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Various lepton-flavor-violatingLFV) processes in the supersymmetric standard model with right-handed
neutrino supermultiplets are investigated in detail. It is shown that large LFV rates are obtained whén tan
large. In the case where the mixing matrix in the lepton sector has a similar structure as the Kobayashi-
Maskawa matrix and the third-generation Yukawa coupling is as large as that of the top quark, the branching
ratios can be as large &(u—ey)=10 * and B(7— uy)=10"7, which are within the reach of future
experiments. If we assume a large mixing angle solution to the atmospheric neutrino problem, the rate for the
processr— uy becomes larger. We also discuss the difference between our case and the case of the minimal
SU(5) grand unified theory.

PACS numbgs): 12.60.Jv, 11.30.Hv, 12.15.Ff

[. INTRODUCTION In this paper, we will extend the previous analysis. We are
interested in the processgs—ey, r—uy, wu—eee and

Lepton-flavor-violation(LFV), if observed in a future ex- u-e conversion in nuclei, and calculate formulas for the in-
periment, is evidence of new physics beyond the standartkraction rates of the above processes. In our calculation, we
model, because the lepton-flavor number is conserved in thielly incorporate the mixing of the slepton masses as well as
standard model. Since the processes do not suffer from the mixings in the neutralino and chargino sectors. Also the
large ambiguity due to hadronic matrix elements, a detailedepton Yukawa couplings in Higgsino-lepton-slepton vertices
analysis of the LFV processes will reveal some properties oéire retained, which yield another type of enhanced diagram
high-energy physics. in the large tap region. Then we will discuss how large the

One of the minimal extensions of the standard model withinteraction rates can be, assuming the radiative electroweak
LFV is the model with nonvanishing neutrino masses. If thesymmetry-breaking scenarfid]. We find that a large value of
masses of the neutrinos are induced by the seesaw mechang is realized with a relatively light superparticle mass
nism[1], one has a new set of Yukawa couplings involving spectrum, and thus the interaction rates can indeed be en-
right-handed neutrinos. The introduction of the new Yukawahanced. For the right-handed neutrino sector, we will mainly
couplings generally gives rise to flavor violation in the leptonconsider the case where the Yukawa couplings of the right-
sector, similar to its quark sector counterparts. In nonsupethanded neutrinos are similar to those of the up-type quarks.
symmetric standard models, however, the amplitudes of thg/e will also discuss the case of large mixing between second
LFV processes are proportional to inverse powers of thend third generations, suggested by the atmospheric neutrino
right-handed neutrino mass scale which is typically muchproblem. In our numerical analysis, we impose constraints
higher than the electroweak scale, and as a consequence sdgbm negative searches for SUSY particles, as well as the
rates are highly suppressed. constraint from the muon anomalous magnetic dipole mo-

If the model is supersymmetrized, the situation becomesnentg—2 to which superparticle loops give non-negligible
quite different. LFV in right-handed neutrino Yukawa cou- contributions especially in the large {amegion.
plings leads to LFV in slepton masses through The organization of our paper is as follows. In the subse-
renormalization-group effect]. Then the LFV processes quent section, we will review LFV in slepton masses in the
are only suppressed by powers of supersymmesiSY) presence of right-handed neutrinos. In Sec. Ill, we will give
breaking scale which is assumed to be at the electrowedlormulas of the interaction rates of the various LFV pro-
scale. Especially, in a previous pap8t, we pointed out that cesses. The results of our numerical study are given in Sec.
a large left-right mixing of the slepton masses greatly endV. In Sec. V, after summarizing our results, we will compare
hances the rates for LFV processes suchuasey and our case with the case of $&) grand unification briefly.
7— uy. Because of this effect, they can be within the reachRenormalization-group equations relevant to our analysis are
of near future experiments even if the mixing angle of thesummarized in Appendix A. In Appendix B, we describe the
lepton sector is as small as that of the quark sector. interactions among neutralinaghargino$, fermions, and
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sfermions. In Appendix C, we will give formulas of the gauge group antl; andH, two Higgs doublets with oppo-

SUSY contribution tag— 2. site hypercharge. SimilariQ, U, and D represent chiral
multiplets of quarks of an S(2), doublet and two singlets
Il. LFV IN SCALAR LEPTON MASSES with different UW1)y charges. Three generations of leptons

) ) o and quarks are assumed and thus the subsdriptel j run
Throughout this paper, we consider the minimal SUSYqer 1 _ 3. The symbat, 5 is an antisymmetric tensor with

standard modelMSSM) plus three-generation right-handed . _1 The Yukawa interactions are derived from the super-
neutrinos. In this case, the superpotential is given by potential via

W= €,gHTEFLL + T €, sHENFL + ] €, HTDFQP ,

1o 4
ij ayicAB apy B LpapiinCNIC =4 => — .C.
+f€,gHSUSQP + e, sHIHE+SMUNSNS, (1) - &¢ia¢j¢.¢,+Hc @)

whereL; represents the chiral multiplet of an &), doublet

lepton, Ef an SUZ2), singlet charged lepton\{ a right- SUSY is softly broken in our model. The general soft
handed neutrino which is singlet under the standard-modebUSY-breaking terms are given as

: 2. jxtix P 2% T 2. i T i~k ] i~k o~ ~
— Zoor= (MG + (ME) Uk T+ (M dg ik -+ (ML + (M) 8% 8k + (M2)| V& h+ Wi hihy + MZshih,
+(Buhyhy+3BIMY D DR+ H-C-)+(Aidjhla§ia|_j+AH hZGEiaLj+A:jh1é§iTLj+Aith2;’§iTLj+%MléEéE
+3M,WAWR + 1M, G2G2+H.c.). ©)

Here the first eight terms are soft terms for sleptons, squarks, and Higgs bosons, while the terivig-withy give gaugino
mass terms. .

We now discuss LFV in the Yukawa couplings. Suppose that the Yukawa coupling rfiatard the mass matrix of the
right-handed neutrino#!!! are diagonalized a§; 8" and Mg;8", respectivelyThen, in this basis, the neutrino Yukawa
couplings f!) are not generally diagonal, giving rise to LFV. An immediate consequence is neutrino oscillation. Writing
fl=U*f,, VK with U, V unitary matrices, we obtain the neutrino mass matrix induced by the seesaw mechanism:

1
M
fVl Rt fVl
— v? ) 1 v? ]
m,=fIM; f,—si?g=VT f,2 uT o u flo VSsir, (4)
R2
f f
v3 1 v3
MR3
|
where  v2=(h;)2+(h,)?=(174 GeVy and taB The smallness of the neutrino masses implies that the

=(h,)/{h;). (Here, the angular brackets stand for thescaleMg is very high,~10' GeV or even higher. In the
vacuum expectation value of the quanjityhroughout this  standard model with right-handed neutrinos, the flavor-
paper, we assume tht, is proportional to the unit matrix violating processes such as—ey, 7—uy, etc., whose
MY =Mgé", for simplicity. Then, if we disregard possible rates are proportional to inverse powersMf,, would be

complex phases i, the above can be rewritten as highly suppressed with such a largiég scale, and hence
those would never be seen experimentally.
f2, However, if there exists SUSY broken at the electroweak
1 . 5 v? scale, we may expect that the rates of these LFV processes
mv:M_RV fl2 VES'“ZB- B will be much larger than the nonsupersymmetric case. The
f§3 point is that the lepton-flavor conservation is not a conse-

quence of standard-model gauge symmetry and renormaliz-
. ability in the supersymmetric case, even in the absence of the
Thus as far asV#1 and the mass eigenvalues are non-ight-handed neutrinos. Indeed, slepton mass terms can vio-
degenerate, we have neutrino oscillation which is a target ohyte the lepton-flavor conservation in a manner consistent
current and future experiments. with the gauge symmetry. Thus the scale of LFV can be
identified with the electroweak scale, much lower than the
right-handed neutrino scaM g. However, an order-of-unity
We can always choos#, and M to be diagonal by using Violation of lepton-flavor conservation at the electroweak
unitary transformations df, E¢ and N°. scale would cause disastrously large rates gdorey and
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others. Also, arbitrary squark masses result in too large rates 5 IN(M/Mg) 5 ete i P

for various flavor-changing-neutral-current processes involv-  (Am)i~— W[&“o(fﬁy)f +2(AA)1]

ing squark loops. To avoid these problems, one often consid-

ers that sleptons and squarks are degenerate in masses among _ In(M/Mg) 22 et N

those with the same gauge quantum numbers in the tree-level =~ g,z (6F2a)mg(f,f,)i, 7

Lagrangian at a certain renormalization scale. In the follow-

ing, we will assume a somewhat stronger hypothesis that alvhere we have used the universal scalar mass and
SUSY-breaking scalar masses are universal at the gravit#-parameter conditions. In E¢7),

tional scaleM=mp/\87~2%x10"® GeV, i.e., we adopt _ _ _
minimal-supergravity-type boundary conditions. Thus we (FIE=flufs) = VI Ful 2V, ®

will consider the following type of soft terms: universal sca-

lar mass o), all scalar masses of the typmbg and Fnﬁ_ so that the slepton masmﬁ)f indeed has generation mixing

(i=1,2) take common valueng, universal A parameter, if V differs from the unit matrix in the basis that the charged

All=aflim, with a being a constant of order unity, at the €Pton Yukawa coupling$, are diagonal.

renormalization scaléVl.> As for the gaugino masses, for Ltack Off knovyle_dgec()jftpe_tneutrlg_ot\.(uka\;vte;]coTpll?gs pre-
simplicity, we choose the boundary conditions so that the))’en S US from giving a detinité preaiction or the siepton mass

satisfy the so-called grand unified thed@UT) relation at matrix, and thus the rates of the LFV processes. Neverthe-

low energies. Note that the universal scalar masses are giv«%‘ﬁss’ it is important to study how large the interaction rates

in a certain class of supergravity models with hidden secto or the LFV processes can be for some typical cases and to

SUSY breakind5]. Those soft SUSY breaking terms suffer see whether those signa_ls can be tes_ted by_experiments. In
from renormalization via gauge and Yukawa interactionsth's paper, we shall consider the following typical two cases:
‘case(1), the mixing matrixV is identical to the Kobayashi-

which can be conveniently expressed in terms of¢ K i in th K
renormalization-group equation®RGE'S. The RGE's rel- Maskawa(KM) matrix in the quark sectoVyy, and case

evant to our analysis will be given in Appendix A. An im- (2), the mixing matrix is given so that it can explain atmo-

portant point is that, through this renormalization effect, LFv SPheric neutrino deficit by the large-mixing-», oscilla-
in the Yukawa couplings induces LFV in the slepton massed©n- In the latter case, we only consider ny, the genera-
at low energies even if the scalar masses are universal at higipn Mixing between the second and third ones.
energy. Because of this fact, lepton-flavor conservation is
violated at low energies. . INTERACTION RATES FOR LFV PROCESSES

We can solve the RGE's numerically with the boundary In this section we give formulas of the interaction rates
conditions given above. It is, however, instructive to consider, 9 X
here a simple approximation to estimate the LFV contribu-for t_he LFV processes we (_:on5|_der. The results of our nu-
tion to the slepton masses. Since the(8Y doublet lepton merical calculation will be given in the next section.

multiplets have the lepton-flavor-violating Yukawa couplings, we rf:rst eﬁplam how tge r{:;:]es;r:wae.y andr—»,gz{can h
with the right-handed neutrino multiplets, the LFV effect € enhanced compared wi € naive expectation when

most directly appears in the mass matrix of the doublet slept-ang is large. Here, we consider in the basis where the neu-

tons. The RGE’s for them can be written(ase Appendix A tralino or charglno interactions to the leptons anq thg slgp-
tons are flavor diagonal and the effect of flavor violation in

the lepton sector is involved by the mass insertiom%)(

d N d o 1 ) (i#]). First, let us consider contribution fron-inos and
Ma(m[)F ( Ma(m[)f%sswﬁ‘ 16772[(m£f‘;f,, B-inos, the SW2) X U(1)y gauginos, neglecting the mixing
in the chargino or neutralino sector. A naive estimate on the
" flfvmf){+Z(f;r/m;z/fv_l_thfIfV+AIAV);]' branching ratio yields
() o L(m))]T?
B —19)% Gz ©

2\j .
Here wd/d“(mi)i})'\"ss'\" denotes the RGE in case of the wheremg is the typical mass of superparticles, the fine
MSSM, and the terms explicitly written are additional con- girycture constant, ar@g the Fermi constant. The contribu-
tributions by the right-handed neutrino Yukawa couplings.iion from the Feynman diagrams, Figgajland Xb), follows
An it(_arati_on gives an approximate solution for the additionalihis estimate. However, as emphasized in our previous paper
contributions to the mass terms: [3], the diagram of Fig. (t) which picks up the left-right
mixing of the sleptons and exchanges B8wno in the loop

) _ _ _ can give a much larger contribution whertans is much

In fact, there is another SUSY-breaking parameerwhich |arger than the masses of the other superparticles. Indeed we
gives a mixing term of the two Higgs bosohs andh,. For a  estimate the ratio of the amplitudes
given value of tap, we fix this parameteB (and also the SUSY
invariant Higgs boson masg) so that the Higgs bosons have Amp[1(c)] MlmER” utan8 M
correct vacuum expectation values(h1)=vcos8/\/§ and ~ >~ —_—,
(hy)=vsingl\2. Amp[1(a)+1(b)]  m mg ms Mg

(10
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~
WO(B) W= g
my, m3? m, m? FIG. 1. Feynman diagrams which give rise to
L e T AT L S lj—liy. The symbols,;, »;, B, W°, andW"
represent left-handed charged sleptons, left-
LD\/L handed sneutrinosB-ino, neutral W-ino, and
p chargedW-ino, respectively. In(a) and (b), the
(a) (b) blob in the the slepton or sneutrino line indicates
the flavor-violating mass insertion of the left-
handed slepton and another blob in the external
line the chirality flip of the external leptohy. In
(c), the blobs in the slepton line indicate the in-
sertions of the flavor-violating massnﬂ) and
the left-right mixing mass rti7g;;), and another
blob iQ the B-ino line the chirality flip of the
l; ér; €r; €rLi l; B-ino B.
¥
(c)
with m, being the charged leptoly mass. In Ref[3], we In this work, we are interested in the LFV processes
numerically showed that this enhancement really occurs for—€y andr—puy, u~—e e e’, andu-e conversion in
the case of largg.tang. nuclei. To obtain the interaction rates for these processes, we

If we take account of the gaugino-Higgsino mixing in the Perform a full diagonalization of the slepton mass matrices
chargino or neutralino sector, we find another type of dia"umerically and consider mixing in the chargino and neu-
gram which enhances the amplitude when&as large but ~ tralino sectors. . _ _ _
w is comparable to the masses of the other superparticles. It Ve write the interaction Lagrangian of fermions, sfermi-
is shown in Fig. 2. In this diagram, one has mixing betweerPnS, and neutralinos as
the Higgsino and the gaugino which is proportional to _
vsing, the vacuum expectation valuelof, and involves the Z= fi(NfX;>pR+ N:'A(QPL))?%WL H.c. (12)
Yukawa coupling of Higgsinos, leptons, and sleptons,

f'i: _\/Em'J/(UCOSﬂ)' The sI'epton's inside ? loop are left- In this section,f; (f=I,»,d,u) represents a fermion in a
handed ones. Thus the amplitude is proportional iBf&md  mass eigenstateith the generation indek (i=1,2,3), and

Amp(2) fyx a sfermion in a mass eigenstate. The subscXiptuns
~tang. (11 from 1 to 3 forv and from 1 to 6 for the other sfermions,
Amp[1(a)+1(b)]

T.d, andii. A neutralino mass eigenstate is denoted)fy

Note that this type of diagram includes neutralino-exchangéA=1, . ..,4) andPg, =3(1=* ys). The coefficientsNf{}

graphs as well as a chargino-exchange graph. and NP depend on the mixing matrices of the neutralino

FIG. 2. Feynman diagrams which give rise to
the large ta@ enhancement due to the gaugino-
Higgsino mixing in the process df—l;y. The
symbolsé,;, 7;, B, W°, W~, H?, andH ™ rep-
resent left-handed charged sleptons, left-handed
snheutrinosB-ino, neutralW-ino, charged/N-ino,
neutral Higgsino, and charged Higgsino, respec-
tively. The blob in the slepton or sneutrino line
indicates the insertion of the flavor-violating
mass (). The blobs in the gaugino-Higgsino
line indicate the mass insertions for gaugino-
Higgsino mixing; that is,u denotes Higgsino
(H:-H,) mass mixing, vsinB the gaugino-
(a) (b) Higgsino (I:|2\7V) mass mixing, andM, the

W-ino mass. The value of tghcomes from the
Yukawa coupling constantf|j~1/cos(3 and
vacuum expectation valu¢/EV) of h,, vsing.
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&

FIG. 3. Feynman diagrams for the process

4 li—1iy. (@ represents the contributions from
neutrahnoXA and sleptorix loops, and(b) the
7 il ; ; contributions from charginoy, and sneutrino
TR % 0 S loops.
7 (9)
(a) (b)
sector and of the sfermions. Their explicit forms will be
given in Appendix B. Similarly the fermion-sfermion- _
chargino interaction is written as T=ee** U;(p—q)[ 9%y (ALP +ATPR)
o : B¢ AL R ‘
Z=1(CRUPR+ CHUPU XA it Ti(CEY P Mo AP APRIU(R), (14

d dp V5
|LA(>V<)PL)X X+d(C5A(X)PR+C|I:A(X PL)XaUx

R() - in the limit of g—0 with q being the photon momentum.
Ui(CHY Pr+ X PO XA dx+H.C., (13)  Here, e is the electric charges* the photon polarization
vector,u; (andv; in the expressions belgwthe wave func-
wherexy, (A=1,2) is a chargino mass eigenstate. The exdtion for (ant lepton, andp the momentum of the particle
plicit forms of the coefficients can also be found in Appendix!; . In the present case, the Feynman diagrams contributing to
B. the above amplitude are depicted by Fig. 3. Each coefficient
in the above can be written as a sum of two terms,

A. Effective Lagrangian for LFV processes

As a fir_st step to compute the L_FV rates, let us write down A;'RzAg‘)L'RJF Ag@L’R (a=1,2),
the effective interactiongor amplitude$ relevant for our
purpose.

where A{VER and AR stand for the contributions from
the neutralino loops and from the chargino loops, respec-
The off-shell amplitude fol;” —1; y* is generally written  tively. We calculate them and find that the neutralino contri-

L=y y*

as butions are given by
|
A= g NEUINEL o o (2 Ot 186G LG B3, 15
576w mi (1—Xax)
AP =, NN (1= 6Xax+ 3Xax+ 2Xax— 6XaxINXAx)
2 3277.2 ml IAX'YjAX 6(1 Xa )4 AX AX AX
X
+NL(')NR<')*MX2 ! 1— X3+ 2Xpxl 16
iaxNjax m; (1- XA)( Xaxt 2XaxINXax) |, (16)
ADR=AM R (a=12), (17)

wherex,x= M;o/ml~2 is the ratio of the neutralino mass squaméo , to the charged slepton mass squan?zd (A summation
A X A X
over the indicesA and X is assumed to be understopdhe chargino contributions are
1 1

1
AP = — = cfﬁ{chﬁ'x)* m{16— 45X px+ 36Xay— TXa 5+ B(2— 3Xax) INXAx}, (19
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FIG. 4. Penguin-type diagrams for the procqés»li’li’li+ in which a photon
vz v andZ boson are exchanged. The blob indicates;adp-y vertex such as Fig. 3
or anl;-l;-Z vertex where th& boson is external.

li (p2) li (ps)

1 1 1
A(ZC)L =T 30,2 m_z CHQC}_&* 6(1_—)(AX)4(2+ 3Xax— GXix"’ Xix"’ 6XaxINXax)
rx

| | ;(;
O Ty T xng? (3 XAk X 2 |, (19

]
APR=ALOL o (a=1,2). (20)

Here,Xax= Mi_lmﬁx, WhereM;(; and m;, are the masses for the chargig@ and the sneutrin@y, respectively.
A

2. 1717171
We next consider the procelg‘sﬂli‘li_li+ (including .~ —e~e”e"). The effective amplitude consists of the contributions

from penguin-type diagrams and from box-type diagrams. The former contribution can be computed u$irg), Bqth the
result

2
_ . e _
Ty-pengui= Ui (PLG* Yo ATPL+ ATPR) + M) 1070 s0 (AP +AZPR)JU; (P) (2 Ui(P2) Y 0i(Pa) ~ (Pr=p2)- - (2)

Furthermore, there are the other penguin-type diagrams in which buson is exchanged as shown in Fig. 4. This amplitude
iS

2
9z — —
T2 pengur= 5 Ui(P1) ¥*(FLPL+ FrPR)US(P) Ui (P2) Y(ZL P+ ZRPR)D (Pg) — (P P2, (22
YA

whereF | g =F{%k + F{lk - The chargino contributiof {7, and the neutralino contributioR{7, are

ClClay* (Or)a2(Or)ez _ (OL)a2(OL)g2

Fi¥'=— —T6m? 4 XAB)T T PXAB) 29

F=0, (24)

NIEYNTER* (On)as(On)es— (On) aa(On)sa
FiV=— 167712 > (Fix.aB1T2GxaB): (25

Ff?n): _Fl<_n)|L<—>R' (26)

Here,O_ r andOy, are orthogonal matrices to diagonalize the mass matrices of the chargino and ne(gesdidppendix B
andF x a g andGx a gy are given by

B 1 Xaxlnxax  X3xINxgx
Fx.a8) = INXax+ ——— ——— : 27)
Xax—Xgx | 1—Xax 1—-Xgx

3The penguin-type diagrams of tiZeboson contributing to the LFV events do not necessarily need to have a chirality flip of leptons as
un—ey. Therefore, the diagrams picking up the Yukawa coupling of Higgsinos, fermions, and sfermions cannot become the dominant
contribution inZ-boson penguin-type diagrams and we neglect them in the above equations.
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I (p) X% i (p1) i

hd T
| |
| |
~ ! ! ~
lX Y * Y
] ]
¥ ]
3 t
Y by
li (p2) XB L (ps) l
FIG. 5. Box-type diagrams for the process
(2) I]-*—>Ii’li’|i*. Here, () represents the contribu-
tions from neutralinoi(fi and sleptonly loops,
while (b) the contributions from charging, and
. sneutrinovy loops.
f Xa l;
T T
I |
I |
1 |
vx ' oy
| |
| I
| I
+ +
I; X5 l;
(b)
MXAMXB 1 XaxINXax  XgxINXgx
GixaB="_2 - - (28)
m- Xax—Xex\| 1—Xax 1-Xgx

Ix

In these functionsivi in and mi, denote neutralino mass and charged slepton mass in the neutralino contribution, and chargino

mass and sneutrino mass in the chargino contribution. And in(Z2).the coefficientZ'L(R) denotesZ boson coupling to
charged leptorh (gy: that is,

ZlL(R):T|3L(R)_QIemSin26.W! (29

whereTy ) and Qg represent weak isospif§, = —3, Thz=0) and electric chargeQ,= —1) of I, (r), respectively.
The box-type Feynman diagrams are given in Fig. 5, and we can write their amplitude as

Thox=B1€?U;(py) Y*PLU;(P)Ui(P2) YaPLvi(P3) + B?ezai(pl)'yaPRuj(p)Ji(pZ)')’aPRvi(pS)
+B5€*{Ui(P1) Y*PLU;(P)Ui(P2) YaPrUi(P3) — (P1P2)} + B3e?{Ui(P1) Y*PrUj(P)Ui(P2) YePLUi(P3) — (P1—P2)}
+B3e*{Ui(P1) PLU;(P)Ui(P2) PLui(P3) — (P1 P2)} + BSe*{Ui(P1) PrU;j(P)Ui(P2) Prui(P3) — (P P2)}
+B3e{Ui(P1) 0., PLU (P Ui(P2) 0" PLui(P3) — (P1P2)} + BEeX{Ui(P1) 04, PrU; (P) Ui (P2) o Prui(P3)
—(P1=P2)}, (30)
where
ByR=B""R+B-R  (a=1,....9. (31

The first term represents the neutralino contribution, which we find to be

2R(NL_ R(% (RO NR(D* NR( R()% jRI* \RODNR(
e’By" _§J4(A,B,X,Y)NjA()2* NiA(Y)NiB(Y)*NiB()()+|4(A,B,X,Y)M)~(2M)~(EN]A()2*NiA(Y)* NENEES (32
iax- NiayNigy™ Nigx +Njax™ Niay™ NigyNigx = Njax™ Niay™ NigyNigx

1
eZB(zn)L:ZJ4(A’B’X‘Y){NR(I)*NR(I) L(hx L) 1 NRO* NLD* RO L(I)_NR(I)*NL(I)*NL(I)NR(I)}

R(I L()ngL(l R(I
- 5'4(A,B,x,Y)Mi2MigNj/§>2*NiA(\?Nié\?*NiB(x), (33
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1
2R(L_ R(# LD RO* L R(% \R(* LD L
eBY" =1 4amxvMIM52 Nj/&*Ni/{\;NiB(Y)*Ni&JFENJ‘&*NiA(Y)*NiB(\)Ni& , (34)
2pmL_1 R(% NR(D* (LI NL(D
eBs =g laasxyMIM5oNGX™ Niay ™ NigyNigx (35
BWR=B"Y g (a=1,...,4). (36)

The chargino contribution is

eZB<1C)L:§\]4(A B,X Y)CJRA(\Q* C::ZIY)CIRBle)* CFB(;( ) (37
2 (c)L_l R()% ~R()~L(D* ~L(1) _ 1 R()* ~L(D L)% ~R(1)
e°B; _Z‘]4(A,B,XYCJAX CiavCigy™ Cigx— 2'4(A,B,X|Y)M)~(;M)~(§C]‘Ax CiavCisy Cigx (38
engc)L:M(A,B,x,Y)M)};M CIX* CIAVCRY* Clgx, (39
Byt =0, (40)
BIOR=BO s (a=1,...,d, (41)
where

iJ d' < (42

IJaaBx V)= 2 7 AN

(27) (kZ—M)g(A)(kZ—M?{B)(kz—mTX)(kz—mIY)
il f d'k ! (43

aaBx,)™ a 2 NG

(27) (k2—MiA)(kLMis)(kz—mfx)(kz—miY)

Here,M; andmj denote neutralino mass and charged slep-The coefficientQ?,,, denotes the electric charge of the quark
ton mass in the neutrallno contribution, and chargino masg andz; L(r) Is theZ boson coupling to the qua () given
and sneutrino mass in the chargino contribution. by Eqg.(29).
L ) The box-type diagrams give
3. u-e conversion in nuclei
Finally, we give the formulas for thg-e conversion in box_ o2 PP R
nuclei, i.e., the procegs.+ (A,Z) —e+ (A,Z)] whereZ and e :E 47.087"(DgPLDaPrIn, (49
A denote the proton and atomic numbers in a nucleus, re-
spectively. The contribution again consists of penguin-typavith
diagrams and box-type diagrams. The box-type Feynman
diagrams are depict)é?j in F%s(bﬁ and Gc). Weypgive t%e DL R= D M R+D(C)L ® (g=u,d). (46)
effective Lagrangian relevant to this process at the quar

level. We find that the penguin-type diagrams give the term5he coefficients are calculated to be

2

1
. e?_ ) L_ R()# NR(D NR(Q) VR
g/penguin_. _ ?e[qzya(AkPﬁATPR) Mo safAP.  €DF =5 Jaa sy (NGAK NEBNGAYNGEY*
R q S.a R(|)* L(q)* )__M OM OI
+A;PR) X Ed Qerdvq N,ax N XNqAY qBY 4(A,B,X,Y)
a=u,
x fR()
g2 zq+zq ’ ) X(N,Ff(Ax NEENGAYNG Y
— qv.0ey*(FLPL+FgrPR)u,
m§q=u L RFR R(I)* XNqAY* NR(q) , (47)
(44)
Dgn)R:Dgn)LlLHR (q:U,d), (48)

where the first term comes from the penguin-type diagrams
of photon exchange and the second @boson exchange. and
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“ e
v, Z
& qi
(a)
FIG. 6. Feynman diagrams for the-e con-
. I . . version processes at the quark level.(&), the

penguin-type diagram is depicted. The blob indi-
cates arlj-l;-y vertex such as Fig. 3 or dn-l;-
Z vertex such as Fig. 4. Itb) and(c), the box-

— e - - ==

X e type diagrams are depicted; i.€0) represents the
contributions from neutrallnc;\(A slepton IX
_ —--—- _ - and squarkgy (g=u,d) loops, and(c) the con-
qi gy g 9
tributions from chargingy, , sneutrinovy, and
squarkdy (q=u,d) loops.
(b)
# vx e 7
Xa X
(c)
oL L R ~R() ~R(d) ~R() —e+55Ti. Then, the matrix element for the-e conversion
€ Dd) :§J4(A,B,X,Y)C,,,AX*Ce dAYCd(By* process is dominated by the contribution from the vector
currents.
R( R()L(d) L
- ZM)};M;E;M(A,B,X,Y)C#(A;? CeBXCarvCaty”
(49) B. Decay rates and conversion rate

Now it is straightforward to calculate the decay rates and
the conversion rate, using the amplitudes the effective

- 1 R(% RO LUk L (W) Lagrangian given in the above subsection.
Cc
e DE; == §J4(A,B,X,Y)C,U.(AX* Ce(BXCu(AUY* Cugy

1 1. Iy =1y decay rate
+_M"*M”’*I CR(I)*CR ) R(LI)* R(U) B B . . .
4 " Xa " xg AABXY)EUAX eBXVUAY Cugy- The decay rate fol; —1; vy is easily calculated using the

(50) amplitude(14):

Note that we only take account of the vector contributions e2
for the quark currents. The reason is given as follows. In the L =l y)= 6™ P (|AS|12+|AR2). (51)
limit of low momentum transfer which is appropriate for the
present casegf= — mi), we can treat the hadronic current il
in the nonrelativistic limit. Furthermore, contributions from 2.l —~I71717 decay rate
the coherent process dominate over incoherent ones if Using the expressions for the amplitude, we can calculate
we concentrate on relevant processes such ,uas‘z‘z i the decay rate:
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-t e4 L2+ |AR)2 LaR% 4 ALAR L2 16 m; 14
|
ts (||31| +B11%+3 (|Bz|2+|BzR|2)+ (IB3%+1B51%) +6(|B4|*+[BLI?) __(BsB *+B3B;* +H.c)

1 2
+ g(Aksk* +ARBR* + ALBL* + ARBR* + H.c)— §(A§B&* +ASBR* + ALBR* + ARBL* +H.c)

l 2 2 2 2 2 Le* Re* L% R *
+3{ ([FLLl*+[Frel®) +[FLrl“+|Fri*+ (BIF{L + BIFRrt BzF{r+ BaFr +H.C)

+2(ALFF + ARFE gt H.c) + (ALFF R+ ARFE +H.c) — 4(ARFF + ASFE o+ H.c)

—2(ASFE +ARFF+H.c)l, (52)
[
where z;}ﬁ _
I(u—e)=4a®—|F(q)Pm[|Z(A;—AF)—(2Z+N)D,
F Py 53
L msir?6y,coL 6y, ©3 —(Z+2N)D§|>+|Z(AR-AL)— (2Z+N)DR
—(z+2N)DRJ3, (59)
Frr=FLLlLoR) (54)
where
FZg 70+ 78 F
FlRm—o——————, (55) SL_pL, ZLT4R L
LR mZsir? y,coS by Dg=Dgt — 2SI Oy CoR by’ (59
Fri=FLrlL r. (56) Dg=DglL_r (q=u,d), (60)

. . ) .. . and Z and N denote the proton and neutron numbers
Numerically, we find that a penguin-type contribution in- ;, 5 nucleus, respectivelyZ.; has been determined in

volving A5 andA% dominates over the other contributions. In [6] and F(qz) is the nuclear form factor.
the large tap region, its effect is enhanced due to the samg, 48T| Zoi=17.6, F(q2=—m?2)=0.54[7].

mechanism as in the case of theﬂ, vy process. Further- ”
more, even in the case where gis not so large, the con-
tribution of the penguin-type diagram dominates over the V. RESULTS OF THE NUMERICAL CALCULATIONS
box contribution, because of the logarithmic term in Ex)
which is quite larger than the other terh$hen, the above
formula is greatly simplified, and one finds a simple relation

In this section, we present results of our numerical analy-

As was discussed in Sec. Il, we assume universal scalar
masses. Also for simplicity, we consider the so-called GUT

_ relation among the gaugino masses:
BU;—I71717)  a (16 M, 14 g the gaug
877'

3'%‘3)- 7

9i 92 03

3. p-e conversion ratgu+(A,Z)—e+(A,Z2)]

Once we know the effective Lagrangian relevant to thisThen the SUSY-breaking terms have four free parameters:
process at the quark level, we can calculate the conversidfie universal scalar masmg), the SU2), gaugino mass at
rate[7]: low energies M,), the universalA parameter A=amy),
and mixing parameter of the two Higgs boso) (
Concerning the SUSY invariant Higgs boson masand
“This logarithmic term is obtained as a result of the phase spacB parameter which parametrize the mixing amdngand
integration of the fermions in the final state, since we have ar,, we determined them so that the two Higgs doublets have
infrared singularity in the limit ofn —0. correct vacuum expectation valud$,)= vcosB/\2 and
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<h2>=vsin,8/\/§ . With this radiative electroweak symmetry-

breaking conditior{4], we determine the mass spectra and M,=100GeV
mixing matrices of the superparticles. Then, we carefully in- 6.0 T
vestigate the parameter space wheregtém large and the e’y Experimental bound

.

masses of superparticlésspecially sleptons and electroweak R NTTTTTT T
gaugino$g are quite light enough to enhance the LFV rates. 40
As a result, we found that there indeed exists a parameter
space where the above conditions are satisfied. We checked,
for M,=80 GeV, that tap can be as large as about 5This
result implies that there are regions in the parameter space
where LFV processes have large branching ratios due to the
large taB enhancement mechanigm.

We also put constraints from experiments. Besides our anp=3 -
requirement that the lightest superparticle be neutral, we use 20 y l/an[i=10 -7 ]
the consequences of negative searches for superpat@dles R ST T T T T T T
We also impose a constraint on the SUSY contribution to the 7 tanp=30
anomalous magnetic dipole moment of the myada,12. 40T /

The experimental value of(g—2) is 1165923(8.4x 10 ° /
[8]. On the other hand, the theoretical prediction of the 60 e
standard model is 11659180(15}610‘10 or 50 100 150 200 250 300 350 400 450 500
11659183(7.6%x 10 1% [12], where the difference is due to

different estimates of hadronic contributions. In our paper, mg,
we adopt the first one in order to derive a conservative
bound. Therefore, the SUSY contribution should be con-
strained as

(GeV)

FIG. 7. The values of the SUSY contribution to the anomalous
magnetic dipole moment of muong(—Z)ﬁUSY as a function of the
—26.7 1079<(g— 2)susv< 46.7% 1079, (62) left-handed selectron mass with tBeterm contrlbut.lon., which we

M denote byméL. Here we assumea=0 at the gravitational scale.

where a 2r experimental error is considered. The SUSY Real lines correspond to the case for-0, while dashed lines for
contribution is shown in Fig. 7. Here, we take the parametept<0. Here we have takeM,=100 GeV and taf=3, 10, 30.
a=0 at the gravitational scale ard,=100 GeV at low The shaded regions are excluded by the present experiments.
energies. The horizontal line is taken to be the left-handed
selectron mass with B-term contribution, which we denote s,,=0.0035 in the standard notati¢@]. We ignore the pos-
by Mg, - One finds that a significant region of the parametersible Kobayashi-Maskawa complex phase and consider
space is excluded by this constraint in the largestaggion.  be real, for simplicity. The eigenvalues of the neutrino
This is because the same enhancement mechanism as tfigkawa couplings are assumed to be equal to those of up-
LFV processes works in the diagrams contributing to thetype quarks at the gravitational scale. Since the magnitude of
g— 2. For completeness, we will give formulas of the contri-the top quark Yukawa coupling is close to its perturbative
bution of the superparticle loops to the anomalous magnetipound, this ansatz will maximize the magnitude of LFV in
dipole moment in Appendix C. the slepton mass matrix. Also, to determine the right-handed
Let us now discuss the branChing ratios for each LFVneutrino Majorana mang, we fix the 7 neutrino mass at
process. First we consider the case where the neutrino mixg eV so that it constitutes the hot component of the dark

ing matrix is described by the KM matrix. matter of the Universe. In this cas®y is about 16° 13
GeV.
A. Case(1): V=Vu Solving the RGE's numerically, we obtain the mass

As in the first trial, we shall consider the case wheresquared matrix for the S@@)_ doublet sleptons at the elec-
V=Vu, Where we takes;»=0.22, s,3=0.04, and troweak scale:

1.00 (0.30-0.43 10 * —(0.74-1.07x10°3
mgz (0.30-0.43 x10 4 1.00 —(0.54-0.78 X107 % | xm2, (63)
—(0.74-1.07%x10" % —(0.54-0.78 x10 2 0.77-0.80

SThroughout this paper, we take the top quark mass 174 GeV[8]. Also we take the bottom quark mass=4.25 GeV[9], which
corresponds to 3.1 GeV at tiZemass scale.

SNote that the situation here contrasts to the case of Yukawa unification where the radiative breaking with the universal scalar mass requires
a heavy superparticle spectrum, larger than, say, 500 [@6V
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M,=100GeV 10 Mz=200G_eV
10 10 T T T T T T T T
10 T T T T T T T T
Experimental bound Experimental bound
NINN
oL i ~ 10 i
5 — 5
; tan3=30 ;
= - a2l
@ 0" F 210 tan 3=30
6" F 16°F tanf=10 -
a4 L
10" F ] 10
S5 L B
10° F . 10
1 0-I6 | , | | | \ | | 1016 L ! ) L 1 1 ) L
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
(GeV) (GeV)
m€L mEL

FIG. 8. Branching ratios for the procegs—evy in the casg1) FIG. 9. Same as Fig. 8 except fi, =200 GeV.

V=Vku as a function of the left-handed selectron mass with the
D-term contribution,m; . Real lines correspond to the case for One can see that even if we impose this constraint, the
w>0, while dashed lines for.<0. Here we have takeh,=100  pranching ratio can be as large as 1 which is very close
GeV and tap=3, 10, 30. We also show the present experimentakg the present experimental bOUfﬂ(MHe)’)|expt<4-9
upper bound for this process by the dash-dotted line. X 10~ For smaller values of tg@) the branching ratio re-
duces, obeyingctar?3.

We compared the chargino loop contribution with the neu-
tralino loop contribution and found that the former domi-
ates. This is important when we compare our results with
Re case of S(B) grand unification(See Sec. V.

In Fig. 9, we show the case &1,=200 GeV. The maxi-

where ta varies from 3 to 30M,=0, anda=0. For a
nonvanishingM,, the diagonal elements of the above matrix
become larger and the flavor-violating off-diagonal element
become relatively less important, as the gaugino mass ge
larger. The effect of a nonvanishirgparameter can be seen
from Eq.(7), which does not change the result drastically. In . o
the following numerical calculations we will take=0. mum of the branching rat!o is about 18 for tans=30,

We find that in Eq.(63) the off-diagonal elements in the &Pout one order of magnitude smaller than tg=100
mass matrix are small. This is because the off-diagonal slef>€V case. We also studied the casg=80 GeV, and found
ton masses are proportional ‘quBJ in the case of hierar- that the branching ratio is about a factor of 2 larger than the

chical neutrino masses, which are small if we assume thd{!2=100 GeV case.

V is equal to the KM matrix. Nevertheless, as will be shown

shortly, the enhancement in the large@amegion yields large 2. i —eee*
branching ratios for the LFV processes, which are close to

; — —a—at
the present experimental upper bounds. Next, let us consider the procegs —e e e". Cur-

rently the experimental upper bound on the branching ratio

of this process is 1010 ?[8]. We show the results of our

) _ . calculation to this process in Fig. 10 fbf,=100 GeV. The

The result of our computation on the branching rat'obranching ratio has the maximum of10 %2 for large targ

B(n—ey) is shown in Fig. 8 fotM ;=100 GeV. The hori- jith small gaugino mass. One can check that this process is

zontal line is taken to be the left-handed selectron mass witQominated by penguin-type diagrams. Indeed compared with

the D-term contributionmg . Real lines are fo>0, while  {he branching ratio oft— ey, one finds a simple relation

dashed lines are fogr<0. We find that the branching ratios

are rather insensitive to the choice of the sign of thpa-

rameter, in particular when t@nis large. For the large space should be excludé@i2—14. However, it is complicated to

tan3 case, some regions of small slepton masses are e¥stimate the SUSY contribution to the—sy process, since the

cluded by the constraint from— 2. As can be seen from Fig. chargino loop can contribute either constructively or destructively

7, it is less stringent for the>0 case than thee<0 cas€.  to the others, especially the charged Higgs boson loop. Thus, it
seems to us that to determine which regions of the parameter space
are really eliminated contains some delicate issues as discussed by

"Here, we should comment that the SUSY contribution to theRef.[14]. We believe that such an analysis is out of the scope of our
b—sy process is also significant and some part of the parametguaper. Thus, we do not use the constraint fromkihesy process.

1. y—ey
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10 T T T T T T

. Experimental bound
Experimental bound
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FIG. 10. Branching ratios for the procegs —e e e" in the . . .
case(l) V=V, as a function of the left-handed selectron mass FIG. 11. The,u-e_ conversion rates in nuclgbTi in the case(_l)
with the D-term contribution,m; . Real lines correspond to the V=Vkm @S a function of the left-handed selectron mass with the
case foru>0, while dashed lines fop<0. Here we have taken D-term cgntrlbutlon,méL. Real lines correspond to the case for
M,=100 GeV and tad=3, 10, 30. We also show the present ex- 4= 0, while dashed lines fop<0. Here we have takeNl,=100
perimental upper bound for this process by the dash-dotted line. G€V and ta=3, 10, 30. We also show the present experimental
upper bound for this process by the dash-dotted line.
B(u—3e) -
WNDQO ' (64) trinos, yleIQ|ng a large qff-dlagqnal element in the §Ieptc_m
mass matrix. The neutrino mixing matrix we take in this
which is in agreement with the ratio expected by the domi-example is

nance of the penguin-type diagrams, Egj7).

3. p-e conversion irGSTi M,=100GeV
T T

10° T T T T T T

Experimentally, thew-e conversion rate in nuclei is also
constrained strongly. The experimental upper bound on the experimental bound
conversion rate with the targédTi reaches 4.3 1072 [8]. 10° F 3
We show the results of our calculation to this process in Fig.
11 for M,=100 GeV. The branching ratio takes its maximal
value of~10" ¥ in the parameter region where jais large 10
and the gaugino masses are small. On the other hand, for
small tarB and u<0 a cancellation among the diagrams s L
occurs and the event rate damps rapidly. The penguin-type
diagram is not dominant in the small f@&rregion because
there is not the same logarithmic enhancement as 100 F
un —eee’.

Br(t~py)

<10

4. 7—uy 16°F

Finally we present our result for— wy in Fig. 12. We
find that, withM,=100 GeV, the branching ratio is as large 10" T S S S S S
as 107, one and a half orders of magnitude smaller than the 50 100 150 200 250 300 350 400 450 500
present experimental bourB{ 7— 11 y) | exp<4.2x 107 [8]. GeV)
Similar to the case ofti—ev, it can be seen that the branch- Mg,
ing ratio is proportional to tagé squared.

FIG. 12. Branching ratios for the process> .y in the casel)
V=Vu as a function of the left-handed selectron mass with the
D-term contribution,méL. Real lines correspond to the case for
©>0, while dashed lines for<0. Here we have takekl,= 100

A class of solutions to the atmospheric and solar neutrin@GeV and tag=3, 10, 30. We also show the present experimental
deficits requires a maximal mixing of theand muon neu- upper bound for this process by the dash-dotted line.

B. Case(2): Neutrino mixing implied by the atmospheric
neutrino deficit



53 LEPTON-FLAVOR VIOLATION VIA RIGHT-HANDED . .. 2455

M,=100GeV 16° >0 M,=100GeV
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10" T . — . —
L experimental bound |
—_ s L i = a12] i
; 10 experimental bound :; 10
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o 5
10 tan[i=30 10“4_
10—7 -
10»]6_
10° F L
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16° F i I
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mg ms,
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FIG. 13. Branching ratios for the processs uy in the cased?2) FIG. 14. Branching ratios for the procegs-evy in the case for

neutrino mixing implied by atmospheric neutrino deficit, as a func-the minimal SU5) grand U_n'f'ed theory, as a fL_lnCtlon of the right-
tion of the left-handed selectron mass with feerm contribution, ~handed selectron mass with tBeterm contributionmg . Here we

mg_. Real lines correspond to the case for-0, while dashed lines ~ have takenu>0, M,=100 GeV, and tad=3, 10, 30. We also

for w<0. Here we have takeN ,=100 GeV and ta=3, 10, 30. show the pre_sent experimental upper bound for this process by the
We also show the present experimental upper bound for this proce§§"5h'd°tted line.

by the dash-dotted line.

can be seen from E@63), we obtain LFV inmE as well as

—1
1.00 0.87<10 - a smaller value of thé3,3) element ofmf compared with the
v=| —0.66x10°* 0.755 0.656, (65  other diagonal elements, which is a typical feature of the
- —0656 075 case with right-handed neutring46]. We have calculated

the interaction rates for the various LFV processes with the
full diagonalization of the slepton mass matrices and of the

and ther neutrino mass is assumed to be 0.4[@%]. Here, hargino and neutralino mass matrices. We emphasized the

we only consider the generation mixing of the second an(gnhancement of the interaction rates for largeBtatie ratio

e ko o nme o 1 VACUU expecialon VaUBMEV') of e two Higs
9 ; o . .~ _doublets. This enhancement originates from the fact that
solar and atmospheric neutrino deficits. This uncertainty,

however, does not matter if we only consider the LFV pro—there is freedom to pick up one of two vacuum expectation

i . . values in the MSSM in the magnetic-dipole-moment-type
cess among trr:e S(;cond an.d t(;nrd ]ger?er%y%ns. As m(ctaa,se diagrams. For example, for the procegss:|;y, diagrams of
we assume that the magnitude of the third-generation neuy; - L . '
trino Yukawa couplingf, 5 is equal to the top quark Yukawa the type Fig. 1c) and Fig. 2 give the enhancement. Even

coupling at the gravitational scale. The latter choice will iveWhen the mixing matrix in the lepton sector has a similar
piing € gravite e 9Veqiructure as the KM matrix of the qguark sector, the enhance-
us a maximum violation of LFV in the slepton mass matrix.

The result forB(7— ) is shown in Fig. 13. We find ment mechanism can make the branching ratios close to the

. . ._present experimental bounds.
that in some portion of the parameter space, the branchmB P

ratio exceeds the present experimental er bound. in ' Itis interesting to compare the LFV processes induced by
atio ex P Xper upp und, In pajs right-handed neutrino Yukawa couplings with those in
ticular when tag is large and the superparticles are light. the minimal SUS) grand unified theory17,18. In the latter

case, the renormalization-group flow above the GUT scale
V. CONCLUSIONS AND DISCUSSION results in LFV in the S(R), singlet (right-handedl slepton
) ) ) o masses. Let us consider, for example, the resulting branching
In this paper, we have considered LFV in the minimalatig of ,—ey. The diagrams which will give the enhance-
supersymmetric standard mod&ISSM) with right-handed  ent in the large taB region are similar to Figs. (&) and
neutrino multiplets. In the presence of the Yukawa couplingsz(a)_ The important difference from the previous case is in
of the ri%ht-handed neutrinos, the left-handed slepton masgig. 2. Now, only diagrams involving thB-ino contribute,
matrix m; loses its universal property even if we assume thesince thew-ino does not couple to the singlet sleptons. In
minimal-supergravity-type boundary condition on sfermionthis case, we can see that contributions coming from the two
masses. In our case, because of the renormalization effect, dmgrams Fig. (c) and Fig. 2a) have opposite signs, and
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thus partially cancel out with each other. The numerical reperimental bounds and can be within the reach of future ex-
sult is shown in Fig. 14. The horizontal line is the mass ofperiments. Efforts to search for these LFV signals should be
the right-handed selectron with thB-term contribution, encouraged.

mg,. Here, we have takei,=100 GeV. The branching

ratio never exceeds 163 more than two orders of magni- ACKNOWLEDGMENTS
tude beneath the present experimental upper bound. Also one
finds regions where the branching ratio becomes very smagi
due to the cancellation explained above.

What happens if the standard model with right-hande

We would like to thank T. Yanagida for useful discus-
ons. We are also grateful to T. Goto and P. Nath for discus-
ion on thebh— sy process, and to S. Orito for a comment on
he anomalous magnetic dipole moment of the muon. One of

neutrinos is embedded in the framework of (SUGUT? In . .
this case, both the mass matrix of the left-handed slepton%lgzg::se(‘]fg')ﬁtnh;nnclizltgﬁp‘]p%e?n Society for the Promotion of

and that of the right-handed ones have LFV. The situation is
quite similar to the case of S00) GUT [18,19. For ex-
ample, if we consider the — ey, the dominant diagram will
be similar to Fig. {c), which, however, picks Upn(lfR)g, In this appendix, we give the one-loop renormalization-
proportional to ther-lepton mass. Thus we expect further group equation§RGE’s for the Yukawa couplings and the
enhancement in the branching ratio bylf(/m#)2 compared soft SUSY-breaking terms in the scalar potential. The RGE’s
to the case we studied in this paper. for the gauge coupling constants and the gaugino masses are

To conclude our paper, we should emphasize that thenchanged at the one-loop level, since the right-handed neu-
branching ratios of LFV processes induced by right-handedrinos are singlet under standard-model gauge symmetry.
neutrino Yukawa couplings can be close to the present exYukawa coupling constants:

APPENDIX A: RENORMALIZATION GROUP EQUATIONS

d ;1 9 , o t 1 | ] te vif te il

M@ﬁ = 1672 _ggl_3gz+3Tr(fdfd)+Tr(f|f|) fil+3(F i f)Y+(Ff,f,)" |, (A1)
d ;1 3 o0 .2 t 1 | i te i T ]

M@HZW — 5917302+ 3Tr(fuf )+ Tr(f,f) 5+ 3(F 05T+ (F.f )Y | (A2)

Soft breaking terms:

(M2 + £ im3)] + (0, 4+ £ 16, m3)] -+ 2(F m2f, + M2 1+ ATAD + 2(FIm2f, + i, f 1, + ATA,)]

[ mg)j:
Md,u, L 1672

6 .3 .
—(ggilmllzwgilmzlz 5{—ggi85%}, (A3)

. . .24 .6 .
2 ~
Ma(mé)}=1%2[2(m§f|ff+f|f3m§)}+4(f|m[ff+mﬁ1f|fr+AlAF)}—g9§|M1|25}+ ggisaﬂ,

d 1 . N ,
“E(m?’)}: ez [2mEn, £+ 1, imd)+ 4cf,mEf 1+ e T 61+ ALAD, (A4)
d ij 1 9 2 2 ) T ij 9 2 2 T T ij T ij
,u@m =16.2 —591—392+3Tr(fdfd)+Tr(f|f|) Al+2 —gglMl—ngMerSTr(fdAd)+Tr(f,A|) fl+4(f,fA)
+5<A.frf.>ii+2<f.fIAV>‘i+<A|f1fv>”}, (A5)
d ij 1 3 2 2 T T ij 3 2 2 ) T ij
M@AV:W —ggl—ngJr3Tr(fufu)+Tr(foV) Al+2 —gglMl—ngMer3Tr(quu)+Tr(fVAV) fo
+4(foIAV)IJ+5(AVfIfV)IJ+2(fvfrA|)IJ+(AVfITf|)IJ}l (A6)
where

2, 2 2 2 2 ~p o~
S:Tr(mé+ma—ZmG—m£+m~e)—mﬁ1+mﬁz. (A7)
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Here, we followed the GUT convention for the normalization fri=UIT . fy=UL.  f (B8)
i 2 3 i i+3X'X X,i+3'X+

of the U1)y gauge coupling constarg;, such asgy=z

2

g1-

Attention should be paid to the neutrinos since there is no
right-handed sneutrino in the MSSM. Let; be the super-
partner of the neutrinov;. The mass eigenstatey

APPENDIX B: INTERACTION OF GAUGINOS, (X=1,2,3) is related to; as
SFERMIONS, AND FERMIONS

In this appendix, we give our notations and conventions
adopted in Sec. lll and give vertices relevant for our calcu- vLi=U%vx. (B9)
lation.

Let us first discuss fermions. We denote Iy u;, and
d; the fermion mass eigenstates with the obvious meaning. We now turn to charginos. The mass matrix of the chargi-
The subscripi (i=1,2,3) represents the generation. As fornos is given by
the neutrinos, their masses are small and negligible. In our
convention,v; is the SU2), isodoublet partner tey; .

Next we consider sfermions.'Légi andfpg; be the super- —— M, \/EmwcosB WL—
partners off ; and fg;, respectively. Heref stands forl, — %m=(Wg Hg) ) -
u, ord. The mass matrix for the sfermions can be written in \/Emwsmﬂ M Hy
the form +H.c. (B10)
ot vt m;  mg ?L , ) . .
(fL.fR)| > > 1~ (B1)  This matrixMc is diagonalized by X 2 real orthogonal ma-
Mg Mg/ \fg

tricesO, andOg as

wherem? andmg are 3x 3 Hermitian matrices anth’y is a
3X 3 matrix. These elements are given from E(3, (3) as

, f f OgM O/ = (diagona). (B11)
m? = m; + m?+m2cos28(T5 — QL. sirféy), (B2)
Define
mg=m; +m;~m3cos2B(The— QLysirféw), (B3)
, |~ Awsingl2=mpcois (=u), (f? -0, ~L), s R(~R).<Bla
Mir (B4) XaL Hi X2R 2R

~| AjpcogB/2—mutang  (f=d,1),

WhereTg,_(R) and Q[ are weak isospin and electric charge, Then
respectively. Herer,n;2 =mé for squarks,mf = mf for slep-
L L

tons, andm%R are each right-handed sfermion soft breaking

masses. We assume the above mass matrix to be real. This is, Xa=Xxatxar (A=12),
in general, not diagonal and includes mixing between differ-

ent generations. We diagonalize the mass matfi¥ by a
6x 6 real orthogonal matrix Uas

(B13)

forms a Dirac fermion with maskl x

Finally we consider neutralinos. The mass matrix of the
neutralino sector is given by

uf. 72U = (diagona), (B5)
and we denote its eigenvalues b)%x (X=1,...,6). The .
mass eigenstate is then written as I?L
1. ~ ~, =~ L
z = 2 — Zm==(BLIWPHS HOOMy| ~, | +H.c., (B14
fx=UlfLi+Uk afri (X=1,...,6.  (B6) m=2 (BLUWLHL UM o (519
Conversely, we have Ho.

fLi=URTx=Ukfx, (B7)  where
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M, 0 —mMzSinfy,coxB  MSindysing
Moo 0 M, m;CoYyCO0B  — M CcoHysind (815
NT1 —my,singy,cos83  mycosdy,cosB 0 -1 '
m,sinfysinB  —mzcoshsinB - 0
|
The diagonalization is done by a real orthogonal matrix m,
On: :7§|>2_92 m (OL)AZUx| ChY= _QZ(OL)Alulx,i ,
O\M Oy, = diagonal. (B16) e
The mass eigenstates are given by Cctw=g, m; (0,) 2Ul _
< iAX \/EI’T\WCOSB L/A2¥ X,i+3»
AL=(On)asXgL (AB=1,... .4, (B17)
where My,
o Chiy= 92| (Or)a1Uki+ \/Em—sinB(OR)AZU;’HsJ ,
XRL=(BL WY HEL HY). (B18) w
We have thus Majorana spinors L(d) My, "
o Ciax _gz—ﬁm COSG(OL)AZUXJ :
a=xatxhr (A=1,....9, (B19 w

My,

with massM;.(g. . . - . CRW—g,1 — (0O, )aUY + (O )a2US
We now give the interaction Lagrangian of fermions, sfer- Ciax Latxi* \/— my,C HAZEXIES

mions, and charginos,

o m,
Fin=li(CRYPr+ CAYPU XA vx+ 1(CAX PR CllW=g —( R)Ia2US (B21)
L(») R(d) - \/_mWS| na
+Ciax PL)XAIX+d (CIRY PR+ CiAX PL) XA Ux
LWg =~ + The interaction Lagrangian of fermions, sfermions, and
+Ui(CRY PR+ CIY P XAdx+H.C., (B20)  neutralinos is similarly written as
where the coefficients are L= (NE{QPR+ NS PP R0y, (B22)
ClX=—02(0r)a1U% wheref stands foll, v, d, andu. The coefficients are

g m;

Ny = — E[ [—(On)az— (ON)AltanGW]UIX,i (ON)A3U>< i+3(

m cos@

. 92 v
Niax = \/5[ W(ON)AIiUX it Z(ON)AltamWUx |+3] . NY=- E[(ON)AZ_(ON)AltanQW]UX,i )

L(v) _
Niax' =0,

My,
d
Uxit

J2 1
Nfx = — H_(ON)A2+ §(ON)A1tan9W (ON)Asux |+3]v

\/5

my,CoB

m
NHD = g2 L(O) Ud-+ztan6 (Op) parUS
iAX \/E mWCOSG N/A3Y X,i 3 W NJALM X i+3| »

my

it Smﬁ(ON)A4UX |+3} ,

92

NlAX \/E

1
”(ON)APL 5 (On)astandy



53 LEPTON-FLAVOR VIOLATION VIA RIGHT-HANDED . .. 2459

92 My, 4
NiAY = — E W(ON)AAU;J(J - §tan0W(ON)A1U;I<,i+3 . (B23)

APPENDIX C: ANOMALOUS MAGNETIC DIPOLE MOMENT OF THE MUON

The magnetic dipole moment interaction of the muon is written

ie _
5 F(aDU(P) 0 " u(py), (1

o

whereq= p;—p; and e the polarization vector of the external photon. Then, the anomalous magnetic dipole moment of muon
is

(9-2),=2F(q*=0). (C2

: - SUSY_ (4(C N : (©) ; -
We can write SUSY contributions ag{2),;">"'= (9(© + g ))# . The first termg,,”’ represents the chargino-loop contribution
as

2 _ay2 3 m, M- - _ _y2 _
4= ﬂ|CL<|>|22+3XAX 6Xa % Xax 1T 6XaxINXax 1 w XACL(')CR(”* 3+4AxXax— Xax— 2INXax
n 487T2 mg 2AX (1_XAX)4 167T2 mg 2AXN2AX (1_XAX)3
[9%¢ [9'¢
+(L—R), (C3

a2 2
wherex,x= M;(;/mVX .
The neutralino-loop contributiog'}" is
1 m 1—6Xax+ 3Xax+ 2Xay— 6x,§xlnxAx_ 1 MMy 1—Xax+ 2XaxINXax

N = KpLhg2 L(1) njR(D*
9, 4872 2 INZAX L 602 2 NZaxN2Ax (1= xXag)? +(L<R),

Ix Ix

(C4
2

2
wherexax=M=%o/m: .
XA |x
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