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Predictions from an anomalous W1) model of Yukawa hierarchies
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We present a supersymmetric standard model with three gauged Abelian symmetries of a type commonly
found in superstrings. One is anomalous; the other twaEgréamily symmetries. It has a vacuum in which
only these symmetries are broken by stringy effects. It reproduces all observed quark and charged lepton
Yukawa hierarchies and the value of the Weinberg angle. It predicts three massive neutrinos, with mixing that
can explain both the small angle MSW effect and the atmospheric neutrino anomaly. The Cabibbo angle is
expressed in terms of the gauge couplings at unification. It cons&\egity and proton decay is close to
experimental bound$S0556-282(98)06513-§

PACS numbd(s): 12.60.Jv

[. INTRODUCTION contained withinEg and one anomalous family-independent
U(1) symmetry. All three are spontaneously broken by the
Over the last few years there has been growing interest idilaton-generated Fl term. To cancel anomalies, it contains
relating generic features of superstring models to low-energyectorlike matter with standard model charges, and hidden
phenomenology. Prominent among these are models whickector fields and interactions, some of the many features en-
contain an anomalous(ll) with anomalies cancelled by the countered in superstring models. It is expressed as an effec-
Green-Schwarz mechanigr] and in which the dilaton gets tive low-energy supersymmetric theory with a cutoff scale
a vacuum value, generating a Fayet-lliopoulos term that trigM. It has some distinctive features, such as all quark and
gers the breakin{2] of at least the anomalous gauged sym-charged lepton Yukawa hierarchies and mixing, including
metry at a large computable scale. the bottom to top Yukawa suppression, the value of the
Through the anomalous(Wl), the Weinberg angle at the Weinberg angle at unification, three massive neutrinos with
cutoff is related to anomaly coefficienit8]. This allows for  mixings that give the small-angle Mikheyev-Smirnov-
possible relations between fundamental string quantitres Wolfenstein(MSW) effect for the solar neutrino deficit and
the ultraviolej and experimental parametéis the infrared.  the large angle mixing necessary for the atmospheric neu-
A simple model[4] with one family-dependent anomalous trino effect, naturaR-parity conservation, proton decay into
U(1) beyond the standard model was the first to exploit thes&®+ . * near the experimental limit, and a hidden sector that
features to produce Yukawa hierarchies and fix the Weinbergontains strong gauge interactions. It is heavily constrained
angle. It was soon realized that some features could be alby the requirement that the vacuum, in which the three
stracted from the presence of the anomalo(Biexpressing  U(1)’s are broken by stringy effects, be free of flat directions
the ratio of downlike quarks to charged lepton masses irmssociated with the MSSM invariants. Our model’s vacuum
terms of the Weinberg anglé—7], the suppression of the is demonstrably free of the flat direction associated with each
bottom to the top quark massE3], relating the uniqueness invariant.
of the vacuum to Yukawa hierarchies and the presence of The theoretical consistency of the model is tested by the
minimal supersymmetric standard mo@®ISSM) invariants  many ways in which its cutoff is “measured.” First, the
in the superpotential, and finally relating the seesaw mechaenormalization group evolution of the standard model gauge
nism[9] to R-parity conservatiof10]. couplings yields their unification scale. Its value depends on
Recently, many of these ideas were incorporated in d@he number of standard-model vectorlike matter at interme-
model[11] with one anomalous and two nonanomalou4)U diate masses; in our model we fill,~ 3x 10 GeV. Sec-
symmetries spontaneously broken by stringy effects. It conend, assuming that all couplings in the superpotential are of
tained only the three standard model chiral families, threerder 1, it is measured by fitting the neutrino mass scale. A
right-handed neutrinos, and the fields necessary to break th# to both the small-angle MSW and the atmospheric neu-
extra phase symmetries. It reproduced all quark and chargedno deficit yields 16°<M <4 x 10" GeV. A fit only to the
lepton hierarchies, and the Weinberg angle, but failed irMSW effect yields a larger valuél ~10'® GeV. Third, the
some other aspects: the proton decayed faster than observéatk of experimental evidence for proton decay sets a lower
and the three light neutrinos had an inverse mass hierarchppound forM consistent with these estimates.
which could not account for the solar neutrino deficit. In all the above estimates, we have used the Cabibbo
In this paper, we propose an alteration of this model, inangle as the expansion parameter. However, the Green-
which there are two nonanomaloug1l) family symmetries  Schwarz relation yields a natural expansion parameter in
terms of the gauge coupling at unification. In our model, we
find it to be\ ~0.28, clearly of the same order of magnitude
*Permanent address: Laboratoire de Physiqueoiitnee et but larger than the Cabibbo angle, but this value depends on
Hautes Energies, Universitearis-Sud, Ba 210, F-91405 Orsay the standard-model vectorlike matter, about which we have
Cedex, France. no direct experimental information. Thus we have used the
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experimental value of the Cabibbo angle in all estimates obf Eg, resulting in the cancellation of many anomalies. This

the suppression factors. also implies the presence of both matter that is vectorlike
Furthermore, our determinati¢B] of the Weinberg angle with respect to standard model charges and right-handed

assumes that the cutoff is close to the unification scale. Thuseutrinos, which trigger neutrino masses through the seesaw

theoretical and numerical considerations imply that if ourmechanisnj9].

theory is to be derived from a theory in higher dimensions, The three symmetrieX, Y(*? are spontaneously broken

its “string” cutoff must be near the unification scale. at a high scale by the Fayet-lliopoulos term generated by the
To complete our model, we need to include mechanismslilaton vacuum. This Dine-Seiberg-WittddPSW) vacuum

that break both supersymmetry and electroweak symmetrief2] is required to preserve both supersymmetry and the

The hidden sector contains a gauge theory with strong cowtandard-model symmetries. Below its scale, our model dis-

pling, capable of breaking supersymmetry through theplays only the standard-model gauge symmetries.

Binetruy-Dudas mechanisifii2]. Unfortunately, it cannot be To set our notation and explain our charge assignments,

the main agent of supersymmetry breaking. The reason it us recall some basiEg [16]. It contains two Abelian

that squarks get soft masses through Dheterms of the symmetries outside of the standard model: The firét)U

gauge symmetries, and while thH2 term of the family- which we callV’, appears in the embedding

independent anomaloud(l) yields equal squark masses, the

D terms of the other two (1)'s give generically flavor- EcCSQO(10) X U(2)yr, (2.2

dependent contributiorlsSince our model does not align

[13] the quark and squark mass matrices sufficiently to acwith

count for the flavor-changing constraints, we are left with the

usual flavor problem associated with supersymmetry break- 27=16,+10_,+1,, (2.3

ing. Also, this mechanism does not generate large gaugino

masses. We note that in some free-fermion superstring modvhere the Wl1) value appears as a subscript. The second

els[14], the flavor-dependerd terms can vanish. U(1), calledV, appears in
In the following, we present the details of the model. Sec-
tion Il details the gauge sector, followed in Sec. Ill by a SA10CSU(B)XU(1)y, (2.9

discussion of the gauge anomalies and their cancellations. ]

This is followed in Sec. IV by a discussion of the generalCorresponding to

features of its vacuum. The phenomenology of quark and _ _

lepton masses is presented in Sec. V, followed in Sec. VI by 16=5_3+10,+15, 10=5,+5_,. (2.5
a thorough discussion of the neutrino phenomenology of our

model. In Sec. VII, we analyze the consequences of the matFhe familiar hypercharg® appears in

ter with vectorlike standard-model charges. The discussion

of the matter content concludes in Sec. VIII with the hidden SU(B)CSUR2)XSU3) xU(1)y, (2.6
sector needed to cancel anomalies. We then describe in Sec.

IX how R-parity conservation arises in our model, followed with the representation content

in Sec. X by the analysis of proton decay interactions. Fi- o o

nally we close with a detailed analysis of the vacuum flat 5=(2,1%_1+(1,3%ya, 2.7
directions associated with the invariants of the model.

10=(1,1%,+ (2,3%) 15+ (1,3°) _ 45
Il. THE GAUGE SECTOR (2.8)

In the visible sector, the gauge structure of our model isthe two U1)'s in SO(10), can also be identified with baryon
that of the standard model, augmented by three Abelian Ssyny,mper minus lepton number and right-handed  iso-
metries: spin as

SUB)XSUR) X U(1)y X U(L)x X ULy X U(L)y2. 1

lr=15(3Y-V). (29

(2.0 B—L=é(2Y+V),

One of the extra symmetries, which we cdllis anomalous; i o
dhe first combination i8—L only on the standard-model

its charges are assumed to be family independent. The oth |h_ R , -
two symmetriesy™™ and Y® are not anomalous, but have chiral families in thel6; on the vectorlike matter in th&0 of

specific dependence on the three chiral families, designed (10 it cannot be interpreted as their baryon number mi-

reproduce the Yukawa hierarchies. This theory is inspired byUS their lepton number. _
models generated from the superstriigx Eg heterotic We postulate the two nonanomalous symmetries to be

theory, and its chiral matter lies in broken-up representations

L 2 0
Y(1)=§(2Y+V) 0 -1 0|, (2.10
'E. Dudas(private communication 0O 0 -1

035003-2



PREDICTIONS FROM AN ANOMALOUS U1) MODEL OF ... PHYSICAL REVIEW D58 035003

10 0 Ci Cgrav .
1 —= forall i. (3.3
Y@=Z2(v+3v)| 0 0 0 |. (2.11) ki 12
0 0 -1 A similar relation holds forCy=(XXX), the self-anomaly

coefficient of theX symmetry. These result in important nu-

The family matrices run over the three chiral families, so thatmerical constraint, which can be used to restrict the matter
Y2 are family traceless. content of the model

Vy_e fu_rther assume that thé charges on the three chiral All other anomalies must vanish:
families in the27 are of the form

therefore of the following types.
The first involve only standard-model gauge gro@as;,
with coefficients GguGsuGsm), Which cancel for each chi-

where «, B, y are as-of-yet undetermined parameters. : :
. L _ ) . . ~ral family and for vectorlike matter. Also the hypercharge
Since Tr(y YD) =Tr(Y X)=0, there is no appreciable kinetic mixed gravitational anomaly(TT) vanishes.

mixing between the hypercharge and the three gauged sym- The second type is where the new symmetries appear lin-
metries. The matter content of this model is the smallest thaéarly of the type ¥)GgyGsy). The choice of family
i M sm) - -
reproduces the observed quark and charged lepton hierarchy, o c«/() ensyres their vanishing over the three families
canc_els the anomalies asso_mated with the extra gauge SYT0f fermions with the standard model. Hence they must van-
me_}rr;es, anr(]j_ p:o;:luc?_s a unlqhue y:;l]cu#m structure. b ish on the Higgs fields: witlsgy= SU(2), it implies that the
ree chiral familles each with the guantum num ©  Higgs pair is vectorlike with respect to the). It follows
of a 27 of Eg. This means three chiral families of the . o T
— — — ) that the mixed gravitational anomalie¥'('TT) are zero
standard model;, u;, di, Li, ande;, together with three ey the fields with standard model quantum numbers. They
right-handed neutrinoll; , three vectorlike pairs denoted by must therefore vanish as well over all other fermions in the
E; + D; andE; + D;, with the quantum numbers of tite+ theory.
5 of SU(5). Our model does not contain the singl&gshat The third type involve the new symmetries quadratically
make up the rest of the7. With our charges, they are not of the form GgyY'Y()). These vanish automatically ex-

required by anomaly cancellation, and their presence wouldept for those of the formY(Y!) Y1), Two types of fermions

o » O

1 0
X=(a+BV+V")| 0 ol (2.12 In terms of the standard model, the vanishing anomalies are
0 1

create unwanted flat directions in the vacuum. contribute: the three chiral families and standard-model vec-
One standard-model vectorlike pair of Higgs weak dou-torlike pairs
blets. o L o
Chiral fields that are needed to break the three extfa U 0=(Y YY) =(YYOYD) it (YYOYU) .
symmetries in the DSW vacuum. We denote these fields by @.

0, . In our minimal model with three symmetries that break
through the Fl term, we just take=1,2,3. The¢ sector is the vectorlike matter is necessary to cancel one of the

nece;ssanly anomalous. . . . anomaly coefficients, since we have
Hidden sector gauge interactions and their matter, to-

gether with singlet fields, needed to cancel the remaining (YYDY@) o= —(YYDY®?) =12, (3.6)
anomalies.

By choosingY*?) in Eg, overall cancellation is assured, but

The fourth type are the anomalies of the new symmetries
Ill. ANOMALIES of the form (Y)Y YW®) Since standard-model singlet fer-
) ) mions can contribute, it is not clear, without a full theory,
In a four-dimensional theory, the Green-Schwarz anomaly,q\y to determine how the cancellations come about. We

compensation mechan_ism occurs through a dimension-Rnow that over the fermions in ali, representation, they
term that couples an axion to all the gauge fields. As a resul{,gnish but. as we shall see. the sector is necessarily

any anomaly linear in theX symmetry must satisfy the anomalous. In the following we will present a scenario for

Green-Schwarz relations these cancellations, but it is the least motivated sector of the
theory since it involves the addition of fields whose sole

purpose is to cancel anomalies.

The remaining vanishing anomalies involve the anoma-

(XG,G]):5|JC|, (31)

where G; is any gauge current. The anomalous symmetry

: o lous chargeX.
must have a mixed gravitational anomaly, so that ) o .
g y Since bothX andY are family independent and®" are
(XTT)=Cgya#0, (3.20  family traceless, the vanishing of thX ¥ Y(12) coefficients

over the three families is assured; so they must vanish over
where T is the energy-momentum tensor. In addition, thethe Higgs pair. This means thAtis vectorlike on the Higgs
anomalies compensated by the Green-Schwarz mechanigpair. It follows that the standard-model invaridtH 4 (the
satisfy the universality conditions w term) has zeroX andY") charges; it can appear by itself in
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the superpotential, but we are dealing with a string theorywhere only thed fields have vacuum values implies, from

where mass terms do not appear in the superpotential: it cahe vanishing of the threB terms,

appear only in the Kaler potential. This results, after super-

symmetry breaking, in an induced term of weak strength, |64 &

as suggested by Giudice and Masi¢td]. Al 1622] = 0 |. (4.1)
Since the Higgs pair does not contribute to anomaly co- )

efficients, we can compute the standard-model anomaly co- | 65| 0

efficients. We find It follows that the matrixA must not only have an inverse

Ceolo= 18, Cyea=182¢, Cy=30a. (3.7) but that the entries in the first row of its inverse be positive.
Since A is invertible, its rows consist of three linearly
Applying these to the Green-Schwarz relations we find théndependentbut not orthogonalbasis vectorsy,, v,, and
Kac-Moody levels for the color and weak groups to be thevs, whose components are the Y®, andY® charges of

same, the @ fields. The charges of any standard-model invarnt
(or any standard-model singlgf) form a vector which can
Keolor= Kweaks (3.8 be expressed in that basis:
and through the IG@z relation[3], the value of the Wein- W= —(N1V1+NyVy+N3V3). (4.2

berg angle at the cutoff,
Ifall n,, a=1,2,3 are positive integers, théng;*65265° is
tar?ow=i= E (3.9 a hqlomorphic ipvariant and can be pres'ent in t'h.e superpo-
Cueak 3 tential. It is quite remarkable that the invertibility of,
o ] . which ensures the existence of the DSW vacuum, is the same
not surprisingly the sar(rl)e \(/ze}lue as in GYtheories. . condition required for invariants of the for® 6;6,°653 to
The coefficients XY'Y'™). Since standard-model sin- ot Those invariants are precisely the ones needed to gen-
glets can contribute, we expect its cancellation to come abmﬁrate mass hierarchies in the DSW vacuum, vBtibeing
through a combination of hidden sector and singlet fields. ItsYukawa invariants. If alh,, are positive, but séme of them
contribution over the chiral fermionéncluding the right- are fractional, thé invz:riant appear's at higher order:

handed neutringss found to be (S 672652653)™. Finally, if somen, is negative, one cannot
(XYDY@) s rea™ 18, (3.10 form any holomorphic invariant out & and the# fields.
We have found no fundamental principle that fixes the
The coefficient KXY). With our choice forX, it is zero.  charges of the fields. However, by requiring that they all
The coefficients XX Y!) vanish over the three families get the same vacuum value and reproduce the quark hierar-
of fermions with standard-model charges, but contributionghies, we arrive at the simple assignment
are expected from other sectors of the theory.

The vanishing of these anomaly coefficients is highly 1 0 0
nontrivial, and it was the main motivator for o(seemingly A=l0 -1 1] 4.3
arbitrary) choices ofX, andY®, 1 -1 0

IV. DSW VACUUM Forming its inverse

The X, YV, and Y Abelian symmetries are spontane- 10 0
ously broken below the cutoff. Phenomenological consider-
ations require that neither supersymmetry nor any of the ATl={1 0 -1}, (4.9
standard-model symmetries be broken at that scale. This puts 1 1 -1
severe restrictions on the form of the superpotential and the
matter fieldg10]. we see that all threé fields have the same vacuum expec-

Since three symmetries are to be broken, we assume thgition value:
three fields#, acquire a vacuum value as a result of the Fl
term. They are singlets under the standard-model symme- [{0)|=[{02)| = |{ O3)| = E. (4.5
tries, but not undeX and Y(*2). If more fields than broken _ _
symmetries assume nonzero values in the DSW vacuum, we The presence of other fields that do not get values in the
would have undetermined flat directions and hierarchies, anBSW vacuum severely restricts the form of the superpoten-
Nambu-Goldstone bosons associated with the extra Symméial. In particular, when the extra fields are right-handed neu-
tries. trinos, the uniqueness of the DSW vacuum is attained only
We express their charges in terms of 3 matrix A, after adding to the superpotential terms of the foNRP(6),
whose rows are th¥, YV, and Y(? charges of the thre¢ ~ wherep is an integer=2, andP is a holomorphic polyno-
fields, respectively. mial in the 6 fields. If p=1, itsF term breaks supersymme-
Assuming the existence of a supersymmetric vacuuniry at the DSW scale.
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The casg=2 is more desirable since it translates into aand
Majorana mass for the right-handed neutrino, while the cases

p=3 leave theN massless in the DSW vacuum. To single Yi=-VYii)=0, Y{{=-Vv{{=2, (5.3

out p=2 we simply choose thX charge of theﬁi to be a

negative half-odd integer. Since_ right-hgnded_ neutrinos x(QinHU)EX[uIZOI (5.4)
couple to the standard model invariaht$,, it implies that

XL, Is also a half-odd integer. The superpotential contains terms of higher dimensions. In

The same analysis can be applied to the invariants of ththe charge 2/3 sector, they are

MSSM. Since they must be present in the superpotential to
give quarks and leptons their masses, thegharges must be — (e\" (6,
i

) (3
negative integers. Remarkably, these are the very same con- M M
ditions necessary to avoid flat directions along which these

i [ Gg\ M
vl (5.9
invariants do not vanish: with negative charge, these invari- . e
; =2 in which the exponents must be positive integers or zero.
ants cannot be the only contributors By in the DSW b P g

A . . . Invariance under the three charges yields
vacuum. The presence of a holomorphic invariant, linear in

the MSSM invariant multiplied by a polynomial in the e
fields, is necessary to avoid a flat direction where both the 1

invariant and thed fields would get DSW vacuum values.

The full analysis of the DSW vacuum in our model is rather
involved, but it is greatly simplified by using the general "’ _ .

methods introduced by two of (i48]. We postpone the dis- t"’flzy' They are determined by our choice for the charges
cussion of the uniqueness of the vacuum until the end of thiy "2 A straightforward computation yields the orders of

— 2) _ (2
=0, nP=y2

3 1 2
i ni = — Yy,

(5.6

whereY{P" and Y{?) are the charges @;u;H,,, respec-

paper. magnitude in the charge 2/3 Yukawa matrix
Finally, we note a curious connection between the DSW 8 .5 .3
vacuum and the anomalies carried by thdields. Assume AT ONT A
that the # sector does not contribute to the mixed gravita- viulo[ A7 A% A2 , (5.7

tional anomalies
DD |

(YOTT),=0. (4.6) _ _
where\ =|6,//M is the expansion parameter.

This means that the charge€! are traceless over thé A similar computation is now applied to the chargd/3
sector. They are therefore generators of the globaf35U Yukawa standard-model invarian@d;H4. The difference
under which the three fields form the3 representation. is the absence of dimension-3 terms, so thatXitsharge,
However, SU3) is anomalous, and it contains only one which we denote byX!%!, need not vanish. We find that if
nonanomalous ) that resides in its S&) subgroup. Thus  X[9> -3 one exponent in the (33) position is negative,
to avoid anomalies, the two chargé§-? need to be aligned resulting in a supersymmetric zefd3] and spoiling the
over the# fields, but this would imply dé&t=0, in contra-  quark hierarchy. Hence, as longX&!< — 3, we deduce the
diction with the necessary condition for the DSW vacuum. ltcharge— 1/3 Yukawa matrix
follows that the vacuum structurequiresthe @ sector to be

anomalous. Indeed we find that, over thdields, A A% a8
DYV = (v(Dy@2y(2)) — _ ylal o\ -3xtd-6l \3 )2 2| (5.9
(YDYDy@) —(yOy@y@) ——1. (4.7
A 1 1

In a later section we discuss how these anomalies might be

compensated for. and diagonalization of the two Yukawa matrices yields the
Cabibbo-Kobayashi-Maskaw@KM) matrix
V. QUARK AND CHARGED LEPTON MASSES

3
To account for the top quark mass, we assume that the LA

superpotential contains the invariant U~ N 1 N2, (5.9
G |

QalisH, - (5.

. . - . This shows the expansion parameter to be of the same order
SinceX is family independent, it follows that the standard- ¢ o nitde as the Cabibbo angle. For definiteness in
model invariant operator®;u;H,, wherei,j are family in-  \what follows we take them to be equal, although as we show
dices, have zer& charge. Together with the anomaly con- |ater the Green-Schwarz evaluation »f gives a slightly
ditions, this fixes the Higgs charges higher value.

B _ » The eigenvalues of these matrices reproduce the geomet-
Xu, = = Xu,= = Xo= Xy (5.2 i interfamily hierarchy for quarks of both charges,
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m. Their standard-model invariant masses are generated by
(5.10  terms of the form

(1) (2) (3)
— Pii [ 65\ Pii [ 63\ Pii
Mg 2 Ms [ 0|7 [ P2 3
m N R (5.11) MNlNJ( vl wl M) 6.1
while the quark intrafamily hierarchy is given by whereM is the cutoff of the theory. In theij) matrix ele-
ment, the exponents are computed to be equal 2Xy plus
Mo _ ot gao3X9-6 (5.12
m, _ COtANe : : (040 (021  (0,0-1)
implying the relative suppression of the bottom to top quark (0.2 (0,02 0.-2.0 . 6.2
masses, without large tg. These quark-sector results are (0,0-1) (0,-2,0 (0,-4,-2)
the same as in a previously published model], but our . . _ _
present model is different in the lepton sector. If X§=—1/2, this matrix has supersymmetric zeros in the

The analysis is much the same as for the down quark23), (32), and (33) elements. While this does not result in a
sector. No dimension-3 term appears and the standard-modégro eigenvalue, the absence of these invariants from the

invariantsL;e;H 4 have chargeX!®, Y{?! . The pattern of = Superpotential creates flat directions along whidhy) #0;
eigenvalues depends on thé®: if X!¥>—-3 we find a such flat directions are dangerous because they can lead to

supersymmetric zero in the (33) position, and the wrong/acua other than the DSW vacuum.Xf{=—5/2, none of
hierarchy for lepton masses; X!¢/=—3, there are super- the entries of the Majorana mass matrix vanishes, but then
symmetric zeros in the (21) and (31) position, yielding  the vacuum analysis indicates that flat directions are allowed
which involve MSSM fields. For those reasons, we choose
AN A3 Xy= —3/2, which still yields one harmless supersymmetric
zero in the Majorana mass matrix, now of the form

yil-\3l 0 A2 1. (5.13
0 A2 1 Ne NS A
7 5 4
Its diagonalization yields the lepton interfamily hierarchy MAc| Ac Ac 1. 6.3
Ae 10
Te yo, D)2 (5.14
m, ¢ m, ¢ ' Its diagonalization yields three massive right-handed neutri-

nos with masses
Our choice ofX ensures thak[¥=XI¢l which guarantees
through the anomaly conditions the correct value of the my~MAE, my ~myg ~MAL. (6.4)
Weinberg angle at the cutoff, since ¢ # !

3 By definition, right-handed neutrinos are those that couple
sirf 6, == « Xld=xle: (5.15 to the standard-model invariantsH,, and serve as Dirac
8 partners to the chiral neutrinos. In our model,

it setsX[d=—3, so that

X(LiH N;))=X"=0. (6.5
my my 3 . .
le’ m cot BA; . (5.1  The superpotential contains the terms
T t
: , aV o1 q@ ) o q@
It is a remarkable feature of this type of model that both LHN ﬁ ! @ 4 ﬁ . 6.6
inter- and intrafamily hierarchies are linked not only with UM M M ' '

one another but with the value of the Weinberg angle as
well. In addition, the model predicts a natural suppression ofesulting, after electroweak symmetry breaking, in the orders

my/m,, which suggests that tgf is of order 1. of magnitude(we notev ,=(H?))
8 7 3
VI. NEUTRINO MASSES ANe Ao g
5 4
Our model, based oBg, has all the features of I00); in vyl Ae Ac 1 (6.7
particular, neutrino masses are naturally generated by the )\ﬁ 7\§ 1

seesaw mechanis8] if the three right-handed neutrind§

acquire a Majorana mass in the DSW vacuum. The flat difor the neutrino Dirac mass matrix. The actual neutrino mass
rection analysis then indicates that thXircharges must be matrix is generated by the seesaw mechanism. A careful cal-
negative half-odd integers, that By=—1/2, —3/2,... . culation yields the orders of magnitude
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)\S )\g )\g of the mass eigenvalues. In order to take this effect into
va 3 account, we rewrite the neutrino mass matrix, expressed in
MX3 Ae 11, (6.8 the basis of charged lepton mass eigenstates, as
c 3
A 101

o o and bad ol
A characteristic of the seesaw mechanism is that the charges

3
of theN; do not enter in the determination of these orders of mo | bAc d I (6.1
magnitude as long as there are no massless right-handed neu- c\d e f
trinos. Hence the structure of the neutrino mass matrix de-
pends only on the charges of the invariaht#i,, already  where the prefactora, b, c, d, e, andf, unconstrained by
fixed by phenomenology and anomaly cancellation. In theany symmetry, are assumed to be of order 1, say, 0.5
few models with two nonanomalous horizontal symmetries<a, ... f<2. Depending on their values, the two heaviest
based orEg that reproduce the observed quark and chargegeutrinos may be either approximately degenefstenario
lepton masses and mixings, the neutrino mass spectrum exy or well separated in magscenario 2 It will prove con-
hibits the same hierarchical structure: the matéx) is a  venient in the following discussion to express their mass
very stable prediction of our model. Its diagonalizationratio and mixing angle in terms of the two parametgrs

yields the neutrino mixing matrik19] =(df—e?)/(d+f)2 andy=(d—f)/(d+f):
1 A2 A3
m,, 1-y1-4x y?
2 .
Ums=| N2 1 1], 6.9 =————— sirf260,,=1— . (6.12
MNS }\; L (6.9 m,,  1+\1-4x " 1—4x
Cc

Scenario 1 corresponds to both regimes~4. and (—4x)

>1, while scenario 2 requirdg|<1. Let us stress that small
values of|x| are very generic whed andf have same sign,
provided thatd f~e2. Since this condition is very often sat-

so that the mixing of the electron neutrino is small, of the
order ofA2, while the mixing between thg and r neutrinos

is of order 1. Remarkably enough, this mixing pattern is
precisely the one suggested by the nonadiabatic M3y isfied by arbitrary numbers of order 1, a mass hierarchy is

explanation of the solar neutrino deficit and by the oscillation . :
. . . ' not less natural, given the structuf@.8), than an approxi-
interpretation of the reported anomaly in atmospheric neu-

trino fluxes (which has been recently confirmed by the mate deg(_aneracy. : . _
Super-Kamiokand&21] and Soudari22] Collaborations It chnarlo ;L mz;vm,,s.zln this scenario, the oscillation fre-
should be stressed here that the model of Ref], which ~ quenciesAmy =m;, —m, are roughly of the same order of
differs from the present one by the fact thét) is alongB  magnitude, Am2,~ Am2,~Am2,. There is no simultaneous
+L instead oB—L, predicts the same lepton mixing matrix. explanation of the solar and atmospheric neutrino data. A
However, it cannot accommodate the MSW effect, because #trong degeneracy between and v, which would result in
yields an inverted mass hierarchy in the neutrino sector. Thewo distinct oscillation frequencies\ma,<Am?Z,~Am2,,
change oB+L into B—L restores the natural hierarchy, but would be difficult to achieve in this modélas it would
requires the addition of vectorlike matter to cancel anomarequire one either to fine-tuné=f and to allow fore<1
lies. (case 4~1) or to fine-tuned=—f [case (4x)>1].
Whether the present model actually fits the experimental Thys, this scenario yields only the MSW effect, with
data on solar and atmospheric neutrinos or not depends ®m?2,~Am?,~10¢ eV?, and a total electron neutrino os-
the eigenvalues of the mass mat(&8). A naive order of  jjjation probability
magnitude diagonalization givesiaand 7 neutrinos of com-

parable masses and a much lighter electron neutrino: Am2.L Am2.L

P (ve—v, ) =4Uu\0sir?| — = | + 42\ %sir?| — 2>
v2 & e ¢ 4E vt 4E )

~ 6 ~ =
mve Mo )\CI mvﬂv mVT Mo, My m (613)
(6.10 i
where the parametens and v are defined to bai=(bf
The overall neutrino mass scatg depends on the cutoll. —ce)/(df—e?) and v=(be—cd)/(df—e?). If Amf2 is
Thus the neutrino sector allows us, in principle, to measurelose enough taAm3,, Eq. (6.13 can be viewed as a two-

it. flavor oscillation with a mixing angle sta6=4 (u?

At first sight, this spectrum is not compatible with a si- +2) \S. The solar neutrino data then requira®¢v?)
multaneous explanation of the solar and atmospheric neu<10- 20 [24], which is still reasonable in our approach.
trino problems, which requires a hierarchy betwae;;l and

m, . However, the estimate$.10 are too crude: since the

(2,2, (2,3, and(3,3) entries of the mass matrix all have the  2This is to be contrasted with the models of R&f), in which the
same order of magnitude, the prefactors that multiply thelose degeneracy is linked to the structure of the neutrino mass
powers ofA. in Eq. (6.8 can spoil the naive determination matrix.
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Although the mixing betweem and = neutrinos is of order but the valueXy= —3/2 is precisely that favored by the flat

1, they are too light to account for the atmospheric neutrinadirection analysis. As a comparisody= —1/2 would give

anomaly. M~10% GeV, and Xy<-5/2 corresponds to M
Scenario 2. m <m, . The two distinct oscillation fre- <10" GeV.

quenciesAm?, and Am2,=Am2, can explain both the solar ~ Turning the argument the other way, had we et M,
and atmospheric neutrino data: nonadiabatic MSWab initio, the value oiXy favored by the flat direction analy-

ve— v,., transitions requirg24] sis would yield precisely the neutrino rI13ass scale needed to
explain the solar neutrino deficitpg~10"* eV. Other val-
4X10°8 eV2<Am?2 ues of Xy would give mass scales irrelevant to the data:
Xy=—1/2 corresponds tmy~10~" eV, which is not inter-
<10° eV? (bestfit. 5<10°6 eV?), esting for neutrino phenomenology, aXg=<—5/2 to m,

6.14) >10 eV, which, given the large mixing betweenand =
neutrinos(and assuming no fine-tuned degeneracy between
them), is excluded by oscillation experiments.

To conclude, our model can explain both the solar neu-
trino deficit and the atmospheric neutrino anomaly, depend-
_ ing on the values of the order-1 factors that appear in the

5x10°* eV’<Am? neutrino mass matrices. The cutdf, which is related to the
<5x10°3 eV? (bestfitt 103 eV?). neutrino mass scale, is determined to be close to the unifica-
tion scale. Finally, our model predicts neither a neutrino
(6.19  mass in the few eV range, which could account for the hot
component of the dark matter needed to understand structure
To accommodate both, we need 008, /m, =x<0.15  formation, nor the LSND resuf26]. The upcoming flood of
(with x=0.06 for the best fils which can be achieved with- experimental data on neutrinos will severely test our model.
out any fine-tuning in our model. Interestingly enough, such
small values ok generically push sﬁﬁ:ﬁw towards its maxi-
mum, as can be seen from E¢6.12. Indeed, sincel andf
have the same sign and are both of ordey?is naturally To cancel anomalies involving hypercharge, vectorlike
small compared with (% 4x). This is certainly a welcome matter with standard-model charges must be present. Its na-
feature, since the best fit to the atmospheric neutrino data isire is not fixed by phenomenology, but by a variety of the-
obtained precisely for st@g=1. oretical requirements: vectorlike matter must not affect the

To be more quantitative, let us fixand try to adjusy to unification of gauge couplings, must cancel anomalies, must
make siﬁzem as close to 1 as possible. Wik+=0.06, one Yyield the value of the Cabibbo angle, must not create un-
obtains si620M=0.9 fory=0.3, sir?2¢9m=0.95 fory=0.2, wanted flat directions in the DSW vacuum, and of course
and sirf26,,=0.98 for y=0.1. This shows that very large must be sufficiently massive to have avoided detection. As
values of sifi2d,, can be obtained without any fine-tuning we shall see below, ouEs-inspired model, with vectorlike
(note thaty=1/3 already ford/f=2). Thus, in the regime matter in5—5 combinations, comes close to satisfying these
x<1, v, v, oscillations provide a natural explanation for requirements, except that it produces a high value for the
the observed atmospheric neutrino anomaly. As for the solagxpansion parameter.
neutrino deficit, it can be accounted for by MSW transitions The masses of the three families of standard-model vec-
from the electron neutrinos to bojla and = neutrinos, with  torlike matter are determined through the same procedure,
parametersAm?=AmZ, and sif26=4 u?\%. To match the namely, operators of the form
mixing angle with experimental data, one neatds3—5;

while an oscillation solution to the atmospheric neutrino
anomaly require$25]

VII. VECTORLIKE MATTER

we note that such moderate valueswoare favored by the _ (e s 0, s? .\ sy
fact thatdf~e?. MDiDj(m) (ﬁ) (Ms)

In both scenarios, the scale of the neutrino masses mea-
sures the cutofM. In scenario 1, the MSW effect requires eN 12 t(3
mo~10"2% eV, which givesM~10" GeV. In scenario 2, +MEE. 1) (ﬁ) ! (@ ! 7.1
the best fit to the atmospheric neutrino data gives(d M M M

+f)= m,,+ myaz0.0S eV, which corresponds to a slightly
lower cutoff 13° Gev=M=4x 10 GeV (assuming 0.2 The X charges of the standard-model invariant mass terms
<d+f<5). Itis remarkable that those values are so close t&'€ the same:
the unification scale obtained by running the standard-model o .
gauge couplings. This result depends of course on our choice X(D;Dj)=X(EiEj)=2a—4y=—n. (7.2
for Xy, since
Its value determines th¥ charge, since!¥l=—3 andX

2
Vu, 6(1+Xy) 6.1 = —3/2 already fix8= —3/20 anda + y= — 3/4. It also fixes

mo:m"c ’ the orders of magnitude of the vectorlike masses.
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First we note thah must be a non-negative integer. The 0O O )\g
reason is that the power df; is n, the X charge of the 4 6 .10
invariant, and by holomorphy, it must be zero or a positive Mpp=M Ne Ao e ,
integer. Thus ifn is negative, all vectorlike matter is mass- AS N8\

less, which is not acceptable. The exponents for the heavy
guark matrix are given by the integarplus ) 4
0 A2 g

4 6 8
(0-3-3) (0,-~1,-3) (0,1-1) Mzz=M 7‘; )\160 )‘lcz . 7.7
(0,-2,0 (0,0,0 (022 |: DD, Ae Ao Ac

(0-13) (0,1,1 (0,3,3

(7.3 The eigenvalues are non{M, \M, A8M andA2M, \IM,
)\iZM, respectively. There is again splitting between the
families of the doublet and the triplet and therefore the gauge

and those of the heavy leptons byplus couplings do not unify at one loop. The splitting in this case
is not too big and a two-loop analysis may actually prove this
(0,~3-3) (0,—2,—-2) (0,—-1,-1) case viable from the gauge coupling unification point of
EE ;| (0-1-1 0,0,0 0,1,1 VIEW.
EE;: | 0~1-1) (0.0.0 (0.1, n=3. We obtain the mass matrices
(0,1, (0,2,2 (0,3,3 . s .
(7.9 NSNS g
7 9 13
. . Mpp=M Ne Ao Ag ,
Since these particles carry standard-model quantum num- NS AL )15
Cc Cc Cc

bers, they can affect gauge coupling unification. As these
states fall into complete SB) representations, the gauge

couplings unify at one loop like in the MSSM, provided that DD S W
the mass splitting between the doublet and the triplet is not 7 9 11
too large. Mge=M Ne Ao Ac , (7.9
n=0. We obtain the mass matrices AR P
0 0 O 0 0 O with eigenvalues
4 2
0 1 Xeflm=mg, | O 1 M |M=mg. Mp={\3M, AIM, AEM} (7.9
0 A2 A8 A2 NE A
and
(7.9
Me={\IM, M, \I1wm}, (7.10

Diagonalization of these matrices yields one zero eigenvalugespectively. The unification of couplings in this case is pre-

for both matrices and nonzer@rder of magnitudeeigen-  served. Fom=3, there are no supersymmetric zeros in the

valuesM andAZM for Mpp andM and)\gM for Mge. The  mass matrices and the mass eigenvalues are just the diagonal

pair of zero eigenvalues is clearly undesirable and furtherentries; so there is no splitting between masses of the same

more the mass splitting between the second fafgilgndD  family of D andE. A simple one-loop analysis using self-

destroys gauge coupling unification. This excludes0. consistentlyM =M, in the mass of the vectorlike particles
n=1. The mass matrices are and for the unification scale yields unified gauge couplings at

the unification scalé; :

0 0 A2 0 0 X\,

1
A )\2 )\g n=3: a(My) 1o’ My~3Xx10'* GeV. (7.1

DD W< DD WA ; i
c e c “c B For n large, other problems arise as the vectorlike matter
(7.6) becomes too light. This can easily spoil gauge coupling uni-
fication by two-loop effect$28] and cause significant devia-
tions from precision measurements of standard-model pa-
The eigenvalues foMpp areAM, A3M, andA3M and, for  rameterg27,28. Thus the unification of the gauge couplings
Mge, AcM, AcM, andAIM. The splitting between the mem- favorsn=3.
bers of the third family vectorlike fields is too large and, as a The value ofn also determines the mixing between the
consequence, gauge coupling unification is spoiled. chiral and vectorlike matter. Indeed, the quantum numbers of
n=2. The mass matrices are the vectorlike matter allow for mixing with the chiral fami-
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TABLE I. Operators that mix MSSM fields with vectorlike mat- n=3,5, ... .Operators of the first class are allowed since
ter with g=—3/20. their X charges are all negative integers. Because of the mix-
ing of the heavy leptons with the Higgs doublets, we have to

Class 1 Class 2 Class 3 diagonalize the following mass matrigwe give again a
o [3 n = n - 3} simple one-family exampje
U2 2 2 2 uw  Mey,
— 3 n — n — 3
_-_Z __ a2 _ . 7.1
EHg4 55 Dd 5 EQD n 2} Men, Mee (7.13
3 n — n — 3
QD |-5-3 QDHy |—-3-35| EEe |-n-3 The 11 entry is the. term generated by the Giudice-Masiero
3 ] n mechanism and is naturally of the order of 1 TeV. The Higgs
udD |- 5735 EeHyq [ 3-3 eigenstates will be modified to
__ [ 3 n , L=
QUE |-5-3 Hu=Hu-i-Ei ¢ E; (7.19
EQd 3_n
Q 573 and
— 3 n g
LD | -5-3 H(’szdJFEi cE, (7.19
— 3 n
LEe |-5-3 wherec!"? are mixing angles to be obtained upon diagonal-
L 3 n ization. With both off-diagonal entries present, this matrix
Due [ 573 has two large eigenvalues and consequently the Higgs mass

is driven to the Planck scale. If one of the off-diagonal en-
tries is missing, then the matrix has one small and one large
_ _ _ eigenvalue and the mixing is harmless as long as the angles
lies, since E;, L;, Hy), (E; with H,), and ©; with d;) have ci“'d are small(see later.

the same standard-model quantum numbers. This generatesThere are several ways to evade these problems. One is to
new standard-model invariants. In Table I, we give a set otelax the simple but very restrictive assumption tKas the
mixed operators up to superfield dimension 3. Next to thesame for both the MSSM and the vectorlike fields and an-
operator we show itX charge in brackets. One notices that other is to assume the existence of a discrete symmetry that

the operators fall into three classes. prohibits the dangerous operators.
For n odd only the operators of the first class can appear
in the superpotential and far even only operators of the A. Shift X

second class appear. The third class is excluded for any in- i _
teger value ofn. Let us examine these two possibilities in  1he vectorlike matter could come from a differ@tthan

more detail. the MSSM fields so that th¥ charges of the vectorlike fields
n=2,4,6... . Only operators of the second class are@'® shifted relative to the fields in thi:

allowed inW andD mixes withd. The mixing is computed L

by diagonalizing the down-type quark mass matrices. To see Xyi=a+BV+yV'. (7.1

this, we give a one-family example where the operafids

QdHy4, QDHy, andDd are all present in the superpotential.  In Table Il we show the different operators with thedr

After electroweak breaking the masses of the down-type&harges. Itis interesting to notice that tkecharges of these
quark fields come from diagonalizing the matrix operators depend only ghandn= —2a+ 4. We have two

possibilities.

Yl Yol

Mpg  Mpp

1. No MSSM vectorlike mixing
(7.12

We can choose3 in such a way that none of thx
charges of the operators appearing in Table Il is an integer
for any integem. None of them will appear iW and there-
The extra quark fields affect the down quark mass matricefore we avoid the mixing problem. Then, the lightest of the
of Sec. V and modify our previous order of magnitude esti-vectorlike fields will be stable. To avoid cosmological prob-
mates. The same type of mixing happens in the lepton sectgéms, this requires a reheating temperature lower than the
due to the operatorEE, LE, andEeH,. If allowed, this lowest vectorlike mass in order to dilute their abundance
type of mixing produces phenomenologically unacceptableluring inflation. Recall that the mass of the lightest paiDof
mass patterns for quarks and charged leptons. andE for n=3 is \l®M~10°"7 GeV, and therefore a re-
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TABLE Il. Operators that mix MSSM fields with vectorlike matter me:E+EV+;V’.

Class 1 Class 2 Class 3
— n 18 — — n 3 - — 9
EH, [—(—ZB‘FE—E” LE {(—2,84'54‘?)} uDD {—(—4[34'“4'%”
_ — n 18 — — 3 — — 9
EHy [— 2,3+§+E} Dd {— 2,8'5‘54‘@} EQD [—(—4ﬂ+n+1—0}
— n 18 — ( — n 27) — ( — 9
QQD - 2,3+§+E QDHy — _2'8+§+R) EEe - —4B+H+E
N — n 12 — — n 27
udD [_(_2B+E+E” EeHy [—(—ZB-FE-FE}
— — n 18
QUE [— 2B+E+1—O>}

_[ ( — n 12
EQd |—|-28+5+—

_ — n 12
LQD [—(—2,8+§+—

10

LEe ( 25+ 2 12
e —| = ﬁ"rz"rm
Due 28 18
ue — ﬁ+§+1_0

heating temperature of at most this order of magnitude is We find that the dominant proton decay channels come
required.n=4 or higher result in lower eigenvalues and thusfrom the operators
lower reheating temperatures. We therefore favor in this case
n=3. Similar arguments apply to any other scenario with LQD and udD (7.17)
stable heavy vectorlike states.

and

2. Partial MSSM vectorlike mixing

Let us taken=3 which avoids the dangero@ﬁ and QQD  and Due (7.18

L-E mixing. TheX charges of the operators that could give
rise to mixing areX(EH,)=28+3/10 andX(EHy)=—-28
—33/10. We can choosg in a way thatX(EH,) is positive
andX(EHy) is negative and so prohilitH,, from appearing NijkLiQ; 5k+fijkrdj5k (7.19
but allow EH4. This yields the mass matriZ.10 with its
21 element being zero. As we mentioned before, the mixingind
is harmless if the angles"® are small which is indeed the
case. Q0D+ piiDil €y, (7.20
We still have to check if the proton decays due to mixed Pitk QDI PinDitl
operators slowly enough to avoid conflict with experimental,,
data. Proton decay due to operators consisting only of
MSSM fields will be discussed in a separate section, since it (D) n(2 )
is independent of the choice of the charges of the vectorlike N~ (01) (62) (03) (7.21)
matter. k™ M M '

via an intermediate heavy quark. They appear after DSW
breaking as

here
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is the suppression factor in the DSW vacuum in front of thetures are required asincreases, and so in this case 3 is
corresponding operator with flavor indiceg,k. Similar ex-  clearly favored.

pressions hold fon;,, pjjx, andpj. The experimental The solution of Sec. VII A 2 8=7/20) is not viable even
constraint on these 29] if the mixing anglesc"? are small because proton decay is
_ too fast. The vectorlike particles can decay.
Nijkhijk<M§ 107%? GeV 2 (7.22 The solution of Sec. VII B involves a discrete symmetry.
o Stable heavy quarks and leptons require a reheating tempera-
and similarly ture ~10°~7 GeV for n=3 and lower temperatures for
- 2 a3 ) higher values of; son=3 is again favored. In this case the
pijkpijk<=Mp 107" GeV'%, (7.23  flat direction analysis is particularly simple.

. . We do not have any physical motivation that can tell us
We computed the suppression factors (Ithese Operators {fhich of the above proposed mechanisms is the correct one.
the DSW vacuum that the model gives f8r=7/20 and we  The simplest is the scenario with the discrete symmetry and
found that the above constraints are very difficult to satisfyfrom now on we will continue our discussion on flat direc-
Notice that this choice amounts to shifting thecharge of  tijons and proton decay in this context.
the vectorlike matter by half a unit of. Interestingly
enough, a similar mechanism occurs in some superstring VIIl. THE HIDDEN SECTOR
models, as a result of Wilson line breakif@p].

So far we have described the matter necessary to satisfy

the anomaly conditions that involve standard-model quantum
) . _ . numbers, the breaking of the extra gauge symmetries, and
It is known that superstring models usually contain dis-phenomenology. These are the three chiral families, the three
crete symmetries. If present, they could forbid the dangerouggnt.handed neutrinos, the three vectorlike families just de-
mixed operators, leaving the mass terms for the vectorllk%cribed, and thre# fields necessary to produce the DSW

ma;ter intact. I dor the di hare VACUUM. We refer to this asisible matter. By fixing the
s an example, consider the discrete symmetry where value of X(EE)=X(DD)= —n, the X charge is totally de-
E~—-E, E--E D--D D--D. (7.24 termined. Sln.ce gauge unification favers 3, the weak and
color anomalies are fixed; .ojor= Cyea= — 18.
This additional symmetry, indeed, completely decouples the This enables us to “predict” the value of the Cabibbo
MSSM fields from the vectorlike matter. No operator with an @ngle through the relation
odd number of vectorlike fields is allowed for any valuenof ,
Specifically, all operators that mix MSSM fields and vector- _(9) _ |~ Ystring
like matter and that can cause proton decay are also prohib- Acwk_ﬁ_ 192572 Cyrav 8.1

ited. Such are the dimension-3 operators

B. Discrete symmetry

— S Using the Green-Schwarz relation
LQD and udD, (7.29

Cgrav: Cweak
12 kweak

which belong to class 1 and the dimension-4 operators (8.2

QQQE, uuDe. (7.26

and the identification

As a consequence of this discrete symmetry, the vectorlike

matter has no available decay channels. This can have un- ggmng= kwealgfveak (8.3
desired cosmological implications except if inflation takes

place at a temperature lower than the lightest of the vectorwe relate the Cabibbo angle to the gauge couplings at the
like particles. For this reason we strongly favor the vatue cutoff «(M), using onlyvisible matter contributions:

=3. Also in this case we can keep the simple univebéal

charge assignmenX=a+ BV+ yV’' for both the MSSM

and the vectorlike fields which makes the flat direction Ne~\/ —
analysis particularly simple because the superpotential has a

very small number of supersymmetric zeros corresponding to B . . . . .
standard-model invariants with vectorlike fields. For n=3, the couplings unify witha~1/19, Wh'_Ch yields
NA=0.28, clearly of the same order of magnitude as the

Cabibbo angle. Given the many uncertainties in this type of
theory, the consistency of these results with nature is remark-
To summarize, we have given three alternative ways to fixable. We note that the numerical value of the expansion pa-
the X charges of the vectorlike fields. rameter clearly depends on the contribution of the vectorlike
The solution of Sec. VII A 1 is viable for a reheating tem- matter toC,,., about which we have no direct experimental
perature~10°~7 GeV for n=3. Lower reheating tempera- information.

a(M). (8.4

C. Summary
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In addition, the values of the mixed gravitational anomalyas well asCg,,=—1.

is also determined through the relation The remaining anomalies can be accounted for by a
simple gauge theory based G Eg; it has two matter fields
C. = 12CWGak_ (8.5) with X=x,, transforming as th&8 and one27,27 pair, each
9 TKueak with X=X,. For Kyea=1, we find that

For integerkyea and n=3, this implies thatCg,,= — 216,
—-108~72,... forkyea=1,2,3 ..., to becompared with
the visible matter contribution toCgy,,~ —80. Thus addi-
tional fields are required, and,.,<2, to avoid fields with The gauge anomaly condition is given by

positive X charges that spoil the DSW vacuum. Another ar-

gument for new fields is that not all anomalies are cancelled, Cg=2(6X,+24x,)=—18Kg . (8.11
since we have, from thé sector,

Cgra=—216 —  2(27x,+78x,)=—135. (8.10

XXY2=1, YOYLy@=yDy2y2=_1 (g6 Forks=1, one of the charges is positive, leading to unde-
sirable flat directions, while fokg=2, we findx,=—9/20

and, from allvisible matter, andx,= —6/5. Theadjoint fields have ny? charges, and
oo the pair of 27-27 have vectorlike charges with respect to
XYY@= —18, (8.7 vy with charges 5/9 and 1/2, respectively. This sector

) ) breaks supersymmetry, but it cannot be the main agent for
The construction of a hidden sector theory that cancels thesé‘bpersymmetry breaking, since it produces nondegenerate
anomalies, and provides the requisite tgf,, is rather ar-  sqark masses, and our model does not have alignment.
bitrary, since we have few guidelines: anomaly cancellation "p¢ singlet fields have little effect on low-energy phe-
and the absence of flat directions which indicates thatxthe nomenology. Computation of the powers of thefields in
charges of the hidden matter should be negative. the mass invariant® .3, yields in the DSW vacuum the

If we use as a theoretical guide tg;XEg heterotic 555 matrix of the, fields before SUSY breaking:
theory, we expect an exceptional gauge theory in the hidden

sector. In particular, Birteuy and Dudag12] considered a

hidden gauge grou@ with a pair of matter fields with the Y 0
sameX charge, but vectorlike with respect to all other sym- 0 0 O 0
metries, causing supersymmetry breaking. This theory con- Ms=| 0 o0 o Mx8l; (8.12
tributes to few anomalies, only i€y, (XYHY®), and . c
the anomaly associated with the hidden gauge g®upe- 0 0 MA; O
lated by the Green-Schwarz relation
ks it has two zero eigenvalues. The Giudice-Masiero mecha-
Co=- 18k_' 8.9 nism can fill in the 12and 21 entries after SUSY breaking,
weak . .
yielding
wherekg is the Kac-Moody integer levekg integer heavily
constrains possible theories of this typ# must be aug- 0 m\. 0 0
mented by other fields, since it does not cancel the remaining ;
anomalies XXY?), (YWYDY®@) and (yDy@y@), m 0 0 0
These will be accounted for by singlet fields. Ms=| o 0 0 MrE| (8.13

There is a simple set of four singlet fields,, which
absorb many of the remaining anomalies, without creating
unwanted flat directions. Their charges are given in the fol-

0o o0 M o

lowing: wherem is of order of the SUSY breaking scale. The above
s s s s matrix has now two large 410 GeV) and two small
! 2 3 4 (1-100 MeV) eigenvalues. The two heavy states get diluted
X —1/2 —1/2 0 0 during inflation. The two light states are stable since their
v 0 0 1/2 —1/2 lowest-order coupling to the light fields is quartic, dominated
v —9/a —7/4 /4 714 by terms likeX ;3 ,H,Hy. Although stable and undiluted by

inflation, their contribution to the energy density of the uni-
verse is negligible.

They cancel the anomalies from thesector, since, over the Finally we note that it is difficult to produce models for

% fields, the hidden sector; for example we could take= E; with
XYY@ =0, XXY?=-1, k=2, two matter fields transforming as ti&3 (adjo?nl)
representation, but there does not seem to be any simple set
YOYDYyR=yDy2y@ =1, (8.9  of singlet fields with the requisite anomalies.
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IX. R PARITY nos, R parity is linked to half-odd integer charges, so that
. charge invariance results R-parity invariance. Thusione

The invariants of the minimal standard model and their f the operators that violaf@ parity can apoear in holomor-
associated flat directions have been analyzed in detail in th P parity pp

literature[31]. In models with an anomalous(l), these in- phic invariants: ceven gfter brgaklng of the a”OF“aMWT"‘
variants carry in general charges, which, as we have seen metry, the remaining interactions all respBgparity, leading

determines their suppression in the effective Lagrangian. Ju%? anabsolutely stable _superpartneThls is a general result
as there is a basis of invariants, proved long ago by Hilbert educed from the uniqueness of t_he DSW vacuum, the
the charges of these invariants are not all independent; thegreen-s_chwarz anomaly cancellations, and the seesaw
can in fact be expressed in terms of the charges of th echanism.

lowest-order invariants built out of the fields of the minimal

standard model and some anomaly coefficients. X. PROTON DECAY

_ TheX charges of the three types of cubic standard-model |, the presence of the extra discrete symmetry we intro-
invariants that violatdR parity as \{vell as baryon and/or lep- §yced before, the operators that mix MSSM fields and vec-
ton numbers can be expresed in terms ofXheharges of  {oy|ike matter and trigger proton decay are excluded. SRice
the MSSM invariants and thR-parity-violating invariant parity is exactly conserved, the dangerous dimension-3 op-

XR=X(LH,), (9.1) eratorsLQd and udd that usually induce fast proton decay
are also excluded. This leaves for the dominant sources of
through the relations proton decay the dimension-5 operators that appear in the
effective Lagrangian as
X gg= XU — XUl 4 xR (9.2
1 -
X o= X[l — X[#] 4 x[R], 9.3 W= M[KllelQlQZLi+ KyjaUiujdeg], (10D

1 2 : - . .
X—=Xdi xRy Z(c . _C _ZxIe (9.4 where for the first operator the flavor index 1,2 if there is
uad 3(Cooor™ Cueald 3 ©9 a charged lepton in the final state and1,2,3 if there is a
o o ] neutrino and =2,3,k,I =1,2. We have denoted the suppres-
Although they vanish in our model, we still displa§"! and  gjon factors in the DSW vacuum in front of the operators by

X!¥1=0, since these sum rules are more general. « and k. These operators could, for example, give rise the
In the analysis of the flat directions, we have seen how the 0+ or to pHKJr;
i i

i — proton decay modes— 7" v; andp—
isnetggs;z\:v ?Iigha}tﬂlasrgrz’grjzzitﬂlfl‘ii;rl]saer{g;]og\tljpt)cp))rt()aisa}ohnalz)-fo?hde andp—KP;". In[29], the phenomenological limits on these
minimal standard-model invariants and the holomorphy Ofsuppressmn factors were computed to be
the superpotential requitél"%€l to be zero or negative in-
tegers, and the equality of the &&oody levels of S(R2)
and SU3) forcesC g o= Cyear, through the Green-Schwarz gn(g
mechanism. Thus we conclude that tHecharges of these
operators are half-odd integers, and thus they cannot appear ;ljkl(KgR)ljs)\(l:zv (10.3
in the superpotential unless multiplied by at least bind his
reasoning can be applied to the higher-oréRroperators  where K‘F‘Qle=V§T/L. Vg are the matrices that diagonalize
since their charges are given by on the right the quark and the squark matrices, respectively.

We can easily calculate it in this model:

Kllzg)\gl (102

1
= x[ul p xldl _ Zylu] _ x[R]
XQQQHd X X 3X X™ (9.5 1 )\g )\S
I ¥
5 LliRl': c c (10.9
XELLzzx[d]_X{U]_§x[ﬂ]+3x[m, l 7\5 )\(2: 1
(9.6

4 In Table 11l we give in the first column a list of the danger-
X gogou= 2X[1 + X4 — §X["]—X[R], ous operatorQQQL (uude) and in the second column the

9.7 Suppressiork;;y (Kijk|K;R) that we computed in our model.

Even though all operators in Table Il seem naively suf-
ficiently suppressed so that proton decay is within the experi-
Xuuee= 2X[1 — X1l 4 21el §X[“] — X", mentalyboupnpd, it is interestin% to examin{z them more clozely

(9.9 from the phenomenological point of view. Consider the op-

eratorQ,Q; QL ,. This operator can lead to proton decay via

It follows that there are no R-parity-violating operators, a W-ino, gluino, Z-ino, photino, or Higgsino exchange. The
whatever their dimensionshrough the right-handed neutri- contribution via gluino exchange could be the dominant due
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TABLE IlIl. Operators inducing proton decay and their suppres-

: me
sion. mg<mg: f(mg,mg) = —VZV (10.9
m-
Operator Supression d
" and
QlQlQZLl )\c
2
Q1Q:1Qzl 23 Gt mg>mg: f(mg,mg)=—"1In —VZV (10.7)
— 15 v d
U1U2d191 )\C . 0 + . .
The experimental bound on the degay>-K"+ x ™, which is
e 16 the dominant one in our theory, [i86]
UsUyds;& A
o " I'(p—Kou™)<10% yr 1, (10.8
uyu,d,e; Ag

For W-ino masses much larger than squark masses, this de-
AL cay rate is several orders of magnitude lower than the experi-
UsUydse, c . .
mental limit. For W-ino masses much lower than squark

TUde 13 masses, the rate is near the experimental limit. For example,
1 ¢ with mg~100 GeV,m;~800 GeV, ancb=0.003, we get
I 1 the lifetime ~10°! yr, near the experimental bound. Unfor-
UU301€ Ae tunately our model cannot be more precise, because of the
o unknown prefactors of order-1 terms in the effective interac-
U, Usd,e; N tions; still it predicts that the proton decays preferentially
into a neutralK and an antimuon with a lifetime at or near
UyU3d,€, A3 the present experimental limit. Finally we note that if we use

the expansion parameter determined through the Green-
Schwarz relation, and not the Cabibbo angle, our estimates
to the strong coupling of the gluino. Here let us recall thatget worse and our model implies a proton lifetime slightly
experimental data strongly suggest a near degeneracy bghorter than the experimental bound. As we remarked earlier,
tween squark masses in order to avoid large contributions tthis value of the expansion parameter depends on the contri-
flavor-changing neutral current§CNC9. One mechanism bution of the vectorlike matter t€,qax.
that has been suggest¢83] is where alignment between
quarks and squarks takes place and therefore FCNCs are sup- XI. FLAT DIRECTION ANALYSIS
pressed irrespectively of the SUSY breaking mechanism.
One can calculate in the model the extent of such an align- Our model is now completely specified, except for the
ment. We find that there is no sufficient quark-squark align-supersymmetry-breaking sector. We can study its flat direc-
ment and therefore FCNCs are not sufficiently suppressedions and check whether the DSW vacuum is unique, using
To agree with experimental data we have to assume that tHB€ techniques introduced in R¢18]. We shall only sketch
squark masses that result from SUSY breaking are approxthe main points, and refer the interested reader to this refer-
mately degenerate, a fact that does not seem to be unlikely @nce for more details and the discussion of some subtleties.
the context of realistic superstring mod¢lk5]. In such a In the presence of an anomalougly the well-known
case, the contribution due to gluino exchange is negligible.correspondence between the zeros of Eheerms and the
Generically, a careful calculation of a proton decay pro-holomorphic gauge invarian{85] breaks down. However,
cess not only involves uncertainties due to our ignorance othe existence of the DSW vacuuni(6;)|*=1(6,)|?
superpartner masses but also due to large uncertainties i|{6s)|*= & allows us to rewrite the AbeliaB-term con-
hadronic matrix elements. Assuming nearly degeneratétraints as
squarks, the dominant decay mode is Viaino exchange

and the decay rate for the process K°u* is given by[34] (61)]?— & ni Ny
P(p—K%*) (821°=€ | =3 v3| n5 |+ 2 [n)l?| 2|,
(03)|7— & ng ni

10.50a,c0s 6, | 2(m3—mg)? 11
:( M C) 857m3f2 0.7k 1125 (Mg, ,Mig) |2, (113
P where the{y;} are standard-model singlets other than the

(109 fields, theu§1 are vacuum expectation valu@gEVs) associ-

where hereb=(0.003-0.03) GeV} is an unknown strong ated with a basis of standard-model invariaffg}, and the
matrix element,a,= a/sir?éy, and from our earlier esti- Numbersng andn,, are associated with the invariagif and

mates of the cutoffM ~3x10'® GeV. We have two re- Singlety;, respectively, by Eq(4.2). In the present model,
gimes to consider: the y fields are the three right-handed neutrimbs N,, and
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TABLE IV. Flat directions(FDs) of MSSM andﬁi fields.

Basis invariant 01,n,,N3) Flat direction FD lifted by
N; (312,-1/2,1/2) (N, 01, 05) N,N2 686t
LyH, (—3/2,1/2,5/2) (L1, Hy 65, 65) L ,NgH, 63
L,H, (—3/2,112-1/2) (Lp,Hy,0;,05) L,NaH,
LsH, (—3/2,1/2-1/2) (L3,Hy, 60, 63) LaNaH,
L,€1Hq (32-1) (Lz.eq,Ha,01,65) Loe5Hq 03
LseiHq (32-1) (Lg.eq,Ha01,6,) L 3e3Hq 63
LoLe; (3/2,512-312) (Lp,L3.e1,01,0,) LoLge;N1 6365
LoLse; (32,112~ 112) <|-2x|—31g3791192> |_2|_3€3ﬁ30§
L,Qsd, (32,112~ 112) (L2.Q3,d5,61,62) L2Qa0,N363
L3Qad, (32,112~ 1/12) (L3,Q3,d5,61,62) L3Q30,N363
L,Qad; (3/2,1/2-1/2) <L2:Q3xae,191,92> LzQsd_e,ﬁsef
|—3Q3d_3 (3/2,1/2;-112) <L3:Q3xae,191,92> |—3Q3d_3ﬁs‘9§
Usdds (3/2.1/2-112) (U3, dp,ds, 01, 0,) Usd,dsN3 63
QstigesHy (9/2,3/2:-112) (Qs.Us.€1,Ha, 61.65) QaligHy
QalizesHq (92,~1/2,172) (Qa.U3.€3,Hy, 01,63) QaligH,
Qausl e, (3.2-1) <Q3,U3,L2,E1,01,02> QaugH,
Qausl ze; (3.2-1) <Q31U3:|—31g1x01:92> QausH,
Q3u3Q3uze; (912,32~ 1/12) (Q3.Ug,€1,01,06,) QausH,
Q3u3Q3uze; (9/2,-1/2,112) (Q3.Ug,€5, 61, 63) QausH,
dydydsl sl g (8/2,3/2-1/2) (dy,d,d3.L2,L5.61,6) dyd,dsl 5L 5N3636,

N3 and theS fields needed to ensure anomaly cancellation. (11.1) tells us thatD-flat directions are parametrized by the

The basis of standard-model invariants includes the MSSMacuum expectation values of both the standard-model in-

basis of Ref[31] as well as invariants containing the vector- variants and they fields. The generic effect d¥-term con-

like fields, such as the ones discussed in Sec. VII. Equatiotraints and supersymmetry breaking is to fix these VEVs,
resulting in a particular low-energy vacuum. As stressed in
Ref.[18], the computation of tha, simplifies a lot the dis-

*As alluded to earlier, we have not included the($® singlets ~ cussion ofD andF flatness.

S,, S,, andS; necessary to make up three complete families in the ~ Consider first the flat directions involving only standard-

27 of Eg; otherwise the superpotential would contain an invariantmodel singlets. Assuming for simplicity that only ogedfield

S, 6363 linear in'S;, which would spoil the DSW vacuum. acquires a VEV, we must distinguish between two cases.
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TABLE V. Flat directions involving vectorlike mattdup to quartic operatoysn the discrete symmetry

scenario.

Basis invariant 01,N5,N3) Flat direction FD lifted by
EHy 3-1-1) (EqHg, 1) E.E; 63
Dlal (32,-1/2,312) <D1131v91193> BlDl 9?
DIEZ,S (3/2,-1/2,112) (Dy ,d72'3,01,03> BlDl 9?
|—1E1 (3/2,-1/2,3/2) <L1vE1101103> ElEl 9?
|—2,3E1 (3/2,-1/2,-3/2) <|—2,3:E1,91v92> ElEl 9?
QsD;Hyq (972,1/2-112) (Q3,D1,Hg, 61,65 D,D, 6}
Q3U3E, (3-1-1) (Qs,U3,Ey,0;) E.E; 6}
|—2,3Q351 (31-1) <L2,3,Q3v51:91192> BlDl (9?
D1uges (3-11) (D1 T 1g3191193> D,D, 03
Usd_zsal (3.1-1) <U31d_2,3v51:91a92> D,D, 03
Q3U3QsD; (9/2,112-1/2) (Q3.U3,Q3.,D1,0,,6,) DD, 63
51U2U3g1 (912,712~ 1/2) (51,@,;3,&,01,6@ 51Dl 02
Q3D1D2E1 (9/2,~1/2,1/2) <Q31D11D2-E1101103> 51Dl 0:11‘

All n, are positive. ThefX 6,,)|?=¢? for «=1,2,3, what-  elementS of the basis of invariants, we compute the numbers
ever(x) may be. In addition, the superpotential contains an(n,, n,, n3). If one of then,, is negative, we must check that
invariant of the formy™ 67465265, with m,=m n, (as
discussed in Sec. IMn=2 is required in order not to spoil
the DSW vacuum The F-term constraints then impose

(x)=0: the flat direction is lifted down to the DSW vacuum.

the superpotential contains a term of the fofEt‘nB:lb?gzeg3

(with S’ a combination of basi§-invariants andy fields),
where either one of the following two conditions is fulfilled:

Some of then,, are negative. The relation&g, )%= £ no (i) S’ contains no other field than the ones appearin®,in

longer hold, and the low-energy vacuum may be diﬁeren@ndn&:o or 1, ifn,<O0 (with the additional constra_l_int that
from the DSW vacuum. In our model, this happens only for"© More than one such, should be equal to 1)(ii) S:
Wsy for which (ny, n,, na)=(3/2, — 1/2, 1/2). One can then contains only one field that does not appearSinandn/,

— . =0, if n,<0. This ensures that there is no flat direction

see from Eq.(11.1) that the Vacuum<N3’0_1’03> With  associated with the single invariaBt
[(N3)|?=2 &2, [(6,)[?=4 & and | 63)|°=2 ¢ is perfectly Remarkably enough, those conditions are always fulfilled
allowed byD-term constraints. This is a rather unwelcomein our model, despite the great number of standard-model
feature, because most Yukawa couplings vanish in thignyariants. In Table IV, we list the MSSM basis invariants
vacuum. Fortunately, the superpotential contains an invariarhr which some of then, are negative. For each of these
Ng N, 9?94, with no power ofé,, which lifts the undesired invariants(first columr), we give the corresponding numbers
vacuum. n4, N,, andn; (second colump the associated flat direction

This discussion can be generalized to flat directions inthat breaks the standard model symmetfiérd column),
volving severaly fields; we conclude that the model does notand an invariant that lifts i(fourth column.
possess any other stable vacuum of singlets than the DSW The case of flat directions involving vectorlike matter is
vacuum. Thus, the low-energy mass hierarchies are conslightly different. Since we have assumed the existence of a
pletely determined by the symmetries at high energy. discrete symmetry that prevents numerous invariants from

Flat directions involving fields charged under @Y.  appearing in the superpotential, there could be flat directions
X SU(2), X U(1)y can be analyzed in a similar way. For each associated with these invariants. But this is not the case, as
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long as the vectorlike fields are massive. THeiterms take XIl. CONCLUSION
indeed the following form{gauge indices are not shown, and
powers of thed fields have been absorbed in the mass ma
trices for simplicity:

We have presented a simple model that extends the
standard-model gauge group by three phase symmetries, one
of which is anomalous. The extra symmetries are broken in
the DSW vacuum, thereby providing a smatimputableex-
pansion parameter, in terms of which the Yukawa couplings
_ _ of the standard model can be expanded. The model has a
Fe=MgegEi+---, Fp=MppDi+---, (11.3 natural cutoff characterized by the scale at which the anoma-

] =] ] =] . . .

lies are absorbed by the Green-Schwarz terms, which is the
where the ellipses stand for possible higher-order contribugauge unification scale. The expansion parameter, which de-
tions. Since the matricellgz and Mpp are invertible, one pends on the contribution of the standard-model vectorlike
concludes that the vanishing of Eq$1.2 and(11.3 forbids  matter to the weak anomaly, turns out to be close to the
any flat direction involving vectorlike fields, provided that it Cabibbo angle. All Yukawa hierarchies as well as the Wein-
is associated with an invariant for which all, are positive. ~berg angle are reproduced if the expansion parameter is
That this is true also for invariants with one or several negataken to be the Cabibbo angle. The model is predictive in the
tive n, is less obvious. It is due to the following features of neutrino sector, yielding three massive neutrinos with small

the model: the(1,1) entry of the vectorlike mass matrices is mixings between'the electron neutrino and the muon and tau
neutrinos, and mixings of order 1 between the muon and tau

g_enerated from the superpotential termBsE, ‘9? and neutrinos. With the cutoff near the unification scale, the solar
D,D; 6, and all invariants that have one or several negativereutrino deficit is explained in terms of the nonadiabatic
n, both satisfyn,;=0 and contain at least one vectorlike field MSW effect, and the atmospheric neutrino imbalance is re-
of the first family. Therefore, conditiofii) is always ful- produced. With the Cabibbo angle as an expansion param-
filled. This can be checked in Table (Where only operators eter, our model is compatible with proton decay bounds.
up to superfield dimension 4 have been displayed Many of the uncertainties of the model are associated
We have thus checked that the superpotential containgith the nature of its vectorlike matter, which determines
terms that lift all flat directions associated with a singlegauge unification and the value of the expansion parameter.
standard-model invariant. This is not sufficient, however, toln addition, it must contain matter with no standard-model
ensure that the standard-model symmetries are not broken @#arges, to cancel anomalies. Although we made a definite
the scale¢. Other invariants than those of Tables IV and Vv Proposal for those fields, our lack of experimental guidelines
are in general necessary to lift completely the flat direction$hould be kept in mind. Our model shows the way in which

associated with several standard-model invariants and sif’@ny of the generic features encountered in the compactifi-
glets. While we did not perform a complete analysis __cation of theories in higher dimensions can be used to de-

which would be rather tedious — it is clear that most, if notduce phenomenological constraints. Finally we note that the

all, flat directions are forbidden by tHe term constraints, ~ v&lue of the cutoff is the gauge unification, underlining the

We conclude that the vacuum structure of our model igVell-known possible conflict with compactified string theo-

satisfactory: the only stable vacuum of singlets allowed by'€S:
D- andF-term constraints is the DSW vacuum, and flat di-
rections associated with a single & X SU(2), X U(1)y in-

variant are lifted by thé= terms. The only expected effects ~ We acknowledge useful discussions with S. Chang. S.L.
of supersymmetry breaking are to lift the possible remaininghanks the Institute for Fundamental Theory, Gainesville, for
flat directions and to shift slightly the DSW vacuum by giv- its hospitality and financial support. N.I. and P.R. were sup-
ing a small or intermediate VEV to other singlets or to fieldsported in part by the United States Department of Energy

ACKNOWLEDGMENTS

with standard-model qguantum numbers. under grant DE-FG02-97ER41029.

[1] M. Green and J. Schwarz, Phys. Lettl9B, 117 (1984). [9] M. Gell-Mann, P. Ramond, and R. Slansky, in “Sanibel

[2] M. Dine, N. Seiberg, and E. Witten, Nucl. PhyB289, 589 Talk,” Report No. CALT-68-709, 1979; itsupergravity Pro-
(1987); J. Atick, L. Dixon, and A. Senipid. B292, 109(1987. ceedings of the Workshop, Stony Brook, New York, 1979,

[3] L. Ibanez, Phys. Lett. B303 55 (1993. edited by P. van Nieuwenhuizen and D. Freedntorth-

[4] L. Ibanez and G. G. Ross, Phys. Lett. 332, 100(1994. Holland, Amsterdam, 1939 T. Yanagida, inProceedings of

[5] P. Bindruy and P. Ramond, Phys. Lett. 30 49 (1995; P. the Workshop on Unified Theory and Baryon Number of the
Binétruy, S. Lavignac, and P. Ramond, Nucl. Phg477, 353 Universe Tsukuba, Japan, 1979, edited by O. Sawada and A.
(1996. SugamotdKEK, Tsukuba, 1979

[6] Y. Nir, Phys. Lett. B354, 107 (1995. [10] P. Bingruy, S. Lavignac, Nikolaos Irges, and P. Ramond,

[7] V. Jain and R. Shrock, Phys. Lett. 32 83 (1995. Phys. Lett. B403 38 (1997.

[8] P. Ramond, in “Kikkawa Proceedings,” hep-ph/9604251, [11] John K. Elwood, Nikolaos Irges, and P. Ramond, Phys. Lett. B
1996. 413 322(1997.

035003-18



PREDICTIONS FROM AN ANOMALOUS U1) MODEL OF ... PHYSICAL REVIEW D58 035003

[12] P. Binetruy and E. Dudas, Phys. Lett.39 503 (1996); G. [23] P. Bindruy, S. Lavignac, S. Petcov, and P. Ramond, Nucl.

Dvali and A. Pomarol, Phys. Rev. Left7, 3728(1996. Phys.B496, 3 (1997).
[13] M. Leurer, Y. Nir, and N. Seiberg, Nucl. Phy8398 319 [24] N. Hata and P. Langacker, Phys. Rev5B 6107 (1997.

(1993; B420, 468 (1994. [25] M.C. Gonzalez-Garcia, H. Nunokawa, O.L.G. Peres, T.
[14] A. Faraggi, Nucl. PhysB387, 239 (1992; B403 101 (1993, Stanev, and J.W.F. Valle, hep-ph/9801368.

B407, 57 (1993. [26] C. Athanassopoulost al, Phys. Rev. Lett75, 2650 (1995;
[15] A. E. Faraggi and J. C. Pati, Report No. UFIFT-HEP-97-29, 77, 3082(1996: nucl-ex/9706006.

hep-ph/9712516. o [27] P.H. Frampton and M. Harada, Report No. IFP-748A-UNC,
[16] F. Gusey, P. Ramond, and P. Sikivie, Phys. L&®B, 177 hep-ph/9711448.

(1976. [28] V. Barger, M.S. Berger, and R.J.N. Phillips, Phys. Re\aD)

[17] G. Giudice and A. Masiero, Phys. Lett. 306, 480 (1988;
V.S. Kaplunovsky and J. Louishid. 306, 269 (1993.

[18] N. Irges and S. Lavignac, Phys. Lett. @ be publishey
Report No. UFIFT-HEP-97-34, hep-ph/9712239. .

[19] Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. PBgs. [31] T. Gherghetta, C. Kolda, and S.P. Martin, Nucl. Ph§d68
247 (1962. 37(1996. _

[20] S.P. Mikheyev and A.Yu. Smirnov, Yad. Fi#2, 1441(1985 32 C. Froggatt and H.B. Nielsen, Nucl. Phy8147, 277 (1979.
[Sov. J. Nucl. Phys42, 913(1985]: Nuovo Cimento €9, 17 331 Y. Nir and N. Seiberg, Phys. Lett. B09, 337 (1993.
(1986; L. Wolfenstein, Phys. Rev. [17, 2369 (1978; 20, [34] H. Murayama and D.B. Kaplan, Phys. Lett386, 221(1994).

1663(1995.
[29] V. Ben-Hamo and Y. Nir, Phys. Lett. B39, 77 (1994.
[30] A. Faraggi, Nucl. PhysB477, 65 (1996.

2634(1979. [35] F. Buccella, J.-P. Derendinger, S. Ferrara, and C.A. Savoy,
[21] E. Kearns, presented at the ITP conference on Solar Neutrinos: ~ Phys. Lett.115B, 375(1982.

News about SNUs, 1997. [36] Particle Data Group, R.M. Barnett al, Phys. Rev. D64, 1
[22] S.M. Kasaharat al, Phys. Rev. D55, 5282(1997. (1998, p. 83

035003-19



