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Testing neutrino oscillations with t lepton flavor violating decays
in the left-right supersymmetric model

M. Frank*
Department of Physics, Concordia University, 1455 De Maisonneuve Boulevard West, Montreal, Quebec, Canada H3G 1M

~Received 27 February 2001; published 10 August 2001!

We present a detailed analysis of the lepton flavor violating decays of thet lepton to one loop order in the
presence of neutrino mixing in the left-right supersymmetric model. We find that when the seesaw mechanism
is responsible for nonzero neutrino masses and large neutrino mixings, the present neutrino data lead to an
enhancement oft→mg close to, or above, the experimental bound for all neutrino mixing schemes. By
comparison, the branching ratio fort→eg is expected to be several orders of magnitude smaller and depen-
dent on the neutrino mixing scheme. Among the three lepton decays of thet, the decayt→me1e2 is the
largest, but still below the experimental bound by several orders of magnitude. This provides an interesting test
for left-right supersymmetry and a strong incentive for improving the limit on the branching ratio oft→mg.
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I. INTRODUCTION

The generally held belief that the standard model of el
troweak interactions is a low energy approximation of
more fundamental theory has received a lot of support
cently with the discovery of neutrino oscillations@1#. The
introduction of supersymmetry~SUSY! and of the supersym
metric counterpart of the standard model, the minimal sup
symmetric standard model~MSSM!, provides a solution to
the naturalness problem of the radiative corrections to
Higgs boson mass. However, this model fails to explain ot
phenomena such as the weak mixing angle, the small m
~or masslessness! of the known neutrinos, the origin ofCP
violation, or the absence of rapid proton decay. It is hop
that extended gauge structures, introduced to provide an
egant framework for the unification of forces@2#, will con-
nect the standard model with more fundamental structu
such as superstrings, while at the same time resolving
puzzles of the electroweak theory. The left-right supersy
metry ~LRSUSY! is perhaps the most natural extension
the minimal model@3–6#. LRSUSY was originally seen as
natural way to suppress rapid proton decay and as a me
nism for providing small neutrino masses@5#. Left-right su-
persymmetry is based on the group SU(2)L3SU(2)R
3U(1)B2L , which would then break spontaneously
SU(2)L3U(1)Y @3#. In addition to being a plausible symme
try itself, LRSUSY models have the added attractive featu
that they can be embedded in a supersymmetric grand un
theory such as SO~10! @7#. Additional support for left-right
theories is provided by building realistic brane worlds fro
type I strings, which involves left-right supersymmetry, wi
supersymmetry broken either at the string scaleMSUSY
'1010– 1012 GeV, or at MSUSY'1 TeV, the difference
having implications for gauge unification@8#. The conse-
quences of the left-right supersymmetric model at collid
have been explored extensively@6,9#. It was shown that in
most cases it could lead to enhanced production rates
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charginos and neutralinos or allow for the production of lig
doubly charged Higgs bosons and Higgsinos@10#. LRSUSY
also provides an elegant solution to the SUSYCP problem
@11#, and it places the seesaw mechanism of giving masse
neutrinos in a supersymmetric context.

Neutrino oscillations are the first observed breaking
global symmetry within the standard model.~Lepton number
conservation is broken by neutrino masses; also lepton fla
violation is the result of neutrino oscillations.! The most
natural explanation for the small left-handed neutrino mas
leads one to assume the existence of a right-handed neut
with mass in the range 1012 GeV<MN<1016 GeV and a
seesaw mechanism, as in the LRSUSY. Breaking of sym
try in the neutral leptonic sector has implications for t
charged leptonic sector, where experiments measuring le
flavor violation ~LFV! are expected to be able to increa
sensitivity by four or more orders of magnitude@12#. These
experiments have great potential to uncover many ex
phenomena and probe electroweak symmetry breaking
great deal of attention has been paid to the decaym→eg and
to m-e conversion as the dominant lepton flavor violatio
because of the tight experimental bounds on these proce
However, if one takes into account the convincing result t
the atmospheric neutrino anomaly is indicative ofnm-nt os-
cillations, the theoretical expectation would be that the
must be large lepton flavor violation mixing between t
second and third generation sleptons. Then one would ex
branching ratios for the processt→mg and related LFV
processes that test second and third generation mixings t
important.

In this paper we investigate the lepton flavor violatio
decay of thet in the LRSUSY model. In LRSUSY lepton
number is a local symmetry. We include in our analysis
results for the solar and atmospheric neutrinos and calcu
the t LFV branching ratios corresponding to the popu
scenarios for neutrino oscillations~large angle, small angle
and vacuum oscillations!. We do this for two reasons. One
that LRSUSY allows for some new contributions in som
cases, and gives different dominant contributions in ot
cases, from models discussed so far@13#. The other reason is
©2001 The American Physical Society13-1
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that t flavor violating decays can be used to restrict the
rameter space of the LRSUSY model. This paper is or
nized as follows. We review the LRSUSY model in Sec.
and discuss the sources of flavor violation in Sec. III, af
which we give a complete list of the contributions to t
decayt→ lg and t→3l in Sec. IV. Our numerical analysi
and discussion are included in Sec. V, and we conclud
Sec. VI.

II. THE LEFT-RIGHT SUPERSYMMETRIC MODEL

The LRSUSY model, based on SU(2)L3SU(2)R
3U(1)B2L , has matter doublets for both left- and righ
handed fermions and the corresponding left- and rig
handed scalar partners~sleptons and squarks! @5#. In the
gauge sector, corresponding to SU(2)L and SU(2)R , there
are triplet gauge bosons (W1,2,W0)L , (W1,2,W0)R , and a
singlet gauge bosonV corresponding to U(1)B2L , together
with their superpartners. The Higgs sector of this model c

sists of two Higgs bidoubletsFu( 1
2 , 1

2 ,0) and Fd( 1
2 , 1

2 ,0),
which are required to give masses to the up and do
quarks. The phenomenology of the doublet Higgs is sim
to the nonsupersymmetric left-right model@4#, except that
the second pair of Higgs doublet fields, which provides n
contributions to the flavor changing neutral currents, mus
heavy, in the 5–10 TeV range, effectively decoupling fro
the low energy spectrum@14#. The spontaneous symmetr
breaking of the group SU(2)R3U(1)B-L to the hypercharge
symmetry group U(1)Y is accomplished by the vacuum e
pectation values of a pair of Higgs triplet fieldsDL(1,0,2)
andDR(0,1,2), which transform as the adjoint representat
of SU(2)R . The choice of the triplets~versus four doublets!
is preferred because with this choice a large Majorana m
can be generated~through the seesaw mechanism! for the
right-handed neutrino and a small one for the left-hand
neutrino@4#. In addition to the tripletsDL,R , the model must
contain two additional tripletsdL(1,0,22) anddR(0,1,22),
with quantum numberB2L522 to insure cancellation o
the anomalies that would otherwise occur in the fermio
sector. Given their strange quantum numbers, thedL anddR
do not couple to any of the particles in the theory, so th
contribution is negligible for any phenomenological studi

The superpotential for the LRSUSY is

W5hq
( i )QTt2F it2Qc1hl

( i )LTt2F it2Lc1 i ~hLRLTt2DLL

1hLRLcTt2DRLc!1MLR@Tr~DLdL1DRdR!#

1m i j Tr~t2F i
Tt2F j !1WNR ~1!

whereWNR denotes~possible! nonrenormalizable terms aris
ing from higher scale physics or Planck scale effects@10#.
The presence of these terms ensures that, when the S
breaking scale is aboveMWR

, the ground state isR-parity
conserving@15#.

As in the standard model, in order to preserve U(1)EM
gauge invariance, only the neutral Higgs fields acquire n
zero vacuum expectation values (VEV). These values are
05301
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^DL&5S 0 0

vL 0D , ^DR&5S 0 0

vR 0D , and

^F&5S k 0

0 k8eivD .

^F& causes the mixing ofWL andWR bosons with theCP
violating phasev. In order to simplify, we will take the
VEV’s of the Higgs fields aŝDL&50 and

^DR&5S 0 0

vR 0D , ^Fu&5S ku 0

0 0D , and

^Fd&5S 0 0

0 kd
D .

ChoosingvL5k850 satisfies the more loosely required h
erarchyvR @ max(k,k8) @vL and also the required cance
lation of flavor changing neutral currents. The Higgs fiel
acquire nonzeroVEV8s to break both parity and SU(2)R . In
the first stage of breaking, the right-handed gauge bosonsWR
andZR acquire masses proportional tovR and become much
heavier than the usual~left-handed! neutral gauge bosonsWL
andZL , which pick up masses proportional toku andkd at
the second stage of breaking.

The supersymmetric sector of the model, while preserv
left-right symmetry, has six singly charged charginos, cor
sponding tol̃L ,l̃R ,f̃u , f̃d , D̃L

2 , andD̃R
2 . The model also

has 11 neutralinos, corresponding tol̃Z , l̃Z8 , l̃V , f̃1u
0 ,

f̃2u
0 , f̃1d

0 , f̃2d
0 , D̃L

0 , D̃R
0 , d̃L

0 , and d̃R
0 . It has been shown

that in the scalar sector the left tripletDL couplings can be
neglected in phenomenological analyses of muon and
decays@16#. Although DL is not necessary for symmetr
breaking@6#, and is introduced only for preserving left-righ
symmetry, bothDL

22 and its right-handed counterpartDR
22

play very important roles in phenomenological studies of
LRSUSY model. We include them both in our formal expre
sions, but only theDR contribution in the numerical analysis

III. SOURCES OF FLAVOR VIOLATION IN LRSUSY

The sources of flavor violation in the LRSUSY mod
come from either the Yukawa potential or from the triline
scalar coupling.

The interaction of fermions with scalar~Higgs! fields has
the following form:

LY5huQ̄LFuQR1hdQ̄LFdQR1hnL̄LFuLR1heL̄LFdLR

1H.c.,

LM5 ihLR~LL
TC21t2DLLL1LR

TC21t2DRLR!1H.c. ~2!

wherehu , hd , hn , andhe are the Yukawa couplings for th
up and down quarks and neutrino and electron, respectiv
and hLR is the coupling for the triplet Higgs bosons. L
3-2
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symmetry requires allh matrices to be Hermitian in the gen
eration space and thehLR matrix to be symmetric. The
Yukawa matrices have physical and geometrical significa
and cannot be rotated away. Geometrically, they repre
misalignment between the particle and sparticle bases in
vor space, the physical significance of which is that th
cause flavor violation. In addition soft supersymmetry bre
ing terms that generate masses for the charged slepton fi
also induce LFV. The SUSY breaking term for the Hig
bosons and lepton sector in LRSUSY is given by

2Lso f t52@A l
ihl

( i )L̃Tt2F it2L̃c1 iALRhLR~ L̃Tt2DLL̃

1L̃cTt2DRL̃c!1mF
( i j )2F i

†F j #1@~mL
2! i j l̃ Li

† l̃ L j

1~mR
2 ! i j l̃ Ri

† l̃ R j1~MN
2 ! i j Ñi* Ñj* #1MLR

2 @Tr~DRdR!

1Tr~DLdL!#1Bm i j F iF j , ~3!
l
b

ng
r
e
o
an
c
h
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where theA matrices (Au , Ad , An , andAe! are of similar
form to the Yukawa couplings and provide additional sourc

of flavor violation, B is a mass term, andÑ is the scalar
component of the right-handed neutrino supermultiplet. T

intergenerational slepton mixing (ẽ, m̃, andt̃) and also left-

right slepton mixing (ẽL ,ẽR ,m̃L ,m̃R ,t̃L ,t̃R) cause the off-
diagonal nature of the matrices, and are therefore respon
for flavor violation. We discuss these next.

In the scalar matter sector, the LRSUSY model conta
two left-handed and two right-handed scalar fermions
partners of the ordinary leptons, which themselves come
left- and right-handed doublets. In general the left- and rig
handed scalar leptons will mix together. The slepton m
matrix, which arises as a result of the renormalization gro
evolution from theLGUT scale, is, incorporating some ele
ments of the left-right symmetry@17#,
struct
~ml̃
2
!e f f5S mL

21DL 0 0 Ae 0 0

0 mL
21DL ~m̃L!32

2 0 Am 0

0 ~m̃L!32
2 mL

21DL 0 0 At

Ae 0 0 mR
21DR ~m̃R!32

2 0

0 Am 0 ~m̃R!32
2 mR

21DR 0

0 0 At 0 0 mR
21DR

D , ~4!

where Al5Alml1mlm tanb, (l 5e,m,t), DL5MZL

2 (T3/21sin2 uW)cos 2b1MZR

2 sin2 uW/sin 2uWcos 2b, and DR5

2MZL

2 sin2 uWcos 2b1MZR

2 (T3/22sin2 uW/cos 2uW)sin 2b.

The full mass for left- and right-handed sneutrino has a complicated 12312 matrix structure@19#:

~mñÑ
2

!5S mL
21mD* mD

T 0 mD* MT An* mD*

0 mL
21mDmD

† An* mD mDM†

M* mD
T mD

† An* mn
21M* MT1mD* mD

† AN* M*

AnmD
T MmD* ANM mn

21MM†1mDmD
†

D ~5!

whereAn5An1m cotb andmD andM are, repectively, the Dirac and the Majorana mass matrices. From this we can con
an effective 636 matrix for the light neutrinos using the seesaw mechanism:

~mñ
2
!e f f5S mL

22A n8~An22AN!~mDM 22mD
† ! A n8* ~mDM 21mD

† !

A n8~mDM 21mD
† !* mL

22A n8~An22AN!~mDM 22mD
† !

D ~6!
ino
t of
of

rged
do

ates
lep-
whereA n8;2An1AN12m cotb. Note that in the LR mode
the left-handed neutrino mass is allowed to be nonzero,
can be made small through the seesaw mechanism, as lo
the right-handed neutrino is very heavy~masses of orde
1010 TeV or so are consistent with the 1 eV limit on th
left-handed neutrino mass!. Despite the presence of the tw
scalar neutrinos, the mixing between the right-handed
the left-handed sneutrinos is small, due to the seesaw me
nism in the sfermion sector. The left-right elements of t
ut
as

d
ha-
e

sneutrino mass matrix are proportional to the Dirac neutr
mass, which can be significant. But the right-right elemen
the sneutrino mass matrix is very heavy, so the mixing
sneutrinos will be suppressed by the inverseMN

2 , the right-
handed neutrino mass. However, as opposed to the cha
slepton sector, in the light sneutrino sector the Dirac terms
not induce considerable mixing@20#. The off-diagonal terms
in the sneutrino mass matrix mix almost degenerate st
and affect flavor violating decays less than the charged s
ton mixing.
3-3
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Next we consider the implications of these flavor chan
ing mechanisms in LRSUSY on the lepton-flavor violati
decayst→ lg and the related LFV processest→3l .

IV. THE AMPLITUDE FOR THE PROCESSES t\ l g
AND t\3l

A. t\µ „e…¿g

The amplitude of thet→ lg transition can be written in
the form of the usual dipole-type interaction:

Mt→ lg5
1

2
c̄ l~ALPL1ARPR!smnFmnct . ~7!

It leads to the branching ratio

Gt→ lg5
1

16p2
~ uALu21uARu2!mt

5 . ~8!

Comparing it with the standard decay widthGt

5(1/192p3)GF
2mt

5 and using the recent experimental co
straint on the branching ratio@18#

BR~t→mg!<1.131026, ~9!

we get the following limit on the dipole amplitude:

udu5A~ uALu21uARu2!/2,5.2~8.2!310224 e cm ~10!

for t→mg (t→eg).
Because the scalar mass splittings are required to

small, we will parametrize the scalar mass eigenvalues by
average massesmL

2 andmR
2 and the mass splittingsdm̃L

2 and
in

05301
-

be
he

dm̃R
2 . We keep only the leading contribution in both the ma

splittings and the mixing parameters. In addition to sca
mass splitting, LFV decays will depend also on gaugin
Higgsino mixing.

We now consider the implications of these mixings in t
the lepton flavor violating decayt→ lg. The argument of the
loop functions~defined below! is r pk5Mk

2/mp
2 wherek rep-

resents the chargino or neutralino, andp represents the slep
ton or sneutrino. The chargino and neutralino masses e
the theory via their mass eigenvalues and mixing matric
Following @21#, we employ the following notation: theU,N
matrices rotate the gaugino or Higgsino interaction basis
the neutralino or chargino mass basis.N0 is the matrix for
the neutralinos;U1 is the matrix for the charginosC i

1 ; and
U2 is for the charginosC i

2 . UDL,R

22 and UDL,R

11 are mixing

matrices for the doubly chargedD̃L,R and d̃L,R Higgsinos.
The electroweak gauginos and Higgsinos are all spin-

weakly interacting charged particles which mix once t
symmetry is broken. In the left-right supersymmetric mod
the chargino matrix is a 535, nonsymmetric, non-Hermitian
matrix Mc, from the Lagrangian~we include here, for the
sake of minimizing the number of parameters, only the rig
handed triplet Higgsinos!

Lch52
1

2
~C1C2!S 0 McT

Mc 0 D S C1

C2D 1H.c. ~11!

where

C15~2 ilL
1 ,2 ilR

1 ,F̃u
1 ,F̃d

1 ,d̃R
1!, ~12!

C25~2 ilL
2 ,2 ilR

2 ,F̃u
2 ,F̃d

2 ,D̃R
2!, ~13!

and
Mc51
ML 0 0 A2MWL

sinb 0

0 MR 0 A2MWL
sinb

~MWR

2 2MWL

2 !1/2

A2

A2MWL
cosb A2MWL

cosb 0 m 0

0 0 m 0 0

0 2
~MWR

2 2MWL

2 !1/2

2
0 0 MLR

2 ~14!
,
.

where tanb5kd /ku , ML andMR are the gaugino masses
the left- and right-handed sectors andx i

25Ui j
2C j

2 , x i
1

5Ui j
1C j

1( i , j 51, . . . ,5).
As in the MSSM, we need two unitary matricesU (2) and

U (1) to diagonalizeMc:
MD5U (2)* McU (1)21. ~15!

The eigenvalues ofMc can be either positive or negative
whereas we requireMD to have only non-negative entries
We shall use numerical expressions forUi j

1 andUi j
2 obtained

in @21#.
3-4
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The neutralino Lagrangian can be written in matrix for
as

Ln52
1

2
~C0!TMn~C0!1H.c. ~16!

using the basis~of neutralinos that couple to leptons or sle
tons!
no

s

F
s
li-

05301
C05~2 ilB
0 cosuW ,2 ilL

0 ,2 ilR
0 sinuW ,F̃u

0 ,F̃d
0 ,D̃R

0 ,d̃R
0 !.

~17!

The neutralino mixing matrix is in general a complex sym
metric matrix given by
MN51
MV1MR tan2uW 0 2~MR2MV! C1 2C2 C4 2C4

0 ML 0 2C3 C2 0 0

2~MR2MV! 0 MV1
MR

tan2uW

MZ sinuW cosb

tan2uW

C2 2C5 C5

C1 2C3
MZ cosuW sinb

tan2uW

2m 0 0 0

2C2 C2 C2 0 2m 0 0

C4 0 2C5 0 0 0 MLR

2C4 0 C5 0 0 MLR 0

2 ~18!
.
hs
s,

nal

al

nal
where

C15MZ sinuW cosb, ~19!

C25MZ cosuW sinb, ~20!

C35MZ cosuW cosb, ~21!

C452MWR
cosuW , ~22!

C552MWR
sin2uW /Acos 2uW. ~23!

We define the masss eigenstates to be

x i
05Nil C l , i ,l 51, . . . ,7, ~24!

whereNil is a unitary matrix that diagonalizes the neutrali
mass matrix:

MD
N5N* MNN21 ~25!

with MD
N the diagonal neutralino mass matrix. Again, we u

the numerical expressions forNi j obtained in@21#.
The contributions to the decayt→ l 1g in the left-right

supersymmetric model are presented in the diagrams of
1. The evaluation of these graphs includes the element
LFV outlined in the previous section. We write the amp
tudes for the decays as

AL5AL f1ALg1ALv1AL j1ALl1ALn1ALD f
, ~26!

AR5AR f1ARg1ARv1AR j1ARl1ARn1ARD f
. ~27!
e

ig.
of

Here AL represents the left-handed contribution andAR the
contribution from the right-handed sector, as given below

We present first the individual contributions for grap
with chirality flip on the external fermion line. For chargino
left-handed fermions, with an external chirality flip@Fig.
1~a!#:

AL f52
g2

16p2

1

2
~UWLk!

2F ~m̃L!32
2

mñm

2
2mñt

2 G H f ~xknm
!

mñm

2 2
f ~xknt

!

mñt

2 J .

~28!

For charginos, right-handed fermions, with an exter
chirality flip @Fig. 1~b!#:

AR f52
g2

16p2

1

2
~UWRk!

2F ~m̃R! 32
2

mÑm

2
2mÑt

2 G
3H f ~xkNm

!

mÑm

2 2
f ~xkNt

!

mÑt

2 J . ~29!

For neutralinos, left-handed fermions, with an extern
chirality flip @Fig. 1~c!#:

ALg5
g2

16p2

1

2
~NWLk

0 1tanuW
2 NBk

0 !2F ~m̃L!32
2

mm̃L

2
2mt̃L

2 G
3H g~xkmL

!

mm̃L

2 2
g~xktL

!

mt̃L

2 J . ~30!

For neutralinos, right-handed fermions, with an exter
chirality flip @Fig. 1~d!#:
3-5
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FIG. 1. One-loop contributions to the decayl 8→ lg: ~a! charginos, left-handed fermions, with an external chirality flip;~b! charginos,
right-handed fermions, with an external chirality flip;~c! neutralinos, left-handed fermions, with an external chirality flip;~d! neutralinos,
right-handed fermions, with an external chirality flip;~e! doubly-charged Higgsinos, left-handed fermions, with an external chirality flip~f!
doubly-charged Higgsinos, right-handed fermions, with an external chirality flip;~g! charginos, left-handed fermions, with a vertex chiral
flip; ~h! charginos, right-handed fermions, with a vertex chirality flip;~i! neutralinos, left-handed fermions, with a vertex chirality flip;~j!
neutralinos, right-handed fermions, with a vertex chirality flip;~k! charginos, left-handed fermions, with an internal line chirality flip;~l!
charginos, right-handed fermions, with an internal line chirality flip;~m! neutralinos, left-handed fermions, with an internal line chirality fl

~n! neutralinos, right-handed fermions, with an internal line chirality flip. Herex̃ i
6 represents a chargino state andi runs from 1 to 8;x̃ i

0

represents a neutralino state and i runs from 1 to 11; andD̃L,R
22 represents the doubly charged Higgsino state;l̃ , ñ, andÑ represent slepton

left-handed sneutrino, and right-handed sneutrino fields, respectively. The crosses represent slepton or sneutrino flavor mixing an
chirality flips.
053013-6
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ARg5
g2

16p2

1

2
~NWRk

0 22 tanuW
2 NBk

0 !2F ~m̃R!32
2

mm̃R

2
2mt̃R

2 G
3H g~xkmR

!

mm̃R

2 2
g~xktR

!

mt̃R

2 J . ~31!

For doubly charged Higgsinos, left-handed fermions, w
an external chirality flip@Fig. 1~e!#:

ALD f
52

hLRthLRm

16p2
~UD

L
11!2F ~m̃L!32

2

mm̃L

2
2mt̃L

2 G
3H f ~xkmL

!12g~xkmL
!

mm̃L

2 2
f ~xktL

!12g~xktL
!

mt̃L

2 J .

~32!

For doubly charged Higgsinos, right-handed fermions, w
an external chirality flip@Fig. 1~f!#:

ARD f
52

hLRthLRm

16p2
~UD

R
11!2F ~m̃R!32

2

mm̃R

2
2mt̃R

2 G
3H f ~xkmR

!12g~xkmR
!

mm̃R

2 2
f ~xktR

!12g~xktR
!

mt̃R

2 J .

~33!

Next, we present the expressions for the graphs wh
chirality is flipped at the vertex. For most of the parame
space, these graphs are dominant over the graphs wher
chiralty is flipped externally, unless they involve hea
sneutrinos.

For charginos, left-handed fermions, with a vertex chir
ity flip @Fig. 1~g!#:

ALv5
g2

16p2

Mxk

A2MW cosb
~UHk

2 UWLk

1 !F ~m̃L!32
2

mñm

2
2mñt

2 G
3H h~xknm

!

mñm

2 2
h~xknt

!

mñt

2 J . ~34!

For charginos, right-handed fermions, with a vertex chira
flip @Fig. 1~h!#:

ARv5
g2

16p2

Mxk

A2MW cosb
~UHk

2 UWRk

1 !F ~m̃R!32
2

mÑm

2
2mÑt

2 G
3H h~xkNm

!

mÑm

2 2
h~xkNt

!

mÑt

2 J . ~35!
05301
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For neutralinos, left-handed fermions, with a vertex chiral
flip @Fig. 1~i!#:

AL j5
g2

16p2

1

2
~NWLk

0 1tanuW
2 NBk

0 !NHk

0 F ~m̃L!32
2

mm̃L

2
2mt̃L

2 G
3H j ~xkmL

!

mm̃L

2 2
j ~xktL

!

mt̃L

2 J . ~36!

For neutralinos, right-handed fermions, with a vertex chir
ity flip @Fig. 1~j!#:

AR j5
g2

16p2

1

2
~NWRk

0 22 tanuW
2 NBk

0 !NHk

0 F ~m̃R!32
2

mm̃R

2
2mt̃R

2 G
3H j ~xkmR

!

mm̃R

2 2
j ~xktR

!

mt̃R

2 J . ~37!

The right-handed chargino contribution with chirality flippe
on an external line or at the vertex is negligible since
involves heavy sneutrinos.

Finally, we give the expressions for the case in which
chirality is flipped on the internal slepton line. Here esse
tially all the contribution comes from the neutralino graph
because the chargino graphs~both left- and right-handed! are
suppressed by factors of the heavy sneutrino mass in
denominator.

For charginos, left-handed fermions, with an internal li
chirality flip @Fig. 1~k!#:

ALl5
g2

16p2
Mxk

~UWRk

2 UWLk

1 !~m̃L!32
2 ~At!

3H 1

mÑt

2
2mñt

2

1

mÑt

2
2mñm

2

h~xkNt
!

mÑt

2

1
1

mñt

2
2mÑt

2

1

mñt

2
2mñm

2

h~xknt
!

mñt

2

1
1

mñm

2
2mÑt

2

1

mñm

2
2mñt

2

h~xknm
!

mñm

2 J . ~38!

For charginos, right-handed fermions, with an internal li
chirality flip @Fig. 1~l!#:
3-7
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ARl5
g2

16p2
Mxk

~UWLk

2 UWRk

1 !~m̃R!32
2 ~At!

3H 1

mñt

2
2mÑt

2

1

mñt

2
2mÑm

2

h~xknt
!

mñt

2

1
1

mÑt

2
2mñt

2

1

mÑt

2
2mÑm

2

h~xkNt
!

mÑt

2

1
1

mÑm

2
2mñt

2

1

mÑm

2
2mÑt

2

h~xkNm
!

mÑm

2 J . ~39!

For neutralinos, left-handed fermions, with an internal li
chirality flip @Fig. 1~m!#:

ALn5
g2

16p2

1

4
~NWRk

0 22 tanuWNBk
0 !~NWLk

0 1tanuW
2 NBk

0 !

3~m̃L!32
2 ~At!H 1

mt̃R

2
2mt̃L

2

1

mt̃R

2
2mm̃L

2

j ~xktR
!

mt̃R

2

1
1

mt̃L

2
2mt̃R

2

1

mt̃L

2
2mm̃L

2

j ~xktL
!

mt̃L

2

1
1

mm̃L

2
2mt̃R

2

1

mm̃L

2
2mt̃L

2

j ~xkmL
!

mm̃L

2 J . ~40!

For neutralinos, right-handed fermions, with an internal l
chirality flip @Fig. 1~n!#:

ARn5
g2

16p2

1

4
~NWLk

0 1tanuW
2 NBk

0 !~NWRk
0 22 tanuWNBk

0 !

3~m̃R!32
2 ~At!H 1

mt̃L

2
2mt̃R

2

1

mt̃L

2
2mm̃R

2

j ~xktL
!

mt̃L

2

1
1

mt̃R

2
2mt̃L

2

1

mt̃R

2
2mm̃R

2

j ~xktR
!

mt̃R

2

1
1

mm̃R

2
2mt̃L

2

1

mm̃R

2
2mt̃R

2

j ~xkmR
!

mm̃R

2 J . ~41!

Note that chirality cannot be flipped internally in th
graphs with doubly charged Higgsinos.

The t→ l 1g loop functions are

f ~x!5
1

12~12x!4
~x326x213x1216x logx!, ~42!
05301
g~x!5
1

12~12x!4
~2x313x226x1126x2 logx!,

~43!

h~x!52
1

2~12x!3
~x224x1312 logx!, ~44!

j ~x!5
1

2~12x!3
~2x21112x logx!. ~45!

B. Three-body lepton flavor violating decays of thet

These decays are important sources of LFV, and c
nected to the decayt→ lg. It is also hoped that the exper
mental limits obtained so far might improve. The bounds
these decays are@22#

BR~t2→e1m2m2!,2.931026, ~46!

BR~t2→e2e2e1!,1.531026, ~47!

BR~t2→e2m2m1!,1.831026, ~48!

BR~t2→e2e2m1!,1.531026, ~49!

BR~t2→m2m2m1!,1.931026, ~50!

BR~t2→m2e2e1!,1.731026. ~51!

The branching ratios for these three-body decays can be
pressed as

BR~ l→ l 1l 2l 3!5
g2

~16p!2

ml

G l

mW
4

ml̃
4 uFl l 1l 2l 3

u2. ~52!

The transition amplitude of the decay l (p)
→ l 1(p1) l 2(p2) l̄ 3(p3) receives contributions fromg- ~and
Z-!mediated graphs shown in Fig. 1 as well as from b
diagrams. We distinguish three different cases, dependin
the flavors of the final states. These three different am
tudes are conveniently written down as follows:

BR~ l 2→ l 1
2l 2

2l 3
1 ,l 1Þ l 3 ,l 25 l 3!

5

F (
i , j ,k51,2,3

hll i
hl j l kG2

~4p!4

mW
4

ml̃
4

ml

G l
H uFbox

ll 1l 2l 21FZ
ll 1

22sw
2 ~FZ

ll 12Fg
l l 1!u214sw

4 uFZ
ll 12Fg

l l 1u2

18sw
2 R@~FZ

ll 11Fbox
ll 1l 2l 2!Gg

l l 1* #

232sw
4 R@~FZ

ll 12Fg
l l 1!Gg

l l 1* #

132sw
4 uGg

l l 1u2F ln
ml

2

ml 2

23G J , ~53!
3-8
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wheresw5sinuw and Fg
l l , Gg

l l 1 are form factors associate
with the one-loop functionsf and g for the photon vertex,
FZ

ll 1 is the form factor associated with theZ vertex, and

Fbox
ll 1l 2l 3 is the form factor associated with the box diagra

All these composite form factors are defined explicitly
@16#. The decays in this category aret2→e2m2m1 and
t2→e2m2e1. The second type of decay is

BR~ l 2→ l 1
2l 2

2l 3
1,l 35 l 15 l 2!

5

F (
i , j ,k51,2,3

hll i
hl j l kG2

~4p!4

mW
4

ml̃
4

ml

G l

3H 2U12 Fbox
ll 1l 1l 11FZ

ll 122sw
2 ~FZ

ll 12Fg
l l 1!U2

14sw
4 uFZ

ll 12Fg
l l 1u2116sw

2 RF S FZ
ll 1

1
1

2
Fbox

ll 1l 1l 1DG
g

l l 1* G248sw
4 R@~FZ

ll 12Fg
l l 1!Gg

l l 1* #

132sw
4 uGg

l l 1u2F ln
ml

2

ml 1
2

2
11

4 G J . ~54!

Decays of this type aret2→m2m2m1 and t2→e2e2e1.
Finally, the third type of decay can only proceed through b
diagrams, and we have

BR~ l 2→ l 1
2l 2

2l 3
1 ,l 2Þ l 3 ,l 1Þ l 3!

5

F (
i , j ,k51,2,3

hll i
hl j l kG2

~4p!4

mW
4

ml̃
4

ml

G l
uFbox

ll 1l 2l 3u2. ~55!

The decays in this category aret2→e2e2m1 and t2

→m2m2e1. We can approximate the branching ratios f
the first two types of decay as

BR~ l 2→ l 1
2l 2

2l 3
1 ,l 1Þ l 3 ,l 25 l 3!

5

F (
i , j ,k51,2,3

hll i
hl j l kG2

~4p!4

mW
4

ml̃
4

ml

G l
32sw

4 uGg
l l 1u2F ln

ml
2

ml 2
2

23G
~56!

and

BR~ l 2→ l 1
2l 2

2l 3
1 ,l 15 l 25 l 3!

5

(
i , j ,k51,2,3

hll i
hl j l k

~4p!2

mW
4

ml̃
4

ml

G l
32sw

4 uGg
l l 1u2F ln

ml
2

ml 1
2

2
11

4 G
~57!
05301
.

x

r

whereas decays of the forml 2→ l 1
2l 2

2l 3
1 ,l 2Þ l 3 ,l 1Þ l 3 can

occur through only the box diagram and their contribution
much smaller than the other cases.

V. NUMERICAL RESULTS AND DISCUSSION

In the previous sections we presented analytical exp
sions for the branching ratios oft→ lg and t→3l in the
LRSUSY model. Unfortunately, the large number of para
eters makes an exact solution impossible. Before mak
some approximations, we will discuss all the~real! param-
eters involved. The electroweak sector of LRSUSY conta
three gauge couplings and three gaugino masses. The H
sector of the Lagrangian contains the scalar massesmFu

,

mFd
, and MLR as well as the parametersm i j and B. The

remaining part of the Lagrangian contains, in the flavor s
tor, fermion Yukawa matrices for both left- and right-hand
fermions, four trilinear scalar coupling matrices, and sca
mass matrices.

The flavor violating decays are sensitive to the univer
grand unified theory~GUT! parametersm0 ~the scalar mass!,
the trilinear couplingA, the value and the sign of the Higg
mixing parameterm, the value of tanb, the values of the
left- and right-handed gaugino massesML and MR , and
hLR , the doubly charged Higgsino Yukawa coupling.

In order to protect the decayt→ lg from a large contri-
bution from theA term, we assume that all theA terms are
approximatelyproportional and that the scalar masses
approximately universal. We assume that the SUSY break
parameters associated with the supersymmetric Yukawa
plings or masses are proportional to the Yukawa coupl
constants or masses, and are given as

~mL
2! i j 5~mR

2 ! i j 5~mn
2! i j 5d i j m0

2 ,

mF̃1

2
5mF̃2

2
5m0

2 ,

An
i j 5 f n i j

a0 , Al
i j 5 f l i j

a0 ,

Bn
i j 5M n in j

b0 , BF5mb0 . ~58!

We also include radiative corrections, which we can para
etrize using the logarithmic approximation@23#. The super-
symmetry breaking masses of sleptons are given by
renormalization group equations. Since the Yukawa c
plings and theA terms are flavor violating, they will induce
LFV terms in the off-diagonal mass matrices. The soft m
parameters (m̃L)32

2 and (m̃R)32
2 will evolve differently, such

that the slepton masses receive corrections proportiona
the Dirac mass.

The neutrino mix throughna5Ka in i , wherea denotes
the flavore,m,t, andi denotes mass eigenvalues 1,2,3. If w
assume that the atmospheric data are fitted by sin2 2uatm51
the mixing matrix can be parametrized as
3-9
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Ka i5S c 2s Ke3

s

A2

c

A2
2

1

A2

s

A2

c

A2

1

A2

D . ~59!

In the above formulas5sinusol, c5cosusol. ~If sin2 2uatm
58/9 the matrix is similar; indeed we need not conside
separately.! In this pattern the solar neutrino deficit is e
plained either by the small mixing angle Mikheyev-Smirno
Wolfenstein~MSW! ~oscillation enhanced by the solar cor!
solution ~MSW-SA! sinusol'5.531023, sinuet and sinuem
small; or by the large mixing angle MSW solution~MSW-
LA ! sin2 2usol'1. The other solution is for oscillations with
out help from the solar core, called vacuum oscillations~VO!
~or the just-so solution! and it requires sin2 2usol'0.75. If one
includes the Liquid Scintillation Neutrino Detecter~LSND!
data, one might need to introduce a sterile neutrino as
fourth neutrino. There are cogent arguments that the o
schemes consistent with all the experiments are those
include two pairs of neutrinos with nearly degenerate mas
separated by a gap of order 1 eV. This scenario has a 434
neutrino mass matrix in which the pairsne-ns andnm-nt mix
maximally within doublets but mixing between doublets
weak; scenarios with more than one sterile neutrino also
ist, but we will not discuss them here@24#. This solution
~LSND! requires sin2 2usol'0.003–0.03. In all casesKe3 is
very small and constrained by the CHOOZ data to beuKe3u
<0.2 @25#. The restrictions on mass splittings coming fro
these mixings are@24#

~Dm2!MSW-LA;3.531023 eV2,

~Dm2!MSW-SA;531026 eV2,

~Dm2!VO;10210 eV2,

~Dm2!LSND;0.222 eV2. ~60!

The limits on neutrino masses come from several consi
ations. First, there are the direct bounds:mne

<5 eV, mnm

<170 keV, andmnt
<18 MeV. However, cosmological re

strictions coming from the critical density for neutrino h
dark matter impose neutrino masses whose sum canno
ceed a few eV,(n i<6 eV. This would allow the heavies
neutrinos to have masses of order 2 eV, if all three neutri
are degenerate in mass. Most theoretical fits to the data
cate, however, a tau neutrino of mass 1 eV@24#.

Clearly, from the point of view of muon decays, the mo
interesting scenario is either the MSW-LA or VO scenar
these allow for significant mixing between thee-m sector if
uKe3u is allowed to differ from zero. If, however,uKe3u'0,
which is a common assumption in the literature, we exp
the most pronounced lepton flavor violation to occur in t
t-m sector and therefore result in a large, possibly obse
able, t→mg branching ratio. The branching ratio fort
→eg would be suppressed by comparison.
05301
t

e
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at

es
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s
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t
;

ct

v-

The neutralino contribution to the branching ratio is dom
nant throughout a large part of the parameter space as se
Fig. 2. We plot the absolute values of the relative contrib
tions of the chargino and neutralino for the lightML (ML
5200 GeV) and heavyML (ML51 TeV) scenarios, as
function of the universal scalar massm0. ~The contribution
from the doubly charged Higgsino is much smaller and
the graph, justifying, from the point of view oft decays,
neglecting the contribution from the left-handed tripl
Higgsino.! The chargino contribution should be differe
from the one in MSSM with right-handed neutrino becau
of the contribution of the right-handed gaugino. Howev
the right-handed chargino contribution is suppressed by
decoupling of the right-handed sneutrinos from the low e
ergy spectrum and the neutralino contribution dominates
most of the spectrum. The left-handed chargino contribut
is similar to that in the MSSM with right-handed neutrino
except that often there are three light charginos. For
neutralino contribution, in most cases there are at least th
light neutralino states. The situation is relatively insensit
to the right-handedMR scale, forMR'10–100 TeV, since
the number of light neutralino states is the same in thisMR
range. The amplitude fort→mg is also relatively insensitive
to the various neutrino mixing scenarios, since it depends
the nt-nm mixing, which is expected to be large in a

FIG. 2. Chargino and neutralino contributions to the branch
amplitude for the decayt→mg as a function of the universal scala
mass parameterm0 for tanb53 for light and heavy left-handed
gaugino masses. The curves are marked:~solid curve! chargino con-
tribution for ML5200 GeV,~large dashed curve! chargino contri-
bution for ML51 TeV, ~dot dashed curve! neutralino contribution
for ML5200 GeV, ~small dashed curve! neutralino contribution
for ML51 TeV. We takeMR510 TeV in all of our plots.
3-10
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schemes. The comparison with the experimental value
shown in Fig. 3 for both light chargino~low ML , solid
curve! and heavy chargino~high ML , dashed curve! sce-
narios. The predicted amplitude is very close to the exp
mental bound (1.0431023) for light supersymmetric
masses, and indeed it exceeds the bound for scalar ma
m0<200 GeV, for the light left-handed gaugino scenar
Even for ML51 TeV a signal should be detected for lig
scalar masses with only a slightly improved precision in
measurement of the branching ratio oft→mg. In contrast,
the branching ratiot→eg is very sensitive to the neutrin
mixing schemes, as seen in Fig. 4 for the large angle~dashed
curve! and small angle~dot dashed curve! scenarios. Unfor-
tunately, in both the LA~or VO! and the SA mixing schemes
the amplitude is several orders of magnitude smaller than
experimental bound, as shown in the graph by the solid l
thust→eg does not appear to be a promising area for te
ing LFV’s. Figures 5 and 6 show the dependence of
amplitude of branching ratio fort→mg on other parameter
of the model. In Fig. 5 we plot the dependence on the l
handed gaugino massML for two values of the universa
scalar mass. Form05100 GeV andML<200 GeV, the
predicted branching ratio~solid curve! exceeds the presen
experimental bound. This situation seems to be alleviated
m05500 GeV. Figure 6 plots the dependence of the am
tude on tanb for two values of scalar mass:m05200 GeV
and m05700 GeV. The dependence of the branching ra
on tanb comes from mixing matrix elements in th
chargino-neutralino sectors and increases rapidly with tab,
such that the restrictions on the parameter space for l
tanb are very stringent. Indeed, form05200 GeV andML
5200 GeV plot points with tanb>10 are ruled out experi

FIG. 3. Total branching amplitude for the decayt→mg as a
function of the universal scalar massm0 for both the light and
heavy gaugino mass scenarios. We set tanb53 andMR510 TeV.
The curves are marked:~solid curve! the branching amplitude fo
ML5200 GeV and~large dashed curve! the branching amplitude
for ML51 TeV. The experimental bound is 1.0431023 ~small
dashed curve!.
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FIG. 4. Logarithmic plot of the branching amplitude fort
→eg as a function of the universal scalar mass for the large an
neutrino mixing scenario~LA, the dashed curve!; and the small
angle neutrino mixing scenario~SA, the dot dashed curve!. The
experimental limit is plotted for comparison as the solid line.

FIG. 5. Total branching amplitude for the decayt→mg as a
function of the left-handed gaugino massML for the light and in-
termediate scalar mass scenarios. We set tanb53 and MR

510 TeV. The curves are marked:~solid curve! the branching am-
plitude for m05100 GeV and~large dashed curve! the branching
amplitude for m05500 GeV. The experimental bound is 1.0
31023 ~small dashed curve!.
3-11



th

by

w
to
a

nd

or

ee

s

W
:

rme-

M. FRANK PHYSICAL REVIEW D 64 053013
mentally. Finally, we show in Fig. 7 the dependence of
branching ratio on the mass of the~third generation! right-
handed neutrinoMN for a variety of ML , the left-handed
gaugino mass, and tanb scenarios. This mass is restricted
the seesaw mechanism to be in the 1012–1015 GeV region.
For the parameter space considered, the graphs are some
sensitive to log(MN/1012); the branching amplitude seems
be more sensitive to low values of the mass parameters
large values of tanb and it exceeds the experimental bou
for large tanb515, m05300 GeV, andML5200 GeV for
all values of the right-handed neutrino mass; but this is m
of a consequence of the tanb than of theMN dependence.

Next we discuss the numerical estimates for the thr
body decay of thet. The formulas given for the decayst
→3l simplify if we compare them with the branching ratio
of t→ lg:

BR~t→3m!>BR~t→mg!
a

3p H log
mt

2

mm
2

2
11

4

1
3

8 S 1

12F~xki!
D J , ~61!

BR~t→me1e2!>BR~t→mg!
a

3p H log
mt

2

me
2

23

1
1

4 S 1

12F~xki!
D J , ~62!

FIG. 6. Total branching amplitude for the decayt→mg as a
function of tanb for the light and heavy scalar mass scenarios.
set ML5200 GeV andMR510 TeV. The curves are marked
~solid curve! the branching amplitude form05200 GeV and~large
dashed curve! the branching amplitude form05700 GeV. The ex-
perimental bound is 1.0431023 ~small dashed curve!.
05301
e

hat

nd

e

-

BR~t→em1m2!>BR~t→eg!
a

3p H log
mt

2

mm
2

23

1
1

4 S 1

12F~xki!
D J , ~63!

BR~t→3e!>BR~t→eg!
a

3p H log
mt

2

me
2

2
11

4

1
3

8 S 1

12F~xki!
D J ~64!

with F(xki) a correction function given below:

F~xki!5(
ki

Fmx
k
0

mt
Nki

L Nki
R f N~xki!1

mx
k
6

mt
Cki

L Cki
R f C~xki!G ,

~65!

f N~xki!5
123x12x logx

13260x1111x22106x326x2~6x21!logx
,

~66!

f C~xki!5
324x1x212 logx

982267x1210x2241x316~1227x!logx
.

~67!

e FIG. 7. Total branching amplitude for the decayt→mg as a
function of the right-handed neutrino mass log(MN/1012) for the
light and heavy gaugino mass scenarios; and for small and inte
diate tanb. We setm05300 GeV andMR510 TeV. The curves
are marked: ~solid curve! the branching amplitude forML

5200 GeV and tanb53 GeV; ~dot dashed curve! the branching
amplitude forML51 TeV and tanb53; ~large dashed curve! the
branching amplitude forML5200 GeV and tanb515; ~small
dashed curve! the branching amplitude forML51 TeV and tanb
515.
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We neglect the contribution of the doubly charged Higgsin
as it amounts to only a few percentage of the total branch
ratio. Figures 8 and 9 show the branching ratios fort
→mmm andt→me1e2 as a function of the universal scala
massm0 for the, respectively, light (ML5200 GeV) and
heavy (ML51 TeV) left-handed gaugino mass scenario
For a wide range of the parameter space, these branc
ratios are expected to be smaller thanO(1029) for regions in
which t→mg is in the experimentally allowed region, th
largest beingt→me1e2. We predict

BR~t→me1e2!<2310210, ~68!

BR~t→3m!<7310211, ~69!

and BR(t→me1e2),BR(t→me1e2)<10214. Even in the
case in which the predicted branching ratio fort→mg is
close to the experimental bound, the three-body decays
much smaller. The decays that occur only through the b
diagram (t→m2m2e1 and t→m2e2e2) require an im-
provement factor ofn2 in the measurement of the branchin
ratio for a corresponding improvement factor ofn for the t
→ lg branching ratio.

VI. CONCLUSION

The solar and atmospheric neutrino experiements have
newed interest in lepton flavor violation. If the neutrino

FIG. 8. Total branching ratio for the decayt2→m2e1e2 ~large
dashed curve! andt2→m2m1m2 ~dot dashed curve! as a function
of the universal scalar massm0 for the light left-handed gaugino
mass scenarioML5200 GeV. We set tanb53 andMR510 TeV.
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mix, they will induce LFV decays in the charged lepton se
tor. Various neutrino mixing schemes accommodate neut
oscillations by allowing a large mixing angle betweennt and
nm ; however they vary in their estimate of thene-nm mixing
angle. One would expect therefore large flavor violations
be produced in the decays of thet lepton. We present here a
analysis of these decays in a model that incorporates
seesaw mechanism in a fully left-right supersymmetric ga
structure. LFV decays of thet present new features com
pared to the MSSM with right-handed neutrinos or extend
group structures such as SU~5!. The prediction of the mode
is that the branching ratio for the decayt→mg is large,
sometimes as large as, or exceeding, the present experi
tal bound. It is very sensitive to variations inm0, the univer-
sal scalar mass, and tanb and somewhat sensitive to varia
tions in the mass of the left-handed gauginoML . But the
branching ratio is stable against variations in neutrino mix
schemes and depends only weakly on the mass of the~third
generation! right-handed neutrino. Although the model d
pends on many parmeters, regions of light scalar mas
(m0<100 GeV) and light gauginos (ML<100 GeV) are
ruled out for all values of the other parameters within
three neutrino mixing schemes investigated~large angle,
small angle, or vacuum oscillations!. The restriction is more
stringent for intermediate values of tanb;10–15. An in-
crease in the present experimental precision by a facto
10–100 would restrict the parameter space even further.
contrast the branching ratio fort→eg is several orders of
magnitude smaller and sensitive to whether the neutri
mix under the large angle or just-so~LA or VO! or small
angle~SA! scenarios. The relative strength of the two deca
of the t is a very sensitive indicator of the neutrino mixin
scheme. Tau decays may be a better indicator of LFV t
the m decaysm→eg or m-e conversion @26#, and they

FIG. 9. Same as Fig. 8, but forML51 TeV.
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should be, if the present understanding of the neutrino m
ing is correct. Of the three-body lepton flavor violating d
cays of thet, the largest branching ratio is obtained for t
decayt→me1e2, but unfortunately still several orders o
magnitude below the present bound. In conclusion, the
SUSY model makes definite predictions fort decays that can
g.

.

05301
-
-

-

be tested if LFV decays are discovered, or if the experim
tal limits can be improved in the near future.
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