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Abstract

Motivated by the Super-Kamiokande atmospheric neutrino data, we discuss possible
textures for Majorana and Dirac neutrino masses within the see-saw framework. We
consider the possible pattern of neutrino masses in a ‘realistic’ flipped SU(5) model derived
from string theory, illustrating how a desirable pattern of mixing may emerge. Both small
—or large— angle MSW solutions are possible, whilst a hierarchy of neutrino masses
appears more natural than near-degeneracy. This model contains some unanticipated
features that may also be relevant in other models: the neutrino Dirac matrices may not be
related closely to the quark mass matrices, and the heavy Majorana states may include
extra gauge-singlet fields.

1. Introduction

There have recently been reports from the Super-Kamiokande collaboration [1] and
others [2] indicating that the atmospheric neutrino deficit is due to neutrino oscillations.
The data on electron events with visible energy greater than 200 MeV are in very good
consistency with Standard Model expectations. On the other hand, the number of
events with muons is about half of the expected number, and the deficit becomes more
acute for larger values of L/E, indicating that neutrino oscillations dilute the abundance
of atmospheric v,. The possibility that v,— v, oscillations dominate is disfavoured by
both Super-Kamiokande [1] and CHOOZ data [3]. A fit to v, —v; oscillations, with Am’
=5-50-10"*eV*and 6 ~ 7/4 matches the data very well, but an admixture of v,— v,
oscillations cannot be excluded.

One intriguing feature of this scenario is the large mixing angle that is required, and
the question that arises is how one could achieve this in theoretically motivated models.
Large mixing angles in the neutrino sector do arise naturally in a sub-class of GUT
models with flavour symmetries, as in [4], where they were used to explain what was
then only an “atmospheric neutrino anomaly” [5]. Many models with a single U(1)
symmetry predict small mixings [6], principally because of the constrained form of the
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Dirac mass matrices. However, this is also not a generic feature, and textures with large
v, —v; mixing have also been presented in [7]. Moreover, string-derived models may
well have a richer structure, with three or four U(1) symmetries.

However, models where the large neutrino mixing arises from the Dirac mass matrix
may have a problem with quark masses. In many GUTs such as SO(10), the neutrinos
and up-type quarks couple to the same Higgs and are in the same multiplets, so their
couplings arise from identical GUT terms. Thus, in these cases one would generate
simultaneously large mixing in the u-quark sector. Then, in order to obtain small mixing
in Vcgm, one needs to invoke some cancellation with mixing in the d-quark sector. One
way to overcome these difficulties may be to invoke additional symmetries, as arise in
string-derived GUT models. In ‘realistic’ models which also give the correct pattern of
quark masses and mixings, one can hope to generate large neutrino mixing, due to the
combined form of the Dirac and heavy Majorana mass matrices, even in cases where the
off-diagonal elements of the Dirac mass matrix are not large by themselves. A study of
phenomenologically viable heavy Majorana mass matrices leading to a large mixing
angle, for different choices of the Dirac mass matrix, has previously been presented in [8].

Realistic string models have been in particular constructed in the free-fermionic
superstring formulation, with encouraging results. Recently, due to better understanding
of non-perturbative string effects, which may remove the previous apparent discrepancy
between the string and gauge unification scales, interest in string-motivated GUT
symmetries has been revived. In this framework, we have looked recently [9] at the
predictions for quark masses in the context of a flipped SU(5) x U(1) model [10], which is
one of the three-generation supersting models described in the free-fermion formulation.
The extension to lepton fields are not unique. Moreover, the model contains many singlet
fields, and which of them develop non-zero vacuum exprectation values (vev’s) depends
on the choice of flat direction.

GUT and string models form the motivation for the analysis contained in this paper.
Some novel features appear: flipped SU(S) avoids the tight relation between u-quark
and neutrino Dirac mass matrices, and gauge-singles fields may be candidates for V'
fields [11]. Within this model, we prefer a hierarchy of neutrino masses, and may obtain
cither the small —or the large — angle MSW solution to the solar neutrino problem.

The layout of this paper is as follows. After a brief review in Section 2 of the data
and their implications, Section 3 studies neutrino mass matrices in the string model of
[9] (which is reviewed in the Appendix), and Section 4 summarizes our conclusions,
where we point to features that may be generalizable to other models.

2. Neutrino Data and their Implications

The atmospheric neutrino data reported by Super-Kamiokande and other expe-
riments [1,2] are explicable by
(a) v, — v, oscillations with
sm? (1072 to 107%) eV? (1)

Vpvr

sin?260,, > 0.8 (2

Q
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A description in terms of v, —v, oscilations alone fits the data less well, and is in any case
largely exluded by the CHOOZ experiment [3]. However, there may be some admixture
of v, —v, oscillations.

The solar neutrino data may be explicable in terms of v, —v, oscillations with either
(b1) a small-angle MSW solution [12] '

émZ,. =~ (3-10)x107%eV? 3)
5in*20,, ~ (0.4—-1.3)x1072 (4)

or (by) a large-angle MSW solution
om.,. =~ (1-20)x107°eV? )
5in*20,, =~ (0.5 0.9) (6)

or (b3) vacuum oscillations

émi,. =~ (05-1.1)x107"eV? @)
sin*20,, > 0.67 (8)

where a is u or 7.

One may also consider the possibility (c) that there is a significant neutrino
contribution to the mass density of the Universe in the form of hot dark matter, which
would require i my; = 3 e V. If this was to be the case, the atmospheric and solar
neutrino data would enforce my, = my, = my. = 1 eV. This would be only marginally
compatible with (88)o, limits, which might require some cancellations in the event of
large mixing, as required in scenarios (b, b3) above. Motivation for a significant hot
dark matter component was provided some years ago by the need for some epicycle in
the standard cold dark matter model for structure formation, in order to reconcile the
COBE data on fluctuations in the cosmic microwave background radiation with other
astrophysical structure data [13]. Alternative epicycles included a tilted spectrum of
primordial fluctuations and a cosmological constant. In recent years, the case for mixed
hot and cold dark matter has not strengthened, whilst recent data on large red-shift
supernovae favour a non-zero cosmological constant [14].

Under these circumstances, we consider abandoning the cosmological requirement
(c). In this case, the atmospheric and solar neutrino onditions (a,b) no longer impose
near degeneracy on any pair of neutrinos, though this remains a theoretical possibility.

Thus, one is led to consider the possibility of a hierachy of neutrino masses: m,; >
My, My, leaving open for the moment the possibility of a second hierachy m,, > m,,. In
either case, condition (a) requires my; ~ (107" to 10°''"?) eV, and if there is a second
hierarchy m,; > my,; = (107 to 10~°) eV. One may then wonder about the magnitude of
the mixing angles. It is well known that large mixing is generic if off-diagonal entries in
the mass matrix are larger than differences between diagonal entries. Can one reverse
this argument, i.e., to what extent is a large mixing angle incompatible with a hierarchy of
mass eigenstates my; > my,? We study this question and examine whether the necessary
mass matrices have any chance of arising in a model derived from string theory.
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3. Neutrino Mixing in a Realistic Flipped SU(5) Model

Let us now look at a specific example of the structure generated by U(1) symmetries,
namely the Ansatz made in [9] in the context of a ‘realistic’ flipped SU(5) model derived
from string, which is reviewed in the Appendix. This model contains many singlet fields,
and the mass matrices depend on the subset of these that get non-zero vev’s, which in turn
depends on the choice of flat direction in the effective potential, which is ambiguous, so far.

3.A. Charged-Lepton Masses and Mixing

Usually one works in a field basis that is diagonal for the mass eigenstates of the charged
leptons. In the context of the flipped SU(5) model, this has to be identified relative to the
string states listed in the Appendix, which requires a discussion of the charged-lepton
mass matrix. The importance of this discussion lies in the possibility that there might be
additional mixing coming from this sector. In this connection, we recall that the mixing
angles of relevance to experiment are the combinations given by

V. =V ®

where the symbols Vi, denote the rotation matrices for neutrinos and left-handed
charged leptons, respectively, required to diagonalize their mass matrices.
The candidate terms for charged-lepton mass terms at the third-order level are

F1lhy, folshy, Fslohs. (10)

where, here and later, we do not display factors of the gauge coupling. The first term
generates the v mass, but since the last two are proportional to the same Higgs 4, they
cannot yield a mass hierarchy. We therefore assume that the vev of the effective light
Higgs has only a small component in the 4 direction, as also assumed in [9]. Thus, in a
first approximation we assign /{ and the charged component of f; to the 7, and the
corresponding /55, f>5 to the e, u, with the precise flavour assignments of the latter to be
discussed below.

Assuming a very small vev for &, the next candidate mass terms appear at fifth
order' [15]:

T8 +876), Fslshi(Bra+3'9) (11)

Among the fields in parentheses, previous analyses suggest (see the Appendix) that ¢ »
and @ have zero vev’s. Therefore the possible mass terms are

Tolshisa  Tslihudy (12)

1. Here and subsequently, higher-order interactions should always be understood to be scaled by the
appropriate inverse power of some relevant dimensional scale M,;. We expect this to be O(10*) GeV in
conventional string theory, but it might be as low as ~ 10* GeV in M theory. The vev’s we quote later for
singlet fields are likewise in units of M;.
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It is apparent that, in order to obtain a hierarchy: n, > m., we must assume that either
@3 > @ or the invers. As we argue later on the basis of the u-quark masses and mixing
that 53> 54.

Continuing to seventh order, we find the term:

Fslsh10205(8,)? '(13)

but, to this order, we still find to term mixing fj, /{ with the other lepton fields. As
mentioned in the previous paragraph, we assume that @3> @4, @12=0. The charged
lepton mass-mixing problem can therefore be reduced to the following 2 x 2 matrix in

the fs2, 15, basis:
2 =
me(2 x 2) %4 Azé{’% (14)
0 b

where, again in view of the u-quark mass matrix discussed below, we believe that AsAs is
not small. Since @3> @4, we assign the charged leptons to the eigenvectors of (14) as
follows: (e , U ) = (15, lz) and (eL, /"L) = (fs O (AzAs) fz,fz +0 (AzAs) f5) with the
ratio of mass eigenvalues

i L ¢3 (15)
Me my, ¢4

Thus we see explicitly that we can arrange a hierarchy my, > me, at the price of
potentially large mixing angle among the left-handed charged leptons: Vi (12) =
O (AzAs). This would lead us naively to expect correspondingly large v,—v, mixing,
unless there is some cancellation with V7'in (9).

3.B. Dirac Neutrino Masses

Even with a given choice of a flat direction, the neutrino mass matrix that arises from
the string model is rather complicated, because one must consider light Majorana, Dirac
and heavy Majorana mass matrices. The first of'these could arise from direct effective
operators involving two left-handed neutrinos, two light Higgs doublets, and singlet
fields. However, we find no candidates for such terms up to fifth order, and shall not
discuss them further here. As for the Dirac mass matrix, since the neutrino flavours are
in the same representations as the u-type quarks, with the left-handed neutrinos belon-
ging to the representations f 25, whilst the right-handed neutrinos naively belong to the
decuplets F3 3 4, one would naively expect the relation

my, = (my)! (16)

However, one should also not forget that there may be Dirac mass couplings of light
neutrinos to singlet states not included among the F» 34, and that these fields may also
mix with the singlets via Majorana mass terms, possiblilities that will play important
roles later.
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At third order, we find the following contribution tho the Dirac neutrino mass matrix,
which corresponds to the dominant contribution to m;:

Fyfshas (7
Progressing up to sixth order, the following additional terms appear:

Fofohusty,  FafyhasDAaAs (18)
Fof shusDoAshy, FsfshnasDsAsey (19)

We observe that the Dirac matrix again leaves the v; component of f; essentially
decoupled from the other light neutrinos, up to sixth order. The most important mixing
effects are therefore expected to take place between fz and ]—‘5, and the problem can be
reduced, in a first approximation, to considering only two neutrino species. This is
equivalent to the 2 x 2 mixing matrix for the two heaviest quark generations: m1,(2 X 2)
=m}" (2 x 2), and some indications on the values of the vev’s appearing in (19) may be
obtained from the experimental values of m./m; and the V¢ky parameters.

The 2 X 2 part of the up-quark mass matrix for the two generations is of the following
form [9] in the F3, F4, f2, fsbasis:

my(2 x 2) =mP'(2x2) = ( Af4A5 A2%5¢4 ) M(Meur)(his)  (20)

This implies that the (23) u;. mixing angle, which contributes to Vg, is given by (“2"3) =
MArAs @4, whilst the (23) ur mixing angle is 623 = A2As. The corresponding mass

eigenvalues are:

1 _ = = =
mi? = (1 + 8 £ V1 - 28, + 4(A205)2, + ¢3) (21)
so we see that the heavier eigenvalue is almost unity, whilst the lighter is suppressed if ¢, << 1:
My =
S o1 22
Y ¢4 x O(1) (22)

One should not be too concerned at this stage about the compatibility of this equation
with (15), since unknown numerical factors remain to be calculated. More information
about the vev’s of the fields is provided by the (23) element of Vcka. This also receives a
contribution from the (23) element of the down-quark mass matrix, which was also
found [9] to be of order A,As @4. Up to constants of order unity, which we do not keep
track of in our analysis of mass matrices, we conclude that

A5, ~ 0.044 (23)

We see from (22) that having ¢4 large and A,As small will not give acceptable solutions.
However, the choice of large A,As and smaller 54 does lead to acceptable solutions. For
example, fixing 54 = 0.044 /AyAs, we find for AyAs = 0.8 that m. /m, = 0.018, whilst for
AxAs = 0.9 we find m. /m, = 0.008. However, we should also note that the values of the
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acceptable field vev’s are sensitive to the presence of order unity coefficients. In
particular, AAs can become smaller. For example, if the off-diagonal elements in (2)
happen to be multiplied by factors of two, we find for AxAs = 0.47: m./m, = 0.009, and
for AyAs = 0.53: m./m; = —0.009, whilst for A,As = 0.5: m./m, = 0.

This is why we assumed that A)As is large and @4 < 1 in our earlier analysis of the
charged-lepton mass matrix, which then required g3 = O(1). Analysis of the (13) entry
in Vekm, which is O(AsAs 63), might then lead one to suspect that A3 < 1. However, as
can be seen from [9], this would lead to too small a value for the Cabibbo angle. In fact,
it is not necessary that A3 < 1, since (unlike the (12) entry) the (13) entry in Vegy
results from a difference between two terms of the same order originating from u- and
d- quark mixing, and there could be a cancellation between them, depending on the
precise numerical coefficients.

We have omitted from the above discussion the last term in (19), which includes
factors of A3 and @3. We have no strong reason to neglect this term, except for the fact
that it is of sixth order. Nevertheless, we assume for simplicity that this and other mixing
with F3 can be neglected as a first approximation. Absent from the above discussion has
been any Dirac neutrino mass term involving f;. There is no such coupling to any of the
F, 34 up to sixth order, but there is such a coupling to ¢, in fourth order:

Fi fihasn, 24

which may lead to mixing between the v; component £ and the singlet ¢y, if F; develops
a vev [16]. Since the term (24) is only fourth order, we consider ¢ as the best candidate
for the third vg state, rather one of the F;.

This example serves to warn us that the expected relation (16) may be too naive, the
reason being that the u quark is so light that some other effect, such as mixing with
additional heavy singlet states, may be important.

3.C. Heavy Majorana Masses

We now discuss the heavy Majorana mass matrix for the fields F, F4, which we parame-

trize as:
M M
(% 2 ) @s)

As we now discuss, the heavy Majorana entries M, M~ and M"~ are expected to be
generated from higher-order non-renormalizable terms. Their magnitudes play crucial
roles in the mixing of the light neutrinos, as the previous simple 2 x 2 and 3 x 3 phe-
nomenological analyses has shown. We find candidate terms for the M, M~ contribu-
tions at seventh order. Up to this order, a complete catalogue of the operators that could
generate heavy Majorana neutrino mass terms involving the fields F» and Fy is given by:
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Wrr = FFy(FsFs®yy + FsFspyps + FsFsyds + FsFsdydy +
sFstusdis®s + FsFs¢™ ¢ @4 + FsFs¢™ 3 @, + FsFsDsps Dy +

FsF50y0,®8, + FsF50:61 83 + FsFs D228 + FsFs¢;0394 +
FsF50364®1 + F5F5$30403 + FsFsy4®s + F5sF5,63%1 +
FsFsf,¢3®s + FsFsdyds®s + FsFsdya®s + F5F5 61 P4 +
FsFsh,02®) + FsFs¢,0:%3) +

FyFy(FsFsp162 + FsFsgsds +

FsFs¢~ ¢+ @y + FsFsDssDy + FsFs161Ps + FsFsn o ®1 +
FsFs¢160®; + F5F5¢102®5 + FsFsogo®y + F5Fs3¢a®s +
FsFsp364®1 + F5Fs¢304®y + F5F5h3¢a®s + F5Fs3¢4®5 +
FsFs5¢404Ds) +

FyFyFsFsAyAsds (26)

Please note that we include at this stage even some combinations involving singlet fields
which we had assumed in [9] (see also the Appendix) to have zero vev’s. This is done in
order to develop a more general picture of the types of terms that are allowed.
However, we have dropped combinations of the type Dj, since such terms would not
allow for two light Higgses.

The only term in (26) that involves the combination FoFs is FoFs F sF sAAsps.
Previously, in [9], where we studied the implications of this model for the quark mass
matrices, we assumed that g3 = 0. However, this restriction may be avoided [16] by a
different choice of flat direction. If we adopt the minimal modification of the flat
direction chosen in [9] that allows for a non-zero vev for g3, none of the additional terms
involving F4F; survives. However, there is an effective term FoF> F s F s @43 that
provides F»F, mixing. We therefore conclude that, to seventh order, this model has:

ol

M =FsFsp,3, M' =FsFsDA05¢3, M" =0 (27)

Clearly, the form of the heavy Majorana mass matrix depends on the relative magnitudes
of the vev’s of the AAs and 64 field combinations, which we discussed earlier in
connection with the matrix m, = my.

This does not complete our discussion of the heavy Majorana mass matrix, since we
should also discuss possible mass terms involving @;, our candidate for the third vg state.
To seventh order, the following are the only such candidate Majorana mass terms we find:

D1 FyFsga a1 bads = Mag,  $10205003ToT5 = Mgy (28)

The first of these mixes ¢; with F4, and the latter is a diagonal Majorana mass term.
Combining these with (27), we find the following 3 x 3 heavy Majorana mass matrix in
the F», F4, ¢ basis:




YXYNEAPIA 10 AEKEMBPIOY 1998 233

M M 0
M 0 My (29)
0 My My

Since all of these terms arise in seventh order, and the vev’s appearing in them are not
very tightly constained, diagonalization of the heavy Majorana mass matrix may well
require large mixing angles but these cannot be predicted accurately. Nevertheless, it
would seem to be a general feature that the characteristic heavy Majorana mass scale
My < M;, since all the entries in (29) are of high order, with several potentially small
vev’s. This makes the appearance of one or more neutrino masses around 0.1 eV quite
natural, as we discuss now.

3.D. Neutrino Mass Textures in Flipped SU(5)

As a preliminary to constructing the neutrino mass matrices, we first recall the left-
handed charged-lepton assignments motivated earlier: (e, ur, 1.) = (fs — O(AAs) fa,
f2+0(A245) fs, f1). The weak-interaction eigenstates for the light neutrinos must have
the same assignments:

Ve — 75 ~ O(A245) [, vy — T+ 0(A2A5)T5 Vr — 71 (30)

However, it is convenient to work in the basis ( s, f2, f1), which is related to (30) by the
rotation

W =

z

—Bply  1- Haghe)? 0
0 0 1

( 1-HA0s  BoAs 0O )
(D)

As for the massive right-handed neutrinos, the coupling (24) means that v,, has to be
assigned to @, since it is the only field to which f; couples at a significant level. In view
of the couplings (17,19), we assign v, to F4 and v, to Fa.

With these choices of bases, m’ takes the form

m, = 6y D5 0 (32)
0 0 F
whilst M, is given by
_FsFs¢uds  FsFsolsgs 0
My =| FsFslaAsps 0 F5®5P5¢,42 (33)
0 F5®31P310402 D285P53ToT5

The resulting m,;, is given by

gy = mf : (A'Iu}z)_l . muDTa (34)

and the neutrino mixing angles in the weak-eigenstate basis (30) are given by (9).
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Clearly, the forms of the mass matrices depend on the various field vev’s. For these,
we have some information from analysis of the flat directions and the rest of the fermion
masses, but there is still some arbitrariness. For example, in the cases of the decuplets
that break the gauge group down to the Standard Model, we know that the vev’s should
be = Mgu1/M,. In weakly-coupled string constructions, this ratio is = 0.02. However, the
strong-coupling limit of M theory offers the possibility that the GUT and the string
scales can coincide, in which case the vev’s could be of order unity.

What about the other fields? The analysis of quark masses suggested that AsAs
should be of order unity, whilst @4 should be suppressed. The analysis of flat directions
in [9] indicate that if 53 is large, as we have suggested in order to get the correct m, / my,
ratio, then @ 3; @3 is also large. The flatness conditions [9] relate ® a1, @37 and ¢y, and
can be satisfied even if all the vev’s are large, as long as 53. ®3; and 523 ®,3 are not
very cloce to unity. Finally, we note that nothing yet fixes the value of 7>7s.

Despite these uncertainties, the following features of the mass matrices are apparent.
(i) The heavy Majorana matrix M,y is likely to have many entries that may be of compa-
rable magnitudes. In particular, (ii) there are potentially large off-diagonal entries that
could yield large v, —v; and / or v, —v, mixing. (iii) The neutrino Dirac matrix is not equi-
valent to my, and (iv) is also a potential source of large v, —v, mixing. We recall (v) that
charged lepton mixing is potentially significant and note that, in general, (vi) the mass
matrices (32,33) correspond to the mismatched mixing case. Finally, we recall (vii) that
there is significant mixing of candidate v states with singlet fields.

A complete analysis of the available parameter space goes beyond the scope of this
paper, and would perhaps involve placing more credence in the details of this model
than it deserves. Accordingly, we limit ourselves to some general comments on the
likelihood of mass degeneracies relative to hierarchies in m,,,, and on the plausibility of
large mixing in the v, —v; and v, — v, sectors.

To this end, we first consider the following simplified forms for the matrices (14,20,29):

M 0 0 ) 0 asy 0
My=|0 0 My |, V'ml=|0 acy 0 (35)
0 M4¢ M¢,¢ 0 0 Y

where our approximations are to neglect M” —but not to make any other a priori
assumption about the relative magnitudes of entries in M,,— and to neglect terms in Vj;'
m? that are O (g4) - again with no a priori assumption about the relative magnitudes of
other entries. These are parametrized by a, y and an angle ¥, and we denote siny by sy,
etc. The first approximation could be motivated if g3 is negligible [9], and M is eventually
generated by some other effect: as we shall see, the magnitude of M is not essential for
this simplified analysis. On the other hand, its consistency would require Fs to be quite
large, as could occur in the strong-coupling limit of M theory, whilst the unknown
combination 7,75 ~a>4.

The inputs (35) yield the following effective light-neutrino mass matrix in the weak
interaction basis for the neutrinos
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My4a®s] Mygpsyc ays
e e Mo XYSy
IMM Mw My

= Mygsyc Mgy aye
Mepy = | —Delesy "85 Sl 36
et M2, MZ, My, (36)
aysy ayey 0
My My

Transforming to the basis (cyve—syvy), (SyvetcyVy), Vi, mepin (36) is easily seen to have
the form:

0o 0 0
M, 02 o
mess = | 0~ g 37)
0 = 9
49

We therefore see that the three mass eigenstates are:

VI Scyle—Syly ¢ mp =0 (38)
(SVe + Cyy) — Spv m i (39)
Vo = CplSyle Cy — Splr 2 = :
( + eyl + cpr m i (40)
V3 = Sp(Syle T Cylyu) + Cy¥r - 3= '
My — /M3, + 4MZy(v/a)?
where
: 4(Mypy/)?
sin®2n = : (41)
T M+ 4(Migy /)

These simple results equip us to answer of the questions raised by the phenomenological
analysis of the data.

We see that one neutrino is massless in this simplified picture, but we expect it to
acquire a small mass when some of the other mixing effects in (14,20,29) are taken into
account. The ratio |mas/my| may be > 1if [Muyy| < |[Myeal, or = 1if [Myy| <
|Mypa | . However, obtaining a large hierarchy |m3/m2| ~ 10, as would be required if m3
~107*eV and m, ~ 107°* eV, seems to require less fine tuning than obtaining near-
degeneracy: (mi-ms3) mj; ~ 1/100, as would be required if the neutrino masses were to be
cosmologically significant: my3 ~ 1 eV. Moreover, any such degeneracy would be very
sensitive to higher-order corrections, and there is no apparent mechanism for making v,
approximately degenerate with v, 3, as would also be required in this scenario.

Large mixing appears naturally in the v, —v, sector for generic values of y, but its
magnitude is model-dependent. In particular, there is the logical possibility of a cancel-
lation between the mixing in (V7')" and m{ that could suppress it significantly: siny << 1.
Nevertheless, the large-angle MSW solution seems quite plausible. Large mixing in the
v, —Vy sector is also quite generic. The simplified parametrization above might indicate
an apparent conflict with a large hierarchy: |ms/my| > 1. We expect large mixing and a
large hierarchy to be quite compatible when the full parameter space of (14,20,29) is
explored. Moreover, we should also remember that the effective neutrino mixing angle
may be amplified by renormalisation group effects in the case of large tan 3, so we need
not require that the maximal mixing be present already at the GUT scale.
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We now consider the complementary possibility, where the field @3 develops a large
vev. The larger is @3, the smaller are m,, and m,, with respect to m,,. At this stage, we
assume for simplicity that ¢3 = 1 and we define coefficients that keep track of the relation
between the various entries of M,,. Then, we write M, in (33) as

_FsFsg,  FsFsOAs 0 fy* zy® 0
M,,R = F5F5A2A5 _0_ F£¢4 = Z‘yz 0 fy (42)
0 F5¢4 A2A5(I)23T2T5 0 fy iz

where AjAs=x, T)Ts=t, @4 = fand Fs=y. For the Dirac mass matrix, as in the previous
case, we have the possibility of cancellations between the charged lepton and neutrino
mixing matrices. To simplify the presentation in terms of the mass matrices, we describe
two cases separately.
In the absence of a cancellation, the Dirac mass matrix in the weak-eigenstate basis
in of the form
1 —gz 0 fz. 1 0
VitmP ~ ( gz 1 0 f =z 0) (43)
0 0 1 0 0 y

where we have dropped terms of order x* in (V;.)". Then,
—f4(=1+ g?)?a? -1+ g)z(1+g2?) —f*(1+(=2+ g)z?)y?

+ftz(l+...) +ftr?(1+...)
Mmesy o | fAH=1+ g)z(1 + gz?) —f4(1+ ga?)? fro(1+g(=1+227))y?
+ftz?(1+...) —ftz3(1+...)
=21+ (-2+ 92 fx(l+g(-1+22%))y’ — 4%yt s
(44)
while
sin? 20, = 4f*4(z — gz + 292%)%y* (45)

(4f%(z — gz + 292°%)%y%) + (f4(1 + g22)? + ftz3(3 +...) — 4z?y?)

We see therefore that if @4 = Fs, F), as would be expected in weak-coupling unification
schemes, the entries of m,, are all of the same order of magnitude. In this case, as we
discussed in the previous phenomenological analysis, large v, —v, and v, —v, mixings are
both generated, whilst cancellations between the various terms can lead to large
hierarchies between the neutrino masses.

Suppose now that a cancellation between the charged lepton and the neutrino
mixing matrices takes place. In this case, we write

1 gz 0
0 0 1
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where g = _(1 —a@)/xlz this leads to (1,2) and (2,1) entries in the Dirac mass matrix of the
order of @q. In this case,

—2af’tx(—1+1%) —ft(l+23)(-1+2%) f3(-1+x%)y?
Mesp o< | —ft(1 +22)(~1+2?) ft(l —23%)/z (=14 22)y?/x ) (47)
FA-1+a2)? P-1+22)/a a2yt
and we see a diffrerence from the previous example, in that now all the entries of the
(1,2) sector are multiplied by ¢, and therefore may be suppressed if 7T is small. The
entries for the (2,3) sector are similar to the previous case, with the modification that the

(2,2) entry can be nery small. Large (2,3) mixing is again generated for ¢4 = Fs, F).

We conclude this Section by commenting on the possible order of magnitude of neu-
trino masses in this model, using (40) as our guide. The factor y appearing in the
numerator and denominator is expectd to be O(1) X My, since it comes from a trhird-
order coupling. The same estimate applies to the factor a appearing in part of the
denominator. The factors My, My, that also appear there originate from seventh-order
couplings, and hence are expected to be considerably smaller, with a typical estimate
being O(10~**') x M;. Taking M; ~ 10" to 10" GeV, we might guess that My, My, ~ 10"+
GeV. Our final estimate is therefore that

my ~ 10°*% eV (48)

which is consistent (within our uncertainties) with the indication provided by the super-
Kamiokande data [1] that m3 = 10~° eV~

We conclude that the flipped SU(5) model appears capable, within its considerable
uncertainties, of proving to be consistent with the magnitudes of the neutrino masses
and mixing angles suggested by experiment.

4. Conclusions

In this paper we have first analyzed possible patterns of neutrino masses and mixing
compatible with the atmospheric and solar neutrino deficits from a purely phenome-
nological point of view. In particular, we have emphasized that large neutrino mixing as
suggested by the super-Kamiokande atmospheric neutrino data [1] does not necessarily
require near-degeneracy between a pair of neutrino masses. Equipped with this pheno-
menological background, we have gone on to discuss neutrino masses and mixing in a
‘realistic’ flipped SU(5) x U(1) model derived from string.

The discussion of this part of our paper serves to reinforce the message that, whilst the
string selection rules restrict the forms of terms that one may obtain from a specific string-
derived model, it is nevertheless possible to obtain realistic patterns of fermion masses and
mixings. We had demonstrated this previously for quarks and charged leptons, and have
extended that discussion to neutrinos in this paper. In particular, we have shown that it is
possible to have contributions which lead to plausible hierarchical magnitudes of neutrino
masses, a large mixing angle that could explain the atmospheric neutrino deficit, and
either the large —or the small— angle MSW solution to the solar neutrino deficit.

The higher-dimensional operations that we obtain depend only on the choice of string
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model, but the detailed forms of the mass matrices clearly depend on the choice of flat
direction. This introduces some ambiguity, and work remains to be done to demonstrate
that the choice made in this paper remains valid to higher orders in the effective
superpotential derived from the string model. Despite this apparent freédom in the
choice of vev’s, the room for manoeuvre in such a string-derived model is quite restricted,
and we find it interesting that it is nevertheless possible to obtain a realistic shceme for
fermion masses and mixing and even obtain solutions with large neutrino oscillations.

We conclude by stressing again some aspects of our specific model analysis that might
be of general interest to model-builders. (i) Once outside the framework of SO(10) -like
models, there is no general expectation that the neutrino Dirac mass matrix should be
equivalent to the u-quark mass matrix, in particular because (ii) charged-lepton mixing
may also be significant, and different from that of d-type quarks. Moreover, (iii) mixing in
the heavy Majorana mass matrix is in general mismatched relative to the other mass
matrices, leading to a generic expectation of large mixing angles for the light neutrinos.
Specifically, this can occur because (iv) the effective vg states may include gauge-singlet
fields that are not related by GUT symmetries to any Standard Model particles. Finally,
we note that, because the heavy Majorana mass matrix elements typically arise from
higher-order non-renormalizable terms, (v) it is quite natural that the mass eigenvalues be
much smaller than M; or My, possibly with values O(10") GeV, as would be required to
generate a light neutrino mass O(0.1) eV.

This work has been done in collaboration with J. Ellis, G. Leontaris and S. Lola.

Appendix
In this appendix we tabulate for completenesss the field assignment of the ‘realistic’
flipped SU(S) string model [10], as well as the basic conditions used in [9] to obtain
consistent flatness conditions and acceptable Higgs masses.

F1(1o,l,—§,0,0,0) 7.6, -3, -1,0,0,0) Ef(l,%,—%,0,0,0)
F5(10,3,0,—3,0,0) || 7,(5,-3,0, —-,0 0) || £(1,3,0,-3,0,0)
F3(101 2,0 07 2) 2) ?3(51_% 0,0, %,% 4 g(l,%, ,0,%,%)
F4(10’§7_— 0) f4( 7:%’%’0’070) Z:(lv_%v%ao’oao)
F5(10 —%7 1% 0) _5(51_%0,_%’070) eg(lvgyo?_%’o’ 0)

hi(5,-1,1,0,0,0) | ha(5,—1,0,1,0,0) || ha(5,—1,0,0,1,0) |
h45(5a _11 _%, _%1 0)0)

¢45( 0»;’;91 0) ¢+(1701%1—%70,1) ¢ (1 072a a ?_1)
B35(1,0,0,~1,1,0) || ®31(1,0,1,0,~1,0) || B1a(1,0. —1.1,0,0)
¢1(1 O)év %30»0) (Di(laovo)oaO: )

Al(0)17610,—%$%10) A2(071:67—%1 1%70) A3(01116a_%7'—%707 %)
A4(0’116;0’—§)i)0) A5(01176’%101—§70)
Tl(o-) 1071107_%)%70) TQ(O,lO,l,—%,O,%,O) T3(O)10117_%7_%70a %)
n(o’lo’ lyové,—§a0) TS(O’ 10,1,_%,015,0)
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The chiral superfields are listed with their quantur niumbers [ 10]. The Fy, f 1, 1], as well as the
hi, hij, fields and the singlets are listed with their SU(5) x U(1)' x U(1)* quantum numbers.
Conjugate fields have opposite U(1) x U(1)* quantum mubers. The fields A; and T; are
tabulated in terms of their U(1)" x SO(10) x SO(6) x U(1)* quantum numbers.

As can be seen, the matter and Higgs fields in this string model carry additional
charges under additional U(1) symmetries [10]. There exist various singlet fields, and
hidden-sector matter fields which transform non-trivially under the SU(4)x SO(10)
gauge symmetry, some as sextets under SU(4), namely A; 345, and some as decuplets
under SO(10), namely 7):345. There are also quadruplets of the SU(4) hidden
symmetry which posses fractional charges. However, these are confined and will not
concern us further. .

The usual flavour assignments of the light Standart Model particles in this model are
as follows:

71:—&77.: 72:676/“’; 7.5:-{’-7/1’/"
F2 : QZ:-g) F.3 : Q].’.(jy F4 : thg (49)
&7, Gre G
up to

mixing effects, which are discussed in more detail in Section 3. We chose non-zero
vacuum expectation values for the following singlet and hidden-sector fields:

B3y, B3y, g, Bos, b2, 34,67, &', bus, Buss Do Tous (50)

The vacuum expectation values of the hidden-sector fields must satisfy the additional-
constraints

Ry=T;-Tu=0, &, =0, T} + 88 =0 (51)
For further discussion, see [9] and references therein.
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[TEPIAHY'H
Netpiva e walec ot dvestpapuivo SU(S)

Mpéogora mepomorind Sedopévo yx & &tpwoopaupted vetpiva, &md v Opdda
Super-Kamiokande, tmodeviouy thy Grapbn wal@v yux T vetpive. Meletobpe 886, tig
npoRAédews Yiix & Dédiopor paliv Tdv vetpivwy, ot Bver dmd TO T TETVYNUEVE TPOTUTLY.
Evonoupévey Bewpidv, Srwg mydlet ano iy Oewpla Yrepyopdiv, 0 “dvestpapuévo
SUS)”. Ta dmotehéopatd pag eivon oAb évbappuvtixd, xaBisg mpoxdmeer dtu ol mpo-
Bhemdueveg wileg xod ywvieg petfewe tédv vetpivwv, gaiveton v EEnyoby mhfipeg T véx
nepapotixd ocdopéve. 'Enfone, mpémer vi towiotel 1O yeyovdg i t0 “dvestpopuévo

o\ 2 2, A A L4 27 \ ’ oY \ é —
SU(5)” #xer xdver oto mopeBov xol &Aheg onpavtixds mpoPhédes v tic uéleg téov
guark xod Aemrovicv, Smawg w.y. & Ty wdle Tob top-quark, m~ 175 GeV.




