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Abstract

Various lepton-flavor violating (LFV) processes in the supersymmetric standard
model with right-handed neutrino supermultiplets are investigated in detail. It is
shown that large LFV rates are obtained when tan 3 is 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 as Br(p — ey) ~ 107! and
Br(t — py) ~ 1077, which are within the reach of future experiments. If we
assume a Jarge mixing angle solution to the atmospheric neutrino problem, rate for
the process 7 — py becomes larger. We also discuss the difference between our case
and the case of the minimal SU(5) grand unified theory.

*This .work was supported by ‘the Director, Office of Energy Research, Office of High Energy and
Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under Contract
DE-AC03-765F00098. . 2



1 Introduction

Lepton-flavor violation (LFV), if observed in a future experiment, is an evidence of new
physics beyond the standard model, because the lepton-flavor number is conserved in
the standard model. Since the processes do not suffer from a large ambiguity due to
the hadronic matrix elements, detailed analysis of the LFV processes will reveal some
properties of the high-energy physics.

One of the minimal extensions of the standard model with LFV is the model with
non-vanishing neutrino masses. If the masses of the neutrinos are induced by the seesaw
mechanism [1], one has a new set of Yukawa couplings involving the right-handed neutri-
nos. Introduction of the new Yukawa couplings generally gives rise to the flavor violation
in the lepton sector, similar to its quark sector counterparts. In non-supersymmetric stan-
‘dard models, however, the amplitudes of the LF'V processes are proportional to inverse
powers of the right-handed neutrino mass scale which is typically much higher than the
electroweak scale, and as a consequence such rates are highly suppressed.

If the model is supersymmetrized, the situation becomes quite different. LFV in
the right-handed neutrino Yukawa couplings leads to LFV in slepton masses through
renormalization-group effects [2]. Then the LFV processes are only suppressed by powers
of supersymmetry (SUSY) breaking scale which is assumed to be at the electroweak scale.
Especially, in a previous paper [3], we pointed out that a large left-right mixing of the
slepton masses greatly enhances the rates for the LFV processes such as u — ey and
7 — py. Due to this effect, they can be within the reach of near future experiments even
if the mixing angle of the lepton sector is as small as that of the quark sector.

In this paper, we will extend the previous analysis. We are interested in the following

k
processes,

[ —ey,
° Ty,
® 1 — eee,
e yu-e conversion in nuclei,

and calculate formulas for the interaction rates of the above processes. In our calculatioﬁ,
we fully .incorporate the mixing of the slepton masses as well as the mixings in the neu-
tralino and chargino sectors. Also the lepton Yukawa couplings in higgsino-lepton-slepton
vertices are retained, which yield another type of enhanced diagrams in the large tan
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region. Then we will discuss how large the interaction rates can be, assuming the radia-
tive electroweak symmetry breaking scenario [4]. We find that a large value of tan 8 is
realized with relatively light superparticle mass spectrum, and thus the interaction rates
can indeed be enhanced. For the right-handed neutrino sector, we will mainly consider
the case where the Yukawa couplings of the right-handed neutrinos are similar to those
of the up-type quarks. We will also discuss the case of large mixing between the sec-
ond and third generations, suggested by atmospheric neutrino problem. In our numerical
analysis, we impose the constraints from the negative searches for the SUSY particles, as
well as the constraint from the muon anomalous-magnetic dipole-moment g — 2 to which
superparticle loops give non-negligible contributions especially in the large tan 8 region.
The organization of our paper is as follows. In the subsequent section, we will review
LFV in slepton masses in the presence of the right-handed neutrinos. In Section 3, we
will give formulas of the interaction rates of the various LFV processes. Results of our
numerical study are given in Section 4. In Section 5, after summarizing our results, we will
compare our case with the case of the SU(5) grand unification briefly. Renormalization-
group equations relevant to our analysis are summarized in Appendix A. In Appendix B,
we describe the interactions among neutralino (chargino)-fermion-sfermion. In Appendix

C, we will give formulas of the SUSY contribution to g — 2.

2 LFYV in scalar lepton masses

Throughout this paper, we consider the minimal SUSY standard model (MSSM) plus three

generation right-handed neutrinos. In this case, the superpotential is given by

W = fleuHPEL? + fie,sHINL? + fieapHEDSQE + fileag HRUF QY
[°% 1 27 ATC ATC
+peapHXHE + EMVJN,- N, (1)

where L; represents the chiral multiplet of a SU(2)r doublet lepton, Ef a SU(2)y, singlet
vcha,rged lepton, Nf a right-handed neutrino which is singlet under the standard-model
gauge group, H; and H, two Higgs doublets with opposite hypercharge. Similarly @, U
and D represent chiral multiplets of quarks of a SU(2); doublet and two singlets with
different U(1)y charges. Three generations of leptons and quarks are assumed and thus
the subscripts 7 and j run over 1 to 3. The symbol €,4 is an anti-symmetric tensor with

€12 = 1. The Yukawa interactions are derived from the superpotential via
w

L=+t OW i he @)
5 agpg Vil + e
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SUSY is softly bfoken in our model. The general soft SUSY breaking terms are given
as ’

— Loope = (m)ia}dr; + (m3)i@niih + (m3)idndp
| Hm )Ll + (ml)ieneh + (m3)i itk
~ ~ 1 i 1]~k %
4703 Bl hy + w2 hihg + (Buhiho + 5 BY M Ui + hoc)
(A hadpid; + A hapd; + Az"hlemlm + AV il
. 1 P 1
+§M1.Bng + §M2W£WL‘I + §M3GaGa + hC) (3)
Here the first four lines are soft terms for sleptons, squarks and the Higgs bosons, while
the last line gives gaugino mass terms.

We now discuss LFV in the Yukawa couplings. Suppose that the Yukawa coupling
matrix f;’ and the mass matrix of the right-handed neutrinos MY are diagonalized as
fub6" and MRiéij , respectively.! Then, in this basis, the neutrino Yukawa couplings fi
are not generally diagonal, giving rise to LFV. An immediate consequence is neutrino
oscillation. Writing f¥ = U®*f,,V* with U, V unitary matrices, we obtain the neutrino

mass matrix induced by the seesaw mechanism
— flar—1
m, = f, M'f, x —sin?p

- ‘ful T ﬁlﬂzﬁ ful
= V fu2 U jwl—m U fu2 |4
fu3 _A/TI-R: ) fv3
2

x=-sin’ B, (4)

where 2v% = (hy)? + (h2)? ~ (174GeV)? and tan 8 = (hg)/(h1). (Here, (---) stands for
the vacuum expectation value of the quantity.) Throughout this paper, we assume that
M, is proportional to the unit matrix M = Mgé', for simplicity. Then, if we dlsregard -

possible complex phases in U, the above can be rewritten as

2
1 vl 2

T 2 : vT o2
m, = —V V x —sin® 8. 5
MR v2 , 9 IB . ( )

. v3
Thus as far as V # 1 and the mass eigenvalues are non-degenerate, we have neutrino

oscillation which is a t.arget of current and future experiments.

1We can always choose f;’ and M to be diagonal by using unitary transformations of L, E° and N°.
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The smallness of the neutrino masses implies that the scale Mg is very high, ~ 102
GeV or even higher. In the standard model with right-handed neutrinos, the flavor
violating processes such as 4 — ey, 7 — u7y etc., whose rates are proportional to inverse
powers of Mg, would be highly suppressed with such a large Mg scale, and hence those
would never be seen experimentally.

However, if there exists SUSY broken at the electroweak scale, we may expect that
the rates of these LFV processes will be much larger than the non-supersymmetric case.’
The point is that the lepton-flavor conservation is not a consequence of the standard-
model gauge symmetry and renormalizability in the supersymmetric case, even in the
absence of the right-handed neutrinos. Indeed, slepton mass terms can violate the lepton-
flavor conservation in a manner consistent with the gauge symmetry. Thus the scale
of LFV can be identified with the electroweak scale, much lower than the right-handed
neutrino scale Mg. However, an order-of-unity violation of the lepton-flavor conservation
at the electroweak scale would cause disastrously large rates for p — ey and others.
Also, arbitrary squark masses result in too large rates for various flavor-changing-neutral-
current processes involving squark loops. To avoid these problems, one often considers
that the sleptons and the squarks are degenerate in masses among those with the same
gauge quantum numbers in the tree-level Lagrangian at a certain renormalization scale.
In the following, we will assume a somewhat stronger hypothesis that all SUSY breaking
scalar masses are universal at the gravitational scale M = m,;//87 ~ 2 x 10'¥GeV, i.e.,
we adopt the minimal supergravity type Bqundary conditions. Thus we will consider the

following type of soft terms,

e universal scalar mass (mo),
all scalar masses of the type (m})ﬁ and m}, (i = 1,2) take common value m},

e universal A-parameter,
A7 = affmp with a being a constant of order unity,

at the renormalization scale M.> As for the gaugino masses, for simplicity, we choose
the boundary condition so that they satisfy the so-called grand unified theory (GUT)
relation at low energies. Note that the universal scalar masses are given in a certain
class of supergravity models with hidden sector SUSY breaking [5]. Those soft SUSY

%In fact, there is another SUSY breaking parameter B, which gives a mixing term of the two Higgs
bosons h; and hs. For a given value of tan 3, we fix this parameter B (and also the SUSY invariant
Higgs mass p) so that the Higgs bosons have correct vacuum expectation values, (h;) = vcos 8/v/2 and

(h2) = vsin B/V2.



breaking terms suffer from renormalization via gauge and Yukawa interactions, which can
be conveniently expressed in terms of the renormalization-group equations (RGEs). The
RGEs relevant in our analysis will be given in Appendix A. An important point is that,
through this renormalization effect, LFV in the Yukawa couplings induces LFV in the
slepton masses at low energies even if the scalar masses are universal at high energy. Due -
to this fact, lepton-flavor conservation is violated at low energies.

We can solve the RGEs numerically with the boﬁndary conditions given above. It
is, however, instructive to consider here a simple approximation to estimate the LFV
contribution to the slepton masses. Since the SU(2)r doublet lepton multiplets have the
lepton-flavor violating Yukawa couplings with the right-handed neutrino multiplets, the
LFV effect most directly appears in the mass matrix of the doublet sleptons. The RGEs

for them can be written as (see Appendix A)
d 5y ( d 2 )

—\mz) = i)i .

ﬂd/‘( t d”( 2 MSSM

(m2 715, + fif,m2)] +2(f1r LS, + mb,fif, + ALAL)] . (6)

162

Here (,u%(mzz)f Jmssm denotes the RGE in case of the MSSM, and the terms explicitly
written are additional contributions by the right-handed neutrino Yukawa couplings. An
iteration gives an approximate solution for the additional contributions to the mass terms
_ln(M /MR) (
1672
In(M/Mpg)
T 1672

where we have used the universal scalar mass and A-parameter conditions. In Eq. (7),

(P30 = flafl? = Vel ful?V, | ®

6ma(f1£.)! +2(414,)])
(6 +2a®)m2(f11£.)1, (7)

(am)

so that the slepton mass (m%)f indeed has the generation mixing if V differs from the
unit matrix in the basis that the charged lepton Yukawa coupling f; are diagonal.

Lack of our knowledge on the neutrino Yukawa couplings prevents us from giving a
definite prediction of the slepton mass matrix, and thus the rates of the LFV processes.
Nevertheless, it is important to study- how large the interaction rates for the LFV pro-
cesses can be for some typical cases and to see whether those signals can be tested by
experiments. In this paper, we shall consider the following typical two cases: case 1) the
mixing matrix V is identical to the Kobayaéhi—Maskawa (KM) matrix in the quark sector

Vkum, and case 2) the mixing matrix is given so that it can explain atmospheric neutrino
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deficit by the large-mixing v,-v, oscillation. In the latter case, we only consider 7 — pu~,

the generation mixing between the second and third ones.

3 Interaction rates for LFV processes

In this section we give formulas of the interaction rates for the LE'V processes we consider.
Results of our numerical calculation will be given in the next section.

We first explain how the rates for 4 — ey and 7 — v can be enhanced compared
with the naive expectation when tan 3 is large. Here, we consider in the basis where the
neutralino/chargino interactions to the leptons and the sleptons are flavor diagonal and
the effect of the flavor violation in the lepton sector is involved by the mass insertions
(m%)f (2 # 7). First, let us consider contribution from winos and bino, the SU(2), xU(1)y
gauginos, neglecting the mixing in the chargino/neutralino sector. A naive estimate on
the branching ratio yields
o ((m3))? o
Gy m%
where mg is the typical mass of superparticles, a the fine structure constant and Gr the
Fermi constant. The contribution from Feynman diagrams Fig. 1(a) and (b) follows this
estimate. However, as emphasized in our previous paper [3], the diagram Fig. 1(c) which
picks up the left-right mixing of the sleptons and exchanges the bino in the loop can
give much larger contribution, when g tan S8 is much larger than the masses of the other

superparticles. Indeed we estimate the ratio of the amplitudes

B'I"(lj — li’)’) X

Amp.(1.c) N Mym}g;; N p tan B My (10)
Amp.(l.a + b) m;m% ms ms’
with m;; being the charged lepton [; mass. In Ref. [3], we numerically showed that this
enhancement really occurs for the case of large utan j.

If we take account of the gaugino-higgsino mixing in the chargino/neutralino sector,
we find another type of diagram which enhances the amplitude when tan 8 is large but
u is comparable to the masses of the other superparticles. It is shown in Fig. 2. In this
diagram, one has the mixing between the higgsino and the gaugino which is proportional to
vsin f, the vacuum expectation value of h;, and involves the Yukawa coupling of higgsino-
lepton-slepton, fi; = —\/imlj /(v cos B). The sleptons inside a loop are left-handed ones.
Thus the amplitude is proportional to tan £, and

Amp.(2)
Amp.(la+b) tan 5. (11)
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Note that this type of diagram includes neutralino-exchange graphs as well as a chargino-
exchange graph.

In this work, we are interested in the following LFV processes; 4 — ey and 7 — uv,
g~ — e~e"et and p-e conversion in nuclei. To obtain the interaction rates for these
processes, we perform full diagonalization of the slepfon mass matrices numerically and
consider mixing in the chargino and neutralino sectors.

 We write the interaction Lagrangian of fermion-sfermion-neutralino as

£ = F(NED pp + NEDPORS fx + hec.. (12)

In this section, f; (f = {,v,d,u) represents a fermion in mass eigenstate with the gener-
ation index 7 (z = 1,2,3), and fX a sfermion in mass eigenstate. The subscript X runs
from 1 to 3 for 7 and from 1 to 6 for the other sfermions, /,d and @. A neutralino mass
eigenstate is denoted by X§ (A =1,---,4) and Pr, = (1 £+s). The coefficients N,z R

and N, A()f() depend on the mixing matrices of the neutralino sector and of the sfermlons.

Their explicit forms will be given in Appendix B. Similarly the fermion-sfermion-chargino

Interaction is written as

£ = (PP + CED P35 0x
+7(CHY Pr + O PR Ix
+d:(CHEY Pr+ CLHR PR ztx
+a(CEO Py + CEY P 5% dx + hec., (13)

where x5 (A'= 1,2) is a chargino mass eigenstate. The explicit forms of the coefficients

can also be found in the Appendix B.

3.1 Effective Lagrangian for LFV processes
As a first step to compute the LFV rates, let us write down the effective interactions (or
amplitudes) relevant for our purpose.
3.1.1 I =7y
The off-shell amplitude for I; — I[7v* is generally written as
T = ee%(p - q) |¢"1a(AVPL + ATPR) + my icepq®(ALPL + ARPR)| ui(p),  (14)

in the limit of ¢ — 0 with ¢ being the photon momentum. Here, e is the electric charge, €

the photon polarization vector, u; (and v; in the expressions below) the wave function for
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(anti-) lepton, and p the momentum of the particle {;. In the present case, the Feynman
diagrams contributing to the above amplitude are depicted by Fig. 3. Each coefficients in

the above can be written as a sum of the two terms,

ALF = APPRLADER (a=1,2),

where A(MLR and AR stand for the contributions from the neutralino loops and from
the chargino loops, respectively. We calculate them and find that the neutralino contri-

butions are given by

n 1 R(l) A R()x L 1
aPr = L yRop
! 57672 A% A mZ (1—a,x)*
x(2 — 9z 4x + 182% — 112% 5 + 6255 Inzax), (15)
e _ L 1 tyrgzzes 1
A 3272 ml?x MAXTIAX 6(1 — zax )
x(1 —6zax + 324y + 2255 — 6255 Inzax)
Mo 1
L) ArR()x %
+Niax Niax mz;q (1- xAX)3(1 ~ax +2axneax)| (16)
APR = APMen  (a=1,2), an

where z4x = M)%ea ' / mlgx is the ratio of the neutralino mass squared, M;g1 , to the charged
slepton mass squared, m?x. (Summation over the indices A and X are assumed to be
understood.) The chargino contributions are
__1 oROoROx_1 1

576n2 AXYIAX 2 (1—zax)*
x {16 — 45z 4x + 362%x — T2’y +6(2 — 3zax)Inzax |, (18)

Ux
1 1 x 1

“ammz, | Cax A g e

X(2+ 3zax — 62% 5 + 255 +6zax Inzax)

Agc)L

M.~ 1
L(l) B(l)* Xa _ 4 2 —-21 1
+CiaxCiax my, (1 _$AX)3( 3+4dzax — Tyx Ilwa)] ) (19)

ALR = AOL p (a=1,2). (20)

7y » Where Mi; and m;, are the masses for the chargino ¥ and the

sneutrino 7y, respectively.

Here, z4x = M;_/mg
A



3.1.2 -0

We next consider the process [ — I i I} (including p~ — e”e~et). The effective
amplitude consists of the contributions from the Penguin-type diagrams and from the
box-type diagrams. The former contribution can be computed using Eq. (14), with the

result

T’y—penguin = ai(pl) [qz'ya(AfPL + A{%PR) +.mlji0'aﬁqﬁ(A]2:/PL + A?-PR)] UJ(P)

e2

Xgﬂi(l’z)‘ravi(?z) ~ (mep2). 4 (21)

Furthermore, there are the other Penguin-type diagrams in which the Z boson is exchanged

as shown in Fig. 4. This amplitude is

2
TZ—penguin = i—zzzﬂi(Pl—)’Y”(FLPL + FrPr)u;i(p)ui(p2)v*(Z: Pr + Z 5 Pr)vi(p3) |
| —(proop2), (22)

where Fp(r) = Fo L(R) T F L( R) The chargino contribution F. }J&C) and the neutralino contri-

bution FL((})Q) are3

PO Cﬁ(;l{)C'R(l)* | (OR)Az(OR)BzF '(OL)A2(OL)B2G 23
T 1 (X.4B) = T 5 G(xa4B)> (23)
FO = o, (24)

NEG NEOx - |
FI(,n) _ zAf(67r;BX (On)43(On)Bs . (On)a4(ON )B4 (F(X,A,B) + 2G(X,A,B)) , (25)
F}(gn) = - [(,n)lLHR' o / (26)

Here, Or r and Op are orthogonal matrices to diagonalize the mass matrices of the

chargino and neutralino (see Appendix B), and Fix 4 5) and G(x,4,p) are given by

1 2.1 2 lnzpx\
Fixap = Ilnzax+ Zax TPAX _ Zpx BEBX (27)
T Tax —Tpx \ 1—zax 1 —zpx
M, M. 1 | :L‘Axln.’l:AX xBXIanX
G — XA XB — . 28
(%:4,8) ngx Tax — TBX ( 1 —zax 1 —zpx (28)

3The Penguin-type diagrams of Z boson contributing to the LFV events do not necessarily need to
have chirality flip of lepton as u — ey. Therefore, the diagrams picking up Yukawa coupling of higgsino-
fermion-sfermion can not become the dominant contribution in Z boson Penguin-type diagrams and we

neglect them in the above equations.



In these functions, My, and m;, denote neutralino mass and charged slepton mass in the
neutralino contribution, and chargino mass and sneutrino mass in the chargino contribu-
tion. And, in Eq. (22) the coefficient Z‘L(R) denotes Z boson coupling to charged lepton
lL(R), that is,

Z1ry = Tar(r) — Qi sin’ 0w, (29)

where T}, p) and Q.,, represent weak isospin (T3, = —3, Tig = 0) and electric charge
(QL,, = —1) of I (r) respectively.

The box-type Feynman diagrams are given in Fig. 5, and we can write their amplitude

as
Tbo:z: = -B1L62 ’l—Li(pl)’)’QPLUj(p) ﬁi(pz)’)’aPL'Ui(p3)
+Bfe? 4:(p1)v* Pru;(p) %i(p2)YaPrui(ps)
v e {@:(p1)7* Pouj(p) @i(p2)vaProi(ps) — (proop2)}
+Bfe? {u:(p1)y* Pru;(p) i(p2)YoPrvi(ps) — (prep2)}
+BEe? {a;(py) Pruj(p) 4:(p2)Prvi(ps) — (p1p2)}
+ BEe? {u;(py) Pru;(p) @i(p2)Proi(ps) — (p1+=p2)}
+Bfe? {ai(p1) 0w Pruj(p) i(p2)o™ Prvi(ps) — (p1e>p2)}
+Bfe? {tii(p1)o,u Pru;(p) @i(p2)o* Prvi(ps) — (prop2)}, (30)
where
BER = BPLR 4 BOLR (g =1,...,4), (31)

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

o2 B§n)L R(l)= prR() NR(I)* N%(Q

1
—J4(A,B,X,Y)N iAY

+I4(A Bx,Y) Mo Mo N%Q*qu(yl)*Ninglf)N :BX> (32)

J

e2B§n)L — —J4(A B.X.Y) {Nﬁl(Q*Nﬁ(YI)NL(l)*NfB(l)} + NR(I)*Nsz‘l(llf)*Nz-I;;(}l/)NL(I)

R(D* arL(1)*x a7 L{1 R(l
N,AS% NLY NzY NS

-'——74(,4 Bx,y)Mzo Mo ﬂg*NﬁQNL(l)*NgQ, (33)
B = Lags, x,v)Mgo Mo { R(l)* NP NEY N3

LNEQNED NN, (34

10



2B = §I4(A B,x,v) Mz My Nﬁ&*NﬁgI)*NgQN%Q, (3

BMR = BMIp  (a=1,---,4). (36)

The chargino contribution is

¢ 1 * *
2B = §J4(A,B,X,Y)CJRA(2 CR(I)CR(I) C%(Q, (37)
¢ 1 x "
62B§ L _ _']'4(AB XY)CR(I) CR(I)CL(I) CZLB(,l}){
5 Ly Mz My OB CHIOKY O, (38)
| e? B = Iya,8.x )M M--Cﬂﬁ*CﬂecR(l)*Cng, (39)
B = o, | (40)
BOR — BOL, . (a=1,---,4), '(41)
where
- dk k2 o '
: _ - , 42
2J4(A,B,X,Y) (27(')4 (k2 _ M)%A)(kz _ M)%B)(kz )(k2 Y J ( )
d*k 1-
ilyanxy = . (43
“4.BXY) (2m)* (k? — MZ,)(K? — MZ,)(k? —m? )(k? — m? ) (43)

Here, M3, and m;, denote neutralino mass and charged slepton mass in the neutralino

contribution, and chargino mass and sneutrino mass in the chargino contribution.

3.1.3 pu-e conversion in nuclei

Finally, we give the formulas for the u-e conversion in nuc':lei,' i e.., the process (p+(A, Z) —
e+(A, Z)) where Z and A denote the proton and atomic numbers in a nucleus, respectively.
The contribution again consists of the Penguin-type diagrams and the box-type diagrams.
The box-type Feynman diagrams are depicted in Fig. 6(b) and (c). We give the effective
Lagrangian relevant to this process at the quark level. We find that the Penguin-type
diagrams give the following terms,

2

enguin € _ ) . '
L™ = £ [q27a(A{“PL + AfPR) + m,ioapqP (AL P + AT pR)] p
x Y QL.dvq
g=u,d
2 V4 +Z
+g_Z2 Z L RQ’Y&Q ey (FLPL + FRPR)/,L, (44)

MZ gmud 2
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where the first term comes from the Penguin-type diagrams of photon exchange and the
second one Z boson exchange. The coefficient Q)7 denotes the electric charge of the quark
g and Zz( Rr) 18 Z boson coupling to the quark gr(r) such as Eq. (29).

The box-type diagrams give

,CZ‘}’} = ¢° Z 979 é7a(D§’PL + DfPR)'u’ (45)
g=u,d
with
DpR = D{PE 4+ DOVR - (g=u,d). (46)

The coefficients are calculated to be

1 . . .
DM = Saasxy)(NAX NEx NP NgY" — NAY NS NAY Nog?)

m

8
1 R(1)* rR(1) rrL(g) ArL(q)*
_ZMiOAMio I4(AB X Y)(N;ug))( NeB(XNq,gf)N (g)
R()« nrR(1) ArR(g)* prR
w{))( NeB(]){ (q) qB(g)) (47)
DR = DMlier  (g=wud), (48)
and
c)L R(1)* ~R(l) ~R(d) ~R(d)*
2Dt = §J4(A,BvX’Y)Cu/§))( CRYCTP O
1 . .
~ Mz M i x) Codx CERClP O (49)
1 * u * u
1 * u)* u
My Mx;I‘t(A,B,X,Y)C oax CiaxCisy Ciy- (50)

Note that we only take account of the vector contributions for the quark currents.
The reason is given as follows. In the limit of the low momentum transfer which is
appropriate for the present case (¢ ~ —mi), we can treat the hadronic current in the
non-relativistic limit. Furthermore, the contributions from the coherent process dominates
over the incoherent ones if we concentrate on the relevant process such as g +35 Ti —
e +53 Ti. Then, the matrix element for the u-e conversion process is dominated by the

contribution from the vector currents.

3.2 Decay rates and conversion rate

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

amplitudes (or the effective Lagrangian) given in the above subsection.

12



3.2.1 [ — I v decay rate

The decay rate for ;7 — I v is easily calculated using the amplitude (14),
_ . |
T(s = 17 ) = 1‘;, m? (|AL[? + |AR| ). (51)

3.2.2 [; — 7 I If decay rate

Using the expressions for the amplitude, we can calculate the decay rate,

64

51273
16, my, 14
L2 Rj2 - J_ -
HIARP +145) (F1a e - 1)
1 ,
+H(BER + 1BRE) + S(BHE + |BFF) + S (1BEE + S

;(BLBL* + BEBPE*  h.c)

M-l 7 1) = m3 [|AL? + |AR[? — 2(ARAD- + ARAR* 4 hoc.)

+6(1BL + |BF) -

X |
+§(Afo* + AFBF* + AEBl* + ARBF + h.c)

—%(A?BIL* + ALBR* 4 ALBR* + AFBE* + h.c))
1 5 '
- t3 {2(|FLL|2 + |Frrl®) + |FLrl* + | Frol®
+(BrFfy + By Fip + By Fip + By Fay + h.c.)
+2(ALFr, + ARFn + hec) + (AEFip + ARFY, + hec.)
—4(ARFy, + ALFpp + hec) — 2(ASFpy + ARFp g + hee)}],

(52)
" where
FpZL

Frp = 53
LL m% sin® Oy cos? Oy’ ( )

FRR -~ FLL|L._,R> (5 )

- FiZ} :
Fir = m% sin? Oy cos? Oy’ (55)
Frr, = Firlp p- (56)

Numerically, we find that a Penguin-type contribution involving A% and A% dominates
over the other contributions. In the large tan 3 region, its effect is enhanced due to the

same mechanism as in the case of [; — II” <y process. Furthermore, even in the case where
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tan f is not so large, the contribution of the Penguin-type diagram dominates over the
box contribution, because of the logarithmic term in Eq. (52) which is quite larger than
the other terms.* Then, the above formula is greatly simplified, and one finds a simple

relation

Br(l; — I7I71) Lo (161 my; 14). (57)

Br(l; > 17) 87\3 2m, 9

3.2.3 p-e conversion rate (p+ (A,Z) — e+ (4, 7))

Once we know the effective Lagrangian relevant to this process at the quark level, we can

calculate the conversion rate [7],

Z4 _ _
Lp—e) = 4o ~LIF() m[|2(A} - AF) - (2Z + N)Dy — (Z +2N)Dj?

+|Z(AR - AL) - (22 + N)DE — (2 +2N)DF| (58)
where
_ Z} 4+ 74 F,
L _ pL L R L
Dy = D+ 2 m% sin® Oy cos? Oy’ (59)
D¥ = Diiar  (¢=u,d), (60)

and Z and N denote the proton and neutron numbers in a nucleus, respectively. Z.ss has
been determined in [6] and F(¢?) is the nuclear form factor. In 33Ti, Z.;s = 17.6, F(¢* ~
—m?) >~ 0.54 [7].

4 Results of the Numerical Calculations

In this section, we present results of our numerical analysis.
As was discussed in Section 2, we assume the universal scalar masses. Also for sim-

plicity, we consider the so-called GUT relation among the gaugino masses
M1 _ M2 M3
g 8 g

= (61)
Then the SUSY breaking terms have four free parameters; the universal scalar mass (mo),
the SU(2)r gaugino mass at low energies (M;), the universal A-parameter (A = amyo)

and mixing parameter of the two Higgs bosons (B).

4This logarithmic term is obtained as a result of the phase space integration of the fermions in the

final state, since we have an infrared singularity in the limit of m;, — 0.
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Concerning the SUSY invariant Higgs mass p and B-parameter which parameterize
the mixing among h; and k2, we determined them so that the two Higgs doublets have
correct vacuum expectation values (k) = vcos 8/v/2 and (hy) = vsin 8/v/2. With this
radiative electroweak symmetry breaking condition [4], we determine the mass spectra and
mixing matrices of the superparticles. Then, we carefully investigate the parameter space
where tan 3 is large and masses of superparticles (especially, sleptons and electroweak
gauginos) are quite light enough to enhance the LFV rates. As a result, we found that
there indeed exists parameter space where the above conditions are satisfied. We checked,
for M, = 80GeV, tan 5 can be as large as about 50.5 This result implies that there are
regions in the parameter space where the LFV processes have large branching ratios due
to the large tan § enhancement mechanism.®

We also put constraints from experiments. Besides our requirement that the light-
est superparticle be neutral, we use consequences of the negative searches for the su-
perparticles [8]. We also impose a constraint on SUSY contribution to the anomalous
magnetic dipole-moment of the muon [11, 12]. The experimental value of (g — 2) is
1165923(8.4) x 1079 [8]. On the other hand, the theoretical prediction of standard model
is 11659180(15.3) x 107% or 11659183(7.6) x 107 [12], where the difference is due to
different estimates of hadronic contributions. In our paper, we adopt the first one in order
to derive conservative bound. Therefore, the SUSY contribution should be constrained as

—26.7x 107° < (g — 2)5U%" < 46.7 x 107°, (62)

where two sigma experimental error is considered. The SUSY contribution is shown in
Fig. 7. Here, we take the parameter a = 0 at the gravitational scale and M, = 100 GeV
at low energies. The horizontal line is taken to be the left-handed selectron mass with
the D-term cbntribution, which we denote by m;,. One finds that a significant region
of the parameter space is excluded by this constraint in the large tan 8 region. This is
because the same enhancement mechanism as the LFV processes works in the diagrams
contributing to the g — 2. For completeness, we will give formulas of the contribution of
the superparticle loops to the anomalous magnetic dipole-moment in Appendix C.

Let us now discuss the branching ratios for each LF'V process. First we consider the

case where the neutrino mixing matrix is described by the KM matrix.

SThroughout this paper, we take the top quark mass m; = 174 GeV [8]. Also we take the bottom

quark mass my = 4.25GeV [9], which corresponds to 3.1 GeV at the Z mass scale. )
6Note that the situation here contrasts to the case of the Yukawa unification where the radiative.

breaking with the universal scalar mass requires heavy superparticle spectrum, larger than, say, 500 GeV

[10]. :
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4.1 Case 1) V = VKM

As the first trial, we shall consider the case where V = Vi, where we take s;5 = 0.22,
S23 = 0.04 and s;3 = 0.0035 in the standard notation [8]. We ignore the possible
Kobayashi-Maskawa complex phase and consider V to be real, for simplicity. The eigen-
values of the neutrino Yukawa couplings are assumed to be equal to those of the up-type
quarks at the gravitational scale. Since the magnitude of the top quark Yukawa coupling
is close to its perturbative bound, this ansatz will maximize the magnitude of LFV in the
slepton mass matrix. Also, to determine the right-handed neutrino Majorana mass Mg,
we fix the tau neutrino mass at 10 eV so that it constitutes the hot component of the
dark matter of the Universe. In this case, Mg is about 1012-1* GeV.

Solving the RGEs numerically, we obtain the mass squared matrix for the SU(2)L

doublet sleptons at the electroweak scale

1.00 (0.30 —0.43) x 10~* —(0.74 — 1.07) x 1073
mi ~ | (0.30 —0.43) x 10™* 1.00 —(0.54 — 0.78) x 1072 | x m3,
—(0.74 — 1.07) x 103 —(0.54 — 0.78) x 1072 0.77 — 0.80

(63)
where tan 8 varies from 3 to 30, M, = 0 and ¢ = 0. For a non-vanishing M, the diagonal
elements of the above matrix become larger and the flavor-violating off-diagonal elements
become relatively less important, as the gaugino mass gets larger. Effect of non-vanishing
a-parameter can be seen from Eq. (7), which does not change the result drastically. In
the following numerical calculations we will take a = 0.

We find in Eq. (63) the off-diagonal elements in the mass matrix are small. This is
because the off-diagonal slepton masses are proportional to V5V in the case of hierar-
chical neutrino masses, which are small if we assume that V is equal to the KM matrix.
Nevertheless, as will be shown shortly, the enhancement in the large tan 3 region yields
large branching ratios for the LFV processes, which is close to the present experimental

upper bounds.

4.1.1 p— ey

Result of our computation on the branching ratio Br(y — e7y) is shown in Fig. 8 for
M, = 100 GeV. The horizontal line is taken to be the left-handed selectron mass with
the D-term contribution, mg,. Real lines are for ¢ > 0, while dashed lines for x < 0.
We can find that the branching ratios are rather insensitive to the choice of the sign of

the p-parameter, in particular when tan 8 is large; For the large tan B case, some regions
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of small slepton masses are excluded by the ‘constraint from g — 2. As can be seen from
Fig. 7, it is less stringent for 4 > 0 case than g < 0 case.” One can see that even if we
impose this constraint, the branching ratio can be as large as 107!, which is very close
to the present experimental bound Br(y — e7)|exp < 4.9 x 107, For smaller value of
tan 8, the branching ratio reduces obeying o tan? 3.
"~ We compared the chargino loop contribution with the neutralino loop contribution
and found that the former dominates. This is important when we compare our results
with the case of SU(5) grand unification. (See Section 5.)

In Fig. 9, we show the case of M; = 200 GeV. The maximum of the branching ratio
is about 1072 for tan § = 30, about one order of magnitude smaller than the M, = 100
GeV case. We also studied the case M, = 80 GeV, and found that the branching ratio is
about factor 2 larger than the M; = 100 GeV case. : '

4.1.2 u~ —eeet : ¢

Next, let us consider the process y~ — e~e~et. Currently the experimental upper bound
on the branching ratio of this process is 1.0 x 107*? [8]. We show results of our calculation
to this process in Fig. 10 for M, = 100 GeV. The branching ratio has the maximum of
"~ 10713 for the large tan 8 with the small gaugino mass. One can check that this process
is dominated by the Penguin-type diagrams.. Indeed compared with the branching ratio

of u — e7y, one finds a simple relation
Br(p — 3e)

-3
Brig = o) 7x107°, (64)

which is in agreement with the ratio expected by the dominance of the Penguin-type

diagrams, Eq. (57).

4.1.3 u-e conversion in 55Ti ' ,

Experimentally, p-e conversion rate in nuclei is also constrained strongly. The experi-

mental upper bound on the conversion rate with the target 235Ti reaches 4.3x10712 [g].

"Here, we should comment that the SUSY contribution to the b — sy process is also significant and
some part of the parameter space should be excluded [12, 13, 14]. However, it is complicated to estimate
the SUSY contribution to the & — sy process, since the chargino loop can contribute either constructively
or destructively to the others, especially 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
Ref. [14]. We believe that such an analysis is out of the scope of our paper, but a work in a future
communication. Thus, we do not use the constraint from the b — s process.
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We show results of our calculation to this process in Fig. 11 for M, = 100 GeV. The
branching ratio takes its maximal value of ~ 10712 in the parameter region where tan 8
is large and the gaugino masses are small. On the other hand, for the small tan 8 and
# < 0 the cancelation among the diagrams occurs and the event rate damps rapidly. The
Penguin-type diagram is not dominant in the small tan 3 region because there is not the

same logarithmic enhancement as = — e~ e et.

4.1.4 71— py
Finally we would present our result for 7 — p~ in Fig. 12. We find with M, = 100 GeV,

the branching ratio is as large as 10~7, one and a half order of magnitude smaller than
the present experimental bound Br(T — uv)|exp < 4.2 x 107° [8]. Similar to the case of
[ — ey, it can be seen that the branching ratio is proportional to tan f squared. '

4.2  Case 2) Neutrino mixing implied by atmospheric neutrino
deficit
A class of solutions to the atmospheric and solar neutrino deficits requires a maximal

mixing of the tau and muon neutrinos, yielding a large off-diagonal element in the slepton

mass matrix. The neutrino mixing matrix we take in this example is

1.00 0.87 x 107! —
V| —0.66 x 10! 0.755  0.656 (65)
- —0.656  0.755

and the tau neutrino mass is assumed to be 0.4 eV [15]. Here, we only consider the
generation mixing of the second and third generations and ignore the others. The (1,3) and
(3,1) elements of the mixing matrix cannot be determined from the solar and atmospheric
neutrino deficits. This uncertainty, however, does not matter if we only consider the
LFV process among the second and third generations. As in the case 1), we assume the
magnitude of the third generation neutrino Yukawa coupling f,3 is equal to the top quark
Yukawa coupling at the gravitational scale. The latter choice will give us a maximum
violation of LFV in the slepton mass matrix.

The result for Br(r — uv) is shown in Fig. 13. We find that in some portion of the
parameter space, the branching ratio exceeds the present experimental upper bound, in

particular when tan 3 is large and the superparticles are light.
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5 Conclusions and Discussion

In this paper, we have considered LFV in the minimal supersymmetric standard model
(MSSM) with the right-handed neutrino multiplets. In the presence of the Yukawa cou-
plings of the right-handed neutrinos, the left-handed slepton mass matrix, m%, loses its
universal property even if we assume the minimal supergravity type boundary condition
on sfermion masses. In our case, due to the renormalization effect, as can be seen from
Eq. (63), we obtain LFV in m? as well as smaller value of (3,3) element of m% compared
with the other diagonal elements, which is typical feature of the case with right-handed
neutrino [16]. We have calculated the interaction rates for the various LFV processes with
the full diagonalization of the slepton mass matrices and of the chargino and neutralino
mass matrices. We emphasized the enhancement of the interaction rates for large tan 3,
the ratio of the VEVs of the two Higgs doublets. This enhancement is originated to the
fact that there is a freedom to pick up one of two vacuum expectation values in the MSSM
in the magnetic dipole-moment type diagrams. For example, for the process [; — I;v, the
diagrams of the type Fig. 1{c) and Fig. 2 give the enhancement. Even when the mix-
ing matrix in the lepton sector has a similar structure as the KM-matrix of the quark
| sector, the enhancement mechanism can make the branching ratios close to the present
experimental bounds. .

It is interesting to compare the LF'V processes induced by the right-handed neutrino
Yukawa couplings with those in the minimal SU(5) grand unified theory [17, 18]. In the
latter case, the renormalization-group flow above the GUT scale results in LFV in the
SU(2) singlet (right-handed) slepton masses. Let us consider, for example, the resulting
branching ratio of p — ev. The diagrams which will give the enhancement in the large
tan f region are similat to Fig. 1(c) and 2(a). The important difference from the previous
case is on Fig. 2. Now, only the diagrams involving the bino contributes, since the wino
does not couple to the singlet sleptons. In this case, we can see that contributions coming
from the two diagrams Fig. 1(c) and Fig. 2(a) have opposite signs, and thus partially
cancel out with each other. Numerical result is shown in Fig. 14. The horizontal line is
the mass of the right-handed selectron with the D-term contribution, mz,. Here, we have
taken M, = 100 GeV. The branching ratio never exceeds 1073, more than two orders of
magnitude beneath the present experimental upper bound. Also one finds regions where
the branching ratio becomes very small due to the cancelation explained above.

~ What happens if the standard model with the right-handed neutrinos is embedded
in the framework of SU(5) GUT? In this case, both the mass matrix of the left-handed
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sleptons and that of the right-handed ones have LFV. The situation is quite similar to
the case of SO(10) GUT (18, 19]. For example, if we consider the y — ev, the dominant
diagram will be similar to Fig. 1(c), which however picks up (m2y)3, proportional to tau-
lepton mass. Thus we expect further enhancement in the branching ratio by (m,/m,)?
compared to the case we studied in this paper.

To conclude our paper, we should emphasize that the branching ratios of the LFV
processes induced by the right-handed neutrino Yukawa couplings can be close to the
present experimental bounds and can be within the reach of future experiments. Efforts

of searching for these LFV signals should be encouraged.
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A Renormalization Group Equations

In this appendix, we give the one-loop renormalization group equations (RGEs) for the
Yukawa couplings and the soft SUSY breaking terms in the scalar potential. The RGEs for
the gauge coupling constants and the gaugino masses are unchanged at the one-loop level,
since the right-handed neutrinos are singlet under the standard-model gauge symmetry.

e Yukawa coupling constants

hgef? = gomz [{~39% ~ 36k + 3Tr(urD) + Tr(AAD)} £
+3(A ST )Y + (Ff1£)7), (66)
hgef? = gomz (-390 - 30 43T (D + TN} £
+3(£ £ )7 + (£ 11 1)) (67)

e Soft breaking terms

d : 1 Y '
b = o ((m3 g1+ 51 fim3 )] + (m3 15, + fifmd ),
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where

+2 (f;mgfz LA+ A;Az)f

+2 (fimif, + ko fif, + ALALY)]

- (302100 + 662 1M0l7) 5~ Saisel] (69)
= [o (m2isi + fisimd)
+4 (fiml fl + mifif] + AiA])
~2gh M6+ 202563,
s [ (mafust + fufimd)
(il fl ALY, (69)

{20 - 503+ 3esige 4 (s} 47

i
J

7
J

i
J

1672 5
2{ =20 My = 330+ STr (A + Tr(FlAD ) £
(AT AYT + 5(A )Y + 2R AT + (AfIE)F], (70)

s {36~ 363 + 3Tr (710 + Tr(1) } A7

s2{ =200, 363, +3T0(f1A) + Tr(11AD ) £
+4(f, 1A+ 5(AFIR)? + 2(f ST AN + (A fTR)9) (1)

§ =Tr(m§ + mj — 2my — m} + md) — 3, + My, (72)

Here, we followed the GUT convention for the normalization of U(1)y gauge coupling

constant gi, such as g§ = 2¢%.

B Interaction of gaugino-sfermion-fermion

In this appendix, we give our notations and conventions adopted in Section 3 and give
vertices relevant for our calculation.
Let us first discuss fermions. We denote by [;, u; and d; the fermion mass eigenstates

with the obvious meaning. The subscript ¢ (¢ = 1,2, 3) represents the generation. As for
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the neutrinos, their masses are small and negligible. In our convention, v; is the SU(2)L
isodoublet partner to er;.

Next we consider sfermions. Let fr; and fr; be the superpartners of fi; and fai,
respectively. Here, f stands for [, u or d. The mass matrix for the sfermions can be

written in the following form,
(ff ff) my mﬁz f (73)
P\ mip mb fr )’

where m? and m% are 3 x 3 hermitian matrices and m? is a 3 x 3 matrix. These elements

are given from Egs. (1,3) as following,

mi = mf,-L + mf, + m% cos 2ﬁ(T3fL — Q7 sin? Oy), (74)

m% = m}R + mf, — m? cos 2ﬂ(T3fR — Q7 sin? ), (75)

m%R —Ajgv Sinﬂ/\/i_ mypcot B (f = u), (76)
Apcos B/V2 —mutan B (f =d,l),

where T:{L( r) and Q{,, are weak isospin and electric charge respectively. Here, mf;L = m%

for squarks, mz}L = m? for sleptons, and m§~R are each right-handed sfermion soft-breaking
masses. We assume the above mass matrix to be real. This is, in general, not diagonal
and include mixing between different generations. We diagonalize the mass matrix M?

by a 6 x 6 real orthogonal matrix U/ as

U MPU?T = (diagonal), (77)
and we denote its eigenvalues by m"}-x (X =1,---,6). The mass eigenstate is then written
as

Fx = Ui+ Uk syafm, (X =1,---,6). (78)

Conversely, we have
fi= U fx  =ULtx, (79)
fRi = Ui{}-lr;,XfX = U)f{,i+3fX' (80)

An attention should be paid to the neutrinos since there is no right-handed sneutrino

in the MSSM. Let 71; be the superpartner of the neutrino v;. The mass eigenstate vx
(X =1,2,3) is related to 7y; as
| b = Uy;ix. | (81)
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We now turn to charginos. The mass matrix of the charginos is given by

(G- M, V2mw cos B WE :
L = (WR H2R> ( S sin g ) ( ’ ) b he.

N (82)
H Hyp
This matrix Mc¢ is diagonalized by 2 x 2 real orthogonal matrices Or, and Or as
OrMcO] = (diagonal). (83)
Define o ' - | 5 '
( Xz ) —op [ TE ), R o TR @
Xa2L H; X2R 2R
Then |
X4 = XaL + Xar (A=1,2) (85)

forms a Dirac fermion with mass Mi;'

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

By,
1 /2 wox0 7 w?
—Ln=3 (BLWPHD H3,) My gOL + hec., (86)
- iL
Hy;
where
M, 0 —mzsinfw cos f mzsinbw sin§
M = 0 M, mzcos by cosf  —mygcos by sin S
N= —mgzsinfy cosB mzcos By cos B 0 — i
mzsinfwsin 8 —myzcosfy sin — 4 0
' ‘ ' (87)
The diagonalization is done by a real orthogonal matrix Oy,
ONMNO;I\;. = diagonal. (88)
The mass eigenstates are gi&en- by )
Xar = (ON)as X3y (A4,B=1,-,4) (89)
where
XE&L = (BL,W&HSL,HQL)- (90)
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We have thus Majorana spinors

X?‘l:)’Z%L'}')‘Z?«iRv (A=17"'a4)

with mass Mo, .
We now give the interaction Lagrangian of fermion-sfermion-chargino,

Linw = L(CHYPr+CHYPTIx
+7;(CEY) Pp + cf,f?&) vhix
+d;(CEDpp + CEI P g ix

+a(CEYPr + C, (“)PL)xAdX +hec.,

where the coeflicients are

The interaction Lagrangian of fermion-sfermion-neutralino is similarly written as

Ciy = —g2(OR)aU%,,

ch) - m 0L)a2U% .,

iAX \/_mwcosﬂ( L)AZ X,

ChY = —g2(0L) Uk,

cky) T 0 Uk ...,

iAX g2 \/imwcos ﬂ( L)Az X,i+3

CED — G {—(OR)rUY: + ———%  (OR)a2U% ..},
tAX g2{ ( R)Al X1 \/—mWSIH,B( R)A2 Xz+3}
CLY = go—rm—2r \/—mw (OL)AzUx“
CR® — g(—(0 U + "4 (Op) U

tAX 92{ ( L)Al X,i \/_mwcosﬂ( L)A2 Xz+3}7
CLY = g% (Op)aU%

Lin, = FANEY Pr + NED PR Fx

where f stands for [, v, d and u. The coefficients are

R(l
NG

L(l
NEY

R(v
NGY

L(v
NR

\/—{[ (On) a2 — (On)a1 tan Ow]Ux ; +

mw C

ﬂ—wmvm},

\/_{mW cos ﬁ(ON)A3U:c P + Z(ON)Al tan OWUX 1+3}

\/—[(ON)AZ ~ (On)a1 tan 8w |Ux ;,
0, |

24
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NI = —Z(=(On)a+ 3(Omas tan OwlUS, + —2(O) 3V 1),
N = —\%{ﬁ;—s?(ON)ASU%+§-tan0W(0N)A1U§,i+s}a

NI = = Zl(Om i+ 3(Oma tan OwlU%, + —2 (Op)aalsss}s
N = ey N>A4UX,i—§tanew<oN)A1U;,,-+3}. @)

C Anomalous magnetic dipole?momenf of the muon

The magnetic dipole-moment interaction of muon is written as the following form;

~ ie 2\ = v .
2m#F (¢)ulps)owe enlp:), (96)

where ¢ = py — p; and € the polarization vector of external photon. Then, the anomalous

magnetic dipole-moment of muon is

(9 - 2)u = 2F (¢ = 0). )
We can write SUSY contributions as (g — 2)5VSY = (g(®) + ¢™)),. The first term g{©)
represents the chargino-loop contribution as / )
g(C) _ ’ 1 m2 | L(l) |22+3$AX—GxAx+$Ax+6$AX1n$AX
K 4872 m2, 24X (1 —zax)*
+ 1 mqu(; OL® RO —3+4zax —2hx —2lnzax
T6n2 _—m??x 24x%24% (1 — z4%)°
+(L < R) (98)

where 4% = M?-/m

The neutrahno -loop cbntrlbutlon g(N ) is

gu : 487'('2 1 2AX (1 — mAX)
_ 1 mqu‘; NL(I) NR(I)* —2%x +2zax Inzax

+(L & R),X ' - (99)

) — Af2 2
where T4x = Mi‘,’q/mlx
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Figure Caption

Fig. 1

Feynman diagrams which give rise to I; — [;y. The symbols €r;, Uy, B, WO, and W~
represent left-handed charged sleptons, left-handed sneutrinos, bino, neutral wino, and
charged wino, respectively. In (a) and (b), the blob in the the slepton/sneutrino line
indicates the flavor-violating mass insertion of the left-handed slepton and another blob
in thé external line the chirality flip of the external lepton ;. In (c), the biobs in the
slepton line indicate the insertions of the flavor-violating mass (m%f ) and the left-right

mixing mass (m}g;;), and another blob in the bino line the chirality flip of the bino B.

Fig.2

Feynman diagrams which give rise to the large tan 8 enhancement due to the gaugino-
higgsino mixing in the process of I; — l;y. The symbols &z, iz;, B, W°, W~, H®, and
H~ represent left-handed charged sleptons, left-handed sneutrinos, bino, neutral wino,
charged wino, neutral higgsino, and charged higgsino, respectively. The blob in the slep-
ton/sneutrino line indicates the insertion of the flavor-violating mass (mii ). The blobs in
the gaugino-higgsino line indicate the mass insertions for gaugino-higgsino mixing, that
is, 1 denotes higgsino (Hy-H,) mass mixing, vsin 8 the gaugino-higgsino (H,-W) mass
mixing, and M, the wino mass. The value of tan § comes from Yukawa coupling constant

fi; ~ 1/ cos B and v.e.v. of hy, vsin §.

Fig. 3
Feynman diagrams for the process I; — l;4. (a) represents the contributions from neu-

tralino ¥4 and slepton [x loop, and (b) the contributions from chargino ¥ and sneutrino

Ux loop.

Fig. 4
Penguin-type diagrams for the process I — [l I} in which photon v and Z-boson are
exchanged. The blob indicates lj‘li")’v vertex such as Fig.3 or [;-1;-Z vertex where Z-boson

is external.
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Fig. 5 )
Box-type diagrams for the process I[; — I l}. Here, (a) represents the contributions

from neutralino % and slepton Ix loop, while (b) the contributions from chargino % and

sneutrino 7x loop.

Fig. 6
.Feynman diagrams for the process u-e conversion at the quark level. In (a), the Penguin-
type dia,gr'am is depicted. The blob indicates I;-I;-y vertex such as Fig. 3 or I;-l;-Z vertex
such as Fig. 4. In (b) and (c), the box-type diagrams are depicted; i.e., (b) represents the
contributions from neutralino ¥, slepton [x and sciua,rk gx (¢ =u,d) loop, and (c) the

contributions from chargino ¥, sneutrino ¥x and squark §x (¢ = u,d) loop.

Fig. 7 ‘ ‘

The values of the SUSY contribution to the anomalous magnetic dipole-moment of muon
(9 —2)3USY as a function of the left-handed selectron mass with the D-term confribution,
which we denote by mgs,. Here we assume a = 0 at the gravitational scale. Real lines
correspond to the case for 4 > 0, while dashed lines for p < 0. Here we have taken
M; = 100 GeV and tan 8 = 3, 10, 30. The shaded regions are excluded by the present

experiments.

Fig. 8 ‘

Branching ratios for the process p — ey in the Case 1) V = Vku as a function of the
left-handed selectron mass with the D-term contribution, mg,. Real lines correspond to
_.the case for y > 0, while dashed lines for gy < 0. Here we have taken M, = 100 GeV and

tan 8 = 3, 10, 30. We also show the present experimental. upper bound for this process

by the dash-dotted line.

Fig. 9
Same as Fig. 8 except for M, = 200 GeV.
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Fig. 10

Branching ratios for the process p~ — e~e~e* in the Case 1) V = Vg as a function of
the left-handed selectron mass with the D-term contribution, ms,. Real lines correspond
to the case for g > 0, while dashed lines for g < 0. Here we have taken M, = 100 GeV
and tan 8 = 3, 10, 30. We also show the present experimental upper bound for this

process by the dash-dotted line.

Fig. 11

The u-e conversion rates in nuclei 53711 in the Case 1) V = Vi as a function of the
left-handed selectron mass with the D-term contribution, m¢,. Real lines correspond to
the case for 4 > 0, while dashed lines for ¢ < 0. Here we have taken M, - 100 GeV and
tan 8 = 3, 10, 30. We also show the present experimental upper bound for this process
by the dash-dotted line.

Fig. 12

Branching ratios for the process 7 — p~ in the Case 1) V = Vkp as a function of the
left-handed selectron mass with the D-term contribution, m;,. Real lines correspond to
the case for u > 0, while dashed lines for 4 < 0. Here we have taken M; = 100 GeV and
tan B = 3, 10, 30. We also show the present experimental upper bound for this process

by the dash-dotted line.

Fig. 13

Branching ratios for the process 7 — p+v in the Case 2) neutrino mixing implied by atmo-
spheric neutrino deficit, as a function of the left-handed selectron mass with the D-term
contribution, ms,. Real lines correspond to the case for 4 > 0, while dashed lines for
4 < 0. Here we have taken M, = 100 GeV and tanf8 = 3, 10, 30. We also show the

present experimental upper bound for this process by the dash-dotted line.

Fig. 14
Branching ratios for the process g — ey in the case for the minimal SU(5) grand unified
theory, as a function of the right-handed selectron mass with the D-term contribution,

mz,. Here we have taken u > 0, M; = 100 GeV, and tan 8 = 3, 10, 30. We also show
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the present» experimental upper bound for this process by the dash-dotted line.
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