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Lepton flavor violation in the supersymmetric standard model with vectorlike leptons
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Lepton flavor violating processes are obtained from the mixing between ordinary leptons and vectorlike
SU(2), doublet leptons which may originate iy . The effects of this lepton mixing are, however, suppressed
naturally by the hierarchy of the charged lepton masses. In the supersymmetric model, significant effects of
lepton flavor violation may appear rather through slepton mixing, which is in the present case generated by
radiative corrections with ordinary-exotic lepton couplings. We are especially interested,in-tlees decay.

In the model without the bare mass term of vectorlike leptons, the supersymmetric contributions are rather
suppressed due to the approximate UgdY(1),. It is, however, remarkable that they are substantially
enhanced by t&B. Then, Br(u—evy) might be comparable to the experimental bound for largestan the

model with the bare mass term, much larger contributions are obtained through slepton mixing. These inves-
tigations show that the supersymmetric effects on lepton flavor violation due to the vectorlike leptons can be
observed in the near future experiments.

PACS numbse(s): 14.60.Hi, 11.30.Fs, 12.60.Jv, 13.35.Bv

. INTRODUCTION standard model incorporating vectorlike SU(2ioublet lep-
tons[9,10]. Especially, the significant slepton mixing may be
The Eg supersymmetric(SUSY) grand unified theory generated by radiative corrections with the couplings be-
(GUT) and theEgX Eg superstring theory are good candi- tween the ordinary leptons and these exotic leptons. It is
dates for unified theories of elementary particle physicsremarkable that this new physics with exotic leptons can be
While such theories manifest themselves at the ultrahigh endiscovered just around the electroweak scale in contrast to
ergy scale £10'°GeV), it is natural to expect that they the cases of GUT and right-handed neutrinos.
have some effectg on physics'a.t the electrovyeak scale The present model is motivated by tEg type unifica-
(7102 GeV) [1]. It is, however, difficult to determine pre- oy TheE, 27 representation contains one generation of the
cisely what effective theory actually appears at the eleCy ginary quarks and leptons in the standard model, the vec-

troweak scale. This may be understood by considering th?orlike SuU(2). sin ;
) glet quarks, the vectorlike SU(2¥loublet
facts that theEg SUSY GUT has many pOSS|bIe symmetry leptons, the right-handed neutrino, and the SY(8)nglet

rWiggs field. The ordinary left-handed neutrinos may acquire

possible compactification patterns. Hence, in the present e)f\hajorana masses through the seesaw mechanism with the

perimental circumstances, it will not be so useful to perform . =~ . . .
detailed investigations on specific models. We are rather inr-Ight handed neutrinal 1]. These ordinary neutrino masses

terested in the general aspects of the low-energy effects (ﬁaﬂt_?gn\:jeég igilrlin%i rgﬁeugﬁde?ﬁsgomgp?ﬁ%'ecalI%/(jiv”; tgi_
the unified theories. Particularly, in this article we study the 9 superheavy y
effects on lepton physics at the electroweak scale. In th%r;mely small Yukawa couplings with the left-handed lepton

standard model, the lepton number and flavor are conserveweuzftibrsgﬁsei‘ dglrvi‘aunrtaheer ?rzr;altlef?erggacr)%/ t?\iu'[r?nrﬁ-r?ais;eedsy
automatically. Hence, if the processes violating these quan- g

tum numbers are observed, including the neutrino massé%eutrinos in the electroweak physics._ In t_his investigation,
and oscillations,u— ey ,uﬂl3e and so on, they indeed We concentrate on the lepton flavor violating effects of the

provide important information of new physics above thevectorlike Igpton doubletsi(L°) and thejr scalar superpart- .
electroweak scale ners. Specifically, these supersymmetric effects of the exotic

. . : . leptons may provide the significant Bt(~ey), while the
In the supersymmetric models with supergravity scenan#elo . 4
[2], which would be derived from the unified theories, the epton flavor changing neutral curref&CNC’9 at the tree

renormalization effects on the soft supersymmetry breakin(ifweI are suppressed naturally by the hierarchy of the charged

terms may induce sizable lepton flavor violation. These Iep-epton Masses. _ _

ton flavor violating renormalization effects are actually ob-  The down type quark singletdD(,D)~3c+ 3¢ are also
tained in the SUSY GUT3-5] and the minimal supersym- present in theEg unification, which may form th&+5 of
metric standard mode(MSSM) with heavy right-handed SU(5) subgroup with [,L°)~2, +2, . The survival of these
neutrinos[6—8]. Here, as another intriguing possibility for exotic particles to the electroweak scale depends on the sym-
lepton flavor violation, we investigate the supersymmetricmetry breakings. Th&, -3: mass splitting in theé& can be
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realized with suitable Higgs multiplets, e.g., tBB1 of E; ~ We here describe the case with one generatioh ahd L®
including the24 of SU(5), as usually considered to obtain the for simplicity. It is straightforward to extend the analysis for
light SU(2), doublet Higgs field. Hence, it is possible that several generations of vectorlike leptons, and similar results
(L,L®) survive while ©¢,D) become superheavy in tt&y.  are obtained for the lepton flavor violating processes. We
It may also be considered in the superstring theory thaéxamine two typical models in the following, for which dis-
(L,L®) become light while D¢,D) do not in the27+27. On tinct results will be obtained concerning the supersymmetric
the other hand,¥¢,D) and (L,L%) are expected to survive contributions to the lepton number violating processes such
together for the gauge coupling unification. Even in this case@s u—e€vy.
(D®,D) and (,L°) may originate in differen27's and/or In the first model, the superpotential relevant for the lep-
(27+27)’s. Then, it should be noted in these cases, whethefonic superfields is given by
(D€,D) survive or not, that the simplgg relations no longer
hold for the Yukawa couplings after thEg breaking. In
particular, the flavor violating couplings with (L) may be
described independently of those witB{,D). Given this
general situation, we concentrate on the lepton flavor violawhere a=i,4 andi,j=1,2,3. The Higgs fields include the
tion with (L,L) in the present article. A detailed examina- pajr of SU(2) doubletsH, andH, and the singleS. The
tion of the quark flavor violation with®,D), particularly  yacuum expectation valu/EV) of S gives the mass terms
the supersymmetric effects, is reserved for a separate publyolving the exotic lepton doublets andL® as well as the
cation.(Such supersymmetric effects are investigated in Ref,, term for the Higgs doublet$l; and H,. The R-parity
[10] in a context different from the present on@f course,  invariance is assumed for the lepton number conservation.
if (D%,D) and (,L°) originate in the sam@7, the flavor  The 7z, symmetry is also assumed to exclude the mass term
violating effects of these exotic leptons and quarks will begf S which is independent of the electroweak scalEhe
provided from some commoBg coupling. In this specific  cosmological domain wall problem associated with the spon-
case, the calcqlatiqns made in the present analysis for th@neous breaking d; may be evaded by introducing small
lepton flavor violation such ag.—ey can be extended explicit breaking in the higher order termsThe coupling
readily for the quark flavor violation such &-K°® mixing.  matrices in Eq(2) may be simplified without loss of gener-
Simple order estimates, as will be quoted occasionally in thality by redefinition of the relevant fields at some unification
text, indicate that the constraints from the quark flavor vio-scale such as the gravitational sche;. The elements. ;)
lating effects are in fact less stringent than those from thén the 4x3 coupling matrix\; can be eliminated by an
lepton flavor violating effects. appropriate unitary transformation among the left-handed
This paper is organized as follows. In Sec. II, we describejoubletsl; andl ,=L. Then, the submatrix!} can be diago-
the lepton mixing in the presence of vectorlike lepton dou-nalized by a redefinition of the ordinary leptons. Accord-
blets. Then, the contributions to Bt(—~ey) due to the ingly, we may take
ordinary-exotic lepton mixing are shown to be negligibly
small. In Sec. Ill, we investigate the slepton mixing gener-
ated by radiative corrections with the ordinary-exotic lepton Al(MG)z(
couplings. Significant contributions to Be(—~evy) can be
obtained from this slepton mixing. Sec. IV is devoted to the
summary.

_ A
W=AIIH e+ AL+ AsHIH S 'S, (2

. 3

g j)‘!>
Furthermore, the components)f— X, can all be made real
and non-negative.

In the second model, the above formof is realized in

IIl. THE LEPTON MIXING terms of anotheZ, under which the nontrivial transforma-

In this section, we describe the lepton mixing including ions of the relevant fields are given by

the vectorlike lepton doublets, which contributes to the lep-
ton flavor changing processes suchuas ey. We show that L-ol, L*>0*L% S—0S, Hy—o*H, (4
the modification of the gauge interactions provided by this
lepton mixing is fairly suppressed even if the relevant flavorwith »*= 1. Then, we have a bare mass termlfandL® by
violating Yukawa couplings take significant values. This fea-making the following replacement in the superpoten
ture is indeed attributed to the mass hierarchy between ordi-
nary leptons and exotic leptons. AS*LLCS [model (1)]—MLL® [model (2)]. (5)
The ordinary leptons are representedlps (v;,e;) and
e’ \{vith the subscripi'=1,2,3'for the generation;. The vec-  |n the lepton basis where the (M) is given by Eq(3),
torlike !eptong and singlet Higgs field are also listed as fol-ie ordinary-exotic lepton couplingéz“ provide the source
lows with their quantum numbers of the SU{ZJU(1)y: of lepton flavor violation. The lepton flavor violating ele-
ments in\; are then generated &ty through_;che renormal-
] ] ] ization group evolution with these coupling$’. The renor-
LE"‘:(E)'(Z’_UZ)’ LC:(NC)'(Z'UZ)’ Si(1.0). malization group equations for the Yukawa couplings are
(1)  given in the model1) by

c
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3 4 4 This 4X1 real matrix is diagonalized with an orthogonal

d . .
aj 3> > AADk\BIL D \DBiNa%)\be matrix O as
k=1 b=1 b=1

PO T 2

oM =(O) (13
NWVIN MN.

4 3
+>\§‘J[2 > (P24 \24+3\2
b=1 k=1

The masses of the ordinary charged leptons are given by

—2\31(3g3+39?) |, 6 '
1(395+397) (6) mei:)\!UL (14)
d 1 ‘ where the radiative correctior(8) for the A, coupling are
_ b
Mahg“—(‘w)z )\62‘4[ 41321 (>\24)2+27\§+2)\§] considered. The masses of the exotic leptons are also given
4 3 by

+ 3 3 AN A Eg gD (@) S sz

b=1i=1 MEzMN=U3 E ()\2 ) (15)
a=1

The renormalization group equations in the mo@®l are
also obtained by setting;*=0 in the above equations. Then, The zero modes in Eq13) are the three generations of or-
we have the leading corrections for the off-diagonal elementginary neutrinos. It is noticed that the orthogonal ma@ix
of the \; coupling as is not determined uniquely at this stage. An arbitrary 3
transformation, sayO!, to redefine the(approximately
iy iayady. Mo _ massless ordinary neutrinos can be incorporated jn The
ATAZN, IOQM_W (a#]). ordinary neutrinos may acquire very small Majorana masses
(8)  through the seesaw mechanism with the right-handed neutri-
_ nos of SU(2) singlet. Then, the neutrino mixing matr®,,
Hence, even iN§'(Mg)=0 (a#]j) at Mg as given in Eq. is determined completely.
(3), these flavor changing elements of the coupling arise We here consider some relevant properties of the trans-
atM,y. It should here be remarked that these corrections foformation matricedJ¢, V¢, andO,. First, the orthogonal
A, are in fact proportional to the corresponding diagonaltransformation V., which represents the right-handed
elements\)/ . It should also be mentioned that in the model charged lepton mixing, diagonalizes the mat{M. By
2) )\‘l‘izo and)\‘z“‘EO, which is ensured by th&; symmetry ~ considering the structure (M;Mg from Eq. (10) with Eq.

) ) 1
A (Mw) = AT (Mg)~ (am)?

(4). (8), the right-handed ordinary-exotic lepton mixing Vfx,
The mass terms of the leptons are produced by thavhich is relevant for describing the gauge interactions as
vacuum expectations valu¢gEV’s) of the Higgs fields, seen below, is estimated in the leading or@eith Mg~uv3

for definitenespas

(U1 _ 0 _ :
<H1>_( O)’ <H2>_(v2 » (9)=vs, © (Ve)ia=—(Ve)ai~ (Mg IMEINS. (16)
where v=(v?+0v%)Y?=174 GeV and ta=v,/v;. These It should here be remarked that the right-handed lepton mix-
VEV’s may acquire nonvanishing phases introducing a newing effects are suppressed sufficiently by the mass ratios
source ofCP violation. We, however, do not consider this m, /Mg with the experimental bounilg>97.0 GeV[12],
possibility for simplicity, and therefore take the real VEV'S. gy if the ordinary-exotic lepton couplings’ take signifi-
Then, the charged lepton mass matrix is giveigj by cant values. On the other hand, the left-handed ordinary-

0 i exotic lepton mixings inJ. andO,, are estimated as

()\ vy N )
1v1 2Y3
o=

: . 10
hi‘lvl )\‘2141)3 ( )

(Ug)ig=—(Ug)4=(0,)is=—(0)4;(OL)ji~\5,

17
It should here be remembered thdfv;— M, in the model o ) )

matricesU, and V. as explicitly by suitably choosing the orthogonal transformation
O, of the ordinary neutrinos. These left-handed mixings are
UgMgvgzdiagme,m#,mr,ME). (1)  no longer suppressed by, /Mg. Here, we note the simi-

larity betweenU, for the charged leptons and,  for the

The neutral lepton mass matrix is also produced as neutral leptons. In fact, the effective combination of left-
' handed lepton mixing is estimated as
-~ _)\|24U3 .
M=l _\24, ) (12) (UFO)1a=— (U0, 4(0});i~ (Mg IMg)?\Y, (18)
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(U}-ON)ik(O;)kj_5ij~(me-/ME)(me-/ME)7\i24)\j24- Whereﬁg represents the usual flavor diagonal part which is
' : (199  obtained by turning off the ordinary-exotic lepton mixing.
The lepton flavor violating term appears only in the right-
handed couplings of Eq21). This is because the left-handed
leptons all form the S(2), doublets. Since the FCNC's
of ordinary leptons in Eq.(21) are proportional to
&/g)4i(vg)4j , their effects are fairly suppressed by the small
Hinant =0 atM.~ in Eq. (8 haver3i=0 at i mass ratios rhei/M E)(mej/M g). If the quark singlets
settingh; =0 atMg in Eq. (8), we haver, =0 at any scales (D¢,D) are also present, they may have the flavor violating

as seen from Eq(6). Then, M essentially coincides with . : o
My, and they are diagonalized with the left-handed IeptonCOUp“ng which has the commd, origin with the, cou-

. . i o ling of (L,L°). In this case, the FCNC's of ordinary quarks
transformatiorJ ;= O to eliminate thex,'v 5 term. (ii) The b L )
changeh,—— A, of the Yukawa coupling it , is compen- appear as well to be negligibly small due to the suppression

factors IMp)(my. /Mp).
sated by the change— —ef of the right-handed ordinary W (mdi 5)( tdj th o) tributi ot d
leptons. This means that the sign changeigfdoes not e now estimate the contributions 1o tne_ ey decay
which are provided by these gauge interactions. We will in

affect the left-handed lepton mixing. Hence, by consideringf Lo -
. - ! . act observe below that these contributions are negligibl
(i) and (ii) we find that the difference betwedh, and O, small. The decay amplitude gf—ey is generally givengbg)]/ y

should appear at the second order Bf'(My)~\}
~me lvy. (iii) By settingh5'(Mg) =0 so that\},'=0 at any T(u—ey)=ee™* U(p— )i 0osqP(ALPL+ArPR) UL (D).
scales, thex; coupling remains to be diagonal even if the (22
radiative corrections are included. Hence, in this limit with
)\'24= 0, M¢andM j are diagonal, and the complete similarity
follows with Ug=0,~=14 (4X4 unit matrix. 1
It can be shown that the flavor violating gauge couplings Nu—ey)= Eezmi(|AL|2+ |ARI). (23
of leptons are suppressed naturally due to the smallness of
(Ve)is and the similarity betweell ; andO,,. The charged  The contributions to the amplitudds andAg are provided
gauge interaction coupled ¥ boson is given by by the one-loop diagrams with the intermediate states of the
neural leptondW mediated and charged lepton& medi-
95 o ated. We can see from Eqg16)—(19) that all these dia-
Ly=— —(U}ON)aban"PLNbW; grams include the significant suppression factone{
V2 Mg)(m,/Mg)~ 10 8. Then, theW and Z contributions to
the decay amplitude are given by

This similarity of the left-handed lepton mixings described in
terms of the)\'z4 couplings and the ordinary-exotic lepton

mass ratios is indeed stable against the radiative correction
It can be understood by noting the following facts. By

Then, the decay rate is calculated by

92 - _
+ 22 (Vo) aala ¥ PrNAWS +H.C., (20) 2
2 4aca R/VAYY 1 %)\14)\24 (24)
32w MgMg 272

w z
ACR AR~

where£,=(e;,E) andA,=(v,N) (a=1-4) represent the Therefore, the flavor violating gauge couplings induced by

four-component Dirac SPINors of fche .Iepton mass elgenstate%e ordinary-exotic lepton mixing provide tiny contributions
and P, and Py are the chiral projections to the left-handed ~10 2 1o the branching ratio Bf—ey). This feature is

and right-handed parts, respectively. This charged gauge in- . . :
2 actually confirmed by numerical calculations.
teraction is relevant for thg— ey decay. The lepton flavor
violating terms with the factorsl.(go W) ab (@#Db) are appar-
ently induced in the left-handed couplings of E2Q). How-
ever, due to the similarity betweds, and O, as shown in In the supersymmetric model, significant effects of flavor
Egs.(18) and(19), they are almost rotated out with the suit- violation may be obtained through the slepton mixing. It is
able redefinitiorO’V of the ordinary neutrinos neglecting the expected that the supersymmetry breaking is provided in the
tiny neutrino massem,,. The flavor changing right-handed minimal supergravity model with the soft terms at the gravi-
couplings are also suppressed by the small factdgs,(, as tational scalévi G~1018GeV, including the common slepton
shown in Eq.(16). Hence, the effects of the charged gaugemasses squaredn%ab= m(z)éab, etc., the A terms Ay
interaction appear to be extremely small for the lepton flavor—g m \,, and the gaugino masses, andm,. We have
violating processes. _ seen that in the present sort of models the original source of
The neutral gauge interaction of charged leptons couplegpton flavor violation is the ordinary-exotic lepton couplings
to Z boson is given by AL}, At the tree-level with the universal soft supersymmetry
breaking terms, however, the flavor violating effects of these

Ill. THE SLEPTON MIXING

o 1 . couplings are still suppressed by the ordinary-exotic lepton
Lz=L7+ 5 (92 0080w+ 0y Sinby) mass ratiom, /Mg, since the lepton and slepton mass ma-
. trices are diagonalized simultaneously in this limit. Signifi-

X(Ve)aa(Ve) ap€a v PrévZ,, (21 cant effects of flavor violation are rather provided from the
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radiative corrections on the soft terms which are generatec
with the ordinary-exotic lepton couplings,’.
The soft mass terms arfdterms at the electroweak scale

My deviate from the universal forms through the renormal-
ization group evolutio13]. In the leading order approxima-
tion the corrections are given for the mod#) by R e u

€a &
2 1 2 2 aa)2 a2
Ame =— ———=[2mg(3+ag){(A7) + (A7)}
laa (477) ~
M . .
—(6mag3+ 2m§gi)]|ogM_G’ (25) FIG. 1. One-loop diagrams for the— ey process mediated by
w the slepton mixing.

M neutralinosy® (a=1-5) and the charginog. (x=1,2)
2 _ 2 2\y ady b4y VG X o ginog 1))
Amp,= (4W)2m0(3+a0))\2 Az"log My (a#b), which are relevant fop—evy, are given, respectively, by
(26) R o 0% L o 0%
L,0=NgonEaPrXoEaT NaanlaPLxEat He. (32
Sii - M
Am; == [ 4G (3+af) ~8gimi]log -, and
2 — o~ — o~
@0 £,-=CR EaPrxe N+ ChacaPLxs N+ Hic., (33
4
Ame :__12 2m§(3+a§)2 ()\24)2 where€, (A=1-8) and Ny (K=1-5) are the slepton
Le (4m) a=1 mass eigenstates. The coupling coefficients are given in
M terms of the transformation matrices to diagonalize the mass
—(602m2+ 2a2m?) llo _G, 28 matrices of leptons, sleptons, charginos, and -neufcralmos.
(6g2m +2g3my) IMw 8 We here evaluate the decay ratewf-ey which is pro-
vided by the slepton mixing. By calculating the one-loop
B B _ B diagrams for theu— ey process mediated by the neutralinos
AAT=— s\ 3agmgi (ABH2+ N5+ 302+ 3(\])? and charginos, as shown in Fig. 1, we obtain the contribu-
(4r) ! v
tions to the decay amplitud¢g]
3
+2 (x'1’>2]—3aomo<g§+g§> w1 My R R
=1 Ar T30 —7 NiaN2aaf1(Xan)
M A
G
~6(g5my+gimy) | log 7, (29 M o
+ ﬁg‘aNlRaANEZAfz(XaA) , (34
£
a 3 aa s Mg ) A
AAllz_MT)ZaOmO)\Jlj)\z Ny'logy= (a#]), -
W n_ a(n
(30) Al"=AR(R=L), (35)
a4 a4 SN 2. 0y 24 oy 2 A<°>=LE e cR o ¢ (X
AAG'= — Z2he| aomo 421 (ABH2+ 272+ 2)\2 TR VISR
K
aa\2 2, 2 MX;
D7~ 20Mo(39291) + —2- CEkConkfa(Xu) | (36)
MI\/K
2 2 Mg
—2(3g5my+gimy) Iogm- (3D AP=AL(R-L), (37)

B . . _ e
We should set5*=0 for the model(2) in these formulas. wheref, — 1, are certain functions of,,=(M,9 /Mg,)” and

Because of these radiative corrections, the slepton mass méx=(M,_/M7.)?. We estimate below Bgt—ey) with
trices and the corresponding lepton mass matrices are rthese contributions for the modél) and (2). We will see
longer diagonalized simultaneously, providing the newthat these models provide quite different results. In fact,
source of lepton flavor violation in the slepton mixing. Then,these supersymmetric contributions are rather suppressed in
this slepton mixing is expected to contribute significantly tothe model(1) with the extra factor involvingn, as well as

the u—ey decay. The lepton-slepton interactions with them,, .

073007-5



RYUICHIRO KITANO AND KATSUJI YAMAMOTO PHYSICAL REVIEW D 62 073007

A. Model (1)

L i (M )IJ/mO (V )u()\ 2(V£)|J+(V )IJ()\“)Z(VS)“
The charged slepton mass matrix is given as

(43)
2
2 MELL MELR It is here noted that the right-handed ordinary charged lepton
Mz= 5 o> | (38 mixing induced by the ordinary-exotic lepton mixing is re-

RL £RR lated to the charged lepton masses as

whereL andR represent the chirality of .th(.:,' correspondipg (Vo) ~ LS NS (1) (44)
leptons. The neutral slepton mass matrix is also given in a & m§_+m§ 272 '
similar form. In order to see the flavor changing structure of '

the lepton-slepton-gaugino interactions, it is suitable to trans- By considering these arguments on the slepton mixing,
form this slepton mass matrix by the orthogonal matriceghe dominant contribution from the neutralino couplings to

which diagonalize the lepton mass matrix: the decay amplitude of ey is estimated as
. (UE O Us O 1 Aan2op
2 ¢ 2|~ (n) I 14 24
C é AV~ (A MmN (a5
./\/lg ( 0 V‘lg’) Mé‘( 0 Vg) (39) L 32,”.2 mg ( 1) (me mM) 5> A5 ( )

Here, the right-handefi®-&° slepton mixing~ (A29)2(V¢) 12
given by Eqs(43) and(44) is used for theeg-76- x° vertex,
and the chirality flip~ X3\ 3% ,v 4 of the intermediaté: state
is provided by theiFHl|2 term. The chargino couplings pro-

vide a contribution of the same order as , where the
In the model(1), the components of the slepton mass &40

. . -~ NC . . .
matrix are given including the renormalization group effectsCh':a“ty fipping  N-8 sleptltir? mixing — given by
as (OcM )41/m0 (mg/mg)tanpB\;” is used for theeg-N- xq

The universality for the soft supersymmetry breakindviat
is violated atM,y, due to the renormalization group effects.

Then, the reduced slepton mass matM-E involves the
flavor changing elements.

) . X vertex, and the left-handel-7 . slepton m|xmg in the in-
Mz =X MMty mply

&L termediate state is prowded by OI{M )42/m0
. . . - ) - " 2 24 .
, il (ANh24cl (A2 dl (A2 (THb/I\:I'W) t?n,ﬁ)]\z aAccordmg”:n(jm the (;nod'el(l)tlthe.
5 e , (40)  contributions to the decay amplitude are dominantly given
dic(A7) 0 by
2
SLR_(M ) —XLRm0M$+X|,_Rm0(O MN) AE_H)NAI(_C)N%ZtarFﬁ_z_z)\Z‘l)\le' (46)
5A.f' )\II i ()\ii 2
S( ! '(')R ' gLRO ' , (41)  wherevz~my is considered for definiteness. These contribu-

tions should be compared to the nonsupersymmetric contri-
butions given in Eq(24). Although these supersymmetric
0 contributions have the specific dependence on the relevant
0 1 lepton masses similar to E(R4), it can be enhanced signifi-

2
MERR:XRRMEM5+VRRm314+ZRRmc2>(
cantly by the power of tag. We roughly estimate the

o[ 8iCre(M)? O branching ratio as
0 0 3
Br(u—ey)~ tan6 3 ) (N3]\3%2
wherex, | ,...~1 are the relevant parameters. The terms pro-
ortional to the 4«4 unit matrix1, as well as those given b
P 4 given by ~10 B(tan B~ 2071~ 124~0.3). 47)

the charged lepton mass mathk. are diagonalized by the
transformation in Eq(39). The term given by the neutral
lepton mass matriM 4, is almost diagonalized by the simi-
larity of U}ON. The third term of Eq(42) provides a con-

tribution (V)4i(Ve)s; for the slepton mixing, which is The dependence of the decay amplitudes on battand
substantially suppressed by the lepton mass ratiog /( m,, as seen in Eq(46), can be understood as follows by

ME)(mej/M”E). The remaining terms involve the Yukawa means of approximate flavor symmetrles BE(Mg)=0 in
couplings)\{~mei/vl. Among these contributions in the Eq.(3). Then, we can makk *Mg)=0 by a suitable trans-
model (1), the significant flavor mixing arises from the formation of the Ieft—handed lepton doubldtsand|,=L,
fourth term of Eq.(42) in the right-handed charged slepton while keeping\;(Mg) with N} (Mg)=0. In this limit, a
sector as flavor symmetry Ul), appears under the phase transforma-

It should here be remarked as seen in &§) that in the
model (1) the chirality of the charged leptons is mainly
specified au| —er .
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FIG. 2. The relation between Bu(—ey) andA;"\5" is plotted FIG. 3. The relation between Bu(—ey) and tang is plotted in

in the model(1) for tan3=20. The points represent the branching e model(1) for )\2420_3_
ratio for random values of .

with Fig. 1 provide dominant contributions in the present
tion 1, —e'*l, andeS—e~'?e$. If the universal form is as- model with Br(u—3e)/Br(u—ey)~7x10"% as is usu-
sumed for the supersymmetry breaking termavey, this  ally the case[_?]. The tree-lev_eJZ r_nedlated FCNC's given in
flavor symmetry W1), is still preserved in the limit Eq.(21) provide only a contrlbutlon_ smalle( by_afew orders.
MY Mg)=0. This is the case even if the renormalization W€ have also the supersymmetric contributionsrte ey
group corrections are included. Therefore, we find that in thé"d7— w7, which are estimated in E¢47) by replacing the
limit Kil(Me):O corresponding tan,=0, the u— ey de- releyant charged Iept.on masses and Xt’{é couplings. In
cay is prevented for the electron number conservation by thBarticular, Br¢— ) is enhanced as
U(1).. Similarly, the decay amplitudes @f— ey depend on mom\ 2
m, as well due to the approximate (1), symmetry. It Br(r—>,uy)~< ) Br(u—evy)
should further be remarked that even for the case with sev- mem,,
eral pairs of vectorlike lepton doublets, the—ey decay

amplitudes are dominantly given by E¢6) in the modek1) ~10""(tanB~20)\3*~\3*~0.3), (48
without the bare mass terM | LLC. This can be justified by _ _
extending readily the above symmetry argument. which can be comparable to the experimental bound

In order to confirm the estimate of Br(~ey) given in  1.1X10°° [15]. Therefore, in the modefl) the 7— .y de-
Eq. (47), we have made numerical calculations by takingCay seems to be more promising to observe the lepton flavor
reasonable values of the model parameters. In the nitiel violation due to the ordinary-exotic lepton mixing with su-
the most important parameters are gand \,' for the ~ Persymmetry. ' _
ordinary-exotic lepton mixing. The values af are deter-  TheX coupling may also contribute to the flavor viola-
mined so as to reproduce the actual lepton masseiPn in the quark sector if the quark single®<D) survive
Me.m,, ,m,. The exotic lepton€ andN have typically the ~aS well to the electroweak scale in t&g unification. Then,

massesMg=My~100 GeV by taking)\‘2‘4~0.3 and v, we have dominantly the right-handed squark mixings such as
~500 GeV. 2/

In Fig. 2, Br(u— ey) is shown as a function of3'\3° by (M5RR)12/m§~(mSmd oA N\5 arf g
taking randomly the values 01"24. We have also taken typi-
cally tang=20, v3=500 GeV,my=100 GeV,ay=1, m;
=100 GeV, A\3*=0.3, \3=0.6, and\,=0.5. It is clearly
observed in Fig. 2 that Bg{— evy) is roughly proportional to
(A3*2\3%2, as indicated in Eq(47).

The relation between Br(—ey) and tan3 is shown in
Fig. 3. Here, we have taken typically;=500 GeV, m,
=200 GeV,ay=0, m;=200 GeV,)\Z‘4=0.3,)\3=0.6, and
N,=0.5. This result indicates the strong jaudependence as B. Model (2)

Br(u—ey)otarP 8. It is, in particular, interesting that if In the model(2), we have more significant contributions
tang is larger than 20, Big— evy) might be comparable to for the right-handed decay amplitudes. This is because the
the experimental bound 2210 1 [14]. U(1)exU(1), considered in the case of modg) is substan-

As for the u— 3e decay, the penguin diagrams associatedially violated due to the presence of bare mass teiptL°¢

~10"8\}"\2*tar? B,

which are the same as the right-handed slepton mixings
given in Egs.(43) with (44). It is clearly found that even for
tanB~50 this squark mixing is much smaller than the bound

~10 2 obtained from thek®-K° system[16].
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of the vectorlike lepton doublets. Actually, the soft super-  10°%¢ 2
symmetry breaking mass terms for the ordinary slepton dou- 3 o
blets T and the vectorlike slepton doublét acquire the 0 - // -
renormalization group corrections in somewhat different way 3 e
with A3*=0. Then, we have an extra term fcM% and ol / ]
LL E 3
2 = 3 E
M X[LL as T o - . el Experimental bound 1
27 F e 3
00 = E - 3
2 2 2 - ]
ZLLmo( O l) — MELL' N|_|_. (49) 10—1- ? _g
This extra term provides the significant mixing for the left- 1972 .. ..
handed sleptons as 3 3
M2 ) I~ (M2 ) Tm2~(UT). (U NENE 10—110-_4 S— 'il-s BT
( gLL)ij mg~ ( NLL)ij Mo~ (Ug)ia(Ugaj~N3'\7, Al

(50

o _ _ _ FIG. 4. The relation between Bi(—ey) and\3\2* is plotted
where the S'm"ar,'tYUs— O, is considered. These Ieft-. in the model(2) for tanB=5. The points represent the branching
handed slepton mixings can be taken for the one-loop diazig for random values ki,

grams similar to those considered in the mod&l with
chirality changd. < R. Then, we obtain the contributions to

the u— ey decay amplitude as \5'=0.07, where the other parameters are taken typically as

tanB=5, v3=500 GeV, ap=1, m;=1000 GeV, M_
=100 GeV,\3=0.8, and\,=0.7. It is here noticed that
cancellation between the neutralino and chargino contribu-
tions occurs for certain values ofi;, where Bru—ey)

It is here important that these supersymmetric contribution®ecomes substantially small. It is also remarkable in the
are no longer suppressed by the very small extra factomodel(2) that even for the relatively large soft supersymme-

mem, /M3, as seen in Eq46) for the model(1). We roughly Uy breaking withmo~1TeV, Br(u—ey) can be compa-
estimate the branching ratio as rable to the experimental bound by taking the relatively large

ordinary-exotic lepton coupling)s'24~0.1.

We have also the supersymmetric contributions 7to
—ey and7— uy, which are estimated in E¢51) by replac-
ing m, with m, and the>\'24 couplings. The resultant branch-
ing ratios of r——ey and 7— uy are similar to that ofu
— ey, since they are almost independentnaf in this case.

As seen in Eq(51), the chirality of the charged leptons is Therefore, by considering the experimental bounds on the
mainly specified agig —e€, y in the model(2) contrary to  branching ratios, thgz.— ey seems to be more promising to
the case of mode(l). It is also mentioned that this signifi-
cant supersymmetric contribution to Br{~ey) may be ob-
tained even in the modd(l), if the soft slepton masses
squaredn;2 are different betweeh andl,=L already aM g

for some reason.

We have also made numerical calculations to evaluate
Br(u—ey) in the model(2) with the bare mass term, which
is expected to be much larger than in the madglIn Fig. 4,
Br(u—ey) is shown as a function of3*\3* by taking ran-
domly the values ofA,'. We have also taken typically
tanB=5, v3;=500 GeV, my=300 GeV, ag=1, my
=300 GeV, M =100 GeV, \3=0.8, andA,=0.7. It is
clearly observed in Fig. 4 that Ba(—evy) is roughly pro-
portional to (3\3%?, as indicated in Eq552). It is interest-
ing to observe in Fig. 4 that Bi(—e7y) becomes compa-
rable to the experimental bound k20 1! [14] for the
rather small ordinary-exotic couplingsh¥'\3%2~0.02

AR ~AR) ~ (51)

tanB —5 A3\5%.
2 2 A2 A2
327 mg

4

3a
Br(n—ey)~ g, —tarf 8 (2032

My
My

~10 Y(tanB~ 11 3*~\3*~0.01). (52)

107

[—\ Experimental bound

1071

10—11

107!

Br(u—eyp

108

PN [N N T T T O T T T O B B B
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mo (GeV)

1071

with the moderate value of tg8r5.
The relation between Br(—evy) and the gravitino mass
my is shown in Fig. 5 fomy<3 TeV with somewhat larger

FIG. 5. The relation between Bi(—ey) and the gravitino mass
m, is plotted in the mode{2) for my=3 TeV with \}'=0.07 and
tanB=5.
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observe the lepton flavor violation in the mod2) with the 20, Br(u—ey) might be comparable to the present experi-
bare mass term, if the ordinary-exotic lepton couplimg‘é mental bound. In the mode€PR) with the bare mass term,
are comparable to each other. much larger contributions to Bg{—ey) are obtained

The possible contributions of the, coupling to the flavor  through the slepton mixing. In either case we have shown
violation in the quark sector are estimated in this md@gl that the slepton mixing contributions to the—ey decay
as follows. We have here the significant left-handed squarkan be large enough to be observed in the near future experi-
mixings such asM%’ )12/ME~A1" 3%, which is the same ments. It should also be noted that in the mo@glthe 7

t — uy decay may be more promising as seen in @®§).

14 24 o 0 o0 The discovery ofu—evy clearly indicates the new phys-
constrainth;'x>"<10"“ is placed from theK™-K™ system  joq The supersymmetric contributions to the-ey decay
[16]. This constraint is, however, less stringent than thayye peen considered so far in the literature for other super-
from the u—ey. symmetric models such as the SUSY G[3-5] and the

MSSM with right-handed neutrino6—8]. The predictions
IV. SUMMARY of Br(u—ey) in these models are within reach of the future
experiments. These are, however, the effects of ultra high
energy physics much above the electroweak scale. In the
h upersymmetric model with vectorlike leptons, which may
e motivated by th&g type unification, the significant con-
éributions to theu—ey decay can be obtained due to the
I;;>_xotic leptons and their scalar partners which exist just
around the electroweak scale. Therefore, the direct experi-
mental search is feasible for these new partifles17]. It is

as the left-handed slepton mixings given in E&D). Then, a

In summary, we have investigated the lepton flavor vio-
lating processes, especially tphe—ey decay, which are ob-
tained from the mixing between the ordinary leptons and t
vectorlike leptons. Although the lepton FCNC'’s appear at th
tree level, their effects are small naturally because of th
hierarchy of the charged lepton masses. Hence, the fine tu
ing of parameters is not necessary to suppress the FCNC

sufficiently. In the supersymmetric model, significant effects ) A
y persy g also observed in the modé?) with the bare mass term of

of lepton flavor violation are obtained from the slepton mix- like | h £ th ft break
ing which is generated by radiative corrections with theYeCtO“ e leptons that even it the soft supersymmetry break-

ordinary-exotic lepton couplings. In the mod@) without N9 Scale is around 1 TeV, Bi(—ey) can be comparable to
the bare mass term of the vectorlike lepton doublets, th&1® current experimental bound with relatively large
supersymmetric contributions to the— ey decay are rather ordinary-exotic Ieptop couplmg;. These f_eatures are salient
suppressed byn, as well asm,, due to the approximate to the supersymmetric model W|_th vectorlike leptons in con-
U(1)ex U(1), symmetry, which is similar to the gauge boson trast to the other supersymmetric models.

mediated contributions. It is, however, remarkable that these
supersymmetric contributions to Br(—~ey) are substan-
tially enhanced by the factor t&8 compared to the gauge We would like to thank Y. Okada and J. Hisano for useful
boson mediated contributions. Then, if &ns larger than discussions.
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