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Taking the solar and the atmospheric neutrino experiments into account we discuss the lepton flavor violat-
ing processes, such as-uy or u—evy, in the minimal supersymmetric standard model with right-handed
neutrinos (MSSMRN) and the supersymmetric $8&) grand unified theory with right-handed neutrinos
[SU(5)RN]. The predicted branching ratio gk—ey in the MSSMRN with the Mikheyev-Smirnov-
Wolfenstein(MSW) large angle solution is so large that it goes beyond the current experimental bound if the
second-generation right-handed Majorana mislss is greater than~10'Y(~10') GeV for tang=30(3).

When we take the MSW small angle solution, flae-ey rate is at most about 1/100 of that of the MSW large
angle solution. The “just so” solution implies 18 of that of the MSW large angle solution. Also, in the
SU(5)RN the largew— ey rate naturally follows from the MSW large angle solution, and the predicted rate is
beyond the current experimental bound if the typical right-handed Majorana Masss larger than

~ 103~ 10') GeV for tanB=30(3), similarly to the MSSMRN. We show the multimass insertion formulas
and their applications te— wy and u—evy. [S0556-282199)03909-0

PACS numbse(s): 11.30.Hv, 12.60.Jv, 13.35r, 14.60.Pq

[. INTRODUCTION duces radiatively the LFV SUSY breaking masses for slep-
tons. Then, the LFV rare processes are sensitive to physics

Introduction of supersymmetrySUSY) to the standard beyond the MSSM2].
model (SM) is a solution for the naturalness problem on the Recently, the Super-Kamiokande experiment has given us
radiative correction to the Higgs boson mass. The minimaf convincing result[3] that the atmospheric neutrino
Supersymmetric standard mod@”SSM) is considered as ano-maly[‘]-] comes from the neutrino OSCi”ation.. From the
one of the most promising models beyond the standardenith-angle dependence of and v, fluxes following neu-
model. Nowadays the signal of supersymmetry is being}””o mass square difference and mixing angle are expected:
searched for by many experimental ways.

Lepton flavor conservation, lepton number conservation
in each generation, is an exact symmetry in the SM; how-
ever, it may be violated in the MSSM]. The SUSY break- sir? 20, ,,=0.8. «h)
ing mass terms for sleptons have to be introduced phenom-
enologically. Then, the mass eigenstates for sleptons may dgom the negative result fow,—», oscillation in the
different from those for leptons. This leads to the leptonCHOOZ experimen{5] it is natural to considery= v, from
flavor violating (LFV) rare processes, such as—ey, 7 above results, and the tau neutrino mass is given as
—uy, and so on. In fact, the experimental bounds on them
have given a constraint on the slepton mass matrices. m, =(3X1072-1x107") eV, 2

The structure of the SUSY breaking mass matrices for
sleptons depends on the mechanism to generate the SU$¥ovided mass hierarchy, >m, .
breaking terms in the MSSM. One of the interesting mecha- The simplest model to generate the neutrino masses is the
nisms is the minimal supergraviBUGRA) scenario. Simi-  seesaw mechanisfi6]. The neutrino mass Eq2) leads to
lar to the slepton masses, arbitrary SUSY breaking massgge right-handed neutrino masses  below- (10
for squarks are also strongly constrained from the flavor— 10) GeV, even if the Yukawa coupling constant for the
changing neutral currentFCNC) processes, such a@°  tay neutrino mass is of the order of one. This means that a
— KO mixing. In the minimal SUGRA scenario, the SUSY LFV interaction exists below the gravitational scale. Then it
breaking masses for squarks, sleptons, and the Higgs bosoissexpected that the LFV large mixing for sleptons between
are expected to be given universally at the tree level, and wthe second- and the third-generations is generated radiatively
can escape from these phenomenological constraints. in the minimal SUGRA scenario, and that the LFV rare pro-

However, the universality of the SUSY breaking massesesses may occur with rates accessible by future experiments
for the scalar bosons is not stable for the radiative correctior].7,8]. In fact, the branching ratio of—uvy in the MSSM
Especially, if the physics below the gravitational scelg,,  with the right-handed neutrinos can reach the present experi-
(~10®GeV) has the LFV interaction, the interaction in- mental bound9].

Am; |, =(10"%-10"?) eV,
M
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The solar neutrino deficitl0] may also come from neu- v,—v, orv,—v.. The MSSMRN is the simplest supersym-
trino oscillation betweernv,—v,. The Mikheyev-Smirnov- metric model to explain the neutrino masses, and following
Wolfenstein(MSW) solution[11] due to the matter effect in discussion is valid to the extension. The superpotential of the
the sun is natural for its explanation, and the observatiotiggs and lepton sector is given as
favors

_ _ 1 _
Am? , =(8X10 °-3x107) eV, Wissmrn= fo, HoNiLj+ fe HiEiLj+ M, NiN;
sir’ 26,_,,=0.5, (3) +uHHy, (6)
or wherelL is a chiral superfield for the left-handed lepton, and
N andE are for the right-handed neutrino and the charged
Am? | =(4X10 6-1x1075) eV? lepton.H; andH, are for the Higgs doublets in the MSSM.
ve?y Here,i andj are generation indices. After redefinition of the
] ., , fields, the Yukawa coupling constants and the Majorana
sir? 26, =(10"°-107?). (4 masses can be taken as
If the solar neutrino anomaly comes from so-called “just fo—f vV
vii — v Y Dij»

s0” solution[12], neutrino oscillation in vacuum, the follow-
ing mass square difference and mixing angle are expected
[13], fo =fed;

i &l

Am? , =(6X10 "-1x10719) eV,
Y MvivjzulkM Uk]' (7)

sir? 29,,,,=0.5. (5)

whereVp andU are unitary matrices. In this model the mass

It is natural to considewy=v,, combined with the atmo- matrix for the left-handed neutrinosn() becomes

spheric neutrino observation. If one of the large angle solu- B
tions for the solar neutrino anomaly is true, the large mixing (m,))i; =Vgik(m,,)k|VD,j , (8)
ayﬂ,,e may imply the LFV large mixing for sleptons between

the first and the second generations. where

In this article we investigate the LFV processes in the .
supersymmetric models with the right-handed neutrinos, as- (M, )ij=m, p[M~*];m »D
suming the minimal SUGRA scenario. We take the above
results for the atmospheric and solar neutrinos. In Sec. I =V} m Vg - (9)
after discussing the origin of the observed mixing angles we
calculate ther— uy and u— ey branching ratios under the
assumption of the MSSM with the right-handed neutrinos. It
is argued that thee— ey rate depends on the solar neutrino @8ssumef, =f, =f, , similar to the quark sector, amd,
solutions, and that especially the MSW large angle solutior®™m,, >m Also we take the Yukawa coupling and "the
naturally leads to a large — ey rate. In Sec. Ill we consider Majorana masses for the right-handed neutrinos real for sim-
them in the SWB) SUSY grand unified theoryGUT) with plicity.
the right-handed neutrinos. Here also it is shown that the \When we consider only the tau and the mu neutrino
large u—ey rate naturally follows from the MSW large masses, we parametrize two unitary matrices as
angle solution. Section IV is for our conclusion. In Appendix

Here, mVD=f v sinBivV2 and V), is a unitary matrix We

A we give our convention used in this article. In Appendices cosfp  sinép cosfy  sinfy
B and C we show the multimass insertion formulas and their Vo= —sindy cosfp)’ M~ |—sing, cosy
applications tor— uy and u—ey, which are useful for (10)

estimating the LFV amplitudes and understanding the quali-
tative behavior of the LFV rates. In Appendlx D the renor- The observed |arge ang|ey v, iSs a sum ofeD and O -

malization group equation®GE's) relevant for our discus- o\ vever, in order to derive largé, we need to fine-tune

sion are given. the independent Yukawa coupling constants and the mass

parameters. The neutrino mass matrir,} in the second
Il. THE LEPTON FLAVOR VIOLATION IN THE MSSM and the third generations is written explicitly as

WITH RIGHT-HANDED NEUTRINOS

Before starting to investigate the LFV rare processes in
the MSSM with the right-handed neutrin@gISSMRN), we Xhy)=(v cospv2,0)" and (h,)=(0psinpv2)" with v
discuss the origin of the large mixing of neutrino between=246 GeV.
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2 2

szD mVZDmvaD M vyvg
(m ) _ 1 M v2v2 M v2v3 M Vz"zM v3¥3 (11)
v 2 2 2 :
1— M vovg _ mszmvsD M vyvg mV3D
M I/2V2M V31/3 M 1)2113 M V2V2M V3V3 M V3V3
|
If the following relations are imposed, massegA or B parametensare proportional to the Yukawa
) ) coupling constants or masses. Then, the SUSY breaking pa-
Mo M, M,pMpp rameters in Eq(14) are given as
= = : 12
M v3l3 M Vav2 M vav3
. . (M2 =(m2); = (m); = &;m2
the neutrino mass hlerarchnyV}mVM and 6y, = /4 can be L/i] e/ij v ii T Cijito
derived. However, it is difficult to explain the relation among
the independent coupling constants and masses without some o

2 2
; . My, =M ,=mg,
mechanism or symmetry. Also, the hierarcy, p,>m, h1™""h2™""0

suppresses the mixing anglg, as

Al=f a,, Al=f_ a,,
m |\/|V2V3 v vjj 0 e &jj 0

M

(1]

v,D

: 13

tan 26y, = 2(

v3D
: , , B)=M,, by, Bp=pubo. (15
as far as the Majorana masses for the right-handed neutrinos
do not have stringent hierarchical structure as ELR).

Therefore, in the following discussion we assume that the |4 grder to know the values of the SUSY breaking param-
large mixing angle between, and v, comes fromép and  eters at the low energy, we have to include the radiative
thatU is a unit matrix. Similarly, it is natural to consider that ~qrrections to them. We can evaluate them by the RGE’s.
the large mixing angle betweer), and v, in the MSW so- e present them in Appendix D, and here we discuss only
lution or the “just so” solution for the solar neutrino the qualitative behavior of the solution using the logarithmic
anomaly comes fronvp, . o approximation. The SUSY breaking masses of squarks, slep-
The existence of the large mixing anglesMig may lead  tons, and the Higgs bosons at the low energy are enhanced
to radiative generation of sizable LFV masses for the slepby gauge interactions, and the corrections are flavor-
tons |.n the minimal SUGRA scenatrio. Though the SUSYindependent and proportiona' to square of the gaugino
breaking masses for the left-handed slepton are flavoimasses. On the other hand, Yukawa interactions reduce the
independent at tree level, the Yukawa interaction for the neugysy breaking masses. If the Yukawa coupling is LFV, the
trino masses induces radiatively the LFV off-diagonal com-radiative correction to the SUSY breaking parameters is

ponents in the left-handed slepton mass matrix. LEV. The LEV off-diagonal components fo m2
The SUSY breaking terms for the Higgs and lepton sector ° g P m(%), (me),

in the MSSMRN are in general given as andA. are given at the low energy as

2y T 2\ =k~ 2\ o~k o~
— Lsusy breaking= (M7)ij 1 i1 L+ (M3) i€+ (M) VR TR,

1 M
2 2 2\\ 7% 2 grav
m-)ii=— —=(3m5+ag5)Va. Vprif: lo
+ﬁ1ﬁlh1hl+fﬁﬁ2h;h2 ( L)IJ 8’7T2( 0 O) Dki Y DKj ' v g Myk
+| AThTE T+ AThBET
v 2
(mg);;=0,
1 ij~% ~*%
+§vaRiVRj+ th1h2+ H.c. y (14)
Mgrav

~ Ad=— WaofeiVBkiVijflz/k log M
wherel |, 8z, and7g represent the left-handed slepton, and ™ Yk

the right-handed charged slepton, and the right-handed neu-

trino. Also, h; andh, are the doublet Higgs bosons. In the . . .

minimal SUGRA scenario at the gravitational scale theVNerei#J. In these equations, the off-diagonal components
SUSY breaking masses for sleptons, squarks, and the Higg¥ (m7) andA, are generated radiatively while those af)
bosons are universal, and the SUSY breaking parameters agre not. This is because the right-handed leptons have only

sociated with the supersymmetric Yukawa couplings orone kind of the Yukawa interactiof, and we can always
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FIG. 1. The Feynman diagrams which give dominant contribu-
tions tor" — u*y when tan8=1 and the off-diagonal elements of

the right-handed slepton mass matrix are negligible, as in the

MSSM with the right-handed neutrinos. In the diagramra%)(32 is
the (3, 2) element of the left-handed slepton soft mass méfiixg
and i1 gy are the left-handedright-handedl stau and smuon, re-
spectively, and, andv, the tau sneutrino and the mu sneutrino.

H; andH, are HiggsinoW W-ino. The symbolu is the Higgsino
mass. The arrows represent the chirality.

take a basis wheré, is diagonal. The magnitudes of the
off-diagonal components oh(%) andA, are sensitive td i
andVp, 2

As shown aboveY s, is expected to be of the order of
one from the atmospheric neutrino observation. This leads t

the nonvanishing rﬁ%)32 and A2, which result in a finiter

— uy decay rate via diagrams involving them. The dominant

contributions are proportional to

M grav

2 1 2. o2\ 2
(M)32=— g2 (3Mp+a9)VpaaVoaaly, 109
3

17

As will be shown, iff,_is of the order of one, the branching
ratio of 7— uy may reach the present experimental bound.
. . .. 2 2
Moreover, if V3 is finite, (m;)s; and ()2, are also

large. They are approximately

1 M
2
(Mg )ar=— gz(3mé+ a5)VhzaVpaif 33 log Mgrav,
V3
1 M
2 grav
(M)21=— 872 (3mg+ ag)V532V031f§3 |09M—
V3

(18

This fact implies a sizable.— ey rate because the ampli-
tudes proportional tor(r%)zg(m%)m or (m%)u are dominant.

2f U is not a unit matrix, the off-diagonal components fmf()
and A, become

I\/Igrav

M,

2 1 2 *
(Mpj=—g > (3mg+a) Vi Voii £, f, UknJim log

Mgrav
M Vi

- 3
Ad=— 872 aofe VK Vol fu, f 1 Ukmim log

(16)
Then they are insensitive to the detailfsince the dependence on
M, is logarithmic.
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Ty in the MSSMRN
M_=130GeV, m, =0.07aV

Experimental bound

10

107 |

Br{z—py

10

tan=3,10,30

10

300 400

m; (GeV)

100 200 500

(0}

FIG. 2. Dependence of the branching ratio of> uy on the
left-handed selectron masg;, in the MSSM with the right-handed
neutrinos. We take the tau neutrino mass 0.07 eV ¥pd,=
—0.71, which are suggested by the atmospheric neutrino result.
M, is fixed at=10"GeV by imposing a conditiof, =f,_ at the
gravitational scale. The dotted line shown in the figure is the present
experimental bound. We set thNéino massM, 130 GeV, and the
Higgsino mass parameter positive. The mu neutrino mass is ne-
glected. We take tag=3, 10, and 30. The larger tghcorresponds
to the upper curve.

WhenVp,, is also of the order of one to explain the solar
neutrino anomaly, an extra contribution tmi()Zl has to be
taken into account as

M grav
M vg

2 1 2, 2\ yx 2
(Mp)21=— 5—(3My+ap)| VpaVoafs, 109

Mgrav
M, |
2

The experimental upper bound on the branching ratig. of
—ey is so severe that the predicted branching ratio may
reach it even iff, is O(107%).

+Vp22Vpaif, 10g (19

A. The branching ratio of r—uy

Let us discuss the branching ratios of the LFV rare pro-
cesses in the MSSMRN. First— wy. The amplitude of the
e’ —e v (i>]) takes a form
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T—-uy in the MSSMRN
M_=130GeV, mq=170GeV, mv1=0.07eV

Experimental bound

Br{(t—py)
=
[y

FIG. 4. Candidates of the Feynman diagrams which give domi-
10 L _ nant contributions ta. " —e* y when tang=1 and the off-diagonal
elements of the right-handed soft mass matrix are negligible, as in
» the MSSM with the right-handed neutrinos. In the diagrarm%)(j

07 ¢ tanB=3,10,30 3 is the (i,j) element of the left-handed slepton mass magjxg, is

the left-handed(right-handegl selectron andp, is the electron
sneutrino. Other symbols are the same as those in Fig. 1.

1 012 1 dlﬁ 1 0"4
M, (GeV)

Atrﬂ):mffz MMztan,B(m%)sz
FIG. 3. Dependence of the branching ratio ©of uy on the ™

third-generation right-handed neutrino Majorana miss in the 1 M2\ 1 M2

MSSM with the right-handed neutrinos. The input parameters are XD D{ﬁ{%z(ﬁ) - anz(w) ];Mz}

the same as those of Fig. 2 except that in this figure we rtaéfe

=170 GeV and that we do not impose the conditi‘qrslszS but 2 ool 2 2

treatM . as an independent variable. The dotted line shown in the X(M3,u%);m }(m’fjﬂ'm;r)’ (22

figure is the present experimental bound. Here also the largg tan

corresponds to the upper curve.

which comes from the SU(2)interaction. The functions

T=ee™* (q)0;(p)ig,30PAVP, + AP (p—0q), fra(X) andf.o(x) are defined in Appendix C and the opera-
' b LR TR (200 tor D[f(x);x](x1,X2) to a functionf(x) is defined by

wherep andq are momenta o§; and photon, and the decay
rate is given by DLf(x);x](xq,%2)=

o (=T (23

e? N - Here, for a demonstrational purpose, we take a limit where
I'(e—ejy)= Emgi(|Al<_”)|2+|A(Fy)|2)- (21)  the SUSY breaking scale is much larger than ¥heand Z
gauge boson masses and gal. This equation can be de-
rived from the mass-insertion formula represented in Appen-
Here, we neglect the mass ef. The amplitude is not in- dix C. The LFV A term cannot give a dominant contribution
variant for the SU(2) and U(1), symmetry and the chiral when tans=1.
symmetry of leptons. Then the coefficiem!tS” andAg” are In Fig. 2 we show the branching ratio ef>uy as a
proportional to the charged lepton masses. Since in théunction of the left-handed selectron massy(). Here,
MSSMRN the mismatch between the left-handed slepton anﬁhvfzo_o7 eV, Vpas=Vp2o=— Vpar=Vpas=1#2, and we
the charged slept(?_? mass ($|)ggnstates is indusgd, is  assume that,_ is as large as the Yukawa coupling constant
much larger tharA”’ sinceAg!’ is suppressed bie /Mg, oy the top quark at the gravitational scale. This corresponds
compared withA{!) . Also, when tanB(=v,/v,) is large, the  to M, ~10"GeV. Also, we impose the radiative breaking
contribution toA{"") proportional tof.v,(= ~v2me tanB)  condition of the SU(2)xU(1), gauge symmetry with
becomes dominant. In the MSSMRN, the dominant contri+tang=3, 10, 30 and the Higgsino mass parameteositive.

bution to 7— u 7y is from the diagram of Figs.(a) and Xb) In our calculation we considered the experimental constraints
and its expression is from the negative results of the SUSY particle search.
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Though we do not assume the GUT'’s, we take Wéno

mass M,) 130 GeV and determine the other gaugino
masses by the GUT relation for the gaugino masses. We us

the formula forr— wy in Ref. [9] for the numerical calcu-
lation.

The branching ratio is reduced where the left-handed se-

lectron mass is comparable to théino mass. This is be-

cause the slepton masses are almost determined by the radi

tive correction from the gaugino masses, amé, which
(m%)gz is proportional to, is negligible in the region. As men-
tioned above, the branching ratio is proportional to?j@gn
[see EQg.(22)], and the line for ta=30 is close to the
experimental bound, Br(— uy)<3.0x 10" ° [14].

In Fig. 3 we present the dependence of the branching ratic

of 7—uy on M,,. Here, we takeTreL=17O GeV, and the

other SUSY breaking parameters are the same as in Fig. 2

The branching ratio is proportional t[s*/l,z,3 since we fix
m, =0.07eV. If 108 can be reached in the future experi-
ments, we can probeM, >10'%(10") GeV for tang
=30(3)3

B. The branching ratio of p—ey
Next, we discusgt— ey in the MSSMRN. The forms of

PHYSICAL REVIEW D59 116005

p—eyin the MSSMRN with the MSW large angle solution

M,=130GeV, m;L=170GeV, m, =0.07eV, mvu=0.004ev
107 T - T

10° | 4

Experimental

~10
10 E bound

10" L J

107

Br(n—ey)

0-13

107 ¢ 5

107
tanB=3,10,30

16

10

10 0"

12

1 Oll 3
M, (GeV)

FIG. 5. Dependence of the branching ratio @f-ey on the

the amplitude and the event rate are the same as those ofsecond-generation right-handed neutrino Majorana rivgssn the

—uy [Egs. (20), (21)]. This process has two types of the

MSSM with the right-handed neutrinos under the assumption of the

contribution, depending on the structure of the Yukawa couMSW large angle solution witlVpg;=0. We takeVpy=—0.42
pllng for the neutrino masses. One is the d|agrams Wherénd the mu neutrino mass as 0.004 eV, as Suggested by the MSW

(m%)ﬂ or A?tis inserted, and another is those thm%lg,z or

A¥ and (m%)lg or AL are inserted. Then the dominant con-
tributions[Figs. 4a)—4(d)] are the following:

ap
AHE = — m,;—M;utans
2 2
<D 2) +(m[)23(m[)31
m—-« —_—
(M7 )21 m%—m%
1 M2\ 1 M?2
XK‘: Jc2 EZ/ ~29n2 Ki
2 2
(M7)23(My)a1| 1 M?2
|7 | | T
1 M?2
—an2<ﬁ ;M2{(M3, u?). (24)

large angle solution. The dotted line shown in the figure is the
present experimental bound. Other input parameters argviim®
mass 130 GeV, the left-handed selectron 170 GeV, the tau neutrino
mass 0.07 eV, and ta#=3, 10, and 30. The larger taf corre-
sponds to the upper curve.

tanB=1, again. We also assumed the mass degeneracy be-
tween the first- and the second-generation left-handed slep-
tons as

2 _ 2 .2 2 _ 2
Mg, =my, =N =m; =m;, (25)
The functionsf ., ,,(X) andgezn2(x) are defined in Appen-
dix C.

As mentioned above, if the solar neutrino anomaly comes
from the MSW effect or the vacuum oscillation with the
large angleVp», is expected to be large. This leads to non-

vanishing (n%)zl. In Fig. 5, under the condition that

091 035 0.24
Vo=| —042 072 055 (26)
0 —0.60 0.80

andm, =0.004 eV[17] we show the branching ratio qf

vy*

much larger than thé&V and Z gauge boson masses and

3An alternative way to prover(rf)32 is to search for the slepton
oscillation[15,16].

solution with the large mixing. Here we také,3;=0 and
we will discuss a case with finite'p;; later. The input pa-
rameters are taken to be the same as in Fig. 3. FoBtan
=30(3), thebranching ratio reaches the experimental bound
[Br(u—ey)<4.9x10"'* [14]] when M, =8x10'48
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p—ey in the MSSMRN with the MSW small angle solution p—ey in the MSSMRN with the ’just so’ solution
. M=130GeV, m3=170GeV, m, =0.076V, m, =0.00228V M,=130GeV, my=170GeV, m,=0.07eV, m, =0.00001eV
10 T T 10'5 L : kd 3
tanp=3,10,30
10° | E "
10
10 |  Experimental bound
107 | Experimental bound
107"
5 10™"
L0
5 3
Lo
107 @
107
107
B 10—14
10 tanp=3,10,30
y 107"
10" 10" 10" 10"
M, (GeV)
_ _ 107 e P e
FIG. 6. Dependence of the branching ratio @of>ey on the M, (GeV)
vz

second-generation right-handed neutrino Majorana nmszsjn the

MSSM with the right-handed neutrinos under the assumption of the  F|G. 7. Dependence of the branching ratio @f>ey on the

MSW small angle solution with/pg;=0. We takeVpy=—0.04  second-generation right-handed neutrino Majorana gsn the

and the mu neutrino mass as 0.0022 eV, which are suggested by thigssm with the right-handed neutrinos under the assumption of the

MSW small angle solution if the mixing comes frol, . Other  «jyst s0” solution with V= 0. We takeVp,,= —0.71 and the mu

input parameters are the same as those in Fig. 5. The dotted lingytrino mass as 1:010 eV, as suggested by the “just so” so-

shown in the figure is the present experimental boundBta, 10,  |ytion. Other input parameters are the same as those in Fig. 5. The

and 30, and the larger ta corresponds to the upper curve. dotted line shown in the figure is the present experimental bound.
tanB=3, 10, and 30, and the larger t@hcorresponds to the upper

X 10*%) GeV. This corresponds ttf)Vz:O.OS(O.ll). Future curve.

experiments are expected to reach ¥0[18]. This corre- e
sponds toVl, =10t%(10') GeV and m, = 1.0x107° eV [19]. Other parameters are the same
V2 *

If the solar neutrino anomaly comes from the MSW solu-2S in Fig. 5. This corresponds to the “just so” solution for
tion with the small mixing, we cannot distinguish whether the solar neutrino anomaly. Since the mu neutrino mass is
the mixing comes fronVp, or Vy, . If it comes fromVp , the smaller, the branching ratio is suppressed by*1€ompared

branching ratio is smaller by about 1/100 compared with thatVith that in the MSW solution with the large mixing.
in the MSW solution with the large mixing, as shown in Fig. . Nextwe discuss the branching ratio @f-ey whenVps,
6. In Fig. 6 we assume that is finite. In Figs. 8 and 9 we show the branching ratio as a

function of V3, and M., for tanB=3 and 30. Here we as-

1 0.04 0.03 sume thatf v, is negligibly small. The other parameters are
Vp=| —0.04 0.79 0.9 (270  the same as in Fig. 3. The branching ratio is almost propor-
0 —0.60 0.80 tional toV33,M? . Compared with this figure to Fig. 5, when
. M, =M, the contribution fromVp3, is negligible in the
and m,,#=q.0022 eV[17]. Other input parameters are the MSW solution with the large mixing angle unle¥g,s; is
same as Fig. 5. larger than 102°. On the other hand, it can be dominant in
In Fig. 7 we take the “just so” solution even ifVpg~10"%.

Finally we consider theu™ —e*e e process and the

1 1 1 w-e conversion onjoTi. For these processes the penguin

o) 2 2 type diagrams dominate over the others, so the behavior of
the decay rate is similar to that gf—ey. For theu—3e

Ve 2111 (0g  Process the following approximate relation holds between

D™ ol 2 2 the branching ratios of the two processes,
2

0 1 1 5 3 a 8 | co1 5 -
5 ((p—3e)=g—3 ogm_i 7 |Briu—ey) (29
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FIG. 8. Dependence of the branching ratio @f>ey on the
third-generation right-handed neutrino Majorana mass, and

Vp3; in the MSSM with the right-handed neutrinos. Here the tau

neutrino mass is 0.07 eV andp;,= —0.71, as suggested by the
atmospheric neutrino result. We neglégt here. The curves mean
the contours on which the branching ratio gf—ey is 10 2%
10718, 10715 and 10 *?, respectively. The shaded region is already
excluded experimentally. tag is set to be 3. Th&V-ino mass is
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FIG. 9. Dependence of the branching ratio @f-ey on the
third-generation right-handed neutrino Majorana mass, and
Vpaq in the MSSM with the right-handed neutrinos. The input pa-
rameters are the same as those in Fig. 8 except that we tajge tan
=30 here. The curves mean the contours on which the branching
ratio of u—ey is 108 10715 and 10* respectively. The
shaded region is already excluded experimentally.

SUSY GUT, one needs unnatural extension of the simplest

130 GeV, the left-handed selectron mass 170 GeV, and th¥ersion of the SQLO) SUSY GUT. Hence in this article we

Higgsino mass parametgr positive.

=7x10"3Br(u—ey). (30)

For the u-e conversion ratel'(u—e€) a similar relation
holds at tar3>1 region,

I'(u—e)=16a"Z4Z|F(q?)|?Br(u—ey). (31

Here Z is the proton number in the nucleus, ahgk is the
effective chargeF(g?) the nuclear form factor at the mo-
mentum transfeq. For 55Ti, Ze=17.6 andF(g?=—m?’)
=0.54[20,21]. We express the magnitude of thee con-

do not discuss the S@0) SUSY GUT. Here we investigate
the SU5) SUSY GUT with the right-handed neutrinos as
one of the extension of the MSSMRN in which the small
neutrino mass is naturally obtained and the large neutrino
mixing angle is possible without unnatural fine-tuning. We
here call this model as SB)RN, for brevity. After introduc-

ing the model we estimate the off-diagonal elements of the
slepton soft mass matrices using the one-loop level renor-
malization group equation®RGE’s) under an assumption of
the minimal SUGRA scenario. With them we study the LFV
processes— uy andu— ey. After that we comment on the
b— sy branching ratio. We show that the LFV rates in this

version with the normalization the muon capture rate in Timodel is larger in general than those in the MSSMRN model,

nucleus. Then the normalized conversion raRu~
—e";35Ti) is approximately
R(u —e ;2Ti)=6x10 3Br(u—ey). (32

The future experiment for thg-e conversion is planned to
reachR(u~—e™;35Ti) <1078 [22].

Ill. THE LEPTON FLAVOR VIOLATION IN THE SU
SUSY GUT WITH RIGHT-HANDED NEUTRINOS

®

In the SUSY GUT the gauge coupling unification is pre-

dicted, and the predicted weak mixing angle is consisten.

due to the fact that in this model the right-handed slepton
mass matrix also can have non-negligible off-diagonal ele-
ments, in addition to the left-handed of#3,24,23.

First we introduce the model. This model has three fami-
lies of matter multipletsy;, ¢;, and »;, which arel0, 5%,
and 1 dimension representations of @), respectively.y;
contains the quark doublet, the charged lepton singlet, and
the up-type quark singlet, while; the down-type quark sin-
glet and the lepton doublet ang the right-handed neutrino,
respectively. The model hdsand5* dimension representa-

tion Higgs multiplets,H and H. H consists of the MSSM
ﬂiggs multipletH, and a colored Higgs multipldtl-, and

with the experimental data at the 1% level of accuracyH another MSSM Higgs multipled; and another colored

Moreover if the unified gauge group is 8I0), the right-

Higgs multipletﬁc. The GUT gauge symmetry is spontane-

handed neutrinos are introduced automatically into the mateusly broken into the SM one at the GUT scéll; =2

ter multiplet. However, in order to accommodate the ob-

served large mixing angle in the framework of the (3@

X 10'GeV. Above the GUT scale the superpotentiglof
the matter sector of this model is

116005-8
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1 B CDUE ag, — This relation is consistent with the particle spectrum at the
W= quijlﬁ Y H EABCDE+‘/§fdij i diaHp low energy only for the third-generation. In order to explain
the fermion masses of the first- and the second-generations,

A1 one has to consider the effect of the nonrenormalizable terms
i mdiaH ™+ S Mo mim; also. At that time those terms can be another source of LFV
[26,27, but we do not take them into account for simplicity.
whereA,B, ... areindices of SW5) and run from 1 to 5. We Below the GUT scale we take the basis in which the
also introduce the soft SUSY breaking terms associated witlfukawa coupling constant matrix responsible for charged
the GUT multiplets. The relevant part of thenf is lepton masses is diagonalized. The basis we take at low en-
ergy region is related to that of GUT multiplets by the fol-
—Lsusy breaking® (M) '/’iT‘/’j+(m<2/;)ij¢r¢j+(m§;)ij77i1-77j lowing embedding:
— 1 ~ o~ — . _i¢u.__ _
271 ,e |U y V E ,
+mﬁhTh+ mﬁhfh-‘r ZAuij‘ﬂilpjh i {QI i ( KM)IJ J}

¢i:{VDij5j 1VDij|—j}v
, (33

+\T2Adijﬁl/‘/iajﬁ+Avij~7’]iajh+ H.c. { ig W} (37)
7i=1& iy

where;, ¢;, and7; are the scalar components of the,  Then the superpotentidlV is expanded in terms of the
¢;, and x; chiral multiplets, respectively, andandh are ~ MSSM fields as
the Higgs bosons. In the minimal SUGRA scenario these

coefficients are given at the gravitational scale as W=fuiQiUiH2+(VﬁM)ijfdeiﬁjHﬁ fdiELiHl
2y 2\ 2y _ 2 — —_—
(m3y)ij = (Mig)ij = (M3,)ij = &M, — 1, Voiy NiLjH+ iy (Vi) i EUjHe
mﬁ=m—ﬁ—m§,

1 . o
- Efuield)u‘QiQiHC_i_(V;M)ijfdje_l¢uiUiDjHC
Auij = fuijao, Adij = fdijao, AVij = fyijao. (34)

_ _ 1 _
*

At the GUT scale we choose a basis where the up-type (Viw)ija Qi jHe+ 1, Vo NiDjHe + 5 M, Nil;
guark and the neutrino Yukawa coupling matrices are diago- (38)
nalized as

e s Here we should notice that the fifth term of the right-hand
fuij_fuie 4 side of the above equation is no longer generation-diagonal.
This is nothing but a direct consequence of the GUT unifi-

fdijZ(Vﬁm)ikfdk(VB)kp cation, that is, one of the central goals of the grand unifica-
tion is to embed the leptons and the quarks into the same

fyij = fViei%i 8ij (35)  multiplet, which forces the mixing in the quark sector related

to that of the lepton sector. No redefinition & in
wheref¢i (¢=u,d,v) are the eigenvalues dfwij' respec- generation-spacg can_eliminate this mixin.g, as can be seen
tively, Viy the Kobayashi-Maskawa matrix at the GUT from IZEq.(38). This mixing causes the off-diagonal elements
scale, andV, a unitary matrix which describes the genera-0f (M) via fad'?'ﬂ_\/e corrections. o
tion mixing in the lepton sectok,, (=u,v) are phase fac- As for the origin of the observed mixing angle between
tors which satisfye, + ¢, + ¢ ':0 and é, + b, + ¢ the left-handed neutrinos a parallel discussion to that of the
Ul U2 U3 vy vy V3

. revious section applies. The Majorana mass matrix in Eq.
=0. However these phases are completely irrelevant for oup bb J g

. ) 38) has an intergenerational mixing as
discussion below. (38 g g

At the GUT scale the Yukawa coupling constants respon- M, , =UiM Ul' ) (39)
sible to the down-type quark masses and those responsible to nvp TR
the charged lepton masses are supposed to unify as The mass matrix of the left-handed neutrinos,) is then
fg,=Te; (36) (M,)i; = Voi(M,)Vorij » (40)
where
4For simplicity we neglect the Yukawa couplir)g—|2ﬁ and the (mv)ij =m, p[M —l]ij m, p
[ j

soft SUSY-breaking parameters associated with it, wi¥ie an
adjoint representation Higgs multiplet causing the breaking _\T Vv (41)
SU(5)gut— SUB) X SU(2), X U(1)y . =VmikMy, Vmk; -
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5

~_ vsinf Jr;'

Hy

FIG. 10. Candidates of the Feynman diagrams which give dominant contribution§-tou™y when tang=1 and (mé)32 is not
negligible. The arrows represent the chirality.

Here aIsomViD=f,,iv sinplv2, the same notation as that of for i #j. These formulas are obtained by a logarithmic ap-
the previous section. The discussion in the previous sectioproximation from the RGE'sgiven in Appendix D.

shows that the large mixing angle frowy, requires a fine- Now we study the individual LFV processes. First we
tuning between the elements bf, , [Eq. (12)]. Therefore concentrate on the— uy decay. Forr— uy the most im-

as for the large mixing angle between neutrinos it is naturaportant contribution is from diagrams which 'nV0|V€“ﬂ)32

that its origin is in the mixing matri¥/ in Eq. (38). Here  and W-inos [that is, diagrams of Figs. 18 and 1Qb)]

we assumeJ;; = §;;, for simplicity, which means that the which is the common feature with the MSSMRN case. These

mixing comes only fromvp, . diagrams dominate because the laMg;, element, sug-
Now we evaluate the off-diagonal elements of the sleptorgested by the atmospheric neutrino anomaly, enhances

mass matrices at the low energy. As stated above, both tr(qzm)sz as

left- and right-handed slepton’s ones have non-negligible

off-diagonal elements at one-loop level. Assummge

<m,,#< m,_ we neglectf vy and alsoful andfu2 to obtain
approximate formulas for the off-diagonal elements of the (45)
slepton mass matrices as

1
2
(M7)3z=— 52 (3Mg+85) Vi saVosaf , log g“‘“,

which is the same situation as in the MSSMRN case. The
main difference from the MSSMRN case is a presence of
Mour’ (mg) 30, but the contri_bution to the— w7y is too small at the .
(42) broad parameter region to be comparable to those from Figs.
10(@ and 1Qb), because )3, is suppressed by small
(Vkm) 32 [28]. Our result of numerical calculation, Fig. 11,
indeed shows that almost the same situation as in the
MSSMRN case is realized. In the figure we plot the depen-
dence of the branching ratio af— vy on the third genera-
n f12/2VD2|VD21 log grav) (3m2+ad), (43)  tion right-handed Majorana mass,, for tang=3, 10, and
30. The upper curve corresponds to largeiBtae take the
B-ino mass as 65 GeV, the right-handed selectron mass 160
Mgrav GeV, and the tau neutrino mass 0.07 eV, as expected from
the atmospheric neutrino result. We takg=0 for simplic-
ity. The figure shows us that the branching ratioref u vy is
M gray nearly proportional to the square Mvs. At the right-hand

side of each curve the Yukawa coupling constiptblows

up below the gravitational scale, so the perturbative treat-
(44) ment is no longer valid in this region. In the region near
Mgur/’ M,,=10"'GeV the branching ratio is close to or even be-

grav

3
(mé)ijz_ (VKM)3|(V;M)3J(3mO+aO)Iog

grav

2 1 2
(mz)ijz_ﬁ f VD3|VD31 |09

ij 3
Ad=—o—a| fo

f VD3|VD31 f2 vy Iog

+feiVD2|VD21 v, |09

M grav

+ 3fejV§M31VKM3| u, 109
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T—pyin SU(5)RN

M,=65GeV, m- =160GeV, m, =0.07¢V

10™
s
10 Experimental bound : (M3 (m})n
10° | .
107 1
S
T _
]
10° | 1
10" L J
tanp=3,10,30
10™ 1
10_‘210‘2 10" 10" 10" , . . . .
M, (Gev) FIG. 12. Candidates of the Feynman diagrams which give domi-
3

nant contributions ta. " —e* y when tanB=1 and the off-diagonal

FIG. 11. Dependence of the branching ratioref uy on the  elements of (nﬁ) are non-negligible. The arrows represent the
third-generation right-handed neutrino Majorana mitss in the chirality.
SU(5) SUSY GUT with the right-handed neutrinos. Here the tau
neutrino massn,,_ is 0.07 eV andVp3,=—0.71, as suggested by
the atmospheric neutrino result. We take tHeino mass
M, 65GeV, the right-handed selectron masg 160 GeV. The
three curves correspond to the case wheregtaB, 10, and 30,
respectively. The branching ratio becomes larger for largergan
value.

over the other contribution t8{“® . We need to know/ps;
andVp,; to calculateA{*® . However, we can evaluate only
the lower bound of the branching ratio from the structure
given in Eq.(21) even if we do not know them. The contri-
bution from the diagram X8) can be so large that it reaches
the present experimental bound at some parameter regions
[28].

We can imagine some cases where much larger rate than
this lower bound is predicted by the contribution fréxt*® .
One of such cases is th&tys, is large. In this case, the
dlazgrams in F|gs 12)—-12(d) and 12f) are enhanced since

(m;)s1 and (rrr)21 are proportional td/p3; as

yond the current experimental bound, Brfuwy)<3.0
X107% [14]. At relatively small M,, region M, <4
X 102 GeV) the contribution from the right-handed slepton
mass matri{the diagrams shown in Figs. ) and 1Qd)]
tends to dominate, and the curves of the branching rati
show deviation from simple straight lines.

Next the u—evy process. Since we knowpsz,=0(1)

from the atmospheric neutrino result we can calculm%)(,_g

1 M
2
as (M7 )ar=— 87 = (3mj+af)f’ .Vb3aVpa1l0g Mgrav
V3
1 (49)
2 ra
(M) 5=~ WfV3V032VD33(3mo+ao)|09 Mg ”.
(46)
2 2y 1 24 42)52 | M grav
On the other handn(?)s, is determined from the GUT sym- (M)21=~ g—2(3my+ap)f}, VpgVparlog— M, -
metry as (49
2 3 Mgrav
(my)g3=— f (V )as(Viin )31 (3m2+a )Iog
€3 82 KM TKMISEET0 TS0 Mgy While the diagram 1@) is enhanced byn_., the contribution

is suppressed byn(rz)32, which is proportional to Yxu)32-

Then we can definitely calculate the diagram shown in FigAs a result, the diagrams (&—-12d) dominate SlnCG/Dsz is
12(e), which contributes toA{“® defined in Eq.(20). This  large. Also, iff,, andVp,; are non-negligibly large, i) is
contribution is proportional tan,, and it tends to dominate enhanced as
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FIG. 13. Dependence of the branching ratioof>ey on the
third-generation right-handed neutrino Majorana mass, and
Vps; in the SU5) SUSY GUT with the right-handed neutrinos.
Here we take the tau neutrino mass_0.07 eV and the mu neu-
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FIG. 15. Dependence of the branching ratiowf-ey on the
typical right-handed neutrino Majorana mads, and Vp3, in the
SU(5) SUSY GUT with the right-handed neutrinos. We assume the

trino mass is neglected. The curves mean the contours on WhICh theSw large angle solution, which Suggeg@ to be 0.004 eV and

branching ratio ofu—ey is 10, 10 %3, 107 %2 and 10 r

spectively. The shaded region is already excluded experlmentallyv

We take theB-ino massM, 65 GeV, the right-handed selectron
massmg, 160 GeV, and tap=3.

grav

2 1 2
(m[)21:_ﬁ f VD32VD31|09

+f2 2 Vb2 Vpailog grav)(3m§+a§), (50)

10

\'
D31

10

13

10

Mv;(GeV)

FIG. 14. Dependence of the branching ratiowof>ey on the
third-generation right-handed neutrino Majorana mass, and
Vp3; in the SU5) SUSY GUT with the right-handed neutrinos. The
curves mean the contours on which the branching ratje-efevy is
10713, 10712 and 10 %, respectively. The shaded region is already
excluded experimentally. The input parameters are the same
those in Fig. 13 except that in this figure {8 30.

Vpo1=—0.42. We take the tau neutrino mam‘bf 0.07eV and

1= —0.60, as suggested by the atmospheric neutrino result. We
assume the universality of the right-handed Majorana madsgs

=M ,=M =My, for simplicity. The curves mean the contours
on which the branching ratio gi—ey is 1073, 1072 and 10°%,
respectively. The shaded region is already excluded experimentally.
We take theB-ino massM; 65 GeV, and the right-handed selec-

tron massmg,_ 160 GeV. In this figure taB=3.

and the diagrams 18 and 1Zc) dominate over the other
contributions.

Now we examine these expectations numerically. First we
setfv2 to zero and later investigate the nonzé;g case. We

calculate the dependence of the branching ratip-efey on
M,, and Vpg in Figs. 13 and 14. In the figures we take

Vps3,=—1WM2 and the tau neutrino mass 0.07 eV, as sug-
gested by the atmospheric neutrino result. We neglect

here. Other parameters are 8éno mass 65 GeV, the rigﬂht-
handed selectron mass 160 GeV, gan3 and 30, and the
Higgsino massw>0. From the Figs. 13 and 14 we can see
that for Vp3,; <10 2 the diagram 1@&) dominates over the
others. At relatively largeNpg; region (Vpz; =10 29 the
diagrams 12a)—12d) become dominant, and the predicted
rate is large enough to reach the experimental bound for
Vp3=10"7 if tan 8=30(3) andM, =10*Y10"*9) GeV.

Next let us consider the finit(au2 case. We show in Figs.

15 and 16 the dependence of the~ey branching ratio on
Vp3; and the typical right-handed neutrino Majorana mass
My - In the figures the parameters that describe the MSW
large angle solution are taken as the same as those we used in
the MSSMRN case, and other parameters are taken as the
same as in Figs. 13 and 14. We assume in the figure the
universality of the right-handed Majorana mass, that is,
b= MV2= M,,S(EMN). We can see from the figures that

the enhancement due to the MSW large angle solution is so
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examined whether this is true or not, and concluded that a
tiny enhancement indeed occurs but it is too small to be
experimentally distinguishable. This is because the heavy
gluino suppresses the contribution.

10 L LA

31

V. CONCLUSION

10 In this article taking the solar and the atmospheric neu-
trino experiment results into account we investigated the lep-
ton flavor violating decay processes, suchas ey or 7
—uy in the MSSM with the right-handed neutrinos
(MSSMRN) and in the SUB) SUSY GUT with the right-
handed neutrinoESU(5)RN].

In the MSSMRN we first studied the branching ratio of
T— wy. It gets larger for larger tghand almost proportional

to Mﬁs for fixed m, . A large rate naturally follows from the

large mixing betweerv, and v, , suggested by the atmo-
FIG. 16. Dependence of the branching ratiosof-ey on the ~ SPheric neutrino result. If tg6=30(10) the rate reaches the
typical right-handed neutrino Majorana mads, and Vs, in the — current — experimental  bound  for Mv3”2><1014(6
SU(5) SUSY GUT with the right-handed neutrinos. We assume thex 10'%) GeV. We investigated thg.—ey rate under three
MSW large angle solution and the atmospheric neutrino result. Alikinds of the solar neutrino solutions, the MSW large and
the input parameters are the same as those in Fig. 15 except that Wena|| angle solutions and the “just so” solution. We argued
take tan3=30 in this figure. The curve means the contour on whichthat they— ey depends orf vy and that especially the large

the branching ratio ofu—ey is 10 L. The shaded region is al- . .
ready excluded experimentally. Vpo1 and the largd vy wh|ch. the MSW large angle solution
suggests, naturally results in such a large rate that the pre-

large that the dependence of the rate\ggy, is small, and dicted rate is beyond the current experimental bourM,j;
that the almost same situation as in the MSSMRN is reprois larger than & 10'4(8x 10'%) GeV for tang=30(3). We
duced here again, as can be seen when comparing these f@jso investigated the dependenceof-ey on Vps,. For
ures with Fig. 5. Since the dominant contribution is deter-tang=30 andVp3=10"%, M, =3x10*GeV is excluded
mined by the second term of E¢0), the rate is almost for our input parameters.
determined from the value o# v, becausefﬁzocM vy for In the SU5)RN we calculated the— uy rate. Here also
fixedm, . Hence we can conclude from Figs. 15, 16 that forthe large mixing betweem, and v, leads to a large rate,
tan,8=36(3) the excluded region oM, extends to 9 which is almost the same S|tuat|0n as in the MSSMRN. For
02 o4 | for th "2 h . mw—evy in this model, we can predict the lower bound of the
x10"(1x107) GeV, at least for the parameters chosen Inbranching ratio of it. This lower bound is calculable from the

our calculation. o
value of m, and the large mixing angle between-v,,,
We also calculated for the parameters suggested from the i g g ang Yy

MSW small angle solution and the “just so” solution. For suggested from the atmospheric neutrino result, and it turns

the MSW small angle solution the difference from the out to be within accessible region by near future experi-
~0 . he f 2 enh d f2 hments. They are supposed to probe jhesey branching
=0 case is at most the factor 2 enhancement, and for thg.io 1 1024 |evel [18], and then the regionM,,_

“just s0” soluti diff fi thé, =0 b
Justso™ solution no drfierence from I, , =1 case can be >10"(10') GeV can be probed for tg®=3(30) andm,_

seen. ) .
=0.07 eV. We considered the relation betwgen-ey and

Finally we comment on thé— sy process. This model kinds of th | . luti The |
has a characteristic feature that the right-handed neutrinddr€€ kinds of the solar neutrino solutions. The large rate
aturally follows from the MSW large angle solution, simi-

couple to the right-handed down-type quarks with the larg arly to the MSSMRN case, while in the MSW small angle

mixing through the ninth term of Eq38). This coupling luti din the “ » soluti h : | litt]
induces the off-diagonal elements in the right-handed downs@lution and in the “just so™ solution there is only a little
difference from thef »,=0 case.

type squark soft mass matrix via the radiative corrections
which are as large as If the LFV processes are discovered or the experimental
bounds are improved by near future experiments, the inter-
esting insight on the lepton sector will be obtained. The best

-4 1 111111

10

10

My (GeV)

2 15 2., .2 Mgrav ; P ;
(M5 )ii=— =2 V&, Vpki(3mg+ag)log———. effort to implement it is strongly desired.
dg’!l 87 "k ! GUT
(51)
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2 (A8)
U1

dThe Yukawa couplings are given by the fermion masses and
the Kobayashi-Maskawa matrix as

Me,
feijz_\/i—(sij y
APPENDIX A: DEFINITIONS AND CONVENTIONS v COSp3
IN THE MSSM
mgy.
In this appendix we collect our notations of the MSSM fdij: —\/26—0;5” ,
used in our article. The superpotential of the MS®Whssu v COsp
is defined a%®
my
_ _ _ f, =v2 v (A9)
Wusswi=fe HiEiLj+ g H1QiDj+ fy HQiUj+ uH:H,. ij sm,B( k)i

(A4)
We also introduce the soft SUSY breaking terms in the La-

We usei andj as the generation indices running from 1 to 3. grangian,
E, D, andU are the superfields associated with the right-

handed electromg, the right-handed down-type quadg — — Lsusy breaking=(m%)ij~|li~|u+(”‘§)ij§§§Rj+(mé)ijaLiaLj
and the right-handed up-type quark, respectivelyQ and o .y
L are ones associated with the quark doulmjetand the (W)UUE.UR#(TTV)” ridrj+ Mhihihy

lepton doublet, defined by

+ Miahih, + (Al hzﬁL|U§J+Ai(jj hyq g,

UL 14 .
qL= dL)’ |L:(eL , (A5) +Al hleR,IL,+B h,h,+H.c)
P 1 BB 1 \A/aV7 /A
andH,; andH, the Higgs doublets whose SU(2¥ompo- + EMlB,_BL+ §M2W|_W|_
nents we denote as
H HY 1 M35+ H. c) (A10)
H1=(Hi), H2=(H%). (A6) e
1 2

Here the first seven terms are the soft SUSY breaking masses

0 0
The scalar components fy andH; develop the vacuum for the doublet-sleptof, , the right-handed charged slepton

expectation valueéVEV’s) as

€r, the doublet-squarg, , the right-handed up-typ@own-
type) squarkTiz(dg), and the Higgs boson®, W, andg
( Oy ~2 (A7) stand forB-ino, W-ino, and gluino respectively, and the su-
V2 perscripta is the gauge group index for each corresponding
gauge group.

which satisfyvs+v3=v? with v =246 GeV. We define the Now we discuss the slepton mass matrices. &gtand
ratio of these VEV’s as taf, Br; be the superpartners of the left-handed electrgnand

SSupersymmetric couplings and masses of chiral multiplets are

the right-handed electrogg;, respectively. Then the slepton
mass matrix {);; is

; B
given as —L= (eL| ’eRI)(m)IJ J)
fﬂzf d?0W+H.c. (A1) 5
. . . . ot (mL)ij (mLR ij ’éL'
Our convention is unusual in order to keep the chargino mass ma- E(eL ,eJFru ) . (A11)
trix in accordance with the Haber-Kane conventj@s). (mLR)ij (mR)ij €R;j
SWe implicitly assume the contraction convention over SU(2)
doublet indices §,b,...=1,2) of two doubletA andB Herem? andm3 are 3x 3 Hermitian matrices anth?g is a
Al B! 3% 3 matrix. They are given as
A=| 2|, B=|gp2 (A2)
A B
as 2y (2 2 2 1
ABEGatAaBb, (A3) (mL)ij—(m'E)ij+mei5ij+m25ij COSZB(_§+S|r]2 0\/\/),
wheree,, is an antisymmetric tensor witey,= — €,,=1. (A12)
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(M3 = (M2);; +m 8 —m3s;; cos 28 sin by, M is diagonalized by X2 real orthogonal matrice®,
(A13) andOg as

. T: i ~— ~—
(M R)ij=Adv COSBIVI—me b tanp. (A14) OrMcOL=diag My, .My, ). (AL7)

Define the mass eigenstafgg, r) (A=1,2) by
W, X Wy
=0L(~_L), (5£R>=0R(~f). (A18)
Hi X2R Hog

Xa=XaLtXar (A=12) (A19)

1 . . .

—2 2 ~_

(M) =(mo);; + _m§5ij cos 28. forms a Dirac fermion with mash! ar

Finally we consider neutralinos. The mass matrix of the

neutralino sector is given by
Next we discuss the mass matrix of gauginos. First we

As for the neutrinos we should notice that there is no
right-handed sneutrino in the MSSM. &tbe the superpart- (3(1L
ner of the left-handed neutrine;. The mass matrix of
sheutrino (r_é)i]— is

Then

(A15)

consider chargino mass matti(c . It is a 2X2 matrix that ?'—
appears in the chargino mass terms, 1 oo ~0 WE
o (WRFS, M, v2my, coSB H. ~3"
—Ln=( R) Vamysin B “ H1|_ +H.c. HaL
(A16)  where
|
M, 0 —mysinfycosB  mysindsinB
_ 0 M, My Cosf,, COSB  — Mz COoSHy SinB
My=| _ m; sinfy, cosB  my cosby, cosB 0 —u (A21)
m;siné,sin@  —m,cosbysinB —u 0
|
The diagonalization is done by a real orthogonal mairy, — L=, XA(CA Dpg+CAIP e
ONMNOL:diaq M}?,...,M}g). (A22) +eL|X2(NA(I)PR+ N/I’:\I(_i)pL)ei

~‘r ~0/nA>) A(i) !
The mass eigenstates are given by +®riXa(NRR Prt NrL'PL€i+H.C., (A26)

where the coefficients are
Yar=(On)asXs. (AB=1,...,4), (A23) A)
ClL'=92(0Rr)A1,

where
v2me,
~0 ~0 Crd=- (OL)a2,

X3 = (B, WP, HY, ,HY)). (A24) v cosB

We have thus Majorana spinors Ay
N = —[ (On)az— (On)az tanéyl,
=% +Xr (A=1,..49 (A25)
A v2m,
. 1) —
with massM;(g.l | . . NRL = cos,B( N)A3
Now we give the interaction Lagrangian of lepton-

sl_epton-charginoi-neutralinc) ina b_asis of the _slepton weak vZm,
eigenstate and the chargifieutraling mass eigenstate. By NAG) = ~(On) A3,
writing the interactions in this basis we can get a transparent v cosp
view in the discussion of the multimass insertion technique A(|)
discussed in Appendices B and C. The Lagrangian is R =V292(On)az tanbyy . (A27)
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APPENDIX B: MULTIMASS INSERTION TECHNIQUE

Mass insertion technique is useful to understand lepton flavor violating processes in the MSSM since only off-diagonal
elements of the slepton mass matrices are source of the flavor violation. In this appendix we introduce the multimass insertion
technique with the nondegenerate masses. The multimass inserted diagrams may not be necessarily suppressed than th
single-mass inserted ones when the slepton mass matrix has several small flavor-violating elements. Also, though in the
previous mass insertion formulas the degeneracy of the slepton masses is sometimes assumed, such a degeneracy is nc
necessarily maintained at low energy even if the universal scalar mass hypothesis is assumed in the higher energy scale. Our
rule to derive the mass-inserted amplitudes is very simple. We can derive them by taking the finite difference on amplitudes
which have no mass-insertion. In this section we derive general formukﬁéﬂfefy keeping in mind that we apply them to
more realistic cases i " —e*y and 7" — u* y in the next section.

We refer to the slepton mass matrices Eﬁz)(,

=X (mOTT, (B1)
where
&=L AL R AR TR)T [for Ti=% (i=1-6)],
U=V, ¥, 7)) [for T,=% (i=1-3)]. (B2)

The explicit forms of these matrices are given in Appendix A. Here we assume that all the off-diagonal elements of the slepton
mass matrices, both flavor violating and conserving ones, are much smaller than the diagonal eﬁ(a!_n%qus(ﬁrlz)jk (j
#k).]

In the mass-insertion technique the internal slepton lines are classified to two types at one loop level. First type is a slepton
line on which the momentum of slepton is not changed as

l~1 Zg ig lN
P S
@, (i, (M, (7 )iy_ly
—_—
k
1 9 1 2 1 9 2 1
= g s g (Mt gy (ot~ (M s g 3

where we call the diagonal components of the slepton mass matr@g)qi (as Frlz We would like to consider the;"
|

Hery process, and so in the above figure we mean that an antislepton is going from left to right with a moenien
product of propagators in the above equation is referred \as

(M M. M )= ——— . (B4)

The second type is a slepton line where the momentum is changed, by an emission of a photon with an outgoing momentum
p, as
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-

Zl Z2 Zg ZN
—_—_— -~ @ =~ = e — — — —

(mlg)llb (mlg)bls (ng)lah (mlg)lN—llN

R — R —
p+k k
1 1 ., 1 9 ., 1
= G g D g (Tt (T
1 2 1 1 5 5 1
* (k+P)2—mzl( Dhts (o)~ B, )l (m’)’”-"Nk2-m?N
+
1 1 2 9 1 1
+ g = Wi = (M )ity (M )iy .
(k+p)2—mh( )”(k+p) —mi( uts = (7 )i YN (k +p)? —my, k-,
(B5)
The sum of product of propagators in this equation is referred ©as
G(Frzﬁrz mg)z 1 1 1 1 N 1 1 1 1
NUUIL SIS (k+p)2_ﬁl2 K2— kz |2 kz_n—,FlZ (k+p)2—ﬁ|2 (k_,_p)z_mlzz k2—_|22 kz_ﬁf
1 N 1 N
N 1 1 1 1 (86)
(k+p)>=T (k+p)?=i  (k+p)*—m K-
1 2 N N
|
These functiond-, and Gy can be given as a finite differ- FN(FWZ mTZ rr_1~|2 )=DN=1[F,(m?);m?]
ence ofFy_; andGy_1, 112 N
—2 —2 —2 —2 2 —2 . =2 X(ﬁlz'm%"“’mTzN)’
FN(rrrl,mTz,...,mTN)zD[FN,l(nrl,nrls,...,nrlN);rnT]
X(m ), (B7) G (T T ... )=DN " Gy (m?);m?]
—2 2 —2
X(me,m-,....m ), (B1O
Gn(ITE [T ... )=D[Gy-1( [T ... )i ] (M My (B10
1 2 N 2 3 N
><(Fr|2 ,Frlzz), (B8) where
1
where N_1 N
DN 00X (X0 X X) = 2, 1;[ — | f(x).
= Xi = X]
(B11)

1
D[f(X):X](Xl,Xz)EH[f(xl)—f(xz)]- (B9)

Because of this fact, we can get amplitudes with any masses
Then, by taking finite difference in sequence, each scalar lin#hserted from the corresponding flavor-conserving diagrams.
can be represented as a linear combination of flavor conserv- Before we derive amplitudes @‘+—>e v(i>]), we in-
ing scalar linesfF, or G, troduce a mass funcnoﬁ\j' as
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FIG. 17. Assignment of the momenta to the external leptons and
the external photon in a lepton flavor violating diagram. An anti-

charged leptore;” going into the left vertex with momentum is
annihilated there, and a photon with an outgoing momenrguand
an anticharged Ieptoaj+ with an outgoing momentunp—q are
emitted.

M 2 2 2N _ 2M
iMm2m2,...m3)= k H

(m )2
(B12)

This function|¥ can be reduced toy_, or IN ' by the
following rules:

N(mf,m3,...m%) =D[IN_;(m?m3,....m%);m?)(mf,m5),
(B13)
N(m2 m3,...m&)=maINt(mi,m3,... m2)
+INCL(mE,m3, ... mR ),
(B14)

and then, all ¥ for N>2+M can be derived from?,

m2
19(m?)= ( 1— Iogp) m2, (B15)
( 1)L+M+NDL[IM(m mz, --,mQ,ml,--
—,_/

N-P

(9) (d)

(me)zou (me)m.lm
-<-®- gy
€ri €p; 5L] €r;

(e)

FIG. 18. Patterns of the chirality flips in the lepton flavor vio-
lating diagrams in the;” —e;"y decay (>]). In the diagramga)
and(b) the lepton chirality is flipped on the external lines, while in
(c) and (d) it is flipped at a vertex of lepton-slepton-neutralino
(-charging. In (e) it flips on the internal slepton line. Chirality flip
on the internal slepton line does not occur in the diagram with a
virtual chargino because of the absence of the right-handed
sneutrino at the low energy region.

whereA is a renormalization point. Also, the signsl&f and
DI h"] are definitely determined as

Then, we can discuss about relative signs between severfdr N>2+ M, since

diagrams definitely by usingy and the finite differences.

Furthermore, since the mass dimensionlfis (4+2M
—2N), we can derive the following relation:

(2+M—N)IN(mZ,m3,...,m3)
N

— 21M 2 2
—iz,l m2M L (m2,...

m2m?,...m3)  (B19

(= DHNMIN(mE,m3,- -+, mY)>0, (B16)
) am?’);mz](MfaMga e 7]‘1[2&1) > 0.
(B17)
|
d —2—M+N 2
&{x IN(xmZ,xm3,... xma)}=0. (B19)

Because of EqgB13), (B14), (B18) there are some ways to
represent one function, for example,
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Ig(mz,mz,mz,Mz,M2)=—3m2Ié(m2,m2,m2,m2,M(2). ) A=A+ A+ Al 1+ AL o+ Al s,
B20 N N - N N -
AR =AR e+ ARV lea+ AR [na + AR [+ AR |-

We will derive amplitudes ofe; —e'y (i>]) by the (B22)
mass-insertion technique. The amplitude is generally WritterA(,_"JF{ n1c1 come from diagrams in which the lepton chirality
as is flipped on the external linegFigs. 18a) and 18b)].

Al 122 are contributions from the diagrams in which the

T=eec™7(D)i BATIP, + AP Vo (0—0q). B21 chirality is flipped on a vertex of lepton-slepton-neutralino
vilPNioapd (ALTPLH AR PRIV (P—0).  (B2D) (-charging [Figs. 18c) and 18d)]. Al}}| 5 are contributions

from those with the chirality flip on the internal slepton line

Here, e is the electric charge¢* the photon polarization [Fig. 18e)]. Subscriptc andn represent that they are from
vector,v; andv; the wave functions for the external leptons. chargino and neutralino diagrams, respectively.

Assignment of momenta of the external fields is shown in  The neutralino contribution t&\(")|,;, derived from a
Fig. 17. Since above term is violating the lepton chirality, it diagram where the chirality of lepton is flipped in the exter-
is convenient to decompogd) andAlY) as nal lepton line, is given by

) 1 _ -
AW =~ NAO* NAG) m,z mz m__Z
R 6(am)2 e L N§=:1 |1,;|:N—1( 1o, (MR, (MR 1y

Nr12/m2 72 2 g2 212 =2 =2 T
XD [IE-)(mé,mé,mé,M;(ji,M~/(i),mé](méI Mg, 5oy ) (lo=HIn=]),
0 1 N

Agj)|n1=(Af_”)|n1)|_HR,|0:i+3,lN:i+3’ (®29

wherem,, is theith generation charged lepton mass, and thechirality conserving gaugino interactions, andf’, NA{",

. LR
explicit form oflé is and Nﬁg) are the(lepton-chirality violating Higgsino inter-
actions. These coupling constants are represented by the
o5 1 1 MSSM parameters in Appendix A.
2, =2 —2 —2 .2 2. = _ 2 p pp

5(mg, Mg, Mg, M50, M0) = rT_‘% 2(1—x)4(1 6x+3x Sign of the term withN off-diagonal inserted-masses in

. AD| ., is definitely determined by signs of coupling con-
+2x°—6x“logx) (B24)  stants of slepton to neutralino and the inserted masses, and is

, 2 2 \AG) ; i independent of the diagonal slepton masses and neutralino
with x=Mz3o/mg. N[’ is a coupling constant between slep- nasses since

ton and neutralino, and our definition of couplings of slepton
to neutralino(or charging is o o _
olor charging s - (— 1) DN T 2, M2 2), 72
~ Lin=7{Xa (CLR'Pr+ CLl"PL& +2[ XANIR Pr X T, )0, (B26)
+NADP e +BL X ANAE PR+ NA!'P )ej+H.c.

(B25) A contribution from a neutralino diagram where the lep-
_ . _ ton chirality is flipped in the vertex of slepton-lepton-

Here, CAV, N and NAY correspond to thelepton-  neutralino is given as

- 1 . .
(D] — = AMogNAD* NAG) m2 M2 (M2
AL [n2 2(4W)2MXgNLR NLLC N=1|1,;|:N,1(mé)'o'l(mé)'1'2 (M1 iy
X DN[I 5(TE, M2, M0, M20);: ME](ME e ..M ) (lo=i,Iy=}),
A A lo (] In
AR |n2= (A 2L Rig=i + 3Ly = +3- (B27)

The explicit form of1} in Eq. (B27) is

116005-19



J. HISANO AND DAISUKE NOMURA PHYSICAL REVIEW D59 116005

1 1
|im§,ﬁ§,|\/|§o,|v|§o) —zﬁg(l X2+ 2x log x) (B28)

with x=MZ,/Z, and the sign oDN[13] is (—1)N** from Eq. (B17).
A contribution from a neutralino diagram where the lepton chirality is flipped in the internal slepton line is given as

A 3=~ 2 )ZM A')*NA(J)E 2 (m§)|0|1("_1§)|1|2'“(ﬁ%)IN,lIN
><DN[|i(mg,ﬁg,m}o,m}o);mg](—; ,m.; e ) (lo=i+3Iy=),
A A 0 1 N
A;'\i’j)|n3:(AEj)|n3)LHR,IO=i,IN=j+3- (B29)

A contribution from a chargino diagram where the lepton chirality is flipped in the external lepton line is given as

X DN[I(m2, m2, M2 M L ,) m;](ﬁéI T e ) (lo=iIn=]),
AR 1= 0(me). (B30)

The explicit form oflZ in Eq. (B30) is

1 1
2,2 2 2 2 2 \_ . _— _ 2 3
I5(m;,m;,M;(,,M;(,,M;(,)— ﬁ%—Z(l—x)4(2+3x 6x°+ x>+ 6x logx) (B31)
with x=MZ /M, and the sign oDM[13] is (—1)N*™.
A contribution from a chargino diagram where the lepton chirality is flipped in the vertex of lepton-sneutrino-chargino is
given as

1 . _
A(])|02_4_ZMXACA(I)*CA(] Zl | EI (mg)|o l( )|1|2 ( ’2’)IN—1|N
=llhdIn-e

(4)
XDN[IA(mE,M2_ M2_ M2y (m2 w2 ... ) (lo=i.In=]),
VEUXAT XA Xa v L Iy
AR c2=O(me). (832
|
The explicit form ofl} in Eq. (B32) is —e"y). First we considerr™ — u " y. The whole contribu-
tion to 7t — u "y can be written as
1Z(ME,M2_ M2 M2 )= Lt
A M M3 )™ 2 2y AL = eyt AL A oy AL A,

X (3—4x+x%+2 logx
( 9%) ARY = AZH 1+ ARM |2+ AR [+ AR o+ ARM s,

(B33 (C1
. 2 ,—o . . . . . .
with x=Mz_/m;, and the sign oDM[I3] is (—1)N*™. in the same notation as the previous section. In many models
the dominant contributions te— w7y are from the diagrams
APPENDIX C: APPLICATION OF MASS INSERTION with single insertion of (71%)32, (M), A2, or AZ.
FORMULAS TO 7% —p*y AND pu*—e’y Among these lepton flavor violating coupling constants only

. . 5 . 2 2 .
In this section we apply the formulas derived in the pre-(M;)s2 and (mg) s, are important for tapg=1. We here show
vious section tor* —u*y and u* —e*y processes. We explicit expressions of the diagrams with single off-diagonal
neglect m,(mg) in the calculation of touty (ut slepton mass matrix element insertion for fzl. From the
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formula we derived in the previous Appendix, the contribu-
tions from diagrams with the lepton chirality flipped in the

external line[Figs. 18a) and 18b)] are given as

1
, 1 a; (M)32 1 fo(X)= 1—6x+ 3x%+ 2x3— 6x2 logx
Al M)|01:_m76 1. © R)il[ﬁ%_—m%_]{agv_fcl(xAiﬂ) n1(X) 2(1- )4( g )(’C7)
)3 T )3
— izfcl(XA..) , (C2)  Which are positive definite and monotonically decreasing.
m;_ o Following coefficient functions are also defined to be posi-
tive definite and monotonically decreasing.
A(Rw>|c1=(f)(mﬂ), (C3) The diagrams where the lepton chirality is flipped in the
vertices give the following contributions:
(7a)
AU [n=m 7124 ((ON)Az @ M~— (m%)sz
, AT 2=m T47Tf—( RIALOU A2l o
+(Op) ar tanfy)? e [ e eos? R
an ——— [{ — T (Xaz
(On)az tanbyy, m,"21 - m% n1(Xaz, ) 1 1
- : : X m_ZfCZ(XA?#)_FfCZ(XAZT) , (C8)
1 V/.L VT
- n—gfnl(XA*TL)} , (CH
TL AZH| = 0(m,), (c9)
(Md)an 1
AP p=m = (ON)Al 2 i 7 [{ =2 Fra(Xaz,) 1 a, M=o
3 4m m; | | Ma R AW o=—m— —= ———"———(Op)as((Oy)
R R R L n2 T4 dar my, COSHWCOS,B N/A3 N/A2
1
— 5 Faa(Xaz ) b (CH (m”)sz 1
me R
R +(Onartandw)| —— | 7~ fna(Xaz, )
ML L ML
wherexj= M /m~ with l=v,, v., u, 7, ur, andrg 1
and Ya=YXa and Xa. The coefficient functiong .,(x) and - anz(XA;L)], (C10
fa1(x) are given as an
|
1a M52 (M | 1 1
(| ¥ A e i -y -
A" |n2_m72 pp. mzsinawcosﬁ(oN)AS(oN)Al m;% — |m§ fr2(Xaz,) 2 fnz(XATR)], (C11
R R R
where the function$ ,(x) andf,,(x) are defined as
= _ _ 2
ch(X)_ m(?) 4X+Xx°+2 |OgX), (C12)
f ! 1—-x2+2x1 C13
nz(X)—m( X“+2xlogx). (C13

PHYSICAL REVIEW D 59 116005

1
for(X)= 2(1—_)()4(2+3x—6x2+x3+ 6xlogx), (C6)

Finally the contribution from the diagrams in which the lepton chirality is flipped on the internal slepton lines are

7 1 a, 2
A ne=— > E(ON)Al((ON)A2+ (On)az tanéy)tan 0W(mER)33(m[)32M}2

1 1 1 f ) 1 1 1 - )
X{— — ) 7 The(Xa7,) T —2 — 72 7 Tha(Xaz
_ < R — —mZ L
m;R m;R m;L R ML m;L m;L m;R m;L ML
1 1 1
S | 7 fra(Xaz, ) ¢ (C19
ML ML TR ML L
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A= 5 22 (Oaa((O
R n3 2 A N/A1 N/A2

! ! fra(Xa7,)
) 7 Tn2(Xa7
—-m_m —m= L
L R T MR

1
+(Op) a1 tan Byy)tan By (M) 33 m) 5;M ey
L

1 1 1 1 1

1
T e R fnz()(A;F*ng m: —me m: —m? Fra(Xagig) 1 - (19
"R "R "R MR KR MR L MR R

EN

Next we present the mass insertion formulagor—e™ y. Here we assume mass degeneracy between selectron and smuon,
then

mweR: m/NLRE mIR'

The contributions from diagrams with the lepton chirality flipped in the external[Figs. 18a) and 18b)] are given as

2 2 2 2
(ue) 1 a; 5 2 (M7)23(My )31 | 1 (M7)23(My)a1| 1
AL er=mug 7 (Or)as (W)zﬁw Fﬁgcl(XAZ)_ )2 F}Z}fcl(XA}?T) : (C16
A= 0(me), (C17)

ap

() 1 ) 2 (m%)ZS(m%)Sl 1 _
A |n1:_mﬂﬁ 2, (O a2t (On)as tanbyw) (W)zﬁw —7 9n1(Xai,)
I L I
(m%)zg(mg)sl 1f ( ) (19
S (X ) b
(ml“ZL_m;Z.L)Z m%_ n1\AAT
(x0) 1 ay 5 o (Md)(md)y] 1 B (M2)od(me)a] 1
A |nl:_§mME(ON)A1 (”‘é)21+nr|2_—2 _|49n1(XA|R)_ (m~|2——m~2)2 Fifnl(XA?R) ,
R R R R R R
(C19
with
Ier(X)=Fea(X) +xFeq(X),
In1(X)=TFra(x) +xf11(X). (C20

Here primes orf; ,;(X) mean differentiation about
The diagrams where the lepton chirality is flipped in the vertices give the following contributions:

M-~ 2 2 2 2

AL as XA o o 2 +(f‘n[)za('“ﬂ[)al 1 (Mp)2a(Mp)sg| 1 ¢

U le2= m“4w\/§mwcos'8( RIAL(OL)a2) | (M7)21 m%_m%T rrégcz(XAV) (m%_m‘g/r)z mi c2(Xaz) [
(C21)

A= 0(me), (C22
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2 2
() 1 a, Mx9 ) (M7)23(My)a1| 1 B
Al |n2:muZEW(ON)AB((ON)A2+(ON)A1tanew) (”ﬁ)zﬁw _TgnZ(XAIL)
L L L
2 2
(Mp)2a(Mp)ar| 1 ; 23
— —_— | — X ~ s
(mlz_mg)z m§ n2(Xaz, )
L L L
e lay M3 , (M)mdy] 1 )
AY |n2=—mMEEW(ON)A3(ON)Al (mé)21+m72_—2 _IA,gnz(XAlR)
R R R
(mé)za(mé)sl 1
|| f )b C2
{(m?—mg)z mZ n2(Xa%.) (C29
R R R
Here the functiongl,(x) andg,,(x) are defined, similarly t@.; ,1(x), as
gcz(X)Efcz(X)"'Xféz(X),
In2(X) = fa(X) +xF15(X). (C29

The contributions from Fig. 1®) in which the lepton chirality is flipped in the slepton lines are the following:

1 [£%]
A 3= > dm M}g(ON)Al((ON)Az"‘ (On) a1 tandy)tan by
2 2 2 1 1 -
X = (Mg)23(M{R)3s(MY) 3l — — 5 2 5 2 2 fra(Xaly)
lr g mﬂTR mIR mMTL IR I
1 1 1 1 o ) 1 1 1 1 ¢ )
+— Xpz )+ —5 X
R R i S — LA mgmg_mgmg_mgmg_znz(ATR
T IR "L RO I R TR IR "R LR I
1 1 1 1 ~ ) 2 1 ~
T % 73 fn2(Xa1) | T(MR)2A M) 21| — —7 o= fna(Xaly)
m m —m m —m_m — m (my —my )
I lr 1L RO L Ir IR I

1 1 _ 5 2 2 1 1 -
T 77 In2(Xal) | T (MER)22A M) oM )3a| ——7 7, 2 7 fna(Xaiy)
my My = m my (my_—my )7 my —me
L L R R R L R L
1 1 1 o - 1 1 1 ( ) (26
-7 X ’;- 4 X 0 1
M (2 —m2 )2 me —me "2 AT T e —mg On2 AL
LT I L IR T IR 1L L

1 2%
A ns= >4 M59(On)a1((On) a2+ (On) a tanfy)tan by

2 2 2 1 1 1 3
X _(m[)za(mLR)33(m§)31 2 72 > 2 2 2 2 fnZ(XAIL)
LomE -mE me —mEmy -y
L L L L R L R
1 1 1 1 f ) 1 1 1 o )
+— Xaz )+ — Xa
Eme - e —mE m2 e AR T o e —mE m2 e A
R TR I R L 7R Ir T L TR T IR
11 1 ) , ) 1 1 )
T 2 2 2 2 7 fn2(XaTy) |+ (MER)22AMe) 21| — —7 —7 7 fna(Xal))
moome —meome —me my —me my (my —my )
R R L R L R R L L R
1 1 - 2 2 2 1 -
T 77 n2(Xal) | T (M{R)22AMe) 2a(Me)za| =~ — 75 —7 5 fna(Xal)
mmy —m; me (my —my)S My —ny;
R R L L L R L R
1 1 1 o ) 1 1 1 ( ) (c27)
- 2 7 Tho(Xaz )T —7 72 On2( XAl -
m (m?2 -m)2m -m Ry —-mt mE —mZ R
R R lR R IL IR IR IL lR R
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APPENDIX D: RENORMALIZATION GROUP EQUATIONS

In this Appendix we show the one-loop level renormalization group equatRG4’s) relevant to our discussion in the
text. In the equations below we use a shorthand notation, that is, for matrices in generatioA apd@&we define{A,B} by

{AiB}ijEEK (AikBijt+ BixAxj) - (D1)

1. RGE's for the MSSMRN model

First we devote ourselves to the MSSMRN model. The RGE's for the gauge coupling constants and the gaugino masses are
unchanged from the MSSM since the right-handed neutrinos are singlet under the standard model gauge group. First we list the
RGE’s of the Yukawa coupling constants:

2 d 9 2 2 T t + t
16 “@feij: —ggl—3gz+3 Tr(fqfg) + Tr(fefe) feij+3(fefefe)ij+(fefyfy)ij; (D2)
16772df— 3232‘3TffT Tr(f £, +3(f, fTf fflf D3
Ma vij _ggl_ 9>+ r(fy u)+ r(f, y) "ij+ (f, v v)ij+( vlie e)ij- (D3)

Next RGE'’s of the soft massess aAdarameters:

d 6 3 5 B
167 g (M) =—| 501 M1 >+ 693 M 2)5”-—ggisaj+{mz,f£fe+f£fy}i,-+2<flrn§fe+mhlflfe+A£Ae>i,-
+2(fTméf + I+ ATA ) (D4)
vy h2' v 1% j
16Zi o) _ 22 o 2s 18 2es Lo b i b At B R f 4 AAT D5
WMdM(mé)ij— 5 g1IM4[28;+ 591 ij +2{mg, fefelij +4(femyfo+ M fefo+ AAg)ij (D5)
d
16772,&@([‘!‘}%)” =2{m, f,f 1} +4(f,mif + 2t f 1+ A AT, (D6)
1672 iA N 2_ 302+ 3Tr(flf ) +Tr(flf,) A, +2 9 2M,—3092M,+ 3 Tr(fIA,) + Tr(fIA,) | f
TR G T T 5917 %% M(fafa) +Tr(fefe) [ Ae, 5 91M1—39;M> M(faAg) +Tr(feAe) [ Te,
+A(TfIAL N +5(At le) i +2(Tof TA,) i + (AT, (D7)
1672 iA _|3 2_302+3Tr(flf )+ Tr(f'f )iA, +2 3 2M,—3g2M,+3 Tr(fTA,) + Tr(fTA ) | f
T Iud,LL Vij_ 591 gZ+ r( u U)+ r( v V) Vij+ 591 1 92 2+ r( u u)+ r( P v) Vij
+A(F,FIA)+5(AFIE )i+ 2(F I + (AT lTe)i; (D8)
where
S=Tr(mg +m; — 2mé — m? +mg) — 2, + . (D9)

Hereg;, is the U1) gauge coupling constant in the GUT convention, which is related to they§dyge coupling constagt,
by g7=(3/5)g1.

2. RGE's for the SU(5)RN model
Next we list the RGE’s for the S8)RN model. The superpotential of the matter sector is

1 — 1
W= quij lr//iABlr//JcDHEEABCDE"_‘/Efdij l/fiAB¢jAHB+ fvij 77i¢jAHA+ 5 M, 7 i
and the soft SUSY breaking terms are
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- . e e
= Lsusy breaking (M5)ij i 9+ (M) by + (M%), 77+ mih™h+ myhTh
1

1 ~~ ~—~— ~
+ ZAuijlr/lilr/ljh+‘/2AdijIrlji¢jh+Avij7]i¢jh+H'c' +2

Mshs A5 +H.c. (D10
We denote the S(B)gyt gauge coupling constant &g, the SU5)gyt gauginoAs, and its soft Majorana madds. We

neglect a couplin@HEﬁ, as stated in the text.
First is the RGE's for the dimensionless coupling constants:

, d 3
16w ,uag5=—395, (D11
, d [ 84 2 t T t t
16m Mﬂfdij: —59t4 Tr(fafa) | fa, +6(fafafa)ij+3(Fufufa)ij+ (faf,fu)ij (D12
, d |96 2 T T t T * T
167 “Mfui;: —ggS+3 Tr(f fo)+Tr(f f,) fuij+6(fufufu)ij+2(fdfdfu)ij+2(fufdfd)ij, (D13
, d |48 2 t t t T
167 ”ﬁfm: —§g5+3 Tr(flf)+Tr(f)f,) fyij+6(f,,fvfy)ij+4(f,,fdfd)”-. (D14
Next is for the soft masses:
2 d 2
167 MMM5=—695M5, (D15)
, 4 5 9% , > Ty 2 26t £t 2T t 1\ 2
16 “Mm":_ 395M5+6 Tr(fyf)mp+6 Tr(f myf+f,my f,+AA) +2 Tr(f,f)my
+2 Tr(f,maf T+ £ Im2f% + A AD), (D16)
2, 4 2 96, 5 ) 2 261 ¢t i
16 ,u@n‘q:— 395M5+8 Tr(fgfg)mi+8 Tr(fgmyfga+famy fo+AdAqg), (D17)
2d 2 14422 2 * T * T * T 2 * 2 2TeT * AT
167 M@(mw)ij:_?95M55ij+{m¢’2fdfd+3fufu}ij+4[(fdfd)ijmh_+(fdm¢fd+AdAd)ij]
+6L(f5 fo)yma+ (F maTf i+ AFAD ], (D18)
2 d 2 9% 50r2 2 g5t T T 2 2T T
16m Mﬂ(m@ij:—ggsMstsij+{m¢,4fdfd+fyfu}ij+8[(fdfd)ijmﬁ+(fdm¢, fat+AgAaij]
+2[(F3F,)yma+ (FIm2Tf,+ ATA ) 1, (D19)
2 d 2 2 £x¢T *x£T 2 * ~2T¢T * AT
16w M@(mn)lj:5{m7]’fva}lj+1q(fva)ljmh+(fvm fV+AVAV)IJ] (DZO)
Finally A terms:
, d | 84 2 T 84 , t t t T
16’77 M@Adij: —€g5+4Tr(fdfd) Adij+2 _§95M5+4 Tr(fdAd) fdij+1qfdfdAd)ij+3(fuqud)ij+8(Adfdfd)ij
+6(Affa)ij +(Agf L) +2(F4f LA (D21)
, d 9% 2 T t % , T T T
167 MEA%: —€g5+3 Tr(f fy)+Tr(f,f,) Auij+2 —€QSM5+3 Tr(f Ay +Tr(fLA,) fuij+2(fdfdAu)ij

+9(fquAu)ij +2(Af5 19 +4(Adf3fu)ij +9(Auf3fu)ij +A(FFEAD (D22
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d
16m2u—A, =
du i

48 , t t
_ 3954—3 Tr(f fu)+Tr(f,f)) AV”_+2

+A(AFif Q)+ 1UAFIF)+8(F,FIAY; -
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48 - t t t
€g5M5+3 Tr(f Ay +Tr(f,A) f,,ij+7(f,,fVA,,)i]-

(D23
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