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It has been shown recently that the problem of rapid proton decay induced by dimension-five operators
arising from the exchange of colored Higgsinos can be simply avoided in grand unified models where a fifth
spatial dimension is compactified on an orbifold. Here we demonstrate that this idea can be used to solve the
Higgsino-mediated proton decay problem in any realiSt@a(10) model by lifting that model to five dimen-
sions. A particulaS O(10) model that has been proposed to explain the pattern of quark and lepton masses and
mixings is used as an example. The idea is to breakSt®€10) down to the Pati-Salam symmetry by the
orbifold boundary conditions. The entire four-dimensioB8&)10) model is placed on the physicalO(10)
brane except for the gauge fields, thB and a singlel0 of Higgs fields, which are placed in the five-
dimensional bulk. The structure of the Higgs superpotential can be somewhat simplified in doing so, while the
Yukawa superpotential and mass matrices derived from it remain essentially unaltered.
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[. INTRODUCTION GUTs have to do with the gauge interactions and the quark
and lepton sectors, whereas all of their difficulties have to do
There are several pieces of evidence in favor of supemwith the Higgs sector. This suggests that SUSY GUTs may
symmetric grand unified theori¢SUSY GUTS. There isthe require some radically new idea for explaining how gauge
impressive unification of the gauge couplings of the minimalsymmetries break. It has been known since the rebirth of
supersymmetric standard mod®SSM) when extrapolated Kaluza-Klein theories and superstring theory in the 1980s
to high energies. There is the existence of neutrino masthat theories with extra dimensions allow interesting new
whose magnitude corresponds very well to what is expectediays of breaking gauge symmetries and of solving the
from the seesaw mechanism when the right-handed neutrindoublet-triplet splitting problem. Recently, it has been shown
mass is taken to be of ordbts 1, the scale at which gauge that in models with only one or two extra space dimensions
couplings unify. And there are various features of quark andrbifold compactification can break grand unified symme-
lepton masses and mixings that can be elegantly accountédes in such ways as to resolve rather simply both the
for by grand unified symmetries. A well known example of doublet-triplet splitting and proton decay problef¥%5].
this is the relatiorm,(Mgy1) =m,(Mgyt) [1]. Another is  These developments give good reason to suspect that extra
that the largeness of the atmospheric neutrino mixing angldimensions may be the missing ingredient in the idea of
may be related to the smallness of the corresponding quardgrand unification.
mixing angleV,, by grand unified symmetries in so-called  The question naturally arises whether these ideas allow
“lopsided” models[2]. It is possible to construct GUT mod- one to cure the proton decay problem in actual realistic four-
els of quark and lepton masses that are quite simple andimensional SUSY GUT models of quark and lepton masses.
predictive. In this paper we show that they can. We consider a specific
On the other hand, there are also serious problems withublishedSO(10) model that is quite successful in reproduc-
SUSY GUTs, in particular, the problem of doublet-triplet ing the spectrum of quark and lepton masses and mixings—
splitting and the closely related problem of dimension-fiveincluding neutrino mixings—with very few free parameters
proton decay operators that arise from the exchange of co[6—8]. We show that by embedding this model in five dimen-
ored Higgsinos. In fact, given better limits on proton decaysions not only is the problem of proton decay resolved, but
and better calculations of matrix elements recently, the probthe model is in several ways actually simplified in structure.
lem of Higgsino-mediated proton decay has become quite The paper is organized as follows. In Sec. I, we briefly
severe[3]. Some of the more successful GUT models ofreview the four-dimensiona8O(10) model of quark and
quark and lepton massésat least in their original formscan  lepton masses, emphasizing in particular how 8©(10)
no longer be claimed to be consistent with the improvedsymmetry plays a role in explaining many features of the
experimental proton decay limits. data. We also review the Higgs sector that is needed in real-
It is noteworthy that the successful features of SUSYistic SO(10) models, discussing where the general problems
lie and what must be done in four dimensions to resolve

them. In Sec. Ill, we show how to embed the model de-
*Electronic address: albright@fnal.gov scribed in Sec. Il in five dimensions. We will see that to do
"Electronic address: smbarr@bartol.udel.edu this successfully th&O(10) symmetry must be broken not
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only by orbifold compactification but also by a Higgs field in
the adjoint representation &0O(10). We will see how this
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are distinguished by a family label. The adjoint Higgs field
45, is assumed to have a vacuum expectation valEeV)

embedding in higher dimension allows the Higgs sector to beroportional to the generat®—L. The 104 has weak-scale

significantly simplified.

Il. A REALISTIC FOUR-DIMENSIONAL SO(10) MODEL

A. The quark and lepton sector

The model we shall study is that proposed [6+8],
which is of the “lopsided” type. The Dirac mass matrices of
the quarks and leptons have the form

n 0 0

My=| O 0 €3 my,
0 —-€3 1
7 o S

Mp=| 6 0 o+ €l3 mp,
o' —€l3 1
n 0 O

MEirac: 0 0 —e¢ my,

0 € 1
7 1) S

ML: 6 0 —€]1Mmp. (1)
o ot+e 1

The convention being used here is that the left-handed fer.T.h

mion fields multiply the matrices from the right. As ex-
plained in Ref[7], an excellent fit is obtained for the nine

quark and charged lepton masses and four Cabibbo-

Kobayashi-MaskawaCKM) mixing parameters with the
seven real parameters and complex phasé&fafter evolu-

VEVs in both the (1,27 3) and (1,23) componentgunder
SU(3)XSU(2) xU(1)y], hile the 10, and 10 have
VEVs only in the (1,2- 3) component. Thd6, has a GUT-
scale VEV in the (1,1,0) component, adé, has a weak-
scale VEV in the (1,27 3) component.

Many of the features of the mass matrices in Ej.can
be understood in group-theoretical terms. Enentries come
from the operato,; in Eq. (2). The factors of+1 and+ 3
that accompany these entries arise from the fact that
(454)«B—L. Moreover, it can be shown that wif¥5,)
«B—L the € entries must enter antisymmetrically in flavor,
as in fact they do in Eq(l). [In O,3 there are two ways to
contract the fields to form aB8Q(10) singlet. One of these
contractions is flavor symmetric, the other flavor antisym-
metric. The flavor-symmetric piece vanishes(#5,)=B
—L.] The o entries in Eq(1) come from the operatd®,;.
In the expression defining this operator in E2). the paren-
theses mean that the fields inside the parentheses are con-
tracted into al0 of SO(10). From the fact that the VEV of
16, points in theSU(5)-singlet direction, one sees that in
SU(5) language),,= 10,535 . Consequently, the entries
appear in a “lopsided” way and are also transposed between
M, andMp . In Eqg.(2), the entries denoted by 1 come from
033 and the entries denoted ldyand 8’ come fromO4, and
0.3, respectively. All of these are flavor symmetric siride
is in the symmetric product df6x 16.
Four of the operators in Eq2) are nonrenormalizable.
ese can arise from integration out of real representations
of quarks and leptons. For example the operator
16,16;10,445, /Mgyt can come from integrating out a vec-
torlike family-antifamily pair16+ 16, having the renormal-
izable couplingsl6;16 45,+ 16,16 1Q,+ M 516 16 The op-

tion downward from the GUT scale. In addition, the atmo-erator (16,16,)(16;16,)/Mgyr can come from integrating
spheric neutrino mixing angle is predicted to be very close t®ut a 10 of quarks and leptons having the renormalizable
maximal, as observed. A simple hierarchical form for thecouplings 16;10 16,+ 16,10 16,+M,101Q The operator
right-handed Majorana mass matrix in terms of three or foufO1; involves the integration out of additional vectorlike fer-
additional parameters leads to the large solar mixing anglglions, while the operatd®d;, involves the integration out of

(LMA) solution that is favored experimentally. This is dis-
cussed in Refd.8,9].
The terms in Eq(1) come from six operators:

O33=16;16;10,,,
023=16,16;10,445,/Mgyr,
O25=(16,164)(16316/)/Mgyr,
O13=16,16;10,,
01,=16,16,10,,

011=16,16,10,. )

The Higgs fields are denoted by the subscript.” The
quark and lepton multiplets, which are spinors(10),

other massive Higgs fields, which we do not spell out here.
Aside from these last two operators, those listed in &y.
can arise from the following renormalizable terms in the su-
perpotential involving the quark and lepton fields:

Wy yeawe= 16316510, + 16,16 45+ 16,16 104+ M 1516 16
+16;1016,+ 16,1016+ M 31010

+16,16;10), . ©)

The field content of this model consists of several vectors,
spinors, and antispinors &0O(10) together with the adjoint
of gauge fields and a single adjoint Higgs field. This adjoint
Higgs field plays three very crucial roles. First, it participates
in the breaking ofSO(10) down to the standard model
group. Second, it produces the doublet-triplet splitting. To do
this it is crucial that its VEV is proportional to
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B—L, since the triplet Higgs fields that must acquire super-ing Eiaizz M,M3/2. Obtaining a satisfactory quartic term for
heavy masses haB— L #0, whereas the doublets that must the adjoint is thus a significant difficulty for suc0O(10)

not get such masses haie-L=0. And, third, the adjoint models in four dimensions. We shall see that a solution to
Higgs, by coupling to the quarks and leptons, introduces théhis is quite simple in five-dimensional models.

breaking ofSQ(10) into the quark and lepton masses, so that  The spinor sector is required to generate GUT-scale VEVs
the “bad” relations mg=m, and my=m, can be avoided. for the spinor Higgs fieldd6,+ 16, . These VEVs break
More precisely, it introduces the factors of 1/3 into thosesSQ(10) down to anSU(5) subgroup(this could alterna-
matrices that are responsible for giving the well-known andiyely pe done by126,+126,), and the adjoint VEV pro-
successful  Georgi-Jarlskog  relations m,(Mgur)  portional to B—L further breaks it down to the standard
=3mg(Mgy7) and me(Mgyr)=my(Mgur)/3 [10]. These  model groupSU(3).x SU(2), X U(1)y. It is very easy to
factors of 1/3 also require that the VEV @h, be propor-  construct a superpotential to give the spinors such VEVs.
tional toB—L. The simplest is

B. The Higgs sector W= (16,164—M Dy (6)

Let us review the Higgs structure that is needed to break . .
SO(10) in four dimensions, both in general and in this As explained in Ref[11] there must be a sector that

model specifically. In general, there are at least four sectorSOUP!es the adjoint Higgs field to the spinor Higgs fields. If

that are needed in the Higgs superpotential: the doublelt-here is none, then there is nothing to determine the relative
triplet-splitting sector, the adjoint sector, the spinor sectorfentation of the adjoint and spinor VEVs. Corresponding to
and the adjoint-spinor-coupling secfdrl]. this degeneracy there would be unwanted goldstone bosons.

The doublet-triplet splitting irSO(10) models in four di- ' 1is is a serious difficulty i O(10) model building in four
mensions must be done by the Dimopoulos-Wilczek mechadimensions since most ways to couple #f#; to the 16,
nism[12,11]. The simplest form of this mechanism assumes+ 16, (for example, by the obvious terf6,45,16,) would
the existence of a tefm0H45Hl~Q+ (Throughout this paper destabilize the adjoint VEV so that it would no longer ex-
we will not bother to write the dimensionless coefficients ofactly satisfy the Dimopoulos-Wilczek conditiof#5,)B
terms in the superpotentigThere must be two distinat0s ~ —L- As a result, the doublet Higgs fields i@, would ac-
in this term because the adjoint is in the antisymmetric progduire GUT-scale mass. One way around this dilemma was
uct of 10x10. If (45,)=B—L, then, for reasons already Suggested ill] where it was pointed out that if there are
explained, only the color-triplet fields in the vector Higgs three distinct adjoint fields the adjoint-spinor coupling can be
multiplets obtain mass from this term, while the weak dou-done without destabilizing the Dimopoulos-Wilczek form of
blets all remain massless. Since there are four doublets gii® @djoint VEV. In Ref[13] it was then shown that it could

: ~ be done with only a single adjoint Higgs field, but with ad-
told in 104+ 10, half of these must be made superheavy to ... : . ' . A . )
reproduce the MSSM. This can be achieved by the Simpldltlonal spinor Higgs fields, if the adjoint-spinor couplings in

~ ) o fhe superpotential have the form
term M (104)2. Thus the doublet-triplet-splitting sector has
the terms Wis- 16= 164(45 — 1oyy) 16/, + 16,(45,— 134)164. (7)

Ways=10445;10,+ M4 (104)°. (4) The primed spinor fields here do not acquire VE¥$ least

t the GUT scale; they may at the weak sgalpnsequently,
he F terms for the adjoint Higgs field and the unprimed
spinor Higgs fields do not get contributions from the terms in
W,s5 1. The fields 1, and 134 are “sliding singlets,”

The adjoint sector of the superpotential is responsible fo
forcing the adjoint Higgs field to have a VEV in thig—L
direction. The simplest possibility is

W= tr(45,)%/ M, — M 5tr(45,)2. (5) whose VEVs are free to adjust to make the¢erms of the
primed spinor Higgs fields vanish.
If (45,) has the form diag{;,a,,a3,24,35) ®i7,, then the The four sectors just discussed are the only ones that are
superpotential can be writteW,s=S,;(a%/M,—Mja?). ~ Necessary in four-dimensional models basedS@(10) to

Clearly, the scalar potential is minimized bg;=0 or breakSO(10) all the way down to the standard model group.
(M,M3/2)Y2. One solution is(45,)=(M,M4/2)*2 diag However, additional sectors may be necessary for other rea-

(0,0,1,1,1,Xi 7p=3(M,M4/2)¥(B—L). The quartic term SONS: For example, in the model of quark and lepton masses
could be a Planck-scale effect, but then in order to make th¥/€ aré discussing, as well as in some other published mod-
vacuum expectation value of the adjoint be of ortig, els, it is assumed that there are spinor Higgs fields that have

the parameteM; would have to bGQ(MéUT/M o). On the only SU(2), XU(1)y-breaking, weak-scale VEVs. The most

other hand, if the quartic term arises from integrating Outeconomical possibility would be for those Higgs fields to be

some field whose mass is of ordbtgyr, then that field the primed spinors that appeanys_y5. Then to induce the
would have to be &4 or some larger representation. A sin- weak-scale VEV we want, one must have terms that mix

glet would not do, since integrating out a singlet could yieIdmesﬁ primed spinors with *th&q* : Qne p055|b|I|tyl IS
a quartic term in5, only of the form[tr(45,)2]%M,. This ~ 164164104. Then the termFgg Frs, mixes the (1,27 3)
would leave a continuous degeneracy of all minima satisfycomponents ofL0, and 16/, . In this model thelQ), is as-
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sumed to have a weak-scale VEV in the (+2) direction, the question of whether and how this model can be embed-
but not the (1,2 3) direction. This can be achieved by in- ded in five space-time dimensions. The reason for doing so is
troducing termsl(f,16,16/,+ M510,10/,. Then the VEV of that as a four-dimensional model it potentially has a serious
16/, in the (1,2;-3) direction induces one inQ),. In this difficulty with Higgsino-mediated proton decay. To under-
model, then, there is a sector of the superpotential that mixegfand why going to five dimensions resolves the proton-
the vector and spinor Higgs fields, having the terms decay problem it is useful to review why there is a problem
o in four dimensions. The Higgs doublelts; and H,, of the
Wio 16= 16,416,104+ 10/,16,16/,+Ms10,10,. (8 MSSM sit in the grand unified multiplets as follows:
) . o ) ) (Hq,Hz)=5,C104, and H,,H3)=54C104. The dou-
A very important consideration in four-dimensional mod- bletsH4 andH, do not get mass from the terms in Ed).

els based o5 ((10) is preserving the gauge hierarchy in aHowever, their color-triplet partnersiz andHs, do get su-

natural way. There are two classes of terms that can destr : T ~
: . erheavy masses with the color tripléds andHsz in 1
the gauge hierarchy. Class A consists of operators g?/ y P 3 O

) ~ 5 ) rom the first term in Eq(4). In turn, H; and H3 get mass
theNtype ';/l(lq*) ' leg"'lq*' (104)(45) /_MP' ' with each other from the second term in Eg). Conse-
104104(454)%/Mp,, (104)%(16,164)/Mp,, etc., which di- quently, if the triplets in10y are integrated out, one has
rectly produce too large a mass for the MSSM double{s effectively a mass term linkingdz to Hs. It is this that

and Hy. Such a mass must not be larger than ordely, s 4 giagram in which exchange of color-triplet Higgsi-
MZut/Mp,. Class B consists of operators that destabilize,qs mediates proton decay.

the Dimopoulos-Wilczek form of the VEV of the adjoint A crycial point in the five-dimensional model that we

Higgs field. If one writes(45,)=A(B—L)+BIg, thtzn shall outline in the next section is that the color-triplet
B/A must be less than or about §~(Mgur/Mp)®.  HiggsinosHz andHs can get superlarge mass without hav-
Many terms that directly couple the adjoint Higgs field to thejng 3 mass term that links them to each other. This happens
spinor  Higgs fields, such as 164454164y and pecause they each get a Kaluza-Klein mass that links them
16,4(45,)%164/Mp,, fall into this class. not to each other but to Kaluza-Klein modes in the same
Such operators may be forbidden by a flavor symmetryfive-dimensional hyperfield.
For example, i7] a U(1)XZ,XZ, flavor symmetry was
shown to protect the gauge hierarchy. The price of such a
symmetry is that the field content of the model and the form
of the couplings must be somewhat more complicated. For In the four-dimensional model the Higgs field in the ad-
example, the terms in Eq) and(6) are too simple as they joint representation played three crucial roles: it helped break
stand. Equatiori5) would imply that @5,)? is neutral under SO(10) down to the standard model group, it did the
all symmetries, and Eq(6) would imply the same thing doublet-triplet spliting, and it gave the Clebsch factors of
about16,16,. Consequently the term6,(45,)?16,/Mp, 1/3 in the quark mass matrices that allowed the model to
which would destroy the gauge hierarchy, would be allowedeproduce the Georgi-Jarlskog relations between quark and
by all symmetries. I 7] this problem was avoided by re- lepton masses. In five-dimensional models it has been shown
placing the expression in Eq6) by one of the form that the first two tasks can be accomplished by orbifold com-
[(164164)2M2—M?2]1,. This allows 16,16, and thus pactification rather than by an adjoint Higgs field. It would
16,(45,)216,/Mp, to be odd under Z,. In order to impose b€ exceedingly interesting, therefore, to find a model in
the Abelian flavor symmetry other complications had to bewhich orbifold compactification could also account for the
introduced in[7]. These includeda) replacing most of the ~Georgi-Jarlskog factors. In that case, the adjoint Higgs could
dimensionful parameters that appear in E(®—(7), and be dispensed with altogether. However, it is not easy to see
some of the dimensionless Coup"ngsy by the VEVs of gaugehOW the desired Clebsch factors of 1/3 can be prediCtEd
singlet Higgs fields(b) having two10s of quarks and leptons (rather than merely being accommodateégt orbifold com-
instead of just one appearing in the terms in &y that give ~ Pactification. Therefore, it seems that in extending the model
rise to the effective operatdd}s, (c) having different10, that we have been examining to h|gher dimension it is nec-
fields appearing in the operato@, and O,s, and(d) ob-  €Ssary to retain an adjoint Higgs field.

taining the operatoiO,; by integrating out an additional In constructing the five-dim_ensional version of the model
spinor-antispinor pair of quarks and leptons. we follow the procedure explained [4,5]. We suppose that

We will see in the next section that one of the great ad:he fifth dimension is compactified on 81/(z,xZ}) orbi-
vantages of embedding ti&0(10) model in five dimensions fold. The St is defined byy=y+2n=R; the Z, mapsy
is that it is no longer necessary to have the Dimopoulos——Y and theZ; mapsy’« —y’, wherey’=y+ 7R/2. The
Wilczek form be highly exact, since the doublet-triplet split- fundamental region may therefore be taken to-berR/2
ting is produced by the orbifold compactification rather than<y=0. PointO aty=0 (the fixed point 0fZ,) is the “vis-
by the adjoint Higgs field. This means that it is no longerible brane,” while pointO’ aty’=0 (the fixed point ofZ})
necessary to worry about operators of class B. is the “hidden brane.” The compactification scaldR¥ M ¢

We will not further discuss the details of the model of is assumed to be close to the scale at which the gauge cou-
quark and lepton masses proposed in Rgfs-8]. Those plings unify, i.e., the GUT scale whemd g 1~ 10" GeV.
interested in them can consult those papers. We now turn tdhe generic bulk fields(x*,y), wherex=0,1,2,3, has defi-

IIl. LIFTING THE MODEL TO FIVE DIMENSIONS
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nite parity assignment undet, X Z, symmetry. TakingP = are even, and°® are odd. TheZ; is used to breals O(10)
+1 to be the parity eigenvalue of the fiefdx*,y) underz, down toGps. The (15,1,1), (1,3,1) and (1,1,3) 4§, and
transformation and®’ == 1 to be the parity eigenvalue un- 45, are taken to be even undgf, while the (6,2,2) is taken
der thez; transformation, a field with®,P’)=(=%,%) can  to be odd. In1Q, the (1,2,2) is taken to be even and the

be denotedsP?’ (x*,y) = ¢* *(x*,y). The Fourier series ex- (6,1,1) odd.

pansion of the fieldgs™ *(x*,y) yields All told we have
o .\t ++ ++ +— —+ —+
B Xy = e S 0 () o) 45%=VasiytVasntVarst Vet 2asant 2aay
! B — ! — i

2°077R n=0 R +E(1,+1,3)+2(6,2,2)1
¢ (xty)= —\/l— > ¢+’(2”+1)(x“)cos—(2n;1)y, 45, =D (151 1yt D131yt P11 g2yt Plis i)

mR n=0 __ __ .

+ @317 P13yt Ploza)

1 & (2n+1)y _ _ _
b (xMy)= \/:R 20 b +(2n+1)(xu)s|nT, 10H=<I)(+1},2)+ <I)(+6,1'1)+ (D(Cl,2,2)+ CDEG‘fl). (10

TR N=

" Massless zero modes of the Kaluza-Klein towers exist only
_(2n+2)y for fields with Z,X Z} parity ++. The ® % ., in the 10,
) — —=(20+2)(x)sin 2145 . (1,2,2)

¢ Oy J7R nzo ¢ (x)si R contains the two light doublets of the MSSM. Their color-

(9) triplet partners are made superheavy by the orbifold compac-
tification. The ® (151 1y, ®(151)), and @1} 5 in the 45,

In the effective theory in four dimensions all of the bulk contain zero modes that do not get mass from the compacti-
fields have masses of orderc except the Kaluza-Klein zero fication. However, these will obtain GUT-scale mass from
mode ¢* (@ of ¢**(x*y), which remains massless. minimizing the superpotential in the four-dimensional effec-
Moreover, fields$ ™~ (x*,y) vanish on the visible brane and tive theory or will be eaten by gauge bosons and get GUT-
fields ¢~ ~(x*,y) vanish on the hidden brane. scale mass that way.

In our model, we assume that gauge fields and two mul- Having done with the parity assignment for the bulk fields
tiplets of Higgs fields,104 and 45, exist in the five- we can turn our attention to the brane physics. On the brane
dimensional bulk, while the quark and lepton fields and theat O we put all of the quark and lepton fields, i.e., not only
remaining Higgs fields exist on the visible braneCat the three families of spinors6 but also the real representa-

The gauge fields in the bulk are of course in a vectottions of quarks and leptons that are integrated out to produce
supermultiplet of five-dimensional supersymmetry that is arthe effective operators of the form shown in Eg). This
adjoint representation 30Q(10). We will denote it by45,, includes the fields shown in E@3). We also place on the
where the subscript ¢” stands for “gauge.” This vector brane atO all the Higgs fields, except0, and45,, which
supermultiplet decomposes into a vector multipleaind a  live in the bulk.
chiral multipletX of N=1 supersymmetry in four dimen- The Z, parity of fields that live on the visible brang,e.
sions. The bulk Higgs fieldt0, and45, are in hypermul- 16, 16, 16, 10, 16,, 16, 16,, 16/, and1,,) must be
tiplets of five-dimensional supersymmetry. Each hypermulyositive. Thez), parity assignments must be consistent with
tiplet splits into two left-handed chiral multiple®® and®®,  those of the components 4§, . For example, the quarks and
having opposite gauge quantum numbers. leptons of the third family must have paritie46,

Following Dermsek and Mafi 5], we will assume that the _}(4,2,1)3@”2’1,2);: . The superpotential on the visible
orbifold compactification breakS O(10) down to the Pati- brane can have couplings between brane fields and bulk

Salam groupGps=SU(4): X SU(2) X SU(2)r, and that aiys For example, we assume there to be a Yukawa term of

the further breaking to the standard model group is accoMg o form 16,16,10, . This expression is shorthand for
plished by the spinor Higgs fieldss, + 16, that live on the

visible brane through the ordinary four-dimensional Higgs
mechanism. UndeGpg the SO(10) representations decom- 81631631%:[ d>x=[8(y)— 8(y—mR)]V2=7R
pose as follows45—(15,1,1+(1,3,1)+(1,1,3)+(6,2,2);
10—(6,1,1)+(1,2,2); 16—(4,2,1)+(4,1,2); and 16
—(4,2,1)+(4,1,2). With these facts in mind we shall now
discuss the transformation of the various fields under the
Z,X Z; parity transformations. +J' d5xl[5(y)_5(y_ﬂ.R)] 27R

The firstZ, symmetry(the one we denote as unprimesl 2
used to break supersymmetry kb=1 in four dimensions.
(N=1 in five dimensions is equivalent td=2 in four di- xf d20(4,2,1)3(4,2,1)343@_1,1)4- H.c.
mensions; so we are breaking half the supersymmetiies.
do this we assume that undgs the V is even,> is odd, ® (11

xf d?6(4,2,1)5(4,1,2 5015 )
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Note that the products (4,2,1F(4,12)""®(5, and W =trdfs, = Mtrdfs, 7= M trdf 5~ M trd? | 4.
(4,2,1)"*(4,2 1)++<I>(6 11) are odd underZ, which ac- (12)
counts for the minus sign difference between the two delta

functions in both terms, sincg, mapsy=0 ontoy=7R.  Note that a cubic term is allowed fob 35;1) Since in
Even though theb g ;1) gets mass of ordeMc from the  SU(4).=SO(6) the totally symmetrized product of 15
compactification, it couples to the quarks and leptons on theontains the singlet, whereas that is not tru&®10). That
visible brane. None of the symmetries discussed so far wouli why in the four-dimensiona®O(10) model with only one
prevent a term of the formd® g 1 1P 61,1y IN the superpoten- adjoint field there had to be a terguartic in the adjoint
tial on the visible brane. If such a term were present, it wouldfield. In SO(10), only if there are three distinct adjoint fields
cause proton decay mediated by the fermionic colored fieldsan one write down a cubic term for thefiThe difference
inthe® g, 1). However, such a mass term will be preventedpetweenSO(10) andSO(6) in this regard is that I8 O(6)
from occurring by the Abelian flavor symmetry to be dis- there is a rank six antisymmetric tensor that allows one to
cussed later(In an ordinary four-dimensional theory, such a write ey, 4o 2P TICUTI®T ] This superpotential gives a sca-
mass term or its equivalent is required to make the colofar potential one of whosésupersymmetricminima is just
triplet Higgs fields and Higgsinos superheavy; in five- (®(1511)*B—L, since of courseB—L is just one of the
dimensional theories such a mass term is not needed as tb@nerators oBU(4),.
triplets get Kaluza-Klein masses from the compactification. |t is interesting that in the five-dimensional version of the
Using the same shorthand notation, we can state the othefiodel one to some extent explains why the adjoint VEV
couplings of the superpotential on the visible brane. Thesgrefers to point in th&— L direction(as is useful in explain-
can be divided into the Yukawa terms of the quarks andng the pattern of quark and lepton masses, as we saw in the
leptons and the Higgs self-couplings. The Yukawa terms camast section In five dimensions the splitting of the doublet
be chosen to have the same form as in the four-dimensionalnd triplet Higgs fields requires that the orbifold compactifi-
version of the model, which was described in the last sectioreation breaks O(10) down to the Pati-Salam group. And the
However, the Higgs part of the superpotential can be signifiresulting structure of the superpotential has a term coming
Cantly Slmp'lfled as a result of the embedding in five dimen-from the hidden brane that can drive breaking in BreL
sions. We saw in the last section that the Higgs superpotergirection.
tial in a four-dimensionalS((10) model has at least four  There is a further technical issue concerning the adjoint
piecesWhiggs= Was+Wis+Wys- 16+ Wie. Let us consider  sector. It is important that the adjoint Higgs field transform
these four pieces in turn. nontrivially under some flavor symmetry, otherwise it could
The doublet-triplet splitting sector.In the four-  pe replaced by an explicO(10)-singlet mass in the terms
dimensional version of the model, the doublet- trlplet Sp'lt where it Coup|e3 to quarks and |eptons Consider, in parucu_
ting required the eX|stence of two vector Higgs fields, whichg; the second term in E3), 16,16 45,, which is respon-
were denotedlQ, and 10H with couplings of the form sible for the Georgi-Jarlskog factors bfand 3 that appear in
shown in Eq.(4). However, in the five-dimensional model the mass matrices shown in Eq). If the 45, has no non-
the doublet-triplet splitting is achieved by the orbifold com- trivial flavor charges, then any flavor symmetry would also
pactification. Consequently, there is no need for the filg  allow the termM 16;16. This would replace the factors of 3
at all, and no need for the terms in Hd). That is, the entire by a free parameter, so that the Georgi-Jarlskog factors
doublet-triplet piece of the superpotentll,; can be dis- would no longer be predicted. On the other hand, any non-
pensed with. trivial superpotential for the adjoint Higgs field is inconsis-
The adjoint sectoin the four-dimensional version of the tent with that field having & (1) flavor charge. In the four-
model it was necessary, in order to obtain the Dimopoulosdimensional models of6—8] this problem was solved by
Wilczek form of the adjoint VEV,(45,)«B—L, to have a making45, negative under &, flavor symmetry, which is
nonrenormalizable term of the form 4%,)%/M, as shown consistent with the form given in E¢5). However, such a
in Eq. (5). As noted there, if this term arises as an effectivesymmetry would not allow the important cubic term in Eq.
operator from integrating out a superheavy field, that field(12). An interesting solution to this problem is made possible
must be &4 or something larger, whereas if it does not comeby the brane structure, namely to introduce a singlet Higgs
from integrating out some field, then one would expect thefield W, that lives only on the brane &' and that also has
denominatomM to be of orderMp, . In five dimensions, the negative parity under th&, flavor symmetry. Then instead
problem of obtaining an adjoint VEV in thB—L direction  of the cubic term in Eg.(12) one could have the term
has a simple solution that involves the physics on the “hid- trd)(151l)\NIM. Since the fieldV lives only on the brane at
den brane” atO’. O’, while all the quarks and leptons live on the other brane,
The gauge symmetry on the hidden brane is the Patit-here is no way forlW to substitute for45, in quark and
Salam groupGps=SU(4).XSU(2).XSU(2)r. The com- lepton Yukawa termgwhich it would be allowed to do by
ponents of the adjoint Higgs fiekh, that are nonvanishing symmetries
on the hidden brane are those witi=+, namely the The adjoint-spinor sectomn the four-dimensional version
D 1511y P131) andd 4 3)0f Gpg, as shown in Eq10).  of the model it is crucial that the VEV of the adjoifitecause
This means that there is a superpotential on the hidden brargé its role in the doublet-triplet splittingooint almost exactly
involving these components: in the B—L direction. Specifically, if (45,)=A(B—L)
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+Blsr then B/A<10 13 However, since in the five- TABLE I. Higgs superfields and the®O(10) andU(1)X Z,
dimensional version of the model the doublet-triplet splittingflavor transformation assignments.
is done in another way, which does not involve the adjoint

Higgs field, there is no reason wi/A needs to be so small. Previous  SO(10) u(1) Z,
The only role that(45,)<B—L plays is in explaining fea- label

tures of the quark and lepton masses and mixing, such as t A 45 0 _
Georgi-Jarlskog factors. Thus, in the five-dimensional ver-

. . . , > =6, C 16 32 -
sion of the model there is no harm in there being deviations— — 6 _3p _
at the 10% level of the adjoint VEV fronB—L. Conse- i C,
quently, the various operatofahich we called “class B” in 16, E 16 3/2-p *
the last sectionthat destabilize the Dimopoulos-Wilczek 164 c’ 16 —3/2—-p +
form are not a danger in the five-dimensional model. Onel0y Ty 10 1 +
thing this means is that the coupling of the adjoint Higgs to10,y TS 10 -2—q +
the spinor Higgs need not have the very special form showno, To 10 -3+p -
in Eq. (7), but could in principle have simpler and more x X 1 0 +
obvious forms like16,45,16,. However, in the specific p() p 1 p +(-)
five-dimensional realization of the model we shall presenty() % 1 2 —(+)
below, the adjoint-spinor sector has the same form as in Egs, g 1 5-p+q —
0 . o S, 1 a-p +

The spinor sectoiln the four-dimensional model we saw g 1 q i
that the simple form for the spinor sector shown in Eg). S, s 1 5 _
leads to problems. In particular, the existence of those termg vy, 1 4+2p n

and of the term 45,)? in Eg. (5) implies that no symmetry
prevents terms of the forh6,16,(45,)?, which destabilize

the Dimopoulos-Wilczek form of the adjoint VEV. Thus in called class A before, namely those liki(10,)2. However,

[7] a more com_pllcated_form f20W16 was chosen fchat """ these are eliminated by thé(1) flavor symmetry, just as in
volved the quartic term1(6,16,)". Here, however, since we 5_g) The terms that we called class B, which destabilize

dq not have to worry about slightly deviating from the ;1 o minimum(45,)=B—L, are not all excluded. However,
Dimopoulos-Wilczek form, the spinor sector can have th hat is not important for the gauge hierarchy, since the

simple .form in Eq. (6), a”q indeed will in the five- doublet-triplet splitting is not done here by the adjoint Higgs
dimensional model that we will present. field via the Dimopoulos-Wilczek mechanism. Terms that do

_We now present the rest of the details of the ﬁve'tend to push(45,) away from theB—L direction are
dimensional model. It very closely parallels the four- —

dimensional model described [6—8], but with the simpli-  161454116,P/M +16,45,16,P/M. However, if the coeffi-
fications already mentioned. In the four-dimensional model £1€nts of these terms are somewnhat small, say one-tenth, then
U(1)X Z,X Z, flavor symmetry was employed to control the theé VEV of the adjoint is still close enough to tie-L

form of the quark and lepton mass matrices and preverﬁilrectlon to give satisfactry Georgll-JarIskog factors.

terms in the Higgs superpotential that would destabilize the The nature of the massless Higgs doublets at the GUT
gauge hierarchy. Here a slightly simplek(1)xZ, flavor ~ Scale can be determined from theS mass matrix for the
symmetry is enough, essentially because we do not need the

doublet-triplet-splitting sector of Eq(4). Aside from the TABLE II. Matter superfields and the®((10) andU(1)x Z,
Higgs field 10, which is absent here, the fields that are fl2vor transformation assignments.

needed are exactly those needed 6r-8]. The Higgs and

matter superfields, along with the names previously used in SH(10) v() Z2
the earlier papers, and the¥(1)xZ, flavor charges are 16, 16 5/2 _
listed in Tables | and II. 16, 16 —1/2+p _
The Higgs superpotentigbn the brane aD) contains the 16, 16 —12 _
following terms to be compared only with Eq5)—(8), since  1g 16 —1/2-p _
there is no analogue of E): 16 16 1/2 n
o o 16 16 ~1/2 +
WHiggsz—M3tr(454)2+(164164—M§)x+ 164(454P/M 16 16 —-9/2 —
J— 10, 10 -1-p +
+P’)16/,+16/,(45,P/M+P’)16y 10, 10 —1+p _

— , 1 1 2 +
+16416,10,Y'/M+16,16/,10,;+ 10,,10,,S; . 1§ 1 o N

(13) 45 45 —2 -

45, 45 2-p +

The gauge hierarchy would be endangered by the terms we
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Higgs multiplets which is easily constructed from the above Wy ukawe= 16516510+ 163E 45,+16,16 1Q,+ 1616P’
superpotential.
+16;10,16/,+16,10,16,4+10,10,Y

0 0 0y O +16,16,10,4S,/M + 16,16,10,4,S; /M
|90 s 000 +16/16'10,+ 16,16'Y' + 16 16' S, + 16,1516,
5.0 ,510 ,510 ,516 ,51¢)] O 81 0O 0 O _
(510,510,,,:510,,,516,,516/,) 0 01 o ” +16,45,16,+45,45,P' + 45,1545, + 131SP
X
0 0 c p O +1515Vy 17
510H where we have omitted additional terms and matter fields
5 which contribute to the Dirac 11 mass matrix elements and
104 the first row and first column of the right-handed Majorana
x| 510, |, (14) mass matrix. Note that since there is a IoSﬂ(l(_)) symme-
try on the brane a0, the Yukawa superpotential has a full
S18, SO(10) invariance. As ii7], the 2—3 sector of the Majorana
51_5;4 mass matrix arises from the last six terms in the Yukawa

wherey’ =(164Y'/M), s;=(S;), x=(X), p’' =(45,P/M
+P’), andc=(16,). This matrix involves only the brane
fields and the zero modes of the bulk fields, not the bul
modes with superlarge Kaluza-Kle{KK) masses. One finds
the Higgs doublet contributing to the up-type quark and
Dirac neutrino mass matrices lies solely in tt®, represen-
tation, i.e., it comes from the KK zero mode of that field:

HyC5ig,, (15)

while the Higgs doublet contributing to the down-type quark

K.

superpotential, where the VEV df, violates the lepton
number by two units. In fact, these terms involving adjoint
and singlet representations of the quarks and leptons gener-
ate a Majorana mass matrix for the right-handed neutrinos
that leads to the LMA solution of the solar neutrino problem
via the seesaw mechanism.

Let us now look at the question of proton decay from
dimension-five operators more closely. In four dimensions,
in order to make all color-triplet Higgsinos superheavy, it is
necessary to have mass terms in the superpotential that

couple the3 to the 3 Higgsinos. These mass terms allow
proton decay via dimension-five operators. In the 5D model,
however, some of these mass terms can be dispensed with,
since the triplets can get superlarge Kaluza-Klein masses,
and thus proton decay from dimension-five operators can be

and charged lepton mass matrices consists of the linear coravoided. That dimension-five proton decay operators are not

bination

a problem in this model can be seen in the following simple

way. The mass matrix shown in E({.4) respects an approxi-

HdcgloHcoswrgl%sin yCosy' +5, sinysiny’.
(16)

This interesting feature oH, allows the possibility of
Yukawa coupling unification with a moderate value of
tanB=uv,/vy~5, providedy~ /2 and y'~0. Note also
that the above equations reveal wh®,,, can develop a
weak-scale VEV only in the (1,2,3) direction as previ-
ously assumed.

The light doublets given in Eqs(15) and (16) have
SU(5) partners that are color triplets. These color-triplet

mate global symmetry. Under this symmetry the fieldg,
10,4, 164, and 16, all have charget1; and the fields

10,4, 164, and 16, all have charge—1. The only
Higgs(ino) fields that couple to a pair of light mattére.
quark/lepton fields are those with global chargel, as can

be seen from the Yukawa part of the superpotential. Thus, the
color 3 and 3 Higgsinos that couple to light quarks and lep-
tons all have charge-1, and any mass term that coupled
such3 and 3 Higgsinos to each other would violate the glo-
bal charge by two units, and would thus be forbidden. How-
ever, the global symmetry is not respected by certain high-
dimension operators that contribute at higher order Mg/

partners do not have a superlarge mass term connecting thelé the mass matrix in Eq14). The most significant such
to each other as they would have to have in a fouroperator is (04)%((S,)?Vy)/M3,. This term allows a
dimensional model to make them superheavy. That is why, adimension-five proton decay operator, but one that is sup-

we shall see, there is no problem with proton decay mediate,

dressed by a factor @(M2,,;/M3,) and is therefore harm-

by exchange of these colored states. However, these triplelsss.

are superheavy because of the KK madgsesre are no KK
zero modes for the triplets

The Yukawa superpotential on the brane Gitfor the
charged quarks and leptons has the following fdmahich
should be compared to E(B)]:

IV. CONCLUSIONS

We have taken a very comple®)(10) model that exists
in the literature and shown that it can be transcribed, as it
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were, to five space-time dimensions in such a way as tetected to extremely high accuracy to preserve the gauge hi-
preserve its successful featur@specially its predictions of erarchy. This relaxes many of the conditions on the Higgs
quark and lepton masses and mixingst obviate the prob- sector that had to be met in the four-dimensional model to
lem of proton decay mediated by colored Higgsino ex-keep the gauge hierarchy natural, and thus allows some sim-
change, which tends to give too rapid a decay in four-plification of the Higgs sector. Since the adjoint Higgs field
dimensional SUSY GUTSs. in the four-dimensional model played a key role in giving a
The idea is to put all the quarks and leptons and most ofealistic pattern of quark and lepton masses, it must still be
the Higgs multiplets on a brane where there is the full localpresent in the five-dimensional version, even though it no
SO(10), so that the structure of the original four- longer plays a role in doublet-triplet splitting. By putting the
dimensionalSO(10) model is left essentially intact, includ- adjoint in the bulk, its VEV can be driven to the desirgd
ing all the predictions for quark and lepton masses and mix—L direction by superpotential terms on the hidden Pati-
ings that rely on the group theoretical constraints imposed oSalam brane.
the superpotential b O(10). But the Higgs doublets of the The approach described in this paper should be applicable
MSSM come from hypermultiplets in the five-dimensional to virtually all realistic four-dimensionaEQ(10) models.
bulk. This permits the doublet-triplet splitting to be done in Thus, it provides a way of curing any such model of prob-
such a way as to prevent the dangerous proton decay medems with proton decay coming from dimension-five opera-
ated by the exchange of colored Higgsinos, as has bedawors without affecting its successful features or its predictions
shown in many papers. To do th80(10) is broken by the for quark and lepton masses and mixings.
orbifold compactification down to the Pati-Salam group,
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