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We consider the neutrino physics of models with a sequentially brok&nfldvor symmetry. Such theories
yield the observed pattern of quark and lepton masses, while maintaining sufficient degeneracies between
superparticles of the first two generations to solve the supersymmetric flavor problem. Neutrino mass ratios and
mixing angles in these models may differ significantly from those of the charged leptons, even though the
neutrinos and charged leptons transform identically under the flavor group. A wide class of well-motivated
U(2) theories yield order one,-», mixing, without a fine-tuning of parameters. These models provide a
natural solution to the atmospheric neutrino deficit, and also have distinctive signatures at long-baseline
neutrino oscillation experimentgS0556-282(197)06019-(

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

[. INTRODUCTION duced by supersymmetric gauge interactions.
An approximate flavor (2) symmetry has recently been
The question of neutrino masses is one of the most interproposed as a simple and economical framework for under-
esting in particle physics—especially in view of persistentstanding flavor in supersymmetric theor[ds2]. The idea is
observations suggesting nonzero neutrino masses and mixifigat U2), and its breaking pattern, provide a basic order to
angles. It is straightforward to construct models for neutrinothe spectrum of quarks, leptons, and their superpartners, in
masses, and it is certainly very easy to understand why nedibe same way that the $2) isospin symmetry provided for
trino masses are much lighter than the charged leptons arfficlear states, and the flavor &Y provided for hadronic
quarks. However, the predictions for neutrino masses anBhysics. The small values of the light quark and lepton
mixing angles depend strongly on theoretical assumptionghasses are governed by two sma(Rlsymmetry-breaking
since the neutrino mass matrix has a symmetry structurBarameters, as are the small Cabibbo-Kobayashi-Maskawa
which is very different from that of the charged fermidns. (CKM) mixing angles. The same two symmetry-breaking pa-
This leads to a decoupling of the unknown neutrino masse&meters are also responsible for the small nondegeneracies
from the known charged fermion masses. For example, on@mong the squarks and sleptons—leading to a “super-GIM”
factor which determines the overall neutrino mass scale ig'€chanism. The choice of (B) transformations for the
the breaking of lepton number, about which we have no exSymmetry-breaking parameters leads to relations between the
perimental information. We will not attempt to predict this CKM mixing angles and ratios of quark masses—these are
overall scale of neutrino masses. In this paper we are able i€ analogue of the Gell-Mann—Okubo mass relation. These
make predictions for neutrino mass ratios and mixing angle&elations are in agreement with current measurements, and
by assuming a symmetry which recouples, to a large degredill be more precisely tested by future measuremdBis
the neutrino and Charged fermion masses. The LKZ) theOI’y also prOVideS Signiﬁcant motivation for pur-
Neutrino masses are part of the larger question of flavopuing searches for—e conversion and for electric dipole
physics_how are the flavor Symmetries of the Standardnoments of the electron and neutron. The Virtial effects of
model gauge interactions broken to yield fermion masses ansuperpartners are also expected to contribut® Bomixing,
mixing angles? In supersymmetric theories, flavor physicghanging the pattern of th€P asymmetries inB meson
becomes much richer as the squarks and sleptons must aldecays. Grand unified theories with a flavo2lsymmetry
have mass matrices. Furthermore, flavor physics becomegve more complete and predictive theories of fermion
constrained in new ways, because some form of “supermasses.
Glashow-lliopoulos-Maian{GIM)"” mechanism is necessary An important consequence of the(2) symmetry is that
to suppress the flavor-changing neutral current effects inthe symmetry structure of neutrino masses becomes similar,
but not identical, to that of the charged fermion masses. The
similarities ensure that predictions can be made, while the
The flavor symmetry group of the leptons of the standard modetlifferences lead to an unusual result from the seesaw mecha-
is U(3). X U(3)g, with the left- (right-)handed leptons transform- nism.
ing as[3,1] ([1,3]). While the charged lepton masses transform as The U?2) theories of flavor are based on three assump-
[3,3], the neutrino masses transform[&s1]. tions.
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(i) Flavor physics is governed ultimately by a flavor sym-try is broken sequentially by a set of flavon fieldb;} that
metry W(3), under which the three generations transform asare symmetric under interchange of the matter fields, then we
a3 will obtain mass matrices for the quarks, charged leptons,

This assumption identifies the flavor space as the horizorand neutrinos that have identical textures, up to factors of
tal space of the three generations. The flavor group acts idewrder unity. It will be instructive to consider the implications
tically on all charge components of a generation. This simpldor neutrino physics in this simple class of models before we
assumption follows directly from theories having a unifiedmove on to more complicated possibilities later. In theories
vertical gauge symmetry, but can also occur in nonunifiecf this type, the differences between the up, down, and
theories. This assumption greatly constrains the flavor strucharged lepton mass matrices must originate from fluctua-
ture of theories; for example, charged fermion masses transions in the order 1 coefficients. Such theories, however, are
form as3+ 6, while Majorana neutrino masses transform asfar from satisfactory. While the down quark Yukawa cou-
6—there is a crucial connection between charged and neutr®iings fall in the approximate ratio
fermion masses. In this paper we study theories containing L 4\ 2.,
right-handed neutrinos. They are assumed to be part of the hg:thsi:hp=A"in"d, 2.)
generations so t.hat they have Majorana masses which tra e up quark Yukawa couplings are even more hierarchical
form as6, and Dirac masses which transform as the charge

fermion masses. _ hyithethy= 841, (2.2
(ii) U(3) is broken strongly to 2) in all charged sec-
tors. where\~0.22 is the Cabibbo angle. In order to explain the

The large mass of the top quark is a signal that t1i8)U difference between Eqg2.1) and (2.2), some “order 1”
symmetry is strongly broken, by couplings of order unity, to coefficients must differ from unity by more than one power
U(2). We assume that this large breaking is also manifest inf \. Hence, the fermion masses are not completely deter-
the other charged sectdrsThe three generations transform mined by the flavor symmetry-breaking pattern and naive
as2+1: o+ 3. The entries in the Dirac fermion mass ma- dimensional analysis. In any realistic model wh&g acts
trices therefore transform agg i3, 3iba, athy, and so are  identically on the matter fields in a full generation, and
generated by the vacuum expectation val@eé&V’s) of  where the “order 1” coefficients really are near unity, flavor
fields which transform ag?, S*°, andA®", whereS andA  symmetry breaking in the up sector must occur at higher
are symmetric and antisymmetric tensors, respectively.  order. As we will see later, this can happen if the flavons

Since U2) has rank 2, it can be broken in two stages. Thetransform nontrivially under the grand unified group.
only breaking pattern which leads to a hierarchy of masses With this in mind, there are now a number of possibilities

for the three generations is for the flavor symmetry breaking pattern in the neutrino sec-
tor. First, it is possible that each entry of the Dirac and Ma-

€ € jorana neutrino mass matriceld, g and Mz, will experi-
U(2)—U(1)—0, enceGg breaking at the same order as the corresponding

entry of the down quark mass mati. In this case, all
where € and €' are two small symmetry breaking param- three mass matrices will have the same texture, while the up
eters. quark mass matrix will differ due to some additional mecha-
(i) The vacuum expectation values (VEV’s) of all com-nism. In a model of this type, the eigenvalues\bfr~M gr
ponents ofp?, S*°, and A" are restricted to be of ordee,  will be in the approximate ratia::x2:1 and all mixing

€', or0. angles will be CKM-like. For example, we might have
This ensures that the magnitude of every entry in both the

charged fermion and neutrino mass matrices has a magnitude A A3 8

which is controll_ed by the (2) symmetry and i_ts breaking. M r~M g~ Mp~ A3 A2 22 2.3
The assumptions stated above, together with the phenom- 3 2 '

enological considerations discussed in Sec. lll, lead to defi- AT 1

nite predictions in the (2) model for neutrino mass ratios . ) )

and mixing angles. The neutrino physics of other viable suWwhere~ indicates that we are interested only in the relevant

persymmetric flavor models can be found in the recent "t_hierarchies, and not in overall mass scales or in coefficients

erature, for both Abeliaf4] and non-Abelian[5] flavor ~ Of order unity. The left-handed Majorana mass maii_ is
then given by the seesaw mechanikgh

groups.
M ~M_rM ﬁéM[Rr (2.9
IIl. CANONICAL MODELS
If we assume that a flavor symmet&, acts identically and we find
on all members of a 16-plet generation, and that the symme- A4 A3 23
M ~| A A% A%, (2.5
2In view of the lightness of th& quark andr lepton, relative to Aoa? 1

thet quark, this assumption could be questioned. However, we take
the view that there is an overall suppression of the down quark anth this example, the left-handed neutrino spectrum has mass
charged lepton masses due to effects in the Higgs sector. ratios and mixing angles that are comparable to those of the
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down quarks or charged leptons. We will refer to models ofU(2) models predict order one,-v, mixing, even though
this type as “canonical.” In such models, the neutrino masshey involve no special assumptions that would allow us to
matricesMrg, M g, andM | each have eigenvalues in the anticipate such a result.
ratio A :: A? :: 1 and mixing angles bounded by the corre-
sponding CKM anglesf;,<\, 6;3<\3 and 6,3<\?. Since lIl. THE STANDARD U (2) MODEL AND A SIMPLE
canonical models have no order one mixing angles, they can- MODIEICATION
not explain the atmospheric neutrino deficit, nor can they ) _ ) _ )
account for the large angle Mikheyev-Smirnov-Wolfenstein Models with flavons in antisymmetric representations of
(MSW) or vacuum oscillation solutions to the solar neutrinothe flavor group may yield noncanonical neutrino mass ratios
problem?® The small angle MSW solution is possible in a a_nd' mixing angles,.even when'th|s is the pnly factor tha.t
canonical model only if the Cabibbo angle originates in thedistinguishes the Dirac and Majorana neutrino mass maitri-
up quark sector, and the 12 mixing My, is of order\2. ces. This fact is particularly significant in models with &2
More interesting results are obtained whigh g, Mg flavor symmetry[l,z]. In these models, the full 16-plet of
andM, have differing textures. In theories where a full gen- Matter fieldss transforms as @+ 1 under U2). Flavor sym-
eration of the matter fields transforms identically unGgr, ~ Metry breaking is achieved via three flavons,
this may happen for two reasons.
(i) There gfe flavons in the theory that are purely antisym- S, A%, and¢*, 3.
metric under interchange of the matter fields. These may,

contribute to all the mass matrices excéfpkg, Which is respectively, andp is a doublet. To obtain a viable texture

purely symmetric. for the down i i
- . . . quark Yukawa matrix, we requirg2) to be
(it) Other symmetries restrict the form of the mass mat”'sequentially broken:

ces. For example, some of the flavons may transform non-
trivially under the grand unified grouBgyr so that the cor- U(2)— U(1)— nothing, (3.2
responding mass matrix elements are generated only after
bothGg andGgyr are broken. This may produce the desiredwhere the first stage of symmetry breaking is achieved via
suppression of the up and charm quark masses, but may algte VEV'’s
lead to a suppression of entries in the neutrino mass matrices
as well. (P?)IM~(S??)IM =, (3.3

In our previous example, it is simple to show that even a
modest variation in the form oflzg away from Eq.(2.3)  WhereM is the flavor scale. In the “standard” @) model,
can lead to bizarre results. For example, we could imagine &€ remaining Wl) symmetry is broken at a lower scale via
theory whereM r has CKM-like mixing angles, but eigen- the antisymmetric tensor, so that
values in the ratio® :: A% :: 1, as follows from

here S and A are symmetric and antisymmetric tensors,

(A IM=¢". (3.9
NS S
5 w4 .o With this pattern of symmetry breaking, the down quark
Mrr~| A” A" A7 (260 Yukawa matrix has the texture
A3 N2
0 € 0
This form is obtained when the light two-by-two block is hoe| —€¢ € € 3.5
suppressed by? compared to the canonical example of Eq. b 0 1 ’
€

(2.3). The seesaw mechanism now gives

A2 N\ where we have omitted the order 1 coefficients. Equation
(3.5 yields acceptable mass ratios and mixing angles with

My~ A 1 1), (2.7 e~\? and €' between\® and \*. Precise values for these
A1 1 parameters and the order 1 coefficients, obtained from a glo-

bal fit, can be found in Ref2].
Notice that the neutrino mass eigenvalues are in the ratio The crucial issue that must be addressed in any realistic
A2 ::1 :: 1, and the mixing angles are not all CKM-like. This U(2) model is the origin of the differing mass hierarchies in
is a result that we would not have anticipated based on ouhe down and up quark sectors, Eq2.1) and (2.2). The
knowledge of flavor symmetry breaking in the down quarkdifference between the top and bottom quark masses may be
or charged lepton sector, and our intuition alone. explained by a large value for the ratio of Higgs VEVi<.,

In the remainder of this paper, we will consider the phe-tan3=(H,)/(H4)~40) or by an overall small parameter in
nomenology of models with a (@) flavor symmetnyf1,2]. In hp originating from mixing in the Higgs sector of the theory.
these models, complete generations transform identically undith the choice ofe and ¢’ given above, however, all the
der the flavor group, and eith@, (ii), or both are true, so Yukawa matrices will have eigenvalue ratios that are char-
that the neutrino mass ratios and mixing angles are ofteacteristic of the down quarks. Clearly, the sequential break-
noncanonical. In particular, we will see that a wide class ofing of the flavor symmetry cannot account for the differing

up and down quark mass hierarchies alone. Therefore, the
transformation properties of the flavons under the grand uni-
3See Ref[7], and references therein. fied groupGgyr, and perhaps also the orientation of the
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flavon VEV’s in GUT space must explain why the up andwhere Ay is the right-handed neutrino mass scale. The ab-
charm masses are generated at higher order in the flaveence of a contribution from the antisymmetric flavon not
symmetry breaking. only has given us a different texture from,, but also has

The precise mechanism that is responsible for suppressingeated a serious problem: E8.7) has a zero eigenvalue. If
m, and m; in U(2) theories is in fact a model-dependent the seesaw mechanism is to be effective for all three genera-
question. The relevant issue is whether this mechanism algtons, we must decide how to modify the thedor our as-
affects the entries of the neutrino mass matrices, so that thesumption$ so that all the eigenvalues &f zg are nonvan-
sizes are not what we would expect naively from a sequentiakhing.

breaking of the (2) symmetry. In the next section, we will A simple solution that does not require us to modify the
address this issue explicitly in the context of a well-field content of the theory, is to relax the assumption made in
motivated effective theory, the $8) X U(2) model. We will  Refs.[1,2] that each flavon is involved only in a single stage

find that a suppression of some entries of the neutrino massf the symmetry breakdown. Thus, we will consider the pos-
matrices does occur and has interesting consequences. In thigility that S'%, S*2, and ¢* have nonvanishing vacuum ex-
remainder of this section, however, we will consider thepectation values of ordes’. Notice that these tensor compo-
class of model in which the neutrino mass matrix elementfients cannot acquire a vacuum expectation value until the
are determined only by the scales of sequenti@)Wreak- U(1) symmetry is spontaneously broken, so in general

ing. We will first comment briefly on (2) models without

right-handed neutrinos, and then focus on the models of in- Stl<e’, SP?<e’, and ¢pl<e’. (3.8
terest, which have complete 16-plet generations.

In U(2) models without complete 16-plet generations, theWe will assume that these relations are equalities, so that the
most general set of higher-dimension operators that ma§ize of every nonvanishing Yukawa matrix element is set by
contribute to the left-handed Majorana mass matrix are of th@ne of the possible scales of sequenti&2)breaking. The
form LHLH/M, whereM is the flavor scale. The form of alternative, thag', S', and¢* develop VEV's at scales far
M, is determined by the pattern of symmetry breaking inbelow the Ul)-breaking scale, yields Yukawa textures that

Egs.(3.2), (3.3, and(3.4), and we find cannot be understood solely in terms of a symmetry-breaking
0 0 0 pattern. Since this possibility leads to less predictivity in the
H2 neutrino sector, we will consider it separately in the Appen-
MLL%V 0 € €. (36) d|X
0 e 1 If we allow S*, S'? and ¢* to be either 0 0O(e’), we

must consider the effects of our choice on the phenomenol-

Notice that the 12 and 21 entries have vanished due to thegy of the quark and charged lepton sectors:
antisymmetry ofA?", The u and 7 neutrinos have masses in ~ S''~¢’. This leads to a texture for the down-strange
the ratioe :: 1, while the electron neutrino is massless. TheYukawa matrix
23 mixing angle is of ordee~0.02, while the 13 mixing is
negligible. The 12 mixing angle originates from diagonaliza- e €
tion of the charged lepton mass matrix, and is given by '
01,=Vme/m, ~¢€'/(3€)~0.07. This angle is too large by
about a factor of 2 to yield the small angle MSW solution towhich implies that the Cabibbo angk. is given approxi-
the solar neutrino problem, but may explain the Liquid Scin-mately bym,/m. The measured value of tig is described
tillation Neutrino Detectol(LSND) neutrino oscillation sig-  quite accurately by/mg/ms, So our result is not phenomeno-
nal [8] if the muon neutrino mass squared is in the rangqqgically acceptable. Thus we must cho®8=0.
0.3-0.6 e\_'z- ) o ) S'?~¢’. Since the only antisymmetric flavon in the theory

In considering W2) models with right-handed neutrinos, contributes to the 12 entries of the Yukawa matrices, the
we will also assume here that both the Dirac and Majoran@nopice Sl2~ ¢’ guarantees that no Yukawa entry is domi-

neutrino mass matrices have entries determined by the patuied by the contribution of an antisymmetric flavon. Thus,
tern of U2) breaking, without any additional suppression. e gbtain a canonical model, with mass ratios and mixing

An example of a theory of this type is the secondgngles similar to those in the charged lepton sector. With
SO(10x U(2) model of Ref,[2], with all flavons transform-  poth symmetric and antisymmetric flavons present in the
ing as adjoints of SA0), and a flavor-single126 added t0  theory, the 12 and 21 entries bf, andhp, no longer have a
generate the right-handed neutrino scale. In this model, thgefinite symmetry under interchange, and the successful pre-
orientation of the flavon VEV's in grand unified theory giction of the original theoryd,= \my/m, is violated at the
(GUT) space assures a suppression of the lowest order cofpgy, |evel. Since this relation is known to be valid within

tributions tom, andm,, but does not alter the form of the 20%, taking into account the allowed range/my=17 to

remaining Yukawa matrices, when all operators are takepg [9], we conclude that theories with ba#t? and St non-

Into account. , _ _ _ vanishing are not favored. Thus, we are led to consider
In models of this type, the neutrino Dirac mass matrixgii_ gl2_ and ¢l~

) o ~¢' as the most promising @) break-
My has the same form d%,, while Mgr is given by ing pattern for both the neutral and charged fermion masses.

(3.9

—€ €

00 0 ¢*~¢€'. Notice that adding 13 and 31 entries lig of
ordere’ corrects the down quark mass at the percent level,
Mrr=Ag| 0 € e, (3.7 which is negligible. However, there are now new contribu-

0 € 1 tions tom, andV,,;, that are of the same order as the ones in
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the original theory. The only predicted relation involving ICARUS experimentd10]. The 13 mixing angle in Eg.
these observables that is known accurately enough to be af3.11) is of ordere’~\3-\*%, and is unlikely to have mea-
fected significantly by these new contributions is surable consequences if the overall neutrino mass scale is
Viup/Vep=vym,/m.. SinceV,,/V.,=0.08+0.02, a 50% cor- determined by the atmospheric neutrino deficit.

rection to this relation would be within the range allowed at The 12 mixing angle, however, is actually larger then

the 95% confidence level. Thus, if thg* VEV is slightly  since it originates at leading order from the diagonalization
smaller thane’, say €'/3, then the only effect on the phe- of the charged lepton mass matrix. Thus, we knbwquite
nomenology of the quark sector would be to alter some oficcurately,

the detailed predictions of thé'=0 theory, obtained via a

global fit in Ref.[3]. The phenomenological viability of the 1= Mg/ My, (3.13
model, however, would not be affected. .

In light of these arguments, we will adopt the choice 9" S|r?2012~0._02._ This may be large enough to alloy-v,
pl~e', SH=512=0, and proceed with the analysis of the andv,-v, oscillations to be observed simultaneously at least

neutrino sector. A somewhat smaller choice #r will not at some of the long-baseline experiments mentioned above.

affect the form of our results, which are only valid up to The neutrino mixing matrixJ, defined byvmass= U vayor, i

order 1 factors. The right-handed neutrino mass matrix i9iven approximately by the product of successive two-
; imensional rotations in the 23 an subspaces. Thus, ne-
now given by d | rotat the 23 and 12 sub Th

glecting CP violation, we obtain the simple form

0O 0 €
MRR:AR O € € , (31@ 1 _Slz O
e e 1 U=| S1€2z Cz3 Sz3], (3.19

) , —S12523 TSz C23
and the seesaw mechanism gives

" , wherec;; (sj;) is the cosing(sing of the ij mixing angle.
€“le € e The v ,-v, oscillation probability is then given by

MLL:_ 6, 1 1 . (31])

Ar P(v,— ve) = SiNP2 0, C5SINP 8t + S3o8iP 8.4t

2 2
— S5,C5SIF Spit), 31

Note that we have not included operators involving the fla- 28058IIT 0z4t) @13

von product ¢a¢_>b for simplicity. If these operators are whereéij:(miz—mjz)mE, andE is the beam energy. If we

present, it is straightforward to check that they have no effec{q¢ 6,5 to the central value suggested by the atmospheric

on the form of our resuft. The interesting feature of Eq. peytrino anomaly, then E¢3.15 may be written
(3.17) is the order 1 mixing in the 2—3 block, which allows

for a possible solution to the atmospheric neutrino problem, P(v,— ve)=0.0171siAd 5t +0.0029siR S, ot
via v,-v, oscillation. The preferred parameter range for this .
solution, sma,~10"2*%% eV2 and sif26,5~0.4 — 0.6[7], —0.0025si 5. (3.16

may be obtained by appropriate choices gy and the order The MINOS experiment is expected to measure Hev,

1 coefficients’ Neutrino oscillations in this parameter range scillation probability to an accuracy of 0.00f#1], and the

would be observable at proposed long-baseline experiment?c . . o
) : "TCARUS experiment may achieve a comparable sensitivity
such as the KEK-Superkamiokande, MINOS, or CERN [10]. Thus, we have hope of measuring the first term in Eq.

(3.16), which might provide a 2r signal if the siRd;,t factor

“Note that the results presented here and in the next section résf approximately 1/2. While this factor erends effectlvely_
. . . _ ; on one free parameter, the muon neutrino mass, the ampli-
main unchanged in form by the field redefinitions required to plac

the neutrino kinetic terms in canonical form after the smal2)u tude of this termA:sln?201200§023, Is afixed predlctlon. of
) . ) . the theory. For sif26,5 in the range 0.4—0.6) must fall in
breaking corrections to the Kahler potential are taken into accoun

SOne might worry that @' VEV somewhat smaller thael might he range
alter our conclusion that the 2—3 mixing angle is of order 1. Let us 0.016<A<0.018 (3.17
assume that theé! VEV is ae’ and that the operator involving the
antisymmetric flavon that contributes ¥, has a coefficienb. i the models presented in this section are correct. Since the
Then the 2-3 block of Eq3.1]) scales as muon neutrino oscillates primarily to. in our model, one
might worry that this smallv, oscillation signal would be
(b/a)®  (bla) swamped by the background electrons coming frerde-
(bla) 1 (3.12 cays. Fortunately, these electrons have a softer energy spec-

trum than those produced directly vig, charged current
Any systematic deviation away from the order 1 entries in Eq.Scattering. Thus, the,-v, oscillation signal may be isolated
(3.11) due to a slightly smaller choice for the! VEV can be DY placing an appropriate cut on the electron energy spec-
compensated by a slightly smaller choice for the coefficient trum_ [11]. _ o )
Thus, we obtain the large 2—3 mixing angle without a significant ~ Finally, on a more speculative note, it is possible that our
fine-tuning. model can also account for the,- v, oscillation signal re-
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ported by the LSND experimeri8]. Given our prediction SU(5) singlets, then the Yukawa matricé$’, h®, and h&
that sirf6;,~0.02, the LSND results favor Ami2 in the  would have the same (@) breaking texture, and we would
range 0.3—0.6 e¥/[8]. At face value, this mass scale seemshave no explanation for the differing mass hierarchies in the
too large to account for the atmospheric neutrino deficit, indown- and up-quark sectors. Thus, the(Sransformation
the absence of a 10% fine-tuning. However, the only obstaclproperties of the flavons must account for the known differ-
to solving the atmospheric neutrino problem vigv, oscil- ~ ences betweeh", hP, andhE.

lation with Am3, in a similar range is a bound coming from  The Yukawa matrices for the first two generations of up
the observed flux of upward-going muons at the IMB experi-and down quarks originate from the first pair and last pair of
ment[12]. The observed flux is roughly comparable to the-terms in Eq.(4.3), respectively. The simplest way of obtain-
oretical expectations, and can be used to exclude a region 819 the differing mass hierarchies in E¢8.1) and(2.2) is to

the sirf26-Am? plane that overlaps with the region preferred choose SUB) transformation properties f&° andA®° such

by the atmospheric neutrino data fam2, larger than 0.03. that they contribute at leading order8, but not toh”. The

A possible loophole is that this bound depends sensitively ofrucial observation is that

the absolute neutrino flux, which has a large theoretical un- —

certainty. The most optimistic estimates for this flilom 10X 5=5+45

our point of view yield no constraint on the region of pa- )

rameter space favored by the atmospheric neutrino deficitVhile

beyond those already available from other experimgtt§ -

and allow a solution withAm3, as large as 0.4 e¥/[13]. 10X 10= 5¢+45,+ 50,

This would be sufficient to explain both the atmospheric and]_he representations that contain a Higgs doutite 5 and

LSND phenomena, without any fine-tuning. If this interpre- o . . S
L . . s 45) are distinguished in the up sector by their definite sym-
tation is correct, it would also imply that the,-ve mixing métry under i?nerchange of thg tvildy's Tzus if we choose/
angle would lie only a factor of 2 below the current boundsS H~45 and AH~5, the up quark maes will,vanish at lead-
from reactor experiments]. ing order, while a charm mass may originate via the nonva-
nishing (2,3 and (3,2 entries ofh", as we describe below.
IV. THE SU(5)xU(2) MODEL To realize this scenario, the flavoAsand S must transform

We have seen in the previous section th&2)Umodels @S al _and 75, respectively. Any other choice for the trans-
with flavons in antisymmetric representations of the flavorformation properties oA andsS that allowsAH and SH to
group may yield textures foM_, that have noncanonical contain the de3|.red SB) representations also yields undes-
mass ratios and mixing angles. Another factor that may conlféd representations as wéI_Trhus, the quantum number as-
tribute to deviations from the canonical result is an additionafignments for the symmetric and antisymmetric flavons are
suppression of some of the flavor symmetry-breaking Operas_|gn|f|cantly restrlcted. In fact, 'Fhere is addmonal evidence
tors due to the transformation properties of the flavon fieldghat the choiceA~1 and S~75 is a compelling one. The
under the grand unified group. This is a possibility we will productsSH and AH then transform as 45 and5, respec-
take into account in this section. We will work in the context tively, leading to a factor of 3 enhancement in {862 entry
of SU(5), which is contained in all other grand unified of hE. We then automatically obtain the Georgi-Jarlskog
groups. In principle, the number of possible effectivélJ mass relations at the GUT scale:
theories for neutrino masses grows considerably if we also
allow the flavons to have nontrivial transformation properties 1 _
under SUW5). However, we will argue(as in Ref.[2]) that Me=3Ma, m,=3ms. 4.9
one particular set of quantum number assignments for the
flavons seems favored by the known phenomenological difTherefore, we will assum&~75 and A~1 in our subse-
ferences between the up, down, and charged lepton Yukawguent analysis. The remaining doublet flavaffsare needed
matrices. This will enable us to make specific predictions into generate the mixing between the second and third genera-

the neutrino sector as well. tions, and therefore must contribute to eitk@r both the up
In the SU5)XU(2) model of Ref.[2], fermion masses and down sectors at lowest order in the flavor symmetry
originate from the operators breaking. Since the components of the Yukawa matrices gen-
erated by¢ have no definite symmetry under interchange of
TsHT3+T5HF, (4.1  the matter fields, we expee to contribute to both the up

and down quark sectors, regardless of thei(®Wransfor-
1 . mation properties. A viable model is obtained with the mini-
+ M(T3¢""H Tat+tT3¢°HF,,+F3¢6®HT,), (42 mal choice¢~ 1, which we will assume henceforth. If there
are additional doublets in the theory that transform nontrivi-
1 ally under SU5), their effects will be no larger than the
+ M[-|-a(5ab|_| + ABPH) T, + T,(S?PH + A2PH)F, ], SU(5) singlet contribution, and will not alter our results. No-

4.3

— — ) ) ®For example, ifA where to transform as 24 then AH would
whereT andF are thel0 and 5 matter multiplets, whileH  ingeed contain &, but would also have a component transforming
andH are the5 and 5 Higgs fields. If all the flavons were as a45.
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tice that¢ contributes to th€2,3) and(3,2) entries ofhV at _ 1 — — —
lowest order, so we generate a charm mags >~\*, as FaHvs+ 7 (¢°FsHva+ ¢%F H va+AF Hu)
desired.
Given these quantum number assignments, all the masses _ o
and mixing angles of the standard model are obtained, with ~ + W(qﬁaqﬁbFaH v+ SPPS G F Hp) (4.9

the exception that the up quark is masslesg=0, as a
consequence of the combined grand unified and flavor Sy”]'eading to the texture
metries. An up quark mass can be generated at higher order,

however, if we introduce additional fieli2]. Let us suppose €2 € €

that we also have a flavor-singlet, @) adjoint field, whose , 2

VEV points in the hypercharge directiol,,. This is the Mir=H| —€ € €. (4.9
smallest representation whose VEV can break3down €’ e 1

to the standard model gauge group. Then at orde Live

have the operators The seesaw mechanism then give us solutions with two pos-

sible textures:

1 ! 2 ' !
(TP HTp+ T, SPS HTp+ T,APSVHT), (e'/e)” e'le ee
M 4.5 M =——| ¢€'le 1 € (4.10

EAR
which always generate an up quark mass via the second and ] i .
third terms. To obtain an up Yukawa coupling of the appro-if there is a single doublet flavon in the theory, or

€€’ € €

priate magnitude, we find thay/M~¢€, which is exactly (e'le)? €'le €le

the VEV that we would have expected based on dimensional H?2

analysis: Sinces?>~ ¢, and S transforms nontrivially under MLL:K €'le 1 1 (4.1
SU(5), we know that the flavor scale is approximately 1/ R\ e/e 1 1

times higher than the unification scale. For any purelySU
breaking VEVv, we estimate that/M ~ ¢, which is exactly  if there are two or more doublet flavons. The smaller entries

what we need to generate, via the operators in Eq4.5).  in Eq. (4.10 result from a cancellation in leading terms due
Note in addition that the second operator gives us anothdp the proportionality between the entries generated by a
contribution tom, that is of orden?. single ¢? in Mgg andM . In the second case, we obtain

Since we have found that the possible variations on thénixing of order 1 between the second- and third-generation
basic SW5)xU(2) effective theory are significantly re- neutrinos, as in the model of Sec. Ill. The significant differ-
stricted, we have some hope for predictivity in the neutrinoence in this case is that the additional suppression of the
sector’ The Majorana mass matrix for the right-handed neu-operators involving the symmetric flav@?® has yielded an
trinos Mg is generated at leading order by the operators enhancement in the 12 and 13 mixing angles, which are now

both of ordere’/e~\. Unlike our earlier models, which had
1 negligible 13 mixing, the neutrino mixing matrid in the
AR| vavat M¢aVaV3+ W¢a¢bVaVb present case does not assume a particularly simple form.
Moreover, the 12 mixing angle comes primarily from the
1 diagonalization ofM, , and therefore is known only up to
+ —saszzYyayb) , (4.6)  anorder 1 factor. While these results prevent us from achiev-
M3 ing the (rather surprising level of predictivity that we ob-
. tained in the models of Sec. Il it is significant consolation
where the two fac;ors afy in the fourth term are necessary pqt thew -, mixing probability is nearly an order of mag-
to form an SU5) smgllet. 'j“s in the model presented in Sec. iy, de larger in the present model. If the neutrino mass scale
IIl, we assume thaip"~e’ so that we lift the zero €igen- s the proper one to solve the atmospheric neutrino problem,
value mMRR wrgh(.)ut spomng the most successful phenom— then it seems very likely in this model thag-v, and v ,-v,
enological predictions in the quark sector. We then obtain ,gcjjlations would be observed together at long-baseline neu-
/2 ;o trino oscillation experiments, assuming the anticipated sensi-

€ e € tivity of the MINOS experiment.
Mrr=Ag| €€’ € € |. 4.7
€' € 1 V. CONCLUSIONS

Similarly, the neutrino Dirac mass matrix is generated by the We have considered the implications of a non-Abelian
operators flavor symmetry on neutrino masses and mixing angles. In
models where complete generations transform identically un-
der the flavor symmetry, we argued that neutrino mass ma-
"The SUS5) theory without right-handed neutrinos has a phenom-trix textures can differ dramatically from those of the
enology identical to the corresponding theory in Sec. IlI, except thatharged leptons. This may happen if there are flavons in the
the thex and 7 neutrino masses fall in the ratig :: 1. Therefore, theory that transform nontrivially unde®g,r, or that are
we do not discuss this case in the text. antisymmetric undeGr . In theories with a () flavor sym-
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metry, we found that some noncanonical models predict and againM, , =M, gMzaM|. The general form foM

large 2—3 mixing angle, and therefore may provide a naturatan be easily computed, but is somewhat cumbersome, so we
solution to the atmospheric neutrino problem. Assuming thatill not display it explicitly. However, the important quali-
this consideration sets the mass scale for the muon neutringative result is easy to appreciate by considering some sim-
the v,-v, mixing angle in these models is large enough to beplifying limits:

measured at proposed long-baseline neutrino oscillation ex-

periments. We would then expeef,-». and v,-v¢ oscilla- 51=6,, 65

tions to be observed simultaneously, with events falling in

the approximate ratio 1 :: 0.02 in the models of Sec. Ill, or 1 e , ,

:: 0.1 in the model of Sec. IV. H2
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APPENDIX A: OTHER MODELS

. _ Oy~ 03> 61
In the text, it was assumed that each nonvanishing entry? 3>~ !

of the Yukawa matrices was associated with one of the scales

of sequential 2) breaking. The possible values for these H2
matrix elements were then given bye’, or 0. This assump- M =——| €% €€, e |, (A5)
tion was particularly important in determining the flavon 52AR 'S , S

VEV’s needed to lift the zero eigenvalue in H8.7). In this € % 2
appendix, we point out that smaller VEV's f&"*, S*2, and

¢' lead to neutrino mass spectra with a distinct qualitative53> 01,67
feature—a heavy, nearly decoupled muon neutrino mass
eigenstate. The generalization of our previous analysis is €'28le €% €6,
straightforward, and we work with the model of Sec. Il for H? 2 12/ ,

the purposes of illustration. If we assume that 8t S'2, Mu=52-1 ¢ €103 € . (A
and ¢! VEV’s are of orderd;, 8,, and;, respectively, then €' 63 €’ O3

the Dirac and Majorana neutrino mass matrices become

In each case it was assumed that thewere the smallest

!
o1 €+ 0 scales in the problem. Notice also in the last case that we

M g=| —€+6 € €|, (A1) recover Eq(3.11 when §3~¢€’. While the general form for
55 € 1 M, implied by Egs.(Al) and (A2) does not allow us to
make very definite statements about the phenomenology of
8, 8, & the neutrino sector, we do see from these limiting cases that
a widely split neutrino spectrum, with a heavy muon neu-
Mrr=| 02 € €|, (A2) " trino, is another possibility in (2) models with an antisym-
63 € 1 metric flavon.
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