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Lepton flavor violating processes in the bimaximal texture of neutrino mixings
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We investigate lepton flavor violation in the framework of the minimal supersymmetric standard model with
right-handed neutrinos taking the large mixing angle Mikheyev-Smirnov-Wolfenstein solution in the quaside-
generate and inverse-hierarchical neutrino masses. We predict the branching ratieesf y and 7— pu
+ y processes assuming degenerate right-handed Majorana neutrino masses. We find that the branching ratio in
the quasidegenerate neutrino mass spectrum is 100 times smaller than the ones in the inverse-hierarchical and
hierarchical neutrino spectra. We emphasize that the magnitudg;of one of the important ingredients to
predict BRw—e+ vy). The effect of the deviation from the completely degenerate right-handed Majorana
neutrino masses is also estimated. Furtheremore, we examir®, tReS;z model, which gives the quaside-
generate neutrino masses, and the Shafi-Tavartkiladze model, which gives the inverse-hierarchical neutrino
masses. Both predicted branching ratiosuef>e+ y are smaller than the experimental bound.
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[. INTRODUCTION the tree level in the soft parameters. This is realized by mak-

_ . ing the assumption that soft parameters such ra%)i(,
. The Supe.r-Kam|.oka.nde' Collaboraﬂop has glmost C.onimg )ij » andAﬁ- , are universal, i.e., proportional to the unit
firmed neutrino oscillation in atmospheric neutrinos, which® ©r . ] o )
favors thev,,— v, procesd1]. For solar neutrino2,3], the matrix. This assumption follows from m|n|_mal supergrgvny
recent data of the Super-Kamiokande and Sudbury Neutring/SUGRA). However, even though there is no flavor viola-
Observatory experiments also suggest the neutrino oscilldlon at the tree level, it is generated by the effect of the
tion ve— v, with the large mixing angléLMA ) Mikheyev- renormallzatlo!fl group equatlon$RGE§) via neutrino
Smirnov-WolfensteifMSW) solution, although other solu- Yukawa couplings. Suppose that neutrino masses are pro-
tions are still allowed[4,5]. If we take the LMA MSw  duced by the seesaw mechanigtd]; there are right-handed
solution, neutrinos are massive and the flavor mixings ar@eutrinos above a scal®i. Then neutrinos have the
almost bimaximal in the lepton sector. Yukawa coupling matrixy , with off-diagonal entries in the

If neutrinos are massive and mixed in the standard moddbasis of the diagonal charged-lepton Yukawa couplings. The

(SM), there exists a source of lepton flavor violatitV) off-diagonal elements o¥, drive off-diagonal ones in the
through the o.ff-diagonal elements of the neutrino Yukawa(m%)ij andAiej matrices through running of the RGH'$3].
coupling matrix. However, because of the smallness of the One can construcY, from the recent data of neutrino

heutrino Masses, the predicted branching ratios for these P"3scillations. Assuming that oscillations need only account for
cesses are so tiny that they are completely unobsery@ble the solar and atmospheric neutrino data, we take the LMA

On the other hand, in the supersymmetric framework th SW solution for the solar neutrino. Then the lepton mixin
situation is quite different. Many authors have already stud- ' P 9

ied LFV in the minimal supersymmetric standard modelMatrix, which may be called the Maki-Nakagawa-Sakata
(MSSM) with right-handed neutrinos assuming the reIevanI{MNS) r'natr'lx or the MNS-PQntecorvc{MNSP) matr|>.<
neutrino mass matrik7—210]. In the MSSM with soft break- 14’_13’_ IS given In _Ref.[16]. S_mce the data for neutrino
ing terms, there exist lepton flavor violating terms such aé)SCIznatlonS pnly indicate the dlffelrences of the mass square
off-diagonal elements of slepton mass matricem%)ﬁj ' Am: , neutrinos have three possible mass spectra: the hier-

ij
(m%‘R)” and trilinear couplingsxf'} . Strong bounds on these m,,

archical spectrunm,;>m,,>m,,, the quasidegenerate one
=m,,=m,3, and the inverse-hierarchical onm,

matrix elements come from requiring branching ratios for=m,,>m,.
LFV processes to be below observed ratios. For the present, We have already analyzed the effect of neutrino Yukawa
the most stringent bound comes from the-e+ y decay couplings for theu—e+ y process assuming the quaside-
[BR(u—e+ y)<1.2x10 1] [11]. However, if the LFV oc-  generate and inverse-hierarchical speftrd. In this paper,
curs at the tree level in the soft breaking terms, the branchinge present the detailed formulas in our calculationsuof
ratio of this process exceeds the experimental bound consid- e+ y and discuss the dependence of the supersymmetry
erably. Therefore one assumes that the LFV does not occur &USY) breaking parameters on the branching ratio. In the

[17], the right-handed Majorana neutrino masses were as-

sumed to be completely degenerate. We study the effect of

*Email address: atsushi@muse.hep.sc.niigata-u.ac.jp deviation from this degeneracy in this work. The correlation
TEmail address: kaneko@muse.hep.sc.niigata-u.ac.jp between BRf—e+y) and BRF— u+7y) is also calcu-
*Email address: simoyama@muse.hep.sc.niigata-u.ac.jp lated. Furthermore, two specific models of the neutrino mass
$Email address: tanimoto@muse.hep.sc.niigata-u.ac.jp matrix are examined in the— e+ y process.
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This paper is organized as follows. In Sec. Il, we give thewhereR is a 3X3 orthogonal matrix, which depends on the
general form ofY, and Y'Y, which play a crucial role in  model. Details are given in Appendix A.
generating the LFV through the running RGE's. In Sec. Ill,  First, let us take the degenerate right-handed Majorana
we calculate the branching ratios of the procesgese  masseMpg;=Mpg,=Mprz=Mg. This assumption is reason-
+ y and7— u+ vy in the three neutrino mass spectra. In Sec.able for the case of quasidegenerate neutrino masses. Other-
IV, we examine theS; XS;gz model, which gives the wise close agreement would be needed betwegandMp.
quasidegenerate neutrino masses, and the Shafi-Tavartkiladkbis assumption is also made for the cases of inverse-
model, which gives the inverse-hierarchical neutrino massedierarchical and hierarchical neutrino masses. We also dis-
In Sec. V, we summarize our results and give a discussioncuss later the effect of the deviation from the degenerate

right-handed Majonara neutrino masses.

Il. LFV IN THE MSSM WITH RIGHT-HANDED Then we get
NEUTRINOS oo 0
mvl
. . A. .Yukawa couplings | v \/M_RR 0 \/m_,,2 0 UI,,NS, 2.6
In this section, we introduce the general expression for the Uy
neutrino Yukawa coupling’, , which is useful in the follow- 0 0 \/m_v3
ing arguments, and investigate the LFV triggered by the neu-
trino Yukawa couplings. The superpotential of the lepton sec@"
tor is described as follows:
m, O 0
1 vty —M&y, 0 my, 0 |U] 2.7
Wiepton= YeLHg€R+ Y ,LH vg+ Evg Mgrrg, (2.0 viv= 02 MNS . Ov2 MNS :
my3

whereH, ,Hq4 are chiral superfields for Higgs doubletsjs
the left-handed lepton doublet, aed and vy are the right-
handed charged lepton and the neutrino superfields, respec- 3
Tively. Ye is thg Yukawa_coupling matrix f_or the cha_rged (YTYV)aﬁ:_ E mvaniUZi' 2.9
epton andMg is the Majorana mass matrix of the right- v
handed neutrinos. We také, andMy to be diagonal.

It is well known that the neutrino mass matrix is given by where theU ,z's are the elements diyns. It is remarked

— thatYIYV is independent oR in the case ofMg;=Mg,
m,=(Y,vy) Mg (Y,00), 22 = Mgr3s=Mpg. It may be important to consider the deviation

from the degenerate right-handed Majonara neutrino masses.
A detailed discussion is given in Sec. 1l B.
Note that this representation of the Yukawa coupling is
en at the electroweak scale. Since we need the Yukawa
coupling at the grand unified theofUT) scale, Eq.(2.5
should be modified by taking account of the effect of the

or equivalently

via the seesaw mechanism, whergis the vacuum expecta-
tion value(VEV) of the Higgs particleH,,. In Eq.(2.2), the
Majorana mass term for left-handed neutrinos is not include%iv
since we consider the minimal extension of the MSSM.
The neutrino mass matrim,, is diagonalized by a single

unitary matrix: RGE’s[18-20. Modified Yukawa couplings at the scaiég
MS%= UginsM, Upis » 2.3 ¢ given by
Where_UM!\lS is the lepton mixing matri.x. Following the ex- \/M_ \/m_yl 0 0
pression in Ref{10], we write the neutrino Yukawa coupling Y,= RR 0 \/m_yz 0
as vy 0 0 N
YV=U£U\/M§;""9R\/m§'a9LJ{,,NS, (2.4) 10 0
XUinsVigh| 0 1 0 2.9
or explicitly 0 0 \/E
Mgy 0 0 with
Y”:v_u 0 VMg 0 R
0 0 VMgs Ig=exr{i2f Fa—C|g|2d'( ,
fmi; 0o o
x| 0 ym, O ) Ums: (25 1 (&,
0 N It:ex[{ﬁﬁzytdt]'
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1 (tr 9
| ,=ex —Zj yodt
87T tz

1
wheretg=In Mg andt,=InM;. Here, theg;’s (i=1,2) are m,s=m,+ Z—Amgtm,
R . mV
gauge couplings angl andy ;. are Yukawa couplings, and the
ci’'s are constantsg,3). We shall calculate the LFV numeri- and the inverse-hierarchical typef;~m,,>m,3) gives

cally by using the modified Yukawa coupling in the follow-
ing sections.

1
_ _ 2
(2.10 m,=m,, m,=m,+ —ZmVAmQ,

(2.12

1

— [Am2 _ _ 2
As mentioned in the previous section, there are three pos- M= VAMGy M, =M, gmvamG ,
sible neutrino mass spectra. The hierarchical type,(
<m,,<m,3) gives the neutrino mass spectrum as m,;=0. (2.13
, We take the typical valuesAm?,=3x10° eV? and
m,;~0, m,,=vAmg, Am3=7x10"° eV? in our calculation of the LFV.
B We take typical mixing angles of the LMA MSW solution
M,3= VAMern (21D such ass,=1/y2 ands,,=0.6 [16], in which the lepton
mixing matrix is given in terms of the standard parametriza-
the quasidegenerate typmf;~m,,~m,3) gives tion of the mixing matrix{23] as follows:
C13C12 C13S12 s 7
Unns= | —C2sS12—S23515C128'?  Col1o— 23515516 ?  SpsCia | (2.19
23512~ C2351€128' Y — €1 CosS1sS1€' Y CsCis

wheres;;=sin ¢; andc;;=cos6; are mixings in vacuum, and is theCP violating phase. The reacter experiment of CHOOZ
[21] presented an upper bound s53. We use the constraint from the two-flavor analysis, whicky4s<0.2 in our calculation.

If we take account of the recent result of the three-flavor anal2&ik the upper bound df;; may be smaller than 0.2. Then,
if we use the results if22], our results forw— e+ y are reduced at most by a factor of 2. In our calculationGlfeviolating
phase is neglected for simplicity.

B. LFV in slepton masses
Since SUSY is spontaneously broken at low energy, we consider the MSSM with the soft SUSY breaking terms:

2y BT 2~y 2~k 2, THT 20~y N T - R
_Esoﬁ_(ma)ijQiQj+(mﬁ)ijugiuRj_l'(ma)ijdgide_l'(m[)ijLi Lj+(m5)ije§ieRj+(m;)ijVEiVRj'I'deHde_"mHUHuHu

+(BuHgH + 3B,ijMgijvg v+ H.c) + | AJHdRQ;+ Al H UAQ; + ASHuekL; + Al H i L+ 3M,BYBY

1 -1
+ 5 MAWERE+ S MGG + H.c.) , (2.15

wheremé ,m% ,mg ,mf mg and m% are the mass squares of parameter. In this paper we assume MSUGRA; therefore we
the left-handed squark, the right-handed up squark, the righRut the assumption of unlver.sallty for soft SUSY breaking
handed down squark, the left-handed charged slepton, tHEMS at the unification scale:
right-handed charged slepton, and the sneutrino, respectively.
ﬁﬁd and Fnﬁu are the mass squares of the Higgs bosons,
Aq.AyAe, and A, are theA parameters for squarks and
sleptons, and,,M,, andM ; are the gaugino masses.

Note that the lepton flavor violating processes come from
diagrams including nonzero off-diagonal elements of the soft A=Y ,aomy, A®=Y.a,mpg,

(M) = (M) =(me)j=- - - = &,

oy 2_~ 2_ 2
My, *=my *=mg,
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AY=Y ,aomg, A%=Y4a,my, (2.16
wherem, anda, stand for the universal scalar mass and the ~ ¥ ~_ ¥
universalA parameter, respectively. Because of universality, Xa Xa
LFV is not caused at the unification scale.
To estimate the soft parameters at low energy, we need t 2 e. e; e
know the effect of radiative corrections. As a result, lepton ——+---------- L yr—---------
flavor conservation is violated at low energy. EX \~/X
The RGE's for the left-handed slepton soft mass are given
by (a (b)
d d 1 FIG. 1. Feynman diagrams that contribute to the branching ratio
Md—(m%)ijzlud—(m%)ij + 2[(m%Y1YV of e—ej+vy. There are two types of diagranta) neutralino-
K I Mssm 167 slepton loop andb) chargino-sneutrino loop.

T 2y Tm- ) .
YL Y M)+ 2(Y,mY, diagonal elements of the slepton mass matrix antbrm.

These terms at low energy are approximated by

+mg YIY,+ATA,); ], (2.17)
2\ 2
while the first term in the right-hand side is the normal (Amg)i.z_W(yTyl)i_m&' (3.9)
MSSM term which has no LFV, and the second one is a L 62 e

source of LFV through the off-diagonal elements of the neu-
trino Yukawa couplings. The RGE'’s are summarized in Ap-whereMy is the GUT scale. Therefore, the off-diagonal el-

pendix B. ements of ({IYV)” are the crucial quantities to estimate the
branching ratio.
I1l. NUMERICAL ANALYSES OF BRANCHING RATIOS As discussed in Sec. II,Y(JLY,,)” is given by neutrino

masses and mixings at the electroweak scale. Therefore, we

can compare the quantity(CYV)ij among the three neutrino

mass spectra: the degenerate, the inverse-hierarchical, and

the hierarchical masses. In this section, we present numerical

results in these three cases. Here, we use(E@) and the

3.1) vertex _functio_ns_ in Appendix C for the calculation of the
branching ratio including the RGE effect.

Let us calculate the branching ratio ef—e;+ y(j <i).
The amplitude of this process is given by

T=ee"* (q)uj(p) Mg 7450 (A-P_+ARPR)
Xui(q—p),

whereu; is the wave function of théth charged leptoe; , p
andq are the momenta a; and the photon, respectivelyjs A p—e+y

the electric charges is the polarization vector of the photon, We present a qualitative discussion OfI(YV)zl before

H ; — — L,R
and;’L,R are plfflgc“on gperal'go.rtsf?L,R—(l+ 7.5)/2'.AA predicting the branching ratio B(—e+ y). This is given
are gecay amplrudes and explicit orms are given In APPEMy, tarms of neutrino masses and mixings at the electroweak
dix C. It is easy to see that this process changes the chirali

I foll :
of the charged lepton. The decay rate can be calculated usfng{é;:a € as Tollows

A-R as Mg
(YIYV)Zl:_Z[U/LZU:Z(mVZ_ ml/l)

u

+U,U,3U:3(mv3_mvl)]v (35)

2

€
T(e—ej+y) =M (AP +[AT?). (32

Since we know the relatiom?>m2, then we can expect . . .
S8 P wherev,=v sing with v=174 GeV is taken as the usual

R L L,R : : H . . . - ..
|A%|>|A"|. The A™¥ contain the contribution of the neu- potation and the unitarity condition of the lepton mixing ma-

tralino loop and the chargino loop as seen in Fig. 1. Weyix glements is used. Taking the three cases of neutrino mass
calculate the branching ratio using E8.2) and the formulas  gnecira, the degenerate, the inverse-hierarchical, and the nor-

in Appendix C. In order to clarify parameter dependence, |efng| hierarchical masses, one obtains the following forms,
us present an approximate estimation. The decay amp“t“q%spectively:

is approximated as

2
2 2y |2 Mg AMgp,
a5 [(Amp);] YIY ) =—
AR[?= —— ————tarf, (3.3 vzl 52 2m,
o 1672  md P V2vg
1 2
where «, is the gauge coupling constant of SU(29ndmg x| —=U% 2@ +U%;| (degenerate
is a SUSY particle mass. The RGE’s develop the off- V2 atm
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14
Mg ) Degenerate type Mgr=10"GeV
2v; S
107" + 1
1 Am2® 10—8 1 1
X|—=Ug,————U%| (inverse)
22 A2, 109 | |
10—10 1
Mg
=—=\Amg, 1071 £
2v
BR 1072 -+
1 Am? 18
X|—=U%\/ —2®+ U%| (hierarchy), (3.6) 1077 ¥ T
V2 Amg, 10014 L 1
where we take the maximal mixing for the atmospheric neu- 107 + } tanB-30 e
trinos. Sinceuezzll\/i for the bimaximal mixing matrix, jooL 1
the first terms in the square brackets on the right-hand side P } tanf=10
of Egs.(3.6) can be estimated by putting in the experimental 1077 + } tanB=3
data. For the case of degenerate neutrino mas¥e¥,,f,; wow®L T 1
depends on the unknown neutrino mass secaje As one 100 12(f)t0h 3((1)0(1 4100 500 60% V700 800
takes smallem,, one predicts a larger branching ratio. In eft-handed selectron mass — Ge
our calculation, we taken,=0.3 eV; which is close to the FIG. 2. Predicted branching ratio BR(=e+ y) versus the left-

upper bound from the neutrinoless double beta decay experianded selectron mass for tar3,10,30 in the case of degenerate
ment[25], and also leads to the smallest branching ratio. neutrino masses. HeMz= 10" GeV andU;=0.2 are taken. The
We also note that the degenerate case gives the smallesilid curves correspond td,=150 GeV and the dashed ones to
branching ratio BR— e+ y) among the three cases as seenM,=300 GeV. The horizontal dotted line denotes the experimental
in Egs.(3.6) owing to the scale ofn,. It is easy to see the upper bound.
fact that the second terms in E(8.6) are dominant up to
Ue3=0.01 (degenerate), 0.01 (inverse), and O(Biérar-  The threshold of the selectron mass is determined by the
chy), respectively. The magnitude and the phas&Jof are  recent CERNe*e collider LEP2 data[27] for M,
important in the comparison between the cases of the-150 GeV, but forM,=300 GeV by the constraint that
inverse-hierarchical and the normal hierarchical masses. lthe left-handed slepton should be heavier than the neutrali-
the limit of U,3=0, the predicted branching ratio in the casenos. As tarB increases, the branching ratio increases because
of the normal hierarchical masses is larger than the othethe decay amplitude from the SUSY diagrams is approxi-
one. However, folU,3=0.2 the predicted branching ratios mately proportional to tag [7]. It is found that the branch-
are almost the same in both cases. ing ratio is almost larger than the experimental upper bound
First, we present numerical results in the case of degerin the case oM,=150 GeV. On the other hand, the pre-
erate neutrino masses assumig=Mg1. The magnitude dicted values are smaller than the experimental bound except
of Mg is considerably constrained if we impose the uni-  for tanB=30 in the case oM,=300 GeV.
fication of Yukawa coupling§26]. In the case of tag< 30, Our predictions depend strongly oz, because the
the lower bound ofMg is approximately 1& GeV. We  magnitude of the neutrino Yukawa coupling is determined by
also takeMg=10"* GeV, in order that neutrino Yukawa Mg as seen in Eq2.5). If Mg is reduced to 18 GeV, the
couplings remain belowO(1). Therefore, we useMgr  branching ratio becomes 4@mes smaller since it is propor-
=10'% 10" GeV in our following calculation. tional to MZ. The numerical result is shown in Fig. 3. We
We take a universal scalar mass for all scalars and  will examine a mode[28,29 that gives the degenerate neu-
ap=0 as a universaA term at the GUT scaleMx=2 trino masses withJ ;3~0.05 in Sec. IV.
X 10'® GeV. The branching ratio gk —e+ y is given ver- Next we show results in the case of the inverse-
sus the left-handed selectron masg for each tam8 hierarchical neutrino masses. As expected from(Bd), the
=3,10,30 and a fixedV-ino massM, at the electroweak branching ratio is much larger than the one in the degenerate
scale. In Fig. 2, the branching ratios are shown kb  case. In Fig. 4, the branching ratio is shown fbt,
=150,300 GeV in the case ofU,=0.2 with Mg  =150,300 GeV in the case o0fUg,=0.2 with Mg
=10" GeV andm,=0.3 eV; the solid curves correspond =10" GeV. In Fig. 5, the branching ratio is shown for
to M,=150 GeV and the dashed onesNb,=300 GeV. Ug=0.05 withMg=10" GeV. TheMg dependence is the
same as in the case of quasidegenerate neutrino masses. The
predictions almost exceed the experimental bound as long as
lRecently, a positive observation of the neutrinoless double betd)e3=0.05, tan3=10, andMg=10" GeV. This result is
decay was reported if24], where the degenerate neutrino mass ofbased on the assumptidfiz=M1; however, it is not guar-
m,=0.3 eV is a typical one. anteed in the case of the inverse-hierarchical neutrino
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. Degenerate type Mg=1012GeV . Inverse—hierarchical type Mg=10"*GeV
107° £ T 107° F T
107 + 1 1077 L
1078 + T 1078 +
______ } tanP=30
107° + T 107° +
______ } tanB=10
10—10 iR 1 10—10 iR
______ } tanB=3
10-11 L -1 10-11 - -4
BR 10712 L T BR 10712 ¢ T
10-13 i \_ 10-13 1 1
14l T = 10 L 1
10—15 iR 10-15 iR iR
______ } tanB=30
10—16 iR 10-16 iR 4
___.} tanB=10
1077 + T 1077 + T
______ } tanp=3
10718 & =+ 10718 & =+
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
left-handed selectron mass GeV left—handed selectron mass GeV
FIG. 3. Predicted branching ratio BR(- e+ y) versus the left- FIG. 4. Predicted branching ratio BR(~ e+ v) versus the left-

handed selectron mass for tas 3,10,30 in the case of degenerate handed selectron mass for {8 3,10,30 in the case of inverse-
neutrino masses. HeMz=10'2 GeV andU.;=0.2 are taken. The hierarchical neutrino masses. Hevbz=10" GeV andU=0.2
solid curves correspond td,=150 GeV and the dashed ones to are taken. The solid curves correspondMg=150 GeV and the

M,=300 GeV. dashed ones th,=300 GeV.

masses. We will examine a typical model0] that gives P 2 2 2

Mg#Mgl in Sec. IV. Ms ) AMam M, AMG o
For comparison, we show the branching ratio in the case M3, m? M, m?

of hierarchical neutrino masses in Fig. 6. It is similar to the
case of the inverse-hierarchical neutrino masses. The brancitherefore, we parametrizd ; as
ing ratio in the case of degenerate neutrino massesis 10
times smaller than that for the inverse-hierarchical and hier- 1 0 0
archical neutrino spectra.
In our numerical analyses we assunsga0 at the GUT Mgr=Mg| O 1te; 0 ' (3.8
scaleM for simplicity. Let us comment on thA-term de- 0 0 1+e;
pendence, hamelg,# 0 atMy . We estimate the branching
ratio for ap==1 at My (A=Yaymy). In the degenerate where s,=Am3/2m? and s3=Am>%,/2m?. By using EQ.
type, the predicted branching ratio is 1.02,€1) or 1.07  (2.6), we obtain
(ap=—1) times as large as the one in the caseapf0
(tanB=30U3=0.2). In the inverse-hierarchical type, the Jym,, O 0
predicted branching ratios are 1.58,61) and 1.54 §,= t, Mg
—1) times as large as the one in the casegf 0 (tang YiYo=—5 Uuns| O ym,, 0
0

=30U3=0.2). Therefore thé\-term dependence is insig- u 0 m
nificant in our analyses. —

In our calculations, we use the universality condition at \/mvl 0 0
My . We also examine the no-scale conditiog=0 atMy. xK| O Jm,, 0 Uins: (3.9
It is found that the predicted branching ratio is 10 times
smaller than the one in the case of nonzero universal scalar 0 0 Jm,s
mass.

where
B. Nondegeneracy effect of M 1 0 0

The analyses in the previous section depend on the as- +
sumption of Mg;=Mp,=Mgs=Mpg. In the case of the K=R'| 0 1+e, 0 R. (3.10
guasidegenerate neutrino masses in Bdl2 this complete 0 0 1+eq
degeneracy o1z may deviate with the following magnitude
without fine-tuning: Thus, we have
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. Inverse—hierarchical type Mg=10'*GeV , U.3=0.05
106 ¢ ' — —

107 + T
1078 T
10° +

10—10 £

107"
BR

1072 &
10718 + T
1074 + 1+
10—15 L 41

1 0—16 . 4+
w4 1

10718 £ =+
100 200 300 400 500 600 700 800
left-handed selectron mass GeV

FIG. 5. Predicted branching ratio BR(~ e+ y) versus the left-

handed selectron mass for t&r 3,10,30 in the case of the inverse-

hierarchical neutrino masses. Hevl,= 10 GeV andU;=0.05
are taken. The solid curves correspondMg=150 GeV and the
dashed ones tM,=300 GeV.

3
R -
(YIYV)ZIZT Ej U4;(Kj; \/mui\/muj): (3.1)
vU
with

Kij:5ij+82R2iR2j+83R3iR3j , (312

where we use®R"R=1.2 So, we get
(YIY)2:= (V1Y )almg, FAYIY Do, (313

where the first term is theY(‘;Y,,)21 element in Eq.(3.9,
which corresponds to th#ze1, while the second term
stands for the deviation from it as follows:

AYly,)

2 U2|U1J\/7V|\/7

X(32R2iR2j+83R3iR3j)-

(3.19

In order to estimate the second term, we age 0.0001 and
£3=0.01, taking account ofs,=Am3/2m?> and e,
=Am?,{2m?, where we usen,=0.3 eV. Sincem,;=m
andR;;<1, we get

A(YIYV)ZJ. IE U,iU1jm,e3R3Rg;

Uu

2We assumeR to be real for simplicity.
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- Hierarchical type Mg=10"“*GeV
107 + T
1078 +
10° &
10-10 L
107" ¥ +
BR 10712 L +
1071 & T
107" £ T
e } tanB=30 El
oty — —____.}tanp=10 H
oy — “____.} tang=3 H
107 100 200 300 400 500 600 700 8_0_0
left-handed selectron mass GeV

FIG. 6. Predicted branching ratio BR(~ e+ v) versus the left-
handed selectron mass for {8 3,10,30 in the case of the hierar-
chical neutrino masses. Hetdg=10"* GeV and U =0.2 are
taken. The solid curves correspond k,=150 GeV and the
dashed ones th,=300 GeV.

Mg 1
=

<— ——=m
vl 2\2

£3~3.5x10 3, (3.19

Taking this maximal value, we can estimate the branching
ratio as follows:

2.6+3.5)\2
2.6

BR(nondegeneratéM g)
=
BR(degenerateM g)

~55. (3.16

Therefore, the enhancement due to the second term is at most
a factor of 5. This conclusion does not depend on the specific
form of R.

Consider the case of the inverse-hierarchical type of neu-
trino masses. We take,~0.01 with a similar argument to
that for the quasidegenerate type neutrino masses, because
m,; andm,, are almost degenerate apg=Am2/2Am2,, in
this case. Then we get

2

Mg
A(YIYV)21=7ZJ UziUqjm,182R0Ry;

vU
Mg 1

< ——m,5,~0.063<10 2,
vy 2\2

(3.17

where we assume:,=e5 and usem,;=0, m,;=m,,
=0.054 eV, andR;;<1. Taking the maximal value, we get
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BR(nondegenerateMg) [ 2.7+0.063,2 Loa Degenerate type Mr=10"GeV , Ugs=0.2
BR(degenerateM ) 2.7 ST
(3.1& 10—6 .
Thus, the effect of the\(Y:ﬂYp)z1 is very small in the case of 107 L
inverse-hierarchical neutrino masses. .
These discussions in this subsection are also qualitatively 108 1 A
applicable for ther— u+ v process. .
BR(r>m) 107° + .,-“"
C.7—ut+vy 5
Let us study the— u+ y process. In this case, we should 107 ¢ 7
discuss o
107" + K4
t Mg * d
(YVYV)32:_2[U7'2UM2(mV2_mvl) 10712 + . *
u

* : : : : : : :
Ul (Mg Mi) ). (3.19 10712 10712 10711 100 10° 10" 107 1078
o . BR(u-—>ey)
It should be stressed that it is independenitygf, in contrast
to (Y!Y,),;. Therefore we can determine the following form  FIG. 7. Predicted branching ratio BRE u+ ) versus BRf
of (YIYV)sz at the electroweak scale by using the bimaximal— €+ ) for tang=3,10,30 in the case of degenerate neutrino
mixing matrix: masses. HereMg=10" GeV, m,=0.3 eV, andU=0.2 are

taken and the left-handed selectron mass is taken the same as in

, Ml 1 Amé 1 Amitm Figs. 2—-4.
(Y= 2| "2 2m, ¥ 2 2m . .
Uy v v Next we show the results in the case of the inverse-
) hierarchical neutrino masses. As expected from E820),
_ % AMgm (degenerate the branching ratio is much larger than the one in the degen-
N 405 m, g erate case. In Fig. 8, the branching ratio is shownNby
=150,300 GeV in the case o0fUg,=0.2 with Mg
2 =10" GeV. In conclusion, the predicted branching ratio is
~% E ﬂ_ E\/W larger than the one in the case of degenerate neutrino mass,
vZ |8 JAmi, 2 aum and it is smaller than the experimental upper bound #or
—u+7y in contrast with u—e+y. The constraint for
Mg = ) BR(u—e+y) is always more severe than the one in the
= Zﬁ Amgy  (inverse) case of BRf— u+ 7).
Mg 1 > 1 > IV. TYPICAL MODELS AND NUMERICAL ANALYSES
= —Z\/Am@Jr E\/Amatm
vl A. S3 X Sz flavor symmetry model—degenerate type

M In this section we examine the neutrino model proposed
=~ —R IAM2 (hierarchy. (3.20 by Fukugita, Tanimoto, and Yanagiffa8], which derives the
2vﬁ am guasidegenerate masses,;~m,,~m,;. This model is
based on theS; X S;r flavor symmetry[32]. Taking Mg
We see that the cases of the inverse-hierarchical masses ardVi g1, the neutrino Yukawa coupling is given as follows:
the hierarchical masses are almost the same as seen in Egs.

(3.20. 1 00 0 0 O
Let us present the numerical results for BR{u+ ) Y=Y, [0 1 O|+[0 € O . (4
[31] versus BRu—e+y) [11] in the case of degenerate

neutrino mass, where tgh=3,10,30 are taken. In Fig. 7, the 001 0 0 9

branching ratio is plotted foM,=150,300 GeV forU.

=0.2 with Mg=10" GeV. Dotted lines are the experimen- where we take the diagonal basis for the neutrino sector. The
tal upper bounds for BR{— u+ y) and BRu—e+ ), re- first matrix is theS;_invariant one, and the second one is the
spectively. The dependence on fans the same as in the symmetry breaking term. The paramet¥rg,e,, andd, are
case ofu—e+ v. It is found that the branching ratio is al- constrained by the experimental vaIuesAcmgtm andAmé.
ways smaller than the experimental upper bound in the castherefore, the flavor mixings come from the charged lepton
of 7— u+ 7y in contrast with the case i —e+ 7. Yukawa couplings.
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Inverse-hierarchical type Mg=10"GeV, Ue3=0.2 ] Degenerate type  Mg=10"GeV , U;3=0.05
107° ' " ' " T
106 + :.’ 107 + T
, - 1078 + T
107 + 2
. 107° + 1
’
10_8 + .‘) 10—10 L
.’ I A
BR(r>up 107° + .‘l' 10
BR 10712 4
10710 + 10718 L
10" ¢ 107" & T
10—15 €L €
w2t i | = = } tanB=30
10—16 €1 €
| Il | | | | . mmeee- } tanB=10
T T T T T T T -17 [ 4
107 1072 107" 1071 10° 10® 107 10°® 10 T} tanp=3
BR(p—>ey) 10—18 I |

. . . 100 200 300 400 500 600 700 800
FIG. 8. Predicted branching ratio BRG uw+ ) versus BRp left-handed selectron mass GeV
—e+ ) for tanB=3,10,30 in the case of inverse-hierarchical neu- . . .
trino masses. Herblz= 10" GeV andU=0.2 are taken and the FIG. 9. Predicted branching ratio BR(-e+ y) versus the left-
left-handed selectron mass is taken the same as in Figs. 2—4. handed selectron mass for tar3,10,30 in the case of th§;
X Sag flavor symmetry model. Herlz=10" GeV is taken. The
The charged lepton Yukawa coupling is given by the Sym_solid curves correspond tel,=150 GeV and the dashed ones to

metry breaking parametees, 5, as follows: M2=300 GeVv.

1 1 1 - O 0 neutrinos do not exist. However, one can also consider a

Yukawa texture which leads to inverse-hierarchical masses

Ye=Ye| (1 1 1j+| O +e 0 : through the seesaw mechanism, namely, the Shafi-
1 1 1 0 0 +4 Tavartkiladze mod€l30].

4.2 Shafi and Tavartkiladze utilize anomaloug1V flavor
] . symmetry[34]. In this model, due to the Froggatt-Nielsen
SinceYe, € and g are fixed by the charged lepton masses,mechanisni35], one of the Yukawa interaction terms in the

one gets the lepton mixing matrix elements as follows: effective theory is given by
12 —1n2 \/2_/3\/me/m# c S \Mi
eRiLde M_ ) (44)
Ums=| 16 1A6 26 |. 43 Pl

N3 13 N3 whereeg; andL j are the right-handed charged lepton and the
_ =T left-handed lepton doublet, respectiveldy is the Higgs
ﬁf:;)i_ result, we see thate=y2/3/me/m, ~0.05 from Eq. doublet, andSis a singlet field. The effective Yukawa cou-

We estimated the branching ratio of the processese plings are given in terms of

+y and7— u+ v by usingU 3= 0.05. We show the branch-

ing ratio forM,= 150 and 300 GeV taking tg#=3,10,30 in A= @:0 2 (4.5
Fig. 9. Because of the smallnessbf;, we see that BR{ My '
—e+ vy) is smaller than the experimental upper bound ex-

cept for tanB3=30 andM,=150 GeV. The neutrino mass matrix is given in Appendix D. Fixing the

We have also estimated the branching ratio BR(u U(2) flavor chargek, n, k" ask=0, n=2, k' =2, which are
+ ) for tanB= 30, which is much smaller than the experi- consistent with neutrino mass data, the Yukawa coupling is
mental bound BRf{— u+y)<1.1x10 8. Thus, theu—e  given by
+ 7y process provides a severe constraint compared with
— u+ v in the present experimental situation. ()\4 A2 \2 s
, 4.6

14

"=l 0 o

B. The Shafi-Tavartkiladze model—inverse-hierarchical type

The typical model of the inverse-hierarchical neutrinoand the right-handed neutrino Majorana mass matrix is given
masses is the Zee modE33], in which the right-handed by
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. Shafi-Tavartkiladze model
(4.7) 1076 £ T

107 + 1

A1
1 0/

Mg=Mpg

It is remarked that right-handed neutrinos contain only two 108 L 1
generations in this model. In E¢4.6), components 2-2and | oo, } tanB=30
2-3 must be zero for the sake of holomorphy of the superpo- 107 + T

S g : T____.}) tanp=10
tential; it is called the SUSY zero. The neutrino mass matrix 0L T ) tanf 1
is given by the seesaw mechanismas ¢ T } tanp=3
107" + +
2
A\2p2 A BR 1012 L 1
u

m,=YIMY vi=

11
1 0 O
MR ] (48) 10-13 1 4
10-14 T - \__
where the order 1 coefficient in front of each entry is ne- =

. L . : : 107° +
glected. This mass matrix gives the inverse-hierarchical neu
trino massesY 'Y, is given as 1078 &
1428 \® S 10y H
)\6 )\4 )\4 10-18 = =
vy = _ (4.9 100 200 300 400 500 600 700 800
v A6 A4 left-handed selectron mass GeV

FIG. 10. Predicted branching ratio BR{-e+y) versus the
left-handed selectron mass for s 3,10,30 in the case of the
Shafi-Tavartkiladze mod€l30]. The solid curves correspond to
M,=150 GeV and the dashed oneshMiz =300 GeV.

It is noticed that the componen‘l({Y,,)z1 is suppressed as
(YY)~ N6~ 0O(107%). (4.10

Thus we expect that the branching ratiowf-e+ y in this  which gives us the largest branching ratio. It is emphasized
model is much smaller than the one in the case othatthe magnitude dfl; is one of the important ingredients
(MR)ax3=Mg(1)3x3 in Sec. llI. in predicting BRu—e+y). The branching ratio of the

In Fig. 10, the branching ratio is shown fo, inverse-hierarchical case almost exceeds the experimental
=150,300 GeV. The predictions are given by taking upper bound and is much larger than the degenerate case for
=0.2 and all the order 1 coefficients in the Yukawa cou-Mm,=150 GeV andM,=300 GeV. In general, we expect
plings are fixed to be 1. The predicted value is much smallethe  relation ~BR(degenerateBR(inverse-hierarchical)
than the one in the inverse-hierarchical case discussed in thegRnierarchical). The effect of the deviation froMg

Sec. lll. BecauseX(Y,)z; is proportional to\®, the small-  — Mg1 has been estimated. The enhancement of the branch-
ness of the branching ratio is understandable. ing ratios are at most a factor of five in the case of the
gquasidegenerate neutrino mass spectrum.
V. SUMMARY AND DISCUSSION Second, we have studied the three cases-nu+ v. It is

We have investigated the lepton flavor violating processe&°ticed that the branching ratio is independentllf in
u—e+y and 7—pu+ 7y, in the framework of the MSSM contrast to the case gi—e+ y. For degenerate neutrino

with right-handed neutrinos. Even if we impose the univer-Masses, the branching ratio is always smaller than the experi-
sality condition for the soft scalar masses @terms at the Mental upper bound. For inverse-hierarchical neutrino
GUT scale, off-diagonal elements of the left-handed sleptofasses, the branching ratio is smaller than the experimental
mass matrix are generated through the RGE’s running effecfgound. The constraint of BR(—e+y) is always severer
from the GUT scale to the right-handed neutrino mass scalthan the one in the case of BRG u+ ).
Mg . We have taken the LMA MSW solution for the neutrino ~ Finally, we have investigated the branching ratio of
masses and mixings. —e+ vy in the typical models of the degenerate and inverse-
The branching ratios ofu—e+y and r—u+ vy pro-  hierarchical cases. Since tf#, X S;g model, which is a
cesses are proportional t()YIYV)ij|2. Since (YIYV)H de- typical one in the degenerate case, predidts=0.05, the
pends on the mass spectrum of the neutrinos, we can corbiranching ratio is much smaller than in the caselQf
pare the branching ratios of three cases of neutrino mass0.2. The Shafi-Tavartkiladze model, which is a typical one
spectra: the degenerate, the inverse-hierarchical, and the luf the inverse-hierarchical case, predicts a very small branch-
erarchical case. ing ratio. Thus, the models can be tested by the e+ vy
First, we have studied the three types in the case. of process.
—e+ v, in which we takeM g=MRg1. For the case of degen- The branching ratio ofu—e+ vy and 7— u+ vy will be
erate neutrino masses, the branching ratio depends on ti@proved to the level 10**in the PSI and 107 to 10 8 in
unknown neutrino masme,. We have takerm,=0.3 eV, the B factories at KEK and SLAC, respectively. Therefore,
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future experiments can probe the framework for the neutrindultiplying the inverse square root of the matrix'@9 from
masses. both right- and left-hand sides of E¢A3), one gets the
following form:
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( 22 where one has defined the complex orthogonalB3matrix

R=0v,V(MR%) 1Y Uyns\(mS*9) 1, (A5)

and R depends on the model. Therefore, one can write the
m,=(Y,v) MY, v, (A1)  neutrino Yukawa coupling as

APPENDIX A: YUKAWA MATRIX

The Yukawa matrix is determined in general as follows
[10]. The left-handed neutrino mass matrix is given as

via the seesaw mechanism, whergis the vacuum expecta-

. . 1
tion value of the Higgs bosoH,. One can always take the Y = /M@  [mdag T A6
diagonal form of the right-handed Majorana neutrino mass T oINS (A6)

matrix Mr=M %29, The neutrino mass matrim, is diago-

nalized by a single unitary matrix or explicitly
diag— T
m, = Uynsm,Unns » (A2)
whereUyys is the MNS matrix. In Eqs(Al) and(A2), one _ —
can divideM %% into square roots: YV_U_U 0 Mre O
diag__ 1T T/ pqdiagy —1 2 0 0 VMg
mV = UMNSYV(M R Q) YVUMNSUU \/m_ 0 0
vl
=UpinsY V(MR (MR~ xRl 0 ym, 0 |Ulns. (A7)
XY Uynsv2. (A3) 0 0 Jmy

APPENDIX B: RGE’S
1. From My to Mg

d , 1, 33
Magi = 872 bigi', (by,by,bg)= g,l,—3 ,

d b _giz i—123
MﬁMi_ZaiMiv =g (i=1,2,3),

YI+3(YeYiY,)! +<YeYIYV)”},

doi_ L[ 9, ., t t
,U«d_Y” = —g59173092+3 Tr(YgY o) +Tr(YeYe)

Y‘J+3<YVYIYV>”+<YVY£YE>”},

d ij 1 - 3 2 2 T T
pgn Y= ]|~ 50 80s 3 THY, YD)+ Tr(Y, YD)

1 - 13 2 2 16 2 T T ij T ij T ij
~ 295305 3 G5+ THYY) +Tr(Y, Y ) YU+ 30V, YY) T+ (YY),
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d ij 1 - ’ 2 2 16 2 T T ij T ij T ij
ﬂaYd:p 759173027 3 93+ 3 TH(YqYa) FTr(YeYe)  Ya+3(YaYaYa) ' +(YaYyYu)' |,
7T L
9 2= — EYIY ot YIYemD) 4+ (mEYTY 4+ YIY mE) + 2(YImeY o+ m2 YV +AlA,)
'ud,u(ml‘)' 16772 (m|_ e et e emL)|+(m|_ v vt v me)|+ ( emE e+de e et e e)l

) 6 )
+z<v1rn~ivv+mauv1vp+Asz>f—<§g§|M1|2+eg§|Mz|2>a=},

d

. _ 24 _
2 2 2 2
Py (MO =T %Z[zmvevlweﬂmy; FA(Y MY I+ VoY i+ AAL) — =il Mllza;}.
d o;__1 2y tm2yi 2yt m2 t 1yi
am m;)}=16W2[2(m;YVYV+YVYVm;)}+4(YVm~LYV+ ma, Y, YI+AAD,
,uiA”= ! —992—392+3 TrYIY ) +Tr(YIY ) tAT +2 —ggzM —392M,+3 Tr(YIAy)
dMelGWZ 51 2 d'd elel[Me 511 22 d™\d
FTIYEA) [ YE+A(Y YA +5(AY LY o) +2(Y YA )T +(ALYTY )1 }
,uiA”= ! —§gz—3g2+3 TrOYIY )+ Tr(YTY ) AT+ 2 —§92M1—3g2M2+3 Ti(YTA,)
d/“L v 16’77'2 5 1 2 u'u v v v 5 1 2 utu
HTICYIAL) (Y H+A(Y,YTA) T+ B(AYTY )T +2(Y YA T+ (A, YY) }
d ij 1 132 2 162 T T ij 132 2
MaAu_l&rz — 159173027 3 93 TV YY) +Tr(Y,Y,) (AG+2) — 7291M1 —305M,

16 y - - - -
=3 9IMat 3 THY A+ THYLA,) [ Y +A(YLY AW +5(ALY 1Y) +2(Y,Y A0+ (AYEY o) }

d _ 1 T o .o 16, t t i [ 2 16 ,
ﬂMAdzl&TZ —1—591—392—393+3Tr(Yde)+Tr(YeYe) Agt+2 _1_591M1_392M2_§93M3

+3THY A +Tr(YIAL)

YU +4(YaY AT +5(AGY LY )T +2(Y4Y AT +<AdYIYu>ii},

d 1 2t t 2 t 2yt
g (M) = T | B TEMGYLYu+ YU(MG + Yot AJA+2 THMEYY,

6
Y md )Y, AT SaiiM sgim )|

d
/—La(de):

2
6.2 { 6 TILMZY Y g+ Ya(mg+mg )Yg+AlAd]

6
2 2
+2 Tr[mEYlYe+Yl<m;+mad>ve+AZAe]—(ggilMllz%g%lelZ”.
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APPENDIX C: NOTATIONS AND CONVENTIONS The chargino mass matrix can be diagonalized as

IN THE MSSM
1. Mass matrix and mixings ORMCOI:dia‘Q{M}I,M};), (C7)
In this appendix, we give our notation for SUSY particle
masses and mixings in our calculation.
where O, and Og are real orthogonal 22 matrices. The

The slepton mask1? term is % -€
mass eigenstateg,, and yar (A=1,2) are

2 2T =~
~ m. Mg|| €
(eLeL)( > )(~ ) (cy
Mir MR R X1L \7\/[
with ~ | =0 =
XaL Ha
(mp);; :(m%)ij+m§i5ij
1 X1RrR W R
+m38;;cos 26'( ——+sin20W>, (C2) ~_ |=Or| ~_ |\ (Cy
2 X2r Hor
(mge)ij =(Mgy)ij +mgi5ij _m§5ij0052185in2‘9W1
(C3) and
Afv cosB ~ o~ o~
(mLR)Ij ——— —m, utang, (CH Xa=XaLTXar (A=12) (CY
2 i
where (nf);; and (m3); are 3x3 matrices. The slepton forms the Dirac fermion with mashl; -
mass matrix can be diagonalized as The neutralino mass term is
U'M2U'T=(diagona), (C5)
whereU' is a real orthogonal 86 matrix. B
The chargino mass term is 1 \7\,8
- = —E=§(B|_,WE H? 2L)MN ~0 +H.c.,
—L=(Wg,Hzr) Hi
W HgL
M 2 \/EmWCOSB) Y/L (ClO)
\/Emwsin,B o Hi
+H.c. (C6)  where
|
M1 0 —mgSin6,cosB  mzsinHysin B
0 M, m,C0sH,,COSB  —M;COSHySinB
My= ) . (C1y
—mSsin 6 cosB  mMzCoSshH,cosB 0 -
mzSin6y,SinB  —my,Ccos6Hy,sin B - 0
|
The neutralino mass matrix can be diagonalized as ;(SF(E‘L \7\/8 ,ggL,ggL), (C13
O\M\O},= (diagona), (C12  and
;Y[z(taereisON is a real 4x4 orthogonal matrix. The mass eigen- a=x2 X% (A=1,....9 (C14)

5 5 forms a Majorana spinor with mashs;(g.
XaL=(On)asxa (AB=1,... 4, The chargino vertex functions are
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R(l
Ce,(é&z

—02(0Or)a1Ux 1, (C19

Cell=9r—=——(0D)aUk .,
eAX gz\/zmwcosﬁ( Ua2Ux 1

(C16)

and the neutralino vertex functions are

- g_\/%( [—(On)az2— (ON)Altanew]le,l

R() _
Ne/(A;(_

LM
my,COoSf3

(ON)A3UX,4]’ (C1y

Me

W(ON)ASUXJ

-4

—2(Op) artan by U Ix,4] . (C19

2. Decay amplitudesAt R

For the amplitudesAtR, there are contributions of the
chargino loop and the neutralino loop:

ALR=AELRL AMLR, (C19
The contributions from the chargino loop are
NG S S S PN PN P S
3272 m%x IWEEAX (1 —xan)*
X (2+ 3Xax— BXax+ Xax+ 6XaxiN Xax)
M~ -
X 1
+CtOCROx_"A =
WM (1 x0°
X (— 3+ 4Xpx— Xay— 2 InxAx)l, (C20
AOR=ALL| g, (c21
wherex,y is defined as
M;{,
A
XAX: > - (CZZ)
rx

Here nv;_ is the sneutrino mass arml;(; is the chargino
mass. The contributions from the neutralino loop are

PHYSICAL REVIEW D 65096010

1 1

= L()* 1
322 m?
X

L(l) A
" B(1-yaxn)?

AML—

X (1= 6Yax+3Yax+ 2Yax— 6YaxIn Yax)

M~o
L NEONROx A L
IRy (1-yax)?
X (1+Yaxt2yaxin yAX)} , (C23
AMR=AML] g, (C24)
whereyx is defined as

MZo

A
Yax=—"7 - (C2H

my

X

Hereny is the charged slepton mass anvrtj;g is the neu-
tralino mass.

APPENDIX D: ANOMALOUS U (1) FLAVOR SYMMETRY

We review the anomalous () flavor symmetry[34]
which is utilized in the Shafi-Tavartkiladze mod@&O0] dis-
cussed in Sec. IV. The anomalousllflavor symmetry can
arise from string theory. The cancellation of this anomaly is
due to the Green-Schwarz mechanig®6]. The associated
Fayet-lliopoulos term is given bj37]

9aM}
d*oV, with &= Tro. D1
§J A & 1922 Q (DY)
The D term is given by
2 2 2
9a 9a
gDizg( > Qalcpa|2+§) , (D2)

whereQ, is the “anomalous” charge op, . For U(1) break-
ing, we introduce the singlet fiel& under the SM gauge
group with U1) chargeQs. Assuming TIQ>0, we can en-
sure the cancellation @ 4 in Eq. (D2). TakingQgs=—1, we
can ensure the nonzero VEV & (S), which is given as
(S)=V¢.

Due to the Froggatt-Nielsen mechanism, the Yukawa in-
teraction term in the effective theory is given by

mij

, (D3)

ec.L.H i
Rj=I d Mp|

where egj and L; are the right-handed charged lepton and
left-handed lepton doublet, respectiveldy is the Higgs
doublet, andSis a singlet field. The effective Yukawa cou-
plings are given in terms of
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_

- (D4)

ol
In order to make the interaction term E@3) neutral,

Shafi and Tavartkiladze assigned1Yflavor charges as fol-
lows:

Qu,=k+n, Q_ =Q. =Kk,
Qn, =~ Qn,=k+k’,
Qn,=Qn,=0, Qs=-1, (D5)

wherek,n,k’>0,n=k’. Thus they obtained

PHYSICAL REVIEW D 65 096010

)\2k+n+k’ )\2k+k/ )\2k+k'
Y,= -k 0 o | (D6)
and
)\2k+2k' 1

In conclusion, the neutrino mass matrix is given by

n
)\2k+n02 )\ 1 1
m,=YMg'Yvi=—0—| 1 0 0]. (D9
R \l1 0 o
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