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We propose an extension of the supersymmetric standard model with right-handed neutrinos and a singlet
Higgs field, and study the neutrino masses in this model. The Majorana masses for the right-handed neutrinos
are generated around the supersymmetry breaking scale through the vacuum expectation value of the singlet
Higgs field. This model may induce spontanedtparity violation via the vacuum expectation value of the
right-handed sneutrino. In the case, the effective theory is similar to a bilRparity violating model. There
are two sources for the neutrino masses: one is this biliRegarity breaking effect, and the other is the
ordinary seesaw effect between left- and right-handed neutrinos. Combining these two effects, the hierarchical
neutrino mass pattern arises even when the neutrino Yukawa matrices are not hierarchical. We acquire appro-
priate masses and mixings to explain both the solar and atmospheric neutrino oscillations.

PACS numbgs): 14.60.St, 11.30.Qc, 12.60.Jv, 14.60.Pq

[. INTRODUCTION are zerg is always the global minimum of the scalar poten-
tial in the supersymmetric limit, and if we add the positive
Recent Super-Kamiokande data provide convincing evisoft scalar mass-squared terms it still remains at least a local
dence for neutrino oscillationisl]. It strongly suggests the minimum and in general tends to be the global minimum.
existence of neutrino masses of at most a few eV. The stanwe recall that negative soft mass-squared terms for the
dard explanation of such tiny neutrino masses is the seesagharged-colored fields easily lead to unwanted charge or
mechanisni2], in which one introduces right-handed singlet ¢olor breaking. One way to get rid of this vacuum is radia-
neutrinosN; . The standard model gauge group does not fortive breaking[7], where the radiative correction to the soft
bid the Majorana massed g between the right-handed neu- gcajar mass-squared drives it negative even if it is positive at
trinos N;, which are usually placed near the unification yhe tree level. In this mechanism the origin does not remain
scale, sayM g~ 1_01 Gev. , _the local minimum. This is applied to the electroweak sym-
Bilinear R-parity violation in the supersymmetric modelis o4 hreaking of the MSSM successfully. Another way is to
another possible way of obtaining the neutrino magsgs introduce the large soft scalar trilinear couplings terms

:srgﬁ drggjderLl)s dteh(i/lgxstﬁ/lr)m[i? gg(tj?r? mslmrgl?lgﬁﬁee;yg:?ne;m[B]. The origin remains a local minimum while there appears
9 the global minimum which is far from the origin due to the

L;H, to the superpotential. Originally the conservationFof effect of the largeA terms.

parity was introduced to avoid proton decay, so that lepton ioned ab h id h
and baryon number are conserved in the MSSM. The Af] menuorr]\e 'egohve, when one considers the seesaw
R-parity breaking term&;H, violate lepton number conser- mechanism the right-handed Majorana maddgsare sup-

: . uposed to lie near the unification scale. This is based on the
vation, leaving baryon number conserved. Therefore, neu:- . .
assumption that at least one of the Dirac-type Yukawa cou-

trino masses are generated without introducing any right-l. £ is of ord itv. H th

handed neutrinos. In this scenario, the neutrino masses hafe 9> 'S ' of Ver unily. MOWEVET, there aré no reason

a characteristic structure. Only one generation of neutrint?”or'.to e>.‘pec” ~O(1). In fact, almost all the Yukawa
obtains mass at the tree level by mixing with the gauginosCOUpIIngs n the_ standard model or the MSS.M are much
(we refer to this as “gaugino seesay” Therefore, the smaller than 1; the top Yukawa coupling is the only

masses of the first and second generation of neutrinos aﬁg(ceptionl. Therefore, it is interesting to pursue the possibil-

generated by radiative corrections. In this model it is rathef” that the right-handed Majorana mass sddigis also low
enough to be spontaneously generated at the weak or super-

difficult to maintain the second generation neutrino mass ap- mmetrv breakin le. while the Dirac-t Yukaw
propriately large to account for the solar neutrino anomalySy elry breaking scale, € the Dirac-type rukawa cou-

by the Mikheyev-Smirnov-WolfensteitMSW) effect. plings f” are small enough tq give appropriate seesaw
The origin of theR-parity violation may be naturally ex- masses of the left-handed neutrinas

plained by spontaneolW&parity breaking5,6]. However, it

is not very easy to generate spontaneous symmetry breaking

in the supersymmetric model in general. Namely, the origin !Also bottom and tau Yukawa couplings becor®1) in the

[a point where all the vacuum expectation val(¥¢&V’s) large tanB (v,<<v,) region of the MSSM.
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In this paper we propose a model where a singlet Higgss usual. The most general superpotential consistent with
field Sis added to the MSSM with right-handed neutrinos R-parity conservationup to the appropriate field redefini-
N;. We consider the most general superpotential consistertion) is
with R parity and an overall; symmetry which forbids an
explicit uH{H, term, without assuming any extra global W=Wyssut W 1)
symmetry. In particular, we do not impose lepton number
symmetry by hand, so that the sing&may couple to ordi-
nary Higgs fieldH,; andH,, which means that the termis ~ where
spontaneously generated as wWél).

Our model has an interesting parameter region where left-
and right-handed sneutrinos acquire VEV’s dRgbarity is
spontaneously broken. In the vacuum with brokeparity,
the effective theory is similar to the biline& parity violat-
ing model. There are two sources for the left-handed neu-
trino massean, in this case. One is the ordinary seesaw
effect with right-handed neutrino; and the other is the Ani
bilinear R-parity breaking effect. WN,S=Z fi”j(Lin)Nj+)\H(HlH2)S+Z TNiZS

Owing to the existence of these two effects, we can ex- " !

WMSSM=Ei ff‘(HlQi)Di+iEj fil(QiH2)U;

+2 f(HLL)E, @)

plain the hierarchical neutrino mass structure naturally. The As

seesaw mechanism with right-handed neutrinos provides +§§’, 3
masses for all generations, while the effect of Bparity '
breaking provides mass only for one generation. Therefore, .

one neutrino may be much heavier than the other two ned-) &€ generation indices and summed from 1 to 3. The

trinos parametersfid, f7, Ani» Ay, andhg can be taken real and
) u

This paper is organized as follows: In Sec. II, we analyzeP0Sitive while fj; and fj; are in general complex matrices.
the scalar potential of our model. In Sec. IlI, we investigate"Ve have imposed an overath symmetry in which all the
the neutrino masses with VEV’s considered in Sec. II. SecSuperfields have the same charge, as is done in the next-to-
IV is the summary of this paper. The detailed calculations offinimal supersymmetric standard model to generatezihe
the vacua of the simplified potential are shown in the appent€rm spontaneousid].

dix. The scalar potential corresponding to E#). is
Il. THE MODEL AND ITS VACUA
V:VF+VD+VSOﬂ1 (4)
We add the singlet fiel&to the MSSM with right-handed
neutrinosN; . We assigrR parity even forSand odd forN; , where
|
IWssu] > R 5 IWissm ; 2 | 0Wyssm 2
Ve=, 20| e + 2 [fF(HLL) [P+ 2 L +; i HaNj| |5 M8
IWusswm 2 2 i, As |2
aTz+iEj frLiNj+NuH,S +; E. f1i(LiH2) +AyN;S| + )\H(H1H2)+2i 5 N+ 58 ()
Vor= VMosSMy % A"l (LiHo)N; + AN (H H,) S+ H.c.
2INL 12 m2| Q2 Ani As
+{ ) m?IN[2+m?[S2+{ Am| >, TSI\fﬁLySg +H.c.f|. (6)
i .

and soft breaking masses composed purely of gauge singlets
The termV Y™ represents the MSSM soft ternislote that

the B term BuH;H, is not included. We have taken the

common soft breaking parametarsand A for the singlet

fieldsN;,Sin Eqg.(6), motivated by the supergravity scenario 2There might be the cosmological domain-wall problem associ-
[11]. That is, if we set the common trilinear couplidgand  ated with the spontaneous, symmetry breaking. This may be
universal soft masm at the Planck scale, th& parameters evaded by, e.g., nonrenormalizable terms or inflafitoy.

113001-2
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N;,S [namely, the terms inside the square brackets in Eq. ) 14
(6)] are relatively insensitive to RGE running and so their ;

: A=t A=2%
values at the weak scale are approximately the same as tr
values at the Planck scale. In contrast, the MSSM soft terms
run in the usual way. The terviy in EqQ. (4) represents the
MSSM D terms whose neutral components may be written as
2 e S

<¢>

2, 2
011+0> ~
v R g g3 )L @

Note that the Majorana masses of right-handed neutrinos
Mg are naturally induced by the VEV @& which is around
the supersymmetry breaking scale and not near the unifica
tion scale. This is because we have imposedzahsymme-
try, which forbids the explicit Majorana mass terms between
the right-handed neutrinos, to generate jlhgerm of the
Higgs fieldsH; and H, spontaneously by the VEV o& FIG. 1. The schematic figure of the vacuum. The solid line
Since the Majorana masshbs are generated at the order of corresponds té\=4 and the dotted line correspondsAe-2.
the supersymmetry breaking scale, the Dirac-type Yukawa o ) o
couplingsf” must be below 108, which is around the mag- Then the scalar potential including the soft terms is given by
nitude of electron, up-quark, or down-quark Yukawa cou-
plings, in order to generate tiny neutrino massgsseV. V=|\¢?2+

The VEV's are determined by the minimization of the
potential (4). The right-handed sneutrind may acquire a
VEV along with theS§ i.e., R parity may be spontaneously
broken. In this case, the biline&parity violating terms of
the formf”(N)L;H, arise as new sources of neutrino masses 4
m,. Notice that the VEV for the right-handed sneutriNo V= EXZ
does not induce spontaneous lepton number violation. In 2
fact, neither lepton number nor any other global symmetry
can be assigned to the superpoten@®® Therefore, an un- The global minimum is at the origir=0 for |A|<3, or at
wanted Nambu-Goldstone boson accompanied with spontdhe pointx#0 for |A|>3. WhenA>3, the VEV and poten-
neously broken global symmetry is absent even if either ~ tial are given by
N acquires a VEV.

To gain more insight into the supe_rpotentﬂa]_, we show (p)=— TC+ , (11)
the three lepton number restoring limits. The first is the limit A
f*—0. We assigr. =0 to bothSandN; . This model forms
the NMSSM[9] with extra singlet fieldsN;. The second m*
limit is Ay—0. This is also the NMSSM with right-handed Vinin=— §C+(C+_1)v (12
neutrinos whose lepton number assignmentsLare-1 for
N andL=0 for S The third is\y ,As—0. This model is  \here
called the singlet Majoron model, wheke= —1 for N; and

A
gm)\¢3+H.c. +|m|?| ¢|2. (9)

For simplicity, we takex, A, m, and¢ to be real. Rescaling
the field asx=(\/m) ¢, the potential becomes

2A
X2+ ?x+1 . (10)

L=2 for S[6]. In the singlet Majoron model, lepton number A+A%2-8
andR parity are broken spontaneously by the VEV’s of She Cozrpg— (13
andN.

Now we show the mechanism which generates the VEV'sThis situation is shown in Fig. 1 schematically. It is interest-

for SandN. As mentioned in the previous section, it is not jng that both the VEV and the depth of the potential depend
very easy to generate the VEV's in the supersymmetrion the inverse of\. Therefore, we may obtain the larger
model. We use the mechanism which requires a l&t®m  vEV and the deeper minimum for smaller values\oOrigi-

[8]. Let us briefly review this mechanism by using a simplenally, efforts have been made to apply this mechanism to the

model. Consider a superpotential electroweak symmetry breaking of the MSSM in the super-
N gravity scenario, and it has turned out to be diffi¢8lt The
W= =3, (8) reason is that the smallest Yukawa coupliffg f“, or fd
3 produces a deeper minimufwhere the electric charge is

broken than the desirable one, resulting in the breaking of
the electric charge symmetry. In contrast, we apply this
3The R symmetry can be assigned as the charge 2/3 for all supeimechanism tdR-parity breaking, leaving the explanation of
fields, but it is broken explicitly by the soft supersymmetry break-€electroweak symmetry breaking for, say, the radiative break-
ing terms. Ing.

113001-3
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Let us analyze the neutral components of the pote(#jal
and evaluate the VEV for the singlet fiel@sandN. As an
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and the other two VEV’'s remain zero in our baisVe
choose parameters such timatis nonzero. We will writeng

illustration, we first treat its simplified version analytically, and\y3 asn and\y, respectively, when it is clear from the

ignoring thef” and Ay terms. Thef” terms can be safely
neglected. If we also ignore thg, term, the singlets and

context.
Let us classify the global minimum of the scalar potential

N; decouple from the other fields and the potential is simplg15). There are three types depending on the paraméters

enough to be treated analytically. We includg term as a
perturbation latef. The relevant superpotential is given by

ANi As 4
The scalar potential is written as
2 Anioo As 22 IINAE
V=2 MSNIPH 2 NP+ ST+ 2 mlN|
ol el2 AN Ns 5
+m? 92+ Am| X 7sr\;2+§s +H.c.t. (15
| .

This potential has the same structure as(@pand theSand
N fields can acquire VEV's if thé\ terms are large enough.
For simplicity, we do not consideC P-violating effects,

andk=\g/\y. (We treat them in more detail in the Appen-
dix.)

When|A|< 3, the global minimum is at the origin=s
=0. (This corresponds to Solution 1 in the AppengixXhis
vacuum is unacceptable, because-0 means that the
Higgsino bosons are nearly masslgss 0. In addition, Ma-
jorana masses of the right-handed neutrinos also become too
small. Therefore the Yukawa couplingsmust be extremely
small to give proper seesaw masses.

When |A|>3, there are two possibilities. One is=0,s
#0. (This corresponds to Solution 2 in the AppendgixXhis
is uninteresting, because in this case the right-handed
sneutrinoN does not have a VEV, i.eR parity is unbroken.
This amounts to just changing the scales of the ordinary
seesaw mechanism. The otherrist0,s#0. (This corre-
sponds to Solution 3 in the Appendix.his can be the global
minimum for some range of values kfthat is given by Eq.

that is, we assume that all the parameters and VEV's are reglag) in the Appendi3. For example whepA| =4, this range

The stationary conditions are given by

oV NNi A
— = PSP+ X %njznL 7SSZ>)\Nini
i vacuum
+Am\yisn+m2n;=0, (16)
oV ANi A
— 2.2 Nj 2 Se2
S —; Anjnjs+ 27”;‘*‘75))\38
vacuum
Am\ Am\
+> Njnj2+ 52+ m2s=0,
7 2 2
17
where the VEV's are parametrized as
(S)=s, (N)=n;. (18
If n; is nonzero, Eq(16) reduces to
AnZS?+ A yié+ m2=0, (19)
where
ANi A
= %njzwL 7Ssz+Ams (20)
J

corresponds to 18k=<6.

Next, we consider whether the above situation remains
the same when we add the,S(H,H,) term. Equation$16)
and(17) are changed to

v
(}'—N :Eq (16)+)\H)\Nl)lvzn:0, (21)
vacuum
ﬂ -E 2. 2 2. 2
9. (17)+(Ngus+ Ngui+NyAsv1v2)S
vacuum
+AHm)\HU]_U2:O, (22)

where v;=(H),v,=(HJ). The f’ terms are neglected
again. One can see from Eq21) and(22) that the solution

corresponding to each case remains the global miniffam

vi+v5=(174 GeVY], if \y=1 andm=100 GeV. We have
also confirmed this in the numerical calculations.

If one setsm extremely small or adds the term with large
Ay (=1), the solutions withs# 0 will not correspond to be
the global minimum anymore. The global minimum will then
be the unacceptable case 0.

We note that even if we assume commbrterms at the
Planck scale as in the supergravity scenario, it is easy to
make theA parameters for the charged fields small enough
(|Acharged<<3) to avoid the charge breaking minima, while

Obviously, Eq(19) cannot be simultaneously satisfied for all maintains theA parameters for the neutral field&and N

i=1,2,3 with nonzero values aof;, when\; are arbitrary.
Condition(19) does not change if one includes thg term.
This means that only one of the thrBe can acquire a VEV

“We solve the full equation€1) and(22) when we calculate the
VEV'’s for SandN numerically in the next section.

large enough|@|>3). This is because onkkhargedreceives
the radiative corrections from gaugino loops running from
the Planck to weak scale.

SThere are negligibleD(f*?) corrections once one includgg
terms.

113001-4
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(H3) (H3) @) @) 10° —
I I | I
| | |
v | x | v v I"~ R A v L
N Mg N B, o B, o 10 .
T
(a) (b) g
FIG. 2. The Feynman graph for neutrino masses at tree l@jel. 107
corresponds to the usual seesdh). corresponds to the gaugino
seesaw.
Ill. THE NEUTRINO MASSES . |
107 . . e
. . . 3 X107 3 1
We investigate the neutrino masses generated by a seese 10° 0 m (GZ\],) 10 0

mechanism in which left-handed neutrinos mix with both the
right-handed neutrinos and neutralinos. The left-handed FIG. 3. The three neutrino masses vs the soft scalar masfs
sneutrinos acquire VEV’s induced by a VEV of the right- gauge singlets in the case 0#0 (corresponding to Solution 3 in
handed sneutrino. This is because the nonzero VEW.pf the Appendi}. The dashed line shows the case of zero gauge cou-
introduces the bilineaR-parity violating couplings plings, i.e., the case where the gaugino seesaw effect is ignored.
The dotted line represents the ordinary seesaw effect between the
left- and right-handed neutrinos. The values of the parameters
frans(LiHy), (23) are fi=f3=f;=5x10"", Ay=0.3, \yy=0.4, A\\2=0.3, A3
=0.2, Ag=0.6, andA=—4. The gaugino mass values aké,
such that the VEV oH) induces linear terms for the left- =2M;=1 TeV.
handed sneutrind8]. The stationary conditions with respect
to left-handed sneutrinos are given by

fVi,j:Oikaj
&V v v V:/ll 1;:‘2
o =(fj3ujnz+Aysvq)fizns =| "1 "2 , (27)
Vi

vacuum v/ v f
31 32 v

-I-(fJ']}3Ujvz+)\Nsn3)fiV302+kg;z (finuivzfinUZ)
' where
1
+7(01+9)

f,=1"35=Oscfs= \/m (28

X u; +A’mflu,ng+miy;

2 2 2

=0 (24) Hereafter, we take this base and drofsom f”.

o In our model, neutrinos mix with neutralinos. The tree-
whereu; are the VEV's of the left-handed sneutrinos. Ignor- 1€V€l ~ mass mathXO ~f0r- l’Iﬁ‘Utl’Il’lO-neutraImo fields
ing the terms of the second order fi, we can easily solve (Vi ¥nj,¥s, 10 ¥12,B WO is given by
Eqg. (24) as

AyU 1St AnvoS+AYMY

Uj~ — flng ) N2 2. (29
E 24 02) (02— v2)+m? O3x3 Mp 29
4(91 95)(vi—v3 L M-[r) Mg (29

Note thatu is O(f") multiplied by parameters of the order of
the weak scale. It is always possible to change the basis %here
the lepton doublets as

ui,:Oijuj , (26)
%We have omitted the mass terf) ugz//Nijg, because this term
so that onlyu; takes nonzero value;=u. By this rotation, is second order ifi* and contributes to the light neutrino masses
f¥ changes as at higher orders(Other terms contribute up to second orgler.

113001-5
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v giu gau
Mp= fij’UZ! O3x1, O3x1, diaf,n, —5i3$, @3@ , (30
Ojj'ANjS  OjzAnNn O3x1 O3x1 O3x1 O3x1
53jr)\Nn )\SS )\HUZ )\Hvl 0 O
M O1x3  Apo2 0 AuS —gwilN2  gui/\2
R O1x3 Ajuy Ays 0 910,/N2  —guu,ly2
013 0 —0w1/N2  gw,/2 My 0
O1x3 0 9v1/V2  —gw,/\2 0 M,
(31

and Qy; isi X ] submatrix whose components are all zero. H

iggsino naddajorana masses of right-handed neutriivbsg,

and Dirac masses, between left- and right-handed neutrinos are, respectively, given by

/.LE}\HS, (32)
Mgi=An;S, (33
mDijEfﬁUZ. (34)

The mass matrix for the three light neutrinos is given by

m,;j=—MpM F;lME

2
_ < MoikMpjk u  fonuo,
& Mgy 93013 oy M
Ayv2sin2B8  2\yvstan
1M ﬂ+ nuztanps
X X
(f,M2[ vZ  Agisif2B  4Nyui
M 2M M uX X
1- =% [sinags M co228) | s
X "M sin 28+ < co B , (39

where

XE)\Ssz_)\Nn2+2)\HU1U2, (36)

the “reduced” gaugino mass parametdris defined by

1 ¢ 9
MMMy ok

and v?=v2+0v3=(174 GeV}. We have taken the param-
etrization v,=v cosp, v,=v sinB which is justified since
Ui<l)1,l)2.

Before presenting the numerical results, we provide quali
tative explanations taking two limits in E¢35). The first

term —mp;Mpj /Mg in Eq. (35) comes from the ordinary

u2

350 (39

M,ij = — 6i30;

which is simply the first term in the square bracket in Eq.
(35). This comes from the “gaugino seesaw” effect shown
in Fig. 2(b). The neutrino mass generation through the
gaugino seesaw effect is characteristic of a bilineguarity
violating model[3]. [As mentioned, our model has the effec-
tive bilinear R-parity violating coupling(23).]

If we take the limitM — <, Eq. (35) becomes

MpikMpjk

(f,n)2 4\yv3
MR '

X

m,ij=— — 0i39j3 (39

k=1

The first term in Eq(39) is just the usual seesaw mass term.
The second term in Eq39) comes from the “Higgsino see-
saw” effect via the Dirac mas$,n which mixes Higgsino
z,ng and left-handed neutrino of third generation, which

originates from the effective bilined&-parity breaking cou-
pling (23). The origin of this second term in E(R9) is the

last term in the square bracket in E@®5). The Higgsino
seesaw effect is absent in the biline@parity violating

model. The difference is that if we rotaté;(H,) to elimi-

nate the bilinear termg$23), there appearl(H,)S terms
which are absent in the biline&-parity violating model.

The interesting point here is that the neutrino mass matrix
(39) is purely given by the usual seesaw effect except for its
3-3 element. The gaugino and Higgsino seesaw together
work only for one generation, because we can always rotate
the basis as in Eq26). Thus the hierarchical neutrino mass
structure arises even if the Dirac-type Yukawa couplihys
are all the same order of magnitude.

seesaw effect between left- and right-handed neutrinos as Now we show our numerical result in Fig. 3 using the

shown in Fig. 2a). We denote this as “usual seesaw.” The
second term in Eq(35) is characteristic of our model.
In the limit s— andv—0, Eq.(35) reduces to

11300

parameters explained as follows. In the calculation, we treat
the VEV’s of the Higgs field$; andv, as inputs such that
v1=0 COSB, vy,=v sinB, wherev =174 GeV and ta=10.
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(This can be realized by solving the stationary conditions ofatmospheric neutrino data, because, is hierarchical
the scalar potential with respect tdfl’ and Hg for the soft (namely 3-3 element is largestHowever, the observable
scalar masses,;, andmy ) We search for the global mini- mixing matrix[13] in the neutrino oscillation experiment is
mum of the potential4) to obtain the VEV's forSandN ~ NotU but

using Egs.(21) and (22), and then evaluate the neutrino T

masses from the eigenvalues of the mass mag®. We o', (43

input the soft supersymmetry breaking parameters as
whereQ is the arbitrary mixing matrix appearing in E@7),

A=—4, determined by the free parametdrs, f5;, and f35 in the
2 ) original basis of Eq(26). Therefore, we may obtain suffi-
mg=m"+0.5Mg, (400 ciently large mixing angk) to account for the atmospheric

and/or solar neutrino oscillati¢s).
M,=2M;=0.8My=1 TeV,

motivated by the supergravity scenari@he overall form of IV. SUMMARY
Fig. 3 does not change if we set another inputs for soft break-
ing e.g. mfzmz.) We take the following values for the
Yukawa couplings:

We have studied the supersymmetric standard model with
right-handed neutrinoBl; and a singlet fields, without as-
suming extra symmetries such as lepton number. The Majo-

Ai=0.4, Ay=0.3, Ays=0.2, rana masses of the right-handed neutrinos are spontqneously
N1 N2 N3 induced around the TeV region by the VEV of the singlet
Ay=0.3, Ag=0.6 field S, which is generated by the effect of the laryeerm.
' ’ The right-handed sneutrind may acquire a VEV as well,
1 0 0 leading to spontaneouR-parity violation. In this case, the
effective theory is similar to a bilineaR-parity violatin
fi]} =10 1/\/5 l/\/E model. y party g
0 —142 12 There are two sources for the neutrino masses. One is the
. “usual seesaw” mechanism between left- and right-handed
5x10 0 0 neutrinos. The other is the biline&parity violating effect
% 0 5x 107 0 . (4 coming from the termg;3nL;H>.

0 0 55107 The usual seesaw contributes to all the elements of the
neutrino mass matrixn,;;, which generates suitable mass

The above parameters are chosen such that we obtain tqiferences for the splar neutrino osc!llation due to the MSW
global minimum with spontaneouR-parity violationn=0  €ffect. The mass difference appropriate for the atmospheric
(corresponding to Solution 3 in the Appenyiand that we ~Neutrino oscillation is obtained by the biline&-parity
may account for the solar neutrino by the MSW effft2] breaking effect which contributes only to the third genera-
betweenv, and v, and the atmospheric neutrino by mixing tion. The hierarchical neutrino mass structure naturally arises

betweenv, andv,. With this choice, the mass of the third €Ye" if one sets all the neutrino Yukawa couplirigsto be
generation~5x 10-2 eV accounts for the atmospheric neu- of the same order. We may obtain suitable mixing angles for

trino oscillations, and the mass of the second generatioRCth the atmospheric and solar neutrinos.
~3x10 3 eV accounts for the solar neutrino oscillations.
We can see in Fig. 3 that the third generation is substan- ACKNOWLEDGMENTS
tially heavier than the other two due to the Higgsino and . .
gaugino seesaw effect. The dotted line represents the usual The authors are most grateful to Y. Okada for discussions,

seesaw effect for the third generation /M gs. The dashed advice,_ and for reading the manuscri_pt. In addition,_we
line represents the Higgsin% seesanv;ﬂ)Zf[ek?; second term would like to thank A. Akeroyd for reading the manuscript,

; : : and T. Goto, J. Hisano, and K. Ishikawa for comments. K.O.
in Eg. (39)]. We can see that in the large region, the : ! . :
gaugino seesaw effect shown in E88) becomes dominant thanks the Japan Society for the Promotion of Science for

for the third generation. The reason is tisaind n are both financial support.
proportional tom [see Eq(A3) in the Appendi¥; hence we
can show from EQ@s.(32) and (33) that the usual and APPENDIX: THE VACUA OF THE SIMPLIFIED
Higgsino seesaw effec{89) are inversely proportional tm, POTENTIAL
so that they are less significant in the largeegion.

Let us now discuss the neutrino mixing. The neutrino
mixing matrix U diagonalizes then, shown in Eq.(35):

We investigate the vacua of the scalar poter(ti&). The
solutions of the stationary conditiorié6) and (17) may be
classified into four types:

T _ .
U'm,U=diagm,;,m,,,m,3). (42 Solution 1:
At first sight, it might seem difficult to maintain large mixing
between the second and third generation as required to fit n;

s=0. (A1)
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Solution 2: otherwise Solution 2 becomes the global minimum. There is
no region where Solution 4 becomes the global minimum.
n=0 s—_ Z—mC (A2) The reason is as follows. We look for the parameter region
b Ng that realizes/,<V,,V,,Vs. To haveV,<V; andn®>0, we
o needC?% —1>0 (which is equivalent tJA|>3). UsingC2
Solution 3: —1>0, the conditionV,<V, reads k—2)?(k+1)<0. This
2( A2 Am 1 cannot be maintained for at>0. That is, Solution 4 is not
2. M _2 S:__m__ (A3)  global minimum.
xﬁ (1+k)? ’ Ay 14K Let us derive the conditiofA9) for Solution 3. We con-
_ sider the casé&>0 because the extension to tAecO case
Solution 4: is trivial. The condition fom?>0 is
m? m
n?=—C%(2-k), s=— —C., (A4) 2\2<A, (A11)
AN AN
wherek=\g/\y (note thatk>0 in our basg The value of 2C% <k<2C%. (A12)
the potential(15) at each solution is, respectively,
V,=0, (A5) The global minimum condition is given by
4 mb V5;<V; when 2/2<A<3, (A13)
V§=—§FCi(Ci—1>, (AB)
s Vo<V, when 3<A. (A14)
m*| A%k A2
3= 2 m— K1 +1¢, (A7) WhenA<3 we rewrite the conditioriA13) using Eqs(A5)
N and (A7) such that
V= m* c2(c? 1)( 1 K (A8) 1
Lo 3/ k>§{A2—3+(9A4—A6)1’3}>2Ci , (A15)

When|A| <3, solution 1 becomes the global minimum of the
potential(15). When|A|>3, Solution 3 becomes the global which is inconsistent with Eq(A12). Therefore, it is not
minimum if Solution 3 but Solution 1 which represents the global mini-

L1304

— 21’3f) <k<2C?%, (A9)

1 2
—|2+2Ct+ —

+

where

f={—1-3C%+20C8 +(1+2C?)

x\1+2C%2-3C*-36C% +36C8113 (A10)

mum of the potential in the case 8 3. WhenA>3, con-
dition (A9) follows from Egs.(A6), (A7), and(A14). Con-
dition (A9) is compatible with conditiortA12), and we may
find nonzero solutionA3) for n ands. As mentioned below
Eqg. (19), only one of the thre®\; may acquire a VEV. We
isolate it by comparing the value &f; for eachhy;. (V3
takes its minimum value wherk=A—1. Therefore, if
kqi,kp,k3>|A|—1, the right-handed sneutrino that acquires
the VEV is the one with the smalle&;.)
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