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In family unification models, all three families of quarks and leptons are grouped together into an irreducible
representation of a simple gauge group, thus unifying the standard model gauge symmetries and a gauged
family symmetry. Large orthogonal groups, and the exceptional graypsidEg, have been much studied for
family unification. The main theoretical difficulty of family unification is the existence of mirror families at the
weak scale. It is shown here that family unification without mirror families can be realized in simple five-
dimensional and six-dimensional orbifold models similar to those recently propos&iJ{&) andSO(10)
grand unification. It is noted that a family unification group that survived to near the weak scale and whose
coupling extrapolated to high scales unified with those of the standard model would be evidence, accessible in
principle at low energy, of the existence of sm@lanckian or GUT-scajeextra dimensions.
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I. INTRODUCTION B. The problem of mirror families
A. Family unification The central problem of family unification is that the ordi-

. . . nary V— A families must be accompanied by an equal num-
It has long been known that theories with extra dlmen—ber of V+A or “mirror” families. For example, the248 of

;ions afford ways of breaking gauge symmgtries unavailabI%8 decomposes unddi;x SU(3) into
in 4D theories[1]. Recently, such mechanisms have been

applied to the problem of constructing realistic grand unified 248-(78,1)+(1,8)+(27,3)+(27,3). 1
models[2,3]. In particular, it has been shown that orbifold

compactification of one or two extra dimensions allows SYM-Together with three ordinary families27,3), one finds three

metries to be broken in such a way as to resolve in an ap,; o families, ©7,3). Similarly, for the orthogonal groups,

parently simple fashion two of the thorniest problems of 4D - v
grand unification, namely, the doublet-triplet splitting prob—issg(nzor:) Osfu?)gr(olgp 22) decomposes under th8(10)

lem and the problem of dimension-5 proton decay operators.
In this paper we show that the same ideas can be applied to
a problem almost equally old, that of “family unification”
[4-11).

The idea of family unification is an extension of the idea(For n odd the 2"~Y and 2"~V are conjugate to each
of grand unification. Grand unification has two aspectsother, whereas fon even they are each self-conjugate. For a
gauge unification and quark-lepton unification. Gauge unifiteview of spinor representations of orthogonal groups see
cation is the unification of all the standard model gaugg5].) One sees that for ever6 there is al6.
groups within a simple group, such &J(5), SO(10), or The fact that family unification generally gives equal
Eg. Quark-lepton unification is the idea that quarks and lepnumbers of families and mirror families presents the problem
tons are put together into irreducible multiplets of that simpleof explaining why no mirror families have been observed.
group. There is complete quark-lepton unification if all the The obvious solution would be to give large mass in some
fermions of one family are contained in a single irreducibleway to the mirror families. However, this turns out to be not
representation. This is possible $10(10), Eg, and larger so easy. While mirror families could have lar@J(2),
groups. The idea of family unification has the same two asx U(1)y-invariant mass terms that couple them to ordinary
pects. It involves, first, the existence of a family gauge grougfamilies, such terms give mass to equal numbers of families
that is unified with the standard model gauge group into aand mirror families and so do not resolve the problem. The
simple groug4], and, second, the existence of a single irre-only way to give the mirror families large masses without
ducible representation of that group that contains the quarkgiving large mass to the ordinary families is wiglU(2),
and leptons oéll threeknown families. For example, if there X U(1)y-breaking mass terms. Such masses would have to
is a family groupSU(3), it can beunified with the standard be at or below the weak-interaction scale, meaning that the
model group within Eg, since EgDEgXSU(3)DSU(3) mirror families should be observable through radiative ef-
XSU(2)XU(1)XSU(3). At thesame time, irEg all three  fects in precision tests of the electroweak theory. Recent
families can be unified into one irreducible representationanalyseg12,13 conclude that some additional families or
the 248 The groups that have been most studied from theamirror families are allowed, with Refl12] finding a chi-
point of view of family unification areD(14) [7], SO(16)  squared minimum for the number of extra families to be
[8], SO(18) [9], E; [10], andEg [11]. somewhere between one and two. Adler argues that even

2(4+n)_)(l6,2(n71))+(1_6,20171)’). (2)
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three mirror families may not be completely excluded bymay be helpful to briefly review some facts about the family
present datd14]. However, even if mirror families with unification groups that have been studied in the literature.
masses in the hundred GeV range are consistent with data,
explaining in a natural way why their masses are much larger
than the observed quarks and leptons will be a theoretical
challenge. No simple and plausible mechanism which at- First let us look at the smallest group that has been used
tempts this is known. for_ family unification, O(14). We see from Eq(1) that a
Given that it is quite difficult to hide mirror families at the SPInOr of SX(14) decomposes unde&8(10)xS(4) as
weak scale the question arises whether in a model with fan4—(16,2) +(16,2). The conjugate spinor decomposes as
ily unification the mirror families might be banished alto- 64—(16,2")+(16,2). Thus, a single spinor d6((14) can
gether from the low-energy spectrum. One interesting possP”'y accomodate two families and the!r mirrors. However, if
bility is that the mirror families are confined at a high scale®n€ takes the group to b8(14) [that is SO(14) together
[6,5,15. Suppose, for example, that the family unification with the parity that transforms th&4 and64 into each othelr
group isSO(18) and breaks down t80(10)x SO(8) at a  then the irreducible spinor 2§ =64+ 64), which can ac-
scaleMg . The quarks and leptons are then in the represencommodate four families. Models of family unification based
tations (L6,8)+(16,8'). [See Eq.(2).] If at a scaleM,, ©nO(14) have been construct¢d]. o
>M,, the family groupSQ(8) breaks to some confining ' N€ 9roupSQ(16) is large enough for family unification,
group H under which the8’ decomposes into only non- Since 128—(16,4)+(16,4) [and 128 —(16,4)+(164)].
singlets, then all of the mirror families are confined. If, on HOWever, its spinors are real, i.e. self-conjugate, so that in
the other handg contains some singlets in its decomposition € @bsence of any other symmetry there would be nothing to
underH, then some ordinary families will be unconfined and prevent a mass term of the for28x 128 which would
appear in the low-energy spectrum. For instance, there is a%aturally make all the quarks and leptons superhegiiye

o, - same objection applies t©(14).] For this reason most au-
SO(5) subgroup ofSQ(8) under which8'—4+4 but 8  hqrs have concentrated on the grd&@(18) [9], which is

—5+1+1+1, so that if SO(5) confined three families the smallest orthogonal group whose spinors are complex
would remain light[6,5]. Unfortunately, it is doubtful that and large enough to contain at least three families. However,
there exist models of family unification in four-dimensions in jt is possible to avoid the self-mass problem3i(16) by
which the gauge coupling dfl is asymptotically free and assuming that th&28of quarks and leptons is charged under
thus able to confine the mirror families at some dynamicallysome other group, say @(1). InterestingSQ(16) models
generated high scaldThe beta function for theSQ(5) using this idea have been construcfé&dl

C. Family unification groups

gauge coupling in the example given abovelgs/d In u= The group E; has an adjoint that under th8U(5)
+{(62/3/(167?)}g2 in the non-supersymmetric case, with a X SU(3) subgroup decomposes &k33—(24,1)+(1,8)
larger positive value if there is supersymmelry. +(5,1)+(5,1) +(1,1) +(10,3) + (5,3) + (10,3) + (5,3). As

It would seem, therefore, that in four-dimensional theorieswith the other groups we have discussed, this has an equal
mirror families cannot be banished from the low-energynumber of families and mirror families. But it also has the
theory. However, it can happen in theories with extra dimeninteresting peculiarity that some of the fermions in a family
sions[16,17,19. For example, as was shown in REf6], in  transform as3 of the SU(3) family group, while others
Calabi-Yau compactification of heterotic string theory, e  transform as3. It should be noted also that the self-mass
of the observable sector can be broken dowkgddelow the  problem exists for botlE; andEg [as it does folO(14) and
compactification scale with a chiral low-energy spectrum ofSQ(16)] since both thel33 of E; and the248 of Eg are real
guarks and leptons. In Rdf17] it was shown that orbifold representations.
compactification from ten to four dimensions can leave an

EgX SU(3) subgroup oEg unbroken, with a chiral low en- Il. FAMILY UNIFICATION WITHOUT THE MIRROR

ergy spectrum which contains some families in multiplets of FAMILIES

the SU(3). (In the particular example of that paper there ) ) _ .
were thirty-six families[in 3% (27,3)+27x(27,1)] and no We start with a simpl&5Q(16) model of family unifica-

mirror families. For early string theory models with three ion in five dimensions in which the low-energy four-
families, see Ref.18].) Such string theory models have fam- dimensional thec_>ry has t_hree light families in a triplet of
ily unification in the sense that all the families of quarks and®SY(3) and no mirror families. _ _
leptons originate from oneE; multiplet of the ten-  Following in the footsteps of2], we consider a five-
dimensional theory. dimensional theory with the fifth dimensidy) compactified
In this paper we show that family unification can be ©N an S'(Z,%Z;) orbifold. The circumf,erence/ of' is
achieved in simple 5D and 6D orbifold models quite similar27R. Z, reflectsy— —y, andZ; reflectsy’ ——y’, where
in spirit to those of[2,3]. These are “bottom up” models, Y' =Y+ wR/2.(See Fig. 1. The orbifoldS'/(Z,X Z}) can be
like those of[2,3], and no attempt is made to derive themtaken to be the interval- wR/2<y=<0. The pointy=0,
from superstring theory. In the next section, we presenwhich we will call O, is a fixed point ofZ,, while the point
simple illustrative models based on both orthogonal groupy=—R/2 (or y'=0), which we will call O’, is a fixed
and Eg. Before we turn to higher dimensions, however, it point of Z;,. There are branes at the poifilsandO’. It is
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P o into account also fields that “live” on the branes @tand
. o',
On the brane aD there is the fullSO(16) gauge symme-
try, but on the brane aD’ there is only anSQ(10)
1) XSO(6). It is notthat SO(16) is spontaneously broken on
0 the O’ brane, but rather that there never was any gauge
symmetry onO’ exceptSO(10)X SO(6). (At O’ quantities
that are odd undeZ; have to vanish, including the gauge
parametersé?(x#,y) for those generatora? in the coset
o SO(16)[SO(10)XSO(6)]. ) Consequently, in the 4D
FIG. 1. The fifth dimension compactified on &%/(Z,xz;)  theory on the brane a®’ only complete multiplets of
orbifold. SO(10)XSQ(6) but notSO(16) need appear. Let us sup-
pose then that on th®' brane one has quark and lepton
assumed that in the five-dimensional bulk there isNsal  chiral multiplets in (L6,1) + 2% (1,10) and Higgs chiral mul-
supersymmetric theory with gauge gro8(@(16) and fields tiplets in (1,4) +(1,4). (We will denote the Higgs multiplets
consisting of a vector multiplet in the adjointZ0) and a  henceforth with subscriptM.”) The low-energy theory then
hypermultiplet in the spinor1(28). has altogether the following chiral multiplets:1 4)
TheN=1 supersymmetry in five dimensions would give (16, 1)+2x (1,10)+ (1,4) + (1,4). This set has no gauge
N=2 supersymmetry in four dimensions, but the orbifold anomalies[ The SO(6) anomaly of a0is — 8 times that of

compactification will break this down thl=1. The vector ., < the totalSO(6)® anomaly of the above set is 16(1)
multiplet of the bulk theory splits into a vector multiplef +2’(—8)=O.]

and a chiral multiple®? of the unbroken 4DN=1 super- — .
: : We assume that the,(4) 4 + (1,4) 4 obtain vacuum expec-
symmetry. Under th&, symmetryV? is taken to have parit : H H
y y 2 %Y o ve partty tation values at some scalé;,ijy>M,y that breaksSO(6)

+ andX® to have parity—. Similarly, the hypermultiplet -
splits into two chiral multipletsb and ®° having opposite [_SU(4_)] down to SU(3). Then a term of the form

Z, parity. TheZ), parities are assigned in the following way. (16,:4)(16,1)(1,4), on theO" brane will give mass to the
The SO(16) adjoint when decomposed und&0(10) (16,1) V+A family and one of the fouv—A families to
X SO(6) gives120—(45,1)+ (1,15)+ (10,6). We assigrz, leave three light families in al@,3) of _SO(10)>< SU(3).
parity + to the components of the 5D vector multiplet in the NOte that the scalé/ i, can be anything from the weak
(45,1) +(1,15), andZ} parity — to those in the {0,6). This  SCcale up to the compactification scale.

assignment is consistent with the group algebr& 6{16). There still remain the questions_ of hmlo) breaks
The spinor of SO(16) decomposes asl28—(16,4) down to the standard model group in a satisfactory way, how

—— the electroweak symmetry is broken, how realistic masses
+(16,4). UnderZ; we take the components of the 5D hy- y y

. ) : s . arise for the quarks and leptons, and how &1d(3) family
permuliplet that are inX6,4) to have parity+ while those in - gy metry breaks. These breakings can all be accomplished

(16,4) have parity—. The completeZ, X Z, assignments are through the ordinary Higgs mechanism by Higgs multiplets
shown in Table I. living on the O’ brane in suitable representations of
As explained in many papei&], only those fields that SQ(10)x SO(6). We know, for example, that breaking of
haveZ,x Z; parity (+,+) can have among their Kaluza- SO(10) down to the standard model can be achieved in 4D
Klein modes one that is constant in the fifth dimension, i.e. asypersymmetridSUSY) ground unified theorie$GUTS) in
zero mode corresponding to a light field in the four-such a way as to have natural doublet-triplet splitf@g]
dimensional effective theory. Fields that have-,(), and also suppression of dimension-5 proton decay operators
(—,+), or (—,—) parities must vanish at the fixed poirfls  (i.e. those coming from colored Higgsino exchang#d]. It
O’, or both, and therefore have only higher Kaluza-Kleinwould be interesting to attempt to use orbifold compactifica-
modes, which are superheavy from the 4D point of view. Intion to breakSO(10) down to the standard model as well, as
this model the four-dimensional effective theory will have in [3]. However, we do not pursue that more ambitious goal
N=1 supersymmetry, gauge gropO(10)XSO(6), and in this paper.
light fields coming from the bulk matter consisting of vector ~ What we have shown in this simple example is that mod-
multiplets in @5,1) and (1,15 and a chiral multiplet in els can be constructed in which the three light families come
(16,4). This cannot be the complete effective low-energyfrom a single irreducible representation of a simple group—
theory since it has aB O(6)3 gauge anomaly. One must take here a hypermultiplet in the bulBO(16) theory, and in

TABLE 1. (Z,,Z5) parity assignments for the vector and hypermultipletS{©(16).

V(45,1 V115 V(106 2 451 2115 2 (106 D (164 D153 D164 P C—G,z)
Z, + + + - - - + + - -
Z, + + - + + - + — — +
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A (78,1~ N(78,1)

N1 Nag
(3

N (27,3~ WA (27,3)

N353 — 02\ (553 ,
FIG. 2. The two extradimensions; andxg compactified on an @73 @73
S/, orbifold. The regions with the same numbers are identified ynare o = €273, Such aZs can be used to split the families

with each othera, b, andc are fixed points o#Z;, and the paral- from the mirror families in 2248 as will be seen

lelogramaba’c is the fundamental region. Consider a six-dimensional theory in which the extra two
dimensions x°> andx®) are compactified on an orbifold with
which that simple group comprises both the standard moded Z; symmetry. The construction of such an orbifold is
gauge symmetries and a family gauge symmetry that suishown in Fig. 2. One starts with a torlig defined by iden-
vives in the four-dimensional theory, perhaps even down tdifying the pointsz=x>+ix® with the pointsz+1 andz
low energy. It is clear that one may constr@s(18) models  + w. This torus is shown as the large parallelogram in Fig. 2.
in a similar way. However, the analogous orbifold breakingUnder a rotation by 2/3 (i.e. z— wz) one sees that the
to SO(10)x SO(8) would giveeight families coming from  regions labeled 1 get mapped into other regions labeled 1,
the hypermultiplet in the bulk. One would therefore have toand that similarly 2 gets mapped into 2, 3 into 3, and 4 into
introducefive mirror families on theD’ brane, and a corre- 4- TheT?/Z; orbifold obtained fromr? by identifyingz with
spondingly large number of Higgs bosons on the brane t¢’Z thus has as_its fu_ndamental region the smaller par_allelo-
mate the mirror families with the ordinary ones. It would be 9ramaba’c. This orbifold has &; symmetry, under which
interesting to know if a more economical and compelling® b: andc are inequivalent fixed pointsThe pointa’ is

way to obtain three I|ght families frorSO(18) USing orbi- identified with a). (The orbifold used |n[17] is the six-
fold compactifications could be found dimensional generalization of this simple two-dimensional

We see, then, that the orthogonal groups can accomoda?éti'rfgti;n%fhﬁ:i57 g)r(]zd dﬁ);)é?l?é symmetrv to break Super-
three light families, but they do not naturally prefer three 9 - ymmetry b
i . . . symmetry down toN=1 and another discrete symmetry to
ight families. If we wish to explain the fact that there are :
i liaht famili h . break the gauge group as before, we will use the sagte
iree light famiies, the grouﬁg SEems Mmore promising, 1,64k poth. In the six-dimensional bulk we take the theory to
given thatEgxX SU(3) is a maximal su_bgroup and that the haveN=1 supersymmetry and gauge grolg. (One need
fundamental representation &g contains a £7,3) under ot worry about cancellation of gauge anomalies since the
that subgroup, as shown in EQ). . Eg box anomaly in six dimensions vanishes up to “reduc-
It is easy to see that orbifolds with, symmetries as we jple” pieces that can be canceled by the Green-Schwarz
hﬂ/e_been considering up to now are not adequate to split th@echanisnj22].) We take the matter in the bulk to consist of
(27,3) mirror families from the 27,3) families in the248  a vector multiplet in the248 A 6D vector multiplet decom-
For aZ, parity to accomplish this, theﬁ],?.) and 7,3) poses, ;Jnder the 4_ISl=1 su_pers;gmmetry, into a vector mul-
would have to have opposite parity. Suppose, then, we imad212|8et v anctj a ChIIEraI mﬁ!t'E'e‘E : -It-)he :nde?;_a(;abelj th(tah
ine the parity of 27,3) to be + and that of 27,?) to be generators okg, WhICh may D€ classiied under the
: . : . E¢X SU(3) subgroup as shown in E@l). The fields inv?#
—. This would be inconsistent with the group algebreegf arGe assfmzed togtrarfsform undgs in t?]lé same way as the
The 248 generators dEg fall into (78,1)+(1,8) +(27,3) y

—— : corresponding generators, which is shown in ER). The
+(27,3). The commutator of two27,3) generators gives a fie|qs in 3.2 transform in the same way except with an addi-
(27,3) generator. Similarly, the commutator of tw@73)  tional factor ofw?. The Z5 transformation properties of the

generators gives &{,3) generator. Consequently the gaugefields are given in Table II.

fields in (27,3) and (27,3) must both have+ parity. That Only those component fields that transform trivially under
implies that the families and mirror families have the sameZ; will have zero modes. Thus, the bulk matter contributes
parity. the following fields to the 4D low energy theory: vector mul-

In order to eliminate the mirror families from the 4D tiplets in (78,1) and (1,8) containing the gauge fields and
theory in Eg there must be an orbifold with at leastZza  gaugino fields ofEg and SU(3), and achiral multiplet in
symmetry. The point is that underzy the generators dEg  (27,3) containing three families of quarks and leptons. This
can transform as follows consistently with the group algebracannot be the whole story as the &J(3)® gauge anomaly

TABLE Il. Z; transformation properties of the vector and chiral multiplet&4n

V(g1 V(g V(273 Vs 2781 29 2273 273

Zs 1 1 ® ? ® ® 1 ®
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must be canceled. This can be done by chiral multiplets livsimple groups related by a discrete symmptrpuld then be

ing on one or more of the branes at the fixed poats, and  compelling. The unification that we now see of the three
c. For example, th&U(3)® anomaly would be canceled by standard model gauge couplings might be an accident, since
twenty-seven 1,3) or by a single {,10) of EgX SU(3) on it. really involves only one non-tr'i\'/ial _condition beipg satis-
one of the branes. It should be noted that on the branes thef€d. However, the accidental unification folr couplings at

is only anEgXx SU(3) symmetry to start with, so that it is One point could hardly be dismissed as accidental.

only necessary to have complete multiplets of that group ©One would therefore conclude that at a high scale some
rather than of the bulk gauge grouy. Again, as in the unified groupG broke down t0GgyX SU(3)am, and that
previous example, we can introduce varioGeectorlike ~~ Some anomaly free set of representationsGobroke into
Higgs representations on the branes to break the symmetfJ,3) plus some additional multiplets that were vectorlike
down to that of the standard model. Such model-buildinginderGsy. (They would have to be vectorlike und@iy in

details are beyond the scope of this paper. But we see n@rder not to have been seen at the weak scallee question
obstacle to Constructing a fu”y realistic model in this way. that would then confront theorists is whether such a breaklng

could take place in the context of a theory with only four
spacetime dimensions. The answer seems to be no.
IIl. FAMILY UNIFICATION AS AN INDICATOR We have seen that groups suchS((16), SQ(18), and
OF EXTRA DIMENSIONS Eg have representations that COI;H&F]:{) qf GguX .S'U(S), .
but these are always accompanied by mirror families, and in
As we have seen, family unification involves the idea thatfour dimensions there does not seem to be any way to push
all three known families reside within one irreducible repre-these mirror families to very large scales. The unitary groups,
sentation of some simple group. This group contains not onlyn particular SU(N) with N=8, also can break down to
the standard model gauge groups, but generally a familyg, x SU(3) giving standard model multiplets that are in
gauge group. In many cases this family gauge group containgiplets of SU(3), but onenever gets simply three families
anSU(3) subgrougfor is anSU(3)] under which the three  pjys pieces that are vectorlike undgg,,. For example con-
families form a triplet. The family gauge group could be siger SU(8) with quarks and leptons in//[aﬂy]+¢[a,3]
broken at very high scales, either by an ordinary 4D Higgsy .. Under theSU(5)x SU(3) subgroup these do give

field or by the orbifold com_pactification. But it is also quitt_a (10,3)+(5.3), but these come together with T 1)
possible that a local family symmetry, perhaps an entire — — i .
SU(3), survives down to “low scale,” by which we mean +(5,3)+(51) +(1,3)+(1,3) +(1,1), which are chiral un-

here something in the hundred TeV range. er G- L
If family unification is realized in nature and the family  1Ne closest that one seems to be able to come is with the

group survives down to low energy the interesting possibilityd"0UPS U(5) X SU(5), with the two gauge couplings forced
would exist, at least in principle even if quite difficult in (@ b€ equal by a discrete symmetry that interchanges the two
practice, to infer the existence of near-Planckian extra diSU(5)'s. Consider the following anomaly-free set of fermi-
mensions from experiments done at “low energy.” ons: (10,5)+(5,10+2(10,1)+2(1,10) +7(5,1) +7(1,5).

Let us call the set of representations ®fy=SU(3).  Under the SU(5)xSU(3) subgroup this gives 10,3)
XSU(2). X U(1)y that make up one family of left-handed 4 (5 3) together with 25,3)+6(5,1) and other pieces that
fermionsF, and suppose for specificity that the low energyare vectorlike underSU(5)xSU(3). This indeed gives
family symmetry isSU(3) [though most of what we will say (F,g) plus pieces that are vectorlike und®k,,. However,

applies as well to other groups, suchS3(3)]. Typically, in : ) =
models with family unification the known quarks and leptons@S 0N can see, those pieces inclapes+5 of SU(S) that
are in F,3) of GeyX SU(3)iam. [t is also possible that cannot get mass abowd;,,,, because they are chiral under

some of the left-handed fermions of a family aredrand S Y(3)ram- IN @ supersymmetric theory this would make the

some in3 of SU(3)1a, as we saw in the case of family couplings blow up below the unification scale.

ification in the adiomt of. What bel i On the other hand, we have seen that in theories with
unrtication in the adjomnt ok7. What we say DEIOW appliesS  aytra dimensions one can end up with three families in trip-
to such cases as wdll.

. lets of anSU(3) family gauge symmetry whose coupling
If SU(3)ram is broken at a scaldl,, near enough to the  ifies ot high scales with the standard model gauge cou-

ngak scaI? tch b? agcetssmltﬁ.to eg;fqer;mtenft_, tgen tonea rrtught kf)efings, without there being any light mirror families. Such a
able eventually 1o do two things. Tirst, 1o ind out what rep- iy, . ation it it is found, would be a telltale sign at low energy

resentations of the family group the quarks and leptons At a theory with extra dimensions at very high scales not

in; and, second, to measure tw(3)fa}m gauge coupling _directly accessible to experiment.
Ofam @nd extrapolate it to high energies to see whether it

unifies with the standard model couplings. Suppose that this
is done and it is found that the quarks and leptons of the
standard model are indeed ifr,@), with no light mirror The work of K.S.B. is supported in part by DOE Grant
families, and that the four gauge couplings do indeed unifyNo. DE-FG03-98ER-41076, a grant from the Research Cor-
What would one be able reasonably to infer from this? poration and by DOE Grant No. DE-FG02-01ER-45684. The

First, the evidence for the unification of the four gaugework of S.M.B. and B.K. is supported in part by DOE Grant
groups (into one simple group or a product of identical No. DE-FG02-91ER-40626.

ACKNOWLEDGMENTS

115008-5



K. S. BABU, S. M. BARR, AND BUMSEOK KYAE

[1] J. Scherk and J.H. Schwarz, Phys. L&2B, 60 (1979; Y.
Hosotani,ibid. 126B, 309 (1983; 129B, 193 (1983; P. Can-
delas, G.T. Horowitz, A. Strominger, and E. Witten, Nucl.
Phys.B258 46 (1985; E. Witten, ibid. B258, 75 (1985.

[2] Y. Kawamura, Prog. Theor. Phy&05, 691 (2001); 105 999
(200D; G. Altarelli and F. Feruglio, Phys. Lett. B11, 257
(200D; L.J. Hall and Y. Nomura, Phys. Rev. B4, 055003
(200D; A. Kobakhidze, Phys. Lett. B14, 131(200J); A. He-
becker and J. March-Russell, Nucl. Phg§13 3 (2001); H.D.
Kim, J.E. Kim, and H.M. Lee, hep-ph/0112094.

[3] T. Akasi, W. Buchmiler, and L. Covi, Phys. Lett. 523 199
(2002; L.J. Hall, Y. Nomura, T. Okui, and D. Smith, Phys.
Rev. D65, 035008(2002; R. Dermsek and A. Mafi,ibid. 65,
055002(2002.

[4] P. Ramond, “The Family Group in Grand Unified Theories,”
invited talk at the Sanibel Symposia, 197®issued as
hep-ph/9809459

[5] F. Wilczek and A. Zee, Phys. Rev. b, 553(1982.

[6] M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity
edited by P. van Nieuwenhuizen and D. Z. Freedr(idorth-
Holland, Amsterdam, 1979

[7] H. Sato, Phys. Lettl01B 233 (1981); Phys. Rev. Lett45,
1997(1980; M. Ida, Y. Kayama, and T. Kitazoe, Prog. Theor.
Phys. 64, 1745 (1980; A. Masiero, M. Roncadelli, and T.
Yanagida, Phys. Lettl17B, 291 (1982.

[8] P. Arnold, Phys. Lett149B 473(1984).

[9] F. Wilczek and A. Zee, Phys. Rev. B5, 553 (1982; R.N.
Mohapatra and B. Sakitabid. 21, 1062 (1980; G. Senjan-
ovic, F. Wilczek, and A. Zee, Phys. Left41B, 389(1984; J.
Bagger and S. Dimopoulos, Nucl. Ph244, 247 (1984).

[10] M. Koca, Phys. Lett.107B, 73 (1981); T. Kugo and T.

PHYSICAL REVIEW D65 115008

Yanagida,ibid. 134B, 313(1984).

[11] I. Bars and M. Gnaydin, Phys. Rev. Let45, 859(1980); S.E.
Konshtein and E.S. Fradkin, Pis’'ma Zhkdp. Teor. Fiz.32,
575(1980 [JETP Lett.32, 557(1981)]; M. Koca, Phys. Lett.
107B, 73(1981); C.L. Ong, Phys. Rev. 31, 3271(1985; W.
Buchmiler and O. Napoly, Phys. Letl.63B, 161 (1985; K.
Itoh, T. Kugo, and H. Kunitomo, Prog. Theor. Phy&, 386
(1986; S.M. Barr, Phys. Rev. 37, 204(1987; U. Ellwanger,
Nucl. Phys.B536, 46 (1991).

[12] V.A. Novikov, L.B. Okun, A.N. Rozanov, and M.l. Wsotski,
Phys. Lett. B529, 111 (2002.

[13] H.-J. He, N. Polonsky, and S. Su, Phys. Rev6f) 053004
(2001).

[14] S.L. Adler, Phys. Lett. B633 121(2002.

[15] G. Triantaphyllou, Eur. Phys. J. @0, 703 (1999.

[16] P. Candelas, G.T. Horowitz, A. Strominger, and E. Witten,
Nucl. Phys.B258 46 (1985.

[17] L.J. Dixon, J.A. Harvey, C. Vafa, and E. Witten, Nucl. Phys.
B261, 678(1985; B274, 285(1986.

[18] L.E. Ibanez, H.P. Nilles, and F. Quevedo, Phys. LetL8B, 25
(1987; L.E. Ibanez, J.E. Kim, H.P. Nilles, and F. Quevedo,
ibid. 191, 282(1987; L.E. lbanez, J. Mas, H.P. Nilles, and F.
Quevedo, Nucl. PhysB301, 157 (1988; B.R. Greene, K.H.
Kirklin, P.J. Miron, and G.G. Rossbid. B278 667 (1986
B292, 606 (1987.

[19] G. Triantaphyllou and G. Zoupanos, Phys. Lett4B9 420
(2000.

[20] K.S. Babu and S.M. Barr, Phys. Rev.48, 5354(1993.

[21] K.S. Babu and S.M. Barr, Phys. Rev.@3, 095009(2002.

[22] N. Borghini, Y. Gouverneur, and M.H.G. Tytgat, Phys. Rev. D
65, 025017(2002; A. Hebecker and J. March-Russell, Nucl.
Phys.B625 128(2002.

115008-6



