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The study for lepton flavor violation combined with neutrino oscillations may provide more information
about the lepton flavor structure of the grand unified theory. In this paper, we study two lepton flavor violation
processes— uy andZ— 7u in the context of supersymmetric $) grand unified models. We find the first
process is detectable in a quite large supersymmetric parameter space if the experimental sensitivity for this
process can reach up tox110™°. The latter process may be important in some supersymmetric parameter
space where the former is suppressed. It is especially important in the region with sngalinidriarge scalar
lepton masses. However, it is detectable at Gigaption of the Tesla project only when the value of fais
close to the limit set by the present Higgs boson search experiments.
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[. INTRODUCTION vors due to this matrix are too small to be observed because
of the tiny neutrino masses. In the supersymmetric GUTSs the
Super-Kamiokande data on the atmospheric neutrindigh-energy lepton flavor violatiofLFV) interactions may
anomaly present strong evidence for the existence of neudeave a trace in the mass matrices of scalar partners of lep-
trino oscillations. The anomaly can be explainedihy-»,  tons by renormalization effects, which drives low-energy
oscillation with Sm3,=(1—8)x 10" % eV? and a large mix- LFV processes since the mass matrix of the charged leptons
ing angle siﬁ(20#7)=0.8—1 [1,2]. In addition, the long and that of sleptons cannot be diagonalized simultaneously.
standing solar neutrino deficit can also be interpreted as arFherefore, the study of the LFV process may provide impor-
other type of neutrino oscillatiofi3,4]. Assuming that the tant information on the flavor structure of the supersymmet-
Liquid Scintillation Neutrino Detecto(LSND) anomaly[5] ric GUTs. Various LFV processes have been studied in dif-
will finally disappear all these observations about neutrinoderent theoretical frameworks by a number of authdi@—
can be accommodated in a model with three very light activé.4].
left-handed neutrinos. Many such models have been pro- There are two purposes of this work. One is to study the
posed to explain the measured neutrino parameters sinddV processes in the context of supersymmetric(BID
Super-Kamiokande first published the dgg& Among them  grand unified models with a “lopsided” texture for the mass
a natural explanation of the neutrino masses is provided bgnatrices of the down quark and charged lepton which has
grand unified models which interpret the very light neutrinobeen advocated by a number of authors to accommodate the
masses compared with the quarks and charged leptons by thge v,-v, mixing and smallV, [15,16,8. If the experi-
see-saw mechanisfit]. Especially in SQL0) grand unified mental sensitivity onr— wy can reach down to 10 °
models, in which the right-handeRH) neutrinos have [10], not only can this process be observed but it can even be
masses of the order about unification scale and the leptoused to discriminate different fermion textures in the grand
masses and the quark masses are related, correct neutringified models. Another purpose of this work is to present
masses can be obtaing8]. The measured neutrino massesthe analytic formulas for the branching ratio of the process
are even regarded as a new evidence supporting the gradd- 7w in the minimal supersymmetric standard model
unification idea[9]. As has been argued in R¢B] a value (MSSM) and the numerical study in the class of models con-
for m(v,)~ 35 eV falls into a natural range predicted by a sidered by us. This calculation seems absent in the literature.
grand unified model based on either a string-unifig@2d)  This calculation is triggered by the Giga-option of the
model or a SQL0) grand unified model. Furthermore, grand Tesla project which may expect the °18 bosons at reso-
unified theory(GUT) has the advantage that it relates thenance[17]. The upper limit for the branching ratios could be
neutrino problem, its masses and mixings, with charged lepimproved down to BRZ— u™77)<fXx2.2x10 8 with f
ton and quark masses and mixings into a large fermion flavor 0.2~1. We find this process is quite interesting phenom-
problem and thus gives more definite predictions. enologically since in some supersymmetric parameter space
Conversely, the parameters measured in the neutrino see— wy is suppressed.
tor can provide a window on the grand unified theory study The paper is arranged as follows. In Sec. Il we discuss the
and they also give important feedback on the problems obrigin of the LFV interactions in a supersymmetric grand
quarks and charged lepton masses as they are all related umified model and the renormalization group equations
the GUT. A direct inference of neutrinos being massive is(RGES. In Sec. Il we present the formulas for the branching
the existence of a Kabayashi-Maskawa-like matrix for theratios of the two processes. In Sec. IV we briefly introduce a
lepton sector. However, the processes violating lepton flagrand unified model proposed in R¢l5] that we used in
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our calculations. The numerical results are presented in Sec.
V and we summarize and give conclusions in Sec. VI. Q _
177'4 ’ ~ “u
Il. RENORMALIZATION GROUP EQUATIONS AND LOW H
ENERGY SUPERSYMMETRIC SPECTRUM ‘ .
T w I

A. Origin of lepton flavor violation

If the SM is extended with massive and nondegenerate
neutrinos, LFV processes may be induced. However, such ¥
processes are highly suppressed due to the smallness of the
neuztring masses. The branching ratio is proportional 1 G 1, Feynman diagrams contributing te- 1 y. The univer-
om;/My, which is hopeless to be observgtB]. When su-  sa| scalar neutrino masses become nondegenerate and mixed by the
persymmetry enters the theory the scene changes completehondiagonal Yukawa couplings. This effect gives low-energy scalar
The LFV may also be induced through the generation mixingheutrino mixing by RGEs running.
of the supersymmetric soft breaking terms of the lepton sec-
tor. However, arbitrary mixing of these soft terms in the neutrinos with mass matrixn,= — (f ,v,)M "1(f,v,) " by
MSSM are not predictive. In our calculations we adopt thethe see-saw mechanism. Suppmgnj: is diagonalized by
supergravity mediated supersymmetry breaking mechanismtl then the matrix
to produce universal soft terms at the GUT scMeyr,
because nonuniversal soft termsMgyr may produce too VMNS:UIVE (2.9
large low-energy LFV observable effedts0,11. The tree
level universal soft terms may induce nondiagonal terms afi€termines the neutrino oscillation parameters. In the pub-
low energy by radiative corrections including LFV interac- lished grand unified models which emphasize the neutrino
tions at high scale. Our procedure includes calculating th@scillations the largev,,-», mixing angle inVMNS mainly
low-energy supersymmetric soft terms which is not generacomes fromU [6]. Thus, on the one hand, we may expect
tion universal now by integrating the RGEs and then calcularge rates for LFV processes due to lagger mixing in
late the LFV branching ratios induced by these nonuniversalUE, which at the same time causes largg v, mixing in
soft terms. VMNS for neutrino oscillations and, on the other hand, a dif-
For a supersymmetric S00) grand unified model, the ference betweeiv, and VMNS may be found by neutrino
structure belowM gyr where the grand unification has been oscillations and LFV processes. If so, important information
spontaneously broken is the same as the minimal supersyrabout the GUT structure may be derived.
metric standard modegMSSM) supplemented with MSSM  The soft breaking terms for the lepton sector i8]
singlet RH neutrino superfields. The superpotential of the

lepton sector is now Looi= —mﬁlHIHl—mﬁzH;Hz—(m%)”tftj—(mé)ijNRi*NRj
A P ~ A o 1
W:f'V'HzLiNj+f:JH1L|Ej+EM”NiNﬁMHlea —(m;zj)”vi*ijr BuHH,+ EBM”vi*vJ*
(2.1
wheref, andf, are the Yukawa coupling matrices ahtlis +(Aef)THI LR + (A F)THLvj+He|, (2.5

the RH neutrino mass matrix.andj are the generation in-
dices. Antisymmetric tensoe®® is implict to contract the wherei,j are generations indices. Mg r we assume the
SU(2) doublets withe'?>=—1. In general,f, and f; cannot  niversal conditions
be diagonalized simultaneously, which is the origin of LFV
interactions. Diagonalizé, andf, by biunitary rotations mﬁl= mﬁl:mg, (2.6)
fo=U!f,Ug, 2_ 2 2
I YLIER 2.2 M = me=m==mg, (2.7

o=V f Vg,
v TLvTR Ac=A,=A,. (2.9

whereUy r,Vy g are all unitary matrices. Then define Figure 1 gives the explanation of the occurrence of low-

VD:UIVL (2.3 energy LFV processes. The nondiagonal Yakawa couplings

inducev,-v, mixing through loop effects. This high-energy
which is an analogue of the Kobayashi-Maskai¥#!) ma-  process can be running down by integrating the RGEs to low
trix Vv in the quark sectorVp is crucial for LFV pro-  energy. Thus the study of LFV processes induced by nonuni-
cesses. The RH neutrino masses are not much lower in ordgersal soft terms can actually reveal high-energy fermion fla-
compared toM 7 in SO(10) grand unified models. After vor struture. In the basis where tlfigis diagonal we can get
the RH neutrinos are decoupled ahd gets VEV v, of  the nondiagonal scalar mass in the first order of approxima-
weak scale we get three light left-handddH) Majorana  tion as
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The integration procedure consists of iterative runnings of

M
euT the RGEs from the GUT scale to the low-energy sddlg

- 1
(6m2)23~Qf,,f1(3+a2)m§ log

Mg and back for every set of inputs afy, my;,, Ay, tang and
the sign ofu, which are the universal scalar masses, gaugino
%i(v 1oV )aa £2.(3+ 222 lo Mgur masses, scalar trilinear parameter, and the standard vacuum
g2 D723 7DI33 vy 0109 Mg ' expectation values ratio of the two Higgs fields and the

Higgsino mass parameter, until the low-energy gauge cou-
(2.9 plings and the Yukawa couplings are all correct within a
. . . given range. The parametegs and B are given by low-
wlhere Itnf ‘h? dllag?nal_lzeig Yuk_awa nlwatrlig onl}[/ e;hi(S,S) energy spontaneous breaking conditiphg,20].
elemen 3 IS Kept.a 1S Ihe universa pgrame o=aMp The RGEs at Appendix A is given in the basis whéyes
and My, is the scale where the RH neutrinos are decoupleddiagonaL The RH neutrinos are decoupledMVag. Below
Mg the basis is rotated to the basis whérés diagonal. The
B. RGEs running MSSM RGEs are obtained by simply dropping the terms

The RGEs used by us are given in Appendix A. We havdncluding f,, and settingVp, equal to 1. The basis rotation
paid much effort to keeping the RGEs for the soft terms ofi€ads to
lepton sector, which is relevant to our calculations, as com-
plete as possible. Specifically speaking, both the diagonal
and nondiagonal terms are kept in the RGEs. However, only (A) o=V (Ag) Vi
diagonal terms of the scalar quark soft terms are kept be- E/below™ ¥DLTE/up VD -

cause these nondiagonal terms are small and not relevant gxjow Mg =250 GeV the SM beta functions are used
our calculations. For the Yukawa sector, only 183) ele-  [21]. Threshold effects are taking into account by decoupling
ments of the diagonalized Yukawa matridgs f,, f., and  the corresponding particles at its running mass m(Q).

2 2
(M) betow= Vo (ME) VD,

(2.10

Mgyt to Mg is ignored. follows:
|
0 (0.92~2.8797%x10 % (—0.77~—-2.06x10 3
5mE= (0.92~2.87x10 3 0 (0.97~3.0x10 2 (3+a%)m3, (2.11
(—0.77~-2.0x10"% (0.97~3.00x10 2 0
0.7 (2.42~8.12x10* (—2.41~-5.88x10*
Ag=| (2.42-8.12x10°* 0.7 (2.5~8.67)x 103 Ao, (2.12
(—2.41~-5.88x10 4 (2.5~8.67)x10 2 0.7
|
where smaller tapg may give larger contribution. ing chargino, neutralino, scalar neutrino, and scalar lepton

mass matrices numerically. The slepton mass matrix is given

by a 6X6 matrix as
C. Low-energy supersymmetric spectrum

At low energy the supersymmetric particle masses and m2— M mLR) 2.13

mixing angles are obtained by diagonalizing the correspond- ! m[R Mggr/
M wherem; | , m g, MRy are all 3Xx3 matrices given by

o ! . \ (myp)ij=(mg)i; +(m) &+ M3 _§+5'n2 Ow | COS 2Bj;

T H T X K
LLLLLLL (MR)ij=—[(Ap) )+ utanp s m|,
7 p3
2 .

FIG. 2. The Feynman diagrams contributing to the process(mRR)ij:(mNR"‘mlz_M% sir’ 6y cos 28) 5ij -

T WuYy. (2.19
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The m% is diagonal since onlyf, enters its RGE. The full . ANALYTIC FORMULAS

sneutrino mass matrix has aX22 structure. However, ac- Figure 2 gives the one loop diagrams relevant to the pro-

cording to Refs[10,11] if we only keep the first order of cessr— uy. The amplitude of this process can be written in

these terms perturbed by RH neutrino masses we can havetfze general form

very simple structure, which is relevant to generation mixing —
M=emu;j(py)io,,psz(ALPL+ArPR)U(P1) € (P3),

(3.
whereP | g= 3(1 vys) are the chirality projection operators.
i,j represent initial and final lepton flavor. The most conve-
nient way to calculatéd, andAg is to pick up the one loop
momentum integral contributions which are proportional to
The mass matrices of chargino and neutrino are standard angl(p,) P_ rui(p1)2p;- €, respectively. The neutralino ex-
given in Appendix B. changing contribution is

2 2 1 2
m;—mt+§MZCOSZB. (2.195

w1 e |7 1| arnieal 8Kk 236K logk Mg o 1-K?+2klogk

AP=——| ——| —|Bi“’B . +_tpletale s — (3.2
3272\ 2 cosf] ¥ 6(1—k) i (1-k)

A =AM (B A), (3.3

where ksz(o/rnf2 . A and B are the lepton-slepton-neutralino coupling vertices given in Appendix B. The corresponding
a a
contribution coming from exchanging charginos are

2 2 3
A©— g5 Zia*ziai 7o m;m, 2+ 3k—6k“+k°+ 6k logk
L 2V v 2 2a-2a 2 4
327 m° 2M§, cos B 6(1—k)
. My, . _ﬂ3—4k+k2+2|ogk (3.4
J2M,, cosg” ¥ 2em (1—k)3 '
g3 1 2+ 3k—6k2+k3+ 6k log k
A© = — =2 zia*zia __| 7+ 7+ *
crr A R 6(1—k)*
N My + 5= 3—4k+k?+2 logk s
J2Mcosg 28 (1—k)3 '
|
wherek:mi_/m% . Mixing matricesZ,, Z*, andZ~ are tude is given adM=3;a;M;, whereM; are
given in Appendix B. _
The branching ratio is given by My =Uu(p2) ¥*PL ro(P1) €y, (3.7
a@ M ,=u(p,)P ‘€, 3.8
BR(7— uy)= 4:_nmi5(|AL|2+|AR|2)/Frv (3.6) 34=U(P2)PL rU(P1)P1- € (3.9

respectively. The corresponding analytic expressions,; of
wherel’ .=2.265< 1012 GeV. are given in Appendix C. The branching ratio o ru is
Figure 3 gives the diagrams contributing to the» ru given byBr(Z—u7)=T(Z—7u*)IT,, wherel',=2.49
process. Neglecting masses of the final fermions the ampliceV and
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FIG. 3. The Feynman diagrams contributing to the procéss
— 7. The other two self-energy diagrams coming frertegs are
omitted.

1
FZ=un=2em, 2 |mf*= 487M,
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Experimental bound

m,;,=150GeV, tanB=5

— u>0
.......... l"’<0

Expected Sensitivity — SNL Sl

100 200 300 400 500 600 700 800 900 1000

my (GeV)

FIG. 4. Branching ratio ofr— uy as a function oim, for m%

=150 GeV, tarB=5 andAy=2m,,my,0. The solid line is foru
>0 and the dashed line is far<0.

[(Vp)a3 is determined by unitary condition of théy ma-
trix]. In most published SQ0) models the large,-v, mix-
ing is not produced dominantly byl g mass matrix and thus

M2 produce largeu-7 mixing, for example, we have\p),s

z
x| (lag]?+1azl?) - 2MZ+ (gl + [ag ),

-(Vp)33~(0.5-0.3) corresponding to#,3~(20°—70°).

Thus our discussions on these branching ratios are useful for
(3.9  estimating the predictions for such a class of unified models,
although they may be different in detail.
We did our calculations within the model given by Al-

where X represents the sum qf, 7 spins andZ polariza-
tions.

bright et al. [15]. The model gives excellent predictions of

quark and lepton masses and naturally explains the largeness

IV. A SO(10) GRAND UNIFIED MODEL

of v,-v, mixing and the smallness &f,. At Mgyr, after

the SA10) breaking to the MSSM, the fermion mass tex-
To give definite predictions we will work within a specific tures are given by

model. Before we turn to an introduction of this model it is
worth noting that our calculations are not very model sensi-
tive. That is the reason why we concentrate on the 2-3 gen-
eration mixing. The mixing between the first two generations
may be very sensitive to different models and we will dis-
cuss the processes separately. From Fig. 1, we knowrthat
mixing is mainly determined by the factosmay/mj,
which, from Eq. (2.9), depends only on the parameters
(Vb)2s (Vb)as, fuy Mgur, andMg. Mgyr~2X 10*° Gev

is required by any supersymmetric grand unified model. In
the context of SQLO) grand unified modelskv3 is related to

the top Yukawa coupling, at the GUT scale. In addition,
with the SuperK data ofn, ~3; eV Mg~2x10'* GeV is

roughly determined by the see-saw mechanism. Thus the
only model sensitive parameter in fermion texturesvg ),s
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0 5 o5e? .
Experimental bound
L= ) 0 o+e|Mp, W00 |
5, el¢ — € 1 5
4.2
2 Ag=my, tanf=5
whereU, D, N, andL are the up quark, down quark, neu-
trino, and lepton mass matrices, respectively. The most re- 107 | — w>0
markable feature of the textures is the lopsided paramete | ™7 p<0

o~1 atL andD. According to the SI(b) relationD=LT,
the largev,,-v, mixing due to thes term inL is related to i , /

the right-handed down quark mixing, which has no observ- 1 Fooo )

able physical effects. The smallness of quark mixifg is E:’w's | O
determined by the parameter- 0.1, which translates to the ®~
right-handed lepton mixing.

The model predicts the lepton sector 2-3 mixing with
0,3~63°, which leads to the only model structure sensitive ?
quantity for our processesvf),s (Vp)sz~0.4. Taking all
the fermion masses andy,, elements atM, given in Ref.
[22] as inputs, we calculate the corresponding values ai s
Myt With several values of tag by integrating the RGEs
and fit the parameters in Eg$4.1) and (4.2). We find 2
these parameters are not sensitive to the supersymmetric pi : . . ) . ) . ) .
rameters, except thawl, becomes larger as taking small 0 100 200 300 400 500 600 700 800 900 1000
tanB. To keep the predicted neutrino masses in the correc. m (GeV)
range we takeMz=5Xx10" GeV when tapB=2 and Mg
=2x 10" GeV when tarB=5,10 in our later calculations.

sb TN N

m,; ,=400GeV

10°

FIG. 5. Branching ratio ofr— uy as a function ofmg for A,
=my, tanB=5 andm,,,= 150,250,400 GeV. The solid line is for
©>0 and the dashed line is far<<0.

V. NUMERICAL RESULTS AND DISCUSSION

The relevant parameters on predicting the branching ra-
tios are the universal supersymmetry soft breaking param:
etersmgy, My, Ag, tang, and the lepton sector mixing ma-
trix Vp defined in Eq.(2.3). We will present dependence of 2
the branching ratio of the processes:uy andZ— ru on
the soft parameters in the model of REE5]. In our calcu-
lations the soft parameters are constrained by various thea
retical and experimental consideratid28], such as the LSP
of the model should be a neutralino and masses of relevan
supersymmetric particles be beyond present mass limits an
S0 on. & 100

In Figs. 4—7, we plot the branching ratio ef>uy as g
functions of mg for several sets of other soft parameters. I 5
Two experimental bounds are plotted in every figure, which&
correspond to the present experimental limit BR{u7y) 2
<1.1x10  [24] and the expected sensitivity of future ex-
periments BR{— ) <1.0x10 ° [10]. The general trend 10°
of BR(7— uy) is decreasing dramatically as, increases.

Experimental bound

In Fig. 4, the branching ratio is plotted fon,,,= 150 GeV, 1 myp=150GeV, tanf=10, p>0

tanB=5, and Ay=2m,,m,,0, taking . either positive or

negative. That branching ratio decreases veithA,/m, is 2 — A>0

easily understood due to the Eg.9). It is interesting to note o T Ag<0 Expected Sensitivity

that although this process cannot be observed at present,
will be detectable in the future experiments in a large part of 5

the soft parameter space 0 100 200 300 400 52.)}0 600 700 800 900 1000
. ) . . A%
Figure 5 presents the branching ratio famy, DelGE)

=150, 250, 400 GeV anfy=mg, tang=5. We can find FIG. 6. Branching ratio ofr—uy as a function ofm, for

that the branching ratio is also very sensitive to the paramm,,,=150 GeV, tarB=10, >0 and Aj=*2my,=m,,0. The
etermy,. It will decrease quickly with increasingy,. If solid line is forA;>0 and the dashed line is féx,<O0.
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my»>400 GeV, this process will be nonobservable as disHiggs boson seardl25]. We note that the remarkable feature
played in the figure. In Fig. 6, we plot the branching ratio for of the Z decay process is its dependence on the supersym-
m,;,=150 GeV, tanB=10 andA,=*+2m,, *m,, 0. We metric soft parameters tghandm, is opposite to that of
find that the sign of\, is not very important in the order of decay. Thus it can supplement the LFV search in addition to
magnitude estimate. However, the signfgfis still relevant the 7— uy process.
to the precise predictions. We find that this process is ex-
pected to be dectected when faiis as large as 10. Figure 7
plots the branching ratio at different t@ The branching
ratio increases as tghbecomes large. It is explained in Ref.  In this work, we present the dependence of the branching
[12] that the dominant term of the amplitude fer-uy is  ratios of two charged lepton flavor violation processes
proportional to tar8. We note that at tag=2 the sign ofu —uy andZ— 7u on the supersymmetry soft breaking pa-
can be significant. The branching ratio wheris negative is  rameters in the context of 00) grand unified models with
much smaller than that whem is positive. the “lopsided” texture of mass matrices for charged leptons
In Figs. 8—10, we present the quantitative results of theand down quarks. We expect these processes may be de-
branching ratio of the decay— ru. We find that in most tected in the future experiments. The first process is more
parameter spaces this process cannot be detected by thepeful to be observed. The second process may offer useful
GigaZ option[17]. However, we can still find several inter- information about the soft parameters if it is also observed.
esting features in this process which are different fromsthe The different behaviors of the two processes depending on
radiative decay process. The most remarkable feature abot#ng andm, implies that the simultaneous study of the two
this LFV process is that its branching ratio becomes large gprocesses will be interesting.
first and then approaches to a constant whgnis increas- We expect the study of the charged lepton flavor process
ing, which gives a sharp contrast to the processuy. Thus ~ may provide another window of high-energy physics in ad-
this process may have advantage overtheuy process in  dition to the neutrino oscillation study. The combined study
some region of parameter space. The reason for this differef the LFV processes and neutrino oscillation may shed light
behavior between the two processes can be traced back to thg the sector of right-handed neutrinos, which may be nec-
different coupling structures between the processes as shov@ssary in a model to naturally explain the small neutrino
in Egs. (3.1 and (3.7), (3.8). The magnetic structure of ~ Mmasses.
decay determines that its amplitude is inversely proportional
to the sfermion masses square, whereas there is a vector
current coupling in Eq(3.7) which determines th&— u7
amplitude’s trend as increasimg. Y-B. Dai's work was supported by the National Science
Figure 8 shows the branching ratio as a functiomgffor  Egundation of China.
my,=150 GeV, tamB=5, and A;=2my,my,0 with both
positive and negative sign qi. We find the sign ofu is
quite irrelevant. Figure 9 displays the same function for dif- APPENDIX A
ferentm,;, values, 150, 250, 400 GeV, with,=2m, and
tanB=5. The dependence of BR{- ru) onaandm,, is
similar to that of BRqC— uy). We note again that the sign of
p is irrelevant. Figure 10 gives the branching ratio for
tanB=2,5,10 withAy=2.5my, my;,=150 GeV. We can see

VI. SUMMARY AND CONCLUSION

ACKNOWLEDGMENTS

In this appendix we give the renormalization group equa-
tions of the MSSM supplemented with RH neutring,13.
The two-loop RGEs of the gauge couplings can be found in
much of the literature which will not be affected by the pres-
ence of the RH neutrinos. We give one-loop RGEs of the

that another important feature of this LFV process is that it i%(akawa coupling matrices and the soft terms which are af-

more favorable for the small tgh value in contrast to the . - :
. . fected by the presence of RH neutinos. In this appendix we

T—uy process. At the extreme case, the branching ratio .

g . , denote the Yukawa couplings of up quark, down quark, lep-
may access X 10~ °, which may be detectable. The relation- d : D E andN velv. D h
ship between the branching ratio and g easily under- ton, and neutrino a8, D, E, andN, respectively. Denote the
stood. For small ta@ large nonuniversal soft mass term Soft terms aSAU'U:UA and so on. The RGEs of the

~ . Yukawa couplings are

éms5 will be produced due to a Iargia,,3 in Eq. (2.9. We

note that when ta becomes smaller, the BR( 7u) in-

creases quickly. du 1 ) N .
In summary, according to our calculations we find that the dt 1642 [-Zcigi+3UUT+DD
7— uy IS more feasible tha@— 7u to reveal charged lep-
ton flavor violation in the context of S@0) SUSY GUTS. In +Tr(3UUT+NNN]U, (A1)

most parameter spaege— uy has a branching ratio that can
be detected if the future experimental sensitivity for this pro-

cess can reach up tox110™° [10]. The Z— 7 will hope- dD 1 o + +

fully be detected with the Gigd-option of the Tesla project at 16772[_20i g7 +3DD'+UU

in a small parameter space with the farvalue near the

boundary of the region excluded by LEP experiments of the +Tr(3DDT+EE"N]D, (A2)
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FIG. 7. Branching ratio ofr— wy as a function ofmg for A,

=mqy, My;»,=150 GeV, and tag=2,5,10. The solid line is fop
>0 and the dashed line is far<0.

dE_ 1 [—3c/g?+3EE"+NN'
dt 1642 e
+Tr(3DDT+EEMN]E, (A3)
aN__1 [-3c”g?+3NNT+EE'
dt 16472 P
+Tr(B3UUT+NN")]N, (A4)

wheret=logQ, ¢;=(i£,3,%8), ¢/ =(%.3.%8), ¢/=(2,3,0),

c¢"=(%,3,0). The RGEs ofx and soft parameters of Higgs

sector are
e _ [-3c/"g?+Tr(3UUT+3DD'
dt 16’7T2 I I
+EET+NN]u, (A5)
dB_ 2 "2
a— 16772[_2Ci gi |\/||+Tl’(3UUA
+3DDp+EEA+NNy) ], (AB)
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10
Expected Sensitivity
N PPN
2
- Ap=2my
10°F e
ke 5
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2
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FIG. 8. Branching ratio ofZ— u7 as a function ofmg for
m,,»,=150 GeV, tarB=5, andAy=2my,my,0. The solid line is
for >0 and the dashed line is far<0.

2
dmy 2

dt 1672

{=2c/'gM+3 THUMG +M§ )HUT
+my UUT+UAULT+TITME NN+ NM%RNT

+m? NNT+NLNLT, (A7)
Hy ANNA

dmﬁD: 2
dt 1642

{~2c/'g’M{+3T{D(Mg + M3 D’

+mf_DD'+ DDA+ THE(ME + M3)E

+mE,DEET+ EAEAT}. (A8)

M; in the above expressions are the gaugino masses whose

RGEs are same as those in the MSSM.

Then we give RGEs of soft mass terms of lepton sector

dMz 2 1
L o ma2zn2 + g g +
T ——l 5 >c giMi+2(NN M:+M:NNY)

1
th12 4 m2E et 204 2 t
+5(EE'M{ + MPEE") + EMZE+m}, EE

+EAEA+NMS NT+md NNT+NANR|,  (A9)
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for x>0 and the dashed line is far<0.

dM% 2 12 , o 5 dhe_ iz[—zzc;’gﬁMi+2Tr(3ADDDT+AEEET)
TR — 5 OIMI+E'EME+MEETE+2(EMFE dt 167
+2AWNNT+ (5EET+ NNT) A+ Ag(EET—NNT)],
+mf ETE+EREA)|, (A10) (A12)
aMs,_ 2 2 12 2 dAy 1
= NTNMZ + M= N'N+2(NTMZN N
dt 16772[ g R ( L ot 167TZ[—zzci g°M;+2Tr(3A UUT+ A NNT)
2 T T
+ M N'NFNaN) ] (AL1) + 2AcEET+ (BNNT+EEN) Ay+ Ay(NNT— EET)].
The RGEs of trilinear terms of lepton sector are (A13)

In the basis wher&l is diagonal and only keep the third family Yukawa coupling constnts,,, fya, andf ., then the
RGEs are simplified as

df, 1

d—ttz 16W2[—Ecigi2+6ft2+f§+ffs] f., (A14)

df, 1

d_tb: ” S[—Scigf+6fp+fE+f2] fy, (A15)
T

df”3 1 2 2 2., ¢2

—o= @[—zc;”gi +4f; +3f{+7Vad?] (A16)
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df" 1 ” 2 2 2 2
G lem S[—2cigr +4f 24+ 3f2+12 JVad®1 1o, (A17)
d,LL 1 "2 2 2
- 16m S[—2ci’g 24 3f2+3f2 ot 15, T 15k, (A18)
dB "2 2 2 2
at 1on S[—2c¢"giM;+3f 2N+ 3F2AL+ 12 AT TEALL (A19)
dmﬁ 2
u m~2 2 2 2
T :16 s[—2ci'g ZM 2+ 3f2 (M +M +mH +A7) + 17 (M +M +mH +A ], (A20)
dmﬁoz M2t 2622 M2 2t A2\ F2(M2 4 M2 e 4 A2
it 1en —[—2¢g Mi+3fb(MYL+MBR+mHD+Ab)+fT(M?L+M?R+mHD+AT)]* (A21)
dM% 2 m2np2 1
dt --_16772 (—2¢"giM) 6 + V3 V3lfT >LM L)”+(ML)JJ]+M +mH 5T (Ae)ii(Ag)jj
i
1
+f, §[<M§>3,-53i+<M%>i363,-]+m§35i36j3+Mauaigé,-sﬂAV)ia(AV)jg)}, (A22)
drz 2 |12 o oear a2 2 2 a2
(T)III@[_391M1+2ff[(M[)ii+(M§)ii+mHD+AT]5i3 : (A23)
drrrvR ,
dt :16 2{2f [(ML)||+(M )||+mH +A ]}5I31 (A24)
1
dA, 2 2 2 2 2
dt = [g2l TCOMiHBIAHTEA LA, I, (A25)
T
dA 2
T el e M BIAE 1T A PA, (A26)
T
dAE "2 2 * 2
at _16 2{( 23.¢c/giM; +6f Apt+2f7A,) 6+ V5V fI[5(Ag)j + (Ap)ii]
i
+2 [2(A,)ia8j3+ (Ap)3j Sz~ (Ae)izdjsl}, (A27)
dAV m~2 2 2 * 2
at) " 1e- 2{( 25.¢"giM + 6 A+ 2F A, ) 81+ V3iVai I 2(Ag)i +(A,)j = (A))ii]
i
+12 [5(A,)3 8+ (A,)isdjal}- (A28)
|
The matrixV in the above equations refers W, defined in APPENDIX B

Eqg. (2.3. Below Mz, RH neutrinos are decoupled and the

RGEs of the MSSM are used. This can be achieved by set- In this appendix we list the relevant pieces of the La-
ting fV3=O andV;;= g;; in the above expressions. grangian and conventions which we take in our calculations
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[19]. The Lagrangian pieces are ) e .
_ 0 4i* 54j _ 53i* 53
Cigy e £r2= g oospt VLN Dl 40 2P
= V" 9,0z, (B1) e
© ooty @z - R PN,
- 92 (1, Tro T 92 — ij ij
Liiz= oSty ZZ 'ZU" —sir? OwSij (T a |j)Z“, =53 COSBWXi YM[C”PDLD”PR]XIQZW (B4)
(B2)
__ 9% - my - -7
Lx*x‘Z_m [le 21|PR+21121| PL £X+|V 92 le Pr— mZZiPL ZXi V)
+ 6j cos Wwlx; Z,» (B3) +H.c., (B5)
L ~—L Z\(z} + 23 cotbyy)—cotd m—z<'+3>'z3l P, —|2z(!+3izu*
XO”_\/Ecose ( cotfy) —co Wi cosg 2t L L N
my: . e
+cot0W—z“z3J )PR I} +H.c= —=———x[A P +B PRI +H.c. (B6)
osB J2 coséy,

The abbreviations defined in the above expressions will be used in Appendix C.
The mixing matrice< in the above expressions are given below. The scalar lepton and scalar neutrino mass matrices are
given in Sec. Il. The corresponding mixing matrices are defined as

z[nﬁszdiagmf-i), i=1,....6, (B7)
ZIméz,=diagm>), i=123. (B8)
The mass matrix of charginos is
m, \/EMW sing
= . (B9)
V2M,y cosp "

The mixing matriceZ ™= is defined as

(Z7)™™,Z* =diagm, ,m, ). (B10)
The mass matrix for neutralinos is
m; 0 —M;, cosB sinfy, My sinB sinfy
0 m, Mz cospB cosfy —M;, sinB cosby
M, o= _ , (B11)
—M; cosB sinéy Mz cosB cosby 0 —u
M, sinB sinfy —Mgz sinB cosfy — M 0
|
which is diagonalized by 9 2
Q=5 —la(atay(b)+a;(c)+ay(d)
. 2 cosby 2
Z{M yoZy=diagm,o,m,0,m,0,my0).  (B12) 16w
+2a;(e)+2a4(f)], (Cy

APPENDIX C

In this appendix we give the analytic expressionsapf wherea,(i) is coming from the corresponding Feynman dia-
defined in Sec Illa; is given by gram. They are given by
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a,(a)=Z1,|221*Z)" (- 2)Cqo, (C2 a,(f)=tar? 6y, sir? 6,,B'*@ BI*(By+B,). o
C11
1
_ " lazI1B_ o a
a;(b)=—tarf 6y P RANA sin? G0 Then we have
X(_z)Aiaa*AjBaCOO' (C3) g gz
2 2 .

ai_—z Cosawﬁ[ai(b)—i_ai(d)]' |_314 (C12)

ay(0)=—2Z1," Z;, 22" ([(Z1p 21,

*
+ 6% cos 8y)m,-m, -~ (Z3y, Z1,

and
+ 6% cos 20y)mZ 1Co— (2], Z{,+ 5% cos 20y) )
’ as(b) =2 tarf | SZ\97\F— sir?oy6°f |Biear
X(Bo—2Cad)}, 4 0 Wl g2 e S ow
1 L X AP2m,o(Co+Cy+Cy), (C13
a;(d)=— EtanzewA""a AleP[2DabC
+(C*m,om,0—D2m? )Co— DBy}, (c5) ag(d) = tar? 9B'* A*(m,gC™Cy +meDC),
a b
“ (C19
a,()=—2(0.5- si? 0w)|Z{,|°Z,'Z," (Bo+By),  (CH)
1 )
. ok as(b)=2tarf 6y =Z1°ZIP~ sirt6y8*F | Al
a;(f)=—tar? 6y(0.5— sir? 6y)A*® Al“3(B,+B,), (C7) 4(b) W27 oL w
wherei, a, anda represent the flavors of lepton, slepton, or XBjBamxg(Co+ C1+Cy), (C19
sneutrino and chargino or neutralino, respectivedy. is
given by

ay(d)=tarf 6A*" Bi*d( m,eD*°C; +m,0C"Cy).
2

92 92 (C19

8= 5 cos o 16,21 22D (D F 22D, (CH)

All the coupling verticedA, B, C, D are defined in Appendix

where B. TheBy; andCy ; 5 goare the standard two-point and three-
1 point functions whose definitions were given by the program
ay(b)=—tarf Gy =212~ sir? 6,,6°F LOOPTOOLS [26]. The arguments of functiol 1;rom 2dia-
2 grams(c),(d),(e) (f) of Eqs.(C2~(C7) are M,m, - .m_.),
. . a b
X (—2)Blea*gieac (C9 (M%,mio,mio), (om 1m)2(7) and (Om? ,m)z(o), respec-
a b @ a a a
1 L tively. The arguments of functiors from diagramga), (b),
a,(d) =~ Stan6,B'**" BI*[2C%Cy, (0)(d) are (OM2,0m’-,m2 ,mZ), (OM3,0m%,m:

2 2 2 2 2 2 2 2 2

m ), (OMz,0m m°-.m°-), (OMZ,0m ,m5o,m o),
+(Dabmxom){o—Came2 )Co— C3"B,], Iﬁ) (. Vo' Xa Xb) ( z 0 Xg)

a 7b @ respectively, where the external fermion masses have been
(C10 set to zero.
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