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LSND, solar and atmospheric neutrino oscillation experiments, andR-parity
violating supersymmetry
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With only three flavors it is possible to account for various neutrino oscillation experiments. The masses and
mixing angles for three neutrinos can be determined from the available experimental data on neutrino oscilla-
tion and from astrophysical arguments. We have shown here that such masses and mixing angles which can
explain the atmospheric neutrino anomaly, LSND result, and the solar neutrino experimental data, can be
reconciled with theR-parity violating supersymmetric models through lepton-number-violating interactions.
We have estimated the order of magnitude for some lepton-number-violating couplings. Our analysis indicates
that lepton number violation is likely to be observed in near future experiments. From the data on neutrino
oscillation and the electric dipole moment of electron, under some circumstances it is possible to obtain a
constraint on the complex phase of some supersymmetry breaking parameters inR-parity-violating supersym-
metric models.@S0556-2821~99!04405-7#

PACS number~s!: 14.60.St, 12.60.Jv, 14.60.Pq
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I. INTRODUCTION

Although in the standard model of electroweak and stro
interactions the neutrinos are massless to all orders in pe
bation theory, in its extension, the neutrinos may acqu
small masses with a seesaw type mechanism in the pres
of sterile neutrinos. Also such masses can be present in
minimal supersymmetric model with the renormalizab
lepton-number-violating terms in the Lagrangian. On t
other hand, the astrophysical and cosmological consi
ations also strongly suggest the existence of massive ne
nos. Presently, there is some possible evidence@1# of mas-
sive neutrinos and the mixing of different flavor of neutrin
particularly coming from the anomalies observed in the so
neutrino flux @2#, in the atmospheric neutrino productio
@3,4#, and in the neutrino beams from accelerators and re
tors @5#. Although some of the evidence, such as that com
from solar neutrinos and accelerator data, has been expla
@6# considering one massive and two nearly massless ne
nos, it is in general difficult to fit various neutrino data co
sidering three neutrinos as particularly the first three pie
of evidence are best fitted by three different mass gaps
neutrinos. However, the conventional approach to ana
various observed neutrino anomalies in the experiments
parametrize those in terms of oscillation of two neutri
states only. This assumption may not hold well while fitti
several observed anomalies simultaneously and the co
tent three flavor mixing scheme@7# for three neutrinos to
analyze various data is essential. Several authors@8–10#
have tried to fit various experimental data on neutrino os
lation in the three flavor mixing scheme. It is interesting
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note that, including the recent CHOOZ@11# and SuperKa-
miokande@3,12# results on neutrino oscillation along wit
other experiments in this direction, it is possible to find t
mass square differences and the mixing angles for three
trinos almost uniquely@9,10#. Furthermore, the analysis i
the three flavor mixing scheme indicates sizable oscillati
of electron neutrinos to tau neutrinos that should be obser
by the long baseline neutrino experiments such as those
lizing a muon storage ring at Fermilab@13#. These analyses
@9,10# also indicate that the solar neutrinos observed
Earth should show no Mikheyev-Smirnov-Wolfenste
~MSW! effect @1# as the large mass squared differences
been considered in those analyses. A precise measureme
the multi-GeV, ‘‘overhead’’ (cosuz;1) events at SuperKa
miokande will also be able to verify the three flavor mixin
scheme @9,10# as the double ratioR5(Nm /Ne)measured/
(Nm /Ne)no oscillation for the electron and muon for thos
events is somewhat less than 1 in the three flavor mix
scheme but this ratio is 1 in the analysis with a single os
lation process with small mass square differences for neu
nos. However, present SuperKamiokande data are incon
sive in this low L/E region. Three flavor mixing scheme
@9,10# give a very good fit to the SuperKamiokande data@3#
for the double ratio for upward going events (cosuz,
20.6) but do not give a very good fit to the data on ind
vidual ratio for electron and muon. However, the double
tios are less sensitive to systematic errors than the individ
ratios. In these analyses@9,10# the Liquid Scintillation Neu-
trino Detection~LSND! result has been considered as an
cillation effect rather than an unexplained background. In
near future the BooNE experiment@14# will test the same
channel of neutrino oscillation as LSND with higher sen
tivity and statistics. Particularly the solutions for the ma
square differences and the mixing angles in the three fla
mixing scheme as obtained in Ref.@9# are not significantly
contradicted by any existing experimental result and the c
©1999 The American Physical Society03-1



RATHIN ADHIKARI AND GORDANA OMANOVIC̀ PHYSICAL REVIEW D 59 073003
FIG. 1. One loop diagram involvingL-violating couplings generating the neutrino mass.
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flicting evidence is below the two sigma level. Future va
ous experiments on neutrino oscillation and some of th
experiments with higher statistics and lesser systematic
rors will be able to verify the three flavor mixing schem
@9,10# and it will be certain whether we really need a four
sterile neutrino@15#. At present, we feel that the three flav
mixing scheme for neutrinos is very interesting as it h
some specific predictions as mentioned before which can
verified by experiments and it tells us about the mass squ
differences and the mixing angles almost uniquely.

The uniqueness of the mass square differences and
mixing angles@9,10# for three neutrinos may have a stron
impact on physics beyond the standard model in the w
they constrain the parameters of other theories. We wo
like to study such an impact on the minimalR-parity-
violating supersymmetric model where neutrinos can acq
mass. In supersymmetric models,R parity was introduced as
a matter of convenience to prevent fast proton decay. I
now realized that the proton lifetime can be made consis
with experiment without invoking discreteR-parity symme-
try. If we do not impose conservation ofR parity in the
model, the minimal supersymmetric standard model allo
the followingB- andL-violating terms in the superpotenial1

W5l i jkLiL j~Ek!c1l i jk8 LiQj~Dk!c1l i jk9 ~Ui !c~D j !c~Dk!c.
~1.1!

Here L and Q are the lepton and quark doublet superfiel
Ec is the lepton singlet superfield,Uc andDc are the quark
singlet superfields, andi , j ,k are the generation indices. I
the above, the first two terms are lepton number violat
while the third term violates baryon number. For the stabi
of the proton, we assume that only the first twoL-violating
terms in the superpotential are nonzero. One may cons
Zn symmetry to remove theB-violating term in the
superpotential.2 As discussed later,L-violating couplings
give rise to masses for Majorana neutrinos through one l

1One may consider another termmaLaH2 in the superpotentia
@16#. However, in general this lepton number violating term can
rotated to the first two terms in the superpotential in Eq.~1.1! unless
a symmetry ofW does not commute with the SU~4! symmetry ofLa

rotations in the field space.
2See Ref.@17# for other alternative approaches to forbid dime

sion four as well as dimension fiveB violating operators but keep
ing L violating operators in the Lagrangian.
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diagrams as shown in Fig. 1, which lead to neutrino osci
tion phenomena. In this work we will show that in th
R-parity-violating supersymmetric models, it is possible
obtain the required mass squared differences and the mi
angles for such massive neutrinos to explain LSND, so
and atmospheric neutrino oscillation experiments. In o
analysis, it is possible to satisfy the bound on the effect
mass for the Majorana neutrinos obtained from the neutri
less double beta decay experiment. We have estimated
magnitude of some of the lepton-number-violating couplin
l i jk and l i jk8 which are required to obtain the appropria
mass square differences and the mixing angles for neut
oscillation. This kind of study was made earlier@18# in the
two flavor mixing scheme with the lesser available neutr
data. Very recently some other studies@19# have also been
made to analyze solar and atmospheric neutrino data in
context of supersymmetric models. However, in our wo
unlike other works, we have considered solar, atmosph
neutrino oscillation experiments, as well as LSND data
reconcile with theR-parity-violating supersymmetric mode
We have also discussed the case for which neutrinos ma
considered as dark matter candidates.

There are stringent bounds on differentl i jk andl i jk8 @20#
from low-energy processes@21# and very recently the prod
uct of two of such couplings has been constrained sign
cantly from the neutrinoless double beta decay@22# and from
rare leptonic decays of the long-lived neutral kaon, t
muon, and the tau, as well as from the mixing of neutraK
and B meson@23#. In most cases it is found that the upp
bound onl i jk8 andl i jk varies from 1021 to 1022 for a sfer-
mion mass of order 100 GeV. For higher sfermion mas
these values are even higher. In our analysis, it seems tha
a sfermion mass of the order of 100 GeV variousL-violating
couplings are less than 1022. Considering the values o
L-violating l8 couplings as obtained from our analysis a
also considering the constraint obtained from the electric
pole moment of the electron it is possible to obtain constra
on the complex phase of some supersymmetry parameter
Sec. II, we briefly discuss the constraints on masses and
ing for three neutrinos obtained from LSND, solar, and
mospheric neutrino oscillation experiments. In Sec. III, w
discuss the masses of three neutrinos in theR-violating su-
persymmetric model and show how it is possible to recon
the masses and the mixing angles as obtained in the t
flavor mixing scheme with theR-violating supersymmetric
model. We present the required values of someL-violating
couplings which satisfy particularly various neutrino oscill

e
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tion experimental data and also satisfy the constraint on
effective mass for Majorana neutrinos in the neutrinol
double beta decay experiment. We compare these va
with the earlier constraint on such couplings. In Sec. IV,
discuss that under some circumstances it is possible to g
constraint on the complex phase of some supersymmetry
rameters such as theA parameter. In Sec. V, as concludin
remarks we mention the possible implications of the o
tained values ofL-violating couplings in collider physics an
cosmology.

II. CONSTRAINT ON NEUTRINO MASSES AND MIXING

We first mention here the necessary parameters for
three flavor neutrino oscillation. After that, following Ref
n
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@9,10# we shall consider some specific values for the mas
and mixing as solutions to satisfy various available expe
mental data. The neutrino flavor eigenstate is related to
mass eigenstate by

na5(
i

Ua in i , ~2.1!

where Ua i are the elements of a unitary mixing matr
U, na5ne,m,t , andn i5n1,2,3. According to the standard pa
rametrization@24# of the unitary matrix
Un5S c12c13 s12c13 s13d

2s12c232c12s23s13d c12c232s12s23s13d s23c13

s12s232c12c23s13d 2c12s232s12c23s13d c23c13

D, ~2.2!
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where d5eid13 corresponds to theCP-violating phase
~which will be neglected here! andc ands stand for sine and
cosine of the associated angle placed as subscript. The
diagonal neutrino mass matrixM n in the flavor basis is di-
agonalized by the unitary matrixUn as

Un
TM nUn5Dn , ~2.3!

whereDn is the diagonal mass matrix with the real eigenv
ues. In the three generation neutrino mixing scheme, th
are two independent mass square differences. These ma
considered asD21 andD32 where

D i j 5umi
22mj

2u ~2.4!

andmi andmj are the neutrino mass eigenvalues. From
solar neutrino deficit one may consider@9#

1024 eV2<D21<1023 eV2 ~2.5!

in which the lower limit is obtained from SuperKamiokand
data @3# and the upper limit is obtained from the CHOO
experiment@11#. Keeping in mind both the atmospheric an
LSND data, another mass square differenceD32 can be con-
sidered as@9#

D32'0.3 eV2 ~2.6!

in which the lower limit from the Bugey reactor constrai
@25# and the upper limit from the CDHSW@26# have also
been considered. In the one mass square difference dom
ing the other, the three flavor mixing scheme greatly sim
fies @27# and one can write the probability of the observati
of neutrino oscillation in LSND and SuperKamiokande
terms ofD32 and the elements ofU. For the solar neutrino
experiment the sine squared terms containing two m
on-
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e

at-
i-

ss

square differences in the expression for the survival proba
ity of solar electron neutrino, can be averaged for the flig
length and the energy of the neutrinos observed on Earth
this case the probability can be written in terms of the e
ments ofU only. As the probability of oscillation in LSND
and Superkamiokande and the survival probability for so
electron neutrinos are provided by the experiments, one
solve for the three angles by which matrixU in Eq. ~2.2! is
defined. The results obtained by Barenboimet al. @9# show
that four sets of solutions for three angles are possible. H
ever, two sets of solutions can be discarded by conside
the SuperKamikande zenith angle (cosuz,20.6) behavior
of atmospheric neutrino data for upward going events. T
other two allowed set of solutions for the three angles
obtained in Ref.@9# are

u12554.5, u13513.1, u23527.3, ~2.7!

u12535.5, u13513.1, u23527.3. ~2.8!

The result obtained by Thunet al. @10# to satisfy solar, at-
mospheric, and LSND data almost matches the second s
solutions for three angles as mentioned in Eq.~2.8!. In our
analysis we shall consider either Eq.~2.7! or Eq.~2.8! for the
three angles which specify the unitary matrixU in Eq. ~2.2!.

The neutrino oscillation experiments give us informati
about the mass squared differences of three neutrinos in
three flavor mixing scheme as discussed above. Howeve
know the mass of different neutrinos we have to consi
some other experiment. The masses are generated for M
rana neutrinos in theR-violating minimal supersymmetric
model, so we have to consider the constraint coming fr
neutrinoless double beta decay. This gives us an estimat
3-3
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RATHIN ADHIKARI AND GORDANA OMANOVIC̀ PHYSICAL REVIEW D 59 073003
the masses of neutrinos. The contribution of Majorana n
trinos to the amplitude of the neutrinoless double beta de
@28# is

uMu5U (
i 51,2,3

Uei
2 mn iU,m~0nbb!50.46 eV.

To satisfy this constraint and keeping in mind that there
some uncertainties in the calculation of the nuclear ma
elements one may consider different masses of the Majo
neutrinos of the order of eV or less@29#. Considering Eqs.
~2.5! and~2.6! along with this constraint it is found that ther
are two interesting possibilities for the masses of neutrin
In one case, all three neutrinos have almost degenerate
and we may consider

m2'1 eV ~2.9!

then the masses for the other two neutrinos are

m1'1 eV, m3'1.14 eV. ~2.10!

In another case, the masses of two neutrinos are nearly
generate whereas the third one is heavier and we may
sider

m2'331022 eV ~2.11!

then the masses for the other two neutrinos are

m1'231022 eV, m3'0.55 eV. ~2.12!

One may consider the neutrinos as candidates for the
matter solutions also. In that case, if one assumesV51 and
the energy density of the neutrinosrn50.2rc whererc is the
critical density in the big-bang model@30#, it is desirable to
have the sum of the neutrino masses around 5 eV and
may consider the nearly degenerate three masses of neu
given by Eqs.~2.9! and ~2.10!.

In our analysis we shall consider the abovementioned f
interesting possible solutions for masses and mix
angles—one set of solutions from Eqs.~2.7!, ~2.9!, and
~2.10!, one set of solutions from Eqs.~2.8!, ~2.9!, and~2.10!,
one set from Eqs.~2.7!, ~2.11!, and~2.12! and the other se
from Eqs.~2.8!, ~2.11!, and ~2.12!. We shall discuss in the
next section how all these solutions can be reconciled w
R-parity-violating supersymmetric model.

III. NEUTRINO MASS MATRIX IN R-VIOLATING
SUPERSYMMETRIC MODEL AND CONSTRAINT

ON L-VIOLATING COUPLINGS

The trilinear lepton-number-violating renormalizable te
in the superpotential in Eq.~1.1! generates Majorana neu
trino masses@16,31# through the generic one loop diagram
shown in Fig. 1 in whichs and s̃ stand for either lepton and
slepton or quark and squark, respectively. The helicity flip
the internal fermion line is necessary and that requires
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mixing of s̃ ands̃c. The contribution to the mass insertion a
shown in Fig. 1, is proportional to the massmk of the fermi-

onic superpartnersk of s̃k and is also proportional tom̃
(;A;m, whereA andm are the SUSY-breaking mass p
rameter!. The single diagram in Fig. 1 that contributes to t
Majorana neutrino mass matrixmn in j

is

mn in j
'

l jknl inkmnmkm̃

16p2m̃k
2

~3.1!

when one considers the lepton and slepton fors and s̃ in the
diagram in Fig. 1. Both the diagrams in~a! and~b! are to be
considered together and summed to evaluate the neu
mass matrix element. However, fori 5 j and k5n, the two
diagrams coincide and for that only one is to be consider
For quark and squark in the diagram the similar contribut
will be obtained. However, in that case, the above contri

tion is to be multiplied by a color factor 3 andm̃k in the
above equation is to be considered as the squark mas
stead of slepton mass and thel couplings in Eq.~3.1! are to
be replaced byl8 couplings.

In constructing the neutrino mass matrix we shall consi
the following things. First we shall relate squark and slep
mass as

m̃slepton
2 5m̃squark

2 /K, ~3.2!

whereK is a number depending on the various choices
supersymmetry parameters. Different squarks have alm
degenerate mass and different sleptons also have almos
generate mass as otherwise there is a severe constraint
the flavor changing neutral current. There are 9l couplings
and 27 l8 couplings entering the neutrino mass matr
However, in writing each element of the neutrino mass m
trix we shall consider only the leading term in terms of t
magnitude of mass obtained from Eq.~3.1!. We shall con-
sider the diagram with a lepton and slepton in Fig. 1 a
shall also consider the diagram with a squark and quark
Fig. 1 in each element of the neutrino mass matrix for wh
two different types ofL-violating couplings appear in eac
element. Under this consideration only the followin
L-violating couplings appear in the neutrino mass matr
These arel1338 ,l2338 ,l3338 ,l133,l233,l232,l132 couplings.
The notations for the first five couplings in later discussi
will be le

q ,lm
q ,lt

q ,le
l ,lm

l , respectively. We are ignoring th
effect of other couplings in our analysis and we are assum
that thel couplings are not much hierarchical among the
selves andl8 couplings are also not much hierarchic
among themselves. At the end of this section we shall m
a few qualitative comments about considering oth
L-violating couplings in the mass matrix. We write the ne
trino mass matrix as
3-4
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N5aS Kmt
2le

l 213mb
2le

q2 2Kmt
2le

l lm
l 16mb

2le
qlm

q 22Kmmmtlm
l l13216mb

2le
qlt

q

2Kmt
2le

l lm
l 16mb

2le
qlm

q Kmt
2lm

l213mb
2lm

q 2 22Kmtmmlm
l l23216mb

2lm
q lt

q

22Kmmmtlm
l l13216mb

2le
qlt

q 22Kmtmmlm
l l23216mb

2lm
q lt

q Kmm
2 l232

2 13mb
2lt

q2
D , ~3.3!
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where

a5
m̃

16p2m̃s
2

~3.4!

andm̃s is the almost degenerate squark mass. The eigen
ues for this matrix correspond to three massesm1 , m2 , and
m3 for three Majorana neutrinos. We can write the diago
mass matrix as

Dn5S m1 0 0

0 m2 0

0 0 m3

D . ~3.5!

All the elements of this diagonal mass matrix can be writ
by considering a particular set of solutions for the mas
from the earlier section. The unitary matrixUn in Eq. ~2.2!
diagonalizing the nondiagonal neutrino mass matrix in
flavor basis is also known to us if we consider a particular
of solutions for the three angles from the earlier section.
both Dn and Un are known we can obtain the nondiagon
mass matrixM n in the flavor basis using the relation

UnDnUn
T5M n . ~3.6!

So for a particular set of solutions for the masses and
mixing angles discussed in the earlier section, all the e
ments ofM n are known. However, thisM n is equal toN
which is also the nondiagonal mass matrix expressed
terms of differentL-violating couplings. So we write

N5M n . ~3.7!

From Eq.~3.7! we get six equations for theL-violating cou-
plings:

Kmt
2le

l 213mb
2le

q25M n~1,1!/a, ~3.8!

2Kmt
2le

l lm
l 16mb

2le
qlm

q 5M n~1,2!/a, ~3.9!

22Kmmmtlm
l l13216mb

2le
qlt

q5M n~1,3!/a, ~3.10!

Kmt
2lm

l213mb
2lm

q 25M n~2,2!/a, ~3.11!

22Kmtmmlm
l l23216mb

2lm
q lt

q5M n~2,3!/a, ~3.12!

Kmm
2 l232

2 13mb
2lt

q25M n~3,3!/a, ~3.13!

after comparing the elements~1,1!, ~1,2!, ~1,3!, ~2,2!, ~2,3!,
and~3,3!, respectively. However, there are sevenL-violating
couplings involved in these six equations. So we shall c
sider the possible value of one of theL-violating couplings
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from some other experiments instead of neutrino oscillat
experiments for solving the above six equations to find
L-violating couplings. We shall consider particularly som

value ofl232 lower than 0.006m̃s /Am̃ which is allowed after
considering the constraint from lepton universality@20,21#.
From these six equations we can determine the values o
L-violating couplings for which it is possible to reconci
LSND, solar, and atomspheric neutrino oscillation expe
mental data with theR-parity-violating supersymmetric
model.

To determineM n we first consider Eqs.~2.7!, ~2.9!, and
~2.10! for the masses and the mixing angles. From Eqs.~2.9!
and ~2.10! we get a specificDn in Eq. ~3.5!, and from Eq.
~2.7! we get a specificUn in Eq. ~2.2!. Using relation~3.6!
we obtain the following form ofM n @here and in later dis-
cussions to obtainM n we shall considerm1 , m2 , andm3 in
Eq. ~3.5! in eV#:

M n5S 1.00712 0.0143034 0.0274612

0.0143034 1.02782 0.0542459

0.0274612 0.0542459 1.10499
D .

~3.14!

We take mb54.33109 eV, mt51.7773109 eV, and mm
50.1056583109 eV and solve Eqs.~3.8!–~3.13! after con-
sidering a specificM n in Eq. ~3.14!. For various allowed rea
values ofl232 lower than that mentioned earlier, the solutio
for other sixL-violating couplings do not change by an o
der. We present below the the values of these couplings c

sideringl232 in the range (102621023)m̃s /Am̃ ~here and in
later discussionsm̃s andm̃ stand for the corresponding mag
nitude in GeV!:

le
q'

5.331025m̃s

Am̃
, lm

q '
1.331026m̃s

Am̃
,

lt
q'

5.631025m̃s

Am̃
, ~3.15!

le
l '

7.331026m̃s

AKm̃
, lm

l '
2.331024m̃s

AKm̃
,

l132'
4.031023m̃s

AKm̃
. ~3.16!
3-5
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Another set of real solutions for variousL-violating cou-
plings for the above case is given below:

le
q'

5.331025m̃s

Am̃
, lm

q '
1.331026m̃s

Am̃
,

lt
q'

5.631025m̃s

Am̃
, ~3.17!

le
l '

4.231026m̃s

AKm̃
, lm

l '
2.331024m̃s

AKm̃
,

l132'
3.931023m̃s

AKm̃
. ~3.18!

We have ignored the overall1 or 2 sign for the solutions
~here and in later cases also! for different L-violating cou-
plings. Although there are different sets of solutions p
sible, if we ignore the small changes in the higher decim
places for different solutions then mainly the two sets
solutions are found to differ to some extent from each ot
particularly for the value ofle

l andl132 and those two sets o
solutions are presented above.

It is important to note here that there is almost no cha
of the l132 values for various reall232 value in the range

(0.021023)m̃s /AKm̃ and the two values ofl132 in Eqs.
~3.16! and~3.18! are very close to the upper bound obtain
from the experimental value ofRt5G(t→enn̄)/G(t
→mnn̄) @20,21,32#. This indicates that there is a possibili
to see the lepton universality violation in future experimen
The same comment is also true forl232 coupling as almost
the same real solutions for variousL-violating couplings ex-
ist for the higher allowed value ofl232 coupling. Of course
this statement is based on the present neutrino oscilla
data and considering the neutrino as a Majorana particle
main contribution in the neutrino mass matrix coming fro
the earlier mentioned sevenL-violating couplings and the
L-violating couplings considered here are real. Although
obtaining the solutions forL-violating couplings we have
considered here almost degenerate mass for three neutr
but such higher values ofl132 or l232 are possible for hier-
archical nature of the masses of neutrinos also, as ca
seen in the later part of our analysis. If we consider comp
or imaginary value ofl232 coupling considering the exper
mental upper bound mentioned earlier it is possible to ob
complex solutions for other sixL-violating couplings from
Eqs. ~3.8!–~3.13! for M n in Eq. ~3.14!. For brevity, we are
not presenting those solutions of variousL-violating cou-
plings for this case of masses and mixing angles and
other cases also. However, at the end of this section we s
make a few general remarks on the complex solutions
theseL-violating couplings. Existence of the possible so
tions for L-violating couplings in Eqs.~3.15! and ~3.16! or
Eqs. ~3.17! and ~3.18! indicates that considering the almo
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degenerate mass neutrinos~which may be candidate for dar
matter also! as mentioned in Eqs.~2.9! and~2.10!, it is pos-
sible to reconcile LSND, solar and atmospheric neutrino
cillation data with theR-parity-violating supersymmetric
model.

Next, we consider the other possible solutions for t
mixing angles as stated in Eq.~2.8! and consider again the
almost degenerate mass of neutrinos as mentioned in
~2.9! and ~2.10!. In this case, we get the following form o
M n after using Eq.~3.6!:

M n5S 1.00704 0.0143116 0.0274772

0.0143116 1.02788 0.054211

0.0274772 0.054211 1.105
D .

~3.19!

As in the earlier case, we again solve Eqs.~3.8!–~3.13! for
specific M n in Eq. ~3.19! and obtain the solutions for six
L-violating couplings. All the solutions in this case are a
proximately the same as Eqs.~3.15!–~3.18!. So the different
set of choices for the mixing angles in Eq.~2.8! do not lead
to significant change in the values ofL-violating couplings.

We shall consider next the hierarchical neutrino masse
mentioned in Eqs.~2.11! and ~2.12!. For the three mixing
angles we consider Eq.~2.7!. As before using Eq.~3.6! we
obtain the following form ofM n :

M n5S 0.0534391 0.0569347 0.10027

0.0569347 0.127333 0.202493

0.10027 0.202493 0.417771
D . ~3.20!

Solving Eqs.~3.8!–~3.13! for specificM n in Eq. ~3.20! we
obtain the following real solutions for sixL-violating cou-
plings. We present below the values of these couplings c

sideringl232 in the range (102621023)m̃s /Am̃:

le
q'

8.531026m̃s

Am̃
, lm

q '
8.331026m̃s

Am̃
,

lt
q'

3.431025m̃s

Am̃
, ~3.21!

le
l '

3.731025m̃s

AKm̃
, lm

l '
7.231025m̃s

AKm̃
,

l132'
1.831023m̃s

AKm̃
. ~3.22!

Another set of real solutions for variousL-violating cou-
plings for the above case is given below,

le
q'

1.231025m̃s

Am̃
, lm

q '
8.331026m̃s

Am̃
,

3-6
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lt
q'

3.431025m̃s

Am̃
, ~3.23!

le
l '

5.231026m̃s

AKm̃
, lm

l '
7.231025m̃s

AKm̃
,

l132'
1.231023m̃s

AKm̃
. ~3.24!

So it is seen that considering hierarchical nature of
masses of neutrinos also it is possible to reconcile LSN
solar, and atmospheric neutrino oscillation experiments w
the R-violating supersymmetric model. In this case the on
thing to note here is thatl132 is slightly lower than the earlie
cases, however, not far from the present experimental bo
obtained from the lepton universality violation@20,21,32#.

Next we shall consider the hierarchical mass pattern
neutrinos as in the earlier case but consider the mix
angles as presented in Eq.~2.8!. In that case, using Eq.~3.6!
we get the following form ofM n :

M n5S 0.0503506 0.0572644 0.100908

0.0572644 0.129869 0.201098

0.100908 0.201098 0.418324
D . ~3.25!

As before we solve Eqs.~3.8!–~3.13! for M n in Eq. ~3.25!
and consider the same range forl232 as in earlier cases. In
this case, the solutions forL-violating couplings are almos
the same as before with hierarchical masses of neutrinos
we are not presenting those solutions seperately.

If the future neutrino oscillation experiments with high
sensitivity and more data support the three flavor mix
scheme as mentioned in Sec. II and theL-violating couplings
are real, it is expected that experiments on lepton univer
ity violation in the future will find a signal for the values o
l132 or l232 couplings at the level required by our analys
However, if no signals are found for those values
L-violating couplings, particularlyl132 coupling, then the ex-
planation for that may be the following. In that case norma
it will be expected thatl132 coupling is very small. However
then if one considers again those six equations~3.8!–~3.13!
consideringl132 as effectively zero it is found that for th
various cases for masses and mixing angles, real value

l232 have to be always of the order of 1023m̃s /AKm̃. How-
ever, if the signal for l232 is also not seen throug
t-universality violation, it will be necessary to check the ro
of other couplings for the analysis of neutrino masses
mixing angles. As under this circumstance,l132 and l232
will be smaller, we may consider the terms next to the le
ing order in mass in the various elements of the neutr
mass matrix in Eq.~3.3!. As the mass factor associated wi
those other nonleading contributions will be less in mag
tude, it is expected that the magnitude of some other c
pling should be somewhat higher, asl132 is, to reproduce the
similar forms ofM n mentioned earlier and the lepton numb
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violation, in that case, should be observed through that c
pling. Depending on the results of future experiments
neutrino oscillation, tau universality violation, etc., th
analysis with other such couplings may be important.

We would like to make a few remarks on the compl
solutions for variousL-violating couplings. Earlier in obtain-
ing all the abovementioned solutions for differentL-violating
couplings we have considered value ofl232 coupling in the

range (102621023)m̃s /AKm̃. However, if one considers

the value of l232 in the range (4.026.0)1023m̃s /AKm̃
which is very near to the experimental upper bound@20#,
then from Eqs.~3.8!–~3.13! considering a different form of
M n as mentioned earlier, one will obtain the complex so
tions for variousL-violating couplings. Furthermore, if on
considers imaginary or complex values ofl232, one will
obtain the complex solutions for variousL-violating cou-
plings. Depending on the various choices of the values
l232 one may obtain from Eqs.~3.8!–~3.16! the various so-
lutions for differentL-violating couplings with various pos
sible complex phases. For brevity, we have not presen
various possible complex solutions. For some comp
phases the solutions may not be allowed depending on
constraint from the value of the electric dipole moment
the electron. We will discuss this in the next section.

The solutions for alll andl8 couplings are obtained in
terms of the parametersm̃, m̃s , andK. Herem̃ is the super-
symmetry breaking mass parameter which is expected to
in the range ofO~100 GeV! to O~TeV!. To compare our
constraint onl andl8 couplings with the earlier constraint
@20# we shall considerK'1 which means the slepton mas
does not differ much from the squark mass and we shall a
consider both the squark mass andm̃ of O~100 GeV!. We
shall consider those solutions ofL-violating couplings for
which complex phases are negligible. The earlier constra
from the tau universality violation@21# arel132<0.06,l232

<0.06, andl2335lm
l <0.06 which in our analysis from neu

tino oscillation, are found to beO~0.01–0.04!, O~0.01!,3 and
O~0.0007–0.0023!, respectively. The earlier constraint from
Rl5Ghadron(Z

0)/G l(Z
0) @33#, l3338 5 l t

q<0.26, andl2338 5 l m
q

<0.39 which in our analysis areO(0.000320.0005) and
O@(128)31025#, respectively. The earlier constraints o
l1338 5le

q obtained from the constraint from neutrino ma
@34# arele

q'0.002 andl1335le
l '0.004 which in our analy-

sis areO~0.00008–0.00053! and O~0.00004–0.00037!, re-
spectively. So our analysis indicates somewhat lower val
of various L-violating couplings than the upper bound o
these couplings obtained from other experiments. Furth
more, if one considersm̃ to be nearer to the TeV region the
these values ofL-violating couplings will be further lowered
The upper bounds on these couplings obtained from the
perimental data on neutral currents,b decay@21#, muon de-

3When we consider a very small value ofl132 which can be ne-
glected in the neutrino mass matrix in Eq.~3.3!, we get this solution
for l232 from Eqs. ~3.8!–~3.13!. Otherwise various solutions fo
l232 are possible as mentioned earlier.
3-7
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cay (m→eg,m→ēee) @35#, or tau decay (t→mg,t→eg)
@36#, etc., are somewhat higher than the values require
our analysis.

IV. CONSTRAINT ON COMPLEX PHASE
OF SUPERSYMMETRY BREAKING PARAMETER

In the standard model the electric dipole moment of
electron is much smaller than the present experime
boundde,10226e cm @37#. So the new sources ofCP vio-
lation which occurs in the supersymmetric model can
studied on the basis of the electric dipole moment of
electron @38–40#. In the minimal supersymmetric standa
model apart from the Yukawa couplings there are sev
complex parameters such as three gaugino masses c
sponding to SU~3!, SU~2!, and U~1! groups, the mass param
eter mH in the bilinear term in the Higgs superfields in th
superpotential, and dimensionless parametersA andB in the
trilinear and bilinear terms of the scalar fields. With a su
able redefinition of the fields, some of these parameters
be made real but some others cannot, such as theA parameter
@39#. The complexA will contribute to the electric dipole
moment~EDM! of the electron. Furthermore, if we consid
the complexl8 couplings, the complex phase associa
with those will also contribute to the EDM of the electro
There will be various diagrams in theR-parity-violating su-
persymmetry for the EDM of the electron@40#. But the sig-
nificant contribution to the EDM comes from the one lo
diagram containing top quark in the loop as shown in Fig
There will be a diagram containing massive neutrinos in
loop. However, the masses of neutrinos are quite small in
discussion and we are ignoring those types of diagram
there will be a lesser contribution to the EDM of the ele
tron. In terms of complex phases we can writeAf andl i jk8 as

Au,d5uAuexp~ iaAu,d
!, l i jk8 5ul i jk8 uexp~ ib! ~4.1!

and the mixing angle for the left and right squark in t
familiar way

tan 2u52uAuumu /~mL
22mR

2 !. ~4.2!

Following Ref.@40# and assuming a differentl i jk8 containing
another complex phase as mentioned in Eq.~4.1! we can
write the EDM of the electron from Fig. 2 as

FIG. 2. One loop diagram contributing to the electric dipo
moment of the electron.
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de'2sinu cosu@~cos2 b2sin2 b!sinaAd

1cosb sinb cosaAd
#ul1 jk8 u2

3
2uAdu

3m̃s
3

muj
@F1~xk!12F2~xk!#10217e cm, ~4.3!

wherexk5(mdk
/m̃s)

2 and the loop integralsF1 andF2 are

expressed in terms ofxk as

F1~xk!5
1

2~12xk!
2S 11xk1

2xk ln xk

12xk
D ,

F2~xk!5
1

2~12xk!
2S 32xk1

2 lnxk

12xk
D . ~4.4!

Ad andm̃s in Eq. ~4.3! correspond to the magnitude of thos
quantities expressed in GeV. We are particularly interes
in j 53 andk53 in Eq. ~4.3!. We obtained a solution for
le

q5l1338 in Sec. III to explain the neutrino physics data,
we would like to constrain the complex phases associa
with A in Eq. ~4.3! here. Consideringle

q as real or complex

and writing it asCm̃s /Am̃ in the form obtained in Sec. III
~whereC is some value depending on the type of solution!,
A, andm̃s , both from 100 GeV to 1 TeV, it is found that th
constraint on the complex phaseaAd

andb is

@~cos2b2sin2b!sinaAd
1cosb sinb cosaAd

#sinu cosu

&
~2216!310214

uCu2
. ~4.5!

In the case for which there is no contribution to the EDM
Eq. ~4.3! is b52aA/2. For the complex solutions ofle

q for
which uCu is not less than about 1026 we can make the
following statements. Forb'p/4 andaAd

'p/2 the above

inequality can be satisfied for any value ofu. However, such
a large phase forA is not possible as the EDM of the electro
will get a contribution from other diagrams involving charg
nos and neutralinos at the one loop level@38# cancelling this
possibility. Sob'p/4 is not possible for any value ofu. So
those sets of complex solutions for differentL-violating cou-
plings should not be considered when the complex ph
associated withlq

e is found to be approximatelyp/4 anduCu
satisfies the above condition. Let us consider thatl1 jk8 is real
and u5p/4. In this case it is seen from Sec. III thatC
'1025 and the complex phase for theA parameteraAd

,3.231023. Without any specific choice of the mixing
angleu one can constrain only the combination ofb, aA ,
andu as shown in Eq.~4.5!.

V. CONCLUSION

We have shown here that in the minimal supersymme
model withR-parity-violating trilinear terms in the superpo
tential in Eq. ~1.1! it is possible to obtain the appropriat
3-8
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mass square differences and the mixing angles as requir
explain the LSND, atmospheric, and solar neutrino osci
tion experimental data in the three flavor mixing scheme
neutrinos. The validity of the three flavor mixing schem
will be verified in the near future experiments on neutri
oscillation as mentioned in the Introduction. The masses
three Majorana neutrinos are generated at one loop leve
shown in Fig. 1 and it is possible to satisfy the constraint
the masses and the mixing angles coming from the neutr
less double beta decay. In each element of the neutrino m
matrix in Eq.~3.3! we have considered two leading terms
terms of the magnitude of masses in Eq.~3.1! coming from
the diagram with a slepton and lepton and also coming fr
the diagram with a quark and squark in Fig. 1. Under t
consideration it is interesting to note that for real values
various L-violating couplings at least one of the couplin
l132 or l232 is expected to be quite high and very near t
experimental upper bound coming from thet-universality
violation @20,21,32#. Apart from these two particular cou
plings for some of theL-violating couplings the magnitude
are such that it might be possible to observe such
L-violating interaction at the Fermilab Tevatron or at DES
ep collider HERA. At the Tevatron after squark pair produ
tion some squarks will decay to a LSP~say a neutralino! and
others will decay via theLiL jEkc

operator giving a multilep-
ton signal@41#. At HERA one can see aR-violating super-
symmetry signal for theLiQjDkc

operator@42# through reso-
nant squark production and its subsequent decay to
electron or positron and neutrino giving the signal of highpT
electron or highpT positron or missingpT for neutrino. The
basic requirement for the observation of such signal is
lightest supersymmetric particle~LSP! has to decay inside
the detector@41,42#:

l,l8*1025S ml̃ ,q̃

100 GeVD
2

,

whereml̃ ,q̃ stand for the squark and the slepton mass. Fr
the above condition it is seen that if we considerm̃ of the
al
,

. B
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order of the squark massm̃s for a squark mass or slepto
mass of the order of 300 GeV, it may be possible to obse
anL-violating signal for those couplings discussed in Sec.

for which l,l8.531026m̃s /Am̃; whereas for squark o
slepton masses of the order of TeV the condition isl, l8

.331025m̃s /Am̃. So for various couplings considered
our analysis in Sec. III, it might be possible to observe
L-violating signal.

If one considers the baryogenesis in the early univers
the grand unified theory~GUT! scale, after the generation o
asymmetry to satisfy the out of equilibrium condition on
requiresL-violating couplings;1027 for a squark mass in
the 100 GeV to 1 TeV range@43# which is significantly
smaller than the values of some of the couplings obtaine
Sec. III. So if one would like to satisfy the neutrino physi
experimental data in the three flavor mixing scheme, it see
that in theR-violating supersymmetric scenario the gene
tion of the baryonic asymmetry near the electroweak scal
more favored where the constraint on theL-violating cou-
plings are not so severe@44#. We have shown that in the
R-violating supersymmetric models the neutrino can be c
sidered as dark matter candidates also. Our analysis als
dicates that to satisfy various experimental data on neut
oscillation, the lepton-number-violating couplings are co
strained in such a way that some combinations of left a
right squark mixing angles and the complex phases of so
supersymmetry parameters—particularly that of theA pa-
rameter is constrained.
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