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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 paraméRguarity-violating supersym-
metric models[S0556-282(199)04405-7

PACS numbgs): 14.60.St, 12.60.Jv, 14.60.Pq

[. INTRODUCTION note that, including the recent CHOQZ1] and SuperKa-
miokande[3,12] results on neutrino oscillation along with
Although in the standard model of electroweak and strongther experiments in this direction, it is possible to find the
interactions the neutrinos are massless to all orders in pertufmass square differences and the mixing angles for three neu-
bation theory, in its extension, the neutrinos may acquirdfinos almost uniquely9,10]. Furthermore, the analysis in
Sma” masses W|th a seesaw type mechanism in the presen@@ three flaVOI’ miXing SCheme indicates Sizable OSCi||ati0nS
of sterile neutrinos. Also such masses can be present in i electron neutrinos to tau_ neutrinos that should be observeq
minimal supersymmetric model with the renormalizableby the long baseline neutrino experiments such as those uti-
lepton-number-violating terms in the Lagrangian. On theliZiNg & muon storage ring at Fermilah3]. These analyses

other hand, the astrophysical and cosmological consideng’lo] also indicate that the solar neutrinos observed on

ations also strongly suggest the existence of massive neut garth should show no M|kheyev-Smwnov_-WoIfensteln
nos. Presently, there is some possible evidddgef mas- MSW) effect[1] as the large mass squared differences has

. ) - . . __been considered in those analyses. A precise measurement of
sive neutrinos and the mixing of different flavor of neutrinos

articularly coming from the anomalies observed in the solathe multi-GeV, “overhead” (cog;~1) events at Superka-
particutarly Ny ' ved| iokande will also be able to verify the three flavor mixing

neutrino flux[2], in the atmospheric neutrino production o
[3,4], and in the neutrino beams from accelerators and rea sche/r’1\|1ta)[9,1q ?S fthe double ratioR—(N,,NeJmeasured
) . /Ne)no oscillation fOr the electron and muon for those
tors[5]. Although some of the evidence, such as that coming,yents is somewhat less than 1 in the three flavor mixing
from solar neutrinos and accelerator data, has been explaingdheme but this ratio is 1 in the analysis with a single oscil-
[6] considering one massive and two nearly massless neutrjation process with small mass square differences for neutri-
nos, itisin genel’al difficult to fit various neutrino data con- nos. However’ present SuperKamiokande data are inconclu-
sidering three neutrinos as particularly the first three piecesjve in this lowL/E region. Three flavor mixing schemes
of evidence are best fitted by three different mass gaps fq9,10] give a very good fit to the SuperKamiokande di@h
neutrinos. However, the conventional approach to analyzéor the double ratio for upward going events (&ps
various observed neutrino anomalies in the experiments is te-0.6) but do not give a very good fit to the data on indi-
parametrize those in terms of oscillation of two neutrinovidual ratio for electron and muon. However, the double ra-
states only. This assumption may not hold well while fitting tios are less sensitive to systematic errors than the individual
several observed anomalies simultaneously and the consigatios. In these analys¢9,10] the Liquid Scintillation Neu-
tent three flavor mixing schemlg] for three neutrinos to trino Detection(LSND) result has been considered as an os-
analyze various data is essential. Several autf®rslQ]  cillation effect rather than an unexplained background. In the
have tried to fit various experimental data on neutrino oscilnear future the BooNE experimefit4] will test the same
lation in the three flavor mixing scheme. It is interesting tochannel of neutrino oscillation as LSND with higher sensi-
tivity and statistics. Particularly the solutions for the mass
square differences and the mixing angles in the three flavor
*Email address: rathin@imsc.ernet.in mixing scheme as obtained in R¢8] are not significantly
"Email address: gordana@ictp.trieste.it contradicted by any existing experimental result and the con-

0556-2821/99/5&)/07300310)/$15.00 59 073003-1 ©1999 The American Physical Society



RATHIN ADHIKARI AND GORDANA OMANOVIC PHYSICAL REVIEW D 59 073003

(a) ®

FIG. 1. One loop diagram involving-violating couplings generating the neutrino mass.

flicting evidence is below the two sigma level. Future vari-diagrams as shown in Fig. 1, which lead to neutrino oscilla-
ous experiments on neutrino oscillation and some of thoséon phenomena. In this work we will show that in the
experiments with higher statistics and lesser systematic eR-parity-violating supersymmetric models, it is possible to
rors will be able to verify the three flavor mixing scheme obtain the required mass squared differences and the mixing
[9,10] and it will be certain whether we really need a fourth angles for such massive neutrinos to explain LSND, solar,
sterile neutrind 15]. At present, we feel that the three flavor and atmospheric neutrino oscillation experiments. In our
mixing scheme for neutrinos is very interesting as it haszpalysis, it is possible to satisfy the bound on the effective
some specific predictions as mentioned before which can bgass for the Majorana neutrinos obtained from the neutrino-
verified by experiments and it tells us about the mass squarqgdss double beta decay experiment. We have estimated the
differences and the mixing angles almost uniquely. magnitude of some of the lepton-number-violating couplings
_The unigueness of the mass square differences and trxeﬁk and )\i,jk which are required to obtain the appropriate
mixing angles[9,10] for three neutrinos may have a strong mass square differences and the mixing angles for neutrino
impact on physics beyond the standard model in the wayggijation. This kind of study was made earlf@g] in the
they constrain the parameters of other theories. We woulgy, flayor mixing scheme with the lesser available neutrino
like to study such an impact on the minim&parity-  gaia Very recently some other studfdg] have also been
violating supersymmetric model where neutrinos can acquirg,oqe to analyze solar and atmospheric neutrino data in the
mass. In supersymmetric modefsparity was introduced as context of supersymmetric models. However, in our work,
a matter of convenience to prevent fast proton decay. It ignjike other works, we have considered solar, atmospheric
now realized that the proton lifetime can be made consisteriging oscillation experiments, as well as LSND data to
with experiment without invoking discret@-parity symme-  ocqncile with theR-parity-violating supersymmetric model.

try. If we do not impose conservation @ parity in the  \ye have also discussed the case for which neutrinos may be
model, the minimal supersymmetric standard model allows.,cidered as dark matter candidates.

the following B- andL-violating terms in the superpotental: There are stringent bounds on differen and)\i,jk [20]

. A b ' from low-energy processd&1] and very recently the prod-
W= LLIEN S+ N L'QUDM) A (UDDHYD®. et of two of such couplings has been constrained signifi-
cantly from the neutrinoless double beta de[28] and from
! rare leptonic decays of the long-lived neutral kaon, the
HereL and Q are the lepton and quark doublet superflelds,muon, and the tau, as well as from the mixing of neukal
E® is the lepton singlet superfielt}® andD® are the quark 504 B meson[23]. In most cases it is found that the upper
singlet superfields, andj,k are the generation indices. In 0 04 o\ and\,, varies from 107 to 1072 for a sfer-
the above, the first two terms are lepton number violating, .- mass”kof order 100 GeV. For higher sfermion masses
while the third term violates baryon number. For the stabilitythese valu '

£ th ‘ that onlv the first olati es are even higher. In our analysis, it seems that for
or the proton, we assume that only the hrs thiviolating ., a sfermion mass of the order of 100 GeV varidugiolating
terms in the superpotential are nonzero. One may consid

L . %rouplings are less than 18. Considering the values of
Z, symmetry to remove theB-violating term in the

tentiod. As di d lat olati i L-violating A" couplings as obtained from our analysis and
superpotentied. As discussed laterl-violating couplings also considering the constraint obtained from the electric di-

give nise to masses for Majorana neutrinos through one IOOBole moment of the electron it is possible to obtain constraint
on the complex phase of some supersymmetry parameters. In
Sec. I, we briefly discuss the constraints on masses and mix-
10ne may consider another term,L“H, in the superpotential NG for three neutrinos obtained from LSND, solar, and at-
[16]. However, in general this lepton number violating term can beMospheric neutrino oscillation experiments. In Sec. I, we
rotated to the first two terms in the superpotential in @ql) unless ~ discuss the masses of three neutrinos inRheolating su-
a symmetry ofV does not commute with the $4) symmetry ofL¢ persymmetric model and show how it is possible to reconcile
rotations in the field space. the masses and the mixing angles as obtained in the three
2See Ref[17] for other alternative approaches to forbid dimen- flavor mixing scheme with th&-violating supersymmetric
sion four as well as dimension fiv& violating operators but keep- model. We present the required values of sdraéolating
ing L violating operators in the Lagrangian. couplings which satisfy particularly various neutrino oscilla-
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tion experimental data and also satisfy the constraint on thEd,10] we shall consider some specific values for the masses
effective mass for Majorana neutrinos in the neutrinolessand mixing as solutions to satisfy various available experi-
double beta decay experiment. We compare these valugsental data. The neutrino flavor eigenstate is related to the
with the earlier constraint on such couplings. In Sec. IV, wemass eigenstate by

discuss that under some circumstances it is possible to get a

constraint on the complex phase of some supersymmetry pa-

rameters such as th& parameter. In Sec. V, as concluding

remarks we mention the possible implications of the ob- Va=z U,ivi, 2.9
tained values oE-violating couplings in collider physics and !

cosmology.

where U,; are the elements of a unitary mixing matrix

U, v4=7e,, - andv;=v,, 3. According to the standard pa-
We first mention here the necessary parameters for theametrization/24] of the unitary matrix

three flavor neutrino oscillation. After that, following Refs.

Il. CONSTRAINT ON NEUTRINO MASSES AND MIXING

C1C13 S12C13 S$130
U,=| —S12€23—C125235130 €123~ S155235130  S23Ci3 |, (2.2
$128037 C12C235130  —C13S23— S1€235130  C23C13

where §=¢'%13 corresponds to theCP-violating phase square differences in the expression for the survival probabil-
(which will be neglected hejeandc ands stand for sine and ity of solar electron neutrino, can be averaged for the flight
cosine of the associated angle placed as subscript. The nolength and the energy of the neutrinos observed on Earth. In
diagonal neutrino mass matrM , in the flavor basis is di- this case the probability can be written in terms of the ele-

agonalized by the unitary matrid, as ments ofU only. As the probability of oscillation in LSND
. and Superkamiokande and the survival probability for solar
umu,=b,, (2.3 electron neutrinos are provided by the experiments, one can

, , . i solve for the three angles by which mattikin Eq. (2.2) is
whereD, is the diagonal mass matrix with the real eigenval-yofined. The results obtained by Barenbairal. [9] show
ues. In the three generation neutrino mixing scheme, thergat four sets of solutions for three angles are possible. How-
are two independent mass square differences. These may 8¢ two sets of solutions can be discarded by considering
considered ad,; and A, where the SuperKamikande zenith angle (e&s—0.6) behavior
2| 2.4 of atmospheric neutrino data fc_Jr upward going events. The
) other two allowed set of solutions for the three angles as

andm; andm; are the neutrino mass eigenvalues. From thePbtained in Ref[9] are
solar neutrino deficit one may considéx

107 % eV2<A,<10 3 eV? (2.5 0,,=54.5, 0153=13.1, 6,3=27.3, 2.7

in which the lower limit is obtained from SuperKamiokande
data[3] and the upper limit is obtained from the CHOOZ
experimen{11]. Keeping in mind both the atmospheric and
LSND data, another mass square differegg can be con-
sidered a$9]

012: 355, 013: 131, 023: 27.3. (28)

The result obtained by Thuet al. [10] to satisfy solar, at-
mospheric, and LSND data almost matches the second set of
solutions for three angles as mentioned in Ej8). In our
A3~0.3 eV (2.6) analysis we shall consider either Eg8.7) or Eq.(2.8) for the
three angles which specify the unitary matdxin Eq. (2.2).
in which the lower limit from the Bugey reactor constraint  The neutrino oscillation experiments give us information
[25] and the upper limit from the CDHSW26] have also about the mass squared differences of three neutrinos in the
been considered. In the one mass square difference dominaltree flavor mixing scheme as discussed above. However, to
ing the other, the three flavor mixing scheme greatly simpliknow the mass of different neutrinos we have to consider
fies[27] and one can write the probability of the observationsome other experiment. The masses are generated for Majo-
of neutrino oscillation in LSND and SuperKamiokande inrana neutrinos in thdR-violating minimal supersymmetric
terms of A3, and the elements dfl. For the solar neutrino model, so we have to consider the constraint coming from
experiment the sine squared terms containing two masseutrinoless double beta decay. This gives us an estimate for
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the masses of neutrinos. The contribution of Majorana neumixing of s ands®. The contribution to the mass insertion as

trinos to the amplitude of the neutrinoless double beta decayhown in Fig. 1, is proportional to the masg of the fermi-

(28] is onic superpartnes, of s, and is also proportional tan

(~A~u, whereA and u are the SUSY-breaking mass pa-
<m(0vBpB)=0.46 eV. ramete). The single diagram in Fig. 1 that contributes to the

M-
Majorana neutrino mass matr'lei v is

2
Ueimvi

i=1,23

To satisfy this constraint and keeping in mind that there are

some uncertainties in the calculation of the nuclear matrix NG "

. . . )\]kn)\mkmnmkm
elements one may consider different masses of the Majorana My~ = (3.2
neutrinos of the order of eV or 1e$29]. Considering Egs. 16m7m

(2.5 and(2.6) along with this constraint it is found that there

are two interesting possibilities for the masses of neutrinos.

In one case, all three neutrinos have almost degenerate maghen one considers the lepton and sleptonsfand's in the

and we may consider diagram in Fig. 1. Both the diagrams (a) and(b) are to be
considered together and summed to evaluate the neutrino

my~1 eV (2.9 mass matrix element. However, forj andk=n, the two
then the masses for the other two neutrinos are diagrams coincide and for that only one is to be considered.
For quark and squark in the diagram the similar contribution
m;=~1 eV, mg~1.14 eV. (2.10  will be obtained. However, in that case, the above contribu-

In another case, the masses of two neutrinos are nearly d39n is to be multiplied by a color factor 3 and in the

generate whereas the third one is heavier and we may Cogpove equation is to be conS|dere-d as the squark mass in-
stead of slepton mass and thecouplings in Eq(3.1) are to

sider be replaced by’ couplings.
m,~3x10 2 eV (2.11 In constructing the neutrino mass matrix we shall consider
the following things. First we shall relate squark and slepton
then the masses for the other two neutrinos are mass as

m;~2x10 2 eV, myz~0.55 eV. (2.12 ~ ~
' ’ mglepton: mgquarl(K' (3-2)

One may consider the neutrinos as candidates for the dark
matter solutions also. In that case, if one assufdesl and WhereK is a number depending on the various choices of
the energy density of the neutrinps= 0.2p, wherep, is the ~ Supersymmetry parameters. Different squarks have almost
critical density in the big-bang modE80], it is desirable to  degenerate mass and different sleptons also have almost de-
have the sum of the neutrino masses around 5 eV and orenerate mass as otherwise there is a severe constraint from
may consider the nearly degenerate three masses of neutrin@§ flavor changing neutral current. There are ouplings
given by Egs.(2.9) and(2.10. and 27 )\’_ cou.p_llngs entering the neutrino mass matrix.

In our analysis we shall consider the abovementioned fouFlowever, in writing each element of the neutrino mass ma-
interesting possible solutions for masses and mixingix we shall consider only the leading term in terms of the
angles—one set of solutions from Eq&.7), (2.9), and magnltude _of mass (_)btamed from E§.1). We _shal_l con-
(2.10), one set of solutions from Eq&2.9), (2.9), and(2.10,  sider the diagram with a lepton and slepton in Fig. 1 and
one set from Eqs(2.7), (2.11), and(2.12 and the other set shall also consider the diagram with a squark and quark in
from Egs.(2.8), (2.11), and (2.12. We shall discuss in the Fig. 1 in each element of the neutrino mass matrix for which

next section how all these solutions can be reconciled withwo different types ofl-violating couplings appear in each
R-parity-violating supersymmetric model. element. Under this consideration only the following

L-violating couplings appear in the neutrino mass matrix.

lil. NEUTRINO MASS MATRIX IN  R-VIOLATING These areiss N33\ 333, M 133N 233, A 232, M 132 couplings.
SUPERSYMMETRIC MODEL AND CONSTRAINT The notations for the first five couplings in later discussion
ON L-VIOLATING COUPLINGS will be A g\ ,)\‘j,)\L,)\'ﬂ, respectively. We are ignoring the

effect of other couplings in our analysis and we are assuming
The trilinear lepton-number-violating renormalizable termthat thex couplings are not much hierarchical among them-
in the superpotential in Eq1.1) generates Majorana neu- selves and\’ couplings are also not much hierarchical
trino masse$16,31] through the generic one loop diagram asamong themselves. At the end of this section we shall make
shown in Fig. 1 in whicts and's stand for either lepton and a few qualitative comments about considering other
slepton or quark and squark, respectively. The helicity flip onL-violating couplings in the mass matrix. We write the neu-
the internal fermion line is necessary and that requires th&ino mass matrix as
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Km?2\L2+3m2a 32 2KmM2 N, +6mINIng — 2Km,m )\ 155+ BMEAINY
N=a 2KmM2\ N, +6manIng Km2\ 2+ 3mpr 42 —2Km,m, A} Aozt 6MpAINT | (3.3)
— 2Km, M\, N 13+ BMEAINT = 2Km,m, A} A pgot BMENINY KM2AZgo+ 3man %2
|
where from some other experiments instead of neutrino oscillation
_ experiments for solving the above six equations to find six
m (3.4 L-violating couplings. We shall consider particularly some
a= ——=5 . ~ ~ . .
16772m§ value of\ ,3, lower than 0.0061/ \/E which is allowed after

considering the constraint from lepton universalig,21.
and Fns is the almost degenerate squark mass. The eigenvalrom these six equations we can determine the values of six
ues for this matrix correspond to three massgs m,, and  L-violating couplings for which it is possible to reconcile
m; for three Majorana neutrinos. We can write the diagonal-SND, solar, and atomspheric neutrino oscillation experi-

mass matrix as mental data with theR-parity-violating supersymmetric
model.
m O O To determineM , we first consider Eq92.7), (2.9), and
p=0 m, o0 3.5 (2.10 for the masses and the mixing angles. From E2$)

and (2.10 we get a specifi®, in Eq. (3.5, and from Eq.
(2.7 we get a specifit) , in Eq. (2.2). Using relation(3.6)

All the elements of this diagonal mass matrix can be written© qbtaln the fo.llowmg form oM V.[here and in later .d's'
ussions to obtaiM , we shall considem,;, m,, andmgs in

by considering a particular set of solutions for the masse . )
from the earlier section. The unitary mattix, in Eq. (2.2) q-@3.95 in eV}

diagonalizing the nondiagonal neutrino mass matrix in the

flavor basis is also known to us if we consider a particular set 1.00712  0.0143034 0.0274612
of solutions for the three angles from the earlier section. As M,=| 0.0143034 1.02782  0.05424%9
bothD, andU, are known we can obtain the nondiagonal

mass matrixM , in the flavor basis using the relation 0.0274612 0.0542459  1.1049

0 0 msg

(3.19
u,D,UT=M,. (3.6

We take mp=4.3x10° eV, m =1.777x10° eV, andm,
So for a particular set of solutions for the masses and the=0.105658 10° eV and solve Eqs(3.8—(3.13 after con-
mixing angles discussed in the earlier section, all the elesidering a specifid ,, in Eq. (3.14). For various allowed real
ments ofM, are known. However, thid/, is equal toN  values of\,3, lower than that mentioned earlier, the solution
which is also the nondiagonal mass matrix expressed ifor other sixL-violating couplings do not change by an or-
terms of different_-violating couplings. So we write der. We present below the the values of these couplings con-

sidering\ ,3, in the range (10°— 10‘3)@/\/% (here and in
later discussionm, andm stand for the corresponding mag-
From Eq.(3.7) we get six equations for thie-violating cou-  nitude in GeV:

N=M,. 3.7)

plings:
-5 — 67
Km2\L2+3maA 2= M, (1,1)/a, (3.9 Lo >0ms o 1.3x10 m,
e \/: " \/: '
2Km2AA L +6mIAINI =M (1,2)/a, (3.9 m m
—2Km,m\! N5+ BmIANINI=M (1,3/a, (3.10 5.6X 107°m;
e NI~ — (3.195
Km2\\2+3mor92=M ,(2,2)/a, (3.11) \/;
— I 2\ 0y d— ~ ~
2Km,m, N, Nzt BmaNINI=M (2,9)/a, (3.12 730, 23107,
N~ ———, N~————,
KmZA 55+ 3mir =M ,(3,9)/a, (3.13 € K " K
after comparing the elements,l), (1,2), (1,3, (2,2, (2,3, B
and(3,3), respectively. However, there are seveniolating 4.0x10 3mg
couplings involved in these six equations. So we shall con- Mg~ ——F——. (3.1
sider the possible value of one of theviolating couplings Km
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Another set of real solutions for variousviolating cou- degenerate mass neutrin@ghich may be candidate for dark

plings for the above case is given below: matter alsp as mentioned in Eq$2.9 and(2.10), it is pos-
sible to reconcile LSND, solar and atmospheric neutrino os-
5.3X 10 °mq 1.3x 10" %my cillation data with theR-parity-violating supersymmetric
Ne=——F—, 7\,‘1~—~, model.
\/; \/; Next, we consider the other possible solutions for the
mixing angles as stated in E(R.8) and consider again the
5.6x 10~ 5m almost degenerate mass of neutrinos as mentioned in Egs.
N~ ————, (3.1 (2.9 and(2.10. In this case, we get the following form of
\/ﬁ M, after using Eq(3.6):
4.2 10", 2.3%10 M, 1.00704 0.0143116 0.02747Y2
N~ ————, A ~——=, M,=| 0.0143116 1.02788  0.05421f1
Km Km 0.0274772 0.054211  1.105
(3.19
3.9x10 3m, _ _ _
Njge —————. (3.18 As in the earlier case, we again solve E@&8)—(3.13 for
Km specificM, in Eq. (3.19 and obtain the solutions for six

L-violating couplings. All the solutions in this case are ap-

We have ignored the overalt or — sign for the solutions proximately the same as Eq8.15—(3.18. So the different
(here and in later cases aJsfor different L-violating cou-  set of choices for the mixing angles in EQ.8) do not lead
plings. Although there are different sets of solutions posi0 significant change in the values bviolating couplings.
sible, if we ignore the small changes in the higher decimal We shall consider next the hierarchical neutrino masses as
places for different solutions then mainly the two sets ofmentioned in Eqs(2.11) and (2.12. For the three mixing
solutions are found to differ to some extent from each othefngles we consider E@2.7). As before using Eq(3.6) we
particularly for the value ok}, and 13, and those two sets of obtain the following form ofM ,:
solutions are presented above.

It is importa?nt to note here that there is almost no change 0.0534391 0.0569347  0.10027
of the A3, values for various reak ,3, value in the range M,=| 0.0569347 0.127333 0.202493 (3.20

(0.0-10"%)m/VKm and the two values of 3, in Egs. 0.10027  0.202493 0.417771

(3.16 and(3.18 are very close to the upper bound obtained

from the experimental value ofR,=T(r—ew»)/I'(r  Solving Egs.(3.8—(3.13 for specificM, in Eq. (3.20 we
HMV;) [20,21,33. This indicates that there is a possibility optaln the following real solutions for sik-violating cou-

to see the lepton universality violation in future experiments PliNgs- We present below the values of these couplings con-
The same comment is also true fos3, coupling as almost ~ Sidering 3, in the range (10°—10"3)mg/\/m:

the same real solutions for variousviolating couplings ex-

ist for the higher allowed value of,3, coupling. Of course 8.5x 10 °mj q 8.3X 10 °m;
this statement is based on the present neutrino oscillation ’\e*T, MNT,
data and considering the neutrino as a Majorana patrticle, the m m

main contribution in the neutrino mass matrix coming from

the earlier mentioned sevdnviolating couplings and the 3.4x 10 °m,
L-violating couplings considered here are real. Although in A= Y —— (3.29
obtaining the solutions fot-violating couplings we have \/;

considered here almost degenerate mass for three neutrinos,

but such higher values of,3, or \,3, are possible for hier- 3.7X 10—5513 7.2% 10—5515

archical nature of the masses of neutrinos also, as can be A~ ————— )\'lﬁ—,

seen in the later part of our analysis. If we consider complex Km Km

or imaginary value o ,3, coupling considering the experi-

mental upper bound mentioned earlier it is possible to obtain 1.8x 10 3m,

complex solutions for other sik-violating couplings from Ngre ———. (3.22
Egs.(3.9—-(3.13 for M, in Eq. (3.14). For brevity, we are Km

not presenting those solutions of variolsviolating cou-

plings for this case of masses and mixing angles and foAnother set of real solutions for variousviolating cou-
other cases also. However, at the end of this section we shallings for the above case is given below,

make a few general remarks on the complex solutions for

theseL-violating couplings. Existence of the possible solu- 1.2 10" °mg 8.3x10 ®m,
tions for L-violating couplings in Eqs(3.15 and (3.16 or N~——————, Ml=——F—r—,
Egs.(3.17 and (3.18 indicates that considering the almost \/; \/;
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3.4% 10 5m violation, in that case, should be observed through that cou-
)\?_m—s' (3.23 pling. Depending on the results of future experiments on
\/ﬁ neutrino oscillation, tau universality violation, etc., the
analysis with other such couplings may be important.
5.2x 107%m, 7.2x 10 5m, We would like to make a few remarks on the complex
N~ ————, )\'ﬂm - solutions for varioud.-violating couplings. Earlier in obtain-
Km Km ing all the abovementioned solutions for differéntiolating
couplings we have considered valueXak, coupling in the
1.2} 10 3mg range (10°—10"3)m¢/VKm. However, if one considers
sz~ K B2 the value of A3, in the range (4.66.0)10 3mg/VKm

which is very near to the experimental upper bougad],
So it is seen that considering hierarchical nature of th then from Eqs(3.8—(3.13 considering a different form of

masses of neutrinos also it is possible to reconcile LSND,. ” as mentl'oned e'arlle_r, one W'." obtain the complex solu-
solar, and atmospheric neutrino oscillation experiments witﬁ'ons. for vgnougL-wolatmg couplings. Furthermore, if one
the R-violating supersymmetric model. In this case the Onlycons_lders 'maginary or c_omplex valu_es 70£32, one wil
thing to note here is that; 3, is slightly lower than the earlier optam the complex solutlons.for vanqtlswolatmg cou-
cases, however, not far from the present experimental bour@'ngs' Dependlng_on the various choices of th_e values of
obtained from the lepton universality violati9#0,21,32. 232 0N€ may obtain from Eqs3.8-(3.16 the various so-

Next we shall consider the hierarchical mass pattern o'f"fglons for (|1|fferehntL-V|oI§t|ngb cogtpllngs Vr\]”th vanct)us pos-t q
neutrinos as in the earlier case but consider the mixinqj' € complex phases. For brevily, we have not presente

; . arious possible complex solutions. For some complex
angles as presented in Eg.9). In that case, using Eq3.6) . .
we get the following form oM, : phases the solutions may not be allowed depending on the

constraint from the value of the electric dipole moment of
0.0503506 0.0572644 0.100908 the electron. We will discuss this in the next section.
The solutions for allk and\’ couplings are obtained in

M,={ 0.0572644 0129869 0.201098 (325 o/ ms of the parameters, m,, andK. Herem is the super-
0.100908 0.201098 0.418324 symmetry breaking mass parameter which is expected to lie
] in the range ofO(100 Ge\j to O(TeV). To compare our
As before we solve Eqg3.8—(3.13 for M, in Eq. (3.25  ¢onstraint o\ and\’ couplings with the earlier constraints
and consider the same range fos;, as in earlier cases. In [20] we shall consideK~1 which means the slepton mass
this case, the solutions fdr-violating couplings are almost ges not differ much from the squark mass and we shall also

the same as before with hierarchical masses of neutrinos ar&%nsider both the squark mass amdof 0(100 GeVj. We
we are not presenting those solutions seperately. shall consider those solutions bfviolating couplings for

If the future neutrino oscillation experiments with higher which complex phases are negligible. The earlier constraints

sensitivity and more data support the three flavor_mixingfrom the tau universality violatiof21] are X 13,<0.06,\
scheme as mentioned in Sec. Il and theiolating couplings 0.06. andhane M <0.06 which in our anélizsis.fro}n Zr?éu-
i=Y-Uo, 233= A, =U. Yy

are real, it is expected that experiments on lepton universal- i

ity violation in the future will find a signal for the values of tino oscillation, are found to b@(0.0l—O.Qé}, O(O'OD’? and
X132 OF A3, couplings at the level required by our analysis_0(0.0007—0.0002)?; r%spectlvel),/. Th(g earlier constr,alnt fqrom
However, if no signals are found for those values of R =Thaaro Z7)/T'(Z7) [33], N339=17,=0.26, and55=1,
L-violating couplings, particularly ;5, coupling, then the ex- =0-39 which nour analysis ar®(0.0003-0.0005) and
planation for that may be the following. In that case normally Ol (1—8)<10"°], respectively. The earlier constraints on

it will be expected thak 15, coupling is very small. However, M1ss=A¢ obtained from the constraint from neutrino mass
then if one considers again those six equatith8—(3.13  [34] areX3~0.002 and\ ;35= A;=~0.004 which in our analy-
considering\ 13, as effectively zero it is found that for the sis areO(0.00008-0.00053and O(0.00004-0.00037 re-
various cases for masses and mixing angles, real values spectively. So our analysis indicates somewhat lower values

\»3, have to be always of the order of 1%, /\Km. How- of various L-violating couplings than the upper bound on
ever, if the signal for\,s, is also nots seen through these couplings obtained from other experiments. Further-

r-universality violation, it will be necessary to check the role more, if one considem to be nearer to the TeV region then
of other couplings for the analysis of neutrino masses anéese values df-violating couplings will be further lowered.
mixing angles. As under this circumstanoe,, and \ s, Th(nT upper bounds on these couplings obtained from the ex-
will be smaller, we may consider the terms next to the leadPerimental data on neutral currensdecay[21], muon de-

ing order in mass in the various elements of the neutrino

mass matrix in Eq(3.3). As the mass factor associated with

those other n0n|eading contributions will be less in magni- 3When we consider a very small value X)ISZ which can be ne-
tude, it is expected that the magnitude of some other couglected in the neutrino mass matrix in Eg.3), we get this solution
pling should be somewhat higher, a8, is, to reproduce the for \,5, from Egs. (3.8—(3.13. Otherwise various solutions for
similar forms ofM , mentioned earlier and the lepton number \ 5, are possible as mentioned earlier.
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gY de~ —sin6 coso[ (cos B—sir’ B)sinax
LT g +cospsinf cosan |\ jjl?
3,
l c 2|Aq —17,
e u u e X 3 my [Fa1(Xi) +2F5(x)]10" e cm, (4.3
S

FIG. 2. One loop diagram contributing to the electric dipole ~
moment of the electron. Wherexkz(mdk/ms)2 and the loop integralf, andF, are

expressed in terms of, as
cay (u—ey,u—eee [35], or tau decay {— uy,7—ey)

[36], etc., are somewhat higher than the values required in Fi(x)= —( 1+x+ 2xIn Xk)
our analysis. 2(1—x,)? =X
21In Xk
IV. CONSTRAINT ON COMPLEX PHASE Fa(X) = 5 g (4.9
OF SUPERSYMMETRY BREAKING PARAMETER 2(1=x0) k

In the standard model the electric dipole moment of theA, andms in Eq. (4.3) correspond to the magnitude of those
electron is much smaller than the present experimentajuantities expressed in GeV. We are particularly interested
boundd,<10 %% cm[37]. So the new sources @GP vio- in j=3 andk=3 in Eq. (4.3). We obtained a solution for
lation which occurs in the supersymmetric model can bexd=)]..in Sec. Ill to explain the neutrino physics data, so
studied on the basis of the electric dipole moment of theye would like to constrain the complex phases associated

electron[38—40. In the minimal supersymmetric standard with A in Eq. (4.3 here. Consideringd as real or complex

model apart from the Yukawa couplings tlhere are severaénd writing it asCFnS/\/ﬁ in the form obtained in Sec. llI
complex parameters such as three gaugino masses cor

sponding to S(B), SU2), and U1) groups, the mass param- r(%vheref: is some value depending on th(-a pre of solutjpns
etermy, in the bilinear term in the Higgs superfields in the A @ndms, both from 100 GeV to 1 TeV, itis found that the
superpotential, and dimensionless parameteasdB in the ~ constraint on the complex phaag  and 3 is

trilinear and bilinear terms of the scalar fields. With a suit-
able redefinition of the fields, some of these parameters canl(
be made real but some others cannot, such a& flerameter 4
[39]. The complexA will contribute to the electric dipole - (2-16)x10
moment(EDM) of the electron. Furthermore, if we consider - |C|? '
the complex\’ couplings, the complex phase associated

with those will also contribute to the EDM of the electron. In the case for which there is no contribution to the EDM in
There will be various diagrams in theparity-violating su-  Eq. (4.3) is 8= — aa/2. For the complex solutions af for
persymmetry for the EDM of the electrgd0]. But the sig-  which |C| is not less than about 16 we can make the
nificant contribution to the EDM comes from the one loop following statements. Fog~ /4 and aAd~7/2 the above

diagram containing top quark in the loop as shown in Fig. 2;,equality can be satisfied for any valueéfHowever, such
There will be a diagram containing massive ne_utrlnos in the, large phase fok is not possible as the EDM of the electron
loop. However, the masses of neutrinos are quite small in OUf;ij| get a contribution from other diagrams involving chargi-
discussion and we are ignoring those types of diagrams s, and neutralinos at the one loop lef@8] cancelling this
there will be a lesser contribution to the EDM of the elec'possibility. SoB~ /4 is not possible for any value @ So
tron. In terms of complex phases we can wAteand\ i 8 those sets of complex solutions for differéntiolating cou-
plings should not be considered when the complex phase
associated with g is found to be approximately/4 and|C]|
satisfies the above condition. Let us consider Mgt is real

and 6= /4. In this case it is seen from Sec. Il that

and the mixing angle for the left and right squark in the ~10 ® and the complex phase for the parameterap,

familiar way <3.2x10 3. Without any specific choice of the mixing
angle 6 one can constrain only the combination 8f a,,
and # as shown in Eq(4.5).

co$'B—sir’B)sina, +cospB sin B cosa, ]sin 6 cosd

(4.5

Apa=IAlexplian, ), Mj=INjlexpipg) (4.0

tan 20=2|A,|my/(u? — u2). 4.2
V. CONCLUSION
Following Ref.[40] and assuming a differem;’jk containing We have shown here that in the minimal supersymmetric
another complex phase as mentioned in Ejl) we can  model with R-parity-violating trilinear terms in the superpo-
write the EDM of the electron from Fig. 2 as tential in Eq.(1.1) it is possible to obtain the appropriate
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mass square differences and the mixing angles as required #pder of the squark mag® for a squark mass or slepton
explain the LSND, atmospheric, and solar neutrino oscillamass of the order of 300 GeV, it may be possible to observe
tion experimental data in the three flavor mixing scheme foran| -violating signal for those couplings discussed in Sec. IlI
neutrinos. The validity of the three flavor mixing schemefor which X X\’ >5% 10~%m /\/ﬁ, whereas for squark or

1 S ’

W|Il_be_ver|f|ed in t_he near future experiments on neumnoslepton masses of the order of TeV the condition js\’
oscillation as mentioned in the Introduction. The masses for

three Majorana neutrinos are generated at one loop level %3><10‘5r_n3/_\/5. So for various couplings considered in
shown in Fig. 1 and it is possible to satisfy the constraint orPUr analysis in Sec. Ill, it might be possible to observe an
the masses and the mixing angles coming from the neutrind-"Violating signal. o .

less double beta decay. In each element of the neutrino mass |f one considers the baryogenesis in the early universe at
matrix in Eq.(3.3 we have considered two leading terms in the grand unified theoryGUT) scale, after the generation of
terms of the magnitude of masses in E8.1) coming from  asymmetry to §at|sfy thg out of equilibrium condition one
the diagram with a slepton and lepton and also coming fronf€quiresL-violating couplings~10 " for a squark mass in
the diagram with a quark and squark in Fig. 1. Under thisthe 100 GeV to 1 TeV rangg43] which is significantly
consideration it is interesting to note that for real values offmaller than the values of some of the couplings obtained in
various L-violating couplings at least one of the couplings S€c. lll. So if one would like to satisfy the neutrino physics
130 OF \ o3, is €xpected to be quite high and very near theexpe.rlmental (_jata_m the three flavor_mlxmg sqheme, it seems
experimental upper bound coming from theuniversality that in theR—onat_mg supersymmetric scenario the genera-
violation [20,21,33. Apart from these two particular cou- 0N of the baryonic asymmetry near the electroweak scale is
plings for some of thé.-violating couplings the magnitudes More favored where the constraint on theviolating cou-

are such that it might be possible to observe such &!iNgs are not so severf@4]. We have shown that in the
L-violating interaction at the Fermilab Tevatron or at DESY R-violating supersymmetric models the neutrino can be con-
ep collider HERA. At the Tevatron after squark pair produc- s[dered as dark maiter cgndldates a_lso. Our analysis alsq in-
tion some squarks will decay to a L$8ay a neutralinpand dlca}tes_ that to satisfy various egperl_mental dgta on neutrino
others will decay via the i LIEX operator giving a multilep- oscillation, the lepton-number-violating couplings are con-

ton signal[41]. At HERA one can see Ruviolating super- s_tralned in suqh_ a way that some combinations of left and
right squark mixing angles and the complex phases of some

symmetry signal for thé'QID¥" operatorf42] through reso- supersymmetry parameters—particularly that of fhepa-
nant squark production and its subsequent decay to thgmeter is constrained.

electron or positron and neutrino giving the signal of high
electron or highp positron or missing for neutrino. The
basic requirement for the observation of such signal is that ACKNOWLEDGMENTS
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