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A full account is given of the procedure used by the authors to construstO§h0) supersymmetric grand
unified model of the fermion mass matrices. Various features of the model which gives remarkably accurate
results for the quark and lepton masses and mixings were presented earlier in separate publications. The
construction of the matrices is first discussed in the framework of effective operators, from which one naturally
obtains the maximak, — v, mixing, while the small angle or maximal mixing solutions for the solar neutrinos
depend upon the nature of the Majorana matrix. A set of Higgs and fermion superfields is then introduced from
which the Higgs and Yukawa superpotentials uniquely give the structure of the mass matrices previously
obtained. The right-handed Majorana matrix arises from one Higgs field coupling to several pairs of super-
heavy conjugate neutrino singlets. For the simple version considered, 10 input parameters accurately yield the
20 masses and mixings of the quarks and leptons, and the 3 masses of the right-handed neutrinos.

PACS numbgs): 12.15.Ff, 12.10.Dm, 12.60.Jv, 14.60.Pq

[. INTRODUCTION and leptons. We then observe that this form realizes the gen-
eral mechanism for large,— v, mixing described in the
In several recent papersl-4] we have developed a previous section. It is important to emphasize that this
highly predictive model of quark and lepton masses based omechanism emerged not from an attempt to explain neutrino
the grand unified group O(10). This model grew out of our phenomenology, but from other considerations entirely, in
attempt [1] to construct a realistic grand unified theory particular the attempt to simplify the Higgs structure of
(GUT) in which SO(10) was broken down to the standard SO(10). It is most interesting that the same mechanism has
model in the simplest possible, or “minimal” wa}s]. In also independently been found by other groups attempting to
this model there emerged a new mechanism based on certaifteke sense of neutrino phenomenology. In Sec. IV, it will be
well-known features o8U(5) for explaining the large mix- explained how this model is best extended to the first family
ing between the mu and tau neutrinos that is seen at S@f quarks and leptons, and how this gives rise to several
perKamiokand€g6]. In [1,2] we gave the structure of the distinctive predictions. Accurate analytic expressions for the
quark and lepton mass matrices for the second and thirgiredictions at the GUT scale will be presented. In Sec. V, the
families, treating the first family as massless.[8), it was  neutrino sector will be examined in detail. It will be seen
shown how to extend the model to include the first family,how either the small-angle MSW solution of the solar neu-
which leads to several interesting predictions[4f it was  trino problem or bimaximal mixing can result with equal
observed that the mixing of the electron neutrino very natusimplicity. Finally, in Sec. VI, a concrete model, including
rally falls either within the range 0.084sin?26,,<0.008, all the details of flavor symmetries and of the Higgs and
corresponding to the small angle Mikheyev-Smirnov-Yukawa superpotentials, will be presented, showing that the
Wolfenstein(MSW) solution[7] of the solar neutrino prob- basic scheme is technically natural.
lem, or very near to the value §i|§eﬂ=1, corresponding to
what is called “bimaximal mixing.” . Il. MECHANISM FOR LARGE »,— v, MIXING
In this paper we present the model in fuller detail, espe- "
cially in regard to neutrino phenomenology, and to the struc- Before explaining our mechanism, it will be helpful to
ture of the Higgs sector, Yukawa interactions, and flavorexplain why the observed large mixing of,, presumably
symmetries that underlie the quark and lepton mass matricesith v_, has been a theoretical puzzle. The basic reason is
The paper is organized as follows. In Sec. Il we discuss irsimple: the mixing that is seen between the quarks of the
general terms, that is apart from a particular model, ousecond and third families is described by a small mixing
mechanism for explaining the large mixing of andv,. In  angle, namely.,=0.04, and therefore it was expected that
Sec. lll, we explain what we mean by a “minimaBO(10)  the mixing between the second and third family of leptons
breaking scheme, and show how such minimal breaking andiould also be small.
the requirements of simplicity lead one naturally to a certain  The grounds for this expectation were twofold. First, there
form for the mass terms of the heavier two families of quarkss the empirical fact that the masses of the quarks and leptons
exhibit roughly similar “hierarchical” patterns, and there-
fore it was natural to assume that their mixing angles would
*Electronic address: albright@fnal.gov be similar also. Second, the most promising theoretical ap-
TElectronic address: smbarr@bartol.udel.edu proaches to understanding the pattern of quark and lepton
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masses, namely grand unification and flavor symmetry, tend These Eqgs(2)—(5) are based on the assumption of a hi-
to treat quarks and leptons in similar ways. For instanceerarchical and symmetric form for the mass matrices. A key
small quark mixing angles might suggest an underlying funfeature in our mechanism for understanding the large mixing
damental “family symmetry” that is weakly broken, in of the tau neutrino is that it involves highly asymmetric mass
which case the lepton mixings might be expected also to benatrices. As we shall see, the assumption of asymmetric
small. And in grand unification based @&0O(10) there is a mass matrices naturally explains whly,; is larger than the
close connection between the quark and lepton mass mattrritzsch value and/.,, is smaller than the Fritzsch value by
ces. approximately the same factor.

There are actually two puzzles associated with the mixing Consider, a toy model witBU(5) symmetry, which has a
of the second and third families: First, why is the leptonset of Yukawa terms of the following form\ 35(5510;)5,
mixing [U 3| ~0.7 so large? And, second, why is the quark 4 ) ,,(5,10,)5,,+ A 35(5510,) 5,4, With A3y<\p5~Agz and
mixing V,=0.04 so small? What we mean by saying thatthe subscript denoting a Higgs representation. These terms

these are distinct puzzles is that they are both unexpectggleld the following mass matrices for the second and third

within the most commonly assumed framework for explain-families of down quarks and charged leptons:

ing quark and lepton masses, the Weinberg-Wilczek-Zee-

Fritzsch(WWZF) idea[8]. 0 o\/dy
il

The WWZF idea was that the Cabibbo angle could be(d,q,dsg) g
3L

understood if the mass matrices of the first and second fami-
lies of quarks had the following form:

- 0 € |2|_
Mp+(loRr, I3R) - 1) ot Mp,

up

—_—_ [0 b"\[d. with e<o~1. Here we have labeled the fermions with a
+(dRiSR)< b’ a’)( ) family index, instead of the nameshb, u, and 7, since the
(1) mass matrices in this case are far from diagonal. A crucial
point to notice is that the matrix for the leptons, which we
This gives |my/mg=|b’/a’|?, |m,/m¢=|b/al?, andV,s  Will denote byL, is the transpose of the matrix for the down

[0 b
Lmass= (Ur,Cr) b allc, s,

=bh’'/a’—bl/a, and thus the famous relation quarks, which we will denote by. This is a feature of
_ minimal SU(5). It arises from the fact that tHerepresenta-
Vys=Vmg/mg—e'*ym, /mg. (2)  tion of fermions contains the left-handed leptohs, and the

_ _ charge conjugate of the right-handed down-quarits,
Since|Vq|=0.22, ymy/ms=0.22, andym,/m;=0.07, this  while the 10 representation of fermions contains the charge
relation is satisfied forr~ = /2. If we apply the same idea conjugate of the right-handed leptonls,, and the left-

to the leptons of the first two families we get handed down-quarksl_ . Thus,SU(5) relatesD to L, but
, only up to a left-right transpositio=L".
Ug=Vme/m,—€#m, /m, . 3 The transposition feature &U(5) unification appearing

in Eq. (6) results in the large element, of L producing an

The second term on the right is not known, but if it is as-O(1) mixing of I,_ with |5, for the leptons, while irD for
sumed to be small one has the rough prediction thgt the quarks it produces a large mixing of the right-handed
~+\me/m,=0.07. This could be consistent with the small fields d,r and d3z. The mismatch between the largg
angle MSW solution of the solar neutrino problem, which —15 mixing and thev, — v5 mixing, which is small(as
requires thatU.,;~0.04. Thus the WWZF idea appears to will soon be seep leads to a largé) ,3 mixing element. But
work well where it was originally applied, namely to the first the right-handed mixings of the quarks are not observable
and second families. through standard model physics. What matters is the left-

Fritzsch[9] later extended this idea to explain the mixing handed mixing ofd,, with dg , which contributes to/.y,,
of the third family. If a WWZF form is assumed to hold for and is controlled by the small parameter

the second and third family, i.e., if one takeas,€)— (c,t) The common statement that grand unification relates
and d,s)—(s,b) in Eqg. (1), one obtains quark and lepton mixing angles, and thig, to U 5, is very
_ misleading. What is really true in general is that grand uni-
Vep=mg/mp—e'?m./m; (4)  fication relates the mixing of quarks of one handedness to the
mixing of leptons of the other handedness. Thyg and
and U3 need not be directly related to each other. Of course, if
. the mass matrices are symmetric, as has almost always been
U,s=Vm,/m.—€'’m, /m,. (5 assumed, the left-handed and right-handed mixings are the

same, and henc¥, is directly related toU ;. The most
Since ymy/m,=0.14, andym,/m;=0.04, one sees that the natural interpretation, then, of the experimental discovery
observed value 0¥.,=0.04 is too small by a factor of three that|U ,3|>|V| is that the mass matrices are highly asym-
or so. Assuming that the neutrino mass ratio in Ej). is metric. This is the essential point first made[ irD].
small, and given thatym,/m =0.24, one sees that the Not only does a highly asymmetric, or, as we will call it,
nearly maximal value ot ,3~ 1/\/2=0.7 that is observed is “lopsided,” form of the mass matrices explain the difference
too large by a factor of three or so. between the size of) ,; and V¢, but it also explains the
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fact, noted above, that ,; is larger than the Fritzsch value breakSO(10) down toSU(5), andthus the rank to 4. There
andV.y is smaller than the Fritzsch value by about the samere two simple choices for this Higgs field: either an anti-
factor. The point is that the product of the two off-diagonal symmetric five-index tensoﬁ or a Spinor]__ﬁ_ In either
elel:nent-s,f and ag, is controlled by the fermion mass ratio. case, one also expects a H|ggs field in the Conjugate repre-
As is evident from Eq(6), ms/mp=eo/(1+ ‘72).”.6‘7- That  sentation]1260r 16, to go along with it. A nice feature of the
means that the Fritzsch prediction for the mixingdpfand 126is that this tensorial representation leaves unbrokgn a

S, which is yms/my, goes approximately ageo. That g haroun of the center GO(10) that acts as an automatic
shows that the Fritzsch prediction for the mixing angles is

; matter parity, whereas if a spinor Higgs field is introduced,
roughly the geometric mean between the true vaIujaJpj then matter parity is not automatic. On the other hand, to
~o¢ and the true value o¥., ~e. In other words, in our

hypothesis of lopsided mass matrices, the surprising |argé'[1troduce 126+ 126 is to introduce quite large representa-

ness ofU,; and the surprising smallness ®f, are two tions that tend to make the unified gauge coupling go non-
©n3 b .
sides of the same coin. perturbative below the Planck scale, and that may be hard to

Another important feature of this mechanism should bePbtain from superstring theory. In any event, it would seem
emphasized. Almost all published explanations of the largethat the use of a spinor-antispinor p&i6+ 16, is more eco-
ness of thev,— v, mixing trace it to some special feature or nomical. Thus we assume that the rankS&( 10) is broken
form of the neutrino mass matrix. Perhaps this is due to that the unification scale and the right-handed neutrinos get
purely linguistic fact that we talk about “neutrino mixing mass from one such spinor-antispinor pair of Higgs fields.
angles.” But they could just as well be called the “charged- To break the group the rest of the wayGeg,, requires the
lepton mixing angles.” They are really the angles expressingxistence of Higgs fields in the adjoint representatith
the mismatch between the neutrino mass eigenstates and thgd/or in the symmetric two-index tensor representafidn
charged lepton mass eigenstates, just as the Cabibbfost published realisti€ O(10) models have several of both
Kobayashi-MaskawdCKM) angles are the mismaich be- inds of multiplets. However, it has been shown that it is
tween the up and down_ guark eigenstates. In qur.mechamsrﬁossime to breal8O(10) to Gg), with only asingle adjoint
the large value ol 3 is traceable to a pgcullarlty of the Higgs and no larger representatidis.
charged lepton mass matrlx namely, having a large off- This, then, is what we call the “minimal breaking scheme

diagonal entryr. As we shall see in the next section, havmgf?r SO(10)": The breaking of SQLO) to Gey is accom-

such a large entry helps to explain several other features %hshed by the expectation values of a set of Higgs fields
the quark and lepton mass spectrum.

To sum up, the mechanism for explaining largg— v, con§|5t|ng 0f454+164+1q4., with the model containing no
mixing proposed if1-3] has three salient featured) the multiplets Igrger'than the singlé5. There, of course, have to
largeness of this mixing is due to the charged lepton masg€ other Higgs fields to break tt&U(2), < U(1)y group of
matrix, which is (2) highly asymmetric, and which i¢3)  the electroweak interactions.
related to the transpose of the down quark mass matrix by This minimality assumption is restrictive enough that it is
SU(5). possible to say in which direction the expectation values of

In the next section we will see how a model with pre-these fields point. This can be done by considering the prob-
cisely these features arises very naturallyS@(10) from  lem of doublet-triplet splitting, whereby the colored partners
very different considerations. of the weak-doublet Higgs fields of the standard model be-
come superheavy while the weak-scale masses of the dou-
blets themselves are preserved.S90(10) the only known
way of doing this in a technically natural manner is the
Dimopoulos-Wilczek or “missing VEV” mechanisml2].

The model that we shall examine in this paper emergedhe idea is that if an adjoint Higgs field that has an expec-
originally from our attempt to construct a realistic model tation value proportional to th&Q(10) generatorB—L
based onSO(10) [11] in which SO(10) is broken to the couples to Higgs fields in the vector representation, it will
standard model grougGsy=SU(3).XSU(2).XU(1)y in  make their color-triplet components heatsince they have
the simplest possible way. We shall therefore start by exB—L=*2/3) while leaving their weak-doublet components
plaining what we mean by minim&Q(10) breaking. masslesssince they hav8—L=0). The needed coupling is

SinceSO(10) is a rank 5 group, it requires for its break- simply of the form10,,,45,10,, . Of course, the expectation
down to Gg), at least two Higgs fields. One Higgs field is value of the adjoint, by virtue of the definition of the adjoint
needed to break the rank of the group to 4, but this generallyepresentation, is necessarily a linear combination of genera-
leaves an unbrokeBU(5). Thesecond Higgs field is needed tors of the groupB—L is one of theSO(10) generators that
to breakSU(5) down toGg),. The two breakings can occur is picked out by simple forms of the Higgs superpotential for
in either sequence depending upon which Higgs field has ththe adjoint multiplet. It should be noted that there is another
larger vacuum expectation val@¢EV) and effects the first version of the missing VEV mechanism that works in
breaking. SO(10), in which the VEV of the adjoint is proportional to

Whatever Higgs field gives superlarge mass to the rightthe generatot ;g of the SU(2)g subgroup ofSO(10) [13].
handed neutrinos, as required for the standard seesaw expldewever, that version is significantly more complicated.
nation of the lightness of the left-handed neutrinos, will alsoTherefore, simplicity dictates the choice that

lIl. FERMION MASS MATRICES IN MINIMAL SCHEMES
OF SO(10) BREAKING
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(454)«B—L. (7) 16 16

Since the assumption of a minim&lo(10) breaking scheme
included the supposition that ontyne adjoint exists in the
model, no adjoint exists except the one that points inBhe =T,
—L direction. As we shall see, this puts an important limi-
tation on the possibilities for constructing realistic mass ma- o
trices for the quarks and leptons. The assumption of a mini- 16, 16 16 164
mal SO(10) breaking scheme thus acts as an important guide  (b)
in searching for good models.

The simplest possible terms that would give mass to 10u 1 45n
quarks and leptons ir5O(10) would be \j;1616;10,, =T, =P =Ap_L
where the subscriptsandj are family indices. This would
lead to four proportional Dirac mass matrices for the up-

104

quarks (J), down quarks D), charged leptons(), and neu- 5(16;)  5(10,)  5(10;)  10(163)
trinos (N). In fact one would hav® =L« U=N. Moreover, (c)

all these matrices would be symmetric, which is why one can

write D=L instead oD =L"T as in minimalSU(5). Some of 1(16y) y 1y 5(16%)
the predictions that follow from these relations are good, = =Y =C

notably the famous predictiomi=m®, where the super-

script zero stands for quantities evaluated at the un|f|cat|on

scaIeM However,D=L also predicts thamO m® and

mP m G " Empiricallv. one finds Fl)nstead thaho m(j‘ and lepton mass matrices shown in Eq$0) with the Higgs labeling
d_ P Y 3 corresponding to that appearing in Table | of Sec. (). The 33

md—3m These factors of three are called the Georgi- elements denoted “1.'(b) The 23 and 32 elements denoted.”

Jarlskog factor$14]. The simplest possibIBO(10) Yukawa  Note that because of the appearance of the VEV of the adjoint
terms also prediCt that all the CKM angles Vanish, sikce H|ggs f|e|d45_|EA’ they are proportiona| to thsq]_o) generator
«D. While not exactly true, this is at least a good zerothB—L. (c) The asymmetric elements denoted™ arise from this
order relation, since the CKM angles are all small comparediiagram. That they do not contribute to the up quark masses, and
to unity. By contrast, iS5 U(5) the matrice® andU are not  contribute asymmetrically to the down quark and charged lepton
related by the unified symmetry and so the CKM angles arenass matrices are consequences of the fact tha8@d0) 10,
unconstrained. The smallness of the CKM angles can be re-e., 10, and 10,, contain5 but not10 of SU(5).
garded, therefore, as evidence f810(10). On the other
hand, the proportionality dd andU in SQ(10) also predicts That would give the following predictions, all of which are at
that mY/m?=m2/m?, which fails badly by over an order of least good zeroth approximations to realityge=m?, V.,
magnitude. =0, andm;/mz=m,/m3z=0, wherem; is a mass of a fer—
What one can conclude is that a way of going beyond thenion of thei" family. Note that these are just the “good”
simplest possiblesO(10) Yukawa scheme must be found SO(10) predictions mentioned above.
which preserves some of its predictions while breaking oth- The second family presents more of a challenge. The
ers. One way to do this involves using larger representationsiain issue is how to get the Georgi-Jarlskog factor of 3
to break the electroweak interactions. For instance, in thbetweenmﬂ andm?. Breakmg ofSU(5) must be involved,
original Georgi-Jarlskog model,46 multiplet of SU(5) [not  since the bad relat|omS mM arises already at th8 U(5)
to be confused with the adjoint §0O(10)] participates in  level. The only field that breakSU(5) in the framework of
breakingSU(2), X U(1)y . In the context 05((10), this45  minimal SO(10) breaking is the adjoing5,. Since(45;)
is contained in @26, which is inconsistent with our mini- «B—L, and theB—L of leptons is—3 times that of quarks,
mality assumptions. More economical is to assume that théhis field has the possibility of giving the needed Georgi-
Higgs fields that breaO(10) at the unification scale, i.e., Jarlskog factor. Thus one must seek an effective Yukawa
the 45,+ 16, + 16, , couple to quarks and leptons and thusterm that involves the5, . The simplest such terfi5], in
introduce the effects of th&0(10) breaking into the quark the sense of the term of lowest dimension, is of the form
and lepton mass relations. This is the assumption we makd1616)10,45,/Mg. Moreover, this term can arise in a
To describe the third family it is simplest to assume thesimple way by the integration out of B+ 16 family plus
minimal Yukawa term16;16,10, as pictured in Fig. (8). antifamily at the unification scale, as shown in Figb)1
By itself, this would make all the mass matrices have the There are actually two ways to contract t8€X(10) indi-
form ces of such a term: the product§16;) can be contracted
symmetrically or antisymmetrically. It is easy to show that if
(45)«B—L, only the antisymmetric contraction contributes
to the quark and lepton mass matridéche reason is simple.
®) If the VEV of the adjoint is proportional to a generatQy
then the symmetric-antisymmetric contractions give contri-

FIG. 1. Diagrams that generate the elements in the quark and

o O O
o O O
= O O
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butions to fermion masses that go @¢f) = Q(f). SinceB ing this 16/, involves no loss of economy, since it allows a
—L of an antifermion is minus that of the fermion, the con- very elegant explanation of the largeness of the natiém,
tribution cancels for the symmetric contractibithus, one  without making targ large.

need only consider the flavor-antisymmetric term, which There are still several operators of this type to be consid-
means onlyij =23 and notj =22, or 33. Consequently, the ered: the family indices can take the valugs 33,22,23, or
only operator of interest is16,16;) 10445, which, together 32, and there are three ways to contract the four spinors to

with the operatol6;16;10,, gives make anSO(10) singlet. Here again, one must examine the
various cases to see which gives the most realistic mass ma-
0 0 0 0 0 0 trices. As it turns out, there is one operator that is much

superior to the others, in the sense that it much more cleanly

U=l 0 0 e3]My, D=|0 0 e3IMp, ang simply fits the data. It is of the form

0 —€e3 1 0 —e3 1 [16,16,][16516'], where[ . .. ] means that the spinors in-
©) side are contracted into X0. This can arise very simply by
00 0 00 0 integrating out &l0 of fermions, as shown in Fig.(&).
Let us write the resulting mass operator $UJ(5) lan-
N={0 0 —€]My, L=[{0 0 —€|Mp. guage. Denote bp(q) a p multiplet of SU(5) that is con-
0 € 1 0 € 1 tained in ag multiplet of SO(10). The VEV of16, lies, of

course, in thel(16) direction, while the VEV of1§, that

The desired factor of 3 has been achieved between leptorfgeaks the weak interactions lies in t%16) direction.
and quarks, due to the generar L to which the adjoint Therefore, the resulting mass term is of the form
VEV is proportional. One also can see that thentries are  [5(16;) 1(16,4)][10(1@)5(1%)_], which in SU(5) terms
flavor antisymmetric for reasons already explained. As theyjives effectively the operatoi5§10;)5,,. Note that this has
stand, these forms of the matrices are inadequate to explaine same form as th8U(5) operator discussed in the last
even the features of the second and third families of fermisection, which gave the entries in Eq(6). The result, then,
ons. There are three inadequacids.The factor of 3 comes  of including this operatof2] is to make the mass matrices
in squared between the mass of the leptons and quarks of thgke the form
second family. The reason is that, fosmall due to the mass
hierarchy between families, the second eigenvalud. @$ 0 0 0
given by the seesaw formumzs €’Mp, while the second

=0 O 13
eigenvalue oD is given bym2=(e/3)’Myp,. (2) The matri- €3 [ My,
cesD and U are still exactly proportional. This is a conse- 0 —e3 1
guence of the fact that the genera®r L does not distin-
guish up and down quarks. Therefore, the CKM anglg 0 0 0
still exactly vanishes(3) BecauseD andU are exactly pro- 0 0 o+ el3
portional, one still has the bad predictian/m°=m2/m}. D= o s 1 Mp, (10
— €

It is clear that the breaking & O(10) due to the adjoint
cannot cure all of these problems, sirBe L does not dis-
tinguish D from U. Thus the breaking o6 (O(10) done by
164+ 16, must come into play. As we shall now show, a 0 0 O 0 0 0
single simple operator exists, which involves one of these \_| 0 0 —¢|m L=l 0 0 —e|mMm
spinor Higgs and cures at one stroke all three of the problems v b
we have identified. e 1 0 ote 1

The lowest dimension effective Yukawa operators that in- _ _
volve the spinor Higgs fields are quartic in spinors. Consider] he new term has given the entries we ealNote that these
therefore, operators of the form616,16',16,/Mg. The lopsided entries appear only andL. The reason is simply
16, is the spinor Higgs field that break8O(10) at M  that thel6), contains & of SU(5) but no5.
down toSU(5). Thel6'y, is a spinor Higgs field that has a It is easy to see that the new term witl> € cures at once
weak-scale VEV that break8U(2), X U(1)y. In principle,  all three of the problems we identified with the forms given
these two spinors could be the same field. However, if theyn Eq. (9): (1) Instead ofm®=€’Mp and mg=(e/3)°Mp,
were, it would mean that they had to be contracted symmetriene has approximately thahgoc(e)(a+ €)=eo and m?
cally by Bose statistics, which in turn would mean th& o« (e/3)(oc+ e/3)=€a/3. More exact expressions will be
and 16; would also have to be contracted symmetrically. Agiven later. Thus the desired Georgi-Jarlskog factor of 1/3 is
careful examination shows that the resulting flavor-obtained, instead of 1/9. Theentry has dominated over one
symmetric contributions to the mass matrices do not lead tof the factors of/3 and thus prevented the factor of 1/3 from
realistic forms, though it is possible to achieve realistic masgoming in squared.
matrices by adding yet another Yukawa operator, as in the (2) The o entry comes intd but notU, and thus breaks
interesting model of Babu, Pati, and Wilczg#6]. Therefore  the proportionality of the two matrices. As a resit,, no
16/, must be a distinct field. As will be seen later, introduc-longer vanishes, but is given approximately by
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(e/3)[ 0?/(o?>+1)]. Note that this is of the same order én Hy=H(10y),

asmg/my=(€/3)[ o/ (o?+1)], rather thanymg/m,, as is the (11)
case with Fritzsch forms, and accords much better with the

actual experimental values. Hp=H(10,)cosy+H(16/,)siny,

(3) The fact thato breaks the proportionality df andD
also means that the bad relationf/m{=md/mp is broken.  where y is some mixing angle that depends on the param-
Specifically,mY/m? is of order e, while mYm{ is still of  eters of the Higgs sector. Since the 33 elements of the mass
order €2 and therefore much smaller. This also accords welimatrices all arise purely from the coupling of thé,, the
with the experimental numbers. In fact, as we shall see, iparameters we callebl; andMp in Eq. (10) are given by
one uses/, andm,, /m, to fix the parameters ande, one

finds thatm.(1 GeV) is predicted to be in agreement with My=NaxHy),

the experimentally determined value of 1:220.1 GeV. It (12)
should also be noted that the predictiof=m? is only very

slightly affected by the addition of the term, bothm? and Mp=N\sxHp)cosy,

m° being given to leading order ia by o2+ 1Mp .
! 99 9 y o o leading to the ratio My/Mp=(Hy)/({(Hp)cosy)

The economy of the above mass matrix forms is seen i ; ) .
y =tanp/cosy, where tarB is defined to be the ratio of the

. /) are successtuly i with oy the s pasameers H19gS VEV (Hu) giing mass to the top qurk o the Higgs
b y y P VEV (Hp) giving mass to the bottom quark. Hence

o and e. No other published form succeeds in accurately
reproducing the masses and mixing of the the heavier two
families with so few parameters. The predictions and fits will
be discussed in detail in Sec. IV.

m/mp=(o?+1) Y4 tanp/cosy). (13

. . . The point is simply that the large ratio of the top to bottom
We see that the matrices in BQ0) were arrived at by a masses could be the result of gobeing small rather than

process of reasoning that had nothing to do with the questio&nﬂ being large. In fact, since we do not know anythimg
of neutrino mass but rather with an attempt to get realisticpriori about the angley, we cannot say whether t#his
masses and mixings for the quarks and charged leptons usiqlé;rge or small. It should be noted that if one assumesHhat
as simple a Higgs sector as possibl&Sia(10). But what has  |ieg mostly in thel6, (so that cosy<1), it would explain
emerged is a structure with precisely the three critical feaWhy the parameter is large since it comes from a coupling
tures identified in the last section as giving a simple explay, 16/, and also explain why ta might be small.
nation of the large mixing of, and .. In fact, a fit ofV,, A second point we wish to underline here has to do with
andm,, /m; giveso=1.8 ande=0.14. Consequently, as can the reasonableness of asymmetric mass matrices. In many
be seen directly from Eq(10), the angle6,.=sin"*U,;  models it is assumed that all the mass matrices are symmet-
=tan ' o~ 0(e)=60°-0(8°). This is quite consistent ric. However, this is not something that is called for by the
with what is observed. We will look more carefully at these group theory of grand unification. It is true that with the
predictions later. minimal Yukawa termsSU(5) gives a symmetridJ. But

To summarize, with two parametets,and o, four mass even with minimal Yukawa termSU(5) does not predict
ratios and two mixing angles are satisfactorily accounted forany symmetry of thdd andL matrices. And inSQ(10), as
if we includeU ,3. No greater economy could be hoped for we have seen, once one introduces the effectS ©f10)
in explaining the spectrum of the heavy two families. More-breaking into the Yukawa sector, as one virtually must, one
over, as we shall see in the next section, the forms in(E).  easily obtains effective Yukawa terms that are asymmetric.
can be extended to include the first family with equal Figure Xc) shows that very simple diagrams can give terms
economy: the introduction of two new parametéosie of that are lopsided, in the sense that they contribute only above
which is complex will nicely account for seven quantities ©F below the diagonal. From the point of view of the funda-
pertaining to the first family. mental grand unified theory, then, lopsided terms are as natu-

Before explaining how the model is extended to the first'@ @S Symmetric ones. The preference for symmetric terms
family we will expand on a couple of points made earlier has been the result not of examining what kinds of terms are

First, we said that the introduction of thé, allows a simple obtained in a simple way in unification, but rather from the

lanation(1.16] of wh >m. that d ; . desire to reduce the number of parameters at the level of
explanation|1,16| of why m>m, that does not require a mass matrices with the aim of making models which are

tang>1. The point is that the Higgs doublet of the minimal |y predictive. However, putting oneself in the straight-
supersymmetric standard mod#MSSM) that is often called  j5cket of symmetric matrices makes it hard to get a good fit
Hy is purely contained in th&Q, that couples td6;16; and  tg | the quark and lepton masses and mixings. It turns out,
gives rise to the “1” entry in the mass matrices of E80). a5 we have seen, and will see further below, that allowing
However, the Higgs doublet of the MSSM that is calldg  asymmetric matrices makes possible a model which gives
does not come purely frorh0,. Rather it is a mixture of hoth a very good fit to the data and is actually much more
doublets in10, and 16/, since they both contai®'s of  predictive than most models which assume symmetric matri-
SU(5). Thus we may write ces.
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IV. EXTENSION TO THE FIRST FAMILY (a) 16, 16 16’ 16’ 16 16,
In arriving at the form of the mass matrices for the heavy
two families we were limited in the choices that were pos- 13 13 10x 1y 13
sible by the assumption we made about the simplicity of the -v -5 =T, =5 -y

S(O(10)-breaking sector. In extending to the first family we
are not quite so limited. Nevertheless, the number of simple

possibilities is not very large. There are several discreteb) 5(16,) 10(16.) (c) 5(16,) 10(165)
choices: Should the contributions to the first row and column T T

of the mass matrices be flavor symmetric like the 1's in Eq. \ 5(104) 5(10x)

(10), antisymmetric like thee’s, or lopsided like thes's? =To =To
Should they contribute to all the matrices equally like the |— - 1g=S§ }— > 1y=9
1's, to all the matrices but with non-trivial Clebsch factors : 5(1_0_n) 4’5:(101{)

like the €'s or only toD andL like the ¢’s? It is fairly easy =To To

to run through the various cases and see what kinds of rela S S L
tions among masses and mixings result. As it turns out, one 1(16y) =C 5(16y)=C' 165 =C  5(16y)=C

of the simplest possibilities gives a remarkably good fit to

the data. This uniquely simple choif8] is the following: FIG. 2. Diagrams that generate the masses of the first family of

TS 1]

quarks and leptons. See H34). (a) The 11 element called 7.

7 0 0 (b) The 12 and 21 elements called.” Because thelQ, couples to
the symmetric product 016,16, § appears symmetrically in the
u=| 0 0 €l3|M Us mass matricegc) The 13 and 31 elements called*,” which also
0 —€3 1 appear symmetrically.
7 5 5 from the two Higgs contractiof1(16,)5(16/)] contributes
o=| s 0 otel3| M (14 only to D andL by virtue of theirSU(5) structure. Contrast
D these effective operators for=2,3 with that occurring pre-
o' —€l3 1 viously for the termo arising from the diagram shown in
Fig. 1(c).
n 0 O 7 1) o' The three new parameters we have introduced are, as we

shall see, sufficient to account for everything about the first
family. Before proceeding, however, we must be careful
e 1 o ote 1 about complex phases. It is easy to show that if we allow all
] ] ] parameters of the model to be complex all but two phase
We have already mentioned that fits give=1.8 anq € angles can be rotated away from the mass mattited, L
=0.14. The new parametetsand 6" both have magnitude andN;, provided we now neglect the negligibhe contribu-

of about 0.008. The parametgris by far the smallest, being  tions toD andL. We will call these physical phasesand ¢
about 8<10 °. The only role thaty plays in the sector of \yhich appear as follows,

guarks and charged leptons is in giving the up quark a mass,
for it makes negligible contributions to the down quark and 7 0 0
electron masses as determined frbrandL, respectively. In u=| o 0 /3| M
Fig. 2(a) we have illustrated a higher-order diagram that can - U
contribute to the parametey. Since it is not excluded that 0 —e3 1
the up quark is exactly massless, it is possible topdbd
zero. In any event, one can see thgt my/m?, which is by 0 o
orders of magnitude smaller than any other interfamily ratio D= S 0 o+ e 3| M 5,
of masses in the standard model. It will, however, be of some Set —e3 1
significance for neutrino masses. 4f vanishes, this model € €
gives only the small-angle MSW solution to the solar neu- (15
trino problem. But even if is as small as & 108, it allows n 0 0
either the small-angle MSW solution or bimaximal neutrino N={ 0 0 —e|My,
mixing to arise in a simple way. 0 ee® 1

Turning to the parameterd and &', we see that they
appear symmetrically and only i@ andL. Such terms are 0 S 5el®
easily obtained ir5 O(10) from simple diagrams such as that
shown in Figs. t) and Zc). The effective operators arising L= o 0 —€ | Mp,
from these diagrams are of the fofrh6,16,][ 16,16/,] with 5edra) 4 gl 1
j=2,3, where again the spinors in brackets are contracted
symmetrically into al0 of SO(10) which is integrated out. where in these matrices and hencefo¢tho, 6, 8" and
Note, however, that the symmetric contributiofisand &’ denote the magnitudes of these parameters and the phases are

Z
Il
o

0 —e|My, L= 6 0 —e|Mp.

5'el(¢ta)
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written explicitly. The phasex only comes into the fits of 1 o242
masses at higher order in the small quangity=0.08. Nu- mo/ml=t tg-| 1— 3€ o
merically, its effect is only a few percent; moreover, the fits o(o°+1)

(especially tom;) prefer a value near zero. Therefore, we
can ignorea and will do so from now on. That leaves only — (P12 + (1 + 23+ th
the phasep. Its only significant effect, but a very important
one, is to give theC P-violating phase anglécp.

Instead of using the parametefs 6’ ande'?, it will be 1 2

o 2 1
somewhat more convenient to use the paramétersz, and Vep= 3€ 5 1+ 3€ o |
e'?. which are defined in terms of them as follows: o +1 o(o°+1)
. 6—ad'e? 1 5 3
t,_e"‘)E o3 (16 V=t 1- EtE_tzR'i‘té'i‘EtEt%'i‘ gtﬁ
and € tr _,
- "pa 6
3o\o?+1 L '
S+ 1 oNg
tr= o3 17
oel3 1 tr 1 o
Vub—§t|_6 > Vol+1 t—e"" 1—§€ >
The significance of these parameters is that they are essen- o L o+l
tially the left-handed and right-handed Cabbibo angles. This 5
can be seen by taking the forms f@randL given in Eq.(15) —1-Z¢ d
and diagonalizing the 2-3 block. When this is done the 1-2 3 o2+1) |
blocks of these matrices take the form
0t 0t U, =sing T L 0(e)
= = €),
Dll?loc(t :) |_[1210<(t ; . (18) w3 # o+ 1
L R

In terms of the five dimensionless parameteyso, t, , 1+€ tanb,, t_'-eie

0 1
Ug,=c0sb,,, §tR

tg, ande'? with # set equal to zero, we now write down o?+1 IR
expressions for fourteen observable quantities: seven ratios
of quark and lepton masses, three CKM angles and one ><(1+Cfta“5’;,,7) —itz—ltz
phase, and three lepton mixing angles N 18R 9'L|
momo=1- 2 7 (19
TE Y 61 —1 . S
b 3 52+1 Ugz=tand, Ue-| 1+ €sin 20,
1 2 tL . 1 1
07,70 2 2 i
mmi=—e"-|1— =€, X| —¢€ -— |
¢tTg 9 (tR Vo?+1  o?+1
1—0?—ge 1 These expansions have been carried to sufficiently high order
mﬁ/m(jse 5 € 5 +1—8(tf+t§) , in small quantities to be accurate to within 0.2% and are
o°+1 o(o°+1) useful in doing the fits to the data. However, the leading
terms in these expansions have much simpler forms and thus
1 o 1 1—-02—cgel3 1 allow one to see more readily the relationships among vari-
mo/mi= e J1+ se————+ (12413 |, ous quantities in this model. We therefore write these sim-
3 o2+1 3 (0?+1) 2 : . .
o olo pler expressions for purposes of discussion:
mo/mP=0, my/mP=1, (20)
1 o?+2 0 0L 2
07110 — my/mi=—e
mg/m, =t tg:-| 1—€e———— /T )
T g tR o(0?+1) 9
4 2
c"+90°/2+3 1
+ e — —(t2+12) |, m%/mP=¢ ,
o?(0?+1)2 9( - R)] R !
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into the expression fom’/m?, one obtains thak=0.14.

1 T T
m2/mo= 3€ 2 This is the small parameter of the model that is responsible
o*+1 for the hierarchy between the second and third families, and
mﬁ/m?zo, is small enough that the expressions in E@S) are fairly

1
mgy/m0 = glitr,

my/ml=t, tg,

accurate. One can usg,/m, andVs to determinet, and

tg. A careful fit, described later, giveg =0.236 andtg
=0.205. That, =t is easily understood from E¢18) and
the well-known Weinberg-Wilczek-Zee-Fritzsch res{f]
that the Cabbibo angle is well acounted for by symmetric
mass matrices for the first two families; cf. Ed). The near
equality oft, andtg is also apparant from the seventh and

V0 } o’ ninth relations of Eqs(20) and the fact that numerically
T 3% 241’ Vys= Vmy/mg. The phase factce'? will be determined from
the CP-violating phaseScp.
V8s=tL- The nine predictions, then, are the following. To begin
with, there are the three famous predictiof®, mg/m°=1,
o 1 e, ) mg_zémﬁ, and (3) mgz3mg . The first is the “good”
Vip=3tle— o*+1lr-e"-1), prediction of minimalSU(5) unification, and the latter two
7 - are the Georgi-Jarlskog relations. These predictions are
manifest from the first, third, fourth, sixth, and seventh of
U.=sing = g +0(e)~0.7 Egs.(20). It is hardly surprising that the model gives these
n3 rr Jo?+1 ’ relations, since we were guided by them in constructing the

U% =cos# 1t
e2 wt 3 )

model. The fourth prediction i&) m%/m2=0. Even if theu
quark is not exactly massless this relation is a very good
approximation to reality. If one takes the favored value of
m,~4 MeV, then, with reasonable assumptions about
thresholds in doing the running up to the GUT scale, one
obtains 7=m%/m?~8x 10 ®. This is far smaller than any

Ugz=sin 0M(%tR) .
other interfamily ratio of masses. For instance, the compa-
It might at first seem surprising that without any informa- rable ratio for down quarks y/mg=10"2, and for leptons
tion about the Majorana mass math of the right-handed is my/m2=3x10"*. Like the previous three relationsy,
neutrinos we are able to write down predictions for the three~0 is a reflection of basic group-theoretical aspects of the
neutrino mixing angles. However, i§=0, as we are assum- model. It comes from the fact, explained above, that &he
ing at present, then the Dirac mass matrix of the neutrinosnd 6’ entries only appear iD andL.
(N) has vanishing first row and column, and therefore, obvi- The remaining five predictions are not simple group-
ously, the same will be true of the mass matrix of the lighttheoretical relations like the foregoing, but are non-trivial
neutrinos, which is given by the well-known “see-saw” for- quantitative predictions. They are predictions &) m,, (6)
mulaM ,= —NTMF}lN. This means that the two mixing el- Vp, (7) U3, (8) Ugy, and(9) Ues.
ements of the electron neutrind,, andU 3, get no contri- The prediction form. is particularly interesting. We see
bution from diagonalizingM,, but come entirely from immediately that, for reasons having to do with the group-
diagonalizingL. SincelL is a known matrix in our model, theoretic structure of the model, the rati/m? is much less
these two mixing elements are predicted. In the case of théhan the corresponding ratin/m{ for the down quarks be-
mixing of the mu and tau neutrinod) ,3 does receive a cause it is of higher order in the small parameteThis is a
contribution from diagonalizingVl,. However, as can be highly significant success, because the minimal Yukawa
seen from the form oN this is an effect 0fO(€). The con-  terms of SO(10) notoriously give these ratios to be equal.
tribution to U ,3 coming from diagonalizind., on the other ~ Moreover, the success is not merely a qualitative one. When
hand, is of order unity, since it arises from the large param= ando are fit (usingV., andm, /m,) and the renormaliza-
etero. ThusU .5 is predicted, although not precisely. tion effects are later taken into account, it is found thmt
Since we have written fourteen quantities in terms of fivecomes out within about 5% of the experimentally preferred
parameters, there are altogether nine predictions of thealue, which is quite remarkable given the various experi-
model. Which quantities one takes as “predicted” dependsmental and theoretical uncertainties. This success is non-
on which quantities are used to determine the values of thgivial, because the reasoning that led to the forms of the
parameters. We will use the lepton mass ratios and the anglesass matrices did not depend upon the valuamgf and
Vp andV s for this purpose as they are the best measurechence it could have been expected thtwould come out
As one can see from the third and eighth of E@), one  wrong by a large factor.
can get the value: from the ratio 3/2;/(m0/m?). One finds Another non-trivial quantitative hurdle for the model is
(of course, taking the renormalization effects into account ashe prediction foV,,,,. The eighth, ninth, and tenth relations
was done in2]) that numericallyo= /3. Substituting this of Egs. (20) give V3,=VOVo (1/a?)[ Jo?+1(tr/t )e '’
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the small-angle MSW solution we just discussed and bimaxi-
mal mixing are possible. This will be discussed in detail in
the next section.

Finally, there is the prediction aof,— v, mixing. One sees
from Eqg. (20) that there is a prediction thatl.;
=tané,,Us=0.05. It is interesting that even for the bi-
maximal mixing case that will be discussed in the next sec-
tion, the numerical value dfl .5 is virtually unaffected. Thus
this prediction is a “robust” one of this model.

0.005

1
0.005 0.010

—=|

4)(.)005

|‘— [s19Vepl

V. NEUTRINO MIXING

FIG. 3. The unitarity triangle foW 4V, +VqVap+ VigVip =0

is displayed along with the experimental constraints\QpV},,
which is the upper vertex in the triangle. The constraints following In analyzing the predictions of this model for,—v,
from |V, B-mixing ande extractions from experimental data are mixing, we may make the approximation that=0. This

shown in the lightly shaded regions. The experimentally allowedmeans thalN has vanishing first row and column. Therefore,

region is indicated by the darkly shaded overlap. The model prein computingM ,= — NTM§1N the first row and column of

dicts thatV4Vj, will lie on the dashed circle; cf. Eq21). The M- are irrelevant. Thus we may writd ;* as
particular point on this circle used to draw the triangle shown is

obtained from the numbers given in Sec. VI; cf. E62). - - =

A\ (22
z

A. Mixing of v ,—wv,

Mgi=| — X
—1]. If we use the facts thar= /3 andt, =t this gives A _ oy
Viyp=VyVep(2e ''—1). A careful fit gives

whereX, Y, andZ are in general complex. There are conse-
quently five real paramete(the over all phase does not mat-
ter) that come into the masses and mixingigfand v, from
Mg. As observed earlier, this does not prevent us from mak-
ing a qualitative prediction for the mixing parametar,s,
certain circle in the complex plane. As can be seen from FigSi.nCe thg contribution to it from diagonalizing the mass ma-
trix M, is only of ordere andU,; comes predominantly

; . .
3, the circle forVyaVy, S|IF:ES neat_ly thFO‘Jgh the m'.ddl.e. of from diagonalizing the known matrix. However, in order to
the presently allowed region. Again, this is a very significant

success, since the reasoning that led to the forms IS, see if more precise_predictiops can be obtained, we shall look
at two simple special cases:
was not based on the value bf,.
The prediction for the mixing o, and v, has already B 0 0
been discussed. It is one of the key successes of this model ,
that this mixing turns out to be nearly maximal. The fact that () Mg=| O 0 BéPe|Age', (23
o= 13 tells us that the first term in the expression lttf[3 in 0 BeéPe 1
Eq. (20) corresponds to an angle neat3. As we shall see in
the next section, th®(e) corrections easily bring this down 5,4
close to the maximal mixing value af/4.
The prediction of this model for the mixing of, andv,, _ 0 0
with =0 is quite interesting. From the sixth relation of Eqgs. i 2 _
(20) and the fact that, ~tg, one sees thajtg=\m./m,,. (1) Mg=| 0 Be’e” 0 [Age. (24)
Thus the model predicts thlk,,=cos6f,,ym./m,. The fac- 0 0 1
tor of cosé,, is crucial[17] since without it one would have
SIM? 20007~ 4|Ueq|*| U | >~ 4(me/m, ) =2x 1072, which is  |n these cases only three parameterslin, namelyAg, B
about twice the value needed for the small-angle MSW soande'?, contribute to the neutrino observables of the second
lution to the solar neutrino problem. Since atmospheric neuand third families, sinces has appeared previously and is

trino data tells us that 0%721/\/5, the model gives just the used as a natural scaling parameter. In the first case,
correct value for the small-angle MSW solution.

Viup=VyVep(0.55817—0.315. (22)

In other words the model predicts thdt,, should lie on a

In the future bothV,,, and Sif26,,, Will be known better 0 0 0
and will provide a sharp test of the model. The theoretical MS i
Lo - . M'=—[ 0 O € —— e 1BTY (25
uncertainties in the predictions fof,, andU ., are estimated v . R
to be only a few percent. 0 € 2+B P

In discussing ther.— v, mixing above, we have assumed
that 7=0. If » does not vanish, but is aroundx@0°°,  The neutrino mixing matrixJ, now known as the Maki-
corresponding tan,~4.5 MeV, then it turns out that both Nakagawa-SakatéMNS) mixing matrix [18], is given by
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U= U[U L, WhereU, is the unitary matrix that diagonalizes whereK’=1+B~1e'A. The ratio of eigenvalues ol , gives
L'L, andU, is the unitary matrix that diagonalizég’M,. ~ m, /m, =e’J1-[K'— 12|K'|%. If we take, m,,/m,,
For case IU, is given by =0.05, as before, and assume tKdtis real, we have that
. 0 0 K’=0.6. This gives#3;=12.3°, 6,,=50.5°, and sih26,,
=0.96. Again, there is good agreement with the SuperKa-
U,=| 0 cosfyz sinfy |, (26)  miokande results. Moreover, since this valuekof corre-
sponds tdB= —2.5, orBe?=—0.05, we see that in this case
also no great hierarchy is needednty.
where tan 2,=2¢/K, andK=2+B" 8. The ratio of ei- The forggoing_discussion is qll pased on the assumption
genvalues of M, gives m, /m, =(e%|K|?)(1— €%/|K|? that the mixing with the f|rs_t family is small, so that one has
273 . the small-angle MSW solution to the solar neutrino problem.
+--+). One can choose caj to be real, and one can write s il certainly be the case if=0. As we will now see,
if instead 7=8x%10" %, as needed to have,=4.5 MeV,
sing,= me*‘f

27) either the small mixing of, that we have been considering
wheree'¢ is the phase oK. One readily sees from the form

or large mixing ofv, is possible, depending on the form of
Mg.

of the charged-lepton mass mattixin Eq. (15) that sintﬁé3

=(U,),3 is given by tan @5,= —2(o+ €)/(0?—1+20¢€) _ _ . o

= —20/(a?—1)+0(e). Sinces= 13 it is evident thatb’§3 In the previous discussion, we set 0 in which case, no

; — _NTMm-1
~60°. Using the best fit values @f and e one finds, more ~Matter what the form oMg, the matrixM,=—N"Mg N
precisely thatﬁggs 63°. has vanishing first row and column, and the matdix that

Altogether, then, the mixing parameter of, and v, is diagonalizesv 'M , has the form of Eq(26). It is easy to
show that the matrixJ, which diagonalized 'L has the

0 —sindy; cosby,

1+

m
1 ezig) 2
2 m,,

B. Mixing of the first family

given by
form
U, =sind
w3 e cos#y, —sing;, 0\ /1 O 0
i L v L of v .
= —SiN 033C0S055+ COSH55SiN Oy U,=| singt, cosé;, 0|0 cosds; —sinds,
=-0.8981-m, /m, )+0.441/m, /m, e ‘. 0 0 1/ \ 0 sin#5; cosbs,

(28) (31
If neutrino masses are hierarchical, and atmospheric neutringhere Sing,=3tg, tg is defined in Eq.(17), and 053 is
oscillations arev,,— v, oscillations, themn, =0.06 eV. And ~ given after Eq(27). Putting these together one has that the

if one further assumes the small-angle MSW solution to thdOtal mixing matrix of the neutrinod)=U{U,, is
solar neutrino problem, thenm, =0.003 eV. Thus,
m,,/m, =0.05, within a factor of two or so. Taking it to cosfy, —singi,cos6,, —sinf,sing,,
have the value 0.05, and the phds® vanish, Eq(28) gives U=| sin 6'52 cose'izcosam Cose'izsin 0,r
U,3=—0.756, and S|‘r’120 ,=0.984. With the same value of
the neutrino mass ratlo and taken to bew/4, S|r?2
=0.943. We see that there is excellent agreement W|th the
experimental limits from SuperKamiokande if the complex
phase is not too large. But §=/2, with the same mass Whered,.= 03— 03;. This yields the results, already given
ratio, sirf26,,=0.77. in Eq. (20), for Ue; andUegs.

The value ofm,_/m, =0.05 corresponds tK|=0.63. Now we will conS|d(.ar'what happ'ens under whag is pre-
Since B~ 1e'#=|K|e'¢—2, for £&=0 this givesB=0.73, or sur\r/1va_\tlahly tr;eomt%re reallsttlc asbsumptlon tigﬁlettSX%O : i

_ - - ; ith »+# 0, there are two basic possibilities to consider.
iI?\eM ;):1. In other words, no very great hierarchy is requwedOne possibility is thaMR_has aformin V_VhiCh its 12, 21, 13,-

Turning now to case II, we have that and 31 elements all vanish or are negligibly small. If such is

' the case, then the previous analysis applies, and the mixing

0 —sing,,, cosf,,, -

0 0 0 of ve is due entirely to the matrik. The only effect of the
| 5 6 i parametery in the lepton sector is then to givg a mass of
M,=—{0 € € A_Re 7. (29 about 41077 eV. The second possibility is thédl , does

0 € 1+B le'® have significant 12, 21 and/or 13, 31 elements. If this is the

case then a strikingly different situation can afiég namely

Consequently, for this case “bimaximal” mixing [19], [20].
, ) We will first illustrate what happens with a simple ex-
tan 20,,=2¢/K’, (300 ample. Consider the following form fdvl g :
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0 A 0 reason for this is that in this scheme the smallnessrof, is
_ 3 2 due to the extreme smallness of the parametewhich is
Mp={ Ae” Be® 0] Ag. (33 equal to the ration,/m;.
0 0 1 It is easy to see from what has already been said that the

) _ matrix U, needed to diagonalizkl IMV is of the form
We normalizeA andB by powers ofe simply for later con-

venience. The mass matrix of light neutrinos resulting from 1 0 0 12 12 0
this form is )
U,=| 0 cosfly; sinfy —142 1N2 0],
7" B o .11t 0 —sinfy; CcOSOL, 0 0 1
et A? e A ) (37)
M,=— NTMglNz 0 € € % where we have neglected the tiny rotatiély. The matrix
1 R U, is already given in Eq(31), so that the full neutrino
_n- € 1 mixing matrix can be written
e A
(34) 12 1N2 0
One sees that the 2-3 block has vanishing determinant, so U=Ugwa | —1N2 V2 0], (38
that a rotation in the 2-3 plane by an anglg= e bringsM, 0 0 1
to the form
whereUgy is given in Eq.(32), and is just the form that
7” B g1 71 results in the small mixing angleSMA) MSW case of this
? E TA ?K model. In other words, the net result of the large mxing of
the first family produced by thA entries in Eq(34) is sim-
M/ = 7l 0 0 Mﬁ ply to multiply the(SMA) MSW form of U on the right by a
v €A A_R. (39 rotation of 77/4 in the 1-2 plane. Consequently, the predic-
tions forU ,; and U3 are essentially unaffected. However,
_n 1 0 1 U, becomes 12 instead of the value given in ERO).
2 A The interesting lesson is that “bimaximal mixing” is easy

to achieve if the large mixing of, and v, comes from the
This can be put in a more transparent form by a rotation ircharged lepton sector, i.e., from diagonalizingwhile the
the 1-3 plane by an angi,= — 5/(€?A). This angle is less large mixing of v, comes from diagonaliziny/, .
than or of order 10* and thus negligible, practically speak- ~ The simple form given in Eq:33) gives 65,=e=8°, and
ing, so thus 0= 055— 05:=55°, corresponding to st26,,,=0.88.
Somewhat larger values of §i20,” can arise from a more

7" (B-1) g1 0 general formM . Consider, for example,
4 2
, € A €A MlzJ 0 A€ Cé
M= ki 0 0] Ar’ (39 Mg=| Ae® Be* 0 |Ag. (39)
e A
Ce 0 1
0 0 1
Then
It is clear that the 11 element, being higher orderzinis
likely to be much smaller than the 12 and 21 elements. The 7 7 7
condition for this to be the case is thAl(B—1)> 7/e® —B —BC —(BC-A)
=2x10"3. If this very weak condition is satisfied, then the € € €
form of the matrix manifestly corresponds to the situation in _ 7 -
which thev, andv,, together form a pseudo-Dirac pair. That M,=— -BC €A eA(A+C)

in turn would mean that the mixing of these two neutrinos is
very close to maximal.

One sees from Eq36) thatm, = M3/Ag, and that the
splitting between m, and m,, is given by Am3, 2

_ U

=2(7% %) [(B—1)/A%](M2/Ag)%. For the vacuum solu- X (A%+BC?) 1A—.
tion to the solar neutrino problem, one hAsn,=10"*° R
eV?, so that Am§1/m12,3=3>< 107°=2(%%€°)(B—1)/A%.  Here, as in Eq(34), the 2-3 block has vanishing determi-
This givesA(B—1)¥3~0.06. Thus no great hierarchy is re- nant. The crucial difference is that the diagonalization of this
quired in My to get the vacuum oscillation solution. The matrix involves a rotation in the 2-3 plane by an anglg

§<Bc—A> eA(A+C)  (A+C)?

(40)
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TABLE I. Higgs superfields in the proposed model. TABLE Il. Matter superfields in the proposed model.
Higgs Fields Needed to Solve the 2-3 Problem: 16,(—3-2p)*~ 16,(—3+p)** 16,(—3)* "
45, : A(0)"~ 16(—3-p) " 16'(=3)""
1o ) LeG-p 16(3)" 16'(~2+2p)""
16: C(-3)"". C(=3-p " 10,(~1-p)~* 10,(-1+p)"*
10: Ti(1)*F, Ty(=1)" 1,(2+2p) " L(2-p)"" 1(2)""
L X(0)™", P(p)" 7, Za(p) T, Za(p) T 1i(-2-2p)" " B(-2)" B(-2-p""
Additional Higgs Fields for the Mass Matrices:
10 To(1+p)" 7, Te(1+2p) ", . , . . .
= o= 4 It is then possible to write down explicitly the full Higgs
To(_3+p) , To(_1_3p) ; : H H
i AN o __ superpotential from the HiggSOQ(10) and family assign-
L Y(2) ", Y'(2)"T, S(2-2p) ~, S'(2-3p) h h T h f fi :
Vi, (4+2p) ments, where we have written it as the sum of five terms:
M

Whiiggs= Wa+ Weat Wzt Wy +We

=¢e[A/(A+C)]. With C=—3A, for instanceg,, . comes out
very close to 45°. Otherwise, this case is quite similar to that
of Eq. (33).

Wa=tr A*/ M+ M ptr AZ

Wea=X(CC)2/MZ+F(X)+C’(PA/M;+Z;)C

VI. DETAILS OF A SPECIFIC MODEL +C(PA/M,+2Z,)C’ (41

In the previous sections we have presented the construc-
tion of our SO(10) minimal Higgs model in the framework
of effective SO(10) andSU(5) operators. We now show _ _ _
that one can construct a technically-natural realization of this Wi =T1CCY'/M+ToCC' +To(ToS+T,S')
scheme by introducing sets of Higgs superfields and matter
superfields with a well-defined family symmetry. We first WR:?O?(,)VM-
address the Higgs sector.

W,5=T1AT,+Y'T?

The Higgs singlets are all assumed to develop VEV’s at the
A. Higgs sector with U(1)XZ,XZ, family symmetry GUT scale. We can then determine the fate of the other

. - . Higgs fields from the F-flat and D-flat conditions. In particu-
The doublet-triplet splitting problem i8U(5), andthere- lar, W, fixes (A) through theF,=0 condition where one

fore SQ(10), arises because the colored Higgs fields in the | tion is (A)=B—L, the Dimopoulos-Wilczek solution
5—5 pairs of eaclL0y must be made superheavy at the GUTer]_ Wea gives a GUT-scale VEV t&€ and C by the Fy

scale, while just one pair of Higgs doublets should remair" S ) .
massless there and be free to develop VEV’s at the ele(:T_0 condition and also couples the adjokito the spinor<,

troweak scale. This problem has been addressed and solvéd C' andC’ without destabilizing the Dimopoulos-Wilczek
in [5] by the introduction of just ond5 adjoint Higgs field ~ Solution or giving Goldstone modes, as showr{5} W3
with its VEV pointing in theB—L direction, together with gives the doublet-triplet spliting by the Dimopoulos-
two pairs of16+16 spinor Higgs fields, twd 0 Higgs fields Wilczek mechanisni12,5] W, mixes the (1,27 1/2) dou-
in the vector representation plus several Higgs singlets. welet in T, with those inC’ (by Fc=0), and inTo andT (by
shall briefly summarize the solution, but first we note that itF7 =0).
is necessary to introduce several more Higgs fields in the
vector and singlet representations in order to generate the
Yukawa structure for the fermion mass matrices presented
earlier. We now turn to the Yukawa sector and specify the matter
The authors of/5] found that the Higgs superpotential fields and theirU(1)xZ,XZ, charge assignments which
required to solve the doublet-triplet splitting problem couldWill complete the realization of the specific model in ques-
be neatly obtained from their list of Higgs fields by introduc- tion. For this purpose, we require three spinor fields one
ing a global family symmetry group of the typ¢(1)xZ,  for each light family, two vector-like pairs df6— 16 spinors
X Z,, which can arise in a natural fashion from string theory.which can get superheavy, a pair of superhea®yields in
With this in mind, we now list in Table | all the Higgs fields the vector representation, and three pairs of superhéavy
to be considered together with their family charge assign—1° fermion singlets. The complete listing is given in Table
ments. As noted in the table, in order to complete the contl.
struction of the Dirac mass matrices, four more vector Higgs In terms of these fermion fields and the Higgs fields pre-
fields and four additional Higgs singlets are needed, whileviously introduced, one can then spell out all the terms in the
one Higgs singlet is introduced to generate the right-handedukawa superpotential which follow from the&O(10) and
Majorana neutrino mass matrix. U(1)XZ,XZ, assignments:

B. Yukawa sector
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Wy ukaws= 163 165 T +16,-16: T, +16' - 16'- T,
+165-16,- Tj+16,-16,- To+ 165+ 16- A
+16,-16'-Y'+16-16-P+16'-16'- S
+165-10,-C’ +16,-10,- C+10;-10,- Y
+165-13-C+16,-1,-C+16,-1,-C+15-15-Z
+1,-15-P+1;-15- X+ 15-15- Vy + 15 15- Vyy,

(42

PHYSICAL REVIEW D62 093008

are even. In our model, there are some matter fields in ten-
sorial representations and some Higgs fields in spinorial rep-
resentations. Hence there is a danger that separity vio-
lating terms that also violatB andL may exist in the low-
energy theory. In fact, a careful study shows that the family
symmetry specified above does allow some terms of this
kind, the most dangerous of which comes from the higher-
dimension operatol6,1610,Y/Mp,, for example. Although
suppressed by WM p, this term would lead to excessive pro-
ton decay. Therefore, in addition to family symmetry, one
must impose by hand 3, matter parity under which all the

where the coupling parameters have been suppressed. To cmgtter superfields are odd and all the Higgs superfields are

tain the GUT scale structure for the fermion mass matrixcVeN: This in no way complicates the model, and makes
elements, all but the three chiral spinor fields in the first linePr€Cise the distinction we have been drawing between matter

of Table Il will be integrated out to yield Froggatt-Nielsen @nd Higgs fields. With such a matter parity, it can be shown
diagramg21] of the type pictured earlier. Note that the right- that proton stability is not a problem. The leading contribu-
handed Majorana matrix elements will all be generatedions to proton decay are then the usual dimension 5 opera-
through the Majorana couplings of thg, Higgs field with  tors that arise from colored-Higgsino exchange and that are
conjugate singlet fermions given in the last two terms of Eqgenerically present i$O(10) models.
(42). In order to present a clearer description of how the GUT
An important question arises concerning proton instabilityscale mass matrices are determined from the Yukawa and
due toR-parity violating terms in the low-energy effective Higgs superpotentials, we shall illustrate the procedure for
theory. In the minimalSO(10) model, “matter” fields(i.e.  the up quark mass matrld. The three massless color-triplet
quark and lepton fieldsare contained in spinorial represen- quark states each with charge 2/3 are obtained as linear com-
tations of SO(10), while Higgs fields are contained in ten- binations of all such color and charge states within the fer-
sorial representations. Consequently, there is an automativion supermultiplets given in Eq41). In particular, the
Z, matter parity[contained in theZ, center ofSO(10)] un-  basis for the left-handed stateg and left-handed conjugate
der which matter superfields are odd and Higgs superfieldstatesuf can be ordered as follows:

1 1 1 1 1 2 2
BUL= 3’2'6 , 13,2 , 13,2 , 13,2 , 3’26 , 3,1§ , 3,1,§ ,
10(16,) 10(165) 10(16;) 10(16) 10(16) 10(16) 10(16')
(43
B [?1 > 3,1 2> 3,1 > 3,1 > 3,1 2>
uc= B ) 1= 3 ) 15 ) B B )
L 3 10(16) 1006 3 10(16,) 3/ 10016) 3/ 10016)
3,2 1> 3,2 1> ] (44)
y 7 6 1_0(1_6)1 1 1 6 1_0(1_6,) 1

where the states are labeled by their representations and hyhere we have introduced the following shorthand notation:
percharge according {&U(3)., SU(2),, Y)SU(SJ(SO(N)).
We then form the Yukawa contributionf_TC‘ D,u, by t

. . . o=\ T, t'=Ng1e1.(T1),
using the above bases and the superpotentials to obtain th 2= Mgy1er,(T1) 1616'T,(T1)

. Ni6,16,7,(T1),

matrix

0O 00 0 0 0y a=N6,76a(A), P=N\161ep(P), (45)
0O 0 0t, 0 0O O
O O t3 0 0 a 0 S,,:)\16/EIS<S>, y,:)\lﬁll_G’Y’<Yl>'

D= 0 t, 0 0 O p O
0 000t 0F¢ We can then determine from this matrix the three pairs of
0 0a p 0 0O zero-mass eigenstates at the GUT scale where the elec-
y 0 0 0 0 O troweak VEV of T, vanishes:
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lu)= |10(161)>—§|10(16’)> /v1+y’2/s”2 |d50)=

|uz)=110(16,))

PHYSICAL REVIEW D 62 093008

|€<162>>—§|§<102)>} / NErsy

- a
)= ey - S[516y | / TraTe
i a I
|uz )= |10<163>>—5|10(16>>}/ Vi+a?ip? : ,
- (46)  Inu)=|[5(16y))— §|5(16/)> / V1+y'%/s"
i v L
lui)=|110(16,))— = |10(16")) / Ji+y'?s? . c_
L S [na)= |5(162)>—§|5(102)>}/ V1+coly?
luzL) =[10(16,)) )
. a —
a naL)=|[5(163)) 5|5<16>>}/ V1+a?/p?
|ug ) =]10(163)) - —|10(16>>}/ J1+a%p? :
p (49
and where the states are now simply labeled by t8&i(5) ,
and SO(10) representations. InS, )= |1(161)>_Y_|1(16,)>
Finally, the Dirac matriXJ for the three light quark states 1 | s’
u, ¢, t is obtained by bracketing the electroweak contribu- _
tions by the appropriate;; state on the left and the, state G TSI
on the right. The result obtained ftr has exactly the form X |17) V1+y 282+ ¢3/x
found earlier in Eq(15) from the previous effective operator
approach, with the identifications: .
c\_ _ "2 .c [4 L 272
My = (t3)s(10) |n2L>_[|1(162)> p22|12>}/ 1+c3/p2;
eMy=13(aq/p)(t2)s(10) (47) [ a
Il ! nC = 1 1 ) - 1 16)
nMU:(y /s )2(t )5(10)_ | 3L> | ( 63 > p| ( >
Here the subscript oa, signifies a factor of 1/3 arising from 33 \/—_2
the B—L VEV of the A in the adjoint representation, while - 7|1§> 1+a?/p?+cy/z?
the subscripts on theterms specify the appropriate doublet
VEV in the 10 for T;. We have neglected the state normal- r ,
ization factors in Eq(47) t_)ut will Iater argue that they can 1y )= |§(161)>_ y_|§(16/)> / \/W
all be taken to be approximately unity. | s”
The Dirac matricesD, N, L are constructed in a similar
fashion. In the case dD andL, the bases corresponding to M c_
Egs.(43) and(44) are enlarged by two states lying in the, [1,)=115(16,))— —|5(102)>}/ Vi+c?ly?
and10, representations & O(10). ForN, on the other hand, - y
in addition to the two above states, one must add the singlet i a
fermion contributions from the representatidhs k=1,2,3 )= 15(16:))— —[5(16 }/ 1+ a2 p?
for BDL and1{, k=1,2,3 forB,,E. We list the zero-mass state s ,l (169) pl (16) P
vectors forD, N andL in analogy to Eqs(46): (50)
_ y, U ! I [ y’
|dyy) = |10(161)>—§|10(16)> /v1+y s (48 |15 = |10(161)>—§|10(16’)> /v1+y’2/s”2
|d2)=[10262)) 150)=110(16,))
[ a
dg )={]10(165))——|10(16 V1+a?/p? a
oo0=| 10160~ Jaa | / VT 150 110169~ 210016 | /(T
|dS ) =|[|5(16,))— y_’|§(16,)> / 1+y'2s7? In the above we have introduced, in analogy with E¢$),
I s’ the additional shorthand notation:
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c=M1610,c(C),  Ci=D1g15(C)i=123, “ A, S B S
_ _ 16u 1y 1y 1y 16y
x=Np1ex(X),  Y=Nig10,{Y), (51 ¢ |-z v |-z _c
z=N1152(Z),  P22= Ny ace(P).
(b) 16, 1, 15 15 1, 16,
The Dirac matricesD, N and L are found by forming
matrix elements of the electroweak symmetry breaking T6y 1 1y 1u 16y
VEV’s with the appropriate basis vectors. Again these ma- =C =X =Vu |=P =C
trices have exactly the structures given in E4$), provided

the state normalization factors are approximated by unity,
i.e., we assume that the zero-mass states have their Iar%e
components in the chiral representatidi, 16, and 16; trinos
and that all the other components are small. We shall return™
to this point in the next section. In the meantime we make

FIG. 4. Diagrams that generate the 33, 12, and 21 elements of
e Majorana mass matrid r of the superheavy right-handed neu-

the identifications
Mp = (t3)5(10)
eMp=13(aq/p)(t2)s5(10)
oMp=—(cly)(c")5s) (52)
AMp=toty/s
5'e"Mp=tjto/s’
in terms of the notation given in Eq&t5) and(51) and the
following:

to=N16,16,T,; to=N16,16,7,

to=Acor,(CHC), ¢ =Nigu0,0(C), (53

S=N1T,(S), s'=\y7,s(S').

The phasep appearing in the’ term can be understood to
arise from a phase in the VEV f@&'. The structures of the
Dirac matrix elements given in Egél5), (47) and(52) can

be understood in terms of the simple Froggatt-Nielsen dia-
grams of Fig. 1 and 2, with the Higgs fields labeled as in

Table I.

M3z=Agr= )\lglgVM<VM>(?3/Z)21
(55)

Mo=—Mi=AeAr=N1e10v, (Vi) (C1/X) (C2/P2o).

The lighter two right-handed Majorana masses are degener-
ate and have oppositeP-parity. Note that the whole right-
handed Majorana matrix has been generated in this simple
model by one Majorana VEV coupling superheavy conjugate
fermion singlets as shown in Fig. 4.

We conclude this section with a summary of the GUT
scale predictions derived from the Dirac and Majorana mass
matrices with the particular parameters appropriate for the
model in question. For convenience we give the whole set
equations which are the counterpart of EG9):

mi/mi=(a?+1) Y My/Mp, mIUmd=y, (56)
1 2 2 o
0/l = 2. |1 _% 2 0/m0=1_ =
mc/mtzge 1 9¢ | mp/m; =1 302+16’
2
0,0 o 11-0°-0cel3 1 , ,
=—e—— |1+t se——+ = (t{+
mg/my 3602+1 3¢€ (0?1 1) 2(t|_ tr) |,

Turning to the right-handed Majorana mass matrix, we

use the zero mass left-handed conjugate states that were ob-

tained implicitly above for the Dirac matrik to form the

basis forMg. The right-handed Majorana matrix is then ob-

tained by bracketing the Majorana Higys, with the appro-
priate zero mass conjugate neutrino states in E®. We
obtain

0 A€ 0
Mg=| Ae® 0 0|Aqg (54)
0 0 1

where

my/ml=t, tg- 1—55%—('@“%)
(iRt |,
mi/m?zeaz+l 610_(222;;6+%3(t5+t§) :
oo 1 [1_6 o?+2 o+ 90%2+3
euT g L'R O_(O_z+1) 0_2(0,2+1)2
-S|

093008-16



CONSTRUCTION OF A MINIMAL HIGGSSQ10). ..

N 2 1
Te——
3 o(c?+1)

1 5 3
2_ 42 44 2,2 4
1-Sti—trttrt SRt gt

VSSEtL 2 2 8

3o\o?+1 L ’

PHYSICAL REVIEW D 62 093008

C. Numerical evaluation of matrix parameters

We have elaborated above how the simple explicit model
proposed gives precisely the structure for the Dirac mass
matrices that was obtained from the effective operator ap-
proach. We now show that the entries are also numerically in
the range to fit the quark and lepton mass and mixing data.

In order to compare the GUT scale predictions in &)
with the low scale data, the GUT scale values are first
evolved fromAg=2x10'® GeV down to the SUSY scale
which is taken to be\ gysy=m(m;) =165 GeV by use of
the 2-loop MSSM beta functions. For this purpose, the mass
ratios at the two scales are related by #hg running factors,
while the quark mixing elements are scaled by thefactor

according to
o ) ity »
. 0 i
Mj/ sysy |\ M

i
mglmgz( 7 U ,
Aeyl+e® Aed\1+ € 0 N
(Vij)susy=Vij/ mij,  (ij)=(ub), (cb), (td), (ts).
o o n " (57)
m;/ms= '
Ae\1+ ¢ 2A€31+ €
The remaining evolutions to the bottom and charm quark or
0 1 o2 tau lepton running mass scales, or to the 1 GeV scale in the
Uyz=— 711 2,1/ case of the light quarks and leptons, is carried out with the
7 7 3-loop QCD and 1-loop QED renormalization group equa-
1 L tions. Here the running factors asg with the mass ratios
€ . .
U%=— | 1-——t e+ ———(1+eo)tg|, scaled according to
e2 \/E 30 L 3\/;2+—1( R‘|
. 1 7 m;(m;) = (M;) susy/ 71 (M) (58)
Ug=————(c—€)tgp— —.
730?41 R A&

To the quark equations we have added the ratym)
which involves the ratio of(5(T,)) to (5(T,)), i.e.,

or similarly, with the running mass scafg, replaced by 1
GeV. With tanB=5 used for the numerical evaluations for
reasons that will become apparently shortlg(M5)

My /Mp, as well as giving the leptonic mass ratios and mix-=0.118, «(M,) =1/127.9 and sihf,=0.2315, the running

ings specific to the model in question.

factors are given by

Nun= Nein=0.6927,  nyp= 1y,=0.8844

7,,=0.9988, 7 =0.5094

Nub= Meb= Mtd= Mis= 0.8853
(59

7u(M)=0.4235, 7.(m,)=0.4733, 7,(m,)=1.0000
na(M) =0.4262, n4(m,)=0.4262, 75,(m,)=0.6540
7e(M;)=0.9816, 7,(m)=0.4816, 7,(m)=0.9836.

Finally, finite corrections must be applied ta;, m, and the evolved quark mixing matrix elements which arise from gluino
and chargino loops. The correction factors are conventionally written-aa\¢}l, (1+A,) and (1+A.,) where we have used

A=-0.20, A,=-0.15 A,=-0.05 (60)
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as explained below.

Using the quantitie$22] m;(m;) =165 GeV,m =1.777 GeV,m,=105.7 MeV, m,=0.511 MeV,m,=4.5 MeV, V
=0.220,V.,=0.0395, and5.p=64° to determine the input parameters, one obtains for thlgyr=113 GeV,Mp=1 GeV,
0=1.780, e=0.145,t, =0.236, tr=0.205, §=34° (corresponding ta5=0.0086, 5’ =0.0079, =54°), andp=8x10"©.
With these inputs the remaining quark masses and mixings are obtained, to be compared with the experimer{22values
parentheses:

m¢(m;)=1.23 GeV (1.27+0.1 GeV)
my(My)=4.25 GeV (4.26:0.11 GeV

my(1l GeV)=148 MeV (175+50 MeV) (61)
my(1 GeW=7.9 MeV (8.9+2.6 MeV)

IVyp/Vey| =0.080 (0.090+0.008

where the finite SUSY loop corrections foy,, mg andV., have been rescaled to giwg,(m,)=4.25 GeV for tar3=5. Had
we chosenscp=70° as input, on the other hand, we would find instBag,/V,| =0.085. With the numerical values in Egs.

(61) we find forE ;and thea, B and y angles of the unitarity triangle pictured in Fig. 3
p=0.143, 7=0.305, a=96°, B=20°, y=64°. (62)

The upper vertex of the triangle appears to be circled precisely in the allowed experimental region.

Additional predictions follow for the neutrino sector. The effective light neutrino mass matrix of3&gor (36) with B
=0 leads to bimaximal mixing with a large angle solution for atmospheric neutrino oscill§ébasd the “just-so” vacuum
solution[19] involving two pseudo-Dirac neutrinos, if we s&k=2.4x 10 GeV andA=0.05. We then find

m;=54.3 meV, m,=59.6 ueV, m;=56.5 ueV
M3=2.4X10"* GeV, M,=M;=3.66x10 GeV

Uer=0.733, Ug=0.047, U,;=—0.818, 5gp=—0.2°
(63)
Am3,=3.0x107% eV?,  Sir? 20a=4|U ,3/%|U ,5|>=0.89

Am2,=3.6X10 10 eV?,  Sirf 20.05=4|Ue1|?|Ue|2=0.99

AmZ,=3.0x10" 3 eV?,  Sir? 20,00 4|Uqs?(1—|Ug3])?=0.009.

The effective scale of the right-handed Majorana mass consuch a large hierarchy may be desirable in order to obtain
tribution occurs two orders of magnitude lower than the su-baryogenesis through the leptogenesis mechanism.
persymmetric(SUSY) GUT scale of Ag=1.2x10' GeV. Finally we address the issue that the state normalization
The effective two-component reactor mixing angle givenfactors were all replaced by unity in Eqel7) and (52) for
above should be observable at a future neutrino factorythe various matrix parameters. This is a good approximation
whereas the present limit from the CHOOZ experini@®]  Provided the three fermion spinor stafds,), [16,), |163)

is approximately 0.1 for the abovzém§3. In principle, the provide the dominant contributions to the zero-mass quark
parameterA appearing inMg can also be complex, but we _and Iepton states at the GUT scale. Ir_1 particular, the follow-
find that in no case does the leptorGP-violating phase, N ratios must be much less than unity:

S¢p exceed 10° in magnitude. Hence the model predicts lep-

tonic CP-violation will be unobservable. (alp)?, (y'1s")?,  (cly)?,  (c1/x)?,
The vacuum solar solution depends critically on the ap-
pearance of the parametgrin the matrixN, corresponding (Colpap)?  (c3lz)?<1. (64)
to the non-zeraop entry inU which gives the up quark a mass
at the GUT scale. Should we sgt=0, only the small-angle Let us assume for simplicity that the electroweak cou-

MSW solution[7] would be obtained for the solar neutrino plings of (T,) in ts, t, andt’ in Eq. (45 and of(C') in ¢’
oscillations. The bimaximal large mixing angle MSW solu- of Eq. (53) are identical. Then WitkE=|3(aq/p)|=|a,/p|
tion requires a considerably larger hierarchy Ntg. But ~ =0.14, we find the conditiona(p)2=0.02<1 holds. To ob-
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tain an up quark mass,(1 GeV)=4.5 MeV, we needy terms for the quarks and leptons become significantly re-
=(y'/s")2=8x 10" at the GUT scale, which easily satis- stricted. It turns out that there is what seems to be a uniquely

fies Eqs.(64). simple set of SO(10) Yukawa terms that gives realistic
Requiring that €¢/y)2<1 and with the result from Eqs. Masses and mixings. This set consists of only six effective
(52) that Yukawa terms(five if m,=0) which satisfactorily fits all

nine masses of the quarks and charged leptons as well as the

c (5(C")) four CKM parameters. In addition, large,— v, mixing
= y <§(T1)> =18 (65 emerges automatically. Moreover, in this uniquely simple
model, the simplest possibilities for the Majorana mass ma-
leads us to the results that trix My of the right-handed neutrinos lead either to small
angle MSW values for the solar neutrino mixing or to
(5(C")) vacuum oscillation values. In this paper we have studied in
any= <§(T ) >0 detail the consequences of different forms M§ for the
1 neutrino mixing angles and mass ratios.
(66) In the published literature no more predictive and eco-
tang8= \/;2+_1m?(0057)/m8<m?/mg nomical a model for quark and lepton masses than the one

discussed here exists that is also consistent with present

in terms of theT,—C’ mixing angle,y, in Eq. (11). With knowledge. It is striking that in this model a single term and
c/ly=0.1, for example, tap=18 which implies taB=6, a  a single parametefwhich we callo) accounts for no less
very reasonable mid-range value allowed by experiment. Fothan four puzzling aspects of the light fermion spectrum: the
this reason, we have chosen to illustrate the numerical resultgrgeness ol 3, the smallness o¥,, the smallness of
above with tarB=5. m./m, compared tang/m;,, and the Georgi-Jarlskog factor

The remaining ratios in Eq64) can also be satisfied. For of three betweem,, andms at the GUT scale. It should be
comparable?i’s Ae3~1.4x 10~ * obtained from Eq(55) re- emphasized that, while many satisfactory neutrino mixing
quires tha{Z)/\{X)(P)~0.01. This ratio is consistent with ideas and also many interesting ideas for explaining the pat-
the VEV's needed in the Higgs superpotential of Efl) in tern of quark and Ch"’?fged Igpton masses have beef‘ proposed,
order to solve the doublet-triplet splitting problem. very few models exist which not only give a satisfactory

Turning now to the parametefsand &', we note that the account of neutrino phenomenology but are at the same time

; ; ; / highly predictive.
near equality of their magnitudes leads to the rafios’| . .
=s/|s'|=1. Moreover, if we assumg~y’, we obtain the We have shown that the model defined by the existence of

estimates—cy'/(yS)tany~5x 103 with the numbers ob- these five(or six) eﬁectiv_e_ Yukawa ter_ms can be realized in
tained earlier, whereas the actual value needet=i§.008. a complete and specific renormalizable SUS((10)

Thus we have found that not only are the desired forms oE;odel that is technically natural. We have presented the de-

the Dirac(and Majoranamatrices generated by the model of 'If zf SUChr?i‘ T;Odetlﬁ m;:\lgdllingr;] a;:l t/her ngrg;atr;? qua:qkdatr;]d
this section, but that the numerical values required for th epton supernelds, the Abefian flavor Symmetries, a ©

matrix parameters are also quite reasonable. r_ansfo_rmation properties of the fiel_ds_under thes_e symme-
tries. Finally, we have done a quantitative comparison of the
predictions of the model to experiment.
VIl SUMMARY In the future this model will be rigorously testable in sev-
Both the largeness of the atmospheric neutrino mixingeral ways. The most important af#) a relation between the
U,s and the smallness of the quark mixiMg, can be el- real andimaginary parts &, including a precise test of the
egantly accounted for by the idea that the charged leptogngles of the unitarity triangle{2) a prediction forUey,
mass matrix_ is highly asymmetric or “lopsided” and that Which in the small angle MSW case gives a sharp relation
the down-quark mass matrl3 is related to the transpose of between the solar and atmospheric angles; @ha definite
L by anSU(5) symmetry. This idea was discovered inde- prediction forUes.
pendently by several groups and has since been used in nu-
merous models of fermion masses. Remarkably, exactly such
mass matrices emerged in our work from quite other consid-
erations than neutrino masses and mixings, specifically from The research of S.M.B. was supported in part by Depart-
an attempt to construct the simplest possible real&s®¢10) ment of Energy Grant Number DE FG02 91 ER 40626
model. A007. One of us(C.H.A.) thanks the Fermilab Theoretical
Advances have been made in recent years in simplifyingPhysics Department for its kind hospitality where much of
the Higgs structure of SUS$0O(10) models. If one assumes his work was carried out. Fermilab is operated by Universi-
the minimal set of Higgs fields that can break)(10) down ties Research Association Inc. under contract with the De-
to the standard model group, the possibilities for Yukawapartment of Energy.
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