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A complete 5-dimensiongb U(5) unified theory is constructed which, on compactification on the orbifold
with two differentZ,’s (Z, andZ;), yields the minimal supersymmetric standard model. The orbifold accom-
plishesSU(5) gauge symmetry breaking, doublet-triplet splitting, and a vanishing of proton decay from
operators of dimension 5. Until 4D supersymmetry is broken, all proton decay from dimension 4 and dimen-
sion 5 operators is forced to vanish by an exdtl)r symmetry. Quarks and leptons and their Yukawa
interactions are located at tt®, orbifold fixed points, whereSU(5) is unbroken. A new mechanism for
introducingSU(5) breaking into the quark and lepton masses is introduced, which originates fr&tw¢be
violation in the zero-mode structure of bulk multiplets. Even tho8g¥(5) is absent at th&; orbifold fixed
point, the brane threshold corrections to gauge coupling unification are argued to be negligibly small, while the
logarithmic corrections are small and in a direction which improves the agreement with the experimental
measurements of the gauge couplings. FurthermoreX thauge boson mass is lowered, so thate™ 70 is
expected with a rate within about one order of magnitude of the current limit. Supersymmetry breaking occurs
on theZ; orbifold fixed point, and is felt directly by the gauge and Higgs sectors, while squarks and sleptons
acquire mass via gaugino mediation, solving the supersymmetric flavor problem.
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[. INTRODUCTION the strong direction, automatically brea®&J(5) to the stan-
dard model gauge group, and gives zero modes for the Higgs
The successful prediction of the weak mixing angle is adoublets but not for the triplet partners. There is no need for
major achievement of particle theory of recent decadgdt  Higgs multiplets at the unified scale with a scalar potential
suggests that weak-scale supersymmetry with two lightlesigned to give the correct unified symmetry breaking, and
Higgs doublets will soon be discovered at colliders, ancthere is no need to arrange couplings in such a way that only
there should be no exotic states in an energy desert up e Higgs triplets acquire mass. An important recent obser-
My~10'® GeV. The physics immediately above this unifi- vation is that to proceed further with construction of such
cation scale has been viewed in three frameworks: 4 dimeneories it is necessary to consider how the quarks and lep-

sional grand unified field theoriei2], higher-dimensional ,s transform under th, X Z} s

- ; : : ymmetry{ 7]. However, the
grgnd unified theories mqt_lvaped _by string t_hecﬁB,], a}nd brane interactions advoczated explicitly break the
string theory{4]. Grand u_nlflcat|on in 4D provides a simple 5-dimensionalSU(5) gauge symmetry. In this paper we re-
and Elegagtlunderstandmg of the qul;smturzn numbers of thgef}éire that all interactions preserve this symmetry
quarks and leptons in a generation, but these successes . A .
open to doubt because of several issues which require con- In this paper we construct completely realistic unified

siderable effort to overcome. Chief amongst these are: ~ theories based on the orbifol8/(Z,X Z3). We show that

Why are the weak doublet H|ggs bosons Sp“t in mas§)0int, the unified gauge symmetry is unbroken but takes a

from the colored triplet partners? restricted form, while from the 4D viewpoint there is no
Why have we not already observed proton decay inducetnbroken Georgi-Glasho®U(5). We show that higher di-
by dimension 5 operators? mensional unified theories generically do not have proton

Why should the two Higgs doublets be light when thedecay from dimension 5 operators. In particular the usual
standard model gauge symmetry allows a large mass term@imension 5 proton decay, resulting from the exchange of the

In this paper we study higher-dimensional grand unifiedcolored triplet Higgs multiplefi8], is absent because i(1)g
field theories abové/, without inputing suggestions from symmetry forces a special form for the masses of these
string theory, for example on the number of extra dimensionstates. Furthermore, thid (1) symmetry forbids the ap-
and the gauge group. We follow a “bottom-up” approach, pearance of dimension 5 operators which violate baryon
seeking simple solutions for the above issues. Many of th@uumber in the superpotential. This also allows a fundamental
methods we use, for example for gauge symmetry breakingistinction between Higgs and matter fields, and provides an
and doublet-triplet splitting, were introduced in the string-understanding of why the Higgs doublet multiplets are light
motivated contexf3]. Recently, Kawamura has shown how even though they are vectorial under the standard model:
the first two issues above are simply and elegantly solved ithey are protected from a mass term by the same B(K)g
the case of al8U(5) unified gauge symmetip] using the  symmetry that forbids proton decay at dimension 5. Thus we
orbifold S'/(Z,xZ5) previously introduced for breaking see that the four issues of grand unification listed above are
weak-scale supersymmetf@]. Orbifolding along one axis, automatically solved in higher dimensional theories. The
using a parity which ist+ for the weak direction but- for ~ framework for such 5 dimensional theories compactified on a
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SY(z,% z}) orbifold is given in Sec. Il, together with an P
elucidation of some of their general properties. A complete Lo
theory is given with gauge groupU(5) in Sec. lll. :

In addition to these accomplishments, the complete theory
constructed in Sec. Il illustrates several new results:

Unified quark and lepton multiplets, and Yukawa cou-
plings on orbifold fixed points, can be made consistent with P
the orbifolding parity which restricts the unified symmetry.

Even though the unified gauge symmetry is restricted at
orbifold fixed points, the threshold corrections to the weak
mixing angle, both at the classical and quantum level, are
small, preserving the successful prediction for the weak mix-
ing angle.

The orbifold construction for the unified gauge symmetry FIG. 1. SY(Z,% Z}) orbifold in the fifth dimension
breaking provides a natural location for gaugino mediated o z '
supersymmetry breakin@®]—all the ingredients needed for
gaugino mediation are automatically present in the theory.

Even though the theory possessessd(5) gauge sym-
metry which, from the higher dimensional viewpoint is un-
broken, the Yukawa couplings, which respect this symmetr

need not have the usu8lU(5) relations amongst the mass- S ) N
less 4D states. mode. Similarly, while theX gauge bosons have negative

The first two points are crucial if these theories are toand therefore no zero mode, the exotic color triplet, weak

predict sirt4,, and provide an understanding of the quark anddOUbIet states in the chiral adjoiry, does have a zero

lepton gauge quantum numbers. The last two points allow ua E%e.|§;Cgﬁg?g;g%Qt;rﬁtﬁcso?:c?e?zgﬁ: tti% ﬁrftg:ifén\?vx:(h
to construct completely realistic theories. gles, P

mixing angle. These exotic states can be removed by intro-

ducing two sets of different orbifold parities, giving addi-

Il. UNIFIED GAUGE SYMMETRY TRANSFORMATIONS tional structures to the spacetime which we study in the rest
ON ORBIFOLD SPACETIME of this paper.

We choose to view this spacetime as illustrated in Fig. 1.

ere are two reflection symmetrigs;» —y andy’ — —vy’,

chiral multiplets transforming e&andgrepresentations. The
orbifold projection accomplishes doublet-triplet splitting, in
the sense thaltl has a weak doublet zero mode but not a
color triplet zero mode. However, the projections work op-
Yo nai ¢ \whi ; i

positely for H® which contains only a color triplet zero

In this section we introduce a class of higher dimensionall_h
unified field theories, concentrating on the nature of the o : . f .
gauge symmetry transformation. We then discuss several fe ach with its own _orbnfold parityP and_P ' af:tmg on t/he
tures which are generic to this class. For simplicity we con-'el.ds' Each_ reflect|_on introduces special _pon@sand o', .
sider a single compact extra dimensigh=xs), and assume which are fixed points of the transformation. The physical
a fixed radius with size given by the unification scale. We_| . S .
take the unified gauge interactions in 5 dimensions to hav IZ, orblfqld. l_\leverth’eless, W? find it convenient to label
gauge groupG. The Higgs doublets also propagate in 5 di- the pattern in Fig. 1 aS'/(Z,XZ3). The components of the
mensions as components of hypermultiplets. Using 4 dimenv€ctor multiplet can be assembled into four grougse: ,
sional superfield notation, we write the vector multiplet asaccording to their transformation properties. They have
(V,3), whereV is a 4D vector multiplet an® a chiral ~Kaluza-Klein(KK) mode expansions as given in EqS)—
adjoint, and the hypermultiplet a$i(H®), whereH and H® (8), with ¢—V. Before orbifolding the gauge transforma-

are chiral multiplets with opposite gauge transformations. 0ns are arbitrary functions of positiog=¢(y) for each
The form of the gauge transformations und&rcan be generator(we suppress the dependence on the usual four

restricted by compactifying on the orbifof/z, with a par- dimensions However, the non-trivial orbifold quantum
ity, P, which acts on the vector representationGfmaking numbers of the gauge particles imply that the most general

some components positive and some components negativ%‘?t of gauge transformations are restricted to have the form

space can be taken to bes@<wR/2, and is the usual

P=(+,+,...—,—,...). Theorbifold symmetry on any _ .
tensor fieldg is then defined byb(—y) = Pd(y), whereP U=exi(6eeNTos T 60T
acts separately on all vector indicesdfand an overall sign +E  (WT_+E__(Y)T_D)]. (]

choice for the parity of the multiplet may also be included in

P. Itis understood that there is a relative minus sign betweeifhe generators of the gauge grolipre labeled by the and

the transformation ofH¢(2) andH(V), as required by th® P’ quantum numbers of the corresponding gauge boson. The
invariance of the 5D gauge interactions. In certain césiss  gauge functiongpp:(y) also have the KK mode expansions

a discrete gauge transformation, but it need not be. similar to those of Eqs(5)—(8), with ¢— &. At an arbitrary

A non-supersymmetric theory witb=SU(5) andP= point in the bulk all generators of the gauge group are op-
(=,—,—,+,+) was considered by Kawamulrh0]; here we erative. However, at the fixed poin@ the gauge transfor-
discuss a supersymmetric version. The Higgs bosons amations generated byT_p, vanish, becauseé_p/(y
taken to lie in a hypermultipletH{,H®) (x,y), with H andH® =0,mR)=0. Thus locally at these points the symmetry
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should be thought of as the subgrodmenerated by the set modes. Making a KK mode expansion, one discovers that the
of generatorsT, p, .* Similarly for the pointsO’; hence Ty transformation rotates the zero-mol§’ into a combi-
nation of massive triplet KK modes{” , and, from the 4D
viewpoint, this gauge transformation is broken. It is because
«= &éx 4 _ has no zero-mode contribution that there is no 4D

Relative to the theory with arbitrai@ gauge transformations Georgi-GlashowSU(5) symmetry. A central thesis of this

on a circle, one can view the orbifold procedure as leading t®aper is that the grand unified symmetry is an inherently

a local explicit breaking of some of these gauge symmetrie€xtra-dimensional symmetry—it is not a 4D symmetry which

at the fixed points. In the model of the next sectid,is the ~ must be spontaneously broken, and it does not contain the

standard model gauge group, so ti@t is simply not af- 4D Georgi-GlashowsU(5) as a subgroup.

fected by the unified gauge transformations. From the 5D The construction of theories of the type outlined above is

viewpoint, working on the orbifold spacetime, the gaugenot guaranteed. There are certain consistency conditions that

symmetry simply takes a restricted form—the theory doesnust be imposed. All interactions, both bulk and brane, must

not involve any gauge symmetry breaking. be invariant under each parity, that is under—y and
Once a KK mode expansion is made, one finds that they(—y)— Pg(y), and similarly forP’. For the bulk gauge

5D gauge transformation corresponds to infinite towers ofnteractions this means that the group structure constants
gauge transformations, which mix up KK modes of different abe_ cabe A
must obeyf@°=f2°=0, wherea(a) runs over generators

Lﬁ\i/seljbasi:czslritid \;V(':ttz t"hkee ';ngijrggtfosb?gaﬁzﬁdg\% r;\(:tr]um even(odd) underP. Important constraints result because the
P "y y y 9 brane interactions @, which include the Yukawa couplings

. . n) . (n) o .
expectation value anq m|x@éﬂ W't.h duAs”, gVing a mass for the quarks and leptons, must be symmetrical under both
to then# 0 modes. Without an orbifold procedure, the theoryP, and the gauge symmetiyl. Constructing such interac-
possesses an mﬂmte number of gauge transformations pﬂbns is non-trivial, and will be discussed in detail in the
rametrized by an integerfor each generator. However, after explicit theory of S’ec i

the orbifolding, some of the gauge transformations are pro o

jected out due to the non-trivial orbifold quantum numbers of ~1he parityP” must be chosen so thag andV are odd

the gauge parameters, amdcan no longer take arbitrary @nd have no zero modes. This implies that the gauge sym-
values. Therefore, from a 4D viewpoint, the orbifold proce-Metry H' at the fixed pointsO’ does not contairsU(5).

dure corresponds to imposing only the restricted sets offence brane interactions &' violate the Georgi-Glashow
gauge transformations on the theory. The unbroken gauge@U(5) symmetry. This raises the crucial question as to
symmetry of the 4D theory is generated By . , and is the ~Whether the prediction for the weak mixing angle survives in

(o] o’
G—H, G—H'. (2

intersection ofH andH'. these theories—is Georgi-Glashd®J(5) necessary for a
Our class of theories includes many possibilities@1P,  successful prediction of the weak mixing angle? We find that
andP’. We require that the choice @& andP is such thaH, it is not: the three standard model gauge interactions are

the group of local gauge transformationgats, or contains, unified into a single non-Abelian higher dimensional gauge
SU(5). To obtain an understanding of the quark and leptonsymmetry, so that a zeroth order relation amongst the three
quantum numbers we require that the three generations agguge couplings is preserved. Threshold corrections have
described by brane fields a® in representations of two origins: brane kinetic terms for gauge fields located at
H:  3(TiotFs) for H=SU(5). Furthermore, Yukawa cou- Q' andSU(5) splitting of the KK multiplets of the Higgs
plings of this matter to the bulk Higgs field will be placed at and gauge towers, which are inherent to our class of theories.
O. Notice that the standard model quarks, leptons, gaugg, the next section we show that these threshold corrections
fields and Higgs bosons are transforming under a unifiedre ynder control and small. It is remarkable and non-trivial
symmetry group, such @U(5), which from the 5D View- 4t even if the brane gauge kinetic terms violate Georgi-

point, isunbroken How can this be possible? The answer is |ashows U(5) strongly, the resulting tree-level corrections
that this is not the same 4BU(5) symmetry that Georgi g the weak mixing angle are negligible.

and Glashow introduced. While it acts in a standard fashion p.5ion decay from color triplet Higgsino exchange van-

on the quarks and leptons, its action on the gauge and Higgshes in our class of theories. These Higgsinos acquire mass

fields, which live in the bulk is non-standard. For example,via the KK mode expansion of operators of the farr, H°.
consider the gauge transformation induced by the generateiha pirac mass couples the triplet Higgsino to a st;tbl‘in

Tx, which is in SU(S)/(SU(3)cx SU(2) XU(1)y), @S- \yhich does not couple to quarks and leptons. It is well
suming thatP’ has been chosen such thig{=Tyx. —. ThiS |\ no\wn that the dimension 5 proton decay problem can be
assignment guarantees that if the Higgs doublets arg,eq py the form of the triplet Higgsino mass matrix; in
hz++.(y), as they should be to possess zero modes, then thgqner dimensional unification the structure of the theory re-
color triplet partners will béz,. _(y), and will not have zero g yires this dimension 5 proton decay to be absent. The form
of the mass matrix is guaranteed byJg1)g symmetry of
the 5D gauge interactions. As shown in the next section, this
Yf interactions onO contain3. fields, there are additional con- can be trivially extended to the brane matter fields so that alll
straints on the form of the interactions coming fraipé_p/(y proton decay at dimension 5 is absent, &yhrity automati-
=0,mR)#0. cally results, giving proton stability also at dimension 4.
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Since matter resides &, where the gauge transforma- TABLE I. The (Z,,Z5) transformation properties for the bulk
tions include those oB8U(5), the Ykawa interactions are gauge and Higgs multiplets.
necessarih\5 U(5) symmetric, leading to the unified fermion

mass relatiomg/my=m,, /m,, which conflicts with data by ~(P.P") 4D N=1 superfield Mass
an ord_e_r of magr_litude. Does this exclude our framework? Ire+’+) V3, H., He on/R
4D unified theories, acceptable mass relations follow fro _ . B

. . . . . . rrt%—, ) va H H (2n+1)/R
using higher dimensional operators involving factors of ) f ¢ /
SU(5) symmetry breaking vacuum expectation values,(_'+) %% Hg, HCE (2n+1)/R
(Ssys))- Indeed the Yukawa matrices can be viewed as ext =) 3% HE, Hg (2n+2)/R
pansions in(%sys))/Mp [11], allowing the construction of
predictive unified theories of fermion masgdd2,13. This
option is not available to us as there are31d(5) breaking P(X*,y)— d(xH,—y)=Pp(x*,y), (3
vacuum expectation values. We find that our framework
leads to an alternative origin fd8U(5) breaking Yukawa H(XE Y )= d(XE, —y ) =P d(x*y"), (4)

interactions, and we are able to introduce a new, highly con-

strained, class of prgdictive unified _theorie_s of fermionWhere the eigenvalues & and P’ must be+ 1. Denoting
masses. The only origin &U(5) b_reaklng alo is through the field with (P,P')=(*+1,%1) by ¢.., we obtain the
the zero-mode structure of bulk fields with non-zero Wave'following mode expansionis];

functions atO. We therefore introduce a new class of bulk
matter in a vector representation & as hypermultiplets

= - 2ny
(B,B%) +(B,B°). The symmetry quantum numbers of these ryy=> (2N () cos—2
fields are assigned such that brane interaction® agive s (XY ngo \/23n,07rR¢++(X Jeos g™ )
mass terms and Yukawa interactions which involve both the
brane matter and the bulk matter. For example, weis “ g (2n+1)y
SU(5), andB is taken to be a 5-plet, the brane interactions at _(xMy)= D ——= P D (x#)co 6

a - (x"y) g D (xt)cos———,  (6)

O include the mass termB(B+F5) and the Yukawa inter- 7=0 /R

actionsT,o(B+ Fz)Hg. This leads to realistic masses, as dis-
cussed in the next section. 1 (2ns 1) _(2n+1)y

Below the compactification scale our theory is the mini- ¢—+(X“-Y)ZHZO \/:Rd’—+ (xf)sin—p—, (@)
mal supersymmetric standard model. While there are a vari- ONT
ety of possibilities for supersymmetry breaking, it is readily
apparent that our class of theories provides a very natural (2n+2)
setting for gaugino mediation. Gaugino mediati®] re- ¢~(XM’V):EO\/:R¢—— (X”)S'”T* ®)
quires the standard model gauge fields to propagate in a bulk &
which contains at least two branes. One brane has quarks and )
leptons localized to it, while the other is the location of su-Where 4D fieldsp??, pE*Y, g1, and 212 ac-

persymmetry breaking. Clearly, in our class of theories théluire _masses @R, (2n+1)/R, (2n+1)/R, and (2
supersymmetry breaking should resideOst +2)/R upon compactification. Zero modes are contained

only in ¢ , fields, so that the matter content of the massless
sector is smaller than that of the full 5D multiplet.

In the 5D bulk, we hav&U(5) gauge supermultiplets and

A. Orbifold symmetry structure two Higgs hypermultiplets that transform &snd5. The 5D

In this section we construct a complete unifisi(5) gauge supermultiplet contains a vector bosAg (M
theory in 5 dimensions and discuss some of its phenomenc=0,1,2,3,5), two gauginos and\’, and a real scalas,
logical aspects. We begin by reviewing the bulk structure ofwhich is decomposed into a vector supermultipf¢s , ,\)
the model of Ref[5]. The 5D spacetime is a direct product and a chiral multiplet in the adjoint representatidf(o
of 4D Minkowski spacetimeM* and an extra dimension +iAs)/y2,\’'] underN=1 supersymmetry in 4D. The hy-
compactified on theS'/(Z,xZ5) orbifold, with coordi- permultiplet, which consists of two complex scalatsand
natesx* (u=0,1,2,3) andy(=x>), respectively. TheS!/  ¢° and two Weyl fermionsy and ¢°, forms two 4ADN=1
(Z,x Z}) orbifold can conveniently be viewed as a circle of chiral multiplets ®(¢,) and ®°(¢°,¢°) transforming as
radiusR divided by twoZ, transformationsZ,: y——y and  conjugate representations with eqch other unde.r the gauge
Z,: y'——y' wherey’'=y—7R/2. The physical space is 9roup- Hered runs over the two Higgs hypermultipletds
then an intervay:[0,77R/2] which has two branes at the two andHs. [HE and H%transform a$ and5 under theSU(5) .]
orbifold fixed points aty=0 and wR/2. (The branes at The 5DSU(5) gauge symmetry is “broken” by the orbi-
y=mR and —7R/2 are identified with those at=0 and fold compactification to a 4DSU(3)cX SU(2) X U(1)y

. AN SU(5) THEORY

7RI2, respectively. gauge symmetry by choosing=(+,+,+,+,+) and P’
Under theZ,XZ;, symmetry, a generic 5D bulk field =(—,—,—,+,+) acting on the5. Each Z, reflection is
¢(x*,y) has a definite transformation property taken to preserve the same 4D=1 supersymmetry. The
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(Z,,Z3) charges for all components of the vector and HiggsP underZ, must obviously be plus. Then, the parities
multiplets are shown in Table 1. Here, the indicesand a underZ; are determined by the requirement that any opera-

denote the unbroken and brok&W(5) generatorsT? and tors written on they=(0,7R) branes must transfori@U(5)

T2, respectively. The andF represent the color triplet and covariantly undeZ; . This is because if various terms in an

weak doublet components of the Higgs multiplets, respec-S U(5)-invariant operator on thg=0 brane transform dif-

. ) _ s ¢ PR ferently under theZ,, the corresponding terms on the
tlvcely. HC5D£HC’HF}’ HSD{HC’HF_}’ Hs2{Hc,Hg}, and =R brane are no8U(5) invariant, contradicting the ob-
HgD{HZ HE. Since only -, +) fields have zero modes, ggryation made in Eq(l). In particular, since the kinetic
the massless sector consists RfE=1 SU(3)cXSU(2).  terms for theT,, and F3 fields must transform covariantly
X U(1)y vector multipletsv(®) with two Higgs doublet chi-  under thez}, there are only four possibilities for the assign-

ral superfieldsH(® andHY . Thus, the doublet-triplet split- ment of theP’ quantum numbersti) P'(Q,U,D,L,E)=

ting problem is naturally solved in this framewoj&]. The l“(Jr,;,—ﬁr,—) or (i) P'(QU,D,L.E)==*(~,+,—,
higher modes for the vector multipled?®™ (n>0) eat +.T).” The case ¢,+,—,+,+) follows from requiring
332" hecoming massive vector multiplets, and similarly for (—»—»—,+,+) on each5 index, and the other three possi-

bilities result from overall sign changes dn, and/orFs.

a(2n+1) a@n+1) (p= . . T
e and > (n=0). An interesting point is Once theP’ quantum numbers for the brane fields are

that the non-ze(r;)mc:(ozlf)s for (tzr"f "l'(%%s f'elgihl?\li(gﬁ)s Mftermined as above, we can work out the transformation
of the form HEVHEY , HEVHETY, HE" VHE ,

F properties of the Yukawa couplindTqoT10Hs]s2 and
and H(EZ"H)H%(Z””), which will become important when [T;oFsHs]42 located on the brane. It turns out that
we consider dimension 5 proton decay later. P'(T1oT10Hs) =P’ (T1FsHE)=— in the case (i), and

How should quarks and leptons be incorporated into thid>’ (T1oT10Hs) = — P’ (T1FsHs) = — in the casdlii). There-
theory? In this paper we concentrate on the case where thd9re, theZ,; X Z; invariant Yukawa interactions are
are localized on a brarfeAn important point is that when we 1
introduce brane-localized matter and/or interactions on some , _ 2 B
orbifold fixed pointO, they must preserve only the gauge ['5_f d 0[2{60/) 8y = mRIN27R Y TaoT1ofs
symmetry with non-vanishing gauge transformations at this

point ¢&#0. This corresponds to the symmetry which re- + E{g(y): 5(y_77R)}\/2WRydT10Fy—|% +H.c.,
mains unbroken on this fixed point after compactification. 2
Specifically, if we introduce the quark and lepton fields on 9

the branes ay=(0,7R) their multiplet structures and inter-

actions must presen@U(5) symmetry andN=1 supersym- where ¥ takes— and + in the case ofi) and (ii), respec-
metry, while if they are located on the=* 7R/2 branes tively. (We can easily check that the above expression
they only have to preservBl=1 supersymmetry and the is invariant under both Z,:{y——y, TioT1Hs
standard model gauge symmetry. For 81d(5) gauge sym- —T,oT;Hs, TigFsHz— T1oFsH3} and  Z;:{y'—
metry to provide an understanding of the quark and lepton-y’,  T,;T;0Hs——T1oT1Hs, TioFsHs— + T1oFsHE)
quantum numbers, they must reside on the (0,mR)  After integrating out the extra dimensional coordingteve
branes. Therefore, we put three generation®Nefl chiral  get SU(5)-invariant Yukawa couplings in 4D,

superfields T,,D{Q,U,E} and FzD{D,L} on the y

=(0,7R) branes. ” 1 5 o1
What are the transformation properties of the quark andCs= EO d?6| v2y, TﬁnOQUH(F V+QQHE" Y
n= )

lepton superfields under th&,X Z, symmetry? The parities

1 (@n)

5 QDH;

+UEH§:2”“)) +2y4

2An interesting alternative is to put quarks and leptons in the bulk.

Then, if we only introduce hypermultipletd {,, TS, and (Fg,Fgﬁ 1 5 _— —

in the bulk, the low-energy matter content is not that of the minimal + —LEH(En)-I— QLH(En Y DH(En M+ H.c.,
supersymmetric standard model. However, if we further introduce V2ono

(T10, T’y and (Fé—,F’%) and assign opposite’ parities forTq (10)

and T, (and for F5 and F), it is possible to recover the correct

low-energy matter content. The Yukawa couplings are placed omvhere the interactions between the zero-mode Higgs dou-
eithery=(0,7R) ory=*wR/2 branes. The resulting theory is not blets and quarks and leptons are precisely those of the mini-
“grand unified theory” in the usual sense, sinbeandL (Q and ~ mal supersymmetriSU(5) model.[Note that theSU(5)

U,E) come from different(hypepmultiplets. The proton decay transformation caused by the broken generaftsmixes

from broken gauge boson exchange is absent, and there is Nferent levels of KK modes, due to non-trivial profiles of
SU(5) relation among the Yukawa couplings. Nevertheless, the

theory still keeps the desired features of the “grand unified theory”:
the quantization of hypercharges and the unification of the three
gauge couplings. 3This assignment is different from that adopted in R&.
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the broken gauge transformation paramegé(s/) inthe ex- SU(5)-violating contribution from the brane kinetic terms
tra dimensior. on y==*7R/2 (the second term in the above equatjoiss

suppressed by an amount equivalent to a loop factor
1/(1672) relative to the dominan®U(5)-preserving contri-
) ) ) bution (the first term. Of course, this is a tree-level correc-
We now discuss some phenomenological issues of thgon and the brane contribution is small relative to the bulk
model, beginning with gauge coupling unification. Since theyerm pecause of the large volume factarRM, . Note that
heavy unified gauge boson masses are given By it/is iy the realistic case the theory is not necessarily strongly
natural to identify 1R=My,, the unification scale, and this coupled at the cutoff scaleM, R=1272) as we will see
is indeed correct to zeroth order approximation. Then, thgater. Even then, however, it is true that the brane piece is
corrections to this naive identification come from two generically suppressed compared with the bulk piece, after
sources. _ _ integrating outy, due to the volume factor 2RM, . For
First, since the brane interactions only have to Preservemparable values of the dimensionless couplg@\ﬂ* and
symmetries which remain unbroken locally at that fixedgg1i . this corresponds, even in the caseMbf R=4, to much

point, we can introduce brane kinetic terms for 8i6(3)c, o : - .
SU(2),, andU(1), gauge fields ay= = 7R/2 with three :235;:;2 a 1% correction to the prediction of the weak mix

different gauge couplings[The operators on they= The second correction to gauge unification originates

+mR/2 branes do not have to preserve the 81)(5), since 5 e running of the gauge couplings above the compac-
the broken gauge transformation parametgtsvanish on ftification scale due to the KK modes not filling degenerate
these branef.However, we can expect that the effect of Sy(5) multiplets* From the 4D point of view, the zero-
theseSU(5)-violating brane kinetic terms is small by mak- mode gauge couplingg, at the compactification scale
ing the following observation. Consider the 5D theory wherey (=1/R) is given by[15]

the bulk and brane gauge couplings have almost equal

strength. Then, after integrating oytthe zero-mode gauge 1 1 b b!

couplings are dominated by the bulk contributions because —; =— - _2(M*R_ 1)+ —zln(M*R),

of the spread of the wave function of the zero-mode gauge 90i(Mc)  Go(M,) 8w 87

boson. Since the bulk gauge couplings are necessa(p) (13
symmetric, we find that th&U(5)-violating effect coming

from brane ones is highly suppressed, is that the coefficienb is SU(5) symmetric, i.e.p is the

an S ALale e ahote L ey e et om0 U ), SULR), andl(1), . This s because e
y y 9 ypower—IaW contributions come from renormalizations of 5D

coupled at th_e Cutoff scaIM* where the field theory is kinetic terms, which must b&U(5) symmetric. Since the
presumably incorporated into some more fundamental

. _ sum of the first two terms must bH@(1) to haveggy (M)
theory. Then, the bulk and brane gauge couplggandg; ~1, theSU(5)-violating contribution from the runninghe

B. Gauge coupling unification

whereb andb; are constants dD(1). A crucial observation

defined by third term in the right-hand side of the above equatien
1 1 - suppressed by a loop factor because the running is only loga-
Lo= J d26) S W, + 5[ 5<y_ ER) rithmic. Furthermore, the differenceg —b; are smaller than
Os the corresponding differences of the beta-function coeffi-

cients at low energielgbs,b;,b;)=(0,2,6)], so that we ar-
+Hec., (11) rive at the following picture. As the three gauge couplings

are evolved from the weak scale to higher energies, they

approach each other with the usual logarithmic running, and
are estimated to be di~M,/(247°) and 147, at the compactification scaM . they take almost equal val-
~1/(167%) using a strong coupling analysis in higher di- ues but are still slightly different. The further relative evolu-
mensiong14]. Here,gs andgy,; are theSU(5)-invariant and  tion aboveM. is slower, but finally the three couplings unify
SU(5)-violating contributions. Note that the brane contribu- at the cutoff scaléVl, , where our 5D theory is incorporated
tions vanish fonV§, which is odd undeZ;, but are non- into some more fundamental theory. Note thd{<M\
zero and different folW®, wherei runs overSU(3)c, <M, , where My is the usual zeroth order value of the
SU(2),, andU(1)y, so that the couplingg,; differ from unification scaleM ;=2x10'® GeV. We assume the phys-
each other by factors of order unity. On integrating oyer ics aboveM, to beSU(5) symmetric.

we obtain zero-mode 4D gauge couplirgs at the unifica- To estimate the threshold correction coming from this sec-
tion scale ond source, we consider the one-loop renormalization group

equations for the three gauge couplings. Assuming that the

T 1 N
+6 y+ER _ZWi Wi
4i

1 27R 1 M, R 1 couplings take a unified valug, atM, , they take the fol-
= T~ + - (120 lowing form:
9o g5 gh 127%  16m°

Since we know thatjgi~1, we must takeM, R~ 1272 in
this strongly coupled case. This shows that the “We thank D. Smith and N. Weiner for discussions on this issue.
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TABLE Il. U(1)g charges for chiral superfields.
1 L 1 Msysy M, (1)g charg P
ai (Mz)=a, (M,)+5—)ajln +B;In
2m mz mz S Hs Hs HE Hy T Fs N
N N
! M ! M, U(1)g 0 0 0 2 2 1 1 1

*
12 Moo, 42, " om)

(14) of M. for a givenN,. For instance, if we tak&l,=4 (M,
=10M,.), we find that the compactification scale must be in
where  (@1,a,,a3)=(—5/2,-25/6-4), (B1,8,,8s) therange
=(33/5,1;-3), (v1,v2,73)=(6/5—-2,—6), and
(61,05,83)=(—46/5~-6,—2). Here, we have assumed a

common massnsysy for the superparticles for simplicity, hich is somewhat lower than the usual 4D unification scale
and the sum om includes all KK modes belowl, , so that  \j,~2x10!° GeV? There is also an independent bound on

(2N,+2)M.<M, .° Contributions proportional te; result N, coming from another linear combination 451_ 12a£1
from the KK modes of the Higgs doublets and of the stan-, 5 -1

dard model gauge bosons and thbi=2 partners, while 3 )(mg), but it s rather weak due to the experimental

. uncertainty of the strong coupling constarg(my).
terms proportional to5 result from the KK modes of the — 1pq ap0ve estimate is not precise, since only the leading

Higgs triplets and from the vectors and chiral adjoints of the g a ithmic contributions are included. A detailed analysis of
broken SU(5) generators. In 4D unified theories one typi- these corrections to gauge coupling unification will be given
cally only considers threshold corrections from a few;, Ref. [18]. Nevertheless, the number given in Ed8) is

SU(5)-split multiplets with mass close . In the o encouraging in that the dimension 6 proton deqay,
present theory there a®U(5)-split KK multiplets right up ~ _ o+ 7°, induced by the exchange of %ngauge boson, may

3X 10" GeV=M_,=8x10" GeV, (18

to M*; ) L ) be seen in the near future. The present experimental limit
Tz_iklng a linear combination of the three equations, weg Super-Kamiokandez, ¢+ 0> 1.6x 10% yr [19], is
obtain translated intoM ,=5x 10'° GeV, remembering that th&
N P | gauge boson mass M. and the coupling of theX gauge
(Say =3z —2a37)(my) boson to quarks is/2 times larger than that of the standard
1 Msusy (2N, +2)M, model gauge boson. Thi=4, corresponding to a hierar-
=5 81In i +361In - chy M, /M =10, could be excluded by an increase in the

experimental limit onr,,_ .+ ;0 by a factor of 6. In fact, if we
requireN,>1, so that there is some energy interval where
, (15)  the theory is described by higher dimensional field theory
(M, /M =4), we obtain an upper bound on the compactifi-
cation scaléM ;< 1.4x 10'® GeV, which means that increas-

where we have sel, =(2N,+2)M.. The corresponding jng the experimental limit by a factor of 60 covers the entire
linear combination in the usual 4D minimal supersymmetricharameter space of the model.

SU(5) grand unified theory takes the form

N
(2n+2)
_2420 |n—(2n+1)

C. U(1)g symmetry

-1 ~1 1 1 Msusy My ing that 1R i h ler th
— — S)==— , U,
(5a; " —3ay, —2a37)(My)= oy 8Inm—+36lnm— Knowing that 1R is somewhat smaller thaM, one

z Z may worry about too fast proton decay caused by an ex-
(16) change of the colored Higgs multiplet, since they couple to
- quarks and squarks through the interactions of Ed)).
Where MU:(MéMV)m' and My and My are the adjoint However, these dimension 5 proton decay operators are not
Higgs and the broken gauge boson masses, respediVally  generated in our theory. The mass terms for the colored
Therefore, we find the following correspondence betweer]_“ggS supermultiplets are
the two theories:

” 1 1
_ (2n+1) (2n+1)
oMe_ My 2 EN' n20t2) 54—n§_§0fdze(ﬁH(g”“)Hg@”*luﬁHg” Hg ™"
nmz_nmZ 35 n(2n+1)_n( 1+2), A7)
+H.c, (19

from the gauge running point of view. Since the experimentakoup”ng H to HC
values of the gauge couplings restribt, to the range
1x10'% Gev=M_ <3x10' GeV, we can find the range

c(2n+1)
C

The conjugate fieldsH and

61f the fundamental scale of gravity i1, , the 4 dimensional
reduced Planck masd,=2.4x 10'® GeV, can result if there are
STerminating the sum of KK modes &fl, may be justified in  additional dimensions in which only gravity propagates with a size
more fundamental theory such as string theldr§]. of the unification scale.
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HCE(Z”“), do not couple directly to the quark and lepton and Higgs fields are in the bulk they have direct couplings to

superfields because of th#(1)s symmetry shown in Table he supersymmetry breaking fieg} which we take to be a
Il and discussed below. This symmetry is only broken by92uge andJ(1)g singlet, on they=* wR/2 branes
small supersymmetry breaking effects, so we predict that
there is no proton decay induced by dimension 5 operators. £5=§{5(y—7-rR/2)+ S(y+ wR/Z)}“ d2oSWW,
In order to be complete, however, we must also forbid the

brane interactions
, (21

+f d*6(S"HeHE+ STSH-HF) + H.c.
1
510(y)+8(y—mR)}HsHs

— 2
£5_j d°e where coefficients of order unity, in units &, , are omit-

ted. Note thafF-component expectation value for tBdield
breaks theU(1)gr symmetry toR parity. This generates
gaugino masses as well as theand uB parameters, while
the squarks and sleptons obtain masses through radiative cor-
where + takes+ and — in the case ofi) and (ii), respec- rections so that the supersymmetric flavor problem is natu-
tively. For this purpose, it is useful to notice that the 5D bulkrally solved. Superparticle phenomenology is more tightly
Lagrangian possesses a continudigl )r symmetry. This constr_ained than in a general theory of gauginq mediation.
bulk U(1)x is a linear combination of the/(1) subgroup of ~The distance between the supersymmetry breaking and mat-
the SU(2)g automorphism group oN=2 supersymmetry ter branes is known quite precisely, and, furthermore, the
algebra and a vector-like ndRU(1) symmetry under which proton decay constraint does not'allow very I_arge values for
the Higgs fields transform asHg(—1),Hg(—1), M, /M_c, so that the ratio ofcB/ u is not a significant probf _
HE(+1),HS(+1). The point is that we can extend this lem. It is also remarkable tha_t, even though we have.a_l unllfled
5 s P S . gauge symmetry with precise gauge coupling unification,
U(1)r to the full theory by assigning appropriate charges tothere is no unification of the three gaugino masses. They
the quark and lepton superfields. The ful{1)r symmetry,  originate from the only location in the theory where the
with charge assignments given in Table II, allows thegauge transformatioris(y) are forced to vanish, so that the
Yukawa couplings in Eq(9). Hence, imposing the matter coefficients of SW*W,, in Eq. (21) is different for the
guantum numbers of Table II, all interactions of E20) are SU(3)c, SU(2), andU(1)y terms.
forbidden by theU(1)g symmetry. This not only solves the
problem of dimension 5 proton decay completgdpth from E. Quark and lepton masses

tree-level brane operators in E20) and from colored The SU(5) invariance of Eq(9) guarantees the success-
Higgsino exchangds but also naturally explains why the fy| m,/m_mass relatiof21], but is not realistic, since it

weak Higgs doubletsir and HE are light. Note that this  yjelds mg/my=m,, /m,. As discussed at the end of the pre-
U(1)r also forbids unwanted brane operatpFgHs]y2 and  yious section, if the unified symmetry is broken by an orbi-
[ T10F5F5] g2, since it contains the usuBtparity as a discrete  fo|d compactification, there is a new, constrained mechanism
subgroup. for obtaining SU(5) breaking in fermion mass relations.
Here we give a simple specific realization of this mechanism
D. Supersymmetry breaking which is sufficient to allow realistic fermion masses. We add

An important question is the origin of 4 dimensioral  bulk hypermultiplets which transform as+5: (B,B°)
=1 supersymmetry breaking. In 4D it is well known that the +(B,B°). We assume that they have no bulk mass term, for

supersymmetry breaking must be isolated to some degregmplicity. We assign botiB andB a U(1)g quantum num-
from the particles and interactions of the minimal supersymyer of +1, so that these hypermultiplets should be thought of
metric standard model. In fact, the argument of Dimopoulosgs matter fields rather than Higgs fields. Thex Z, quan-

and Georgi shows that this isolation is only necessary for the,m numbers of these hypermultiplets can be chosen such
matter fields[2]. It is therefore quite clear that the ideal hat the zero modes are either weak doublets or color triplets;
location for supersymmetry breaking is the braneyat  poth possibilities lead to realistic theories. TBE(5) invari-
+mR/2. Remarkably, one immediately finds that this resultsynt prane interactions gt=0 relevant for down-type quark

in a supersymmetry breaking scheme which is precisely thafnq charged lepton mass matrices are
of the gaugino mediation mechanig@l. Since the gauginos

1
+ 5{5()/) = 8(y—mR)} T1oT10T10F5| + H.C., (20)

Le= f d208(y)(B(B+F5) + T1o(B+FaH), (22)

"The aboveU(1)x allows the brane operat§HsHz] 4252 on the

y=(0,7R) branes. Thus, it is possible to produceuaterm (a . _ L L. .
supersymmetric mass term for the Higgs doublefsthe order of actions are placed gt= R to maintain theZ, X Z; invari

the weak scale by the mechanism of H@0] after the breakdown ance of the theory. The lepton douEIets and right-handed

of N=1 supersymmetry, through a constant term in the superpoterdown quarks are found to lie partly B and partly inFz,

tial needed to cancel a positive cosmological constant arising fronbut in different combinations. Hence in general ®&(5)

the supersymmetry breakingThe superpotential constant term relations between the down and charged lepton masses are
comes from an explicit or spontaneous breaking oflit{é ). ] removed. The analysis is very simple when the mass terms of

where coupling parameters are omitted. Corresponding inter-
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Eq. (22) are smaller thaiM .. Suppose that the zero modes 4D gauge symmetry t8 U(3)cX SU(2), XU (1)y, and that
of B are weak doublets. In this case the lepton doublet lieshis is accompanied by a reduction in the zero-mode Higgs

partly in B and partly inFs, while the down quark lies States to only those that are weak doublets.
completely inFz. HenceToFsHz contributes to both down ~ We have constructed a complete 5-dimensio8&l(5)

and lepton masses, whilé,BHz contributes only to the unified/ field theory compactified on th_e orbifol&'/
lepton masses. One can imagine that, for some flavor synf£2>Z2). The theory possesses the following features:
metry reason, these mixing terms are only important for the Quarks and leptons are introduced at orbifold fixed points
2-2 entry of the Yukawa matrices, so that the Georgi-Jarlsko§’hich preserv&s U(5) invariance, thereby yielding an under-
mass matrices follo12]. Standing of their gauge quantum _numbers. _ _

Note that the above mechanism could, in principle, intro- Quark and lepton masses arise frddu(5) invariant
duce supersymmetric flavor problem sirBeand B fields Yukawa couplings at these fixed points, which can therefore

- . display SU(5) fermion mass relations such as,=m,.
have fupersymmetry breakmg masses .by coupling tm Mixing between heavy bulk matter and brane matter can lead
the y=*+ 7R/2 branes and give non-universal squark and

slepton masses through the mixing wig. However, the to nonSU(5) symmetric mass relati_ons,_ as the zero-mode
amount of induced flavor violation strongly depends on theStrUCture of the bu!k matter SU(S) v_|olat|ng. . .
The mass matrix for the color triplet Higgs particles is

structure of the Yukawaﬁouplmgs. Suppose the Yukawa COU%etermined by compactification, and results in the complete

pling of theB field, [T10BH5s] 42, is of order one. Then, the  ghsence of dimension 5 proton decay from the exchange of
mixing betweerB and the second generatiéig with angle  these states.
of 0(0.01) will be sufficient to break unwante&lJ(5) rela- Until 4D supersymmetry is broken, the theory possesses
tions on fermion masses. In this case, the flavor violatingan exactU(1)r symmetry. This forbids all proton decay
squark and slepton masses are suppressed compared with them dimension 4 and dimension 5 operators.
gaugino masses, and the induced flavor violating processes at The orbifold has fixed points wher8U(5) is broken.
low energy would be sufficiently small. This leads to corrections to gauge coupling unification aris-
Neutrino masses can easily be incorporated into oulng from nonSU(5) symmetric brane gauge kinetic terms
theory. Introducing three right-handed neutrino superfieldsind from KK modes of gauge and Higgs multiplets which do
Ny's, with U(1)g charge of+1, on they=(0,7R) branes, not fill degenerateSU(5) multiplets. We have argued that
we can write neutrino Yukawa coupling$sN;Hs]s2 and  the former are negligibly small. The latter yield small cor-
Majorana mass terms fo¥;'s on the branes, accommodating rections to the weak mixing angle prediction, in a direction
the conventional see-saw mechani$@®] to explain the which improves the agreement between supersymmetric uni-
smallness of the neutrino masses. Alternatively, we couldication and experiment.
introduceNy’s on they=*7R/2 branes and forbid their The X gauge boson, which inducgs—e* #°, has a mass
mass terms by imposing some symmetry suchJé$)s_, .  equal to the compactification scale Rl/which is smaller
Then, with appropriate couplings to heavy bulk fields ofthan the usual 4D unification scale of<A0'® GeV by a
masses~M, , exponentially suppressed Yukawa couplings,factor between 1.4 and 4. We predict tipat-e” 7% will be
exp(—7RM, /2)[ F5N,Hs] 2, are generated via exchanges of discovered by further running of the Super-Kamiokande ex-
these heavy bulk fields. This provides a mechanism of natuperiment, or at a next generation megaton proton decay de-
rally producing small Dirac neutrino masses in the presentector.
framework. Supersymmetry breaking occurs on a brane distant from
the matter brane, resulting in the generation of gaugino
IV. CONCLUSIONS masses and the/wB parameters. This breaking is commu-
nicated to matter by gaugino mediation, so that there is no
It is well known that compactifying a higher-dimensional supersymmetric flavor problem. While supersymmetry
gauge field theory on a compact manifold leads to gaugéreaking break$)(1)g, it preservesR parity. Since the full
symmetry breaking. For example, compactification on asuU(5) gauge transformations do not act on the supersymme-
circle leads to a mass for all gauge bosons corresponding @y breaking brane, the gaugino mass parameters do not
non-trivial gauge transformations on the circle. The onlyunify.
gauge bosons which remain massless correspond to zero- See-saw neutrino masses arise on the matter brane.
mode gauge transformations. Compactifying on an orbifold,
with an orbifold symmetry which acts non-trivially on the
gauge bosons, constrains the form of the gauge transforma-
tions, and reduces the number of their zero modes. This re- We would like to thank N. Arkani-Hamed, R. Barbieri,
moval of zero-mode gauge transformations therefore deb.E. Kaplan, T. Okui, D. Smith and N. Weiner for valuable
creases the gauge symmetry of the resulting 4D theory. Sudfiscussions. Y.N. thanks the Miller Institute for Basic Re-
a reduction can also be seen because the orbifold symmetgearch in Science for financial support. This work was sup-
removes some of the zero-mode states that would be necgserted by the E.C. under the RTN contract HPRn-CT-2000-
sary to realize the 4D gauge symmetry. Kawamighhas 00148, the Department of Energy under contract DE-AC03-
shown that a 5D theory witBU(5) gauge symmetry com- 76SF00098 and the National Science Foundation under
pactified on the orbifolds*/(Z,x Z}) elegantly reduces the contract PHY-95-14797.

ACKNOWLEDGMENTS

055003-9



LAWRENCE HALL AND YASUNORI NOMURA PHYSICAL REVIEW D 64 055003

[1] H. Georgi, H. R. Quinn, and S. Weinberg, Phys. Rev. L28f.  [13] S. Dimopoulos, L. J. Hall, and S. Raby, Phys. Rev. L&8,.
451 (1974; S. Dimopoulos, S. Raby, and F. Wilczek, Phys. 1984(1992; Phys. Rev. D45, 4192(1992.

Rev. D24, 1681(1981). [14] Z. Chacko, M. A. Luty, and E. Ponton, J. High Energy Phys.
[2] H. Georgi and S. L. Glashow, Phys. Rev. L&®2, 438(1974); 07, 036 (2000.

S. Dimopoulos and H. Georgi, Nucl. Phy8193 150(1982); [15] K. R. Dienes, E. Dudas, and T. Gherghetta, Phys. Let3§

N. Sakai, Z. Phys. A1, 153(198)). 55 (1998; Nucl. Phys.B537, 47 (1999.

[3] P. Candelas, G. T. Horowitz, A. Strominger, and E. Witten,[16] D. Ghilencea and G. Ross, Nucl. Ph{569, 391 (2000.
Nucl. PhysB258 46(1985; E. Witten,ibid. B258 75(1985. [17] J. Hisano, H. Murayama, and T. Yanagida, Phys. Rev. béft.

[4] P. Horava and E. Witten, Nucl. PhyB460, 506(1996); B475, 1014(1992.

94 (1996. [18] L. Hall, Y. Nomura, T. Okui, and D. Smittin preparatioiy see

[5] Y. Kawamura, hep-ph/0012125. also, Y. Nomura, D. Smith, and N. Weiner, hep-ph/0104041.

[6] R. Barbieri, L. J. Hall, and Y. Nomura, Phys. Rev. &3, [19] Super-Kamiokande Collaboration, M. Shiozaegal, Phys.
105007(2001). Rev. Lett.81, 3319(1998.

[7] G. Altarelli and F. Feruglio, hep-ph/0102301. [20] G. F. Giudice and A. Masiero, Phys. Lett. 26, 480 (1988.

[8] N. Sakai and T. Yanagida, Nucl. PhyB197, 533 (1982; S. [21] M. S. Chanowitz, J. Ellis, and M. K. Gaillard, Nucl. Phys.
Weinberg, Phys. Rev. D26, 287 (1982. B128 506 (1977).

[9] D. E. Kaplan, G. D. Kribs, and M. Schmaltz, Phys. Re\v6®) [22] T. Yanagida, in Proceedings of the Workshop on the Unified
035010(2000; Z. Chacko, M. A. Luty, A. E. Nelson, and E. Theory and Baryon Number in the Universe, edited by O.
Ponton, J. High Energy Phy81, 003 (2000. Sawada and A. Sugamoto, KEK Report No. 79-18, 1979, p.

[10] Y. Kawamura, Prog. Theor. Phy$03 613 (2000. 95; M. Gell-Mann, P. Ramond, and R. SlanskySapergrav-
[11] J. Ellis and M. K. Gaillard, Phys. Let88B, 315 (1979. ity, edited by P. van Nieuwenhuizen and D. Z. Freedman
[12] H. Georgi and C. Jarlskog, Phys. Le86B, 297 (1979. (North Holland, Amsterdam, 1979p. 315.

055003-10



