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We give a classification of heavy Majorana neutrino mass matrices with up to three texture zeros, assuming
the Dirac masses of the neutrinos to be of the same form as the ones of the up quarks in the five texture zero
solutions for the quark matrices. This is the case for many unified and partially unified models. We find that it
is possible to have solutions which account for the solar and atmospheric neutrino problems as well as the
COBE observations simultaneously, and we motivate the existence of such solutions from symBe5bEs-
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[. INTRODUCTION many models. is not an elementary field, but a combination
of scalar fields> = vgrgr, wherevy is the scalar component
Recently, there has been a lot of work on the origin ofof a right-handed antineutrino supermultipiet [13]. It was
fermion masses and mixing anglgds-9]. The observed pat- found that, up to a discrete ambiguity, the Majorana mass
tern of masses and mixings can be explained if some strugnatrix is determined and that, unlike previous assumptions
ture in addition to that of the standard model exists at highefor this matrix[14], a large splitting between the entries ex-
scales. Within the context of supersymmetry, unification hagsts.
had considerable success in determining the parameters of The main conclusions of this work are the following.
the standard mod¢L0]. In addition to the successful predic- (i) The heaviest neutrino has a mass (0.4—4) eV for a top
tions of the gauge couplings, the pattern and magnitude afuark of 200 GeV, thus being of the right size for structure
spontaneous symmetry breaking at the electroweak scafermation[15].
[11], andb-7 unification, it was also found that the fermion  (ii) The light neutrinos have masses and mixing angles of
mixing angles and masses have values consistent with thtbe magnitude needed to explain solar neutrino oscillations
appearance of “texture” zeros in the mass matrif®®,1].  [16,17], in the small mixing angle region of the Mikheyev-
Such textures indicate the existence of additional symmetrieSmirnov-WolfensteifMSW) effect.
beyond the standard model and together with the hierarchical (iii) In the simplest scheme, described[8], it was not
structure observed in the quark and lepton mass matricgsossible to obtain large mixing angles, without fine-tuning of
imply that an underlying family symmetie.g., a U1) fam-  the Yukawa couplings. Such a large mixing is required for a
ily symmetry] with breaking characterized by a small param-vacuum solution of the solar neutrino problem as well as the
eter\ might exist[4]. For an exact symmetry, only the third neutrino oscillation solution to the atmospheric neutrino
generation would be massive and all mixing angles zeroproblem[18]. In [6] it was found, however, that in order to
However, symmetry-breaking terms gradually fill the massobtain neutrino masses in a phenomenologically interesting
matrices in powers of, generating a hierarchy of mass region while retaining bottom- unification, in the small
scales and mixing angles. Thus, a broken symmetry can exanB regime, large mixing in the.-7 charged leptonic sector
plain the “texture” zeros as well as the relative magnitude ofhas to occut. This mixing can in principle appear also in the
the nonzero elements. large tarB regime and in particular in a subclass of the tex-
In a previous work[5,6], the implications of such a tures of[5], when dropping a residudl, symmetry. Still, for
scheme for neutrino masses and mixing angles in the case afsingleX, field, the eigenvalues of the light Majorana mass
the minimal multiplet content of the minimal supersymmet-exhibit large splittings. Therefore, although we had been able
ric standard model(MSSM), extended to include right-
handed neutrino componer{fdus the standard model Higgs
singlets needed to generate their masses and to break thérhe distortions to the bottom-unification would appear as an
extended gauge family symmetnywere considered. Alterna- implication of the structure emerging from the(ly symmetry, if
tive schemes have also been propopggd]. In [5,6] right-  the right-handed neutrinos have Yukawa couplings of the same or-
handed fields got Majorana masses from a term of the fornder as the up quarks, thus affecting the radiative corrections in the
vrrr Where3 is a SU3)®@SU(2)®@ U(1) invariant Higgs  model in the small ta@ regime[19]. An alternative solution arises
scalar field withl ,=0 andvg is a right-handed neutrino. In in a subclass of models where the Dirac-type Yukawa coupling of
the neutrino is very suppressgzD]. In the large tag regime due to
the infrared fixed point for the bottom coupling, which is described
"Present address: Theoretical Physics Division, loannina Univerby analytical expressions [21], the effect of the neutrino coupling
sity, Greece. to bottom+ unification is negligible.
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to obtain two classes of solutions where we address either thetates, implying neutrino mixing. Although the standard
solar and the atmospheric neutrino problem, or the solar neunodel theory does not give masses to the neutrinos, most
trino problem and the Cosmic Background Explai@OBE) extensions of the standard model predict small masses and
data, it was not possible to solve all three problems simultamixing. Before discussing such extensions, we first review
neously. the experimental situation and give some indication of pos-

However, in principle there is no reason why this particu-sible explanations.
lar conclusion in the simplest extension of the standard If the neutrinos are light, neutrino oscillation experiments
model should apply in the case of a more complicated symare the best candidates to measure the small mass differences
metry or with more than one pair of singlet field>  om? (from 1 eV? down to 10 '° eV?). Furthermore, neu-
present in the theory. Since in such a case there are margno oscillations may explain the solar neutrino problem,
possible patterns, instead of making a complete search base€., the apparent reduction of the flux at earth compared
on symmetries, we follow the opposite strategy. to that predicted by the standard solar md@d] (SSM). If

(i) We assume the very large class of models from underthe neutrino mixing is small, the mechanism of neutrino os-
lying unified modelgsuch as strings and grand unified theo- cillations is not effective. Nevertheless, under the conditions
ries(GUT’s)] or partially unified models that fix the neutrino of high density encountered in the sun’s interior, the oscilla-
Dirac mass matrix to be proportional to thequark mass tion can be enhanced from the MSW effgt6], since small
matrix. This of course is a simplified assumptigh17,14.  mixing angles can be converted into large effective mixing
In fact we know that if a Dirac-type mass is generated by aangles, due to resonant scattering:qf neutrinos by elec-
vacuum expectation valu®/EV) of the 126 of SO(10), then  trons. The data from the solar neutrino experiments can thus
mE: —3m,. Thus, them? ,m,, relation is more complicated be described either by assuming resonant transitigt®w
if both 10 and 126 of SO(10) develop nonzero VEV's along effec) or vacuum oscillations. These two possibilities re-
the directions contributing to the Dirac-type neutrino massesuire the following ranges for masses and mixing angles.
To simplify the analysis, one usually assumes that for each (&) The small mixing angle solution for the MSW effect
entry only one type of Higgs field contributes. But different requires
Higgs fields may develop vacuum expectation values in dif-

ferent directiong8]. om; , ~(0.6-1.2x10"° eV?, @
(i) We then study all possible Majorana neutrino mass
matrices with three exact and an arbitrary number of phe- Sinf260,.~(0.6—1.4)x 10 2. 2
nomenological texture zeros. It is clear that we are looking
for solutions with at least one large mixing andte explain (b) Vacuum oscillations can solve the solar neutrino

the atmospheric neutrino deficind nearly degenerate neu- puzzle if
trino mass eigenvalues.

(iii) We then motivate these phenomenological solutions 5m§eva”(0-5— 1.1)x10 P eV? (©)]
from symmetries. As a result we find only a small number of
possible Majorana neutrino mass matrices. This gives a con- sinf26,.=0.75, (4)
straint on the underlying theory in terms of necessary cou-
plings. where « is w or 7. The most natural solution in unified

We will start by briefly reviewing the experimental limits models is obtained through the MSW mass and mixing angle
on neutrino masses and mixing angles, in Sec. Il. In Sec. lltanges. This solution in particular requires a light neutrino
we will discuss the whole framework of unification and massMajorana mass of the order
matrices. In Sec. IV we then give a first example of how we
find solutions with exact texture zeros that allow large mix- M~ dm?~3.0x 103 eV, 5
ing angles and nearly degenerate mass eigenvalues. The
complete results of this analysis are tabulated in the Apperas already given iil). Such ultralight masses can be gener-
dix. These findings at high scales are then confronted witlated effectively in GUT'23] and supersymmetri¢cSUSY)
the low energy requirements for such textures in Sec. VGUT's [24] by the well known “seesaw” mechanisfi25].
Here a classification of phenomenological texture zeros is The atmospheric neutrino problem may be explained in
given. Section VI addresses the derivation of such texturethe case that a large mixing and small mass splitting involv-
from underlying W1) symmetries. The connection of the tex- ing the muon neutrino exisf48,26. Taking into account the
tures at high and low scales via renormalization is discusseblounds from accelerator and reactor disappearance experi-
in Sec. VII. The conclusions are given in Sec. VIII. Finally, ments one finds that, far,-v, or v,-v, oscillations,
the complete approach of finding textures is summarized in
the Appendix. 5m§am$ 1072 eV?, (6)

IIl. NEUTRINO PHENOMENOLOGY sin’26,,,>0.51-0.6, )
Various recent data, confirmed by many experimentalwherea stands fore,7 and in(7) the larger lower limit for
groups, may be explained if the neutrinos have nonvanishinginzzaﬂa refers tov,,-v, oscillations. Finally we have already
masses. In such a case, the neutral leptons produced in wealentioned that neutrinos are possible candidates for structure
interactions are in general not stationary. The weak eigerformation provided they have a massl eV. This value is
states are linear combinations of the neutrino mass eigerconsisten{with a small margin according to some measure-
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ments with the bounds from neutrinoless doulBe(88,) consider the cases witl) hierarchical light-neutrino masses
decay. In terms of the neutrino masses and mixing anglegpartial solutiony and with (b) nearly degenerate neutrino
the relevantBB,, measurable quantity can be written as  mass eigenstates of orderl eV (complete solutions
The necessary mixing may occur in two ways: either
purely from the neutrino sector of the theory or by the
=lev, (8) charged lepton mixing. In the second case the mixing is typi-
cally too small to have any impact on the atmospheric neu-
wheree'i is theCP parity of theith neutrino, whileU,; are  trino problem, but may still account for the solar neutrino
the elements of the unitary transformation relating the wealproblem. In the former case, the mixing may be such as to
and mass neutrino eigenstates. account for both deficits. One, of course, can consider mix-
What are the possible theoretical solutions that are conig in both sectors. In this paper, we will search systemati-
sistent with this data? Only a partial solution of all thesecally for solutions with one large mixing angle, stemming
problems may be obtained easily in simple models with @om the need to accommodate the atmospheric neutrino data
general hierarchical pattern of neutrino masses. In most cas§®m the beginning. Such an origin of a large mixing actually
it is possible to obtain a solution to the solar neutrino prob-seems to be the most reasonable case. We also chose the
lem with m, <m, ~mg, andm, ~1 eV to interpret the small mixing angle solution in order to address the solar

COBE data. Then, th@g,, bound is satisfied due to the neutrino puzzle. We are not discussing the possibility of a
smallness of th&J .5 mixing element predicted by the theory. S€cond large angléas required for the vacuum oscillation
Indeed, assuming the above hierarchy, the quarity ) solution for the solar neutringssince the analysis will be

L 1 e

. 2 more complicated. Therefore we have two possibilities.
may be approximated HyJ 5|, Because of the assumed 1) o' solar neutrino problem is resolved by-v,, os-

hierarchy, it follows easily that oscillation experiments aregjjjations and the atmospheric neutrino problem iy-v,

sensitive only todms;, m3;, since oscillations related to oscillations. For this possibility to be viable, we need a large

omZ, are too rapid. Thus the formula for the oscillations mixing angle, in the 2-3 entries.

P(ve—ve) [27] is simplified to (2) The solar neutrino problem is resolved byv . oscil-
lations and the atmospheric neutrino problemiQyv, os-

WX) 9) cillations. In this case the large angle should be in the 1-2

7)) entries.

3
> (Ugj)?m, e

(M, )=

P(veeve>:1—4|ue3|2<1—|u93|2>sm2(

where several trigonometric identities ang ,m,<mg are
used. SettingU o3| =sin® this may be rewritten as l1l. UNIFICATION AND MASS MATRICES

X In this section we discuss how predictions for mass ma-

P(ve—ve)= 1—Sin2®ee3in2<7)- (10) trices arise in unified theories. We will start by resuming the

i discussion of 3,4] for quark and lepton mass matrices and

Taking sif@.=0.2, we find|Ugs|~0.23. This in turn Show how this extends to include neutrino mass matrices, if
would imply, i.e., m, ~ 18.9 eV for <mVe>%1 eV from We assume certain unifications. So far, there has been a lot of

. . . .. progress in the construction of viable string theories. Al-
above. Obviously, the atmospheric neutrino data do not fit i .
. hough many models seem to have fundamental problems in
the above scenario.

. . resembling the standard model at low energies, most of them
It thus appears that the expenme_ntal data require nearlcYan not be totally excluded, because of their very complex
d.egenerate mass elgenstgm,%w Mo, ':.1’2’3[28]’ since, structure[30]. On the other hand, there exist many more
first of all, structure formation in the Universe and the COBE j,odels which have not been studied at all. Therefore one is
data requirez;m;~3 eV. This sets the scale of the masses.ery interested in having an additional criterion to distin-
The data from the atmospheric and solar neutrino experigyish between all these possibilities and to single out those
ments force the involved masses to be very similar. In thigpat may lead to the standard model at low energies.
case theBfo, bound may be respected due to mutual can- The idea if[4] was(instead of taking specific models and
cellations in(8) by oppositeCP phasese'i. Introducing an  stydying their parameterso use additional discrete symme-
average massy, one finds that tries, which appear vastly in many string models, and study
their implications for fermion mass patterns. Discrete sym-
metries lead quite naturally to hierarchies of parameters
5 P (Yukawa couplings, etcand therefore to predictions that are
SMg~2Mo| M, — Mg <107 < eV*, (120 Jargely independent of specific numerical values. A certain
model is realistic only if it possesses such a hierarchical
structure, without any fine-tuning. Indeed, it is a general ob-
servation that a string model exhibits all possible couplings
allowed by the discrete symmetries, which are typicatf

SmZ~2mg|m,—m,|~10"° eV?, (12)

3
(m,)~mp2, (Ue)?eN<1 eV. (13

With the mentioned mutual cancellationsy~(1—2) eV

can be consistent with all data. Our aim in the present paper—

is to use this observation and constraints from the low energy?Here we are referring to models close to, e.g., the conformal
theory, in order to determine the optimal Majorana mass mapoint and not to large moduli VEMvacuum expectation vallie
trices with zero textures, for a wide class of theories. Wecases.
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order and there are hardly aagcidentalzeros for the values TABLE |. Approximate forms for the symmetric textures.
of the Yukawa couplings.

To see how symmetries may imply a hierarchical patterrSolution Yy.md Yq
of Yukawa couplinggand therefore massg®ne can look at

! . 6 4
the mass matrices for a two-quark doublet, assuming an ad- 0 YEINNY 0 2 0
ditional U(1) symmetry to the standard model gauge group, NP U S 22 2% 43
under whicht_ g,b_g have chargex; andc, r,sS r have 0 0 1 0 43 1
chargea,. The form of the actual mass matrix depends also
on the transformation of the Higgs fielths, H, which give 0 A\ 0O 0 2 o0
masses to the fermions. Taking these charges te-Be, 2 AN O 22 N4 A3 2)\3
only thet andb quarks acquire a mass in the electroweak 0 \2 1 0 a3 1
breaking and the up or down quark mass matrix has only one
nonzero element. However, if the(l) symmetry is bro_ken 0 0 2\ 0 24 0
to a discrete symmetryy by the VEV of a field ¢ with 4 N o a4l
charge—1, there are several mechanisms that give structurd 0 A 0 ,
to the mass matricestl) higher dimensional operators ND S 1 0 4 1
g.LdqgH;8"/M", whereM is the scale where these terms are . .
created; then in general the mass matrices are of the form 0 V228 0 0 2
4 NAENC) S 224 23
2
ATOA (14) 0 A2 1 0 0
A1)
0 0 A 0 ¢
Whe_re)\=(0)/M ano_l a hierarch_y in terms of grises;(Z) 5 0 J2\* Y2 N4 2)\3
mixing of the coupling Higgs fieldand (3) mixing of the NIRCN 1 0 0o 1

coupling matter fields.

Thus additional symmetries, together with stages of spon-=
taneous symmetry breaking, allow for a natural explanation
of hierarchies of masses. This actually makes use of the hufJunt the running of the renormalization group equations
discrete symmetry groups appearing in string models; ther2etween the unification scaMy, where the texture zeros
fore, one may hope that the patterns of mass matrices ma§fe assumed, aniy, five realistic pairs of texture zero
help to determine the underlying discrete symmetries and iRatterns for the quark mass matrices were found. These ap-
turn to give restrictions on a possible fundamental stringP€ar in Table I.
theory. In general the texture zero structure is not unaffected by

Let us note here that there amo typesof texture zeros: the running of the renormalization group. Nevertheless the
exactandphenomenologicalThe first type is a zero implied hierarchy structure is preserved, indicating that the texture
by a symmetry. The second type relaxes the zeros in a wageros are kept at least @henomenologicabnes. We refer
that does not change the hierarchical structure of a givefhe discussion to the following sections.
matrix. If we are assuming a fundamental theory that has Let us now turn from the quark masses to lepton and
only certain couplings at the tree level, like a pure GUTNeutrino masses. In the case of the neutrino masses an addi-
theory, it is clear from the start that we deal with exact zerostional complication, through Majorana masses, arises. The
On the other hand, zeros incorporating mechanisms 1-3 t@xperimentally relevant light neutrino mass matrix is given
create entries in the mass matrices seem bound to be phey
nomenological.

After giving the underlying idea of creating hierarchies of mfﬁﬁ= mP(M ,,R)‘lm'fT , (15
couplings and therefore masses, let us briefly quote the
“phenomenological” results of Ramond, Roberts, and Ros
[3], which we will need for the discussion that follows. Here, _ _ . .
the authors looked for parametrizations of symmetric quar'€aVy Majorana neutrino mass matrix. The matrnx%sgnd _
mass matrices in terms of possible texture zeros and a hief », '€ completely generic, unless we assume a unification
archical parametex that is in accordance with experiment. that makes the predictiom>~m,. There are two ways of
Those structures would have then to be explained by symreasoning behind such an assumption: either by a unified or
metries of the underlying theory. Although a pattern of zerody a partially unified theory. Such relations are then based on
in one single mass matrix does not have a meaning on its8 GUT or a string theory.For the GUT theories, the gauge
own (because of the possible redefinitions of the quarkgroups E, SU(5), and S@10) allow for an interesting phe-
fields), it has a meaning for the up and down quark mass
matrices together. Therefore, one encountedative struc-
ture (e.g., one matrix may be made diagonal by redefinitions, *0ne should think that théneterotig string theory is the preferred
but the texture zero structure determines now the other macenario, since it allows the solution of more fundamental problems
trix.) A complete study of 5 and 6 texture zeros in the twoand also delivers a rich structure of discrete symmetries which may
mass matrices has been carried out along these lines. Studyerve to introduce zeros and hierarchical patterns in the mass ma-
ing systematically all the possible cases and taking into actices.

Swherem} is the Dirac neutrino mass matrix amd,  the
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TABLE II. The form of the up quark and Dirac mass matrices in numerical factor, has been studied extensively and it was
the Harvey-Ramond-Reig$iRR) ansat72]. found [32] that the mixing matrix due to charged current
interactions)V -, is given by

D

my my
1 s3 -5
0 PV 0 0 PV 0
PV 0 QV PNV 0 —3QV Ves| 7S L s, (17
0o oV 1 0o -3V 1 2 s 1

where the parametess , ;are determined in terms of ferm-

_ ion mass ratios. For this ansatz,
nomenology. In the case of string gauge groups suchgas E

or subgroups of the same rafdfter Wilson line breakingas $3=6.9X10?,
well as in the flipped version of §8), interesting relations
between fermion masses also appear quite naturally. Many of $;=3.95x10?,

these models contain multiplétshat allow for the same
structure of theu-quark mass matrixn, and the Dirac neu-
trino mass matrixn® . However, as we mentioned in the
Introduction, if the unified gauge group is not of string ori-
gin, representations such as tA&6 of SO(10) may be (Here we omitted possible complex phases, since they should
present in the theory and the Dirac neutrino mass matrix i®€ irrelevant when just discussing the mixing algrihis

not directly proportional to the up quark mass matrix. Actu-indicates that while the-7 mixing is too small to have any
ally, it can even be complex and non-Hermitigg]. In the  importance for the MSW effect, the-u mixing is suffi-
model of [2] mentioned above, for example, the nonzerociently large. The total mixing matrix for the neutrinos is
matrix elements of the up quark mass matrix have the forngiven by(16). This indicates that in this ansatz, even if MSW
of texture 2 of Table I. Assuming that the elemef@&) and  oscillations cannot be generated only Mg, including the
(3,2 are generated by th&26 representation of SQ0), mixing coming from the charged current interactions may
while (1,2), (2,1), and(3,3) are obtained by a nonzero VEV lead to a solution.

of the 10 of S@10), one finds[2,29] (with P~ m m¢/m

and Q~ \m./m,) the modified matrix that appears on the IV. FORM OF THE MAJORANA MASS MATRIX:

m
52~H:~10*2. (18)

right side in Table II. A FIRST EXAMPLE
In the following analysis, we will find it convenient to
demand Hermitian matriced . This will enable us to clas- In this section we will consider a first example of a model

sify the general three exact and any number of phenomendVith exact texture zeros, which potentially allows the consis-
logical texture zero solutions and to give some insight intotent incorporation of all experimental data. Here we will
solutions with less exact texture zeros. For the reasons estudy the case with a strong mixing in the 2-3 entries of the

plained above, will further restrict most of the analysis in theeffective neutrino mass matrixv(-», mixing). This will
mP=m, case, but we will also present few examples forthen enable a solution of the atmospheric neutrino problem.
more complicated cases. For simplicity, we assume that MSW oscillations are gener-

the lepton mass matrices, since their diagonalizing matri#nteractions. Furthermore, we want to have nearly degenerate
enters in the mixing matrix of the charged leptonic currentsmasses. To simplify the analysis, we take the 1-2 and 1-3
In complete analogy to the quark currents the leptonidMixing angles to be zero in this simple example. The Dirac

[Kobayashi-Maskaw#KM )] mixing matrix is mass matrix is taken to be given by the Giudice ansatz.
In order to identify the possible forms of the heavy Ma-

jorana mass matrix, we start from an effective light mass
matrix with a strong mixing. We then investigate which form
) ) _ of the heavy Majorana mass matrix is compatible with the
where V, diagonalizes the charged lepton mass matrixgpecific form of the neutrino Dirac mass matrix. This is the
while V, diagonalizes the light neutrino mass matrix. Insteadyrocedure we will follow in the Appendix, in order to obtain
of making a specific assumption for the lepton mass matrix fy|| range of viable patterns for the heavy Majorana mass

or (equivalently the associated Yukawa couplings, we justmatrix. There, we also discuss the issue of the complex
treat them as parameters. We will only apply the observatiophases involved in all the mixings.

that the charged lepton hierarchical structure usually does e invert(15),
not lead to large mixings. E.g., the ansatZ &1], which is

Vier=V, V!, (16)

case 3 in Table | for the quark masses amg~m, up to a Mg = (M) "X (M, )(mD) 7, (19
to get
“This, however, has to be taken with a grain of salt, since in the Dt —1.D
(very interesting case of Wilson line breaking of £&in a heterotic M v My Mg M, (20

string theory this structure is not perpetuated to the broken theory ]
[13,30. wherem “®is given by
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1 442
— 0 O Sif20,=——1——1,
m, 1 (m2 1_ m3 1)2
moldea= | 0 = o | (21) m;'=a,
2
1 b ¢ 1
0 0 -1_~-, .= 2__ 2 2
s m, 2+2+2\/b 2bc+c?+4d?,
With the mixing matrix b ¢ 1
-1_°" 2= 2 2 2
Lo o mgt=>+3 2\/b 2bc+c?+4d?, (24)
V,=|1 0 ¢ —s¢, (22 where ¢, is the v,-v, mixing angle.
0 s ¢

The case of the absolute value of the three masses® equal

_ _14di i.e., m;=m,, mg=—m,) is equivalent to
M=V, m %% T has the form ( e s 2) IS &4

1 b=c=0, a=d. (25
m; 0 0 Therefore
2 2 .
C S 1 1 = =45°
moi=| © G 5 ois| — — — sirf26,=1, 6,;=45°. (26)
€ m, m; m, M
2 5 The form of the heavy Majorana mass matrix may then eas-
0 cis (i _ i) & i ily be found from(20). For the Giudice ansafzwhere(after
Plm, mg m; m, rescaling
a 0 o0 0 0 x
=0 b d (23 mP={0 x O], (27)
0 d c x 0 1

we find that

2 2 .
c S sin26,( 1 1
2 m, my

25in2¢91( 1 1) 2( c? si) sin201< 1 1)
X —_—— X\ —+— X —_——
2 m, my m, my

28
2 m, my 28)
m; my 2 m, my m  mg my

For the above values of the three light masses this becomewlutions are maximal. More zeros norméliynply a van-

ishing determinant and less texture zeros are less predictive.
0 Myx O If we only havec=0, then the heavy Majorana mass ma-
M, = My O My |, 29 trix becomes

0 My MpX
5The fact that these relative signs between the masses are of fun-

whereM = xd~ 10— 10" GeV. Thus, we see that in this damental importance will be discussed in the Appendix.

example the degeneracy of all three masses and one largéThe reader should keep in mind that this ansatz differs from case

mixing angle is consistent and may be understood in terms df in Table | by two factors of/2. Therefore we take heveinstead
texture zeros of the heavy Majorana neutrino mass matrixf \ to denote the difference.

M v at the scalevl. We stress that such three texture zero ’See also the discussion about this point in the Appendix.
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0 M X 0 Since in our numerical analysis only the form mﬁﬁ
b enters, ancdhot the Dirac or the heavy Majorana mass matri-
MyX —Mux My ces, we opted to use as few input parameters as possible.
M, = d : (300 These seem to be adequate for the description of the known
R
M a neutrino properties. Of course, in the most general case, one
0 N aMNX could also take into account the possibility to have nonsym-

metric mass matrices, as it was dond &). This, however,
whereMy~xd and it possesses less texture zeros than bed0€s beyond the scope of the analysis that we present here.
fore.
For the systematic study of the three texture zero solu-
tions, we refer the reader to the Appendix. Here all possible V. STUDY OF VIABLE MAJORANA MASS MATRICES

cases of solutions with at least one large mixing angle are | this section we will discuss mass matrices at the low

given. . _ energy scaleM,,. So far we studied exact texture zeros of
Let us now consider an §@0) covering group, and as- neytrino mass matrices at the unification sddllg. To in-

sume that the entries of the up quark and the Dirac ne“t“”%stigate their impact on mass matricesvaj,, one has to

mass matrices can arise from couplings to scalar fields WhiCBerform a renormalization group analysis. As already men-
belong to the 10 and/dt26 representations of the group. If tigned, the exact texture zeros are in general not preserved.

0”D|y 126 representations are involved, we hévee relation  Nevertheless, the hierarchical structure is kept. Or, to say it
m, ~my. In the case that both types of representations argy other words exacttexture zeros becomghenomenologi-
involved, one obtains factors of 3 in certain entries of the cal ones. We therefore want to study such phenomenological
mass matrix and Unity factors in Othel’s, resulting in matrice%eros aﬂ\AW here and confront these solutions with the pre-
with a slightly different structure. This would lead to predic- liminary solutions atMy in Sec. VII. At this stage we want
tions for the heavy Majorana mass matrix that differ only byto stress that a discussion of phenomenological zeros at
factors from the ones we have presented. In the simple e, immediately applies td/ as well, the reason being the
ample we gave above, fdr=c=0, a Dirac neutrino mass preservation of the hierarchical structure by the renormaliza-
matrix of the form tion group running between the two scales.

We take the admissible Dirac mass matrices from Table |

0 0 X and study again solutions ¢19), assuming one large angle
|v|5’~ 0 —x/3 0, (31)  to solve the atmospheric neutrino and drop any further mix-
X 0 1 ing in m’ef}. We may then imagine the small mixiigeeded

for the solar neutrino defigitto be due to the phenomeno-
which would result(for the same phenomenological choice l0gical character of the zeros or to reside in the charged
of mtsff) in the heavy Majorana mass matrix lepton mixing. Therefore this appr_oach is less stringent than
the one in Sec. IV and the Appendix, where the small mixing
0 MpX 0 at My was taken to be zero or physically trivial for all three
zero textures. Here we will parametrize the small mixing in
the appropriate way.
0 My  —3MpX We start with an atmospheric neutrino mixing residing in
the 2-3 submatrixm;ﬁ1 then takes the fornG23), which we
In the case of the Harvey-Ramond-Rei$tRR) ansatz of use as a convenient parametrization. The soluti@® of
Table I, when the coefficients that appear on the right-hand19) allowing for texture zerdsin M, _ are given in Tables
side of Table Il are included, the resulting heavy Majorang; ang Iv. Textures arising from a large mixing in the 1-2

ge;trin(?[ mflsks mt%tri? fob=c=0 and large mixing in the submatrix appear in Table V. Hent;ejffl takes a form similar
-5 seclor takes ihe form to (23), where the off-diagonal elemendsappear in the 1-2

M, ~| Myx 0 My . (32

YR

_ 8 6 submatrix.
0 8 Sdl); dA 4 We now pass to a discussion of the phenomenology in-
M, =| —3d\" ar 9d\" | My, (33 duced by the forms ofn! that have been quoted. We in-
d\® 9dA* —6d)\2 vestigate the case of a large mixing in the 2-3 submatrix. The

case of large mixing in the 1-2 submatrix is very much the
The latter should be compared with the matrix obtained withsame and leads to analogous conclusions.
our procedurgsolution 2 of Table IV which appears in the ~ There are two possibilitiéd for texture zero solutions:
following section. b=0 orc=0 that follow.
(i) ¢ = 0. Imposing this constraint ont(®3) suggests a

8Here, to be accurate, we should note that an overall factor of 3
multiplies the entries of the neutrino mass matrix, since in this case *These zeros are only of phenomenological type mainly due to the
the VEV is pointing parallel to the hypercharge generator with el-effect of the renormalization groufRG) on m'f.
ements unities ane-3 in the diagonal entries. However, this does 19The cash=c=0, e.g., has been already discussed for the Dirac
not affect the structure of the matrices and can be absorbed in theass matrix pattern 3 of Table | in Sec. IV and implis1, and is
overall scale that multiplies the matrices. therefore in accordance wii45).
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TABLE lll. The texture zero solutions of the Majorana mass matrices associated with each of the Dirac
mass textures of Table | with a large mixing in the 2-3 submatrix. We present here cases where either
b=0 or c=0. The nonleading powers are in brackets except for the terms containing the parameter
a= 1/m1 .

Solution M VR/M N Comments
d
0 0 = V28
a d
la 0 2-\12 )\ for b=0
c c

—\8 —\ 6 2)\2
25\ 25\ V2
b b a
1b 26 410748 1 for c=0
ﬁdx G2
J2\2 1 0
d
0 _)\8 _)\6
(o3
a d
2 A8 N+ Sa12 )\2 4 D)4 for b=0
C C
d d
AN+t 1 +2—>\2}
C C
0 Vvt o
b
22 o\ 1
3a V2 d for c=0
a
0 1 e
2 o\
8 d 8 4
2\ 22\ NAN
3b 29)\8 0 9“ for b=0
C C
Va4 9)\4 142 )8
C C
d d
0 —2)\¢8 —\2)\8
C C
d d a d B
4 V2N A H2BON 200 N (13 A for b=0
d d d
E\/E)\ES A2 +(1+ \/§)E}\4} 1 +26)\2}
0 A6 4
1+22 b 1
> A8 2024 2 4 = T \4 for c=0
NN Mg ﬁ)‘
1 1+242 b 1 b \N| a1l
4 —J—x2+——>\4 U+ —=|4+=—=\"
2 4 d 2 d2y2| d2
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TABLE IV. Cases as in Table Il, but witb=c=0.

Solution M, /My Comments
0 0  \2d\®
1 0 2ant2  dad for b=c=0

J2dn®  da? 0

0 d\®  d\®
2 d\® ax'? da* for b=c=0
dr® d\* 2dA?

0 J2da8 0

3 J2d\8 0 d\d for b=c=0
0 dat 2an®
0 J2d\8 V2d\®
4 V2d\8  2\3dAC+2ant?  dnA+ (3dn? for b=c=0
V2dAE dNA+ 3dN 2d\?
dn®
0 2d\8 —_
V2 7z
5 J2d\8 2d\® d)‘4+ J2d\4 for b=c=0
2
da®

dn*
ﬁ T+ \/Ed)\4 \/Ed)\z-i-a)\g

rewriting in terms of the parametér= —m,/m;>0. Then where we take

1 Vé [me
C1= , $1= , 34 Se~ \/ —=~0.07, c~1. (39
1 \/1T§ 1 \/1T§ ( ) e mM e
1 Such an ansatz for the charged leptons is most commonly
— 0 0 used1]. Furthermore, thélockform (37) seems appropriate
my to accommodate the data, sinde, (2), (6), and(7) strongly
1-¢ & suggest this. A more general ansatz is definitely more diffi-
q=| O — 35
Meft m | ( cult to handle.
2 2 . . . .
It is now straightforward to calculate the oscillations
0 \/_E 0 P(v,—vp) for (38), using some identities and the general
m, formula from[27]. We thus obtain
and thus Ag P( )=c2 4¢ 2 m3(1/62—1)x 0
. _ v,—Vv;)=Cqg 5 SI )
Sinf26, e (36) (1+€) 4E,
The neutrino oscillation probabilities are given in terms of 4 m2(1/E2—1)x
the mixing matrix(where the origin of, is undetermined, as P(ve—v,) =5 § 5 Sin 2 . (4D
already saitl 7149 4E,
_ 1 0 0 (m3—m3)x
Ce —Se 0 . P v,) =SiP20| = sit? —2 —
Vig=ViV,=| Se Ce 0 ¢t S| (37 (1+9) ,
0 —-s; c
0 0 1 1 & ¢ " (m3—m3)x
Tave " T aE,
Ce —SeC1 —Se5
Vior=| S CeC CeS , 38 m2—m2)x
tot e CeC1 eS1 (38 ¢ zsinz( 3—m3) 42
0 -5 Cy (1+¢) 4E,
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TABLE V. The texture zero solutions of the Majorana mass matrices associated with each of the Dirac
mass textures of Table | with a large mixing in the 1-2 submatrix, for the exampledwith Only cases for
b=0 emerge and the solutions far=b=0 follow immediately.

Solution M VR/M N Comments
d
0 2-\12 0
c
1 d d a for b=0
2-\12 2\2-\1042-2\12 0
c c c
0 0 1
0 9)\12 0
c
2 9)\12 NA+ E)\lz )\24.9)\8 for b=0
c c c
d
R N 1
c
2)\8 0 AN
0 0 2d>\8
3 c for b=0
d a
Y2\ 4 ﬁgxs 1+2E>\8
d
0 2—\12 0
c
d d a d _
4 2-)\12 2\/g_>\10+2_)\12 N2+ 2= )8 for b=0
c c c c
d
0 A2+ ﬁgxs 1
)\6
A8 — A
2
\© A A2 d
5 __ - 4+ 2)\8 for b=0
7 2 ARG
)\2 6
A —+2=28 14+2——=+ -8
\/E 2C)\ 1 2C\/§ C)\

(i) b = 0. In this case we obtain, with the same param-
etrization,

C1= i $1= = (43
e UV
Lo o
m;
mei=| 0 0 ,ﬁ—g , (44)
2
o V& 17t
m, m,

and again the expressiai36) for sir’26,. The oscillation
probabilities forv,— v, and ve— v, remain the same. For
the oscillationve— v, we have to substituté— 1/¢.

Let us now compare these two possibilities for textures
with the experimental data. The atmospheric neutrino data
implies via(6) that £ is in between

£,=0.23 and ¢,=4.4. (45

Since £,£,=1 the value of¢ selected merely determines
which of the neutrino masses is heavier, as well as the mag-
nitude of the masses. Indeed, framg=sm?/(1-£¢?) and
ms=m3— ém?, we observe that, for a valuém?~0.01

eV? as implied by the atmospheric neutrino data, only values
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of & very near unity would give neutrino masses of order

~1 eV. In particular, one may see that

mg~my~1 eV for £=0.995. (46)
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VI. DERIVATION OF TEXTURES
FROM U (1) SYMMETRIES

In Sec. lll, we already gave the motivation for looking for
texture zeros, arising due to symmetries in the underlying

Here we should note that this is found by using the results o$tring or GUT theory. After obtaining a classification of
[26] which are quoted in the Introduction and are stricterthree exact and the general phenomenological texture zero

than those of18]. In this last referencedm? for w-7 oscil-

lations can be as high as 0.5 &Mn this case one finds, e.g.,

m;=1.62 eV, m,=1.45 eV for £=0.90. (47

solutions in the Appendixrespectively Sec. )/ we want to
demonstrate how such patterns come about. Let us consider
the possibility of obtaining the above textures from addi-
tional U(1) symmetries, following from the work of (ez

and RosgIR) [4] as well ag5,6]. We stress again that such

After accommodating the atmospheric neutrino data, weyqgitional U1) symmetries appear most naturally in string
turn to a discussion of the solar neutrino numbers, and in th'ﬁweories(especially at the “conformal point’ The U1)¢p

example we interpret them ag— v, oscillations. Fron(42)
we may obtain an effective §®06ﬂ. Depending on the size
of &, the 1/(1+¢) or &/(1+ &) term dominates:

. . 1 _
£<1: S|n220eﬂ~sm226elT§~1.6><lO % (49

£>1:  sirf26,,~sinf26 ~1.6x1072, (49

&
eng
when inserting the value o, from (39) and & from (45).
This is just in agreement with the MSW solutidg). To
satisfy the mass constraints); must be nearly equal to
m,. For an average massmy~1 eV, 5m§2

~2mg|m,—my|~10° eV? indicates the need for a very
big degeneracy. Such a high degree of degeneracy is ex-

charges assigned to the matter fields can be found in IR.
They are chosen in such a way as to make the mass matrices
symmetric (respectively Hermitian Moreover, the lighter
generation charges are fixed by the need to have anomaly
cancellation, which is ensured by taking thé&lUto be trace-

less. Then one obtains the structure

6|*401*202\ €|*301\ €|*a2*2“1|
my~ el =3« el2laz—an)|  laz—ay (53)
elm @22 elea—ail 1
which exhibits the relations
U2 U2
o (mgg) o (M)
My=—45 " Myp=—j (54)
M33 M33

tremely hard to explain from an underlying theory without
fine-tuning, unless the masses are forced to such values [ihis structure is consistent with solutions 1, 2, and 4 of the
symmetries. In Sec. VI we are going to show why this is thetextures shown in Table I. This is because a texture zero in

case.

Finally we want to discuss neutrinoless doulsiedecay
and the COBE data. For the first one, fr¢8 and(38), we
obtain

2
. Sl .
c2m, + e'“zkl)si( ci— Ee““”'ﬂ) m,

[(m,)|= . (50

wheree'®27) s the relativeCP eigenvalue ofy; and v,
(the masses here are posijiv&€aking v, and v5 to have the
sameCP eigenvalueqas already discussed in Sec), e
obtain

SZ
c2my+ ei“Z‘}‘l’sg( c2— —1> my|.

3

Now we may again study the texture zeros. WBH) we get

[(m, )= (52)

the(1,3) position is correlated with a texture zero in ttiel)
position. In[5,6] a similar analysis had been done to derive
the Majorana mass matrices from(1y symmetries for the
case of the up quark matrix, E3). In this work, we ex-
amined the simplest case which arises when adding only one
new pair of singlet fields:, 3 with zero hypercharge, but
charged under the new(l) symmetry.

Here, we will show how one can derive by symmetries
cases 1 and 3, which seem to have the optimal structure,
especially for a heavy Majorana mass matrix with many tex-
ture zeros, as we can see from Tables Il and llI[4h the
correctu-quark mass matrix is found by making the choice
of a,/aq, which generates the right order for the nonzero
elements of the solutions 1, 2, or 4. By demanding that the
powers of thg(1,2) and(2,3) matrix elements be in the ratio
3:1 (as needed for solution 2 or)4a,=2a; and the
u-quark mass matrix has the form

|<mye>|=c§m1~ m=~1 eV, (52) e & &
3 2
which is consistent with the boun@®). The above predic- my~| € € € (55
tions are consistent with the COBE data, as well, since the e e 1

sum of the masses for the parameter range we indicate can be
of order a few eV’s, as required. Therefore we conclude thatHere one also uses the freedom to ag=1 through a re-

there is no problem in accommodating the experimental dateefinition  of

the parameter ¢ and a, [i.e,

for the phenomenological texture zero solutions. An identicak— (€)“t,a»— a,/a,]. Notice that, e.g., in solution 2 the
situation occurs when the large mixing which explains the(2,2) element is zero, but it actually does not affect the phe-
atmospheric neutrino deficit is in the 1-2 entries of the neunomenology if it is up toe?. Further study reveals that one

trino mass matrices.

may obtain exactly the same hierarchy structure ruy,
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where one encounters only a different parametet]. These  assuming that the total charge of this entry is half-integer and
two matrices closely resemble case 2 in Table | and are itherefore gets banned by, symmetry. In principle, we
agreement with the data. could choose a large(Wl) charge, for this entry, which would
For possible choices of the lepton masses, we refer themake it small. However, thé€2,2) entry is the square of the
reader to[4] and the extension i5]. We remark that (2,3 entry as we see frortb4). Therefore the first choice is
mu~m[v’ is more or less the simplest choice for the Diracthe correct one. Thél,2) entry, which isel =34l has to be
neutrino masses. But what are the predictions for the Majononzero. Thusx; is integer, a, half-integer. This implies
rana neutrino mass matrix? The most obvious choice leads that not is only theg2,3) entry zero, but also thél,3). The
the same charge pattern as for theyuarks, with an addi- form of the mass matrix is
tional complication coming from the presence of a singlet
field. As we have already mentioned, right-handed fields get
Majorana masses from a term of the forgwg>, where, is my~ el =3l e2ez—anl o | (59)
a SU3)®@SU(2)®U(1) invariant Higgs scalar field with 0 0 1
Iw=0 andvg is a right-handed neutrino. If we assumé& a
field with charge—1, it will make the (2,3 entry of the
resulting mass matrix 1. Indeed, what we obtain in term

el 4a1—2)| el=3ail 0

Setting a,=c(w/2)a;, W = odd integer, one may choose
v so as to have thél,1) entry in high power and thus effec-

of € is [5,6] tively zero, while getting the hierarchical structure between
0 3-1) a-1) the two nonzero entrie€l,2) and(2,2). The relation of the
L abovee to the one in[4] and[5] should be clear from the
M, ~| e Y € 1], (56)  context.
4D 1 D Case 3(the Giudice ansajzmay occur in the following

way. We need th€l,2) entry to be O; thus, it ig; which we
where we have set the smaller entry to zero and have not y&tke to be half-integer. Taking, integer, the(2,3) entry is
taken the absolute values of the charges in the exponentgutomatically zero and the mass matrix is of the form
since at the next stage we are going to introduce a second
singlet field, which alters the structure of the heavy Majorana
mass matrix and we want to have the effect of the charge of m,~ 0 el2(az=ay)l 0 . (59
each field manifest. The matrix in E¢56) has a similar o~ ar-2a1] 0 1
structure to the one we derived {80), for the 2-3 sector
(that is the down right X2 submatri). To obtain the de-
sired structure for the complete matrix, we add a secon
3, field which develops a similar VEV and has a quantum
number+2 under Y1) symmetry. This means that now, in
the heavy Majorana neutrino mass matrix, the dominant ele- ar,=4aj. (60)
ment will be the one with the biggest absolute powekin
l.e., the element$2,2), (2,3, and (3,3) would still arise  After theu-quark mass matrices, we have to tackle the struc-
mainly due to the couplings to the field with charge—1,  tures for thed-quark mass matrices. Here things are more
while the(1,2) and(1,3) elements arise from the couplings to complicated, but the main idea has already been giv¢8]in
to X'. Then the complete matrix is One has to use different mixings in the light Higgs fields
H,,H,. In principle one may create any structure from a

el=4a1-2a)| 0 el m a2 2]

he entry(1,1) is once more effectively zero, since it appears
t a high power. Thé¢l,3) and(2,2) entries can be made the
same(up to a coefficientby setting

-2

0 € e complicated enough mixing. Here we want to demonstrate
M ~| € € 1 (57)  that often already simple mixing will do. The general form is
VR L
—_2 — -
e 1 € _
i 0" (6
HI®=H, ,+ >, | H} +H} , (61
and the structure would be that of the example in Sec. IV. L2 L2 Er: 2m, MY, (6

Actually, this is in fact the solution with onlg=0 [where
the (2,2) element is of ordek]. where we denote byﬂ,Z a Higgs field! carrying a U1)

Is that generic, in the sense that we may create any mas$arger. Which elements of a specific mass matrix are ac-
matrix in that way? Within the simple procedure of addingtually created depends entirely on the terms in the sum on the
only a U1) symmetry and more singlet fields, the answer isright-hand sidgRHS).
probably negative. Nevertheless, going beyond the simple In this way, one can reproduce the down quark mass ma-
descriptions given above, while assuming more than ondix for case 1. The(1,3) entry then can be almost zero,
U(1) symmetries, the phenomenologically viable Majoranabecause it can be related to a higher charge, as both the terms
mass matrices obtained in this work may be derived natuthat containa; , have the same sign. However, now, the
rally. (2,3 entry is no longer zero. There seems to be a small

After examining how the structure of the heavy Majorana
mass matrix may arise, we come back to the generation of — o
the quark mass matrices for the preferred cases 1 and 3. Wé'Here we assumed for simplicity one pair of fieldsé with
start with theu-quark mass matrix for the two cases. In casecharge +1. One might also have several pairs with different
1 we need th€2,3) element to be zero. This can be done bycharges and couplings.
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problem here. This is that th€,2) and (2,3 entries are dard successful prediction. Indeed, after taking into account
related, and while now we gé2,3%2~(2,2), in the textures renormalization group effects fromly down to My, the

of Ramond, Roberts, and Ross, they are of the same orderorrectmy,/m_ ratio at low energies is obtained naturally if
However, note that this can be fixed by a choice of coeffithe Yukawa couplingéy, ,h, are equal at the GUT scale. In

cients. the presence of the right-handed neutrino, however, the
Similarly, we can get case 3 by a suitable mixing. Therenormalization group equatiof®GE’s) get modified for
d-quark mass matrix here is of the form small tarB.
Since at this stage we already make a distinction between
0 € € small and large tgB, we should note the following concern-
me~| e € € 62) ing mass matrices: In the simplest sche(ii®) where one
It . . . .
- tries to derive the known fermion masses frorflJusymme-
€ €

tries, the model is forced to be in the large garegime. This
is because at the tree level thé¢lYquantum numbers of the
light Higgs fieldsH;,H, allow them to couple to the third
generation and an effective SU(&)SU(2)z symmetry of
the couplings ensures equal Yukawa couplihgs h,. Nev-
Brtheless, the model is easily modified if there is an addi-
tional heavy stateH; ,H;, i=1 or 2, with the same (1)
quantum number. Then mixing effects can generate different
hy andh, couplings, allowing for any value of tgh

The RGE’s for small tag and for the third generation

This structure for the down mass matrix is viable. But is the
up? We saw before how we can get it in gendBd). We
observe that th€1,2) and (2,3) entries, which we want to
vanish, are odd numbers, while the others that we have t
retain are even. We therefore need asymmetry to ban the
odd charges ir{62). But this can be done easily if there are
only fields with even charges in the light Higgs fiel@&l)
that couples tan,. Then we get

0 0 € Yukawa coupling can be approximated as
m~| 0 € 0], (63) d
u 40 1 16w2aht=(6hf+h§—GU)ht, (64)
which just gives thg2,2) entry larger than what we would ,d 2
like. However, the basic structure is the same and coeffi- 16m ﬁhN_(4hN+3ht_GN)hN’ (695
cients can make it even better.
d
2 _(h2__
VIl. RENORMALIZATION EFFECTS 167 ﬁhb_(ht Go)hs, (66)

Up to now, in Sec. IV(respectively, the Appendixwe d
found all exact three texture zero solutions at the scale 1672 —h,=(h3—Gg)h,, (67)
My, while in Sec. V we discussed phenomenological texture dt

zero solutions aMy, and found that there is hardly any dif- . . .
ficulty in accommodating the experimental data. From theVherehy is the Iargesgt Ylfkawa coupling of the right-handed

range of solutions fo& in (45) it is clear that there is no Neutrinos. TheGazE,_:lcagi(t)Z are functions that depend
problem in reconciling the solutions at both scales. A naturaPn the gauge couplings and the coefficients. Below
solution to all the neutrino puzzles may be obtained when th&n, the right-handed neutrino decouples from the massless
light effective Majorana mass scale+sl eV. In the context ~SPectrum and we are left with the standard spectrum of the
of a grand unified theory such a small scale is obtained b)MSSM. Thus for scalesbeyondMy the gauge and Yukawa
the implementation of theeesawmechanism, resulting in couplings evolve according to the standard renormalization
the effective light(Majorana mass matrixmiff: mBZ/MvR' group equations. We may see clearly the effect of the

_ i ) ) threshold on thé-r unification if we write the relation be-
As already discussed, in GUT’s the scmB is usually fixed v een the Yukawa couplings at thé, scale:
by the quark mass matrim,[,’~mQ; therefore, the right- R
handed neutrino scale should be arouvg,~ 10— 10" o
GeV, i.e., at least three orders smaller than the gauge unifi- hp(ty)=pé&—h(tn), (68)
cation scaleMy~ 10'® GeV. Then, the running of the cou- YE
plings from the unification scal&y down to the scale of
M, must include possible radiative corrections frarm

neutrinos. After that scale;g’s decouple from the spectrum, 1 [t

and the effectiveseesawmechanism discussed above is op- ya(t)=exp< qu-er Ga(t)dt>, (69

erative. This running, even if of order 1, will not be able to to

spoil the neutrino hierarchy of the mass matrices. For the

phenomenological zeros Bty this is even more obvious. g:ex;{
It has already been observed that the main result of the :

presence oy is a 10% effect in thé-7 unification, and that

only for small ta8 (h;>hy) [19]. It is well known that, in  wheret, is at the high scal®y. Here&;<1. In the case of

most of the unified gauge groups, ther equality is a stan-  b-7 unification we havér, =hy, . Thus in the absence of the

with p= hbo/hTO§N and

1 t,
hidt|, 70
1677'2 t i ) ( )
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right-handed neutringy=1, which impliesp=1, and the ming from the neutrino mass matrix. Some type of unifica-
mp mass has the phenomenologically reasonable predictiotion or partial unification impIyingm5’~mu was adopted.

at low energies. However, in the presence ©f, if This is a common relation in successful GUT's, since it
hfozhb0 at the GUT scale, the parametgris no longer minimizes the number of arbitrary parameters and increases

equal to unity sincgy<1. In fact the parametejy, becomes the predictability of the theory. o
smaller for lowerM  scales. Therefore in order to restore the ~ Along these lines, we gave a complete classification of

correct mb/mT prediction at low energies we neqﬂ: 1, exactthree zero texture solutions at |arge SCH“?ﬁ. These
which corresponds to solutions allow just one large mixing.On the other hand,

we studiedphenomenologicatexture zero solutions at any
hboz hTogN. (77 scale. It was found that there is no problem to reconcile both
types of zero solutions with the experimental d&tas we
This would seem to alter the relative structure betweersee from Table I, in the large t@hcase, a natural deriva-
the mass matrices; however, there exists a natural way tion of the right-handed neutrino mass mathil, in terms
retain the successfub-7 unification, as is predicted by of the low energy constraints is obtained for cases 1 and 3.
GUT's, with the simultaneous presence of the desired neu- The inclusion of renormalization group effects due to the
trino mass scaléy to resolve the neutrino puzzles. Such aright-handed neutrino threshold does not spoil these observa-
solution has been proposed (] in the context of fermion  tjons. The main effect of including a neutrino running cou-
mass textures predicted by(1) symmetries. It was found pling is that, retaining the Successﬁmﬂ:m?_ prediction at
that it is possible to retain thep=m> GUT prediction of the  the GUT scale, in the simplest schemes, it is now possible
(3,3) elements of the corresponding mass matrices, provideghly in the large tag case. In the small tgh scenario, the
there is sufficient mixing in the charged lepton mass matrixestoration ofb-7 equality atM 7 requires a large mixing
between the two heavier generations. But this mixing is als¢y the charged lepton sector between the two heavier fami-
what one needs in order to solve the atmospheric neutringes, which is sufficient to solve the atmospheric neutrino
problem. puzzle[6]. Interestingly enough, some of the phenomeno-
All'this is true for the small ta regime. In the case of a |ogically derived mass textures that are presented can be ob-
large tarB the first thing to note is that there are importantigined using additional simple () symmetries along the
corrections to the bottom mass from one-loop graphs involvtines of [4], assuming proper (1) charges for the standard

ing SUSY scalar masses and theparameter, which can be matter fields and additional singlets acquiring vacuum expec-
of the order of (36-50)%. In addition to this, the effect of tation values.

the heavy neutrino scale is much smaller, since now the bot-
tom Yukawa coupling also runs to a fixed point; therefore, its
initial value does not play an important role. To compare

things, we look at the maximal possible effect on the We would like to thank G. G. Ross for many enlightening
unification, which would occur for a scaldy=10"* GeV,  discussions. G.K.L. and J.D.V. acknowledge partial support

and an upper limit for the running bottom masg=4.35. In  py the CEC Project No. CHRX-CT93-0132.
this case, for the parameter space whére=-2.0 and

h,=0.0125 lead to a factoréy=0.86, when we set
h,=2.0, £y=0.96. Moreover, for the same example, if we

allow for a running bottom masen,=4.4, {y=0.99 (re- In this appendix we carry out the systematic study of the
member that the effect of the neutrino is to increase th@nree texture zero solutions that allow one large mixing
bottom/r mass rati. For higher heavy neutrino scales, the angle. In particular, we are interested in three zeros, since
relevant effect is even smaller. However, even for largenis is in general the maximally allowed number for three
tanB, a strong mixing is also desired in order to solve thengnzero eigenvalues. Indeed, although there exist three cases
atmospheric neutrino problem. of matrices with four texture zeros and three nonvanishing

Finally, an additional effect of renormalization effects is gjgenvalues, applying the discussion of Sec. IV to this case
that, for large lepton couplings, they amplify the neutrinojeads to an overdetermined set of constraints. Only if there
mixing angle at the GUT scale when going to low energiesyre additional structuredike the block structure ofm® in
[33]. This is in the correct direction for a solution to the 456 1 of Table)ldo solutions exist at all but even in this
atmospheric neutrino problem. case no large mixing may be obtained.

The inverse light neutrino Majorana matrix is

ACKNOWLEDGMENTS

APPENDIX

VIIl. CONCLUSIONS

We have explored the possibility of deriving simple Ma- Mg =Rt R, (A1)
jorana mass matrices of right-handed neutrinos, which may
explain simultaneously all the neutrino experimental data  whereR are appropriateotations What type of rotations do
mospheric neutrino oscillations, solar neutrino oscillations inye have to study? Sincen®~m, and m, is real and
the MSW approach, neutrinoless doutedecay, and the
COBE data. This can be accomplished by assuming the ex———
istence of a right-handed neutrino Majorana mass matrix 12ye remark that all such solutions are given in the Appendix,

M, with a scale (18-10"%) GeV. The solution of the eyen if they do not allow the required mass degeneracies.
atmospheric neutrino puzzle resides in a large mixing stem-13See also previous footnote.
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TABLE VI. Possible textures for large.-v,, mixing.

My matrices for textures of Dirac mass matrix 1

1 —
C1—§ 62—0

- m2: m3

im1<<_m2:m3

0 e c?=3 e,=0

- m2= m3

symmetrict* mE is real symmetric as welM Ve andmg are
complex symmetric, and the complex phases are in general

R= RleRg, (A5)

relevant. Trying to absorb them by redefinitions would letor permutations with

them reappear im° . However, instead of taking the general

R required for the diagonalization of a complex symmetric
matrix (Schur rotatioh, we restrictR to those diagonalizing

a real symmetric matriand allow m_%®to possess nega-
tive entries. One may convince oneself that this resumes in
general all possible cases. Taking into account also complex
phases will only lead to further constraints on solutions.
Nevertheless, we have to stress that only including negative
eigenvalues formg; allows nontrivial solutions. Thus we
only consider

R=RiRjR,, 1i,j,ke1,2,3, notequal, (A2)

whereR; denotes a rotation in thgk plane, withi # j k.

We are now looking for all possible three texture zero
solutions that allow at least one large mixing angl@here
are 20 possibilities for three texture zerosl\thR. Because

of the experiment, there has to be one large mixing either in
the 1-2 or 2-3 submatrix to explain the atmospheric neutrino
data. We restrict ourselves here to the case of one large mix-
ing and take the others to be smalh the actual numerical

study, nevertheless, the precise formulas have been jake

[N
o
o

=

0 —e

e 0 1
1 —-e O

Re=| €& 1 0 (A6)
0o 0 1

r;or the large mixing in the 2-3 submatrix and its analogue for

We therefore to solve

M. = m]E)T(Rngﬁl dianT) ml]? ,

VR

where

¥n the framework of(3], m, can always be chosen to be real
symmetric. Possible phases residenny and are suppressed in

Table I.
55ince

Mes= RmdeifangTv
we have the samR in (Al).

the other case. The results are given in Tables VI and VII.
Here, one has to note that the results are dependent of the
order in which we multiply ther; in (76). In general we find
that R=R;R,R; exhausts all possibilities and that any per-
mutation is a subclass. But we will now also see why this
dependence is somehow trivial. We denote with an asterisk
the angles that are associated with two degenerate eigenval-
ues. As explained ifi27], one is able to redefine the physical
states in those cases and a mixing has no physical meaning
(as is, e.g., the case for all neutrinos massleSslutions
with the mixing being undetermined in this way have been
dropped from the tables. The reason for this is that all solu-
tions with degenerate eigenvalues only make sense when the
texture zeros are not exa@itherwise the experimental data
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TABLE VII. Possible heavy Majorana textures for largg-v, mixing. An asterisk in the table denotes

arbitrary angles that are trivial, since they are associated with a mixing of degenerate eigenvalues. If there are
only two masses given on the RHS, this implies that the third one is arbitrary. The<sigmmeans that
solutions with<< and > are found.

Heavy Majorana textures of Dirac mass matrix 1

ci=3 * e,=0 —m;=m,=m;
e;=0 * m;=mz=-—m,
el=0 62:0 7m1:m2
0<c3<1 * e,=0 —-m<>my=ms
e;=0 * m;=ms<>=*m,
e;=0 e,=0 -m<>m,
ci=3 * €,=0 —mp=~m,=m;
a 0 e, =0 * m;=msg~—m,
0 el:O 32:0 _mlmmz
0<ci<1 * e,=0 —m<>my=m;
e =0 * m=mg<>*m,
e;=0 e,=0 =m<>m,
ci=3 * e,=0 —mi~my,=my
a el=0 * m1=m3%_m2
b el=0 e2:0 —m1~m2
0<c3<1 * e,=0 —-m<>my=m;
e;=0 * m;=ms<>-—m,
e;=0 e,=0 -m<>m,
Heavy Majorana textures of Dirac mass matrix 2
0

0<c3<1 e;=0 e,=0 (Em<>Fmy)<<mg

Heavy Majorana textures of Dirac mass matrix 3

My < <(—my<>my)
0<ci<1 e;=0 e,=0 (M<>—my)<<mg
(m<>mg)>>-—my,

Heavy Majorana textures of Dirac mass matrix 4

(EM<>Fmy)<<img

(xmM<>mg)>>Fm,
M <<(FMm<>my)

0<c3<1 e;=0 e,=0

(EM<>Fmp)<<mg

(EM<>mg)>>+m,
M <<(Fmp<>my)

cannot be explaingd implying by the smallness of these ings are either zero or trivial. Therefore it is necessary that
entries that such an undetermined mixing angle will give ahe mixing for the solar neutrino reside Yy in (16). Nev-

negligible effect.

ertheless, if the texture zeros are assumed to be onphef

Let us now summarize and discuss the results of this clagiomenologicalnature, additional small mixings might be
sification. As can be seen from the tables there are severgleated. Finally, we point out that one may easily rewrite the
solutions for different Dirac neutrino mass matrices. It isfound solutions foM,_in Tables VI and VIl in a form that
clear that the three texture zero solutions in the exact fornis an analogue of the solutions [8]. This had been done,
(exact zerogallow only one large mixing. All the small mix- e.g., for the example if29) in Sec. IV.
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