymmetry breaking operators
%If ¢, happens to be close to unify; , andF5 could have differ-  in our theory involve a flavor non-universality matriy

ent locations and the flavor symmetry could[l(2)x U(1)1°. associated with the stat€} U,E of T:
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o - O
O O O

1
PT= O
0

The flavor universality is also broken by the Yukawa cou-
plings, which we can view as flavor symmetry breaking spu-

rions. Applying the general result E(L6) for the soft opera-
tors to our theory, we find the following soft terms for
squarks and sleptort&:

Lsor=m[A(yy+ Pryu+YyuPr)uh,—q(yp+ Pryp)dhy
—e(yg+P1ye)Thg]-m?(qPq"+u'Pru+ePe’).

(36)
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the compactification scale for the renormalization group scal-
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 flavor
violation in our theory, we must first scale the operators

[ELHq]s2 elhy,T'T andee’ to the weak scale. In the case
that tang is not too large, so that radiative effects from,

can be ignored, the only important scalings are due to the
electroweak gauge interactions. Thus the overall form of the
Yukawa matrixyg is unchanged and has the form Eg§4)

also at the weak scale. There is a radiative correcfiarto

the trilinear scalar operator proportional to the gaugino mass,
and there are gauge radiative corrections to the soft scalar

This tree-level result corresponds to the initial condition atmass parameters, giving

om+sA 0 0 m 0 O m 0 0
clere % 0  2m+6A 0 |yg|Thg+Hc—e| 0 mi o |&-Tf[ 0o mi o |T,
0 0 m+oA o o0 m o o0 m
(37
|
where, using Table III,mi=m§Bz(1.lﬁ1)2, m~f=m§3 violation is associated witke rather than withl .*! The de-

=(0.33m)?, mi= msz: rnTZsz(O.?OFn)Z and SA=0.60m.

By rotating to a mass eigenstate basis for charged lepton

while maintaining diagonal scalar mass-squared matrices, w

can go to a basis where the lepton flavor violation appears

only via a single new mixing matrixV¢ in the following
lepton-slepton-gaugino, slepton-lepton-Higgsino
slepton-slepton-Higgs interactions:

an

LWV =—(J29'eW'eb+H.c)
+(eWeyglhy+H.c)
—{e[(m+ 8A)I + mP1]WeyeT hy

— weWeyeh!T+H.cl, (38)

wherey, is the real and diagonal lepton Yukawa matrix after

the rotation, and is the unit 3x3 matrix; b represents the

generacy ofélz allows W¢ to depend on only two physical

Euler angles and two phases\&8=R3,R},D, whereR is

& matrix rotating theij plane in flavor space, and |s a

(‘ﬁagonal phase matrix with two independent phases. A simul-

taneous phase rotation forl ande' (i.e.|—DTl, T—-D'T
nde’—DTe") can further remove the phase matbxrom

W€ without affecting other interactions, so that we finally

obtain

e e
Cp ~—Spp O
e .e e .e e
We=R5RT,=| S1:C23 CiL2s —Sz3|, (39
e € e € e
S12523 C12523  C23

wherecf;=cos(}) ands;; =sin(¢}). Therefore, we find a re-
markable result that all the lepton flavor violating processes
are completely described by two anglé§, and 655, as far

as the charged lepton sector is concerned.

2. Branching ratio for p—ey

U(1)y gaugino. Note that, because the mass-squared matrix |, this section we consider— ey decay. This process

for T is proportional to the unit matrix, the lepton flavor

arises from the one-loop diagrams of Fig. 4, where sleptons

The most general form of the trilinear scalar interactions consis- This is similar to lepton flavor violation in 4D supersymmetric
tent with the flavor symmetry of the 5D gauge interactions gys) theories withe non-degeneracy arising from radiative cor-

is —L= q(Aqu+A quU+AUyUPU)uh
e(AeyE+A Peye)Thy.

—q(Agyp+A P q¥p)dhgy

rections involving the large coupling; for the third generation
[33].
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FIG. 4. Feynman diagrams contributing to the-ey process. The chirality flips represented by blobs come from the muon mass, the
gaugino and Higgsino masses, the left-right slepton mixing, and gaugino-Higgsino mixings.

and neutralinos circulate in the loop. We first consider thewherec,=0.5. Dividing this by the total decay rate of the

two diagrams of Fig. 4a and Fig. 4b, in which both verticesmyon, ['(u)=T(u—evv)=(a?/384m sin*6,cos6,)
arise from theJ(1)y gauge coupling. In this case, the decay ><(m5/M‘Z‘), we finally obtain the branching ratio for the
rate for u—evy is given by _,e;,‘ decay in our theory
— 23 IE@ L g )2 4IWe |\ 2
[(p—ey)=7my|F@O+FOP, (40) Br(,u—>ey)23><1011( 200~Gev) (|Wm )
m 0.04
wherea andm,, represent the fine structure constant and the ) 5
muon mass, respectively. Here, the amplituB€8 andF® % tang (45
are given by 0.01 50/ ° )
a " 2 2 Here, we have normalized elements of the new mixing ma-
F®= 47 o0, MW, WEE[G (M) = Gy(mp)], trix W® by the corresponding values in the CKM matrix. This
(42) is well motivated becaus#/® comes from a rotation of the
right-handed charged leptoms and the rotation o€ is ex-
o pected to be similar to that of the left-handed quacks
FO =~ ————m,W;, W which determines the CKM matrix.
47 coS'6,, The prediction given in Eq45) is very interesting, since

it gives a number close to the present experimental bound
Br(u—ey)=<1.2x10" ! [36]. While we expect an uncer-
tainty of a factor of a few in the estimate of E@l5), for

example from uncertainties for the valuemf discussed in
where 6,, is the Weinberg angle, and the functioBs and ~ Sec. Il B, we can still say that the presemt-ey decay

G, are defined in Ref{34]. Substituting the predictions of experiment has already probed our theory up to about
the superparticle mass spectrum in our theory, these ampli=200 GeV (300 GeV) for tag=5 (10) }? Furthermore, a

X[(2M+ 8A+ wtanB){Gy(m? ,m?)

— Gy(mE,m2)} —MGy(m? ,md)], (42)

tudes are written in terms of a single mass scalas new experiment is under construction at PSI which aims for
a sensitivity of Bru—ey) at a 10 level [37]. Since
F®+F®=[0.2+0.8 sgru)tans] Br(u—ey)=<10"'* corresponds tom=1.5 TeV (2 TeV)
for tang=5 (10) in Eq.(45), it will probe essentially all the
@ my wer (43) parameter region of our theory where radiative electroweak
o T

41 cos 6, m? symmetry breaking occurs naturally.

_ _ _ _ We now discuss the effect of a possible mass splitting
\LVe find that in the parameter region of our interest,fan anyeer, , andT,. In deriving a general expression for the
=3, the u—ey process is dominated by the contribution |64 flavor violation in Eq(38), we have used the fact that
proportional to tarB, which comes from the diagram of Fig. the masses fof; are all degenerate in our theorm?

4b. ' 12

The diagrams containing the Yukawa vertex, Fig. 4c and=rnT2 . However, this relation is not strictly correct; in par-
Fig. 4d, are also dominated by the contribution enhanced b
tang. It comes from the diagram of Fig. 4c and destructively
interferes with the previous contribution in E¢3) [35]. m|~2 due to the renormalization group effect through the tau
Using our superparticle spectrum, we fifd) = —0.4F®), i
which reduces the rate gfi—ey by about a factor of 3
compared with that given by Eq43). Therefore, theu
—evy decay rate in our theory is given by

. 2
Mcular, if tang becomes largemn; becomes smaller than
3

Yukawa coupling. The non-degeneracy betwert—:q%12 and

12Even if additional contributions tmgT, for example from a large
2 .3 5 U(1)x gauge coupling, happened to give a cancellation between the
I'(u—ey)= -k ~—”|\Ne |2|Wee|2tanzﬂ, two diagrams of Fig. 4b and Fig. 4c, reducing Briey) by a few
64WZCO§0W mt T orders of magnitude, the-e conversion in nuclei, discussed in Sec.
(44) IV B 3, will provide an effective probe of the theof®5].
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rrrlz3 introduces new lepton flavor mixing angles in addition the phase space integral. Thus there is a simple relation be-
to those inW®, and causes new diagrams for the-ey tween Br(u—3€) and Br(u—ey). Using Eq.(45), we ob-
process? Since the amplitudes of these new diagrams can b(t-.\am
proportional tom, rather tharm,,, they might dominate the
contribution from the diagrams of Fig. 4, when {@uis large.

The relative size of this new contribution to the previous one Br(u—3e)= g( In—> — T
is expected to be of ordem(./m,)&; in the amplitudes, Me

where &E(mfzl , mi)/nr,zlz. There may also be an addi-

2
Br(u—ey)

tional suppression by a factor efif the charged lepton mass
matrix is given by the form of Eq.34), because the relevant
rotation angles fot; are then of ordee? while those fore,
are of ordere. In any event, sinces;=0.02 (0.05) for |WE|
tanB=10 (15), we find that the contribution frody# 0 can 0.01
be safely neglected in the parameter region of our interest,

tanB=<15, and the branching ratio pf— ey is still given by . .

Eqg. (45), which is described by the single mixing matiie. tho,gese”t experimental bound is BF(3€)=1.0
Potentially, the presence of Dirac neutrino Yukawa couplings [39] . L .

at high energies could also introduce a splitting between . We next considep.— € conversion in nuclei. The conver-

ml-z12 and m|~23, enhancing the decay rate pf—ey [38]. We sion rate is well approximated by

consider an explicit model of neutrino mass generation in
Sec. V A, where the neutrino Dirac Yukawa couplings are
suppressed by the volume of the extra dimension and their
effects on the lepton flavor violating processes are suffiin the parameter region we are considerifihe approxima-
ciently small. tion is better for larger values of tgh) Here,Z represents
The above discussion also tells us something about ththe proton number of the nucled§ Z.; and F(q) are the
location of matter in the extra dimension. Suppose we put theffective charge and the nuclear form factor at4the momen-
first two generatiors's, F 5, in the 5D bulk rather than on tum transferq, respectively. In the case ok=2Ti, for
they=0 brane. In this casd, , andT; have a mass spliting WNich 2=22, Zey=17.6 and|F(q)| =0.54[40], we obtain
of 5r=0(1) at tree level, so that we cannot go to a basis liketh® Prediction for theu—e conversion rate,Anqrmallzed by
Eq. (34) without introducing a flavor violation in the slepton e muon cap_tllJre rate I' (u— captureg;Ti) = (2.590
mass-squared matrix. Then, from the structure of the charged 0-012)< 10° sec* [41], of
lepton Yukawa matrix, we find that the relevant rotation

=2%x10" 13

200 Ge\))“( |\/\/‘§M|)2

m 0.04

2 2
tang
<o) - (46)

[(u—e;X)=16a*Z&Z|F(q)|?T (n—ey), (47

angles foil; are of ordere and the same order with those for T(p—e; gg—ri)
e;. This means that the— ey decay rate in the bull, , Cr(u—e; 5oTi)= yT-
theory is enhanced by a factor ah(/ mM)2 compared with I'(u— captureg3Ti)

the case of the brang, , theory. Therefore, to evade an
experimental constraint, the overall mass scale for the super-

crimental 200 GeV|“(|wWe,[\?
particles,m, in the bulk F;, theory must be a factor of =2x10" %3 =

(m,/m,)¥?=4 nigher than that of the brang, , theory. m 0.04
Since the higher value 0?1 requires a fine-tuning for elec- IWe,|\ 2 tang) 2
troweak symmetry breaking, the caseRqf, having a differ- X ooill \ 50 (48)
ent location tharFz (my ,#my,) is strongly disfavored, ex- ' '
plaining the unique choice for the matter location we made . . 48
in Sec. Il B. The present experimental bound is @rie; 35Ti) <4.3
X 10 12[42]. It is interesting to note that future experiments
3. Other lepton flavor violating processes may probeu— e conversion in nuclei with a sensitivity be-

, , , ~ . low 10 16 [43].
In this section we d|s_cuss other Ieptc_)n flavpr violating  aAnother important lepton flavor violating process s
processes. We first consider the branching ratio for ghe — uy decay. The branching ratio far— w1y is related to
—3e decay. This process is dominated by the contributiony, of u—ey by

from photon penguin diagrams, since they are enhanced by

T(ropy) |We|?

13The situation is somewhat similar to lepton flavor violation in T(u—ey) |we Br(7— pvv). (49)
4D supersymmetricSO(10) theories, where both ande non- i
degeneracies arising from radiative corrections involving the large _
Yukawa coupling for the third generatigB4]. Since Brr— pvv)=(17.37=0.07)%, we obtain
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5[ 200 Ge 4 |W§u 2 The relevant quantities are the mass insertion parameters
Brir—py)=5x10"" —= v) o_o4> 5y defined by 6)xy=(m9ix jv /N (M) ix(MD) v jv
in the super-CKM basis, wheffe=u,d specifies the up-type
We 12 ) or down-type sector andX,Y=L,R the left-handed or
><(| ol % (50) right-handed chiralityj,j=1,2,3 are the generation indices.
1.0 5.0 The K, -Kr mass difference,Amy, gives constraints

on (5‘1‘2)XY. In our theory, these quantities are estimated as
The present experimental bound comes from CLEO:rBr( (5%), ~(mé —mé )VIMVEM/mE <1074, (69,)rr~0
_ 6 . dg a3 td ts g ' 12/RR '
—uy)=1.1x10 ° [44]. TheB factories at KEK and SLAC d 2 4
and %) LR, (83) ri=Mout tanp/m; ~10"*tan5(200

will improve the bound to the level of 10. Note that the

combination of lepton flavor violation mixing angleéﬁ- , GeV/r~n), assuming no contribution from brane-localized ki-
appearing in Eq(50) is different from that in Eq9(45), (46),  netic terms. Therefore, we find that the supersymmetric con-
(48). Therefore, in principle, we can determine all the leptonyiyution to Amy is negligible form=200 GeV[22]. Since
flavor violation mixing anglesf7, and 63;, by Measuring  the constraint from th€P violating parametet is some-
both u—e and 7— u transition rates, if we known and  what stronger than that fromdmy, however, there may be

tang from independent measurements of the superparticlgn observable effect ory in the case of lower values fon
spectrum. (and larger taB) if the relevant phase is of order unity.

Analogous considerations can also be maddfer andD-D
C. Hadronic flavor violation mixings, which constrain ) xy and (8},)xy. respectively.

The structure of hadronic flavor violation in our theory is Again, we obtain essentially no constraint fom
much more complicated than that of lepton flavor violation.=200 GeV.
In addition to the complication arising from the CKM ma-
trix, there is also a complication coming from the fact that V. A REALISTIC COMPLETION OF THE THEORY
up-type squarks have flavor non-universalities in both the i i . o ]
left-handed and right-handed mass-squared matrices. Al- In thl_s section we provide a _reallstlc extension of our
though it is still possible to derive a general Lagrangian forth€ory, incorporating small neutrino masses and a natural
hadronic flavor violation, as in the leptonic case of Bf), ~ deneration of the supersymmetric mass tepmterm and
the resulting expression is not particularly illuminating, sothe holomorphic supersymmetry breaking mass teyn (
that here we focus on estimating constraints on the overaff™ for the Higgs doublets. In our example, these two is-
superparticle mass scal@, coming from various hadronic sues are related through a single dynamics triggering the
flavor violating processes. spontaneous breaking of th#(1)y gauge symmetry. Sma_ll
We start with theb—sy decay process. In the minimal neutrino masses are generated by integrating out nght-
supergravity scenario of supersymmetry breaking, it is ofter{]fzqd?r?]eneu;':lgo Euf;mil‘l? ttr?éogg::et;esfziezzv r:ﬁg:‘;g'dsm
claimed that the exadi/ unification is consistent with the -~ et dustment han f éBg g
constraint from theb—sy decay only when the squark y hé vacuum readjusiment mechanism ol ReB. The
masses are rather large. This is because the étaatnifi- generated parameter is real, so that there is no supersym-

) . . . metric CP problem.
cation requires the negative sign@fand/or large values for
tanB, which enhances the supersymmetric contribution to . . '
theb— sy process. In our theory, however, there is a correc- A. Neutrino masses andU(1)x gauge interaction

tion from the unified Scale, E(q28), a”OWing us to consider Recent neutrino experiments have provided Strong evi_
the parameter region of tg@w5—10. Thus the squark dence that neutrinos have small masses and the different fla-
masses do not have to be very large. Furthermorebthe yors are mixed45,46. In our theory small neutrino masses
—sy decay is a rigid constraint on the parameter space onl¢an be generated through the seesaw mechanism by intro-
if squark mass matrices are diagonal in the super-CKM basigjucing three generations of right-handed neutrino super-
This is not the case in our theory, since the squark masgelds. They could be either brane fields, or bulk fields,
matrices have flavor non-universalities at the compactifica{N,NC} with 7y=1. In both cases, the Yukawa couplings

tion scale. By rotating to the SUper-CKM ba.SiS, this intro-and Majorana masses for are located on thgzo brane
duces flavor off-diagonal elements in the squark mass matri-

ces, which are not determined by the observed CKM mixing 4 ) KR

angles. Therefore, in our theory we cannot extract a definite S= | d"xdyd(y)| | d“6| yy\FNH+—"NN|+H.c..

bound from théb— sy process. A rough bound is obtained as (51)
m=100ytanB GeV by estimating the size of the chargino

exchange diagrams. The U(1)r charges for the right-handed neutrinos are given

We next consider constraints from neutral meson mixingsby R(N) =R(N®)=1, as for the other matter fieldsandF,
Since flavor violation in the squark sector is relatively smallso that the above superpotential terms are invariant under
due to the gluino focusing effect, we can use the mass insetd(1)g. After integrating over the extra dimension, these
tion approximation to estimate flavor violating processesterms give the 4D Dirac neutrino Yukawa couplings,
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[y,LNH,],2, and the 4D Majorana mass terms Specifically, theU(1)g charge assignment for various fields
[(Mr/2)NN]g2. Thus, integrating out the right-handed neu- s given byR(X)=2 and R(xp):R(q—;)zol andU(1)g is
trinos we obtain the operatofgy2/2Mg)LLHH], at low  not broken by the dynamics of this sector.
energies, which provide small massas~y?v?/Mg to the We finally comment on the possible effect of the interac-
observedleft-handed neutrinos. tions in Eq.(51) on the superparticle spectrum. In the case
What is the scale foM g? It depends on the size of the 4D that N propagates in the bulk, the 4D neutrino Yukawa cou-
Dirac neutrino Yukawa couplingy,,. If N is the brane field, plingy, receives a volume suppression and is expected to be
we expect thay,=O(1) at least for the third generation, so y,<e~0.1. Therefore, the effect of this coupling on the low
that Mg could be as high as the compactification scMg, energy spectrum will be small. In particular, the splitting
keepingm,=0.03-0.1 eV suggested from the atmospheric betweenmy , andmy, caused by this coupling through the
neutrino oscillation data. Thus, in this case, the interactiongenormalization group evolution is expected to be suffi-
in Eq. (51) will not affect the superparticle mass spectrumciently small that the previous estimates for lepton flavor
much, since the superparticle masses are effectively geneyiolating processes will remain intact. On the other hand,
ated atM;. On the other hand, iN is in the bulk, the 4D smaller Yukawa couplings suggest a smaller scale for the
Yukawa couplingy, is volume suppressed, so tHdty will Majorana massMg. However, this does not necessarily
be smaller thaM to obtain desired values for the neutrino mean that the scale for thé(1)y breaking is small. In fact,
masses. Therefore, the neutrino interactions in(&f).could by tracing the volume suppression factors, we find that the
potentially affect the superparticle mass spectrum througacuum expectation values foF and ¥ are not much
renormalization group evolutions. Below, we will chodse smaller than the compactification scale. Therefore, the radia-

to be in the bulk and give an example of the complete theoryjve contribution to the stau mass from thig1)y gaugino is
but the same mechanism works also for the brBhease also expected to be smafl.

with obvious modifications of the statements that are specific
to the bulkN case.

We introduce a U(1l)x gauge interaction
[CSO(10)/SU(5)] in the bulk, under which matter and The neutrino mass generation of the previous section also
Higgs fields transform a%(1), F(—3), N(5), H(—2) and  provides a natural.mechanism fpr generat.ing;ﬂ'rmrm[13].
H(2) (for the bulk fields, the conjugated chiral superfields ONe €asy way to implement this mechanism is to puthe
have opposite quantum numbers to the corresponding uncoand ¥ fields in the 5D bulk as two hypermultiplets,
jugated fields Then, the Majorana masses fdrare gener- {¥, W°+{W¥, ¥ with 5y=7y=1, having the superpo-
ated by the spontaneous breaking of thél)y symmetry, tential coupling Eq(52) on they=0 brane. Now, suppose
explaining why they take values smaller than the value exyat the scale of the vacuum expectation valueshfaand ¥
pected from pure dimensional analysis. One way of realizings |ower than the compactification scale. This occurs in some
this is to introduceU(1)x breaking fieldsW(10) and  parameter region of the theory, for example, if the dimen-
¥ (—10) with the following superpotential: sionless coefficients of the neutrino Yukawa couplings are

somewhat smaller than the other couplings. In this case, the
f 420 4D effective theory belovM  contains holomorphic super-
: (52)

B. Origin of p term

fX(aWW — A2?)

_ 4
S_f d*xdya(y) symmetry breaking terms in addition to the supersymmetric

terms arising from Eq(52). Using the general result of Eq.
(16), we find that holomorphic supersymmetry breaking pa-

rameters folX W& andXA 2 terms are different 2m and 0

in the case thaX is a brane fieldd Then, by minimizing the
whereX is a gauge singlet field, antl is a scale arising from  scalar potential, we find that th& superfield develops
the dynamics of some strongly coupled gauge interacfion. vacuum expectation values of order the weak scale in both
This supe_rpotential forces vacuum expectation values for thg,yest and highest component@,()~ﬁ~| and (Fx>~ﬁwz.

V¥ and V fields, (V)=(¥)=A/\a, giving Majorana Therefore, by introducing the coupling

masses for the right-handed neutrines,= kA/\a. Thus
the superpotential E¢52) effectively reproduces the second
term of the superpotential E¢1). Note that the whole sec-
tor of neutrino mass generation is invariant undgl)g.

K—
+=VNN

+H.c.
> H.c

s=f d4xdy5(y)U d2ONXHH+H.c.|, (53)

we obtain thew and uB terms of the correct size. Since the

1An explicit example for the strongly interacting sector is given
in Ref.[13], where theSU(2)s gauge interaction with four doublet  %In the SU(2)s example of Ref[13], R(X?)=2 andR(Q,)=0
fields Q; and five singlet fieldX® having an appropriate superpo- so thatU(1)g does not have an anomaly f&U(2)s [i.e. R(A)
tential is considered. We here assume that this strong sector is le=0].
calized on they=0 brane, which explains why this gauge interac- ®Such expectations are not definitive: there is a possibility that
tion is stronger than the other gauge interactions such as thehis correction is sizable due to longer running distances and/or
standard model ones ahél(1)y . larger values of thé&J(1)x gauge coupling.
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B parameter generated through this mechanism is real, thevee have adopted so far in this paper, orRgllin the bulk. In
is no supersymmetri€P problem. This means that the  the latter case oF; in the bulk, there is ndo/+ unification
parameter is real in our phase convention wherestéand  because the bottom and tau Yukawa couplings come from
thus theuB parameter is taken to be real. Note that the different interactions that are not related by &(5) sym-
above coupling in E(53) respects théJ(1)r symmetry, so  metry. However, we instead obtain an understanding of the

that the whole system is still(1)g invariant. TheU(1)r t/b mass ratio, sincd FH type Yukawa couplings are now

breaking lies only in the supersymmetry breaking terms arls-Suppressed by the volume factor compared WithH type

ing from the boundary conditions, which can be viewed as a . : .
vacuum expectation value for an auxiliary field in the 5D _couplmgs. Thus we f".]d that the case of biFk is also'
gravity multiplet. interesting, espeually if future |m_provements of extracting
Finally, we briefly comment on an alternative possibility M from data determinen, to be in the lower part of the
of generating thew term. Instead of relying on the above Presently allowed experimental region. o
vacuum readjustment mechanism, we could introduce the 1he superparticle spectrum in the case of bjkis dif-
singlet fieldS at the weak scale and write down the superpo-ferent from that of the brang; case, corresponding to the

tential terms{SHﬁ+ $%],2 on they =0 brane. Then, in some difference of soft supersymmetry breaking parameters at the

parameter region, the lowest and highest components of th(éompactlﬁcatmnNscaIe. In particular, we now have to use the
S field get vacuum expectation values of the order of thevalues ofdg andlg in Table Il for the first two generation
weak scale, generating and uB terms of the correct order d;,andl,,, instead ofd, andT,. Similarly, the values for

[47]. In this case th&J(1)g symmetry is explicitly broken to the third generation squark and slepton masses are changed
the discreteZ, g subgroup by thes® term in the superpoten- from (03,U3,d3,13,€3)=(390,310,420,140,66) to

tial, but it is still sufficient to suppress unwanted terms such(390,310,460,240,63) in Table III. The sizes for théerms

as the tree-levele term and dimension four and five proton are also changed: A;,A,,A.)=(—410,~730,—320)—
decay operators. Since the Higgs quartic couplings receive—410-930-520). These changes affect the expression of
an additional contribution from the superpotential termhe weak scale threshold correction to gauge coupling unifi-
SHH, the physical Higgs boson mass can be larger than thaation. The new expression is given << ~0.0034

susy

in the MSSM-type models where there is no singlet ﬁeld—O.OO30In61/MZ) instead of Eq(23), which makes the pre-
around the weak scale. diction for the QCD coupling slightly lower than the brane

F; case for the same value of. Note also that the bulk;
theory allows both signs for the parameter, since the su-

We have seen that the location of matter in our theory igpersymmetric threshold correctiont, can now have either
uniquely determined as a consequence of the “large” extrsign.
dimension and by the requirements ofr unification and Proton decay in the bulle; theory is very much sup-
naturalness for electroweak symmetry breaking. The predicPressed. The decay by flavor mixings receives the suppres-
tive framework for gauge coupling unification requires Sion of order ¥13V3,)? in the amplitude, giving the lifetime

: ; 100y 1 (24

strong coupling at the cutoff scale, and thus the large volumestimate 7(p— u*K%~10*years. The decay through
for the extra dimension. The location f®; and T, are then  brane kinetic operators is also suppressed /(M o2 sup-
determined to be the bulk and the brane by considering thpression in the amplitude, givingr(p—e*#°,--")
constraint from dimension six proton decay and the size of<10* years.
the top Yukawa coupling, respectively. Breaking supersym- The rates for lepton flavor violating processes are also
metry by boundary conditions, the first two generations havsubject to important changes. We first consider the contribu-
ing the same gauge quantum numbers must be located in thiens to the u—ey process proportional to tg® which
same place to evade constraints from flavor changing neutrabme from the diagrams of Fig. 4b and Fig. 4c. In the theory
current processes; hentg must be located in the bulk. The where F; are on the brane, the diagram with the Yukawa
b/ 7 unification requires-; on the brane, and finalllf, , are  vertex, Fig. 4c, is only 40% of the pure gauge diagram, Fig.
located in the same place & to avoid too large lepton 4b, in the amplitude. However, in the theory with buk,
flavor violating processes. the left-handed sleptons are heavier, making the contribution

Obviously, relaxing some of these requirements allows ugrom the diagram of Fig. 4b smaller. By explicitly calculating
to consider other possibilities for the matter location, whichthe two diagrams, we find that the two contributions have a
we explore in this section in the framework of KK grand comparable size with the opposite sign. Hence the potentially
unification with boundary condition supersymmetry break-leading contribution with the tg@ enhancement turns out to
ing. We first observe that if we insist on the predictive be small due to the cancellation between the two diagrams.
scheme for gauge coupling unification, namely the strongrhe precise calculation for the value of the remaining con-
coupling scenario, the location @f are completely fixedT;  tribution is difficult without a precise knowledge of the su-
on the brane and, , in the bulk. Then we find that al; perparticle mass spectrum, but we can roughly estimate the
must be put together in the same place to evade excessiexpected size for Bgg—evy) by evaluating the piece which
lepton flavor violating processes which would push up theis not proportional to taB. This piece is larger than the
overall mass scale for superpartners. Therefore, we have onprevious case because thderms are larger due to the bulk
two choices for the location d¥; : all F; on the brane, which location of F;; specifically, the coefficient in Eq43) be-

VI. ALTERNATIVE POSSIBILITY
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comes 0.2-1. Overall, we expect lepton flavor violation TABLE IV. Predictions for the superpartner spectrum, the Higgs
rates in the bulkF; theory to be one or two orders of mag- spectrum, gauge and Yukawa unification, and lepton flavor violating
nitude smaller than the corresponding ones in the bfgne processes. The predictions are for two representative valuas of
theory. However, since the parameter region which leads tend tan3, and all masses are given in GeV. Mass eigenvalues are
the exact cancellation is different for different processes, fogiven for the gluinog, the charginosy™, the neutralinosy®, the
instance between the— ey decay and theu-e conversion  squarks and sleptons of the third generatigr, b, , and7; ,, and
in nuclei, some of them will survive the strong cancellationthe Higgs bosong),A,H® andH*. The mass of the lightest Higgs
and could still have comparable rates to the case of the brarmson,h, includes one-loop radiative corrections from top quarks
F; theory. and squarks. For the first two generations of squarks and sleptons
We finally comment on the possibility of relaxing the the masses are shown fgru,d,7 ande and do not include contri-
strong coupling assumption &t. In this case the volume of butions from electroweal terms.
the extra dimension does not necessarily have to be very

large, so we can consider yet other possibilities for the matter m 300 400

location, although we lose the high predictivity for gauge tang 5 10
coupling unification leading to the prediction as E2¢4). In ~

particular, the location of; is now not completely deter- g 699 o11

mined. The cases where all matter fields are located on the i 251 334

brane or in the bulk have been discussed in [RH). % 427 531

¥ 130 175

VII. CONCLUSIONS X3 251 334

P 417 518

The merging of gauge couplings at energies of order Zs 422 508
10'® GeV heralds some new unified physics beyond the su-  Xa

persymmetric desert. An attractive new option for this phys- ¢ 701 915
ics is that extra dimensions of spacetime are resolved, with u 675 880
local defects explicitly breaking the unified gauge symmetry G 602 780
[1,2]. Advances of 4D grand unification are kept, while many T 209 277
of the problems are overcome. An understanding of quark -
. . e 317 422
and lepton quantum numbers is preserved, while gauge cou-  °©
pling unification emerges in the limit that the defects are t; 425 547
embedded in a large bulk. The breaking of gauge symmetry 7%, 619 780
is automatic, as is a large mass gap between light and heavy b, 563 727
gauge fields and between doublet and triplet Higgs fiE3dls % 601 774
Proton stability from operators of dimension four and five is ~2
) ; p 106 126
guaranteed by a continuol® symmetry of the underlying 1
5D supersymmetric theory, while quark-lepton mass rela- 72 214 280
tions are only expected for heavy generations. A crucial h 118 128
guestion for this new framework is: how can it be tested? A 552 690
In this paper we have developed the minimal KK grand HO 553 690
unified theory of Ref[2], based onSU(5) gauge interac- H* 558 695
tions in 5D, into a complete, realistic theory. The major new ag(My) {=0.003 0.119 0.118
ingredient is to break supersymmetry by boundary conditions m,(M;) {+0.10 3.37 3.26
applied to the same fifth dimension that breaks the gauge Br(u—ey) 6X 1012 8x 1012
symmetry. If this is the correct effective theory of nature, Br(u— 3€) 4x10 5x10 4
over the next decade experiments will provide convincing Cr(u—e; 22Ti) 4x10° 1 5x10 1
evidence for it, measuring the locations of quarks and lep- Br(7— wy) 1x10°8 1x10°8

tons in the bulk. While it seems to us a natural way to incor-
porate supersymmetry breaking into KK unified theories,
there are clearly other possibilities, which will lead to alter- perpartner spectrum and for lepton flavor violation.

native phenomenologies. Having made this choice for super- The heart of our predictions rests on their being a single
symmetry breaking, the location of each quark and leptorypersymmetry breaking boundary condition parameter,
f'e|d_'”_”§ fifth dimension is unique, up to a two-fold gq that, even allowing for arbitragy andB parameters in the
ambiguity;’ leading to definite predictions for both the su- Higgs potential, the entire superpartner spectrum depends on

only m and tan3. Examples of this spectrum for two values

"The two cases correspond to whether the five-pts,are in ~ Of (M:tanB) are shown in Table IV. The range ofl and

the bulk or on a brane. We prefer the brane case, since only thet@n is limited: m cannot be much less than 200 GeV from
does a unified prediction fan,/m_ follow, and quote predictions the experimental limit on the mass of the charged scalar tau,
for this case in the conclusions. and should not be much more than about 500 GeV, since
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above this electroweak symmetry breaking rapidly becomethe unified scale. The slepton non-universality arises from
more fine tuned. The ratio of electroweak vacuum expectarenormalization group scaling from the top quark Yukawa
tion values, ta, has a lower bound of about 3 from the coupling above the unification scale. Uncertainties arise from
limit on the Higgs boson mass, and must be less than abotivo sources, flavor mixing matrices and the structure of the
25 to ensure that the mass squared for the right-handed scalineory above the unified scale. Slepton non-degeneracy
tau is positive. It is clear that the precision of the predictionscould also arise from scaling from the neutrino Yukawa cou-
for the entire spectrum in terms of these two parameters apling below the unified scalg38]. In this paper we have
lows a very significant test of many aspects of the theory. Ildlemonstrated that lepton flavor violation is also an important
particular, the superpartners which reside on the brane, thoségnature in our theory. However, in contrast to 4D theories,
in T3 and F,,5 have zero tree-level mass and get heavyslepton non-degeneracy arises at tree level and is maximal. A
only from renormalization group scaling. This is particularly heavy top quark results froffi; being located on the brane,

clear in the sleptons, and is visible in the Iightnes%lojand so that, at tree levelrg does not feel the supersymmetry

T1,. These effects are also present in the squarks, althougieaking boundary condition and is massless. By confrast
this is somewhat hidden by the gluino focusing effect. Themust be located in the bulk, otherwise gauge boson exchange
mass eigenstates of the third generation squarks are not givéeads to too large a proton decay rate, so th@t— m at the

by the soft mass-squared parameters for the helicity eigercompactification scale. This maximal slepton non-
states because of the mixing induced by imporparam-  degeneracy leads to larger rates for lepton flavor violation in
eters, which take the valulg=A,=A.= —m at the compac- our 5D theory than in conventional supersymmetric unified
tification scale, reflecting the nggs residing in the bulk andtheories, and furthermore reduces the uncertainties of the sig-
the third generation on the brane. A detailed study of thenal. While there is still a dependence on the flavor mixing
superpartner and Higgs spectrum would thus not only meamatrices, the uncertainties associated with the generation of
surem and tanB, but would also verify the location of each the slepton non-degeneracy is removed. The first immediate
matter and Higgs field. consequence is thdt, must be located witf; in the bulk,

The predictions of our theory fong(M) from gauge to avoid a large non-degeneracy betweeand i, and the
coupling unification and thb quark mass from Yukawa uni- three F; must have a common location to avoid too large
fication are lepton flavor violation from diagrams involving non-

degeneracies in both left- and right-handed sleptons. With

m Mg on the brane, the branching ratios for flavor violating lepton
ag(Mz)= 0.1327—0.0030Irm—0.0019ln'\7> +0.003, decays are found to be close to the present experimental
¢ (54) limits
200 Ge “(|v\/‘iﬂ|>2
my(M)=| 3.62-0.022 tarﬁ—0.0ZGIr{%) +0.1 GeV. Brip—ey)=3x10 ( m V) 0.04
Cc
(55) |Wee| 2
In the above expression, the leading term is given first, the 0.01/ | 5.0
second term is the supersymmetric threshold correction and 4o
the third term is the unified scale correction; the uncertainty Br(u— 3e)=Cr(u—e; 59Ti)
for ag arises from unknown physics at and abdwe. These 4 )
are remarkably precise predictions. The supersymmetric o101 200 Ge (|VV'§M|)
threshold corrections involve the two parametensand N m 0.04
tanB, have relatively small coefficients, and will be known
once superpartner masses are measured. The assumption of |we | ang\?
strong 5D gauge interactions Btg leads to the prediction ( 0.01 ﬁ ' (57
Ms/M[~200. It is quite remarkable that the leading unified
scale corrections are thus calculable and predicted, and move 200 Ge | |
both predictions into agreement with experimental data. Us- Br(7— uy)=5X 10—8( _ \j ( )
ing M=400 GeV and tag=10, we obtainay(M,)=0.118 m 0.04
+0.003 andm,(Mz) =3.3+0.1 GeV. The prediction for the 2
QCD coupling is in precise agreement with data, unlike the (| ol alip (58)
case of conventional supersymmetric grand unification, 1.0 5.0

where large uncalculable unified threshold corrections are 5
required. We predictm,(M ;) to be at the upper end of the Once m and tan3 are determined from the superpartner

presently allowed experimental region of 3.0.3 GeV. spectrum, observation of these decay modes would measure
Lepton flavor violation is an important experimental sig- the two independent flavor mixing angles of the lepton mix-
nal for conventional supersymmetric unified theofig3,34], ing matrix W€, Indirect evidence for our theory would follow

providing soft supersymmetry breaking operators are local af the size of this intergenerational mixing is comparable to
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that measured in the quark sector. To go further would rea brane-localized operator, and must have a size which is
quire a more detailed theory of flavor than we have giversuppressed relative to the cutoff scale of our effective 5D
here. theory. This suggests that the right-handed neutrino mass is
We stress that large lepton flavor violation is a genericprotected by some symmetry, which we take to belijé)y
signature in any KK grand unified theory where the superremnant ofSQ(10). The breaking of) (1)yx gauge symmetry
symmetry breaking reflects the structure of matter location ideads not only to right-handed neutrino masses, but also,
extra dimensions. The matter locality brealdg3) flavor  when supersymmetry is broken, to theandB parameters of
symmetry, leading to squark and slepton mass matrices of thide Higgs potential.
general form of Eq(32) dictated by the flavor symmetry of We have seen thatld(1)g symmetry is a critical feature
the 5D gauge interactions. The low energy superparticl®f our theory, yet this symmetry is clearly broken by the
spectrum then reveals characteristic features reflecting theupersymmetry breaking operators generated by the bound-
structure of this new flavor symmetry, irrespective of howary conditions. Ultimately, the supersymmetry breaking will
supersymmetry is broken. Therefore, lepton flavor violationbe spontaneous, arising from the vacuum expectation value
probes all supersymmetry breaking schemes which gives sofif a field in the 5D supergravity multiplet. It therefore seems
operators local up to the compactification scale, and the dexatural to assume that all breakingd{1)x is also sponta-
tailed superpartner spectroscopy will uncover the geometryieous, in which case there is Raxion. ThisR axion has a
of matter fields in extra dimensions and help discriminateQCD anomaly and may therefore solve the str@rg prob-
between various possibilities for supersymmetry breaking. lem. We also find that its decay constant may be in an inter-
Proton decay can occur in our theory via the bulk gaugeesting range for the axion to be dark matter.
interactions of theX gauge boson through flavor mixing ma-  We have found tha®U(5) unification in 5D offers many
trices. However, the resulting partial Iifetimf(p—>|<+7) advantages over unification in 4D. While we have not ad-
~10°"*2 years is probably too long to be reached by futuredressed the origin of radius stabilization or matter localiza-
experiments. Proton decay can also be mediated by brar®n, our effective field theory is remarkably simple; for ex-
kinetic operators, and these we estimate to give a lifetime ofmple, the only non-trivialSU(5) multiplets beyond the

about 16* years. The structure of the final states is very richgauge multiplet are five-plets and ten-plets. Our theory is
with comparable branching ratios to sufficiently constrained that it offers several avenues for ex-

et 0 uta0,e KO, utKO  p andK b Although the un- perimental tests. We expect the first direct experimental sig-
certainty in the lifetime is large as the coefficient for the nal for our theory to be the observation of events containing

relevant brane operator is not predicted, the branching ratidd/0 “stable” charged particles at the Tevatron or at LHC.

are all given in terms of a single unknown mixing parameter.] €€ scalar taus have opposite charges if they arise from

Since gauge boson mediated proton decay does not invohgréll-Yan production, but have equal probability of like
an exchange of superparticles, these results are completgfff2r9e and opposite charge combinations if they are pro-
independent of supersymmetry breaking. uced from squark and gluino decay§. It is likely that th_ese

As stressed above, the requirements of a large top quaﬁpa}rged scalar taus decay cosmologically to _neutral axinos,
mass and proton longevity require a separation in locatiofVNich may contribute to dark matter of the universe.
between the top quark and the up quarki=-must be on the
brane andr, in the bulk. Introducing supersymmetry break-
ing by a twist in the boundary condition, this requires that
F1,3share a common location, to avoid too layge-e and Y.N. thanks the Miller Institute for Basic Research in Sci-
7— u transition rates. This immediately leads to a predictionence for financial support. This work was supported in part
of large neutrino mixing angles following from the seesawby the Director, Office of Science, Office of High Energy and
generated neutrino mass matrix; both atmospheric and sol&tuclear Physics, of the U.S. Department of Energy under
neutrino oscillations should result from large mixing angles.Contract DE-AC03-76SF00098, and in part by the National
The Majorana mass for the right-handed neutrino arises frorscience Foundation under grant PHY-00-98840.
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