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We discuss a minimal supersymmetric(@Q model whereB—L symmetry is broken by 426 dimensional
Higgs boson multiplet which also contributes to fermion masses in conjunction vi€hdémensional super-
field. This minimal Higgs boson choice provides a partial unification of neutrino flavor structure with that of
guarks and has been shown to predict all three neutrino mixing angles and the solar mass splitting in agreement
with observations, provided one uses the type Il seesaw formula for neutrino masses. In this paper we gener-
alize this analysis to include arbitra@P phases in couplings and vacuum expectation values. We findithat
the predictions for neutrino mixings are similar with,;=0.18 as before and other parameters in a somewhat
bigger range andii) that to first order in the quark mixing parameter(the Cabibbo ang)e the leptonic
mixing matrix is CP conserving. We also find that in the absence of any higher dimensional contributions to
fermion masses, the CKM phase is different from that of the standard model implying that there must be new
contributions to quarlCP violation from the supersymmetry breaking sector. Inclusion of higher dimensional
terms however allows the standard model CKM phase to be maintained.
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I. INTRODUCTION The first question one may ask is, why 80)? The an-
swer is that we seek a theory of neutrino mixings that must
The observation of solar and atmospheric neutrino deficitbe part of a larger framework that explains other puzzles of
in various experiments such as Chlorine, Super-Kamiokandehe standard model such as the origin of matter, the gauge
Gallex, SAGE and SNO together with recent results from thenhierarchy problem, dark matter etc. As is explained below,
K2K and Kamland[1] experiments that involve terrestrial supersymmetric SQ0) has the right features to satisfy all
neutrinos have now conclusively established that neutrinothe above requirements.
have mass and they mix among themselves. In conjunction Supersymmetric extension of the standard mosiSSM)
with negative results from the CHOOZ and PALO-VERDE seems to be a very natural framework to solve both the gauge
reactor experiments, one now seems to have a clear iddaerarchy as well as the dark matter problems. The nonrenor-
about the mixing pattern among the three generations of neunalization theorem for the superpotential solves an impor-
trinos. Of the three angles needed to characterize these mitant aspect of the gauge hierarchy problem i.e. the radiative
ings i.e.f,,, A,3andf,3, the first two are large and the third corrections do not destabilize the weak scale. As far as the
is small[2]. dark matter puzzle goes, if one adds the extra assumption
As far as the mass pattern is concerned, there are thrabat R-parity defined a&=(—1)3E"Y*2S js also a good
distinct possibilitiesi(i) “normal hierarchy” wherem;<m,  symmetry of MSSM, then the lightest supersymmetric par-
<my=Am32; (i) inverted one wherem;=m,=\Am2 ticle, the neutralino, is stable and can play the role of dark
>my; (i) quasidegenerate, whene, =m,=ms. matter. In fact currently all dark matter search experiments
The normal hierarchy is similar to what is observed in theare geared to finding the neutralino. An added bonus of
quark sector although the degree of hierarchy for neutrinos i¥1SSM is that it also provides a nice way to understand the
much less pronounced. Understanding this difference i€rigin of electroweak symmetry breaking.
somewhat of a challenge although grand unified theories Turning to neutrinos, the seesaw mechanjginwhich is
(GUT) generally imply similar hierarchies for quarks as well the simplest way to understand small neutrino masses, re-
as neutrinos and therefore provide a partial explanation ofiuires a right handed neutrino with a large Majorana mass
this challenge. Mg . Present data require thisltg has to be very high and yet
The observed mixing pattern for leptons however, is to-much smaller than the Planck mass. This would suggest that
tally different from what is observed for quarks, posing aperhaps there is a new symmetry whose breaking is respon-
much more severe theoretical challenge, in particular fosible forMg; since symmetry breaking scales do not receive
grand unified theories that unify quarks and leptons. Botfflestabilizing radiative corrections in supersymmetric theo-
these questions have been the subject of many pgpkitsat ~ ries, one has a plausible explanation of Wig<Mp,. One
propose different approaches to solve these problems. Ostich symmetry is loce—L symmetry[5], whose breaking
goal in this paper is to address them in the context of &calevg, could be responsible fM (i.e. Mg=fvg ) since
minimal SG10) model, which provides an interesting way to the right-handed neutrino has nonzede-L charge and is
resolve both the mass and mixing problems without makingnassless in the symmetry limit. The formula for neutrino
any extra assumptions, other than what is needed to deriveasses in the seesaw model is givenrb,yv—mélfuBL;
the supersymmetric standard model from(S@. therefore their smallness is now very easily understood as a
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result of mp<<vg, . The smallest grand unification group v, m3
that incorporates both the features required for the seesaw M ,=f X - .
mechanism i.e. a right-handed neutrino and the I@&alL vB-L  TUB-L
symmetry is SQLO).

Secondly, the seesaw mechanism also goes well with th# models which have asymptotic parity symmetry such as
idea of grand unification. It is well known that if MSSM left-right or SQ10) models, it is the type Il seesaw that is

remains the only theory up to a very high scale, then thd"0reé generic.

three gauge couplings measured at LEP and SLC at the weak A very interesting point about this approach, noted re-
scale can unify to a single coupling arourid =2 cently[20], is that use of the type Il seesaw formula for the

x 10' GeV. Curiously enough, naive estimates for the seelWO generation subsector of, and v., and dominance of

saw scale needed to understand the atmospheric neutrino &Q_elfirst termhlegds t_o_a very ?atgral l:gijerstanding of maxi-
cillation within a quark-lepton unified picture imply that the ma atmtors]p herlc Imlxmg angie due 7 mass conver-
seesaw scale must be arouryg] =105 GeV. Close proxim- 9€Nce at high scale. . . .
ity of vg, andM, suggests that one should seek an under- Whether the above idea does indeed lead to a realistic

standing of the neutrino masses and mixings within a SupelQicture for all three neutrino generations was left unanswered

symmetric grand unified theory. While this already makeg" Ref. [20]. To answer this question, a complete three gen-

the case for SUSY SQ0) [7] as a candidate theory for neu- eration _analysis of this model was carried ouf2d] Wher(_a _it
trino masses quite a strong one, there is an additional featu as pointed out that the Sa”’.“* T convergence condition
that makes the case even stronger. that led to a large atmospheric mixing angle also Igads to a

This has to do with understanding a stable dark mattel‘arge solar angle and also a sm&[g_. Furthermore’ I also
naturally in MSSM. From the definition of R-parity given resolves the mass puzzle for neutrlr(qe. a_m|lder_ hierar-
above, it is clear that in the limit of exact @) symmetry, chy for neutrinos than that for quanksince it predicts that
R-parity is conservefB]. However, since ultimately, S@0)  VAMZ/Amz=\=0.22, wherex is the small quark mixing
must break down to MSSM, one has to investigate whetheparameter in the Wolfenstein parametrization of the CKM
in this process R-parity remains intact or breaks down. Thignatrix. As there are no free Yukawa coupling parameters in
is intimately connected with how the right handed neutrinothe neutrino sector, it is quite amazing that all the neutrino
masses arisfor how the locaB—L subgroup of SQLO) is ~ parameters can come out in the right range.

@

brokerl. It turns out that theB—L symmetry needs to be  In the analysis of Re{.21], CP violating phases were set
broken by126 Higgs boson representatid®,10,19 rather  to zero. It was implicitly assumed that all know@P violat-
than 16 Higgs bosong$13] as explained below. ing processes in this model would arise from the supersym-

It was pointed out if9] that SG10) with one126 and  metry breaking sector which would then make the model
one 10 is very predictive in the neutrino sector without any completely realistic even though it does not have the conven-
extra assumptions, while at the same time correcting a baonal CKM CP violation. CP violation is however a funda-
mass relation among charged fermions predicted by the mininental problem in particle physics and its origin at the mo-
mal SU5) model, i.e.m,(My)=my(My). There is a partial ment is unclear. There is also a great deal of interest in the
unification of flavor structure between the neutrino and quarkuestion of leptonicCP violation from both a theoretical as
sectors and since all Yukawa coupling parameters of thavell as a phenomenological point of vi@2]. It is therefore
model are determined by charged fermion masses and mixf interest to se¢i) whether the minimal SUSY SQ@O0) can
ings, there are no free parametépesides an overall scale remain predictive for neutrinos even after the parameters in
in the neutrino mass matrix. It is therefomepriori not at all  the model are allowed to become complex, thereby ushering
clear that the neutrino parameters predicted by the modéh CP violation into the quark sector in a direct way afiid
would agree with observations. In fact the initial analysis ofif any other useful information on the nature ©P violation
neutrino mixings in this model that used the type | seesavfor both quarks and leptons can be gained in this model.
formula and did not includ€P phases did predict neutrino  To study CP violation in this model, we generalize our
mixings that are now in disagreement with data. In subse€arlier analysis to make all Yukawa coupling parameters as
quent paper§l4,10,15—17, this idea was analyzeih some  Well as the vacuum expectation valu&EV) complex. One
cases by including more than ori® dimensional Higgs Might suspect that since this will bring in several new pa-
bosons to see how close one can come to observations. Theameters, the model may lose its predictivity. We find that
conclusion now appears to be that one ne€ésviolating  this is not so. We have seven phases, one of which can play

phases to achieve this gddl7].? the role of the CKM phase. Due to the presence of a sum rule
Another approach is to use the type Il seesaw formula foinvolving the charged lepton and quark masses, despite the
neutrino massegl9] i.e. presence of extra phases, the model still remains predictive

and pretty much leads to the same predictions with minor
changes as in the case without phase.

IThe symmetry could also be a global symmetry without conflict- Assuming that b-tau mass convergence leads to maximal
ing with what is known at low energid6]; but we do not discuss it Neutrino mixing constrains three of the phases to be equal,

here. and matching the electron mass fixes two others. The remain-
%For a different class of S@0) models with126 Higgs boson ing arbitrary phase is associated with the up quark, whose
fields seq 18]. tiny mass keeps this phase well hidden from this discussion.
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The CKM phase however turns out to be outside the @ne at least five Higgs boson multiplets in most constructions of
region of the present central value in the standard model fitSO(10) model. One could replace tH&l+45 pair by a210
[23]. That means that one will need some contributions to theepresentatiof24], reducing the number of multiplets re-
observedCP violation from the SUSY breaking sector. We quired to four. The neutrino results that we discuss are not
then observe that if we include the higher dimensional conaffected by the choice of Higgs bosons that affect the break-
tributions to the fermion masses which were ignored beforeing in the first stage but are crucially dependent on how one
only for the first generatiorfwhich can be done naturally implements the subsequent ones.
using an R-symmetpy this introduces only one new param-  In our model, we will usel26+126to breakB—L sym-
eter which relaxes the electron mass constraint but does naietry for the following reasons.
affect the neutrino sector. We can maintain a CKM phase
equal to that given by the standard modeldit about 66). A. R-parity and 16 vs 126

An important outcome of this analysis is that in both
cases, to first order in Cabibbo angle the leptonic mixing
matrix is CP conserving, which can therefore be used to tes
the model.

As discussed in the Introduction, an important argument
in favor of MSSM being the TeV scale theory is the possi-
ility that the lightest SUSY partner can play the role of dark
matter. In fact a lot of resources are being devoted to dis-

In our opinion, these observations have lifted the minimal th tric dark matt ticle. For MSSM t
SQ(10) with 126to a realistic grand unification model for all COVET € SUDEISymmeLrc dark matter particie. =or M>sivi to
provide such a dark matter particle, it is important that it has

forces and matter and ought therefore to be considered ai§

serious candidate for physics beyond the standard model -par@ty conservation. The MSSM by itse!f does not have
to the scale of 11§ GeV. Just like the minimal SUSY SB) -parity and ad hoc symmetries are stuck into the MSSM to

grand unified theory could be tested in proton deca)p'uarantee.the existence of stable dark matter(lQ)Opro- .
searches, this minimal version of §ID) can be tested by vides an interesting way to guarantee automatic R-parity

future neutrino experiments. Important experiments for thiconservation without invoking angd hocsymmetry as we
purpose are the planned long base line experiments whicFFe below.
will provide a high precision measurement of the mixing
parameterd; 5 (also calledU ;) to the level of 0.1 or less.
This paper is organized as follows: we start in Sec. Il with
a few introductory remarks about minimal §0) with 126
Higgs bosons; we then sketch a derivation of the type | i X . -
seesaw formula in Sec. Il and show h@w  convergence 1. If one I_ooks at higher dlmens_|onal contributions to the
leads to an understanding of large neutrino mixings; in SecSUPerpotential of the form 63,16, , in terms of the MSSM
IV, we discuss the minimal S@0) model with all couplings ~ Superfields they have the for@Ld®v, ud®dv} etc.
and VEVs real and discuss the prediction for neutrinos. SecvhereQ,L,u®,d® e are the matter superfields of the MSSM.
tion IV gives more details of our earlier pag@1] and gives  The vy, field is the Higgs boson field 6 that breaksB
an analytic explanation of the constraints on the model pa—L via (v)=vg, . After symmetry breaking, these non-
rameters. In Sec. V, we discuss the effects of including theenormalizable couplings will induce R-parity breaking
most general form oCP violating phases and present our terms of MSSM such a®QLd® and u®d®d® etc. with a
predictions for neutrino masses and mixings without theslightly suppressed coupling i.e.g /Mp,=10"2—10 3.
higher dimensional operators; in this section, we also comThjs suppression is not enough to let the neutralino play the
ment on the implication of including higher dimensional op-role of cold dark matter—not to mention the fact that it leads
erators. In Sec. VI, we summarize our results and present oyp extremely rapid proton decay.
conclusions. It is sometimes argued that the final theory from which
this effective S@L.0) model emerges may have additional
I. A MINIMAL SO (10) MODEL local U(1)x symmetries that will prevent these dangerous
. higher dimensional terms. To see what this implies, one can
In any S@10) model, one needs several multiplets to imagine a Higgs boson field which is charged undey (1)
break the symmetry down BU(3)cX U(1)em. Usually, 0 ang has VEV of order of the GUT scale. The leading order
break the SQO) group down to the Pati-Salam group gperator that will keep the theory safe from the proton decay
SU(2) . XSU(2)gxSU(4), or to the left-right group problem has to involve an operator of the form
SU(2)L XSU(2)rxU(1)g-L XSU(3);, one needs either cqeqc(x/Mp,) and similarly for other operators. This
54 or 54945 Higgs boson multiplet10]. Alternatively one  means that théJ(1)y charge ofX and the operatou®d®d®
could use only the210 dimensional representation as hasmyst pe arranged in a very specific way, which leads to an-
been done in a recent papdrl]. Then to break qiher kind of naturalness problem.
SU(2)rxU(1)s-L down to U(1)y, one can employ On the other hand iB—L symmetry of S@L0) is broken
either16+ 16 or 126+ 126 pair since both these models have by a126 Higgs boson field, as in case), theB—L+#0 and
standard model singlet arigi- L #0 fields in them. The rea- standard model singlet field that breaBs-L has B—L
son for having the complex conjugate is to maintain super=2. As a result after this Higgs boson field acquires a VEV,
symmetry down to the electroweak scale. Finally to breakA Z, subgroup oB—L still survives and it keeps R-parity as
the standard model groupQis used. Thus one needs always a good symmetry. This has been established by a detailed

The crucial question is wheth&—L subgroup is broken
by a(i) a 16-dimensional Higgs boson fie[d 3] or (ii) 126
dimensional onef9,10,13.

In case(i), B—L symmetry is broken by a Higgs boson
field (the vg-like Higgs boson field inl6) which hasB—L
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analysis of the superpotential in Rdfl2]. This not only In order to discuss fermion masses in this model, we start
forbids dangerous baryon number violating terms but alsavith the S@10) invariant superpotential giving the Yukawa
allows for the existence of a neutralino dark matter withoutcouplings of thel6 dimensional matter spinag; (wherei,j
the need for any additional symmetry. We will therefore denote generatiopsvith the Higgs boson fieldsl ;=10 and
work with an S@10) model where the only field that breaks A=1264
B—L is in the 126-dimensional representation.

Wy=hijiggiHiot fij A Q)

SQO(10) invariance implies thalh andf are symmetric matri-

A second advantage of using th&6 multiplet instead of  ¢e5 We ignore the effects coming from the higher dimen-
16 is that it unifies the charged fermion Yukawa couplingsgjong operators, as we mentioned earlier.

with the couplings that contribute to right-handed as well as  gg|ow theB— L breaking(seesawscale, we can write the

left-handed neutrino masses, as long as we do not includgnermotential terms for the charged fermion Yukawa cou-
nonrenormalizable couplings in the superpotential. This CaRjings as

be seen as followgd,10: it is the setl0+ 126 out of which
the MSSM Higgs boson doublets emerge; the latter also con-  Wy=h,QH,u®+hyQHyd°+hLH e+ uH Hy (4
tains the multiplets (3,1,16)(1,3,10) which are responsible
for not only left-handed but also the right-handed neutrinowhere
masses in the type Il seesaw formula. We explain this below. o
Therefore all fermion masses in the model are arising from h,=h cosa,+fe'?usina, )
only two sets of X 3 Yukawa matrices, one denoting the
coupling and the other denotiri®6 coupling.

In view of the above remarks, the &) model that we .
will work with in this paper has the following features: It he=hcosay—3fe"sinay.
contains three spindré-dim superfields that contain the mat- L , )
ter fields(denoted byy,), and two Higgs boson fields, one In generalau'q&'ad and this difference is responsible for non-
in the 126-dim representatiofdenoted byd) that breaks the 260 CKM mixing angles. In terms of the GUT scale Yukawa
SU(2)gX U(1)g_, Symmetry down toJ(1), and another couplmg_s, one can write the fermion mass matri@k=fined
in the 10-dim representation(H) that breaks theSU(2),  asLm=# M) at the seesaw scale as
XU(1)y down toU(1)e,,. The original S@10) model can _

B. Mass sum rules in minimal SQ10)

hg=h cosay+ fe' Ydsinay

be broken down to the left-right groupU(2), X SU(2)g M =h+f (6)
X U(1)g_, by 54445 Higgs boson fields denoted [&and o
A respectively. Mg=hr+fr,
To see what this model implies for fermion masses, let us
explain how the MSSM doublets emerge and the consequent Me:ml—i’*fzf_
fermion mass sum rules they lead to. As noted, Ibeand
126 contain two (2,2, and (2,2,15 submultiplets[under M o=h—3f
SU(2) XSU(2)gx SU(4). subgroup of SQLO)]. We de- v

note the two pairs byp, 4 andA, 4 .2 At the GUT scale, by where

some doublet-triplet splitting mechanism these two pairs re-

duce to the MSSM Higgs boson pali(,Hy), which can be h=h* cosa.sin 7
expressed in terms of thg andA as follows: a,sing )

H,=cosa,¢,+ e "sina A, 2) f=f*e"usina,sinB
Hgy=CoSagq+ € YdsinagA . ry= CoSayq cot B
COSa,

The details of the doublet-triplet splitting mechanism that .
leads to the above equation are not relevant for what follows — ailyg— vy >N i
and we do not discuss it here. As in the case of MSSM, we ra=¢ sina, cotg.
will assume that the Higgs boson doublédg 4 have the
VEVs (H))=v sing and(HJ)=v cosp. The mass sum rules in Eq7) provide the first important

ingredient in discussing the neutrino sector. In the case with-
out any phases in the Yukawa sector, they determine com-
31t must be pointed out that if the $00) symmetry is broken by ~ pletely the input parameters of the model.
a 210 multiplet, then a new Higgs boson doublet pair from the
(2,2,20@(2,2,@) multiplets also mixes with the aforementioned
doublets. But this simply redefines the mixing anglgs, and does “For alternative neutrino mass models witB6 representations
not affect any of our results. see[18].
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To see this let us note that Ef) leads to the following 1980 that in theories with asymptotic parity conservation, the
sum rule involving the charged lepton, up and down quarkseesaw formula has an additional contributi@8] i.e.
masses:
M,=fv —M o(fvg) Mo, (10)
kM|:er+Mu (8) 2 o
wherev| =vy,/Avg, . Note that thef matrix is common to
wherek andr are complex numbers which are functions of both terms. It is possible to find different regions of param-
the symmetry breaking parameters of the model; the mas&ter space where the first or the second term may dominate.
matricesM, 4, are general symmetric complex matrices. InFor example, it was shown in Ref25] that when parity
Eq. (8), the tilde denotes the fact that we have made the mas®/mmetry is broken at a much higher scale thanShi2)
matrices dimensionless by dividing them by the heaviesymmetry[e.g. by breaking SQ0) via the210Higgs boson
mass of the species i.e. up quark mass matrixrby down field], it is possible to recover the type | seesaw formula. But

quark mass matrix byn, etc. as has been shown ff1], this is not possible in the minimal
We now proceed to do the phase counting in the modelmodel. _ _ _ _
First we absorb the phase ofby redefiningk, so thatr In this section, we would like to make two points: first,

becomes real. We then choose a basis soNhais diagonal the origin of the first term in tth(CDO) theory under con-
and real. The (,c,t) basis is appropriately defined so that sideration and_ secondly, cor_1d|t|ons under which the first
the weak current is diagonal in this basis avig is still a ~ t€rm may dominate the neutrino mass. _

general complex symmetric matrix wherein the CKM mixing N our model, .the mass of the right hand%d neutnng comes
matrix is buried. We can now writel ,= V™M 3% whereV from a renormalizable term of the forefv°Ag whereAg is

is a general X3 unitary matrix, which has three real rota- the neutral member of @U(2)g triplet; parity symmetry of
tion angles and six phases. Three of these phases can be fi¢ theory then implies that there must be a cooupllng of the
into the diagonal elements of the down quark mass matrixheory of the left handed neutrino of the formvA| , where
and two can be put into the three diagonal elementil pf A? is the neutral member of the left handed triplet. If th

and one remaining phase is in the CKM matrix. Theatrix ~ has a VEV, then we get type Il seesaw formula.

can now be parametrized ¥s= PyU kP, , WhereP, 4 are To show that in our modelA? has a VEV, let us look at
diagonal unitary matrices. the gauge invariant Higgs boson field terms in the superpo-
tential. First we note the decomposition of th26 under the
Input parameters in the model groupSU(2) X SU(2)gX SU(4).,

(i) We have two parameterk,f) and six phases con-
strained by the fact that they must reproduce the correct
charged lepton masses and lead to large neutrino mixings v
b— 7 mass convergence.

(ii) The other degrees of freedom arise from the fact tha
the quark masses and mixings extrapolated to the GUT scal X . f )
have uncertainties in them. imensional SQLO) spinor that contains the matter fermions

(iii ) We have the freedom to change the sign of the quark®: ¥L¥LAL- On the other hand the mass of the RH neutri-
and lepton masses, which amount to a redefinition of th&0S comes from the coupling dfz=(1,3,10) submultiplet
fermion fields by ays transformation. of 126 to the right handed lepton doublets.

We use the above input parameters to get the correct The VEV of the neutral member afr breaks theB—L
charged lepton masses and subsequently via the type Il se@¥mmetry and gives mass to the RH neutrinos. This gener-
saw (explained belowto predict the neutrino mixings. As it ates the second term in the type Il seesaw formula. To see
is apparent, this is a highly nontrivial task and restricts theow theA? VEV arises, note that the general superpotential
parameter space of the theory i.e. values of quark an@f the model contains terms of typa;126*-54 and
charged lepton masses at the GUT scale, very strongly.  A210-10-54. In the Higgs boson potential, this generates

a term (from |Fg/?) of the form 10-10-126 126

IIl. TYPE Il SEESAW FORMULA AND MAXIMAL In this eXpreSSion, theE is a term of the form
NEUTRINO MIXINGS #(2,2,1FA (3,1,10Ax(1,310) with a coefficientA .
Furthermore, in the Higgs boson potential, there is a mass
In this section, we explain the type Il seesaw formula thakerm forA (3,1,10) of the formu2 +\v2, whereu, is the
we use in discussing neutrino mixings. The familiar seesaws T scale. On minimizing the potential, these two terms
fqrmulg (type | seesayfor small neutrino masseBt is  |ead to a VEV for the SU(2), triplet ULE<AE>
given by

126=(1,1,6(2,2,19(3,110)8(1,3,10.  (11)

Phe SU(2), triplet that contributes to the type Il seesaw
{ormula is contained in the multipleA;, =(3,1,10) and it
uples to the left handed multiplet=(2,1,4) of thel6

=N\ vl (M +HNa0]).

It is now clear that if we choose; such that,ui
+Agvi<v3,, then the entries in the second matrix in the
type 1l seesaw formula can be much smaller than the first
whereMy_=fvg, vg. being the scale of locdB—L sym-  term. When this happens, then Ef) can be used to derive
metry breaking. On the other hand, it was pointed out inthe sum rule

Mvz—MVDM,;RlMID (9)
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M,’j =a(M,—My). (12 TABLE |. Values of the quark and lepton masses and the CKM
mixings extropolated to the GUT scale.
This equation is key to our discussion of the neutrino masses Input observable tafi=10 tang=55
and mixings.
m, (MeV) 0.72°913 0.72'91%
Maximal neutrino mixings from type Il seesaw m. (MeV) 21032315 210.50' 5713
. . _ _ m; (GeV) 82.4339-2 95.14 5528
Using Eq.(12) in the second and third generation sector, my (MeV) 1.50"042 1.49+041
one can understand the results[20] in a heuristic manner d A 022
as follows. The known hierarchical structure of quark and ms (MeV) 299 oL 29'815044‘}39
lepton masses as well as the known small mixings for quarks ™ (G€V) 1.06" g5 141019
suggest that the matricé8, 4 for the second and third gen- me (MeV) 0.3585 0.3565
eration have the following pattern: m, (MeV) 75.6715 0501 75.2938 6515
m, (GeV) 1.2922 5013 1.6292 50364
A2 A2
Me%mT(AZ L ) (13)
It is then easy to see from this mass matrix that bothéhe
N2 \2 (solar anglg and 6,3 (the atmospheric angleare large. It
M “mb< also turns out that the ratio of massas/my~\ which ex-
q A2 1 plains the milder hierarchy among neutrinos compared to

that among quarks.

where A ~0.22 (the Cabibbo angleas is required by low The detailed predictions of the model such as the magni-
energy observations. It is well known that in supersymmetridudes of these angles and neutrino massgsdepend on the
theories, when low energy quark and lepton masses are egetails of the quark masses at the GUT scale and we discuss
trapolated to the GUT scale, one gets approximately thathis in the following sections for different cases.
mp=m_.. One then sees from the above sum rule for neutrino
masses Eq(12) that all entries for the neutrino mass matrix
are of the same ordev? leading very naturally to the atmo-
spheric mixing angle being large. Thus one has a natural
understanding of the large atmospheric neutrino mixing [et us first consider the case where the Yukawa couplings
angle. No extra symmetries are assumed for this purpose. in the superpotential and the VEVs of doublet Higgs bosons

For this model to be a viable one for three generationsare all real. This case was considered in our earlier paper
one must show that the sarbe- ~ mass convergence at GUT [21]. In this case alCP phases needed for understanding the
scale also explains the large solar angjgand a smalb;3.  observed kaon and BP violation arise from the supersym-
This has been demonstrated in a recent papel metry breaking sector. We can start by solving for the param-

To see how this comes about, let us ignore@ieviolat-  etersk andr in Eq. (8) and find the range of quark masses for
ing phases and recall E(B). Note that in the basis where the which the charged lepton masses come out right. We then use
down quark mass matrix is diagonal, all the quark mixingthe values ok andr as well as the quark masses to get the
effects are then in the up quark mass matrix M, neutrino masses and mixings using Eip).
=ULuM3%Uckn. Using the Wolfenstein parametrization ~ While all our predictions are done via detailed numerical

IV. PREDICTIONS FOR NEUTRINO MIXINGS WITHOUT
ANY CP PHASES IN THE MASS SUM RULES

for quark mixings, we can conclude that we have analysis USINgWATHEMATICA, in this section we provide a
qualitative discussion of the nature of the constraints on the
AONE A8 model parameters. The qualitative discussion brings out sev-

5 \2 2 eral things clearly:

Mg=mp| A” A7 A (14) (i) Whgi’le the myasses of tau lepton and muon fix the values
DD | of k andr, getting electron mass is nontrivial and requires

fine tuning for quark masses and also tiig, parameter

and M, and M4 have a roughly similar pattern due to the within the range allowed by present data.

sum rule(8). In the above equation, the matrix elements are (ii) Secondly, we derive an approximate form for the neu-

supposed to give only the approximate order of magnitudetrino mass matrix and show how the model generally tends

As we extrapolate the quark masses to the GUT scale, due to predict values olJ¢; close to its present upper limit.

the fact thatm,—m_~m\? for some value of taB, the To find k andr numerically, we need to specify the values
neutrino mass matrisM ,=c(My4—M,) takes roughly the of the quark and lepton masses as well as the CKM mixings
form [26] extrapolated to the GUT scale. These have been discussed
extensively in the literature. We use the values from the pa-
DS X per of Das and Paridg7], which are displayed in Table I.
5 .2 .2 Taking the 2-3 submatrix of E¢8) and remembering that
M,=c(Mg—M¢)~mg| A* A% A% (15 all mixing angles are small, we get from this equation the
A A% N2 approximate equations
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k=r+1 (16) . MZ¢,13
Me=My 11— M, (18)
LIS
m. m, m

Using these equations and rough numbers fog/m. =T 1.6\ *sgn(my) £ sgr(m¢) 10\°— 201°.

~0.059 and mg/m,=—0.026, we getk=0.29 andr

=—0.71. The results of our detailed numerical solutions for

this case give-0.78<r=<—0.74 and 0.28:k=<0.26. Sincem.~\®, we need a cancellation between the different
Now we illustrate with a particular choice of fermion terms in the above equation. Note thatnif;<0 and m,

masses how values &fandr are determined and then show <, then we get cancellation between the three terms in the

how the small electron mass comes out in the model. For thighove equation and we can get the right value for the elec-

purpose, let us express tie, in terms of the small param-
eter \ ~0.22 (the Cabibbo ang)efor a particular choice of
mp(My)=1.2 andm_,=1.29 as an example,

FLeVYEINE  ~6N\> 453
M,= 6A° F2.1\% 3.3 (17)
4.5\3 3.3\ 1

where we have kept the: sign in M, 1, to reflect the sign
freedom in the quark masses.

An approximate expression for the electron magscan
be obtained from the above expression to be

ymy—z(mA2+A2\8| A |?)
Zm\ +zAN5|A|
ZAMAS+zANS|A |

where 4/=(m,/m_—r/k) and &=k ! and A=(1—p
—i7). Noting thatmy=\*, m.=\*, the neutrino mass ma-

trix to leading order takes the form
0 0  zA\3A]
M= 0 ym zZA® (20
ZAN3A| zA\?2 y-z

ymg—zm.—zA\*
—zAN?(1+m,)

tron mass. It must however be stressed thats reproduced
only for a particular choice of the bottom and tau masses at
the GUT scale and of course these are in the allowed domain
but nonetheless they reflect the constraint on the mass pa-
rameters for the model to be acceptable. It is impressive that
it works.

We caution that the above discussion is meant to give a
flavor of the constraints on the model. In the detailed numeri-
cal calculations, the range of parameters where correct elec-
tron mass results is larger than what would be implied by the
above discussion.

To study the neutrino masses and mixings, let us write
down the neutrino mass matrix in this model,

(19
y—zm A%\*-z

Secondly, one can give an “analytic” argument that,

will be close to its present upper limit. Again E@) comes

in handy. Roughly Ug=M, 13/(M, 33— M, 19
=mA3/[my(My) —m (My)]=N\.

Detailed numerical analysis

We undertake extensive scanning of the parameter space
of the model defined by the uncertainties in the values of the

From this we see that maximal neutrino mixing as well as thdermion masses at the GUT scale and the valudsanidr in
correct mass hierarchy comes out. Obviously to get the mixthe neighborhood of the values given above. We have used
ing angles in the desired range, detailed analysis is needdbe values of the standard model fermion masses from Table
and we have carried it out. I and the following values for the mixing angles:

0.974836 0.222899 —0.0031912
Uckw=| —0.222638  0.974217 0.036522 (21
0.0112498 —0.0348928 0.999328
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0.2
RSNy v - -
0. 0.15
0.1
0. 0.05
]
a
— o 0
N: =]
-
n
0. -0.05
-0.1
0. -0.15

0.82 0.84 0.886 0.88 0.9 0.82 0.84

0.86 0.88 0.9
9in” (264) sin? (26,)
FIG. 1. The range of predictions for $&9, and siri26, for the FIG. 3. The predictions of the model for 4%, andU; for the

range of quark masses in Table | that fit the charged lepton spectruallowed range of parameters in the model as in Figs. 1 and 2. Note
and where allCP phases are set to zero. We required that the ratidhat Ug; is very close to the upper limit allowed by the existing
Am?/Am3=<0.05. Note that sit26,=>0.9 and sifR26,<0.9. reactor experiments.

The strategy in our numerical calculations is the following:

we focus on Eq(8) an_d using the inputs in the right hand have restricted ourselves to the range of quark masses for
side, we look for the eigenvalues of the charged lepton Masghich the atmospheric mixing angle &,=0.8. (For the

i n e If hand side to match he obsered elOpseniy prefred rang ofvlues of o exer
’ y ’ ents, see[28].) We then present the predictions for

third generation masses largely fix the paramekersas we SirP26, Amé and U, for the allowed range si@é, in

just described. To match the electron mass is nontrivial. Th&gs 1, 2 and 3 respectively. The spread in the predictions

parameters are essentially the signs of the fermion mass Bme from uncertainties in thec and theb-quark masses
nd the present uncertainties in the val f the SM fermi . S - :
and the present uncertainties in the values of the SM fe Oﬁlote two important predictionsi) sinf26,=0.91 andU

masses. After we fix the electron mass it narrows down ou >
parameter range somewhat. We then look for neutrinowio'_la The_ present allowed range for the solar mixing
masses and mixing angles using Efj2) in the remaining angle IS o,ksmzzaqso_gg_ "?‘t the & level [28’29|.' _The SO
(smal) parameter range. Note that due to overall scale freeI_utlons for the neutrino mixing angles are sensitive to lthe
dom of the type Il seesaw scale, we cannot predicmhé\. quark mass.

We also do a direct numerical solution. Both the results are It is important to note that this m_odel predicts thig,
in agreement value very close to the present experimentally allowed upper

) limit and can therefore be tested in the planned long base line
The solutions we present here correspondnt,, .t . .
. a0, experiments which are expected to prdbg; down to the
>0 andm, 4 s<0 up to an overall sign.

Our results are displayed in Figs. 1-3 for the case of thelevel of ~0.05[30-32.

supersymmetry parameter t8a=10. In these figures, we

V. EFFECT OF CP PHASES ON NEUTRINO MIXINGS

In this section, we keep theP phases as described before
and look for solutions to the charged lepton equation,(BQg.
and then use the allowed parameter range to look at the pre-
dictions of the neutrino masses and mixings. We have seven
CP phases including the CKM phase. One might think that
since there are more parameters in this case, getting a solu-
tion will be trivial. We find that actually, it is not so. Let us
demonstrate this in an analytic way very crudely and we
follow it up with a detailed numerical scan to get the mixing
angles.

To proceed with this analysis, first note that the phases are
0.62 o84, 0.86 .68 0.9 distributed in Eq(8) as follows. First the down quark mass

Fin'(z6a) eigenvalues are chosen to be complex i.e.

FIG. 2. The predictions for sta6, andAm2/Am? for the range ~ (Mq€'#1,mee'2,e'2) and similarly for the up quark sector,
of quark masses and mixings that fit charged lepton masses artbiere are three phases in the magsesioted bya;). Using
where allCP phases in the fermion masses are set to zero. Eq. (8), we see that

0.045
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rmgye'A1+mc\2e 2 mhe 2+ AZ\%ei%3(A)  Ama3el 2+ AN3ei93(A)
+A2\%e'*3(A)?
KMe=| fmoelee+ A2\ ei®s(A)  rmge P+ meelee+A2\%eles  mANZe "2+ AN2eles (22
Am3e 2+ AN 3e! *3(A) m.AN2e %2+ A\ 2ei @3 re'fs+m.A%\%e %2+ gl 3

where we have used the Wolfenstein parametrization for the CKM matrix. Essentially the eigenvalues of the matrix on the right
hand side must match the charged lepton masses. Note that as in the case witi@Riptigse, this will require us to work
only in a very limited range of the quark masses. Since now we have to align the phases with the known standard model CKM
phase, the constraints are even tighter. The muon and tau masses come out quite easily as in the case without phases discusst
in the previous section.

As in theCP conserving case, the mass of the electron requires fine tuning as can be seen by noting that the 1Mentry of
is roughly of ordeix* which is about 3 to 4 times the value required to give the correct electron mass. One must therefore have
cancellation to get the correat,. Before discussing the details of this cancellation, let us first look at the neutrino mass
matrix, which looks as follows:

0 0 ZA\3(1—p—in)e'es
M,= 0 0.7%y\%eP2 zZA\Zei 3 , (23)
zZAN3(1—p—in)e'®s  zAN%e*s yePs—zdes
|
The first thing to note is that we must hawg= 35 for b Again we caution the reader that this is a crude estimate.
— 7 unification to lead to maximal mixing. In detailed numerical analysis, we can get solutions for small

To see very qualitatively what value of CKM phase is positive p and one next has to see how these values fit the
required for the model to work, we need to analyze theneutrino mixings. Thus combined fit to both electron mass
charged lepton masses. As in tl# conserving case, the and neutrino mixings works only for negatigevalue which
muon and the tau mass come out for the choic&eD.25 is different from the current standard model CKM fit.
andr=~ —.75. Let us now discuss the electron mass. For this The detailed numerical predictions for this model are
we first note that we use the Wolfenstein parametrizationgiven in Figs. 4, 5 and 6, where we have scanned over all the
The two parameters and » responsible for the CKM phase phases looking for the correct charged lepton masses and
are given by the latest data to @3] .12<p=<.35 and 0.28 acceptable neutrino parameters. We have also extended the
< »=<.41. Since the charged lepton mass matrix has hieradomain of Am3/Am2 to 0.08. We note that st#6, now
chical structure, we can deduce an approximate formula fogoes up to 0.94, which is well within the present experimen-
m, from the sum rulé8) and using the above valuesloénd
r,

Gopn=120°

&
Me= — 3Mge'P1+m\2e' “2+ A2\ Bel@3( A )2 <
-
~[4AN®(1—p—in)%e'*3]-O(\). (24) RO
.84 0.88 0.92 0.9¢ : 0.84 0.88 0.9z 0.96
~ gin” (264) gin?(263)
Numerically, to get the correct value fom,=0.00028 Sann=160° L Cemni80"
=0.6\%, we must cancel most of they contribution to it i.e. 5.5
—3&,:1.3)\4, from the other terms: these terms get maxi- N‘\’:a.as
mized for p<<0 in which case we gdtl—p—izn|=1.41 so A 00

that the last term contributes 82=1.5\%. It also determines _ P i

the arbitrary phases that accompany the quark masses as fc O it ey o %8 RTINS
lows: Bi=a,=a3+25 where tars=z/(1—p) and my

<0. The terms in the e|ectron mass formula then Cancel FIG. 4. The predictions for sfﬁﬂA and S|ﬁ20@ for the range of

. ~ .5 . . » quark masses and mixings that fit charged lepton masses in the
leading tom=.9A> which is in the rough “neighborhood presence of alCP phases in the fermion masses. The four different

of the observed valuenfe). This value ofp gives a CKM  panels give the predictions for different values of the CKM phase
phase which is in the third quadrant implying that in order to(tans. = 7/p). Note that all these values are outside the one
understand the observ&@P violation i.e. sin Z3in B-system,  sigma region of the present standard model fit toG# violating
one will need to invokeCP violation from the supersymme- data. Note that the casé.y=180 includes theCP conserving
try breaking scalar masses. case discussed in Sec. IV.
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Sena=120° Sonm=140" in the right range for the standard model value of the CKM
phase.

CP violation in leptonic mixings

The neutrino mass matrix discussed above can be ap-

OO it zey o 078 OO it ey o 0008 proximately diagonalized to obtain th@P phases in the
Scrn=160"° Scku=180"° PMNS matrix. For this purpose, we first diagonalize the

charged lepton mass matrix. The mixing matrix has a form
similar to the CKM matrix. Therefore, in the basis where
charged leptons are mass eigenstates, the neutrino mass ma-
trix remains approximately of the same form as in E2p)

0.84 0.88 D.92 0.96 0.84 0.88 D0.92 0.9é Ie
3in®(264) 3in®(264) )
0 0 ael(5+ ag)
FIG. 6. The predictions for sf6, and U, for the range of - -

e - 0 (1+e)e'P2 elas
quark masses and mixings that fit charged lepton masses and wherﬁ/l _ AN2
all CP phases in the fermion masses are included, for four different”""»— Moz . . (yelPa—zda3)
values of Sy - ae(otas) g'as —

ZAN

tal range. The prediction fdd3=0.17—0.18 for this value (25)

of 6, . This prediction can be tested by Fermilab experiment

called NUMI experiment{30] under construction now as \here a=/(1*p)2+ 72zA\; e=(0.7y/z)—1 and tans

well as the planned NUMI off-axi§31] as well as the Japan _ 7/(1—p). In the expression foa and tans, the plus sign

Hadron FaC|I|_ty(JHE) [32] experiments. . . corresponds to the case without any contribution from the
In concluding this section, we note that since the main,ighar dimension terms to the electron mass and the minus

constraints on the model came from trying to fit the eleCtror‘corresponds to the case with higher dimensional terms. In

mass, it is worth pointing out that one way to avoid thesey yer tg get maximal mixing out of b-tau mass convergence,
constraints is to include the effects of the higher dlmensmna\ﬁle must havers= 85 and (ye#3—zd“2)=zA\2. Further-

operatorsHDO) which contribute to the el_ectron_mass and more, to get the solar mass difference right, we must have
are too small to be of relevance in the discussion of other, ,=as. We can therefore take the common phaké out
masses. Since usually the contribution of HDO terms in thi f the matrix which leaves us with a simple matrix of the
theory would contribute terms of orderMQ/Mp,)"

form
=10"2", where 3+n denotes the dimensionality of the
HDO, the leading order HDO must therefore correspond to 0 0 ad?
n=2. This can be guaranteed for instance by demanding that ~
the superpotential is R-odd and all the Higgs boson fields are M, = 0_ (1+e) 1 . (26)
R-odd, whereas the matter fields are R-even. We have re- ae’ 1 1

peated our computations with the HDO terms mentioned and
we find that one can obtain the neutrino mixing parameterdhe matrix that diagonalizes it is of the form

a
c -s E\/E
€ a € a €
S<1_Z +c\/§ﬂ _C(l_Z +s\/§Z 1+

U=V \/5 \/E 2 (27)

€ a € a

S<1+Z)_C\/§Z c 1+Z +s ZZ i
2 2 ¥2

whereV=diag(e'’,1,1). Note that since the PMNS mixing a sense this is not surprising, since the lepton sector and the
matrix is real to ordei, direct CP violating effects among quark sector are linked by quark-lepton unification and we
neutrinos are suppressed and unobservable in the near futukeow that in the quark sector th@P violating phase is only
This is a definite prediction of the minimal $) model. In  present in the\® order.
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VI. SUMMARY AND CONCLUSIONS

Seru=120°

a. o.
N*‘E: mg: In summary, we have shown that the minimal (3Q)
iu. io. model with fermion masses receiving contributions from
E E b E only onel0 and onel26 Higgs boson multiplet is fully pre-
' ' dictive in the neutrino sector. It predicts all three neutrino
O i ey o 0%E TR R G mixing angles in agreement with present data but with a
0.0 Senn=160° . ° value ofU .3 which is very close to the present upper limits
L0.078 L0, from the reactor experiments. This high valueldf; pro-
% 006 50 vides a test of the model. We also find that the introduction
5224 N‘og of CP phases in the Yukawa couplings still keeps the model
T o 0af 3. predictive. The CKM phase in this case is outside the ®@ne
082 0.88 0.5z 0.%6 082 0.88 0.5z 0.96 region of the present central value in the standard model

8in® (264) #in® (264) suggesting that there are ne@P violating contributions
- from the SUSY breaking sector. We find it interesting that to
FIG. 5. The pred'Ct'on.s Tor sfd ar.‘dAmé/Amf\ for the range tge leading order in the Cabibbo angle, the leptd@ivio-

of quark masses anc_i mixings t_hat fit charged lepton MAasses alftion vanishes in spite of the fact that the quark sector has
where allCP phases in the fermion masses are kept subject to thﬁp iolati
condition that b-tau mass convergence is responsible for large neu? T\ﬂzrae 'grne' no additional global symmetries assumed in the
trino mixings, for four different values of thé, . . . .

9 crm analysis. The neutrino data once refined would therefore pro-

vide a crucial test of minimal SUSY S@0) in the same way

_ Since the model predicts a largks, if there is anyCP 55 hrot0n decay was considered a crucial test of minimal
violating phase in the mixing matrix, it has a better chance oig 5).

being observable; on the other hand this model predicts no

CP _v_|olat|on, so that the model has a better Ch_ance qf being ACKNOWLEDGMENTS
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