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We analyze in detail lepton-flavor violatiofLFV) in the charged-lepton sector such ps-ey, 7
—uy, n—eee and u—e conversion in nuclei, within the framework of supersymmetric models with
lopsided Froggatt-Nielsen charges, in which the large mixing in the neutrino sector as well as small mixing in
the quark sector can be naturally accommodated. We show that the present experimental limits on the LFV
processes already exclude some of the models. The future proposed search for LFV, especially in muon
processes, can provide a significant probe to this framework. We also stress the importance of the measurement
of UQ"SNS in neutrino experiments, and the fact that the KamLAND experiment could play a significant role to
test a certain class of models.
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[. INTRODUCTION through the renormalization groufRG) effects[7]. Then
LFV processes in the charged-lepton sector suchuas
One of the big mysteries in the standard mo&W\) of —ey, T—uy, u—eee and u—e conversion in nuclei,
elementary particles is the problem of the fermion massesare induced through diagrams mediated by the sleptons. In
Since Yukawa couplings, which determine the magnitude ofhe presence of large neutrino Yukawa coupling, the event
the fermion masses, are totally free parameters in the SMates can be within the reach of future experiments or the
theoretically we do not know how we can predict a widemodels can be strongly constrainet-10].
variety of masses of fermions. In this paper, we analyze the LFV in SUSY models with
On the experimental side, evidence of nonzero neutrindopsided FN W1) charges in detail. We show that the search
masses from the atmospheric neutrino experiment has réer LFV, especially in muon processes, provides a great im-
cently been announced by the Super-Kamiokande Collaborgact on this framework, and even at present many of the
tion [1]. This result is very interesting because not only doesnodels are almost excluded. The future proposed experimen-
it suggest nonzero neutrino masses, but it also indicates tal improvement of the search for LFV in muon processes
large mixing in the neutrino sector. The tiny but nonzerowill be significant for the SUSY models with lopsided family
neutrino masses clearly imply new physics beyond the SMstructure. Therefore, we emphasize that the LFV search
and the large mixing in the neutrino sector suggests that would be an important step in the search for an answer to the
flavor structure in the lepton sector seems to be very differerfiermion mass problem. In Sec. Il, we briefly introduce mod-
from that in the quark sector. Therefore, finding a unifiedels with lopsided FN (1) charges. In Sec. Ill, we discuss
picture between small mixings in the quark sector and largéeutrino masses and mixings in two interesting classes of
mixing in the lepton sector will be an important key to un- models, and especially stress the importance of the measure-
derstanding the problem of fermion masses, and a lot of atnent of the neutrino mixindJ%'> and the fact that the
tempts have been mad,3]. KamLAND experiment could play a significant role to test a
One of the interesting and simple mechanisms to realizeertain class of models. In Sec. IV, we discuss LFV in detail
the mass hierarchy of fermions is the Froggatt-Niel§&X)  and show that the.— ey process is more sensitive to the
mechanisni4], which uses a broken @) family symmetry. models than r—uy. Present and future experimental
It has been proposed that lopsided FiLlUcharges for lep- searches have a great potential to probe the models.
ton doublets would be an interesting candidate to naturally
account for the large mixing for neutrinos and the small mix-
ings for quarkg2]. The low-energy consequence in neutrino ||, MODELS WITH LOPSIDED FROGGATT-NIELSEN U (1)
physics has been studied in RE5]. It has been also inter- . .
estingly pointed out that this framework can explain the It has been pointed out that lopsided FNlWcharges for
baryon asymmetry in the present univefég left-handed lepton doublets;(i=1-3) are interesting pos-
The Supersymmetri((SUSY) extension of this frame- sibilities to eXpIain the |argelp"1/,. miXing observed by the
work, assuming SUSY is broken at a high-energy scale, jgtmospheric neutrino experiments as well as the mass hier-
rather interesting, because we can expect the other lowarchy of charged leptons and quarks. Here we briefly intro-
energy consequence. The lopsided structure of lepton do@lce two interesting classes of models_.
blets induces a large mixing in the Yukawa matrices of lep- In order to account for the tiny neutrino masses, we con-
tons. Such a large mixing has a potential to generate théider the seesaw mechanism introducing heavy right-handed
large lepton-flavor violation(LFV) in slepton masses neutrinosN;(i=1-3) [11]. One possible interesting ()
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TABLE I. Froggatt-Nielsen charges for matter and Higgs fields.

hagEs T 1 -
In SU(5) language 10=(Q;, U;, E), 5=(D;, L;), andH is (As, B3, C3)=—=(A3, B3, Cy),
for all Higgs fields. \/n—l
10, 10, 10 5 5 5 1, 1, 13 H .
Modell 2 1 0 71 7 7 ¢c b a 0 (A;, By, CZ):\/__(KZ’ B, Cy), 6)
Modell 3 1 0 r 7 7 ¢ b a O N2
charge assignment is that the lepton doublets of the second (A1, By, Cy=(Ay, By, Cy).

and third families [, andL ) have the same (1) chargesr

and the first familyL; has a different W) charger+1,  A¢ a1 pe seen in E@5), a large mixing between,, and v,
while the right-handed charged leptoks (i=1-3) have can be expected since the matrix eIemenlns/:)(j (i,j
U(1) charges 2, 1, O, respectively. We refer to this class of=2 3) are of the same order. Note that both models | and II
models as “model I.” Another interesting charge assignmentaye the same hierarchical structure in charged-lepton
is that all lepton doubletk; have the same chargeand the  masse§Eq. (2)]; on the other hand, the neutrino mass matrix
right-handed charged leptofs have charges 3, 1, 0, respec- Eq. (5) depends on the model). It has been studied in
tively. Below, we refer to this class of models as “model Ref.[5] that in order to obtain the correct masses for charged
[I.” We list the FN U(1) charges of models | and Il in Table leptons, the best value feris 0.07. Therefore in our analy-
l. sis, we will fix e to 0.07.

Mass terms for the lepton sector are given by The neutrino mass matrix in E¢p) is diagonalized by a

mixing matrix UMNS:

. — . 1— _
UMNSTmVUMNS:diagmle va! mv3)1 (7)
After diagonalizing the charged-lepton Yukawa matrfx)(
and right-handed neutrino mass mattM) and taking into ve,=UMNS, @)
a al 1

account the FN charges, we obtain the following mass ma-

trices:

where vg and vy, are the flavor and mass eigenstates of

_ fevcosp L 3 T neutrinos. The Dirac neutrino mass matrix E4). is diago-

Me= 2 =diage;€’, ey, €3)e'M3, (2 pajized by the biunitary transformation
M=diagn;€?°, n,e?®, €¥*)Mg, 3 vPiractm JuPre=diagm,p;, Mypp, Mypz). (9
~ C+é p _C A __C )
f vsing 336 536 ﬁ?’e The mixing matrixUP"¢ is relevant to LFV in the charged

Mp=————=mge"| Cre®"? B,oe® A |, lepton sector as we will see later. Although in general the

V2

— — — matrix UP"C js different from the neutrino mixing matrix
C.87? Bie? ALe? MNS ; P L -
1 1 1 4 UM, an important point is that the large mixing originates
(4) from the lopsided structure in Dirac neutrino masses, and

———7 hence both mixing matriced NS andUP"° possess a large
wherev=((Hy)"+(Hq)", tanS=(H,)/(Hp), andms and mixing. This fact is very important for the LFV phenomena.

Mg represent a weak scale and a righ_t-haﬂded neu_trino scale, We should stress that because of the lopsided FN charges
respectively. The coefficients, n;, A;, Bi, andC; areé jisted in Table I, the Kobayashi-Maskawa matrix in the
undetermined but expected to be of order 1, ardd and 1 quark sector has only small mixings. Therefore, this frame-
for models | and II, respectively. Through the seesaw mechayork can naturally accommodate small mixings in the quark

nism, assumingvig>mg, tiny neutrino masses can be ob- sector as well as large mixing in the neutrino sector.
tained:

m, = mIDM _1va ) 11l. NEUTRINO MASSES AND MIXINGS
) C2e?® BCie’ ACie® As can be seen in E@5), the mass matrix for neutrinos
_ms o, B.C.ef B2 AB: ©) does not depend on the FN charges of right-handed neutri-
- |\/|R'E e ! L nos. A dependence on the FN charges found only in the
ACie’ AB; Ai2 overall factor of the neutrino mass matrix £§). Therefore
the predictions for the ratio of neutrino masses and the neu-
where coefficient®\;, B;, andC; are given by trino mixings are almost the same in the different choices of
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the charger.® However, some of the matrix elements depend sm2,,
on 8. In this section, therefore, we consider models | and Il 1.3x10 3< —250s3.3>< 1073 (13
separately. MGt

A. Model | (6=1) for the small mixing angldSMA) MSW solution,

First let us consider model I. When we diagonalize the 0.3<tarf f5,=<3,
matrix in Eq.(5) with §=1, we naively obtain the neutrino

mixing matrix UMNS as follows: Smy,
1.3x10 '< <1x10°* (14
1 O(e) O(e) OMaim
UMNS—| O(e) O(1) O(1) |, (100 for the low probability, low mas$LOW) or vacuum solu-
O(e) O(1) O(1) tion. Heresm2, .= m?,— m?, and dm2,=m?2,—m?, , and we

define “effective mixings” siff 26, and taRk g, as
in the leading order ofe. Since the matrix elements

(m,);; (i,j=2,3) are of order 1, we can naturally get a large SIMP 2 0a= 4| U351 2(1 - [UNSS[?), (15)
mixing for atmospheric neutrinos. For solar neutrinos, it is VNS« VNS
easy to get a small mixing sinc&{"NS), can be naturally tarf fso=|Ugy 1Uet |2, (16)

small. However, it is not difficult to get even the large mix- . o )
ing solutions for solar neutrinos as we will see in our numeri-for three-flavor neutrino oscillation. We also impose the

cal analysis later. An interesting point is that a componenfCHOOZ constraint
UMNS is expected to be of order, so that this is not only
consistent with CHOOZ and atmospheric neutrino experi-

ments, but also can be within the reach of future neutrinol-0 fix a scale for neutrino masses. we take the scale for

|UMNS|<0.15. (17)

experiments. _ atmospheric neutrinos as
In our numerical analysis, we randomly generate data sets
of coefficientsA;, B;, andC;, in which we vary the abso- om2,,=3x107% eV? (18)

lute values of the coefficients;, B;, andC; from 0.5 to 2 N
— for simplicity.

and their phases from 0 torZsince the coefficientd;, B;, With these constraints, 0.1% of data sets out of all data

andC; are complex constants of order 1. For simplicity, wesets we generated passed the constraints for the CHOOZ,
fix n; (i=1,2) to 1 in right-handed neutrino masses in Ed.atmospheric, and SMA solutions, 0.3% for the CHOOZ, at-
(3). Then we calculate neutrino masses and mixings, anghospheric, and LMA solutions, and 0.07% for the CHOOZ,
look for neutrino solutions that will solve atmospheric andatmospheric, and LOW solutions. Therefore this class of
solar neutrino problems. In our analysis, we impose the folmodels can accommodate various solar neutrino solutions
lowing conditions: (LMA, SMA, and LOW), but not the vacuum solution. In

. Fig. 1 we show the distribution of the neutrino solutions. All

SIM? 20,n>0.8 (12) points satisfy the atmospheric neutrino constraint in (Edj),

as shown in Fig. 1. The circle points satisfy the condition for

for the atmospheric neutrino solution, the LMA solution in Eq.(12), the diamond-shaped points for

0.2<tarf f,,=<1, the SMA solution in Eq(13), and the square points for the
LOW solution in Eq.(14).
2 One interesting point is that most of the predicted values
3.3x 10 3< ﬂ;"'gloﬂ, (12 for |Ugs™ are larger than 10° (Fig. 2), so that the values

om s

| can be reached by future neutrino experim¢ag.
Therefore the future precise measuremenitutlf;'>| will be

for the large mixing angle(LMA) Mikheyev-Smirnov- very important to test this class of models.
Wolfenstein(MSW) solution

atm

B. Model Il (6=0)

In this case, all matrix elements in E¢) with 5=0 are
of order 1, and hence we can expect all elements of the

'Running effects in the RG equations depend on the FN charge'geu'[rInO mixing matrix to be of order nhﬂNSNO.(:.L) (i,]
of right-handed neutrinos and left-handed leptons. Thus the neu= 1—3- Therefore we can naturally get large mixing angles
trino mass matrix at the low-energy scale can be affected by th&0r both atmospheric and solar neutrinos. In our numerical
runnings from grand unified theofGUT) scale to right-handed analysis, we impose the same constraints for atmospheric,
neutrino mass scale. However, we have checked that these effedi®lar neutrino solutions and the CHOOZ experiment as in
are not very significant, so the results for neutrino masses and mixnodel I. Then we search for the solutions. In Fig. 3, we show
ings are almost the same in the different cases. their distribution. As we expected, the SMA solution is

2X 10 4<tarf Aso=3Xx103,
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FIG. 1. Distribution of the points of neutrino solutions in model

FIG. 3. Distribution of the points of neutrino solutions in model
I. Black circles satisfy the constraints for the LMA solution, the Il. All points satisfy the constraints for atmospheric and LMA so-
diamond-shaped points for the SMA solution, and the square pointiitions in Eqgs.(11) and(12).

for the LOW solution.

Another interesting possibility within model Il is that the

. . . . . 2
hardly obtained, and it is difficult to make a large enough'”Vezrted. hlerazrchlcaé neutrino masses, 2that n;*§3<mvl
mass hierarchy for the LOW solution. Thus model Il <M With Mgy,=mi;—m;, and smgg=m;,,—m,, could
strongly prefers the LMA solution. 0.01% of the data setsbe realized because of the degeneracy of the neutrino mass
passed the conditions for the LMA solution. The probability Matrix elements. However, we checked that the rate to real-
to realize the SMA and LOW solutions is very small. There-ize such a possibility is very small; only>210""% of the
fore a near-future experiment, KamLAND3], will be able data sets passed the criterion of the inverted hierarchy and
to test this class of models. In model I, the rate to realize théhe constraints for the LMA solutions. This possibility can be
LMA solution is much smaller than in model I. The main tested by future neutrino experiments such as the neutrino
reason is that the limit on the CHOOZ experiment severelyfactory[12], if this could be realized.

constrains the models, since the valueUf\S tends to be- Here we mainly stressed the importance of the measure-

come of order 1. In Fig. 4, we show the predicted values ofent of Ugz*®. In addition to this,CP violation and 280»
UMNS for model II. As can be seen from Fig. 4, the predicteddecay in neutrino physics are important to see the distinct

values are so large that the future measuremebt®§f° can
observe them12]. Therefore, again the measurement of

UMNS

o3 IS very important.

features for models | and Il, as pointed out in Hé&f. In the

next section, using the models that satisfied the neutrino con-
straints here, we will discuss in detail the LFV in the charged

lepton sector.

1 .
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FIG. 2. Predicted values ¢tJ¥S| in model I.

FIG. 4. Predicted values ¢tJ¥S| in Model I1.
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IV. LEPTON-FLAVOR VIOLATION
2 (6+ ao)

Mg

Dlrac Dlrac*
In the presence of nonzero neutrino Yukawa couplings,(AmE)‘i: 16572 U |ka|2|°g_R (21)
we can expect LFV phenomena in the charged-lepton sector.
Within the framework of SUSY models, flavor violation in Note that large neutrino Yukawa couplings and large lepton
neutrino Yukawa couplings induces LFV in slepton massesnixings U™ generate the large LFV in the left-handed
even if we assume the universal scalar mass for all scalars akepton masses.
GUT scald7,8]. In the present models, the LFV is generated The component Agm~ﬁ)32 [(Am%)zﬂ generates ther
in left-handed slepton masses since right-handed neutrinos, ;. (u—ey) process through diagrams mediated by
couple to the left-handed lepton multlplets A RG equationsleptons. The decay rates can be approximated as follows:

for the left-handed doublet slepton mass can be writ- e’
ton as P E[EX F(el—>ely)— m F| Am~ IJ| ) (22
d(m).. d(m?).. HereF is a function of masses and mixings for SUSY par-
(Mp)jj (Mp)jj 2 2 : .
“ =\ u —— [mEf T+ fTf me ticles. If the nondegeneracy of slepton masses is very small,
du du mssm 1672 - - the functionF is approximately process independent.
; R ; Note that the mixing matrix that is relevant to the LFV
+2(f, m~f +mH f L +ALA) T, (19 masses is&JP" not the neutrino mixing matrixdMNS, The

mixing matrix UP™ and neutrino Yukawa couplings, de-
wherem? andmy, are soft SUSY-breaking masses for right- Pend on the FN charges of right-handed neutrinas ()

andé. The larger FN chargé) of the third generation right-
handed sneutrlnos;Q and doublet HiggsHi,), respectively.  panged neutrino suppresses the neutrino Yukawa coupling as
Here [ ud(m?);; /du]ussu denotes the RG equation in the f 3 €. Therefore in this paper we will consider models
case of the minimal SUSY SNMSSM), and the terms ex- WI'[h a=0, since they are the most interesting cases for LFV
plicitly written are additional contributions in the presence ofprocesses. In the next subsections, we discuss the LFV in
the neutrino Yukawa couplings. In a basis where themodels | and Il with hierarchical right-handed neutrinos
charged lepton Yukawa couplings are diagonal, the ternfa,b,c)=(0,1,2 and degenerate right-handed neutrinos
[,ud(m~)IJ /du]ussy does not provide any flavor violations. (a,b,c)=(0,0,0. For models witha#0, we can easily esti-
Therefore the only source of LFV comes from the additionalmate the event rates for LFV processes from the results in
terms. In our analysis, we numerically solve the RG equamodels witha=0. Roughly speaking the branching ratios are
tions, and then calculate the event rates for the LFV prosuppressed by*?.
cesses by using the complete formula in H&f. Here, in

order to obtain an approximate estimation for the LFV A. Model I (6=1) with (a,b,c)=(0,1,2
masses, let us consider one-iteration approximate solution to First we discuss model 1§=1) with (a,b,c)=(0,1,2).
the LFV mass termsi ) In this case, the neutrino Dirac mass matrix in E4). is
2) 2 given by
(6+ag)mg Mg C.3 B2 A2
(A== — S () log > (20 Coe® Bse® Ase
m R mVD:mng C262 Bzé A26 . (23)
Here we assume a universal scalar mamsg) (for all scalars 61 E gl Kl

and a universalA term (A;=aymyf;) at the GUT scale
(Mg=2X10'® GeV). From Egs(4) and (9), the solution When we diagonalize the Dirac mass matrix, we get the fol-
can be written as lowing approximate expression farPrac

eX eC* /A

VI+By/AP 1+ [Bi/A?

UDirac: EAZCl ! B’I/AI

e ——— ——— ——— ) 24
A]_BZ_B:LAZ \/1+|Bl/Al|2 \/1+|B]_/A1|2 ( )

EBzcl g]_/Kl 1

A182_§1K2 \/1+|§1/K1|2 \/1+|§1/K1|2
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1 N R the order ofe, as shown in Fig. 5. The ordertd>y®® and the
‘;'m -'”‘.':ti:’;"' order< (nonzerg UPI? can induce a significantly large
08 | . row = Pio 8y *’ event rate foru— ey process if the neutrino Yukawa cou-
_— s ;-'::... A pling f,3 is_ large, as pointed out in RefL0].
Uz 06 2% .s':? e A magnitude off ,; depends on the FN charge Even at
\: R this stage, however, we can estimate the ratio of the branch-
04 It ing ratios of thepx—ey and 7—puy processes as B
* . —ev)IBr(7— uvy), which is7independent. If we consider a
0‘20.2 0.4 06 038 1 value ofI'(e;—¢€;y)/I'(e;—¢€jv;v;), the dependence of the
. initial lepton mass in the process is cancelled. Thus we can
u3 expect the following relation from Eq$22), (25), and(26):
1
o LMA — (Am,%) 2 UDirac2
iy F(p—ey/l(p—ev,ve) D21 Ui
pic - Low T(r—pn)T(r—pvp,)  |(Am)g| USRS
-1 " .o.
10 Yy =2
L] ° Ll C
RS 5 B ~ef|= (27)
- . ::.;” P o Ar
16 : ’2 < 1 Taking into account Big—ev,ve)=100% and Brg
10 10 10 10 1 —uv,v,)=17%, we obtain
U =2 =~ =2
, Br(u—ey) e |Cy e \?[ICL/A
FIG. 5. UMNS versusUP" in model | with (a,b,c)=(0,1,2) a5~ A= ~0.03 7= .
T e e Br(r—uy) 0.17|a, 0.07, 1.0

whereX=C* (A,A% +ByB%)/A; (A* B — A5BY). This ex- 8
pression is a leading order in _terénsg_)fAn Important point g relation is ar-independent prediction of model | with
is that the lepton mixing matril ™" in Eq. (24) also con- (3 1y ¢y=(0,1,2). Since the current experimental limits on
tajns a Iarg_e mixing because of the lopsided structure of thg,oqe processes are Rr>ey)<1.2x10°* and Br(r
Dirac neutrino masses. —uy)<1.1x10 % [14], the processt—ey is much more
The component Amy)s; induces ther—uy process. sensitive to this class of models.
Taking into account the hierarchical structure of neutrino In order to discuss the absolute values of the branching
Yukawa couplings f,;:f,,:f,3~ €% e:1), adominant term  ratios for LFV processes, we need to fix the FN charge pa-
of the matrix elementzlmf)gz can be written as rameterr. In SUSY models, there are two interesting cases.
In the models with7=0, it is suggested that all the third-
(6+ ag)mé - Mg generation Yukawa couplings are of order 1. In SUSY mod-
— 5 Us Uzérac*|fv3|2|09M—- els, this is realized in the case with the large farftang
167 R 25 ~50). In the models withr=1, all the third-generation
Yukawa couplings are of ordet, except the top Yukawa
coupling, which is expected to be of order 1. This is likely to
be the case with small tah (tanB=5) in SUSY models.
5 . Therefore, in the next subsections, we will consider the two
(Amp)2; can be written as cases 17=0 and 2,7=1, to see how large the predicted
branching ratios for LFV processes can be.

(Am’E)szz_

The componentz(m»f)ﬂ, on the other hand, generates the

u—evy process. Since) s of ordere, a leading term of

(6+ad)m3

. . M
2y Diracy | Dirackx 2 G
(AMg) o= 1672 Uz3 Uiz " |f 5" log Mg’ 1. Case 17=0

(26) In case 1, the models suggest that all third-generation

The branching ratio for the— (11— €7) process is pro- Yukawa couplings at the GUT scale are of order 1. There-
_ Ky (R—=€y) P > ISPIO" o1, a large ta is preferred. Here we take t@h=50. In
portional to the square ofAM;)s; [(AMg)zil, @s givenin oy numerical analysis, we impos® = my,, at GUT scale in
Eqg. (22). Thus the important parameters for the branchinghe Dirac neutrino mass Eq23) with 7=0, and then we
ratios are the matrix elements23*°, U753, and Ugs™,  require the neutrino mass squared difference taind,= 3
and the third-generation Yukawa couplifigs. In model I, x 1073 eV2 in order to fix the right-handed neutrino mass
the element)7;*is expected to be of order 1 because of thescale M. We have checked that all third-generation
lopsided structure in the Dirac mass terms as expressed Wukawa couplings are of the same order, which is about
Eq. (24). In Fig. 5, we show the numerical result foi33%°  0.5-0.8. Since the third-generation neutrino Yukawa cou-
compared tdJ /3. As expected from Eq24), UD;*is of  pling is as large as the top Yukawa coupling, so the large
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4 Mz=150GeV Mg=300GeV =0 >0 1o M2=150GeV mg=300GeV 2=0 u>0
10 10 tanB=5

o LMA tan B =50 o IMA .

+ SMA * —_ + SMA o, ° ::
x5S " Low . ot'.‘-3 o g | =row ’.s.ﬂ’.} o’::.ﬂ’"
Z 10 s, S Natdh 1 10 L s
3 RN T 4 1! R AC IV i34
T o “’*"Q“o.’ ) = ° « o ) %
e ° :(. ~"'§ ce® * o o m . o, 9 5,00 stube, ™
= -6 o o ¢ .5~’2= [ e o e %, :.. %
A 10 SO 10 . PO R

- ° ® MR -
. .l PR ° ., ., s
7 . -13
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} -8 g 6
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Br(p—ey) Br(p—eY)
FIG. 6. Br(u—ey) versus Brg—puy) in model | with FIG. 8. Br(u—ey) versus Brg—uy) in model I with
(a,b,c,7)=(0,1,2,0). Here we take the left-handed slepton mass tda,b.c,7)=(0,1,2,1). Here we take the left-handed slepton mass to
be 300 GeV, thaN-ino mass to be 150 GeV, anrd=0.07. be 300 GeV, thaN-ino mass to be 150 GeV, and=0.07.

LhFV masses are generated Ithroughhth?a RGE running.I.FurYukawa couplings(bottom, tau, and tau-neutrino Yukawa
thermore, since tad is very large, the low-energy ampli- oo, 5ingg are of ordere. It is thus likely to be the case with
tudes of LFV processes are enhanced. Therefore, we 3 jatively small targ. Here we take tag=5, and we im-
expect very large branching ratios for LFV procesgs) posemz=my,, at the GUT scale in the Dirac neutrino mass
In Fig. 6, we show the numerical result for Brt1y) a4y in Eq. (23 with 7=1, in other words, {,)s3
and Br(u—ey). Here the circle points satisfy the LMA so- o pKl We checked that in the case with @r 5, the
y (o) . ]

lution for solar neutrinos, the diamond-shaped points th . ) .
SMA solution, and the square points the LOW solution. As ottom and tau Yukawa couplings approximately satisfy the

e ~ — 2 .
can be seen from the figure, the branching ratios for the LF\#Ondition fb__fr_ efiop.~ Therefore, as compared with the
processes do not depend on the solar neutrino solutions sin€@se with7=0, the LFV masses in Eq¢25) and (26) are

the important parameters far—ey and — wy branching  SuPPressed by?, and then the branching ratios for the
ratios are Omyunlaérac U%rac and U%rac which are not —HY andu— ey processes are reduced & The numeri-

affected very much by the constraints on solar neutrino 509al results for the bra'nchmg ratios are S.hOW.” in Fig. 8.
lutions, as shown in Fig. 5. We also see that the estimation Note that the predicted branching ratios in all solar neu-

Eq. (28) is approximately correct, so that the limit from the trino solutions are almost the same, and that the relation in

u— €y process can provide much stronger constraints on thgq' (28) is approxmgtely saﬂsﬂed. Thus the~ey search
models. In Fig. 7, we select one point from Fig. 6 and sho S much more sensitive to this class of models, unless the

the slepton mass dependence of the branching ratio for t jture sensitivity of Brg— ) can reach values much be-

u— ey process. In this case, these branching ratios are to w 107 In Fig. 9 we also show the branching ratio for

large to be consistent with the present experimental bound ._’iy asa ;unctllc;n of ghe (Ijel;t-hta_nded sglc;:ctro? m?ﬁs.t t?]s
Therefore the large region of parameter space is already exan be seen irom Figs. ¢ and 3, 1L 1S very interesting that the

cluded. These results illustrate the significant potential of th@redicted braqching Iragios 1;)1—>ey can be just Plellow the
LFV searches to probe the realistic neutrino models. present experimental bouri8r(u —ey)<1.2x10"*[14]]

in a wide range of parameter space. We also get the ratios
2. Case 27=1 between branching ratios Bi(—~eed/Br(u—ey) and

In models with7=1, the top Yukawa coupling is ex- R(p—e inTi(Al) )/Br(n—ey) as follows:

pected to be of order 1, while the other third-generation

7 tan =50 Ma=150GeV 23=0 p>0
10 Br(u—ee
w—e: 6>< 10*3' (29)
5 Br(u—ey)
o ~.
!
2
= ( Ti (Al))
) R(u—e inTi
N =5 (3)x1073. 30
. Br(u—ev) ¥ 30
16 In the present models, these ratios are quite predictive since

200 400 600 800 1000
left-handed selectron mass (GeV)

FIG. 7. Br(u—ey) as a function of the left-handed selectron 2The tang dependence of the branching ratios is approximately
mass in model | with &,b,c)=(0,1,2,0). tar? 3.
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1z tnp=5 M2-150GeV 2=0 p>0 B. Model | with (a,b,c)=(0,0,0
10 : . . o .
In this case, the Dirac neutrino mass matrix in E§.is
= /\ .
© / given by
13 N _
E 1013 \ C3E B3 A3
\ mVD: mSET 626 §2 KZ . (31)
14 616 El Kl
10 .
200 400 600 800 = 1000 Then we obtain the mixing matritd ®2° as follows:
left-handed selectron mass (GeV)
G. 9. Br(u—ey) f f the left-handed sel 1 X X
FIG. 9. Br(u—ey) as a function of the left-handed selectron € €
mass in model | with &,b,c,7)=(0,1,2,1). VNo - VYN,
Y_ Y.

U Dirac__ GYO

the on-shell photon penguin diagram, which induces ghe

— ey process, dominates over the other contributions to the
u—eeeand u— e conversion processes. Therefore the fu- z

ture improvements of the branching ratios Br{evy) T~

~10 **[15] andR(u—e in Al) ~10 1[16] [and possibly - WN

R(u—e in Ti)~10 8 [17]] will provide a significant im- in the leading order of e. Here the coefficients
pact to this class of models. X+, Yy, Zo), andN. are expressed by

G

INL |
z

EZO

_ (AB})(AfC)—(AA)(B} C)) , _(A¥B)(B} C))— (A C;)(B}B))
(A¥A)(B¥B)—(ABH)(A*B)  °

° (AFA)(B'B) - (AB})(A'B)

o _ ZOATA)+(BYB)* V{(ATA)~ (BYB) Y+ A(ATB)(AB])

+ 5 ' (33
Zz(Ki*gi)v xiz_YiYg_ZiZ*v Ni=|Yi|2+|Zi|2'
|
Here summ_ation oveiraldj_(i ,j=1,2) is assumed: for ex- ) (6+a(2,)m(2, _ _
ample, AFB;)=3,_,_,A’B;. The main difference from (Amt)azz—T[Uggacu%rm“uﬂz
that in the previous cassee EQ.(24)] is that the matrix &
elementd) i[j’"ac depend on more parameters, since the matrix Dirac. - Dirace . Mg
elementsfn,p);; (i=1,2, j=1—3) are larger than those in + U5 U5 % [f 0] ]|09M—R,
Eq. (23). However, the important point is the same, that is
the matrix element&) 2" (i,j=2,3) in Eq.(32) are of or- (6+agmg . ,
der 1 because of the lopsided structure of the Dirac neutrino - WUC&S Uz (If.ql
mass matrix, and the elemeldf3°° is of ordere.
In the present case, the feature of the LFV is very similar It % (34
to the previous case: model | witha,c)=(0,1,2). The v2 gMR'

hierarchy of neutrino Yukawa couplings i6,;:f,>:f 3

~e:e—1:1, which depends on the solar neutrino solutions,|, the SMA and LOW solutiongU2r?U a9 ~ 0.5 because
and hence also the contributions inducedfby will be M- of the lopsided structure of the Dirac neutrino mass matrix,
portant. The leading contribution to the LFV massnft)s,  and (f 32— |f,0|2)/(|f 1|2+ ]|f,02+|f,5/))~1 since the

is given by mass scale for solar neutrinos is much smaller than the mass

116010-8
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FIG. 10. UMNS versus UP™ in model | with (a,b,c)

=(0,0,0).

scale for atmospheric neutrinGse., |f ,5|>|f 5|,
the other hand, in the LMA solut|0n|UD"a°U§ga°| and

(|fV3|2_|fV2|2)/(|fVl|2+|fV2|2+|fV3|2) Can
spread since other matrix elements WP may have a
large mixing and the mass scale for solar neutrinos can be Br(u—ey)
close to the scale for atmospheric neutrinos. In Fig. 10, for

example, we show the distribution of the values €&}y

|f]/l|) . On

PHYSICAL REVIEW D63 116010

4 M;=150GeV Mgy =300GeV 20=0 p>0

10 s
tan p= . &
. d.’: y. ‘ohet
MERERATTRY o ALY (OO
= 3 " t oo ° % o,
2 10 ° b o .o.... :f
| ISR
[ ° ® ae® e o
= -6 o ° ° %
2 10 .
e LMA ® . ® .
+ SMA ° °
= LOW e
7 °
10
R - . 6
10 10’ 100 10
Br(p—ey)

FIG. 11. Br(u—ey) versus Brg—puy) in model | with
(a,b,c,7)=(0,0,0,0). Here we take the left-handed slepton mass to
be 300 GeV, thaV-ino mass to be 150 GeV, and=0.07.

In the cases of the SMA and LOW solutions, the first term in
Eq. (35) is dominant sincef,s|>|f,,| and UDF is non-
negligible, as shown in Fig. 10. In the case of the LMA
solution, the second term can be large sifige-f,, in order
to get mass scale for the LMA solution, atthi? can be
large because of the large mixing for the LMA solution. The
matrix elementgU2y2°ULI29 and |UDUD™ are broadly
distributed(for example, see Fig. 30and hence the value of
the branching ratio fo.— ey can be widely distributed in
all cases.

When |f,5|?>|f,,|2, a ratio of branching ratios can be
approximately as follows:

be widely

Irac

compared with the values faihg'>. In the SMA and LOW
solutions U252~ UY; on the other hand, the values for
UDracin the LMA solution are widely distributed. Therefore, Taking into account the present experimental limits and the

the values of the branching ratio fer- w7y in the case of the

Br(r—uy)

1
0.17

(Am2),,

(AM?)3,

2
~0.0+

D|rac/0 0
Dlrac/O 7 '

(36)

future expectation on these processes, the searchufor

LMA solution can be much more broadly distributed than in— ey can be much more sensitive to this class of models
than the search for— uy. In the following subsections, in

the other cases.

The dominant contribution to the LFV masAm%)ﬂ can

be written as

AME) p=
( |_)21 16’77'

+ U Dlrac Dlrac* |f

(6+ao)

(6+a 0) 0[UD|rac D|rac*|f |

2
V2| ]log M

order to obtain the magnitude of the branching ratios for the

LFV processes, we consider two cases again: Case=D,

_ [UD|rac D|rac*(|fV3|2_|fV2|2)

1672

U Dlrac Dlrac* |f

2
V2| ]log M

(39

and case 27=1.

1. Case 17~=0

As in the previous models in Sec. IVA 1, we take f&an
=50 in order for all the third-generation Yukawa couplings
to be of order 1. We assume thag=m,, at the GUT scale
in Eq. (31 with 7=0. In Fig. 11 we show the result of the
branching ratios for the— uy and u— ey processes. Be-
cause of the large neutrino Yukawa coupling, the branching
ratios of theu—ey process are so large that most of the
parameter region can be excluded by the present limjion
—ey. As in the models with the FN charges,b,c)
=(0,1,2), the models witk=0, which have a mild Yukawa

116010-9
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Mz= 150 GeV Mg =300 GeV ap=0 pu>0 1
* LMA tanB=5 .
1()10 = EIS{Q [ ] * , o, 0.8 ° . °
. ot Was RSk, - ..
;‘ u ] L :':’ LA o ”‘.. 0.6 * K hd ..:. -
0 ° ° o ° Dirac . e ? . o
L 10 o .:: :' ;. . Ui, 0.4 . o .". 2
= ° °e® t 2 ° "r ~gee,
m 12 e 4 . [ 44 e
10 A 0.2 e
13 e 0
10 5 =7 EE iEs 1 0 02 04 06 08 1
10 10 10 10 10
28Br(L—eY) U’;;"’C
FIG. 12. Same as Fig. 11 except for model | with,if,c, 7) FIG. 13. UngaC versus uggac in model Il with (a,b,c)
:(0r01011)' :(0,1,2).

unification between the top and tau neutrino, are almost ex= (.15 was imposed, the compon&H®® can be of order 1.

cluded by the bound op— ey [10]. This largeUDI® is a very important feature for the LFV in
the present models.
2. Case 27=1 Because of the FN charges of right-handed neutrinos, the

In the models withr=1 . as discussed in Sec. IVB 2. the Structure of neutrino Yukawa couplings is hierarchical
! : J . 2 oy ;
following relations among the third generation Yukawa cou-{frifuaifus € '6'1)_' 'I_'herefore, only the_th|r_d generation
plings are impliedf,~f .~ f 5~ €f ;. Thus we assume that Yukawa couplingf 3 is important for contributions to LFV
in Eq. (31) with 7=1 n:3:rnt at tphe GUT scale and take Masses. The dominant terms of the matrix elements
. , op

tang to be 5 in order to realize the relation. As compared tol (Am2)35] and[(Am?),,] are given by

the case withr=0, the branching ratios for— uy and u

— ey are suppressed by#, with the additional suppression o

due to small tag. In Fig. 12 we show the result of the (6+a0)m0UDiracUDirac*|f 2 Mg
branching ratios forr— uy and u—evy. For thepw— 3e and 1652~ w2 [hallogg,
pu— € conversion processes, we have checked that the rela- (39)
tions in Eqs.(29) and(30) are held. Therefore, interestingly,

the predicted event rates far—ey and u—e conversion

(Am%)32:_

can be as large as those the future experiments can reach. On (6-+a2)m? M

the other hand, for— uy process, the significant improve- (Am%)ﬂ: - 00 U DiracDirack | 12 log——.

ment of the branching ratio sensitivity of much below 19 167 Mr

will be needed in order to reach the predicted values. (39
C. Model Il (6=0) with (a,b,c,7)=(0,1,2,) Then a ratio of branching ratios Be(—evy)/Br(7— uy) are

. . . approximately expressed as follows:
Let us discuss the LFV in model ll5& 0). First we con- PP y exp

sider the case with hierarchical right-handed neutrino
masses, that is the case with,lp,c)=(0,1,2). The Dirac
neutrino mass matrix is given by

2 2
(AmNL)Zl 13
Dirac| *
U33 ‘

Br(u—ey) 1 UD"aC‘ 2

Br(r—uy) 0.17

(40

o (AMP)z,
Cie? Bge? Age?
Mo =Mse€ C_Ze EEE AEE ' 37 Since|UDIa ~|UD¥aq, as shown in Fig. 13, the branching
C, B, Aq ratio for u—e7y can be as large as or even larger than that
for ~—uy. As discussed in model I, the models with
=0, in which a mild Yukawa unification between the top
Since the matrix elementsr(p)s/(mge) (i=1-3) are of and tau neutrino is realized, are almost excluded by the
order 1, we can expect that all elements of the mixing matriXpresentu— ey bound[10]. Therefore, in this section, we
UP'a would be of order 1US"™°~0(1), even if we im-  only present the result in the models witkr 1.
posed the constraints of neutrino parameters on the neutrino In Fig. 14, we show the numerical result for these branch-
mixing matrix UMNS. This structure of the mixing matrix ing ratios. The predicted branching ratios far—ey are
uPis quite distinct from that in model I, as seen in Egs. larger than those in model I, since the mixing elemeghf®°
(24) and(32). For example, in Fig. 13, we shoW{3°com-  is much larger than that in model I. On the other hand, the
pared withU332°. Even though the CHOOZ limitUY'S|  branching ratios for— .y are almost the same as those in

116010-10
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o M2=150GeV Mg =300GeV 2,=0 p>0 1
10 pes
0.8
— Ne
o= ) ® .
? 10" SO N 0.6 ’ . .
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Dirac
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FIG. 14. Br(u—ey) versus Bré—puy) in model Il with FIG. 15. UP5™ versus Ug;™ in model Il with (a,b,c)

(a,b,c,7)=(0,1,2,1). Here we take the left-handed slepton mass tO:(O,O,O).
be 300 GeV, théN-ino mass to be 150 GeV, ard=0.07.
larger than those in the previous case of model Il. We present
model 13 As expected, the predicted branching ratios for the numerical result in Fig. 16. As can be seen in Fig. 16, the
—ey are as large as those for—uy. Note that for thew ~ branching ratio foru—ey can be as large as that of
—3e and u—e conversion processes, the relations in Eqs— 4, because all component&"™® can be of the same
(29) and(30) are predicted. Therefore the search for LFV in order. Many of the points are already excluded by the present
muon processes is much more sensitive to this class of mog@xperimental limit on theu—ey process, and the future
els too. Even at present, some of the points in Fig. 14 arénprovement will be able to test this class of models.
already excluded by the current experimental limit @n
—ey [Br(u—ey)<1.2x10 ! [14]]. The future proposed
improvement of the limit on LFV in muon processes will
definitely provide a significant test of this class of models. We discussed the neutrino masses and LEV in SUSY
models with lopsided FN charges. For neutrino physics, we
stressed the importance of the measuremett}t® in both
. . . . dels I and Il. In model Il, the LMA solution is strongly
Next we consider the models in which the heavy ”ght'nlgferred so that the near-future KamLAND experi
X : - periment
Cv?t?]d(e; br,“;J t:n(n(;)’ zg;e Ang:ir;yhg?gi\r:ﬁ?y’ (;?sgulgst?hee r::g:gguld play a significant role for _this cla§s qf modgls.
With 7= 1. We also analyzed thg LFV in dgtall within this frame-
The Dirac neutrino mass matrix is given by work. The present experlm_ental _I|m|ts on LFV processes al-
most excluded the models in which a mild Yukawa coupling
unification between the top and tau neutrino is realized at the
GUT scale. In the models in which the tau-neutrino Yukawa

V. CONCLUSIONS

D. Model Il (6=0) with (a,b,c,7)=(0,0,0,2

Cs Bs As coupling is suppressed hycompared with the top Yukawa
m,o=msel C, B, A, |. (41)  coupling, the predicted branching ratios fer-uy are as
S large as or much less than 1%, and hence a significant
Ci B A experimental improvement of the limit on the branching ratio
As in the previous case of model I, we expehtﬁ"ac
~0O(1). In this case, if coefficients,;, B;, andC; are all Mz=150GeV Mg =300GeV 3;=0 p>0
real, UPr=yMNS Thys, as shown in Fig. 15, the compo- anp=5
nentU D52 tends to be smaller than that in the previous case, 16" ..
because the constraift}i'*|<0.15 slightly affects the g e et .'i.".“::.;.‘ [
value of UDY®. However, all components in the Dirac mass ! 16" NS A
matrix Eq. (41) are of order 1, and all Yukawa couplings 5 ¢ '
f,i (i=1-3) can contribute to the LFV in slepton masses. "
Therefore, branching ratios af—uy and u—ey can be 10 .
-13
A

3If the inverted neutrino mass hierarchy is realized, as discussed in
Sec. Il B, neutrino Yukawa couplings,; andf,, can be so large Br(p —c?)
that they can contribute to the LFV masses. In this case, we have
checked that the branching ratios for the LFV processes, especially FIG. 16. Br(u—ey) versus Brg—wy) in model Il with
for u—evy, could be more enhanced because of the additional confa,b,c,7)=(0,0,0,1). Here we take the left-handed slepton mass to
tributions fromf ,; andf , to the LFV masses. be 300 GeV, thaV-ino mass to be 150 GeV, and=0.07.
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is needed in order to reach the predictions of this framework. ACKNOWLEDGMENTS

On the other hand, the predicted branching ratios jor

— ey andu— e conversion in nuclei can be as large as those We are greatly indebted to Tsutomu Yanagida for his col-
the future proposed experiments can reach. Therefore, tHaboration at an early stage. The work of J.S. is supported in
future experiments can provide the significant test of thigpart by a Grant-in-Aid for Scientific Research of the Ministry
realistic framework for neutrino masses as well as chargedf Education, Science and Culture, Grant Nos. 12047221 and
lepton and quark masses. 12740157.

[1] Super-Kamiokande Collaboration, Y. Fukuds al, Phys.
Lett. B 436, 33 (1998; Phys. Rev. Lett81, 1562(1998.
[2] J. Sato and T. Yanagida, Phys. Lett4B0, 127(1998; Nucl.

(2000; A. Nelson and M. J. Strassler, J. High Energy Phys.
09, 030(2000; R. Kitano and Y. Mimura, Phys. Rev. B3,
016008(2009); N. Haba and H. Murayamabid. 63, 053010

Phys. B(Proc. Supp). 77, 293(1999; W. Buchmiller and T. (2001).
Yanagida, Phys. Lett. B45 399(1999; C. H. Albright, K. S. [4] C. D. Froggatt and H. B. Nielsen, Nucl. PhyB147, 277
Babu, and S. M. Barr, Phys. Rev. Le&1, 1167 (1998; N. (1979.

Irges, S. Lavighac, and P. Ramond, Phys. Re\c8035003
(1998.

[5] J. Sato and T. Yanagida, Phys. Lett4B3 356 (2000.

[6] Buchmiler and Yanagidd2]; T. Asaka, K. Hamaguchi, M.

[3] See, for example, K. S. Babu and S. M. Barr, Phys. Lett. B Kawasaki, and T. Yanagida, Phys. Rev6l 083512(2000.
381, 202 (1996; S. M. Barr, Phys. Rev. 5, 1659 (1997); [7] F. Borzumati and A. Masiero, Phys. Rev. L&, 961(1986.
M. J. Strassler, irProceedings of International Workshop on [8] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, and T.

Perspectives of Strong Coupling Gauge Thegrezited by J.
Nishimura and K. Yamawak{World Scientific, Singapore,
1997; S. F. King, Phys. Lett. B439, 350 (1998; J. K. El-
wood, N. Irges, and P. Ramond, Phys. Rev. L8it. 5064
(1998; Y. Nomura and T. Yanagida, Phys. Rev5DB, 017303
(1999; N. Haba, ibid. 59, 035011 (1999; Y. Grossman,
Y. Nir, and Y. Shadmi, J. High Energy Phyk0, 007 (1998

J. Ellis, G. K. Leontaris, S. Lola, and D. V. Nanopoulos, Eur.
Phys. J. C9, 389 (1999; M. Fukugita, M. Tanimoto, and
T. Yanagida, Phys. Rev. B9, 113016(1999; F. Vissani, J.
High Energy Phys.11, 025 (1998; A. S. Joshipura and
S. D. Rindani, Eur. Phys. J. €4, 85 (2000; C. D. Froggatt,
M. Gibson, and H. B. Nielsen, Phys. Lett. B46 256
(1999; L. J. Hall and N. Weiner, Phys. Rev. B0, 033005
(1999; Z. Berezhiani and A. Rossi, J. High Energy Ph§3,
002 (1999; K. Hagiwara and N. Okamura, Nucl. Phy8548
60 (1999; G. Altarelli and F. Feruglio, Phys. Lett. B51, 388
(1999; K. S. Babu, J. C. Pati, and F. Wilczek, Nucl. Phys.
B566, 33 (2000; M. Tanimoto, Phys. Lett. B456, 220
(1999; S. Lola and G. G. Ross, Nucl. Phy&553 81
(1999; Y. Nomura and T. Sugimoto, Phys. Rev.@?, 093003
(2000; T. Blazek, S. Raby, and K. Tobebid. 60, 113001
(1999; 62, 055001 (2000; N. Arkani-Hamed and M.
Schmaltz,ibid. 61, 033005(2000; R. Barbieri, P. Creminelli,
and A. Romanino, Nucl. Phy8559, 17 (1999; M. Tanimoto,
T. Watari, and T. Yanagida, Phys. Lett. B61, 345
(1999; K. Yoshioka, Mod. Phys. Lett. A5, 29 (2000; K. S.
Babu and R. N. Mohapatra, Phys. Rev. Le&3, 2522
(1999; G. Altarelli, F. Feruglio, and I. Masina, Phys. Lett. B
472, 382(2000; E. Ma, Phys. Rev. 51, 033012(2000; A.
Aranda, C. D. Carone, and R. F. Lebed, Phys. Led.78 170
(2000; P. H. Frampton and A. Rasiibid. 478 424(2000; R.
Dermisek and S. Raby, Phys. Rev. B2 015007
(2000; E. A. Mirabelli and M. Schmaltzjbid. 61, 113011
(2000; L. J. Hall, H. Murayama, and N. Weiner, Phys. Rev.
Lett. 84, 2572(2000; M. Bando, T. Kugo, and K. Yoshioka,
Prog. Theor. Physl04, 211 (2000; Phys. Lett. B483 163

116010-12

Yanagida, Phys. Lett. B57, 579(1995; J. Hisano, T. Moroi,
K. Tobe, and M. Yamaguchi, Phys. Rev.33, 2442(1996.

[9] J. Hisano, D. Nomura, and T. Yanagida, Phys. Le#.38, 351

(1998; J. Hisano and D. Nomura, Phys. Rev.59, 116005
(1999; M. E. Gomez, G. K. Leontaris, S. Lola, and J. D.
Vergados,ibid. 59, 116009(1999; W. Buchmiller, D. Del-
phine, and F. Vissani, Phys. Lett.459, 171(1999; W. Buch-
muller, D. Delphine, and L. T. Handoko, Nucl. PhyB576,
445 (2000; J. Ellis, M. E. Gomez, G. K. Leontaris, S. Lola,
and D. V. Nanopoulos, Eur. Phys. J.1@, 319 (2000; J. L.
Feng, Y. Nir, and Y. Shadmi, Phys. Rev.@2, 113005(2000;

S. Baek, T. Goto, Y. Okada, and K. Okumuitaid. 63, 051701
(2002).

[10] J. Sato, K. Tobe, and T. Yanagida, Phys. Lett483 189

(2002).

[11] T. Yanagida, in “Proceedings of the Workshop on Unified

Theory and Baryon Number of the Universe,” edited by O.
Sawada and A. Sugamoto, KEK Report No. 79-18, Tsukuba,
1979; M. Gell-Mann, P. Ramond, and R. Slansky,Saper-
gravity, edited by D. Z. Freedman and P. van Nieuwenhuizen
(North-Holland, Amsterdam, 1979

[12] See, for example, Neutrino Factory and Muon Collider Col-

laboration, D. Ayreset al, physics/9911009; C. Albright
et al, hep-ex/0008064; Y. Obayashi, talk given at the Joint
U.S./Japan Workshop On New Initiatives In Muon Lepton Fla-
vor Violation and Neutrino Oscillation With High Intense
Muon and Neutrino Sources, Honolulu, Hawaii, 2000, URL
http://meco.ps.uci.edu/lepton_workshop/talks/obayashi.pdf;
see also the webpage of “Neutrino factory and muon storage
rings at CERN,” URL http://muonstoragerings.web.cern.ch/
muonstoragerings/

[13] KamLAND Proposal No. Stanford-HEP-98-03. See also the

webpage URL http://www.awa.tohoku.ac.jp/html/KamLAND/
index.html

[14] Particle Data Group, D. Groorat al, Eur. Phys. J. Cl15, 1

(2000.



NEUTRINO MASSES AND LEPTON-FLAVOR VIOLATION . .. PHYSICAL REVIEW D63 116010

[15] L. M. Barkov et al, Research Proposal to PSI, 1999. See the PRISM project, URL http://psuxl.kek jiprism; see also the
webpage LlJIRL http.//www.|cephp.s.u-toll<yo.ac.Jp/mleg webpage of “Neutrino factory and muon storage rings at
[16] 2"9%(7:.08‘?:a?:;ﬁ&?_”&':ﬁ:/ﬁ:&:?:h;"edPLEOposa to BNL, CERN,” URL http://muonstoragerings.web.cern.ch/
; : -ps.uci. t ings/
[17] For example, see technical notes in the homepage of the fuonsioragenngs

116010-13



